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Abstract.

The long average life span that we are currently enjoying is a big success story of the
advancement in medicine, nutrition and improved hygiene. On the other hand, at the
same time poses challenges to our health care system in terms of frailty and age related
diseases. However, the molecular mechanism controlling the development of age related
pathologies is not well understood. It is therefore of prime importance to identify and

characterize factors that promote healthy aging.

Recently, it has been shown that upon ectopic over expression of DNA repair factor
SNEV, the life span of endothelial cells is prolonged more than double, accompanied by
lower level of basal DNA damage and apoptosis as well as increased resistance to
oxidative stress. In keeping with this, decreased SNEV level accelerate the entry into

cellular senescence, therefore SNEV is considered as a promising modulator of healthy
aging.

Here, this study shows that SNEV is a potential phosphorylation target of ATM Kinase,
an enzyme that trigger a cellular stress response. SNEV is phosphorylated by ATM kinase
upon oxidative stress and DNA damage. ATM dependent phosphorylation of SNEV
modulates not only SNEV functions in DNA repair and suppression of apoptosis but also

its life span extending effect as well.

In addition to this, SNEV expression is increased gradually during adipogenic
differentiation of human adipose derived mesenchymal stem cells (hASCs). Knock down
of SNEV inhibits adipogenesis both in hASCs and in C. elegans, whereas over expression
of SNEV accelerates adipogenesis in hASCs. In addition to SNEV, Werner (WRN) is also

required for adipogenesis in hASCs and C. elegans.

In sum, this report revealed novel functions of SNEV that will enhance our understanding

of SNEV in DNA repair and adipogenesis.
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Zusammenfassung.

Die lange durchschnittliche Lebensdauer, die wir derzeit geniel3en, ist eine grofe
Erfolgsgeschichte des Fortschrittes in der Medizin, der Erndhrung und der verbesserten
Hygienebedingungen. Gleichzeitig stellt diese hohe Lebenserwartung eine grofRe
Herausforderung an unser Gesundheitssystem dar, vor allem in Bezug auf die damit
verbundene Gebrechlichkeit und die altersbedingten Krankheiten. Der molekulare
Mechanismus, der die Entwicklung dieser altersbedingten Krankheiten kontrolliert, ist
noch weitgehend unbekannt. Es ist daher von groRter Bedeutung, jene Faktoren zu
identifizieren und zu charakterisieren, die ein gesundes Altern fordern.

Diese Studie zeigt, dass SNEV ein potentielles target der ATM Kinase ist, ein Enzym,
das eine zellulére Stressreaktion auslost. SNEV wird von der ATM-Kinase bei oxidativen
Stress und DNA-Schaden phosphoryliert. ATM abhangige Phosphorylierung von SNEV
moduliert nicht nur SNEV Funktionen in der DNA-Reparatur und der Unterdriickung der
Apoptose, sondern hat auch lebensverlangernde Wirkung.

In jingster Zeit hat sich gezeigt, dass bei ektopischen Uberexpression des DNA-
Reparatur-Faktors SNEV sich die Lebensdauer von Endothelzellen mehr als verdoppelt,
begleitet von geringeren basalen DNA-Schaden und Apoptose sowie eine erhohter
Bestandigkeit gegentiber oxidativem Stress. Ubereinstimmend damit beschleunigt ein
verminderter SNEV -Level den Einstieg in zellulare Seneszenz. Wir betrachten daher
SNEV als vielversprechenden Regulator des gesunden Alterns.

Zusatzlich wird SNEV Expression wahrend der adipogenen Differenzierung von
humanen, mesenchymalen Stammzellen gesteigert. Ein Knock Down von SNEV hemmt
Adipogenese sowohl in hASCs als auch in C. elegans, wihrend Uberexpression von
SNEV die Adipogenese in hASC beschleunigt. Neben SNEV ist auch Werner (WRN) fur
die Adipogenese in hASCs und C. elegans erforderlich.

In Summe zeigt diese Studie neue Funktionen SNEV, die unser Verstandnis von SNEV

im Bezug auf DNA-Reparatur und Adipogenese verbessern werden.
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Aim of the Thesis
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Aim of the thesis

Aim of the Thesis.

This thesis is a compilation of two independent research projects and is prepared in
accordance to the guidelines of the University of Natural resources and Life Sciences,

Vienna.

The objective of this thesis was to further characterize the role of human
protein SNEV in DNA damage repair and adipogenic differentiation of human
adipose derived mesenchymal stem cells (hASCs) and in C. elegans.

In one project, SNEV phosphorylation and its physiological relevance in the
context of oxidative stress induced DNA damage, cellular life span regulation
and apoptosis was investigated. The respective paper has been published and my
contribution was to perform all cell culture and protein analysis work but the life span
experiment and the mass spectrometry for identification of the SNEV phosphorylation
site. In addition, | have helped in interpreting the results, drafting the images and
commenting on the manuscript.

In the second project, the role of SNEV in adipogenic differentiation of human
adipose derived stem cells and in C. elegans was investigated. This paper is currently
under revision. My contribution was in planning the experiments, performing them,
and drafitng the manuscript. The work on C. elegans was kindly planned and
performed by Markus Schosserer.

The contents of this thesis include a combined introduction and material & methods
section. The results are described separately, followed by a combined discussion and

references.
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1- Introduction
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Introduction

1. Introduction

State of the art.

1.1. Aging

Aging is nearly a universal biological process observed in a diverse array of species
ranging from unicellular yeast to multicellular human beings. In simple words aging
is a biological process of getting old in a deleterious sense. In advance age, the
physiological functions of cells, tissues, organs decrease and vulnerability to diseases
and death increase. This may explain why the incidence of various diseases such as
cancer, atherosclerosis, osteoporosis, cataract, diabetes, hypertension, loss of fat,
neurodegeneration, renal failure are more common in old age then in young once.
Therefore, it will be more likely to say that aging is an important mortality factor and
according to an estimate, every day 100,000 peoples die all over the world due to
aging and age related diseases(Lopez et al., 2006). Besides increasing mortality, aging
also negatively influence economic development by reducing the availability of work

force, rise in wages and increase in medical expenses associated with health care.

‘Why do we age?’ is the question which is not yet fully answered despite the efforts
of centuries, and in this struggle, thousands of books were written and hundreds of
theories were proposed, however none of these efforts were sufficient in explaining
all aspects of aging. These theories blamed various factors, such as accumulation of
cross linked proteins, increased metabolic rate, generation of free radicals, wear and
tear out of vital constituents of cell, immune deficiency, DNA damage are responsible
for aging (Rose, 1988). No doubt, these theories are fantastic efforts and somehow
explain some, but not all aspects of aging. However, one of these is the best accepted
theory so far, the disposable soma theory by Tom Kirkwood(Kirkwood, 1977), which
also comprises the idea that genomic instability is the precipitating factor of aging,
which gained significant popularity among gerontologist because it withstood many

tests and keeps on being reaffirmed (Davidovic et al., 2010).
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1.2. DNA damage and aging

It has long been suspected that aging is closely linked with damage to the cellular
machinery which is constantly exposed to both intrinsic and extrinsic threats. UV,
ionizing radiation and other environmental toxic agents are important extrinsic
sources of damage, whereas, intrinsic sources of damage are reactive oxygen species
(ROS) and spontaneous hydrolysis reactions, generated during normal metabolic
activities. These agents harm both micro and macro-molecular structures of the cell,
including DNA. In principle, all other macromolecules are renewable except DNA.
DNA is the most precious and prime information molecule of cellular machinery and
any error it acquire is deleterious and poses detrimental consequences on cellular and
organismal homeostasis. Due to the importance of DNA in cellular machinery, nature
has heavily invested in maintaining its integrity, by developing a mechanism that
senses, signals, and repairs any discontinuity or distortion in DNA structure. This
prompt cellular response is called DNA damage response (DDR)(Garinis et al., 2008).
By contrast, if the damage is too severe or cells are defective in DNA repair, they

acquire one of three possible fates:

a) Cells may undergo death (by any form including apoptosis, necrosis and
other), a cellular form of suicide that removes damaged cells from a cell

population.

b) Cells may stop dividing and enter into an irreversible state of growth arrest,

called senescence.

c) Cells may acquire harmful mutations and bypass the cell cycle arrest barrier

and become cancerous.

Therefore, it is speculated that deficiency in DNA repair capacity contribute to aging
via increasing cell senescence/apoptosis (Best, 2009). Further support to this notion is
provided by patients suffering from premature aging syndromes (PS). PS such as
Werner syndrome (WS), Cockayne syndrome (CS), Trichothiodystrophy (TTD),
Xeroderma pigmentosa ( XP), are rare genetic disorders that arise due to defective
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DNA repair and results in earlier appearance of aging symptoms(Ariyoshi et al., 2007;
Bertola et al., 2006). Werner syndrome, is a type of premature aging syndrome, arise
due to mutation in the Werner gene (WRN). WRN is a RecQ helicase involved in
DNA repair. Patients suffering from Werner syndrome display signs and symptoms of
normal aging such as gray hair, loss of subcutaneous fat, alopecia, high blood
pressure, atherosclerosis etc., at an early stage of life, that normally appear in late life
(Goto, 2000). Cells deficient in Werner gene are more prone to senescence (Kipling et
al., 2004) and apoptosis (Pichierri et al., 2001). Furthermore mice deficient in
nucleotide excision repair (NER) and non-homologous end joining (NHEJ) pathways

also acquire aging early (Rossi et al., 2007; Ruzankina et al., 2007).

Although these models are extremely valuable in improving our knowledge of
defective aging, the question is if life span can be extended by improving DNA repair
machinery in multicellular organisms? Various studies were conducted to find the

answer, but the results are somehow ambiguous.

Over expression of poly (ADP-ribose) polymerase 1, sensor of DNA breaks and
important component of BER (Base Excision Repair) pathway, reduce life span in
mice (Mangerich et al., 2010) and fungal model  of aging, Podospora
anserine(Muller-Ohldach et al., 2011). Over expression of DNA repair factor
GADD45 in the nervous system of D. melanogaster reduced single strand (SS) breaks
and significantly extend life span (Plyusnina et al., 2011), while over expression in the

whole animal was lethal (Perets et al., Genetics 2007).

In contrast to this, some reports show that life span can be prolonged by enhancing the
activity of the DNA repair machinery. Over expression of SIRT1 homologue in
Drosophila and C. elegans and prolonged life span (Rogina and Helfand, 2004;
Tissenbaum and Guarente, 2001). Over expression of BubR1, an essential component
of mitotic check point, in mice extends their life span (Baker et al.,, 2013).
Pharmacological interventions specifically decreasing the load of DNA damage also
supported the fact that better repair can extend life span. For example, Aspirin
reduced oxidative DNA damage (Hsu and Li, 2002) and extend life span in mice
(Strong et al., 2008).
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1.3. Senescence, the link between DNA damage and aging.

The second possible fate acquired by cells with poor DNA repair capacity is an
irreversible state of growth arrest called senescence. Senescence in its simplest term is
a condition in which cells, despite being alive, are unable to proliferate. Senescent
cells are large, flat granular and metabolically active but lack replicative potential and
are positive for senescence-associated B-galactosidase staining. In addition to
morphological changes, senescent cells also differ in their chromatin organization and
gene expression profile, as compared to normal cells. These changes include secretion
of numerous pro inflammatory cytokines, chemokines, growth factors, and proteases,

a feature named senescence-associated secretory phenotype (SASP) (Campisi, 2013).

Initially, senescence was discovered by Leonard Hayflick in the early 60ies in human
fibroblasts which lost their replicative potential after extensive serial passaging in
culture(HAYFLICK and MOORHEAD, 1961). This process was later on given the
name of replicative senescence and was causally linked to telomere loss (Harley et al.,
1990). Later on, subsequent studies showed that in addition to telomeric loss,
senescence can also be induced prematurely in early passage cells by inducing DNA
damage (Di Leonardo et al., 1994), disruption of heterochromatin (Ogryzko et al.,
1996) and by activation of oncogenes (Serrano et al., 1997). These studies
demonstrate that even though senescence can be triggered by different stimuli, but
what is common in these stimuli is that they all involve a DNA damage response
(DDR).

The role of senescence in aging postulated by Hayflick (HAYFLICK and
MOORHEAD, 1961) was further strengthened by subsequent studies. Senescent cells
accumulate in tissues of human (Minamino et al., 2004), primate (Herbig et al., 2006),
and rodents (Melk et al., 2003) with increasing age. This increase in senescent cells
may contribute to aging and age related degenerated pathologies either by interfering
with tissue renewal, or by altering the microenvironment of tissue via secretion of
various inflammatory cytokines (Campisi, 2005). This notion is further supported by
study conducted in BubR1 progeroid mice in which targeted removal senescent cells
delayed onset of at least three prominent age-associated diseases, cataract, sarcopenia,
and loss of adipose tissue (Baker et al., 2011). Similarly, telomerase gene therapy in

mice remarkably improved insulin sensitivity, osteoporosis, neuromuscular
22
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coordination and several others molecular biomarkers of aging(Bernardes de Jesus et
al., 2012).

In addition to its detrimental role in organismal aging (Baker et al., 2011), senescence
also has some positive aspects. Historically, senescence has been viewed as a cell
protective response against tumorigenesis, because senescent cells do not divide, and
therefore will limit the spread of tumor(Serrano et al., 1997). In addition to this, recent
discoveries showed that senescence is also beneficial in complex biological processes
such as embryonic development (Mufioz-Espin et al., 2013), tissue repair
(Krizhanovsky et al., 2008), wound healing (Jun and Lau, 2010).

1.4. DNA damage, Aging and adipose tissue:

Cells defective in DNA repair capacity are highly prone to senescence and apoptosis.
Increased senescence/apoptosis in stem /progenitor cell pools reduce the number of
stem cells and impair their differentiation potential. This reduction in number and
functional impairment of stem cells interfere with tissue homeostasis, and leads to
tissue degeneration, a hall mark of aging. Adipose tissue is one of those tissues which

undergo degeneration in both premature and normal aging.

Adipose tissue in mammals, including humans it is divided into two categories, white
adipose tissue (WAT) and brown adipose tissue (BAT), which are histologically and
functionally different (Saely et al., 2011).

Adipose tissue or body fat is a form of loose connective tissue, present at several
anatomical site, mainly below the skin (subcutaneous fat), around internal organs
(visceral fat), bone marrow (yellow fat) and breast tissues, etc. It is mainly composed
of adipose stem cells (precursor of adipocytes) adipocytes ( fat storing cells), adipose
tissue macrophages , fibroblast, vascular endothelial cells and nerve (Musi and
Guardado-Mendoza, 2014). Adipocytes are the functional fat storing cells arise from
differentiation of pre adipocytes in response to positive caloric imbalance (Rosen et

al., 2000). This process is called adipogenesis.
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1.5. Impact of adipose tissue on health.

Adipocytes, the functional unit of adipose tissue, extract free fatty acids from the
blood stream and store them as neutral triglycerides. This stored energy is released
during starvation time in the form of fatty acids and glycerol by means of lipolysis
(Ahmadian et al., 2010). In addition to fat storage, adipose tissue also regulates
various physiological processes such as food intake, insulin sensitivity, and
inflammation, via secretion of various hormones such as leptin, adiponectin, resistin,
complement components, plasminogen activator inhibitor-1, TNF-a, IL-6, visfatin,
(Fonseca-Alaniz et al., 2007; Musi and Guardado-Mendoza, 2014). Furthermore,
adipose tissue also protect internal organs from mechanical shock and prevent heat
loss by insulation. Changes in adipose mass, either increase or decrease, always
impose various health complications. On the one hand, increase in adipose mass leads
to obesity, which further give birth to type 2 diabetes, cardiovascular disease, sleep
apnea, hypertension, high blood pressure, high blood cholesterol, high triglyceride
level, osteoarthritis (Haslam and James, 2005). On the other hand loss of adipose
tissue or lipodystrophy increase insulin resistance, dyslipidemia, deregulated
thermogenesis in elder, hepatic steatosis, acanthosis nigricans, polycystic ovarian

disease and hypertension (Garg and Agarwal, 2009).
1.6. Impact of aging on adipose tissue.

Adipose tissue, now doubt is one of the largest tissue of human body, but its
connection to aging has come into focus only recently and is considered to be at the
junction of mechanisms involved in genesis of age related diseases, inflammation,
metabolic dysfunction, and longevity (Tchkonia et al., 2010). Aging induce profound
alterations in mass, distribution and functions of adipose tissue. Adipose mass expand
and reach its peak by early or mid-old age followed by a decline in very old age
(Cartwright et al., 2007). In advance age, fat becomes dysfunctional and redistributed
from the subcutaneous adipose reservoir into visceral adipose depot. In addition to
this, deposition of fat at non adipose sites such ectopic sites including liver, bone
marrow and muscles also increase (Sepe et al., 2010,Caso et al.,2013). This in turn
increase the risk of diabetes, hypertension, cancers, cognitive dysfunction, and
atherosclerosis (Tchkonia et al., 2010). Loss of subcutaneous fat in physiological and
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premature aging, provides a possible link of involvement of DNA metabolism in
adipogenesis because DNA damage is an important regulator of both form of aging.
Loss of subcutaneous fat is observed at an early age in patients suffering from
premature aging syndromes such as Werner syndrome (Caso et al., 2013; Mori et al.,
2001), and Cockayne syndrome A (Kamenisch et al., 2010). Mouse models deficient
in NER repair pathway (Karakasilioti et al., 2013) and BubR1 (Baker et al., 2004)
showed increased ablation of fat tissue. The reasons of the resulted fat loss may lies in
the reduced adipocyte size (Bertrand et al., 1980), or reduced adipogenesis
(Karagiannides et al., 2001) or functional impairment of adipocyte due to reduce

DNA repair capacity (Karakasilioti et al., 2013).

DNA repair, aging and fat metabolism are apparently different mechanism, how are
these different mechanisms inter-linked? Which key players and pathways are

involved?.

One of the possibility is that deficiency in DNA repair capacity increases the rate of
cellular senescence or apoptosis(Best, 2009). Apoptosis deplete the stem/progenitor
cell pool and thus impair tissue homeostasis. Similarly, increased number of senescent
cells impairs stem/progenitor cells self-renewal and differentiation potential, and thus
limit the tissue regeneration potential. In addition to this, senescent cells also secrete
numerous cytokines and inflammatory factors that exert negative effect on tissue
microenvironment and thus impair tissue homeostasis that leads to aging (Figure 1).
Therefore, interventions that delay or limit fat tissue turnover, redistribution, or
dysfunction might increase longevity and delay the onset of clinical consequences
similar to those common in aging.

Thousands of proteins have been identified that are involved in different cellular
processes. Many of those proteins are multifunctional. For example ataxia-
telangiectasia mutated (ATM) and Rad3-related (ATR) proteins are stress-response
kinases that respond to a variety of insults including ionizing radiation, replication
arrest, ultraviolet radiation and hypoxia (Hammond and Giaccia, 2004). Similarly,
Werner protein deficient in Werner syndrome, is involved in DNA repair and
adipogenic differentiation (Lee et al., 2005; Turaga et al., 2009). One of those

multitasker protein is SNEV (senescence evasion).
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Figure 1-1: The possible pathways through which DNA damage may contribute to the aging
process. DNA damage induce cellular senescence and apoptosis. Cell senescence impair the self-
renewal capacity of stem cells and secrete cytokines such as degradative enzymes, inflammatory
cytokines and epithelial growth factors, and thus interfere with regeneration of tissues or disrupt tissue
structure, and cause local inflammation. Apoptosis interferes with tissue renewal and homeostasis by
depleting the stem cell pool. Both pathways can cause compromised tissue homeostasis and function,

which ultimately lead to aging.
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SNEV

2. Meet the Multifunctional protein SNEV

(Senescent evasion factor).

SNEV, a 56Kda multifunctional protein, is known by many synonyms due to its
functionality, such as Prpl19 (precursor RNA processing proteinl9), Pso4 ( Psoralen
resistant 4), xs9 (X rays sensitive mutant 9) or due to its localization in the cell such
as hNMP200 (human nuclear matrix protein 200)(Brendel et al., 2003; Gotzmann et
al., 2000; Grillari et al., 2005). To merge the different names of SNEV that derive
from the yeast homologue that were synonymously termed Pso4 as well as Prp19, we

suggest here to use SNEV.

SNEV is highly conserved among a diverse range of species including yeast,
Drosophila melanogaster, metazoans (C. elegans), rodents, human, Arabidopsis
thaliana (Gotzmann et al., 2000). SNEV is involved in pre-mRNA splicing, DNA
repair, life span and apoptosis regulation and cellular differentiation. SNEV has been
identified as an integral member of human CDC5I complex, tightly associated with
CDCEAL, PLRGL, and SPF27 (Grote et al., 2010). In addition to this, SNEV has also

been identified as a member of Xab2 complex (Kuraoka et al., 2008).

1.7. Structure of SNEV

SNEV structural analysis showed that it contain a U-box domain at its N- terminal,
followed by Self-interacting domain (SID), a low complexity region, a central coiled-
coil domain, a globular domain, a charged region, and 7 consecutive WD 40 repeats at

the C-terminal. These domains are essential for various functions of SNEV.

29



SNEV

1 68 91 114 135 174 210 504

| -
UBox| SID | LCR | cc |Clobular 7 WD 40

domain | ++

Figure 2.1: Domain architecture of human SNEV consists of a UFD2 like box (U-box), self-
interacting domain (SID), a low complexity region (LCR), a coiled coil region (CC), a charged region
and 7WD 40 repeats.

For example, U-box domain of SNEV is essential for its ubiquitin E3 ligase activity
(Marechal et al., 2014); the coiled coil domain is required for its oligomerization and
interaction with proteins (Ohi et al., 2003), whereas the 7 bladed WD 40 domain also
mediate its interaction with other proteins(Vander Kooi et al., 2010).
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Figure 2.2: Characterized domains within SNEV structure and binding region of partner proteins
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1.8. SNEVrole in Pre mRNA Splicing

Removal of non-coding sequence (intron) and rejoining of the coding sequences
(exon) of primary messenger RNA (pre mRNA) transcript to form a mature RNA
(mRNA) is an essential post transcriptional modification, necessary for protein
synthesis. This process is called splicing and is performed by a large megadalton and
dynamic protein complex, called spliceosome, which comprised of five small nuclear
ribonucleoproteins (snRNPs U1, U2, U4, U5, and U6) and more than 100 different
polypeptides(Wahl et al., 2009). During splicing, spliceosome form a highly dynamic
complex which due to joining and removal of various small ribonucleoprotein

(SnRNPs) and other protein factors undergo transitions into various complexes.
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Spliceosomal assembly and transition into various complexes are shown in figure 2.3
(Matera and Wang, 2014).
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Figure 2.3: NTC in various spliceosomal (Hogg et al., 2010). Initially U1 and U2 assemble onto pre-
MRNA in a co-transcriptional manner through recognition of the 5’ splice site (5'ss) and 3'ss and form
complex E. Ul and U2 snRNPs then interact with each other to form the pre-spliceosome (complex
A). In a subsequent reaction catalyzed by Prp28, the preassembled tri-snRNP U4-U6-U5complex is
recruited to form complex B. Complex B undergoes a series of rearrangements to form a catalytically
active complex B (complex B*). Complex B*then carries out the first catalytic step of splicing,
generating complex C. Complex C undergoes additional rearrangements and then carries out the
second catalytic step, resulting in the formation of post-spliceosomal complex. Finally, U2, U5 and U6

SnRNPs are released from the mRNP particle and recycled for additional rounds of splicing.

SNEV sequence analysis and domain architecture shows high similarity with yeast
Prp19 (Grillari et al., 2005). As yeast Prp19 is an integral component of nineteen
complex (NTC) and is involved in pre-mRNA splicing. NTC interacts with the
spliceosome prior to catalysis and remains associated with proteins identified in

various spliceosomal complex as shown in figure 2.4(Hogg et al., 2010).
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Figure 2.4: NTC in various spliceosomal (Hogg et al., 2010).

Based on SNEV sequence similarity with yeast Prp19, it was speculated that SNEV
might also be involved in pre-mRNA splicing. This hypothesis was later on confirmed

by various studies, conducted in different labs.

SNEV localized within the nucleus in discrete nuclear regions called nuclear speckles
(Gotzmann et al., 2000) which are rich in splicing factors. SNEV colocalized within
nuclear speckles with sm proteins. We also showed that SNEV interact with pre-
mRNA splicing proteins bloom7a (Grillari et al., 2009) and exo70 (Dellago et al.,
2011). Depletion of SNEV in Hela cells nuclear extract, impair splicing by interfering
with spliceosomal assembly which is restored upon addition of SNEV (Grillari et al.,
2005).

1.9. SNEV and the ubiquitin proteasome system

Ubiquitination is a multistep posttranslational modification of proteins, by which
Ubiquitin, a small regulatory polypeptide, comprised of 76 amino acids, is transferred
through a series of enzymes to its substrate and alter their function and/or localization.
Ubiquitination starts by activation of ubiquitin by ubiquitin activating enzyme (E1),
which then transfer it to ubiquitin conjugating enzyme (E2), and finally to the amino
group of substrate lysine (K) via ubiquitin ligase (E3). Figure 2.5 describe how

ubiquitin is transferred to the substrate.
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Figure 2.5: Ubiquitin is first activated by an E1, or ubiquitin-activating protein which couples ATP
hydrolysis to the formation of a thioester bond between the active-site cysteine of the E1 and the
carboxyl terminus of ubiquitin. The E1 then transfers the activated ubiquitin to the active-site cysteine
of an E2, or ubiquitin-conjugating enzyme. Finally, the E3, or ubiquitin-protein ligase, facilitates the
transfer of the ubiquitin from the E2 to a lysine on the target protein (Matyskiela et al., 2009).

The fate of substrate depend on which lysine of the ubiquitin is used. For example
binding of the ubiquitin with Lys*, is the major signal that target proteins for
proteosomal degradation (Weissman, 2001). On the other hand ubiquitination at Lys®
linked chains usually does not result in proteolysis, but regulate protein localization,
assembly of DNA repair complexes, or activation of the NF-kB transcription factor
(Chen and sun, 2009).

SNEV bears a U box domain and Ubox containing proteins has been identified as a
new class of E3 ligases (Hatakeyama et al., 2001), therefore it was speculated that
SNEV might also be involved in ubiquitination of the substrate. Later on subsequent
studies confirmed that SNEV possess an E3 ligase function and mediate
ubiquitination of heterologous substrates at heterologous lysine residues (Hatakeyama
et al., 2001; Marchal et al., 2014; Song et al., 2010). SNEV displays E3 ligase activity
both in vitro (Hatakeyama et al., 2001) and in vivo(L0Oscher et al., 2005). In vitro
SNEV interact with ubiquitin conjugating enzyme Ubc3 via its U box domain and
mediate lys*linked poly ubiquitination of substrate (Hatakeyama et al., 2001). Since
lys* linked poly ubiquitin chains are a signal for proteosomal degradation (Weissman,
2001), therefore it is suggested that SNEV direct its substrate for proteosomal
degradation. This hypothesis has been further supported by the fact that SNEV
interact with proteosome (Loscher et al., 2005), and this interaction is also conserved

in other species (Davy et al., 2001; Sihn et al., 2007). As SNEV does not accumulate
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in the cells upon proteosomal inhibition, but its localization with proteosome increase,
therefore it is suggested that SNEV might bring its substrate to the proteosome for
degradation. Hatakeyama et al also showed that SNEV not only ubiquitinate other
substrates but also decorate itself with ubiquitin (Hatakeyama et al., 2001).
Ubiquitinated SNEV loses its affinity for members of CDC5L complex, suggesting
that ubiquitination induce conformational changes in SNEV (Lu and Legerski, 2007).

1.10. SNEV has yet undefined role in DNA Repair.

Yeast homologue of SNEV has been implicated in the repair of damaged DNA (Grey
et al., 1996; Henriques et al., 1989) and these observations has also been tested and

confirmed in human cells by several independent studies.

SNEV expression is strongly induced in response to DNA damage (Mahajan and
Mitchell, 2003). SNEV interact with DNA in a sequence independent manner. We
previously demonstrated that SNEV over expressing HUVECs were more resistant to
DNA damage induced apoptosis (Voglauer et al., 2006). SNEV knock down is
associated with increased accumulation of unrepaired DNA and apoptosis (Mahajan
and Mitchell, 2003). SNEV over-expression also protect UV induced apoptosis while
its knock down has the opposite effect (Lu et al., 2014).

SNEV act upstream of ATR (Ataxia telangiectasia and Rad3 related) kinase, famous
in sensing DNA damage. Depletion of SNEV destabilized ATR and impair its role in
S phase cell cycle arrest (Zhang et al., 2009). SNEV localized at DNA damage site via
direct binding with RPA in response to DNA damage and facilitate the recruitment of
ATR regulatory partner ATRIP at the damage site. Depletion of SNEV impair ATR
activation, resumption of stalled replication fork and its progression on damaged
DNA (Marchal et al., 2014). SNEV is required for resumption of DNA replication
fork stability and/ or replication restart after hydroxyl urea (HU) induced replication
stress and also reduced both spontaneous and HU induced DNA double strand lesions
(Abbas et al., 2014).SNEV also participates in the initial end-resection step of
homologous recombination (HR) pathway of DSBs repair, possibly by regulating the
protein level of BRCAL (Abbas et al., 2014).
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1.11. SNEV Role in Cellular differentiation

Besides playing an important role in pre mRNA splicing, ubiquitin proteosome
system and DNA repair, murine Prpl9beta, a splice variant of mPrpl9alpha is
involved in cellular differentiation. The notion that SNEV is involved in cellular
differentiation stem first from the observation that SNEV mRNA is down-regulated in
the hippocampus of Alzheimer’s disease patients (Blalock et al., 2004). Forced
expression of the alpha variant enhanced neuronal differentiation (Urano-Tashiro et
al., 2010) whereas over expression of Prpl9beta suppressed neuronal differentiation
and stimulated astroglial cell differentiation (Urano et al., 2006). Cho et al reported
that murine SNEV is involved in regulation of adipogenic differentiation of 3T3 cells
(Cho et al., 2007). As 3T3 cells are valuable model of adipogenesis, however due to
species-specific differences, studies conducted using 3T3 cells are less convincing in
interpreting human adipogenesis, and give rise the question if SNEV is also involved

in adipogenesis of human adipose derived mesenchymal stem cells(hASCs)?.
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3. Open questions and Strategies

Proteins translated from mMRNA undergo chemical decoration, such as
phosphorylation, acetylation, ubiquitination, summoylation etc. These modifications
collectively are called post translational modifications (PTM). PTM is an essential
cellular mechanism to regulate protein functions and signaling networks. For
example, phosphorylation of ATM at S1981 in response to DNA damage activate its
kinase function (So et al., 2009). Upon activation, ATM phosphorylate a large number
of downstream targets to elicit a proper DNA damage repair. In consequence to
inhibition of ATM phosphorylation, cells were found defective in DNA damage repair
and cell cycle progression. Ubiquitination of p53 by MDM2, signal for its
proteosomal degradation, a mechanism used by cancerous cells to proliferate (Qi et
al., 2014). Lagerski lab reported that SNEV undergoes ubiquitination in response to
DNA damage. SNEV ubiquitination brings conformational change in the structure of
SNEV/ CDC5L complex and increased SNEV binding affinity towards chromatin and
reduced towards CDC5L and PLRG1, members of the SNEV/ CDC5L core complex
(Lu and Legerski, 2007).

Proteomic screens performed to analyze proteins phosphorylated in response to DNA
damage on ATM and ATR consensus site, which identified more than 900
phosphorylation sites in more than 700 proteins. The target list contain proteins
previously known to be involved in DDR, but also identified some novel proteins
which were previously not known to involved in DDR. The target proteins have been
postulated to contain a consensus sequence that is phosphorylated by ATM in
response to DNA damage (Figure 3.1) (Matsuoka et al, 2007).

Surprisingly, we found, that SNEV amino acid sequence contain the published ATM
target consensus site (Figure 3.2) which is highly conserved among vertebrates but

not in invertebrates. In this context an open question was:
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3.1 Is SNEV a novel ATM Kinase substrate, and does its
phosphorylation modulate its function in DNA repair and
life-span regulation?

Previous studies in yeast showed that Prp19/SNEV is a direct phosphorylation target
of Tell and/or Mecl, the yeast homologues of ATM and ATR, respectively (Smolka

et al., 2007) The identification of this consensus site, the high degree of conservation

of this motif strongly suggest that SNEV is a promising potential ATM kinase target.
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Figure 3.1: Distribution of amino acids surrounding the SQ-ATM target site (from: (Matsuoka et al,
2007).
M. musculus 113 ACRVIARLTKEVTAAREALATLKPQAGLI-VPQAVPSS 'QPSVVGAG-EPMDLGELVGMTP 170
R. norvegicus 113 ACRVIARLTKEVTAAREALATLKPQAGLI-VPQAVPSS QPSVVGAG-EPMDLGELVGMTP 170
H. sapiens 113 ACRVIARLTKEVTAAREALATLKPQAGLI-VPQAVPSS QPSVVGAG-EPMDLGELVGMTP 170
D. rero 113 ACRVIARLTKEVTAAREALATLKPQAGLV-APQAAPAS QPAAVGAGGEAMEVSEQVGMTP 171
D. melanogasterl1l3 ACRVIARLNKEVAAAREALATLKPQAGIANAPTAIPQPALASEAGG-AAAHPMEQAGMSA 171
C. elegans 114 ACRVISRLSKELTAAREALSTLKPHTSAK-VDDDVSID---———--—--——-— ESEDQQGLSE 160
S. cerevisiae 119 AKLVAAQLLMEKNEDSKDLPKSS'QQAVAITREEFLQGLLQSSR------- DEVARGKLKA 171

Fig. 3.2: The consensus sequence surrounding the putative phosphorylation site is conserved in the

SNEV amino acid sequence across different vertebrate species.

Therefore, we designed experiments to confirm if SNEV is phosphorylated by ATM
and its cytoprotective role in DNA damage/oxidative stress and life-span extension in
various model cells.

In sum, based on preliminary data and previous work from our lab, we generated the

hypothesis depicted in figure 3.3.
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Figure 3.3: Overview of our working hypothesis: SNEV stable over expression extends cellular life
span upon by increasing cellular resistance to DNA damage, while disrupting the conserved ATM
dependent phosphorylation site might accelerate senescence and aging, probably due to DNA repair
defect.

In order to verify our working hypothesis, we used a combination of approaches,

which I will describe in the following in brief and which we also published recently

(Dellago, Khan et al., 2012).

Phospho-specific SNEV antibody was generated in rabbit by injecting a synthetic 10

amino acid phosphopeptide, spanning the ATM target site. The specificity of the

antibody was characterized by immunoflourescence (IF) and western blotting

and was given the name anti-pSNEV (5149). Use of anti-pSNEV (S149) antibody,

both in IF and western blotting, helped to track the dynamics of SNEV

phosphorylation in response to DNA damage.

Use of ATM specific inhibitory molecule named Kudos 55933 (Hickson et al.,
2004), helped in confirming, that SNEV Phosphorylation at Serine 149 (S149) is
ATM dependent. The physiological relevance of SNEV phosphorylation was
determined by generating stable HUVECs, overexpressing either wtSNEV (WtSNEV
HUVECS) or point mutant SNEV (S149A HUVECS). The point mutant SNEV was
generated by replacing Serine 149 (S149) amino acid with Alanine amino acid.
Another point mutant that mimic constitutive phosphorylation was generated by
substituting Serinel49 by Aspartic acid (S149D) and expressed (SNEV S149D
HUVEC). The structural and electrostatic properties of Aspartic acid resemble those

of phospho-Serine and therefore mimic constitutive phosphorylation (Paleologou et
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al., 2008). These cells were characterized with respect to their resistance to DNA
damage and oxidative stress, their replicative life span, subcellular localization of
SNEV. Single cell gel electrophoresis under alkaline condition was used to study basal
level DNA double strand breaks (Wojewodzka et al., 2002). The principal of this
assay, called comet assay is that DNA due to the presence of —VE charge, move
towards cathode in an electric field and form a tail (comet). The length of the DNA
tail (comet) is proportional to the DNA damage. As undamaged DNA retains its
compact and highly organized structure and is too large to migrate in the field,
whereas the DNA double strand break disrupt this organization and the fragments
migrate and form a tail when an electric field is applied. DNA specific fluorescence
probe was used to visualize the DNA. The fluorescence in the tail content was
calculated and used to determine the extent of DNA damage. The importance of S149
phosphorylation in the context of oxidative stress and DNA damage was assessed by
treating wt, S149A and S149D HUVEC cell lines with BSO and Bleomycin. BSO
deplete cellular glutathione stores by inhibiting y-glytamyl synthase (Griffith, 1982).
Bleomycin treatment following BSO treatment catalyzes the formation of single and
double strand breaks by direct binding with DNA in the presence of iron(Fe 2+ ) and
O2 , and induce apoptosis (Chen & Stubbe, 2005). Annexin-V-FITC and Propidium
lodide staining assessed the rate of apoptosis after combined treatment of BSO and
bleomycin. Annexin-V binds to phosphatidylserine, which is displayed on the
cytosolic face of the plasma membrane in live cells and externalize by apoptotic cells
(Koopman et al, 1994). Propidium lodide (PI) is a DNA intercalating flouresecent
molecule. Viable cells are impermeable to Pl and therefore it is used to identify dead
cells (Moore et al., 2007). This approach of combined use of Annexin-V & PI helped
us to discriminate between early and late apoptotic cells. Early apoptotic cells stain
positive for Annexin V but negative for PI, whereas both Annexin-V & PI stained the
late apoptotic /necrotic cells. The percentage of apoptotic/necrotic cells were analyzed
by flow cytometry, a technique used for counting and examining cells and other
microscopic particles suspended in a fluid, when they passed through a laser beam in
the flow chamber. Cells passing through the laser beam scatter the light, and
fluorescent molecule found in or attached to the cell are excited and emit light at a

longer wavelength than the light source. This combination of scattered and fluorescent
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light is picked up by the detectors, and gave various types of information about the

physical and chemical structure of each individual cell (Raveche et al., 2010).

3.2 Is SNEV involved in regulation of adipogenic
differentiation of human adipose derived stem cell
differentiation?

A previous study showed that the murine homologue of SNEV, mPrp19 is involved in
adipogenic differentiation of 3T3-L1 cells (Cho et al., 2007). As 3T3 cell line is a
valuable model of adipogenesis, however due to species-specific differences, studies
conducted using 3T3 cells are less convincing in interpreting onset of human diseases.
3T3-L1 adipogenesis require essentially two round of cell division, called mitotic
clonal expansion (MCE) before entering into adipogenic differentiation cycle (Tang et
al., 2003), whereas human mesenchymal cells do not require MCE for adipogenesis
(Qian et al., 2010). Previous study of Lindroos et al also revealed the differences in
mouse and human adipogenesis. LMO3 has been shown to be non-essential for mouse
adipogenesis but is critical for human adipogenesis (Lindroos et al., 2013). Due to the
above mentioned differences in mouse and human adipogenesis, it is needed to
confirm mouse results in human cells as well. Therefore, we went on to confirm, if
SNEV is essential for adipogenesis, in human adipose derived mesenchymal stem cells
(hASCs), which are the progenitor of adipocytes and is a more relevant model of
human adipogenic differentiation. hASCs are multipotent mesenchymal cells that can
successfully differentiate into adipogenic, osteogenic, chondrogenic lineage when

exposed to appropriate lineage inducing reagents (Rodriguez et al., 2005).

Expression of SNEV both at mMRNA and protein level and its intra cell localization
was analyzed during adipogenesis. SNEV expression was inhibited via sSiRNA and its
effect on adipogenesis was analyzed at molecular level by measuring the expression
of PPARy and FASN, which are the markers of adipogenesis. As an end point
measurement of adipogenesis Oil red O staining was performed, which stain
intracellular lipid droplets. In addition to this also triglyceride accumulation was
quantified via triglyceride quantification kit. In order to test if SNEV is required of
organismal adiopogenesis, the effect of SNEV knock-down in C. elegans was also
analyzed. Micro array analysis of SNEV knock down hASCs and control culture after

3 days of adipogenic stimuli was performed to identify the molecular mechanism of
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how SNEV effect adipogenesis, which revealed that down regulation of SNEV inhibit
the expression of genes involved in PPARy and insulin signalling pathways, whereas
expression of genes involved in anti adipogenic TGF-B signalling pathway are up
regulated in SNEV knock down hASCs. We next went on to investigate if SNEV
overexpression accelerate adipogenesis. hASCs transiently transduced with SNEV and
empty vector were subjected to adipogenesis. Adipogenesis was assessed by
measuring the expression of PPARy and FASN. Lipid droplets were stained by Oil
red O and intracellular triglyceride accumulation was quantified by triglyceride

quantification Kit.
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Figure 3-2: Schematic representation of our experimental plan.
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4. Material and Methods

4.1. Cells and culture conditions

HeLa cells were grown in RPMI1640 (Biochrom AG, Berlin, Germany)
supplemented with 10% fetal calf serum (FCS).

Human diploid fibroblasts (HDF) were grown in DMEM/HAM’s F12 1:2
(Biochrom AG, Berlin, Germany) supplemented with 10%FCS.

Human umbilical vein endothelial cells (HUVEC) were cultivated in EBM Basal
medium plus EGM Single Quot Supplements & Growth Factors (Lonza, Basel,
Switzerland) supplemented with FCS to a final 10%. For HUVEC, flasks were
pre coated with 0.1% gelatin in PBS.

GFP-SNEV-Hela were established by transfecting Hela cells with a SNEV-BAC
construct containing all regulatory elements obtained from Ina Poser, Max Planck
Institute for molecular Cell Biology and Genetics, Dresden, Germany. GFP-SNEV-
Hela were cultivated in RPMI11640 (Biochrom AG, Berlin, Germany) supplemented
with 10% fetal calf serum (FCS) and 800 pg/ml G418 (Life technologies, Grand
Island, NY, USA).

Confluent adherent cultures were detached using 0.1% trypsin and 0.02% EDTA and
were passaged with an appropriate split ratio of 1:2 or 1:4 once or twice a week
depending on confluence and population doubling level (PD). Subsequently,

cumulative PDs were calculated as a function of passage number and split ratio.

4.2. hASCs isolation and maintenance

hASCs were isolated according to the protocol (Wolbank et al., 2009) and maintained
in DMEM (4.5g/1 glucose) supplemented with 4mM L-Glutamine (VWR
#1.00286.1000), 10% FCS, 1 ng/ml BFGF(Sigma # F0291-25UG), 1x Primocin
(Eubio # ant-pm-1) at 37°C and 5% COz. The donors gave informed consent before
providing adipose samples. Thus, the study was performed in accordance with the

declaration of Helsinki.
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4.3. C. elegans maintenance

C. elegans strains were cultured under standard laboratory conditions on NGM agar as
described previously (Brenner, 1974). Strains used in this work include N2 (provided
by V. Jantsch) and CF1814 [rrf-3(pk1426) Il and daf-2(e1370) IlI]. All strains are
available through the Caenorhabditis Genetics Center (CGC). Worms were
synchronized by timed-egg lay on fresh RNAI plates and transferred to FuDR
containing plates upon adulthood (usually on day 4 after hatching).

4.4. SNEV over-expression

SNEV cDNA was amplified by PCR and cloned into the retroviral plasmid pLenti6.
The negative control vector contained only the Blasticidin resistance gene. Retroviral
particles were generated according to the manufacturer's protocol (Life Technologies).
For SNEV over-expression 14000/1.9cm? hASCs were seeded in growth medium 48
hours prior to transduction and infected with retroviral particles according to the
manufacturer's protocol (Life Technologies) at a multiplicity of infection (MOI) of 2
in DMEM (4.5 g/l glucose), supplemented with 4 mM L-Glutamine, 10% FCS, 1
ng/ml BFGF, 8 pg/ml Polybrene. The medium was replaced with adipogenesis
inducing medium 48 hours post transduction

4.5. RNA interference assays in C. elegans

For the inactivation of DNA repair factors, feeding of double-stranded RNA
expressed in bacteria was used as previously described (Timmons et al., 2001). RNA.
constructs against prp-19, wrn-1, xpe-1 and M18.5, derived from J. Ahringer’s RNAi
library, were distributed by Source BioScience. The HT115 strain of E. coli carrying
the RNAi-construct, or the empty vector (L4440) as control, was cultured overnight in
liquid LB medium with ampicillin and tetracyclin at 37°C. The bacteria were
harvested by centrifugation, re-suspended in LB to a concentration of 60 mg/ml and
200 pl of this suspension was seeded on NGM plates containing 1 mM IPTG and 25
pg/ml Carbenicillin. The plates were incubated at 37°C overnight and used within one

week.
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4.6. Stress treatment

For hydrogen peroxide treatment, 2x10° fibroblasts(HDF5)/ well were seeded in 6
well plates for 24 hours, followed by treatment with H202 (100,200, 400 pM/ml) for 1

hourand 100 pM/ml H202 for different time points (5, 15, 30, 60, 120 minutes).

For Bleomycin treatment, 2x10° fibroblasts(HDF5)/ well were seeded in 6 well
plates for 24 hours, followed by treatment with 2.5, 5, 10, 25, 50, 100ug/ml of
Bleomycin for 1 hour and 25 pg/ml for different time points(5, 15, 30, 60, 120

minutes).

For Mitomycin C (MMC) treatment, 2x10° fibroblasts (HDF5)/ well were seeded in
6 well plates for 24 hours. The next day cells were treated with different
concentrations of MMC (2.5, 5, 10, 25, 50 pg/ml) for 24 hours.

4.7. Oxidative Stress treatment

To induce apoptosis, cells were seeded into 12-well cell culture plates at a density of
10000 cells /cm?. To enhance the sensitivity of the cells to bleomycin-induced
apoptosis cells were cultivated in the presence of 1mM BSO (buthionine-
sulfoximine, Sigma Aldrich, USA) for 48 hours before treatment with 100 pg/ml of
bleomycin (Sigma Aldrich) for further 24 hours.

Alternatively, cells were treated with 100 pg/ml of cisplatin (Sigma Aldrich, USA)

for 24h to assay apoptosis induction by DNA cross-links.

Cell were scraped directly on ice in two fold (2X) SDS loading dye, sonicated and
boiled. Proteins were separated by SDS gel electrophoresis in 4-12% BT gel (Life
technologies, USA).

4.8. Adipogenic differentiation

14000 hASCs were seeded in 1.9 cm? plates in growth medium (DMEM) for two days
prior to adipogenic induction. Adipogenesis was induced by replacing the growth
medium with fresh DMEM supplemented with 549uM 3-Isobutyl-1-methylxanthine
(#15879-100MG Sigma), 1puM  Dexamethasone (Sigma  Adrich), 549uM

Hydrocortisone (Sigma Aldrich, #H-0396) and 66uM Indomethacin (Sigma Aldrich,
49



Material and Methods

# 17378-5G ), 100 pg/ml Primocin (Life Technologies, # ant-pm-1). Medium was
exchanged twice a week until day 10, followed by Oil Red O staining. hASCs grown
in DMEM low glucose/Ham's F12,1:1(PAA # E15-012) supplemented with 10%
FCS, 4 mM L-Glutamine, 100 pg/ml Primocin( Invivogen) were used as control.
Total RNA and protein were isolated at specified time points during differentiation.
Triglyceride contents were quantified by infinity T™ triglyceride quantification kit
(ThermoScientific, #TR 22421) according to the manufacturer’s recommended
protocol and normalized to total protein concentration, measured by using the BCA
kit (ThermoScientific).

4.9. Oil red O staining of ASCs

Oil red O staining of hASCs was performed on day 10 of differentiation.
Differentiation medium was removed and cells were washed briefly with PBS twice
and fixed by incubating in 3.6% formaldehyde in PBS for 1 hour at room temperature.
Cells were then washed twice for 5 minutes each with PBS and incubated with 70%
ethanol for 2 minutes, followed by 10 minutes incubation in Oil red O working
solution (1.8mg/ml, Sigma). Cells were washed with PBS until all visible traces of
remaining dye were removed. Pictures were taken by Leica DM IL LED Inverted
Microscope with a 10x dry objective (Leica Microsystems CMS, Mannheim,

Germany).

4.10. Oil-Red-O staining in C. elegans

Oil-Red-O staining in C. elegans was performed on day 6 after hatching as previously
described (Soukas et al., 2009). Stained worms were embedded in Mowiol and
pictures were taken on the next day on a Leica DM IL LED Inverted Microscope with

a 10x dry objective
4.11. Osteogenic differentiation

2000 hASCs were seeded in 1.9 cm? plate 72 hours prior to induction of osteogenesis.
Osteogenesis was induced by replacing the growth medium with fresh DMEM (low
glucose GE Healthcare) supplemented with 10% FCS, 4 mM L-Glutamine (Sigma),
10mM L-Glycerophosphate (sigma), 150 uM Ascorbate-2-phosphate, 10nM vitamin-
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D3 (Sigma), 10nM Dexamethasone (Sigma), 100 pug/ml Primocin. hASCs grown in
DMEM low glucose/Ham's F12, 1:1(PAA # E15-012) supplemented with 10% FCS,
4 mM L-Glutamine, 1x Primocin were used as control. The medium was replaced
every third day with fresh medium until day 12. Osteogenic differentiation was
assessed by Alizarin Red staining. To perform Alizarin Red staining, osteogenesis
inducing medium was removed and cells were washed three times briefly with PBS,
incubated with 70% ethanol for 1 hour at -20°C, and washed 3 times with PBS. Cells
were then incubated for 10 minutes with gentle shaking with alizarin Red solution
(200mg/ml)( Applichem # A2306,0025) followed by thorough washing with PBS
until all visible traces of the remaining dye were removed. Pictures were taken on a

Leica DM IL LED Inverted Microscope with a 10x dry objective.

4.12. SiRNA transfection in ASCs

SNEV siRNA and control siRNA (Dharmacon, D-001810-10-20) was purchased from
Dharmacon (Thermo Scientific, J-004668-05). For knock down of Werner, CSA,
XPE, a pool of 4 pre-designed IBONI® siRNA (riboxx Life sciences) and control
were used. 14000 hASCs were seeded in 1.9 cm? well plates 48 hours prior to siRNA
transfections using 50 nM of the respective siRNAs. The siRNAs were introduced
into cells using DharmaFECTL1 transfection reagent (Dharmacon) according to the
manufacturer instructions. Knock-down efficiency of siRNAs was determined 48

hours after transfection by gPCR.

4.13. siRNA Treatment of C. elegans

For the inactivation of DNA repair factors, feeding of double-stranded RNA
expressed in bacteria was used as previously described (Timmons et al., 2001, Gene).
RNAI constructs against prp-19, wrn-1, xpe-1 and M18.5, derived from J. Ahringer’s
RNAI library, were distributed by Source BioScience. The HT115 strain of E. coli
carrying the RNAi-construct, or the empty vector (L4440) as control, was cultured
overnight in liquid LB medium with ampicillin and tetracyclin at 37°C. The bacteria
were harvested by centrifugation, re-suspended in LB to a concentration of 60 mg/ml
and 200 pl of this suspension was streaked out on NGM plates containing 1 mM
IPTG and 25 pg/ml Carbenicillin. The plates were incubated at 37°C overnight and

used within one week.
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4.14. gPCR analysis

Total RNA from cells isolated at various time points was extracted using Trizol
reagent (Life Technologies) according to the manufacturer’s protocol. cDNA was
synthesized from 500 ng of total RNA with the Dynamo cDNA synthesis kit (Thermo
scientific) according to manufacturer instructions. gPCR analysis was performed
using 5x Hot Firepol Eva green qPCR mix (MEDIBENA). Primers designed for
gPCR are listed in the following Table. mMRNA expression was normalized to
GAPDH.

Gene Forward primer Reverse primer
name
SNEV | TCATTGCCCGTCTCACCAAG GGCACAGTCTTCCCTCTCTTC

PPARy | AGCCTGCGAAAGCCTTTTGGTGA | GCAGTAGCTGCACGTGTTCCGT

FASN AACTTGCAGGAGTTCTGGGAC TGAATCTGGGTTGATGCCTCCG

GAPDH | TGTGAGGAGGGGAGATTCAG CGACCACTTTGTCAAGCTCA
Werner | GTGGCGCTCCACAGTCAT TCTTCCGAACACATGCCTTTC
CSA GAGGACACGATATGCTGGGG CCAGTCCCAAAACTCTCCGT
XPE AAGAAACGCCCAGAAACCCA ACATCTTCTGCTAGGACCGGA
4.15. Microarray analysis

Global gene expression analysis was performed by two-color microarrays for hASCs
upon SNEV knock-down, as well as for hnMADS cells at various stages of adipocyte
differentiation. Metadata (experimental parameters and detailed procedures), raw data
files and final (filtered and normalized) data are accessible via Gene Expression
Omnibus (GEO, series records GSE64937 and GSE64845).

4.16. ATM deletion in mouse embryonic fibroblasts

Primary mouse embryonic fibroblasts (MEF) were prepared from E13.5 fetuses
(ATMflox/flox). Cells were cultured in DMEM high glucose medium (Sigma-Aldrich)
supplemented with 15% fetal bovine serum (Lonza), 1% L-glutamine (Gibco, now
life technologies, Grand Island, NY, USA), 1% penicillin and strepromycin, 1%
NEAA (non-essential amino acids, Gibco), 1% sodium pyruvate (Gibco) and B-
mercaptoethanol (1:140000). Large T-Antigen was used to immortalize MEFs
(ATMflox/flox). For the generation of retrovirus, Large T- Antigen -MSCVneo
plasmid was co-transfected with the packaging plasmid pCL-Eco and the enveloping
plasmid VSV-G in 293T cells. Supernatant was collected after 24 and 48 hours.
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MEFs were transduced using 5 ml of filtered supernatant added to 5 ml cell culture
medium in the presence of 8 mg/ml polybrene (Sigma-Aldrich). After 24 hours
virus was removed. 14 days selection was started 72 hours after infection using
400ug/ml neomycin (Sigma-Aldrich).
In a second infection step, Large T-Antigen- immortalized MEFs were transduced
with the Cre- pBabe-puro retrovirus for the Cre-mediated deletion of ATM.
Selection was started 72 hours after transduction with 2ug/ml puromycin for 7 days.
Medium was exchanged every 3" day. Deletion of ATM was verified by PCR of
genomic DNA using primer 1 (5° ATC AAA TGTAAA GGC GGC TTC 3’) primer
2 (5°CAT CCT TTAATG TGC CTC CCT TCG CC 3’) and primer 3(5’GCC CAT
CCC GTC CAC AAT ATC TCT GC 3’) giving rise to three fragments representing
absence or presence of loxP sites or deletion of ATM.

4.17. Plasmid construction, generation of recombinant

retroviruses and cell line establishment

SNEV cDNA was amplified by PCR and ligated into the retroviral plasmid pLenti6.
The SNEV S149A point mutant was generated using the Quick-change Multi Site-
Directed Mutagenesis Kit (Agilent, Santa Clara, CA, USA). The negative control
vector contained only the blasticidin resistance gene. Retroviral particles were
generated according to the manufacturer's protocol (Invitrogen). For cell line
establishment, HUVECs (PD14) were infected with retroviral particles according to
the manufacturer's protocol (Invitrogen, now life technologies, Grand Island, NY,
USA) at a multiplicity of infection (MOI) of 4 in EBM with 10% FCS supplemented
with 8 pg/ml Polybrene. Thereafter, transfectants were selected using 5 pg/ml
blasticidin. Arising cell clones (similar number in all experiments) were grown as a
mass culture. PDs post transfection (pT) were calculated starting with the first

passage after selection was completed.

4.18. Antibodies

Prp19/Pso4 rabbit polyclonal antibody was from Bethy Laboratories (Montgomery,
TX, USA) #A300-102A. ATM antibody [2C1] mouse monoclonal antibody was

from Gene Tex (Irvina, CA, USA) #GTX70103. Moravian Biotechnology Ltd
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(Bratislava, Slovakia) generated anti-pSNEV (S149) rabbit polyclonal antibody.
Gamma H2A.X (phospho S139) mouse monoclonal antibody [9F3] was from
Abcam (Cambridge, UK) #26350. 3-Actin mouse monoclonal antibody was from
Sigma-Aldrich (St.Louis, MO, USA) #A-5441. GAPDH rabbit antibody FL-335 was
from Santa Cruz (Santa Cruz, CA, USA) #sc-25778.

4.19. SDS PAGE and Western Blotting

For SDS PAGE, protein samples were mixed with 4x SDS loading dye (240 mTris-
Cl pH 6.8, 8% SDS, 40 % glycerol, 0.05% bromophenol blue, 5% R-
Mercaptoethanol) and heated to 75°C for 10min. Samples were separated on a
NUuPAGE 4-12% Bis/Tris polyacrylamide gel (Invitrogen, Carlsbad, CA; USA) in
MOPS buffer at 200V. Electrophoresis and blotting to PVDF membrane (Roth,
Karlsruhe, Germany) were performed using the XCell SureLock® Mini-Cell
(Invitrogen, now life technologies, Grand Island, NY, USA) in accordance to the
manufacturer's protocol. After incubating with blocking buffer (3% skim milk
powder in PBS with 0.1% Tween-20) on an orbital for 1hour at room temperature or
overnight at 4°C, the membranes were incubated for 1hour or overnight with the
primary antibody diluted in blocking buffer, followed by 1hour incubation with
secondary anti-Rabbit-IR-Dye 800 and/or antiMouse-Alexa 680 (Licor), both diluted
1:10000 in blocking buffer. Both antibody incubations were followed by 3 washes
with PBS with 0.1% Tween-20. Membranes were scanned using the Odyssey
infrared imaging system (LI-COR, Lincoln, NE, USA). Mouse anti-RActin (Sigma-
Aldrich, St.Louis, MO, USA) or rabbit anti-GAPDH (Santa Cruz, Santa Cruz, CA,

USA) were used as loading controls.
4.20. Phosphatase treatment

For dephosphorylation experiments, H202 treated or untreated HelLa cells were
harvested by trypsinization, collected by centrifugation at 170g for 10 min, washed
twice with PBS and resuspended in NEB3 Buffer (New England Biolabs, Ipswich,
MA, USA), in which Calf intestinal phosphatase (CIP; New England Biolabs,
Ipswich, MA, USA) has optimal activity. Cells were lysed by sonication and
subsequent centrifugation at maximum speed for 30 min at 4°C. Cleared lysates
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were splitted and one-half was incubated with 10U CIP for 30 min at 37°C, whereas
the other half was mock treated. Subsequently, samples were subjected to Western

Blot analysis.
4.21. Anti-GFP Trap IP

GFP-SNEV-Hela were grown to 90% confluence in T175 roux flask and incubated
with 100 uM H202 to induce SNEV phosphorylation or left untreated as negative
control. Cells were scraped on ice in 3ml Lysis buffer (50 mM Hepes-KOH pH 7.5,
5 mM EDTA pH8, 150 mM KCI, 10% glycerol, 1% Triton X- 100, 20 mM R-
glycerophosphate, 10mM Napyrophosphate, 10 mM NaF, 1 mM DTT, 1 mM
Na3VvO04, 0.1mM PMSF, 20 ug/ml Leupeptin, 20 pg/ml Chymostatin, 20 pg/ml
Pepstatin, 1uM Okadaic acid) per T175 and sonicated using 3 bursts of 10s. Lysates
were cleared by centrifugation for 30 min at full speed. All centrifugation steps were
carried out at 4°C. 30 ul GFP-Trap Beads (ChromoTek, Munich, Germany) were
equilibrated by washing thrice in 500 pl ice cold wash buffer (50mM Hepes-KOH
pH 7.5, 5mM EDTA pHS8, 150mM KCI, 10% glycerol, 0.05% NP-40, 20 mM [-
glycerophosphate, 10 mM Na-pyrophosphate, 10mM NaF, 20 pg/ml Leupeptin, 20
pg/ml Chymostatin, 20 pg/ml Pepstatin) and collected by centrifugation at 2700 x g
for 2 min. 1 ml Lysate corresponding to 1 mg total protein was added to the beads
mixed on an overhead shaker for 1h at 4°C. Beads were collected by centrifugation
for 2 minutes at 2,000 x g. Discard supernatant and wash beads 5x times with 500puL
ice cold wash buffer (ocadaic acid added only for the first two washing steps) and

finally resuspended in washing buffer.
4.22. Mass spectrometric analysis

Beads were washed five times with ammonium bicarbonate buffer (50mM ABC).
Disulfide bonds were reduced by incubation with dithiothreitol (DTT, 5% wi/w of the
estimated amount of protein) for 30 min at 56°C and Cys-residues were
subsequently alkylated with iododacetamide (IAA, 25% w/w of the estimated
amount of protein) for 20 min at RT in the dark. DTT (2.5% wi/w of the estimated
amount of protein) was added to consume excess IAA and proteins were digested

with subtilisin for 1 hour at 37°C. Digests were stopped by addition of trifluoro
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acetic acid (TFA) to approx. pH 3. 10% of the peptide mixture was analysed
directly, the remaining 90% were enriched for phosphopeptides by the use of TiO2
as described in(Mazanek et al., 2007). Peptides were separated on a U3000- HPLC-
system (Dionex, Sunnyvale, CA, USA). Peptides were loaded on a trapping column
(PepMAP C18, 0.3 x 5 mm, Dionex) with 0.1 % TFA as loading solvent and then
eluted onto an analytical column (PepMAP C18, 75 pm x 150 mm, Dionex) with a
flow rate of 300 nl/min and a gradient from 0 % solvent B to 100 % solvent B in 90
min, followed by a washing step of 10 min with 10 % solvent B and 90 % solvent C
(solvent B: 40 % acetonitril (ANC), 0.08 % formic acid, solvent C: 80% ACN, 10%
trifluorethanol, 0.08 % formic acid). The HPLC system is online coupled to a Velos
Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with
an ESl-source (Proxeon, now Thermo Scientific). A full scan (scan range 400-1800
Th, resolution 60.000) was followed by MS2 analysis by collision-induced
dissociation (CID) of the 20 most intense precursors in the linear iontrap.
Normalized collision energy was set to 35%, activation Q at 25 and activation time
at 30 ms. Peptide identification was performed using the SEQUEST algorithm in the
ProteomeDiscoverer  1.3.0.339  software package (Thermo  Scientific).
Carbamidomethylation of Cys was set as static modifications, phosphorylation of
Ser/Thr/Tyr and oxidation of Met were set as variable modifications. Spectra were
searched against a small database plus contaminants for a fast PTM analysis. Search
parameters include no protease specificity, a peptide tolerance of 2 ppm, a fragment
ions tolerance of 0.8 Da. The results were filtered at the XCorr values to an FDR of
1% on the peptide level. The probability of phosphosite localization was calculated
using the phosphoRS 2.0 software (Taus et al., 2011) implemented into the Proteome

Discoverer.
4.23. Indirect immunofluorescence staining Hela cells

Cells were seeded on coverslips one day prior to immunofluorescence staining. The
next day, cells were washed with PBS and fixed with 3.7% (w/v) for 20 min at room
temperature. Permeabilization was performed with 0.1% Triton X-100 in PBS for 10
min at room temperature. Cells were incubated with primary antibodies diluted in
PBS with 10% FCS for 1 h, washed 3 times for 10 min with PBS, incubated for 1 h

with the appropriate secondary antibodies diluted in PBS with 10% FCS, and
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washed 3 times for 10 min with PBS. Anti-pSNEV (S149) was diluted 1:250. As
secondary antibodies, anti-mouse dyelight488 1:1000 and dyelight649 1:1000 anti-
rabbit or anti-mouse antibodies were used. Microscope as described previously. To
visualize the nuclei, cells were counterstained with 4', 6-diamidino-2-phenylindole
(DAPI). Cells were washed and fixed as above and subsequently incubated with
100ng/ml DAPI in PBS for 10 min at room temperature. After staining, slides were
mounted on cover slips using slow fade gold Mounting Medium for Fluorescence
(Life technologies, Grand Island, NY, USA) and sealed with nail polish. Microscopy
and image analysis were carried out using a Leica SP5 Il laser scanning confocal

microscope (Leica Microsystems CMS, Mannheim, Germany).

4.24. Indirect immune-fluorescence of hASCs

60000 hASCs were grown in DMEM medium (4.5 g/l glucose) on coverslips in a six
well plate. 48 hours after seeding growth medium was replaced by adipogenic
differentiation media containing Indomethacin, Dexamethasone, Hydrocortisone and
IBMX. Medium was changed after each 3 days until day 10. At dayl10, cells were
washed twice with PBS and fixed in 4% formaldehyde for 20 minutes at room
temperature. After subsequent three times washing with PBS, cells were
permeabilized in 0.25% Triton in PBS for 20 minutes and blocked in 20% FCS (in
PBS) for 1 hour. Cells were washed with PBS three times for 5 minutes each and
stained with anti-Prp19 antibody (Bethyllab #A300-102A) diluted 1: 500 in PBS
containing 20% FCS for 1 hour. Cells were again washed with PBS for 3 x 5 minutes
each prior to application of Dyelight 649 anti-rabbit antibody (Jackson
Immunoresearch, # 111-495-144) diluted 1:500 in PBS containing 20% FCS for 1
hour. Cells were washed again with PBS for 3 x 5 minutes each. For nuclear DNA
staining DAPI at 200 ng/ml concentration was applied for 10 minutes and then
washed with PBS for 5 minutes. Slides were mounted with Vectashield mounting
medium (Vector Laboratories, Burlingame, U.S.A) and sealed with nail polish.
Microscopy and image analysis were done by using Leica SP5 Il laser scanning

confocal microscope (Leica Microsystems CMS, Mannheim, Germany).
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4.25. Comet assay

Single and double stranded DNA damage in SNEVwt and SNEV S149A
overexpressing HUVECs under basal condition was measured by single-cell gel
electrophoresis (comet assay) under alkaline conditions as described previously
(Wojewodzka et al., 2002). At least 100 randomly selected cells per slide were
examined for the presence or absence of comets using fluorescence microscopy. The
cells were assigned to five different categories according to their DNA content in tail
using the TriTek CometScore software. Percentage of cells in each category was

calculated.

4.26. Apoptosis staining

Cells were detached using 0.1% Trypsin/0,02%EDTA and stained with Annexin V-
Bacific Blue (Invitrogen, now life technologies) and Pl (Roche, Basel, Switzerland)
according to the manufacturer's instructions. Analysis of the percentages of apoptotic
and necrotic/late-apoptotic cells was performed by using a BD FACS Canto Il flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and the FCS Express V3
software (De Novo Software,USA).
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A)ATM-dependent phosphorylation of SNEV
Is involved in extending cellular life span

and suppression of apoptosis.
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Results 5A).
ATM-dependent phosphorylation of SNEV
is involved in extending cellular life span

and suppression of apoptosis.

4.27. Oxidative stress induces an additional SNEV protein
band in Western blotting.

Previous findings revealed that SNEV expression is induced upon oxidative stress and
DNA DSB damage (Mahajan and Mitchell, 2003; Voglauer et al., 2006). To further
study the effect of oxidative stress on SNEV expression, we treated HelLa cells with
1mM hydrogen peroxide for different time points and whole cell protein lysates were
isolated and subjected to western blotting to see whether oxidative stress influence
SNEV protein expression. Figure 1A showed that an additional band above the 56 kda
band is induced and its intensity increased in a time dependent manner. The
appearance of this additional SNEV band made us curious to know if this additional
band is a phosphorylated form of SNEV? In order to get the answer we performed
phosphatase assay. The protein lysates of stress treated and untreated Hela cells were
splitted into two half. One-half was incubated with Calf intestinal phosphatase (CIP)
and the other half was mock treated. Western blot analysis showed that the additional
SNEV band goes away upon phosphatase treatment, indicating that SNEV undergo
phosphorylation in response to DNA damage and oxidative stress (Figure 5.1A). This
high molecular band was also induced in human dermal fibroblasts (HDF5) in
response to bleomycin treatment. The intensity of this high molecular band increased
in a dose and as well as time dependent manner (Figure 5.1 B). B-actin was used to

ensure equal loading of protein.
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In order to get a more clear picture that this additional band of SNEV represent
phosphorylated form of SNEV by mass spectrometry, we over express GFP tagged
SNEV under the control of endogenous promoter according to method(Poser et al.,
2008). The advantage of using GFP-SNEV-Hela lies in allowing the use of a
commercially available GFP-antibody for IP which is covalently coupled to agarose
beads, thus avoiding predominant detection of immunoglobulins in the mass
spectrometric analysis. In order to make sure that GFP-SNEV behaves similarly to
endogenous SNEV in cells we confirmed its nuclear localization (figure 5.1C), as well
as its integration into SNEV/CDC5L complex by co-precipitation of SNEV and
CDC5L with GFP SNEV by GFP antibodies (Fig. 5.1D). GFP tagged SNEV
overexpressing Hela cells were treated with hydrogen peroxide and isolate GFP
SNEV by GFP Immunoprecipitation. Purified proteins were subjected to mass
spectrometric analysis. Mass spectrometric data showed that SNEV is phosphorylated
at S149, with a probability of 76.5% (Figure 5.1E). Figure 1F and 1G shows that the
signal detected by MS is specific for H202-treated cells and not due to differences in
the efficiency of the IP, because Western Blot (Figure 1D) clearly shows that

comparable amounts of GFP-SNEV was precipitated under both conditions.
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Figure 4-1: Upon oxidative stress, SNEV is detected as double band, probably representing a
phosphorylated species.

Hela cells treatment with H,O, induce an additional bands of SNEV which goes away upon
phosphatase treatment. (B) Similar high molecular band was also induced upon bleomycin treatment in
fibroblasts detected with anti-SNEV antibody. The intensity of this additional band increased in a dose-
and time-dependent manner. Fibroblasts were incubated with 0, 5, 10, 25, 50 or 100ug/ml bleomycin
for 1hour (left panels) or with 25ug/ml bleomycin for 0, 0.5, 1, 2, 4 hours (right panels), scraped on ice
in 2x SDS loading dye and subjected to Western blotting. Membranes were probed with anti-SNEV
antibody. Anti-p-actin antibody was used to ensure equal loading of protein. Anti-yH2AX antibody was
used as a marker of DNA damage (C) GFP SNEV is predominantly localized to the nucleus (left
panel), while GFP alone was detected throughout the cell (right panel).D) Endogenous SNEV and its
known interaction partner CDC5L is coprecipitated with GFP IP indicating that GFP SNEV behave
similarly to endogenous SNEV. E) Collision-induced dissociation spectrum of the SNEV peptide
AVPSS(ph)QPSVVGAGEPM(0x)DLG. Indeed, a phosphorylation was detected and assigned to S149
with a probability of 76.5% . While the consistence of three different spectra with different m/z ratios
underscores the correct assignment of phosphorylation to this site, the remaining uncertainty comes
from the presence of 3 serine residues within a quite long peptide. Together with the problem of lack of
trypsin or chymotrypsin proteolytic sites near these serine, a better proof of S149 as the really
phosphorylated serine by mass spectrometry is hampered. F) Extracted ion chromatogram with a mass
window of 3ppm of the m/z of the phosphopeptide
AVPS(ph)SQPSVVGAGEPM(0x)DLGELVGM(ox)( doubly and triply charged) show a signal in H,0,
treated cells only and not in the control sample. G) Extracted ion chromatograms of the m/z of the
AVPS(ph)SQPSVVGAGEPM(0x)DLGELVGM(ox)TPEIQKL ( doubly and triply charged) show a
signal in H.O, treated cells only. Figure 1E, F, G were kindly provided by our collaborator Dorothea

Anrather, University of Vienna).

4.28. SNEV sequence contain conserved ATM Kkinase

consensus target site.

Previous proteomic screens were performed to analyze proteins phosphorylated in
response to DNA damage on ATM and ATR consensus site. More than 900 regulated
phosphorylated sites in more than 700 proteins. The target list contain proteins
previously known to involved in DDR, but also identify some novel protein involved
in DDR (Matsuoka et al., 2007). The target proteins contain a specific sequence of
amino acids phosphorylated by ATM and ATR in response to DDR (Figure 5.2 A).
Interestingly the SNEV amino acid sequence analysis revealed that SNEV contains an
ATM target sequence which is conserved among vertebrates only (Figure 5.2 B).
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Taken together, the mass spectrometry spectra, the presence of an ATM Kkinase

consensus site, and ATM’s known function as a kinase signalling oxidative stress

drive us to generate an anti-pSNEV (S149) specific antibody.
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M. musculus 113 ACRVIARLTKEVTAAREALATLKPQAGLI-VPQAVPSS QPSVVGAG-EPMDLGELVGMTP 170
R. norvegicus 113 ACRVIARLTKEVTAAREALATLKPQAGLI-VPQAVPSS'QPSVVGAG-EPMDLGELVGMTP 170
H. sapiens 113 ACRVIARLTKEVTAAREALATLKPQAGLI-VPQAVPSS QPSVVGAG-EPMDLGELVGMTP 170
D. rero 113 ACRVIARLTKEVTAAREALATLKPQAGLV-APQAAPAS QPAAVGAGGEAMEVSEQVGMTP 171
D. melanogasterl11l3 ACRVIARLNKEVAAAREALATLKPQAGIANAPTAIPQPALASEAGG-AAAHPMEQAGMSA 171
C. elegans 114 ACRVISRLSKELTAAREALSTLKPHTSAK-VDDDVSID-—--——-———--—-— ESEDQQGLSE 160
S. cerevisiae 119 AKLVAAQLLMEKNEDSKDLPKSS'QQAVAITREEFLQGLLQSSR------- DFVARGKLKA 171

Figure 4.2: SNEV sequence contain ATM Kkinase consensus site is highly conserved.
A) Bioinformatically identified sequence of amino acid phosphorylated by ATM (Matsuoka et al,
2007). B) Sequence comparison of SNEV homologues in the putative ATM target site. The consensus
sequence surrounding the phospho-SQ site on ATM substrates that are regulated by DNA damage is

conserved in the SNEV amino acid sequences across different vertebrates, but not in non-vertebrates.
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4.29. Characterization of pSNEV (S149) antibody

The antibody against S149 pSNEV was generated and characterized by Western
blotting and indirect immunofluorescence. The antibody detects a band at the
expected size of SNEV upon oxidative stress treatment of Hela cells and goes away
upon phosphatase treatment. Besides the bands at the expected size, other bands were
also detected by anti-pSNEV/(S149) antibody on western blot of Hela lysates (Fig. 5.3
A, B, C), but at higher molecular weights. These bands might represent post-
translationally modified SNEV similar to the ones described (Melk et al., 2003). For
indirect immunofluorescence analysis, the antibodies were pre-blocked with synthetic
phosphorylated and non-phosphorylated peptide of the same sequence against which
the antibody was generated and applied to cells treated with 1mM H202. Figure 5.3D
shows that staining was abolished by anti-pSNEV (5149) pre-blocked with synthetic
phosphorylated SNEV peptide, and not after pre-incubation with the non-phospho-
peptide.
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Figure 4-3: Characterization of pSNEV (S149) antibody by western blot and IF.

Hela cells treated with H,O, were harvested and probed with anti pPSNEV (s149) antibody. A, B, C).
Western blot shows that the antibody detect some bands of SNEV at higher molecular weight in
addition to 56Kda band. This SNEV band goes away upon CIP treatment. D) Pre incubation of
pSNEV(S149) antibody with synthetic phospho SNEV and synthetic SNEV peptide abolish signal
confirmed the specificity of pSNEV(S149) antibody.

4.30. Phosphorylation of SNEV at S149 is induced by
oxidative stress in different cell types.

Total protein lysates from Hela cells treated with LMm H202 were isolated and treated
with CIP, and subjected to western blotting. The membranes were probed with anti-
PSNEV (S149) antibody. Western blot in figure 5.3A showed that the antibody
detects a band at the expected size of SNEV in stress treated sample, and its signals
abolished upon phosphatase treatment (Fig.5 3A). Based on these results, we were
curious to confirm our hypothesis that SNEV phosphorylation was induced by DNA
damage in normal cells as well; we analyzed SNEV expression in response to DNA

damage in human dermal fibroblast cells (HDF5). HDF5 cells were exposed to
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different concentration of H202 for 1 hour and 100uM H20:2 for different time points.
Total cell lysates were subjected to western blotting and probed with anti-pSNEV
(S149). Figure 5.4B and 5.4C showed that SNEV is phosphorylated in response to
oxidative stress in a time as well as dose dependent manner and phosphorylation was
observed as quickly as after 5 minutes exposure and reached to its peak after 1 hour.

A - - + + HO,
- + - + cP

100 200 400 UM H,0O,

anti-BActin

C 0 5 15
anti-pSNEV (S149) T

anti-SNEV

anti-yH2AX

anti-GAPDH

Figure 4-4: Phosphorylation of SNEV at serine 149 is induced by oxidative stress in a time and
dose dependent manner

(A) Oxidative stress treatment increased the intensity of higher molecular band of SNEV detected by a
phospho-SNEV specific antibody (anti-pSNEV/(S149) and diminishes upon phosphatase treatment.
HelLa cells were treated for 1 hour with 1ImM H,O,. Lysates were incubated with CIP and
subjected to Western Blotting with a specific anti-phosphoSNEV/(S149) antibody, generated by
immunizing rabbits with an artificial SNEV-phosphopeptide. (B) Human dermal fibroblasts (HDF)
treated for 1 hour with 0, 100, 200 or 400 uM H>O; , scraped on ice in 2x SDS loading dye and
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subjected to western blot. Membranes were probed with anti-pSNEV(S149) and anti-SNEV to
compare pSNEV to total SNEV levels. Anti-yH2AX antibody was used as positive control. Anti-f-
actin was used as loading control. (C) HDF5 cells were treated with 100 pM H-0- for 0, 5, 15, 30,
60 or 120 min, followed by Lysis and Western Blotting as described in B.

4.31. Different types of DNA damage induce nuclear
localization of pSNEV.

In order to trace the intracellular localization of phosphorylated SNEV we performed
indirect immunofluorescence. Hela cells treated with 1mM H202 for 1 hour and
stained with anti-pSNEV (S149 antibody. In addition to strong and predominant
nuclear signal in response to oxidative stress, the phosphorylated form of SNEV is
also detected in cytoplasm but it is not cleared if this phosphorylation is a signal for
shuttling of SNEV between nucleus and cytoplasm. However, in any case, under
normal conditions only very few cells display positive staining for phospho SNEV,
which seems to localize to the cytoplasm (figure 5.5A).To test if phosphorylation of
SNEV is a general DNA damage response or is only restricted to oxidative stress, we
stressed cells with Mitomycin C (MMC), a potent DNA cross linker. HeLa cells
incubated with 25pg/ml MMC for 24 hours and stained with anti-pSNEV (S149). As
observed for H202, MMC also induces phosphorylation of SNEV, and the
phosphorylated SNEV is mainly confined in the nucleus (Fig. 5.5 B).

These results showed that phosphorylation of SNEV is an integral part of the nuclear

DNA damage response.
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Figure 4-5: Upon oxidative stress, SNEV is phosphorylated and localizes mainly to the nucleus.

(A) Hela cells were seeded on coverslips and treated for 1 hour with 100uM H2O- followed by staining
with anti-pSNEV(S149) and DAPI as described in the Materials and Methods section and analyzed by

fluorescence microscopy. (B) HeLa cells were treated with 25 pg/ml MMC for 24 hours and stained
with anti-pSNEV/(S149) antibody.
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4.32. Phosphorylation of SNEV at serine 149 is ATM

dependent.

In order to confirmed our hypothesis that SNEV phosphorylation is ATM dependent,
we chemically blocked ATM kinase activity by 2-(4-Morpholinyl)-6-(1-thianthrenyl)-
4H-pyran-4-one (KU-55933), a specific inhibitor of ATM kinase activity (Hickson et
al., 2004). Hela cells pretreated with Ku-55933 followed by H202. Total cellular
protein lysates were subjected to western blotting and probed with anti-pSNEV
(S149) antibody. Indeed, we observed a marked reduction in the level of
phosphorylated SNEV upon Ku-55933 treatment (Figure 5.6A). However, phospho
SNEV bands did not disappear completely. This could be due to another kinase that
back up ATM function. It is also known that both ATM and ATR share substrates
such as H2AX (Stiff et al., 2004), which also explains that H2AX phosphorylation is
only slightly reduced upon ATM inhibition.

To confirm that ATM modulates SNEV S149 phosphorylation with an independent
method, we used mouse embryonic fibroblasts in which ATM was flanked by loxP
sites and cut out using Cre recombinase (ATM -/- MEF). As shown in fig. 5.6B, the
induction of pSNEV (S149) upon H202 treatment was reduced to less than half of that
observed in wild type MEF. B-Actin actin was used to ensure equal amount of protein
loading. The lower panel in fig. 5.6B shows an agarose gel of the genotyping PCR.
Using a combination of three primers, three different fragments were amplified
according which cells can be genotyped. The 320 bp fragment indicating the absence
of loxP sites is amplified only in wild type cells, whereas presence of loxP sites gives
rise to a 420 bp fragment. Only after introduction of Cre recombinase, ATM is cutted
out and a fragment of 920 bp is amplified. Since the 420 bp fragment is still present
inspite of Cre transfection, there is still residual ATM activity in our ATM -/- MEF,
which might explain why we still detect some pSNEV in these cells, although to a

lesser extent then in wt MEF.

Taken together, these results suggest that SNEV is phosphorylated in response to
DNA damage in an ATM dependent manner and the presence of the ATM target
motif suggest that it might be a novel direct substrate for ATM.
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Figure 4-6: Phosphorylation of SNEV at S149A is ATM-dependent.

wildtype 320 bp

(A) ATM inhibition reduces phosphorylation of SNEV in response to oxidative stress treatment. HDFs were
treated with 100uM H,0- and the specific ATM inhibitor KU-55933. DMSO, the solvent for Ku-99533, was
used as negative control. Phosphorylation of SNEV and known ATM target yH2AX was reduced by inhibition
of ATM. (B) Phosphorylation of SNEV at S149 is reduced in ATM conditional knockout MEF. Upper panel:
wt and ATM -/- MEF were treated with 200 uM H,O, for lhour, harvested in 2x SDS loading dye and
subjected to SDS PAGE. Western Blot was detected with anti-pSNEV (S149) antibody and anti-R-Actin was
used to ensure equal loading.( Lower panel): Genomic DNA was isolated from wt and ATM lox/lox MEF
before and after transfection with Cre and used in genotyping PCR. The band for deleted ATM is present only

after transfection with Cre, nonetheless the deletion is not quantitative and a small portion of ATM is retained.
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5.7. Effect of phosphorylation on life span and stress resistance in
HUVEC.

To investigate the physiological effect of the SNEV phosphorylation at S149, we
generated stable HUVEC cell lines overexpressing either wild type SNEV (WtSNEV
HUVEC) or a point mutant SNEV in which ATM target site was abolished by
exchanging serine 149 for alanine (SNEV S149A HUVEC). Both recombinant cell
lines showed comparable overexpression of SNEV versus untransfected HUVEC
(Figure 5.7A). By using these cell strains, we investigated how the lack of SNEV
phosphorylation at S149 affect DNA damage level, stress resistance and life span. As
described previously(Voglauer et al., 2006) that SNEV overexpression extends
replicative life span. Indeed, SNEV wt HUVEC underwent 30-population doublings
post transduction, while empty vector control HUVEC reached senescence already
upon PD 8 post transduction, thus WtSNEV overexpression more than tripled the
replicative life span. Surprisingly, SNEV S149A overexpression also extend the
replicative life span but to a significantly lower extent of around 18 PD post
transduction (Figure 5.7B). Replicative senescence at the respective replication end
point, was confirmed by SA R-galactosidase staining, a widely accepted marker of

senescence.

Since we observed that SNEV undergoes phosphorylation in response to treatment
with DNA damage inducing agents, we hypothesized that phosphorylation might be
necessary to elicit a proper DNA damage response. Therefore, we tested the integrity
of DNA under basal conditions by comet assay (Figure 5.7C). wWtSNEV
overexpressing cells show very low or no damage at all and were place in categories
Il or I. On the other hand, SNEV S149 HUVEC acquires lower levels of DNA
damage than empty vector control, but increased damage as compared to WtSNEV
HUVEC. Based on these results, we conclude that increased in SNEV level lead to
better DNA maintenance under basal conditions while the full effect of more efficient
repair unfolds only if SNEV can be phosphorylated at S149. In addition to basal
levels of DNA damage, we also assessed cellular response to treatment with
genotoxic and/or oxidative stress inducing reagents. Therefore, we used combinations
of BSO/bleomycin treatment as described previously (Voglauer et al., 2006). We

found that WtSNEV HUVEC did not enter apoptosis upon treatment in accordance to
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our previous findings (Voglauer et al., 2006). This is also in line with the previous
report showing a twofold reduction in apoptosis in Hela cells upon MMS
treatment(Lu and Legerski, 2007). In contrast, in SNEV S149A HUVEC the
BSO/bleomycin treatment clearly induced apoptosis/necrosis (Figure 5.7 D). Since it
has been shown previously that SNEV is also required for DNA interstrand cross-
links(ICL) repair (Zhang et al., 2005). Therefore, we also tested if SNEV
overexpression protect cells from the deleterious effect of DNA cross-linker, cisplatin.
Cisplatin strongly induce apoptosis in control HUVEC as well as in SNEV S149A
HUVEC, while wtSNEV HUVEC were clearly more resistant to this treatment.
Therefore, we conclude that phosphorylation of SNEV at S149 is necessary for
efficient crosslink-repair activity of SNEV (Figure 7E).

In summary, the overexpression of S149 phosphorylation incompetent SNEV does
have a small but discernible effect on the DNA damage status under normal culture
conditions when compared to wWtSNEV overexpression, but does not exert the strong
anti-apoptotic effect of wtSNEV after induction of DNA damage by either oxidative
stress or inter strands crosslinks. In any case, the life-span extending and DNA repair
functions of SNEV do partially depend on phosphorylation at S149, most probably in
dependence of ATM.
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Figure 5.7: Phosphorylation at S149 is necessary for apoptosis resistance and partially for
life span extension conferred by SNEV.

A). Normal HUVEC as well as stable HUVEC overexpressing SNEV wt, SNEV S149A or empty
vector control cells were lysed and subjected to Western blotting. Western Blots were probed with
anti-SNEV and anti-B-Actin antibodies. SNEV protein expression levels are increased five-fold in
SNEV wt and ten-fold in SNEV S149A HUVEC as compared to untransfected HUVEC. B)
Growth curves of HUVECs overexpressing SNEV wt, SNEV S149A and empty. C) SNEV wt as
well as SNEV S149A overexpression reduces the basal level of DNA damage. Upper panel:
Representative pictures of Comet assay performed with empty vector, SNEV wt and S149A point
mutant overexpressing HUVEC. Lower panel: Comets were classified into 5 categories depending
on the percentage of the DNA content in the tail. DNA damage levels of SNEV S149A. D) Cells
were incubated for 48 hours with 1 mM BSO for 48h, followed by treatment with 100 pg/ml
Bleomycin for 24h. Apoptosis was measured by Annexin-FITC and PI staining and subsequent
flow cytometric analysis. E) Cells were incubated with 100ug/ml Cisplatin for 24h. Apoptosis was
measured as described in D. (Figure 5.7 is kindly provided by Hanna Dellago, a former PhD

student of BOKU).
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5.Results.

B) SNEV regulates adipogenesis of human

adipose derived mesenchymal stem cells.
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Results 5B). SNEV regulates adipogenesis
of human adipose derived mesenchymal

stem cells

5.1. SNEV expression is induced at both mRNA and Protein
level during adipogenesis.

In order to investigate the role of SNEV in adipogenesis we first analyzed its
expression during adipogenesis in a time course dependent manner. Human ASCs
were induced to differentiate into adipocytes by medium supplemented with a cocktail
of known adipogenesis inducing agents and total RNA and protein were isolated at
indicated time points during differentiation. Non-differentiated hASCs were used as
control. Indeed, SNEV mRNA (Fig. 5.1A) as well as protein levels (Fig. 5.1B)
increased in a time course dependent manner over 9 days. As SNEV is mainly a
nuclear protein (Gotzmann et al., 2000), we used indirect immunofluorescence to
monitor SNEV localization during adipogenesis. SNEV was detected both in the
nucleus and in the cytoplasm of differentiated cells, while only nuclear staining was
observed in the undifferentiated controls (Fig.5.1C). Adipogenic differentiation was
confirmed by quantitation of PPARy and FASN mRNA (Fig. 5.1D& 5.1E), both well
accepted markers of adipogenesis (Heikkinen et al., 2007; Mayas et al., 2010). Oil red
O staining after 10 days also confirmed extensive lipid droplet formation in the
differentiated culture, whereas no lipid droplets were observed in the control These
results show that SNEV expression is induced during adipogenesis and that its
localization is not restricted to the nucleus, similar to the observation in mouse 3T3
cell line (Cho et al., 2007).
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Figure 5.1: Expression of SNEV is induced during adipogenesis.

(A) Total RNA isolated from differentiated and undifferentiated hASCs were subjected to qPCR for
quantitation of SNEV. The data were normalized to GAPDH. D represents differentiated and U
undifferentiated cells and numbers represent the day of harvesting RNA. (B) hASCs differentiated (D)
and undifferentiated (U) at various time points were harvested and whole cell lysate were prepared for
Western blotting. GAPDH was used to ensure equal amount of protein loading. Numbers represent
intensities of bands, normalized to GAPDH. (C) Differentiated and (D) undifferentiated (U) hASCs
were fixed on day 10 and stained with anti SNEV hPrp19/hPso4 antibody (red) and DAPI (blue).
Images were taken by Leica SP5 Il laser scanning confocal microscope. Scale bar = 25uM. (D, E)

Quantification of adipogenic differentiation was performed using PPARy (D) and FASN (E) as marker
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mRNAs. Data shown here is a representative of three independent experiments from 3different
donors (n=3).

5.2. SNEV is required for adipogenic differentiation in human
ASCs.

In order to determine whether SNEV is not only regulated during but also necessary
for adipogenesis of hASCs, we performed siRNA mediated knock-down of SNEV
followed by adipogenic induction. hASCs were transfected with siSNEV and control
SiIRNA and were induced to differentiate 48 hours after transfection. Adipogenic
differentiation was assessed by Oil red O staining and measurement of intracellular
triglyceride content 10 days after start of differentiation according to the experimental
design shown in figure 2A (Fig. 5.2A). siSNEV transfection resulted in around 90%
knock-down efficiency on mRNA level over the 9 day period of differentiation tested
(Fig. 2B). Non-targeting control siRNA transfected cells underwent normal lipid
droplet formation, whereas SNEV knock-down resulted in formation of fewer lipid
droplets as shown by Oil red O staining (Fig. 5.2C). Accordingly, intracellular
triglyceride content was also 5-fold reduced after SNEV knock-down as compared to
control (Fig.5.2D).
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Figure 5.2: Knock-down of SNEV inhibits adipogenic differentiation in hASCs.
A) Schematic representation of experimental design, where hASCs were transfected with siRNA
against SNEV (siSNEV) or with control siRNA (siControl) to down-regulate SNEV and then induced
to differentiate. Total RNA isolated at specified time points was subjected to gPCR analysis. (B)
mRNA expression of SNEV during adipogenic differentiation. Data shown are representative of three
independent experiments and were normalized to GAPDH mRNA (*P<0.01; **P<0.001). (C) Qil red
O staining for triglyceride content in transfected hASCs after 10 days of differentiation. (D)
Intracellular triglyceride levels in transfected hASCs after 10 days of differentiation. Triglyceride
content was normalized to total protein content. Data shown is a representative of two independent

experiments performed in quadruplicates (*P<0.01; ***P<0.0001).

4.3. Reduced adipogenesis by SNEV knock-down is
accompanied by down regulated PPARy and insulin
signaling axis.

We next sought to investigate how SNEV might inhibit the early steps of
adipogenesis. Thus, we performed microarray analysis to visualize profile changes in

gene expression in response to SNEV down regulation during adipogenesis. hASCs
transfected with sSiISNEV and siControl were induced to differentiate. Total RNA was
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collected at day 3 of differentiation (see material & methods) and subjected to
microarray analysis. SNEV mRNA expression is efficiently down regulated in
response to siSNEV transfection (Fig.5.3A). The microarray data identified 163 genes
that showed at least two fold differential expression in siSNEV vs siControl culture.
In order to identify the pathways that might be addressed by SNEV knock-down, we
performed gene set enrichment analysis (GSEA). In accordance to the observed
inhibition in adipogenesis, genes involved in the pro-adipogenic PPARy (Fig.5.3B)
and insulin signaling (Fig 5.3C) pathways were down-regulated by siSNEV, whereas
genes involved in the anti-adipogenic TGFp signaling (Fig 5.3D) pathway were up
regulated. We further confirmed our microarray data by qPCR of PPARy (Fig 5.3E)
and FASN (Fig 5.3F) during the entire course of adipogenesis. Collectively, these
data suggest that SNEV is necessary in an early step as it inhibits the global changes
of the transcriptome towards adipogenesis induced by starting the differentiation

process.
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Figure 5.3: Knock-down of SNEV reduces the expression of adipogenic markers.
(A) mRNA expression of SNEV in hASCs transfected with siRNA against SNEV (SiSNEV) or with
control siRNA (siControl) and induced to differentiate for 9 days. Total RNA was isolated and
subjected to gPCR. D represent differentiated and U undifferentiated cells and numbers represent day
of harvesting. (B) Micro-array based analysis of transcript expression assorted to the KEGG PPARy

signaling pathway is shown as heat map after GSEA. (C) Expression of transcripts assorted to the
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KEGG insulin signaling pathway is shown as heat map. (D) Expression of transcripts assorted to the
KEGG TGF- signaling pathway is shown as heat map. Numbers within cells are log2-transformed
expression ratios (SiISNEV /siControl). The red vertical line denotes the range of this gene set relative
to all 3250 transcripts that could be detected (small heat map). FDR g-value obtained from GSEA is
depicted bottom right. E) qPCR analysis of PPARy and (F) FASN confirming the microarray data. The
data shown here is a representative of two independent experiments (n=2). (Figure 5.3(B, C, D) are

kindly provided by our collaboration partners from medical university Graz)

4.4. SNEV over-expression accelerates adipogenesis.

The observation that SNEV knock-down reduced adipogenesis led us to test if its
over-expression can lead to its acceleration. Therefore, we transduced hASCs with a
lentiviral construct containing SNEV before induction of adipogenesis. hASCs
transduced with empty vector were used as a control. Adipogenic differentiation was
assessed by gPCR of PPARy and FASN, Oil red O staining and triglyceride

quantification as outlined in Fig 5.4A.

Increased expression of SNEV in lentivirally transduced hASCs was confirmed by
gPCR and remained elevated during the entire course of differentiation as compared
to control (Fig 5.4B). Indeed, SNEV over-expression accelerated adipogenesis as
large amounts of lipid droplets appeared already after 6 days as compared to the 10
days necessary under control conditions. In control cells, only very few lipid droplets
were present on day 6 (Fig 5.4C). We further quantified intracellular lipid
accumulation by triglyceride assay and found a 2-fold increase in SNEV over-
expressing hASCs as compared to empty vector control (Fig 5.4D). These results
suggest that SNEV over expression indeed accelerates adipogenesis in hASCs. In
order to confirm accelerated adipogenesis at a molecular level, we measured mMRNA
expression of PPARy and FASN expression by qPCR, showing the expected increases
(Fig 5.4E and 5.4F). These results suggest that SNEV is indeed a modulator of
adipogenesis as the process is affected both by its knock-down and over-expression.
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4.5. Other DNA repair factors influence adipogenesis in
hASCs.

Since loss of subcutaneous fat is observed in patients suffering from progeroid
syndromes, we tested if other DNA repair factors mutated in various segmental
progeroid syndromes influence adipogenesis as well. For this purpose, we looked at
existing transcriptomic data of an adipogenic differentiation time course experiment
(available at Gene Expression Omnibus, accession number GSE64845) and
specifically visualized the expression of genes involved in DNA damage repair (data
not shown). From these, we selected WRN, CSA and XPE, which are involved in
premature aging and are differentially expressed during adipogenesis (Fig. 5A), and
confirmed their differential expression by gPCR (Fig. 5.5B, 5.5C, 5.5D). In addition,
these genes represent members of different DNA damage repair pathways, CSA being
specific for transcription coupled nucleotide excision repair (TC-NER) while XPE is
involved in global genome as well as TC-NER and homologous recombination. WRN
is a helicase generally required for DNA recombination and repair (reviewed in
(Garinis et al., 2008). In order to test if these genes are indeed required for
adipogenesis, we knocked down the expression of WRN, CSA, and XPE in hASCs by
siRNA transfection, followed by induction of adipogenesis. sSiRNA knock-down
efficiency was confirmed by qPCR (Fig. 5.5E). Adipogenic differentiation was then
assessed by intracellular triglyceride accumulation at day 10 of differentiation.
Triglyceride quantification data showed slight but significant decrease of
adipogenesis of around 20% after CSA and XPE knock-down, while WRN knock-
down resulted in a 50% reduction of Triglyceride accumulation in hASCs (Fig. 5.5F).
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Figure 5.5: Knock-down of WRN, CSA and XPE reduces adipogenic differentiation in hASCs

(A) Heat map of differentially transcribed genes during adipogenesis is shown. Fold changes were
calculated at reference day -2. mRNA fold change of (B) WRN, (C) CSA, and (D) XPE, during
adipogenic differentiation are shown. (E) Knock-down of WRN, CSA, XPE mRNAs was confirmed by

gPCR as compared to siControl and normalized to GAPDH. The data shown here is a representative of

two independent experiments. (F) Triglyceride content was quantified at day 10 of adipogenic

differentiation and normalized to total protein content. Figure 5.5(A) are kindly provided by our

collaboration partners from medical university Graz.
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4.6. Loss of SNEV and WRN leads to reduced fat deposition
in C. elegans.

In order to test the functional conservation of the DNA damage repair factors (SNEV,
WRN, CSA, and XPE) in organismal adipogenesis, we assessed their role in fat
deposition of Caenorhabiditis elegans. For this purpose we selected prp-19, wrn-1,
xpa-1 and M18.5 as orthologs of the human DNA damage repair factors SNEV,
WRN, XPA and DDB1, respectively, and inhibited their expression by RNAI in the
N2 wild-type strain. The storage of neutral lipids was measured by Oil Red O staining
(Soukas et al., 2009). At the time of planning the experiment, the homolog of human
CSA in C. elegans was not known until very recently (Babu et al., 2014), therefore we
selected xpa-1 instead of CSA, as a member of NER factors and homologue of human
XPA (Park et al., 2002). RNAI treatment was performed already upon hatching, since
we did not detect major differences in developmental timing between RNAI-treated
and control animals (data not shown). Young adult hermaphrodites (6 days after
hatching) were then fixed and subjected to Oil-Red-O staining. Indeed, we found
reduced fat mass in prp-19 and wrn-1 RNAI animals compared to the RNAI control,
while M18.5 and xpa-1 RNAI did not show differences (Fig. 5.6A). However, we

cannot exclude that slight variances might be missed by Oil Red O staining alone.

We expected to further enhance the observed fat storage phenotype of prp-19 and
wrn-1 RNAI by performing the same experiment with the CF1814 strain, which is
mutated in rrf-3 (pk1426) and daf-2 (e1370). While mutation of rrf-3 increases RNAI
efficiency (Simmer et al., 2002) mutation of daf-2, the insulin receptor, results in
elevated fat mass (Soukas et al., 2009). Indeed, while the RNAI control group stained
positive for Oil Red O throughout the whole body and especially surrounding
intestines and pharynx, prp-19-1 and wrn-1 RNAI animals stained only weekly

positive in close proximity to the pharynx (Fig. 5.6B).

These findings indicate that loss of the conserved DNA damage repair factors prp-19
and wrn-1 robustly reduce the accumulation of neutral lipids both in wild-type C.

elegans, as well as in a mutant strain with a high-fat phenotype.
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Figure 5.6: Loss of SNEV and WRN reduces fat deposition in C. elegans.
(A) Depletion of prp-19, wrn-1, xpa-1 and M18.5 by RNAI in wild-type C. elegans, followed by Oil

Red O staining demonstrates lower fat deposition upon prp-19 and wrn-1RNAI, compared to the empty
vector (HT115) control. Representative images of two biological replicates with at least 20 worms per
strain are shown. (B) RNAI to prp-19 and wrn-1 in the high-fat and RNAIi hypersensitive
CF1841strain, followed by Oil Red O staining confirms lower fat deposition compared to the empty
vector control. Representative images of two biological replicates with at least 20 worms per strain are
shown. (Figure 5.6 is kindly is kindly provided by Markus Schosserer, BOKU).

4.7. SNEV down regulation does not influence osteogenic
differentiation.

Besides differentiating into adipocytes, hASCs are capable of differentiating into
multiple other mesenchymal lineages, including the osteogenic lineage. In fact, an
inverse relationship exists between osteogenic and adipogenic commitment and
differentiation of mesenchymal stem cells and it is generally thought that
differentiation into one of the two lineages comes at the expense of the other (James,
2013). Therefore, we tested if SNEV might influence osteogenic differentiation as
well. We induced osteogenic differentiation in SNEV down regulated hASCs, and
visualized calcium deposition by Alizarin Red staining as endpoint measurement of

osteogenesis.

We first induced osteogenesis by replacing the growth medium with osteogenesis
inducing medium and analyzed the expression of SNEV mRNA by gPCR. Figure
5.7A showed that SNEV mRNA expression during osteogenesis.

Next, we knocked down SNEV and induced osteogenesis in hASCs. As an endpoint

measurement of osteogenesis, we performed alizarin red staining. siRNA against
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SNEV reduced the expression of SNEV nearly 80% as compared to control
siRNA(Figure 5.7B), however, we did not see any difference in SNEV down and
control cells upon staining them with alizarin red staining( Figure 5.7C). Therefore,

we conclude that SNEV may not be required for osteogenesis.
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Figure5.7: Down-regulation of SNEV does not influence osteogenic differentiation.

hASCs were seeded 72 hours before initiation of osteogenic differentiation. Total RNA was isolated at
indicated time points and subjected to qPCR analysis. (A) SNEV mRNA fold change during osteogenic
differentiation. Fold changes were calculated in reference to un-differentiated cells at day 0 and
normalized to GAPDH. D and U represent differentiated and undifferentiated cells, respectively. (B)
SNEV mRNA fold changes after siRNA SNEV "PP19/iPso4 and control siRNA transfection. Fold changes
were calculated in reference to siRNA control transfected cells and normalized to GAPDH. (C)
Alizarin red staining of hASCs transfected with siRNA SNEV and control siRNA followed by
osteogenic differentiation for 12 days, representative images are shown. Data shown here is performed

once.
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6. Discussion

4.8. How might phosphorylation of SNEV confer life span
extension?

We present SNEV as novel substrate of ATM kinase. SNEV is phosphorylated at
S149 by ATM in different cell types in response to oxidative stress and various other
DNA damage inducing agent. This modification is essential for suppressing oxidative
stress induced apoptosis but dispensable for efficient DNA break repair and accounts
for part of cellular life span extension.

We recently showed that multi-talented protein SNEV upon overexpression extends
the replicative life span of endothelial cells by reducing basal level of DNA damage
and suppresses oxidative stress induced apoptosis (Voglauer et al, 2006b). The
multiple talents of SNEV, includes a well documented function in DNA repair (Beck
et al, 2008; Lu & Legerski, 2007; Mahajan & Mitchell, 2003; Zhang et al, 2005), in
pre-mRNA splicing, ubiquitin E3 ligase activity, adipogenic and neurogenic
differentiation (Urano et al, 2006; Urano-Tashiro et al, 2010). However, it is not yet
clear which function of SNEV is responsible for the life span extending activity.

We here identified an ATM consensus phosphorylation site on SNEV. although our
experimental design does not allow us to be sure that ATM directly phosphorylate
SNEV at this site but, Prp19, a SNEV homologue in yeast, is a direct phosphorylation
target of Tell and/or Mecl, the yeast homologues of ATR and ATM (Smolka et al,
2007), making it more likely that this direct link is also conserved in human.

Since ATM dependent phosphorylation’s are key signals of DNA damage and
oxidative stress, we hypothesized that ATM dependent phosphorylation of SNEV
might activate SNEV’s DNA repair activity, which in turn contribute to its cellular
life span extension function. In order to test this we overexpressed wild type SNEV
and phosphorylation-incompetent point mutant SNEV and found that the DNA
damage status of cells in unstressed condition is slightly reduced by point mutation.
Surprisingly, oxidative stress mediated induction of apoptosis suppression as seen
upon SNEV overexpression was completely abolished by S149A mutation, suggesting
an important role of ATM dependent phosphorylation of SNEV in suppression of
apoptosis. It is tempting to speculate that at least part of this high susceptibility of
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ATM deficient cells to apoptosis (Kamsler et al, 2001; Rotman & Shiloh, 1997a;
Takao et al, 2000) is dependent on the inability to phosphorylate SNEV. The question
arise here is How might the S149 phosphorylatable form of SNEV suppress
apoptosis?

Phosphorylated SNEV localizes under basal conditions exclusively to the cytoplasm,
but is detected predominantly in the nucleus after DNA damage. Although it is likely
that ATM phosphorylation occurs in the nucleus, but it cannot be ruled out that
phosphoSNEYV is imported into the nucleus. This would be supported by the notion
that amino acids 1-166 of mouse SNEV are necessary for nuclear import (Cho et al,
2007) and the phosphorylation site lies within this portion possibly conferring a
nuclear import signal. However, one report suggests that cytoplasmic SNEV is
responsible to suppress apoptosis, at least under conditions of hypoxia. Under hypoxic
conditions, a particular form of redox stress, SNEV is observed to interact with PHD3
in the cytoplasm (Sato et al, 2010), an interaction that suppresses cell death. In
addition, GFP-SNEV, which localized preferentially in the cytoplasm (compared to
untagged SNEV), has a stronger anti-apoptotic effect than untagged SNEV, indicating
the cytoplasmic localization of SNEV is important for its anti-apoptotic role. We find
that upon overexpression, the cytoplasmic portion of SNEV is increased when
compared to untransfected HUVEC(Dellago et al., 2012), backing up the importance
of cytoplasmic SNEV in preventing apoptosis. On the other hand, also in SNEV
S149A HUVEC, the ratio of nuclear versus cytoplasmic SNEV is shifted towards the
cytoplasm in a manner similar to SNEV wt HUVEC, but still these cells undergo
apotosis upon oxidative stress, indicating that the phosphorylatability of cytoplasmic
SNEV is essential for its anti-apoptotic effect. Under normoxic conditions, SNEV
interacts with PHD3 via its C-terminus, while under hypoxic conditions, a hypoxia
inducible interaction domain comprising amino acids 66-220 stabilizes this interaction
(Sato et al, 2010). Since this region covers the S149, it is tempting to speculate that
ATM-dependent phosphorylation at S149 is the signal for increased binding to PHD3,
leading to apoptosis suppression, while the non phosphorylatable S149A mutant binds
PHD3 with lower affinity, allowing for caspase activation by PHD3. It is also unclear,
how the phosphoSNEV would accumulate in the cytoplasm, as it is not detected there
upon stress with our antibody. It will be interesting to see if a phospho-mimicking
S149D point mutant further increases the anti-apoptotic effect of SNEV
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overexpression and where it will localize.

It remains to be elucidated how this translates into an extended life span of SNEV
overexpressing cells. One of the possibilities is that suppression of apoptosis might
reduce the loss of cells during cultivation and thus increase the total replicative life
span merely by reducing the replicative exhaustion of the cells. However, the
apoptosis competent cells of the S149A mutant overexpression are still markedly
longer lived than empty vector control. This would suggest that the full life span
extension as observed by wWtSNEV overexpression depends on both, apoptosis
suppression and the lower basal DNA damage of the cells and thus on SNEV’s DNA
repair activity.

Taken together, our data support the hypothesis that DNA damage repair and
signalling factors can extend the life span of model systems, as in this case the
replicative life span of endothelial cells and thus support the idea that a genetically
programmed DNA repair ability counteracts and slows down the stochastic

accumulation of DNA damage and thus the aging process.

4.9. How does SNEV regulate adipogenesis of human
adipose derived mesenchymal stem cells?

This thesis also show that SNEV regulates adipogenesis of hASCs. SNEV knockdown
inhibits, while its over expression accelerates adipogenesis early after induction of
adipogenic differentiation. Furthermore, SNEV regulates fat deposition on the
organismal level, as shown using the nematode C. elegans as model system.

SNEV regulates several diverse cellular processes, such as mRNA splicing,
transcription (Chanarat et al., 2012), mitosis (Hofmann et al., 2013; Watrin et al.,
2014) and apoptosis (Lu et al., 2014)). If, though, it was its DNA repair function that
is connected with adipogenesis, then other DNA repair factors might have similar
effects on adipogenesis, which would point to a general importance of intact DNA
repair capacity for induction of adipogenesis. In fact, knock-down of WRN markedly
reduced adipogenesis, while CSA and XPE only slightly inhibit accumulation of
lipids in hASCs. In C. elegans, only SNEV and WRN reduced fat storage visibly. This
is in accordance to studies that the murine homologues of SNEV and WRN are
involved in 3T3 cell adipogenesis (Cho et al., 2007; Turaga et al., 2009), but also are
components of an ICL repair complex (Zhang et al 2005a). Still, the species specific
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differences in protein function and regulation patterns (Lindroos et al., 2013;
Mikkelsen et al., 2010; Qian et al., 2010) make clear that not all molecular regulation
steps are indeed conserved from mouse to human. This might explain that in this
study human SNEV seems to act upstream of PPARy and PPARy induced genes, in
contrast to 3T3 where PPARYy remained unchanged but inhibit the expression of SCD
and perilipin 1 (Cho et al. 2007). A role upstream or at the level of PPARYy is also
supported by findings that SNEV (Grillari et al. 2005) as well as PPARy tend to
cluster at nuclear speckles in adipocytes as compared to undifferentiatied cells
(Szczerbal and Bridger, 2010). In addition, SNEV knockdown decreases expression of
genes involved in the insulin signaling pathway are known to be pro-adipogenic
(Heikkinen et al., 2007; Zhang et al., 2009), while genes involved in TGF-f signaling
are increased which have inhibitory effects on adipogenesis (Choy and Derynck,
2003). Altogether, these data point to a regulatory role of SNEV early during
adipogenic commitment of hASCs, however, since SNEV is a multifunctional protein,
we still cannot rule out the possibility that it regulates adipogenesis via other than its
DNA repair function, e.g. via differential pre-mRNA splicing, or via a putative role as
a transcription factor, since SNEV has been shown to be required for full
transcriptional activity of RNA polymerase Il in yeast (Chanarat et al., 2012).

In any case, an interesting possibility is suggested by the fact that not only SNEV but
also other DNA repair factors inhibit adipogenesis, supporting the idea that the
capacity of repairing DNA damage is a checkpoint for adipogenesis. It is still unclear,
however, why the inducibility of DNA damage repair might be such a checkpoint.
One hypothesis might be based on the fact that both adipogenesis and lipolysis are
strongly associated with increased generation of reactive oxygen species
(ROS)(Kanda et al., 2011; Krawczyk et al., 2012), which might be a driver of
increased damage to DNA during adipogenesis, so that differentiating cells are at risk
to enter ROS induced premature senescence, concomitant with induction of the
senescent/pro-inflammatory phenotype of SASP (senescence associated secretory
phenotype) (Monickaraj et al., 2013) . Only if sufficient DNA repair capacity is
present in the cells would the cells therefore be allowed to enter adipogenic
differentiation. This is supported by the fact that DNA damage repair is induced
during early adipogenesis (Meulle et al., 2008) and is even more important, as
senescence impair adipogenesis (Mitterberger et al., 2014) and accumulation of
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senescent cells in the adipose tissue (Stout et al., 2014) would lead to degeneration of
adipose tissue and inflammation. The lack of adipogenic differentiation together with
adipose tissue degeneration induced by senescent adipocytes might therefore be one
factor why patients suffering from segmental, progeroid syndromes and mouse
models of premature aging like e.g. ERCC1 deficient mice, show loss of
subcutaneous fat (Jaarsma et al., 2013; Karakasilioti et al., 2013).

In addition to adipogenesis, also neurogenic differentiation is accompanied and
modified by ROS (Domenis et al., 2014), and again SNEV knock-down inhibits
neurogenic differentiation (Urano-Tashiro et al., 2010). Further, the role of ROS
seems different in osteogenic differentiation (Atashi et al., 2015). If the hypothesis
that DNA damage repair capacity is a checkpoint for specific differentiation programs
is true, the main question to be answer is on what the sensing mechanism for the
presence of DNA repair capacity might be. It is tempting to speculate that SNEV, a
downstream target of ATM upon oxidative stress (Dellago et al., 2012) might be part
of a signaling pathway that senses and repairs DNA damage by a wave of initial ROS
produced during early steps of differentiation. It is of interest in this context that
during differentiation, mesenchymal stem cells (MSCs) are more susceptible to
undergo ROS induced apoptosis than progenitor cells (Oliver et al., 2013), and over-
expression of SNEV protects the cell types tested so far against induction of apoptosis
(Dellago et al., 2012; Schraml et al., 2008; VVoglauer et al., 2006).

Summarized, we suggest that availability of DNA damage repair might represent a
checkpoint for cellular differentiation programs, which is of special importance for
differentiation processes that involve high levels of ROS, or for long lived cells like

adipocytes and neurons.

4.10. Delineation of the key aspects in the regulation of
epithelial monolayer differentiation

In addition to the above main projects, | also participated in projects aiming at
characterization of the transcriptional, metabolic, and functional alterations during
epithelial monolayer maturation of proximal tubular epithelial cells(Aschauer et al.,
2013) as well as in the face of toxic substances like cisplatin (Fliedl et al., 2014). We
showed that proliferating cells have a higher energy demand with both increased

glycolysis and oxygen consumption and exhibit an immature cell-to-cell junction
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complex with nuclear TIP3 expression and high activity of HIF1A and c-MYC. The
matured monolayers have lower energy demands, express TJP3, claudin 2, and
claudin 10 at the intercellular junctions, and exhibit high activities of p53 and
FOXOL1. Given the main role for these processes in physiological function and disease
states such as cancer and fibrosis, these data will be of great benefit in the further
delineation of these complex cellular pathways and will serve as a reference for the
development of differentiation strategies of inducible pluripotent stem cells to a
proximal-tubule phenotype. In addition, we showed that the discrepancy in kidney
toxicity at organ level versus cell culture level seems to depend exactly on this

differentiation and tight layer formation process.

4.11. Conclusion

SNEV is a multifunctional protein involved in a diverse array of cellular functions,
like pre-mRNA splicing, transcription, DNA repair, apoptosis regulation, life span
regulation, lipid droplet biogenesis and neuronal differentiation.

Here, in this thesis we present evidence that SNEV is a novel ATM kinase substrate.
ATM phosphorylate SNEV at serine 149(S149) in response to oxidative stress induced
DNA damage and this phosphorylation is an important regulator of SNEV in life span
regulation, DNA double-strand break repair and apoptosis regulation.

In addition to this, we also demonstrated that SNEV is an important regulator of
adipogenesis both, in vitro and in vivo. Its inhibition suppresses while its over
expression accelerates adipogenesis in human adipose derived mesenchymal stem
cells (hASCs). SNEV inhibition also reduced organismal fat deposition in C. elegans.
In addition to SNEV, WRN is also required for adipogenesis in hASCs and in
C.elegans.

4.12. Future directions

4.12.1. SNEV in brown adipogenesis.

Murine tissue analysis showed higher level of expression of SNEV both in brown
adipose tissue (Cho et al 2007, therefore it will be interesting to know if SNEV is also

involved in formation of brown adipose tissue as well.
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4.12.2. Super SNEYV fly

We have shown that SNEV overexpression accelerate adipogenesis in human adipose
derived stem cells. The next logical question is, if these finding is also translated at
organismal level. Therefore we generated a SNEV overexpressing Drosophila
melanogaster strain in collaboration with Thomas Flatt at the Institute of Population
Genetics at the University for Veterinary Medicine. Further characterization of
SuperSNEV fly with regard to, adipogenesis, life span and stress resistance will
provide a valuable insight into the function of SNEV in fat metabolism at organismal

level and into organismal aging.

4.12.3. SNEV Ubiquitination substrate

One crucial point that needs further investigation is the physiological role of SNEV’s
E3 ligase activity. SNEV modify prp3, required for maturation of spliceosome
(reference). SNEV also ubiquitinate RPA, required for activation of ATR (Marchal et
al., 2014).

The key question thereby still is: what is the substrate of SNEV’s ubiquitin ligase
activity? Identification and isolation of new substrate of SNEV E3 activity will give
important insights into the physiological functions of SNEV and how splicing, DSB

repair and protein degradation might be linked with the extension of cellular life span.

For future efforts to identify SNEV ubiquitination substrates, we plan to use
commercially available protein microarrays, which contain thousands of native,
purified proteins for identification of SNEV ubiquitination substrates. The candidates
obtained by these methods must then be confirmed and further characterized. In order
to confirm that the identified candidates are indeed substrates of SNEV, they will be
expressed in an E.coli expression strain, purified and tested in an in vitro
ubiquitination assay that we have already established according to Hatakeyama
(Hatakeyama et al, 2001). In brief, we will reconstitute the ubiquitin ligase cascade by
mixing E1, UbcH3 as E2 and SNEV together with recombinant ubiquitin and the
putative substrates. Ubiquitination will then be analyzed by Western blotting. As
negative control, non-targets will be added to the reaction instead of the candidates or
ATP will be omitted from the reaction. In addition the identified candidates will be

tested in mammalian cell culture in SNEV knock down/overexpression background
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under MG132 treatment. The fraction of the ubiquitinated substrate can be visualized
can be visualized by Western blotting. To monitor cellular localization of the
substrate(s), we will generate GFP-fusion constructs as well as use (or generate)

antibodies for indirect immunofluorescence studies.

Furthermore, we will establish stable, substrate overexpressing HUVECs as done
previously with SNEV. Equally, we will inhibit these candidates by siRNA
knockdown. Alterations of the cellular phenotype of the various transfected cells will
be monitored during the life span by analyzing cell morphology, cell growth Kinetics,
cell cycle progression and cell type specific markers. The senescent phenotype will be
verified by several biomarkers associated with replicative senescence such as
senescence associated (SA)--galactosidase staining (Dimri et al, 1995), the senescent
morphology and regulation of prominent cell cycle regulators (p21, p16, p27 and p53)
will be analyzed by Western blotting. DNA damage will be monitored by the COMET

assay like done previously.

4.12.4. Effect of SNEV phosphorylation on life span, DNA
repair, ubiquitination, and splicing.
Due to temporal and financial limitations of a doctoral thesis, we were not able to

explore all facets of SNEV phosphorylation. However, future research will definitely

shed light on the following aspects of SNEV phosphorylation.

In order to test if this ATM dependent phosphorylation is necessary for the life span
extending effect of SNEV, we generated lentiviral expression constructs carrying wild
type SNEV and site directed mutated SNEV, where the phosphorylated serine is
changed to non-phosphorylatable alanine, as well as one construct where serine
149(S149) is replaced with phosphorylation-mimicking aspartic acid(S149D). These
cell lines are needed to address the following questions:

Is phosphorylation for efficient splicing? This question can be addressed by in vivo

splicing assays using the E1A reporter gene.

Overexpression of SNEV S149D leads to premature senescence. Are these cells
arrested in G1, like senescent HUVEC normally are, or in S phase, as suggested by
the involvement of SNEV and Cdc5 in ATR-dependent S phase checkpoint (Zhang et
al, 2009).
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Discussion

We measured the level of DNA damage by comet assay only under basal conditions;
how is the amount of DNA breaks changed by lack of or constitutive presence of

S149 phosphorylation?

Finally, we plan to establish stable SNEVwt, S149A and S149D cell lines using
HUVEC from different donors and other cell types like fibroblasts.

4.12.5. Confirmation of SNEV as a direct target of ATM kinase
To address the question if SNEV is a direct target of ATM kinase, and not of ATM

downstream targets, we plan to perform Invitro kinase assay by using purified SNEV,
ATM, and radioactively labeled ATP as a phosphate donor. Similarly we can also
identify if SNEV is phosphorylated by any of ATM downstream target.
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Abstract: Defective DNA repair is widely acknowledged to negatively impact on healthy aging, since mutations in DNA
repair factors lead to accelerated and premature aging. However, the opposite, namely if improved DNA repair will also
increase the life or health span is less clear, and only few studies have tested if overexpression of DNA repair factors
modulates life and health span in cells or organisms. Recently, we identified and characterized SNEVhPrplg/hPm, a protein
that plays a role in DNA repair and pre-mRNA splicing, and observed a doubling of the replicative life span upon ectopic
overexpression, accompanied by lower basal DNA damage and apoptosis levels as well as an increased resistance to
oxidative stress. Here we find that SNEV""™**/""** is phosphorylated at $149 in an ataxia telangiectasia mutated protein
(ATM)-dependent manner in response to oxidative stress and DNA double strand break inducing agents. By overexpressing
wild-type SNEV"PP1/"P0% od a phosphorylation-deficient point-mutant, we found that $149 phosphorylation is necessary
for mediating the resistance to apoptosis upon oxidative stress and is partially necessary for elongating the cellular life
span. Therefore, ATM dependent phosphorylation of SNEV/"PrP19/hPsod upon DNA damage or oxidative stress might represent
a novel axis capable of modulating cellular life span.

INTRODUCTION One of the proteins orchestrating DNA damage

response is ATM (ataxia telangiectasia mutated), which
Accumulation of DNA damage, if not repaired, can lead plays a central and multiple role in the cellular stress
to premature aging, as indicated by several inherited response by monitoring and maintaining DNA integrity
diseases caused by mutations of DNA damage response (reviewed by [4]). These crucial functions are mirrored
factors that show features of premature aging [1], [2]. by the disorder caused by its mutations, Ataxia
Furthermore, increased exposure to DNA damage might telangiectasia (A-T), which is also classified as a
lead to the development of premature aging segmental progeroid syndrome [5] and includes
characteristics, e.g. in long-term survivors of symptoms like cerebellar degeneration, immuno-
chemotherapy, for which we proposed to use the term deficency, genomic instability, thymic and gonadal
acquired premature progeroid syndrome (APPS; [3]). atrophy and cancer predisposition [6].
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Biochemically, one of these functions is control of the
cell cycle in response to DNA damage. This is exerted
by ATM-dependent induction of p53 that leads to
activation of the CDK inhibitor p21, resulting in
inhibition of the Cyclin-E/CDK2 complex and
inhibition of progression from G1 into S-phase [7].as
well as a CHK2 phsophorylation dependent G2/M arrest

[8].

An equally important function of ATM is in effectively
repairing DNA double-strand breaks. Upon DNA
damage, ATM is auto-phosphorylated leading to
dissociation of the inactive dimer to active monomers,
which are rapidly recruited to DNA DSB sites together
with the MRN (Mrell, Rad50, NBS1) complex
(reviewed by [4]. Then, ATM phosphorylates the
histone variant H2AX to yH2AX, which provides a
docking station for many repair factors and signal
transducers like p53 and BRCAL, which are in turn
phosphorylated by ATM [9, 10]. In addition, ATM
activity on DNA DSB sites enables the relaxation of
heterochromatin, which facilitates access of repair
proteins to the damaged DNA [11].

A more recently identified function of ATM has been
observed in the response to oxidative stress [12],
probably by sensing reactive oxygen species (ROS)
[13]. ROS impact on signal transduction,
aging/senescence, apoptosis, neuromodulation and
antioxidant gene modulation, in addition atherosclerosis
and several neurodegenerative diseases [14], and at least
part of these effects might involve ATM, as oxidative
stress response pathways are constitutively active in A-
T cells [13, 15].

Finally, a link between ATM and the pentose phosphate
pathway is established (PPP, reviewed in [16]. After
DNA damage, ATM stimulates PPP in order to generate
nucleotides and NADPH needed for DNA repair.
NADPH thereby not only provides the reducing
equivalents for biosynthetic reactions but also for
regeneration of the major ROS scavenger glutathione
[17].

Recently, a consensus phosphorylation motif recognized
by ATM and ATR (ATM and Rad3-related; a kinase
that shares many substrates with ATM, but responds to
distinct types of DNA damage) was identified [18].

To our surprise, the published consensus site is present
in the amino acid sequence of SNEV"™P!MPo4 (for
simplicity reasons termed SNEV in the following), a
“multi-talented” protein involved in pre-mRNA splicing
[19-22], DNA repair [23-25], senescence and extension
of life span [26, 27] and neuronal differentiation [28,

29]. SNEV increases replicative resistance to oxidative
stress, reduces basal levels of DNA damage and
apoptosis and increases cellular life span in vitro [26].
The role of SNEV in the mammalian DNA damage
response (DDR) first emerged with the report that it was
strongly upregulated by DNA damage in human cells,
and that its depletion by siRNA resulted in an
accumulation of double-strand breaks (DSBs), apoptosis
and reduced survival after exposure to ionizing
radiation [23]. Subsequently, Zhang and collaborators
(2005) have shown that Cdc5L, a member of the SNEV
core complex together with PLRG1 and SPF27/BCAS2,
directly interacted with the Werner syndrome protein
(WRN) and is involved in early steps of DNA
interstrand cross link (ICL) repair. WRN is a DNA
helicase that has roles in homologous recombination
and the processing of stalled replication forks in
response to DNA damage. Mutations of WRN are the
cause of Werner’s syndrome, one of the segmental
progeroid syndromes that most strikingly resemble
aging (reviewed by [30]. DNA damage also induces the
attachment of ubiquitin to a subfraction of endogenous
SNEV via a thiolester linkage, and this modification
disrupts the interaction between SNEV and both Cdc5L
and PLRG1 demonstrating that DNA damage can
profoundly affect the structure of the SNEV core
complex [24]. Recently, the SNEV complex has been
connected to DNA damage checkpoint signaling
pathways. Cdc5L interacts physically with the cell-
cycle checkpoint kinase ataxia-telangiectasia and Rad3-
related (ATR). Depletion of Cdc5L by RNA-mediated
interference methods results in a defective S-phase cell-
cycle checkpoint and cellular sensitivity in response to
replication-fork blocking agents [31].

While mutations and deletions of several DNA repair
factors are known to cause progeroid syndromes, there
is very little known on the effects of overexpressing
DNA repair factors on the life spans of model systems.
As SNEV is known to extend the replicative life span of
normal human cells, it would be of some interest to see
if this effect is due to its DNA repair function.

Here, we show that indeed SNEV is phosphorylated in
response to oxidative stress and different DNA
damaging agents, and that phosphoSNEV is located
predominantly in the nucleus. Moreover, we examined
the impact of the phosphorylation on repair capacity
and life span in cultured human cells by
overexoressing wt and phosphorylation incompetent
SNEV and show that phosphorylation at S149 is
essential for mediating the cytoprotective effect of
SNEV upon DNA damage/oxidative stress and
partially contributes to the life span extension caused
by SNEV overexpression.
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RESULTS

Oxidative stress induces an additional SNEV protein
band in Western blotting

From previous results we know that SNEV expression is
induced upon oxidative and DNA DSB damage [23,
26]. To further study the effect of oxidative stress on
SNEV, we treated HelLa cells with 1mM hydrogen
peroxide for different times and detected additional
bands above the expected 56 kDa band in a Western
Blot with anti-SNEV antibody, and band intensity
increased in a time-dependent manner. These higher
bands were removed after dephosphorylation using calf
intestinal phosphatase (Fig. 1A). Similarly, this
additional SNEV band appeared when we treated human
diploid fibroblasts (HDF5) with bleomycin (Fig. 1B).

These results prompted us to ask if these bands might
represent a phosphorylated form of SNEV in response
to oxidative stress. Therefore, we isolated SNEV as
GFP-fusion from stable HelLa cells constitutively
expressing GFP-tagged SNEV under the control of the
endogenous promoter as described in [32] and
submitted it to mass spectrometric analysis. The
advantage of using GFP-SNEV-Hela lies in allowing
the use of a commercially available GFP-antibody for
IP which is covalently coupled to agarose beads, thus
avoiding predominant detection of immunglobulins in
the mass spectrometric analysis. In order to make sure
that GFP-SNEV behaves similarly to SNEV in cells we
confirmed its localization to nuclei (Fig. S1A) as well as
its ability to integrate into the SNEV/CDC5L complex
by co-precipitation of SNEV and CDC5L with GFP-
SNEV by GFP antibodies (Fig. S1B).
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4 hours (right panels), scraped on ice in 2x SDS loading
dye and subjected to Western Blotting with anti-SNEV
antibody. Anti-B-actin was used to ensure equal
loading. Anti-yH2AX antibody was used to confirm that
the treatment induces DNA damage. (C) Collision-
induced dissociation spectrum of the SNEV peptide
AVPSS(ph)QPSVVGAGEPM(ox)DLGELVGM(ox)TPEIIQKL?.
GFP-SNEV was isolated by IP from stable GFP-SNEV
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enriched by TiO, affinity chromatography and
analysed on a Velos Orbitrap mass spectrometer.
PhosphoRS 2.0 assigns the phospho-rylation to S149
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Indeed, a phosphorylation was detected and assigned to
S149 with a probability of 76.5% (Fig. 1C). While the
consistence of three different spectra with different m/z
ratios underscores the correct assignment of the
phosphorylation to this site, the remaining uncertainty
comes from the presence of 3 serine residues within a
quite long peptide. Together with the problem of lack of
trypsin or chymotrypsin proteolytic sites near these

serines, a better proof of S149 as the really
phosphorylated serine by mass spectrometry is
hampered.

Interestingly, S149 also represents an ATM target site
(Fig. 1D). Fig. S2 shows that the signal detected by MS
is specific for H,O,-treated cells. This is not due to a
difference in the efficiency of the IP, since the Western
Blot in fig. S1B clearly shows that comparable amounts
of GFP-SNEV were precipitated under both conditions.
Table S1 gives a list of the identified phosphopeptides
of SNEV in the H,O,-treated sample with site
probability calculated by phosphoRS 2.0.

Taken together, the mass spec spectra, the presence of
an ATM kinase consensus site, and ATM’s known
function as a kinase signaling oxidative stress prompted
us to generate an anti-pSNEV/(S149) specific antibody.

Phosphorylation of SNEV at S149 is induced by
oxidative stress in different cell types

In order to take a closer look at this possible
phosphorylation site of SNEV, a phospho-specific
antibody was generated. This anti-pSNEV/(S149)
antibody detects a band at the expected size of SNEV
upon oxidative stress treatment of Hela cells, and this
signal is abolished upon phosphatase treatment (Fig.
2A). Besides the bands at the expected size, other bands
are as well detected by anti-pSNEV/(S149) antibody on
Western Blot of Hela lysates (Fig. S3), but at higher
molecular weights. These bands might represent post-
translationally modified SNEV in complexes similar to
the ones described in [24].

Based on these results, we were curious to confirm our
assumption that SNEV phosphorylation was stimulated
by DNA damage in normal cells. Human diploid
fibroblasts (HDF5) were exposed to different
concentrations of hydrogen peroxide for 1 hour or to
100uM hydrogen peroxide for different times. Total cell
lysates were subjected to Western Blot analysis with
anti-pSNEV/(S149). Indeed, phosphorylation of SNEV
was triggered by oxidative stress in a time- and dose-
dependent manner (Fig. 2B and C). Phosphorylation
was observed as quickly as after 5 minutes of hydrogen
peroxide treatment and reached a maximum after 1

hour. To verify that hydrogen peroxide treatment indeed
induced the formation of DNA double strand breaks

(DSB), we examined the ATM dependent
phosphorylation of yYH2AX, which occurs in response to
DSB [7], and showed a similar Kkinetic as
phosphorylation of SNEV (Fig. 2B and C).
A - - + |+ Ho
- + - + cP
B
0 100 200 400 UM H,0,
anti-BActin .“.
C 0 5 15 30 0 120 min 100 pM H,f
anti-pSNEV (S149) e e e
ani-sEv I -
antivH2AX

Figure 2. Phosphorylation of SNEV at serine 149 is
induced by oxidative stress in a time- and dose
dependent manner. (A) Upon oxidative stress treatment, the
band detected by a phospho-SNEV specific antibody (anti-
PSNEV(S149)) increases, and diminishes upon phosphatase
treatment. Hela cells were treated with 1ImM H,0, for 1h or left
untreated. Lysates were incubated with CIP and subjected to
Western Blotting with a specific anti-phosphoSNEV(S149)
antibody, that was generated by immunizing rabbits with an
artificial SNEV —phosphopeptide. (B) Human diploid fibroblasts
(HDF) were treated with 0, 100, 200 or 400 uM H,0, for 1h,
scraped on ice in 2x SDS loading dye and subjected to SDS PAGE.
Western Blot was detected with anti-pSNEV(S149) and anti-
SNEV to compare pSNEV to total SNEV levels. anti-yH2AX
antibody was used as positive control for stress-dependent
phosphorylation. anti-B-Actin was used as loading control. (C)
HDF were treated with 100 pM H,0, for 0, 5, 15, 30, 60 or 120
min. Lysis and Western Blot as in B.

Different types of DNA damage induce nuclear
localization of pSNEV

In order to localize pSNEV within the cells, we first
tested for the specificity of the antibody for indirect
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immunofluorescence studies. Using either the phospho-
peptide that was used for generation of the antibody or a
non-phospho-peptide with the same sequence, for pre-
blocking the anti-pSNEV antibody, staining was
abolished by blocking with the phospho-peptide, while
no difference was seen after pre-incubation with the
non-phospho-peptide (Fig. S4).

In addition to a strong and predominant nuclear signal
upon oxidative stress, the phosphorylated form is also
detected in the cytoplasm (Fig, 3A), and it is currently
unclear if this phosphorylation is a signal for shuttling
of SNEV between nucleus and cytoplasm. In any case,
under normal conditions only very few cells stained
positive for phosphoSNEV, which seems to localize to
the cytoplasm (Fig. 3A).
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Untreated

Figure 3. Upon oxidative stress, SNEV is phosphorylated
and localizes mainly to the nucleus. (A) Hela cells were
seeded on coverslips and treated with 100 uM H,0, for 1 hour.
Cells were stained with anti-pSNEV(S149) and DAPI as described
in the Materials and Methods section and subjected to
fluorescence microscopy. (B) Hela cells were treated with 25
pg/ml MMC for 24 hours prior to indirect immunofluorescence
staining with anti-pSNEV(S149) antibody.

To test if phosphorylation of SNEV is restricted to
oxidative stress conditions or if it is a general step in the
DNA damage response, we challenged cells with
mitomycin C (MMC), a potent DNA crosslinker. HelLa
cells were incubated with 25ug/ml MMC for 24 hours
and submitted to indirect immunofluorescence staining
with anti-pSNEV/(S149). As observed for hydrogen
proxide, also MMC induces phosphorylation of SNEV,
and the phosphorylated species is mainly detected in the
nucleus (Fig. 3B).

Thus, we assume that the phosphorylation of SNEV is
an integral part of the nuclear DNA damage response.

Phosphorylation of SNEV at serine 149 is ATM-
dependent

In order to test if this phosphorylation is dependent on
ATM, we took advantage of the reagent 2-(4-
Morpholinyl)-6-(1-thianthrenyl)-4H-pyran-4-one (KU-
55933), a specific inhibitor of ATM kinase activity [33].
Indeed, we observed markedly reduced levels of
phosphorylated SNEV upon oxidative stress, when
ATM was blocked by Ku-55933. Similarly, upon
oxidative stress we detected SNEV as a double band
with anti-SNEV antibody, and Ku-55933 treatment
abolished the upper band, supporting the idea that this
upper band represents phosphoSNEV (Fig. 4A). The
fact that the phosphoSNEV bands did not disappear
completely could be due to another kinase that backs up
ATM function. It is known that both ATM and ATR
can phosphorylate H2AX [34], which also explains that
H2AX phosphorylation is only slightly reduced upon
ATM inhibition.

To confirm that ATM controls SNEV S149
phosphorylation with an independent method, we used
mouse embryonic fibroblasts in which ATM was
flanked by loxP sites and cut out using Cre recombinase
(ATM -/- MEF). As shown in fig. 4B, the induction of
pPSNEV/(S149) upon hydrogen peroxide treatment was
reduced to less than half of that observed in wildtype
MEF (pSNEV band intensity 0.16 versus 0.38 arbitrary
units, normalized to BActin intensity; data not shown).
The lower panel in fig. 4B shows an agarose gel of the
genotyping PCR. Using a combination of three primers,
three different fragments are amplified according which
cells can be genotyped. The 320 bp fragment indicating
absence of loxP sites is amplified only in wildtype cells,
whereas presence of loxP sites gives rise to a 420 bp
fragment. Only after introduction of Cre recombinase is
ATM cut out and a fragment of 920 bp is amplified.
Since the 420 bp fragment is still present inspite of Cre
transfection, there is still residual ATM activity in our
ATM -/- MEF, which explains why we still detect some
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PSNEYV in these cells, although to a lesser extent then in
wt MEF.

Taken together, this suggests that SNEV s
phosphorylated upon DNA damage in an ATM-
dependent manner and the presence of the ATM target
motif suggest that it might be a novel direct substrate
for ATM.
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Figure 4. Phosphorylation of SNEV at S149A is ATM-dependent.
(A) ATM inhibition alleviates phosphorylation of SNEV in
response to oxidative stress. HDFs were treated with 100 uM
H,0, and the specific ATM inhibitor KU-55933. DMSO, the
solvent for Ku-99533, was used as negative control.
Phosphorylation of SNEV and known ATM target yH2AX was
reduced by inhibition of ATM. (B) Phopshorylation of SNEV at
S149 is reduced in ATM conditional knockout MEF. Upper panel:
wt and ATM -/- MEF were treated with 200 uM H,0, for 1h,
harvested, resuspended in 2x SDS loading dye and subjected to
SDS PAGE. Western Blot was detected with anti-pSNEV(S149)
and anti-BActin to ensure equael loading. Lower panel: Genomic
DNA was isolated from wt and ATM lox/lox MEF before and after
transfection with Cre and used in a genotyping PCR. The band
for deleted ATM is present only after transfection with Cre,
nonetheless the deletion is not quantitative and a small portion
of ATM is maintained.

Effect of phosphorylation on life span and stress
resistance in HUVEC

To investigate the physiological effect of the
phosphorylation at S149 of SNEV, we generated stable
HUVEC cell lines overexpressing either wildtype
SNEV (WtSNEV HUVEC) or a point mutant SNEV
where the ATM target site was abolished by exchanging
serine 149 for alanine (SNEV S149A HUVEC). Both
recombinant  cell lines showed comparable
overexpression of SNEV versus untransfected HUVEC
(Fig. 5A). Overexpression was additionally confirmed
by IF (Fig. S5).

Using these cell lines, we studied how the lack of
phosphorylation at S149 affects DNA damage levels,
stress resistance and life span.

As described earlier [26], overexpression of wiSNEV
had a strong life-span extending effect. Indeed, SNEV
wt HUVEC underwent 30 population doublings post
transduction, while empty vector control HUVEC
reached senescence already upon PD 8 post
transduction, thus SNEVwt overexpression more than
tripled the replicative life span. Surprisingly, SNEV
S149A overexpression did not fully abrogate this effect
of SNEV and also extended the replicative life span of
HUVEC, albeit to a significantly lower extent of around
18 PD post transduction (Fig. 5B). Replicative
senescence at the respective replication end points was
confirmed by staining for the widely accepted
senescence marker SA -galactosidase expression (data
not shown).

Since we observed phosphorylation of SNEV upon
treatment with DNA damaging agents, we hypothesized
that phosphorylation might be necessary to elicit a
proper DNA damage response. Therefore we performed
comet assays to test for DNA integrity under basal
conditions.

Indeed WtSNEV overexpressing cells were mainly
assigned to categories | or Il, corresponding to no or
low levels of DNA damage. In contrast, the SNEV S149
HUVEC have lower levels of DNA damage than empty
vector controls, but still increased damage levels
compared to WtSNEV HUVEC. We conclude that
increased SNEV levels lead to increased DNA
maintenance in unstressed conditions, while the full
effect of more efficient repair unfolds only if SNEV can
be phosphorylated at S149.

In addition to the basal levels of DNA damage, we
assessed the cellular response to treatment with
genotoxic and/or oxidative stress inducing reagents.
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Therefore, we used combined BSO/bleomycin treatment
as described earlier [26]. WtSNEV HUVEC did not enter
apoptosis upon the treatment in accordance to our earlier
results [26], which is also in agreement with findings by
the Legerski lab, that GFP-SNEV overexpression in Hela
cells reduces MMS induced apoptosis by two-fold [24].
In contrast, in SNEV S149A HUVEC the BSO/bleo-
mycin treatment clearly induced apoptosis/necrosis. The
initially low level —when compared to empty vector
control cells- of cell death of 10% for SNEV S149A
HUVEC more that doubled upon treatment to 22.5 %.
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Since SNEV is required for repair of DNA interstrand
cross-links [25], we tested if SNEV overexpression
protected cells from the deleterious effects of the DNA
cross-linking agent cisplatin. Figure 5E shows that
cisplatin treatment very strongly induced apoptosis in
empty vector control HUVEC as well as in SNEV
S149A HUVEC, while wtSNEV HUVEC were clearly
more resistant to this treatment. Therefore, we conclude
that phosphorylation of SNEV at S149 is necessary for
efficient corsslink-repair activity of SNEV.
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as compared to untransfected HUVEC.

Growth curves of HUVEC overexpressing
SNEV wt, SNEV S149A and empty vector. (C)
SNEV  S149A
overexpression reduces the basal level of
DNA damage. Upper panel: Representative
pictures of Comet assay performed with
empty vector, SNEV wt and S149A point
mutant overexpressing HUVEC. Lower panel:
Comets were classified into 5 categories
depending on the percentage of the DNA
content in the tail. DNA damage levels of
SNEV S149A. (D) Cells were pre-incubated
with 1 mM BSO for 48h, followed by
treatment with 100 pg/ml Bleomycin for
24h. Apoptosis was measured by Annexin-
FITC and PI staining and subsequent flow
cytometric analysis. (E) Cells were incubated
with 100pg/ml Cisplatin for 24h. Apoptosis

SNEV wt as well as

was measured as in D.
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Figure 5. Phosphorylation at S149 is
necessary for apoptosis resistance and
extension
conferred by SNEV. (A) Normal HUVEC as
well as stable HUVEC overexpressing SNEV
wt, SNEV S149A or empty vector control cells
were lysed and submitted to SDS PAGE.
Western Blots were probed with anti-SNEV
and anti-BActin antibodies. SNEV protein
expression levels are increased five-fold in
SNEV wt and ten-fold in SNEV S149A HUVEC



In summary, we conclude that overexpression of S149-
phosphorylation incompetent SNEV does have a small
but discernible effect on the DNA damage status under
normal culture conditions when compared to WtSNEV
overexpression, but does not exert the strong anti-
apoptotic effect of WtSNEV after induction of DNA
damage by either oxidative stress or interstrans
crosslinks.

In any case, the life-span extending and DNA repair
functions of SNEV do partially depend on phospho-
rylation at S149, most probably in dependence of ATM.

DISCUSSION

Here, we present SNEV as a novel ATM-dependent
phosphoryalation substrate in response to oxidative
stress induced DNA damage. We show that SNEV is
phosphorylated at S149 in an ATM-dependent manner
in different cell types in response to various DNA
damage. Surprisingly, ATM-dependent phosphorylation
at S149 is essential for suppressing oxidative stress
induced apoptosis, but dispensable for efficient DNA
break repair and accounts for part of the cellular life
span extension observed upon SNEV overexpression.

A plethora of mutations in the DNA damage response
pathways,  specifically in  transcription-coupled
nucleotide excision repair (TC-NER) is known to be
responsible for premature ageing syndromes in humans
(reviewed in [35]) Accordingly, gene knock-outs of
these factors also show premature aging in mice.
However, to the best of our knowledge, only two
studies have so far reported that DNA repair factors
upon overexpression extend the life span of model
systems. One example is overexpression of the repair
factor GADD45 in the nervous system of D.
melanogaster that increased the life span of these
animals [36], while overexpression in the whole animal
was lethal [37]. The other example is mice with single
extra copies of the tumor suppressor p53 and its
stabilizer Arf, which led to an extension of the median
life span by 16% compared to controls, while the
maximum life span was not increased [38].

We have recently observed that a multi-talented protein,
SNEV, extends the replicative life span of endothelial
cells upon overexpression, reduces basal levels of DNA
damage and suppresses oxidative stress induced
apoptosis in these cells [39]. The multiple talents of
SNEV, however, include a well documented function in
DNA repair [23-25, 40], but also in pre-mRNA splicing,
ubiquitination and proteasomal breakdown as well as
adipogenic and neurogenic differentiation, where
another phosphorylation sites plays a crucial role [28,

29]. Therefore, it is not yet clear which function of
SNEV is responsible for the life span extending activity.
We here identified an ATM consensus phosphorylation
site. on SNEV. Our experimental design does not
provide direct evidence that ATM phosphorylates
SNEV at this site. However, SNEV’s highly conserved
yeast homologue Prpl9 is a direct phosphorylation
target of Tell and/or Mecl, the yeast homologues of
ATR and ATM [41], making it more likely that also in
humans this direct link is conserved.

Since ATM dependent phosphorylations are key signals
of DNA damage and oxidative stress, we hypothesized
that ATM dependent phosphorylation of SNEV might
contribute to cellular life span extension as consequence
of activating SNEV’s DNA repair activity. Therefore,
we overexpressed the phosphorylation-incompetent
point mutant versus wild type SNEV and found that the
DNA damage status of cells in unstressed conditions
overexpression is slightly but not dramatically reduced
by the point mutation. Surprisingly, suppression of
apoptosis upon oxidative stress treatment as seen upon
SNEV overexpression was completely abolished by
S149A mutation, suggesting an important role of ATM
dependent phosphorylation of SNEV for induction of
apoptosis. It is tempting to speculate that at least part of
this high susceptibility of ATM deficient cells to
apoptosis [13, 42, 43] is dependent on the inability to
phosphorylate SNEV. Furthermore, the susceptibility of
ATM deficient cells to undergo apoptosis is not only
dependent on DNA damaging agents, but also on
oxidative stress [44], well in accordance with our data.
How might the S149 phosphorylatable form of SNEV
suppress apoptosis?

Phosphorylated SNEV localizes under basal conditions
exclusively to the cytoplasm, but is detected
predominantly in the nucleus after DNA damage.
Although it is likely that ATM phosphorylation occurs
in the nucleus, it cannot be ruled out that phosphoSNEV
is imported into the nucleus. This would be supported
by the notion that amino acids 1-166 of mouse SNEV
are necessary for nuclear import [45] and the
phosphorylation site lies within this portion possibly
conferring a nuclear import signal. However, one report
suggests that cytoplasmic SNEV is responsible to
suppress apoptosis, at least under conditions of hypoxia.
Under hypoxic conditions, a particular form of redox
stress, SNEV is observed to interact with PHD3 in the
cytoplasm [46], an interaction that suppresses cell
death. In addition, GFP-SNEV, which locates
preferentially in the cytoplasm (compared to untagged
SNEV), has a stronger anti-apoptotic effect than
untagged SNEV, indicating the cytoplasmic localization
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of SNEV is important for its anti-apoptotic role. We
find that upon overexpression, the cytoplasmic portion
of SNEV is increased when compared to untransfected
HUVEC (See Fig. S3), backing up the importance of
cytoplasmic SNEV in preventing apoptosis. On the
other hand, also in SNEV S149A HUVEC, the ratio of
nuclear versus cytoplasmic SNEV is shifted towards the
cytoplasm in a manner similar to SNEV wt HUVEC,
but still these cells undergo apotosis upon oxidative
stress, indicating that the phosphorylatability of
cytoplasmic SNEV is essential for its anti-apoptotic
effect. Under normoxic conditions, SNEV interacts with
PHD3 via its C-terminus, while under hypoxic
conditions, a hypoxia inducible interaction domain
comprising amino acids 66-220 stabilizes this
interaction [46]. Since this region covers the S149, it is
tempting to  speculate that ATM-dependent
phosphorylation at S149 is the signal for increased
binding to PHD3, leading to apoptosis suppression,
while the non-phosphorylatable S149A mutant binds
PHD3 with lower affinity, allowing for caspase
activation by PHD3. It is also unclear, how the
phosphoSNEV would accumulate in the cytoplasm, as it
is not detected there upon stress with our antibody. It
will be interesting to see if a phospho-mimicking
S149D point mutant further increases the anti-apoptotic
effect of SNEV overexpression and where it will
localize.

The finding that the point mutant only slightly improves
the basal DNA damage status of the cells as visualized
by comet assays suggests that the here identified
phosphorylation site might be decoupling the DNA
repair activity from the apoptosis signalling activity of
SNEV.

It remains to be elucidated how this translates into the
extended life span of SNEV overexpressing cells.
Suppression of apoptosis might reduce the loss of cells
during cultivation and thus increase the total replicative
life span merely by reducing the replicative exhaustion
of the cells. However, the apoptosis competent cells of
the S149A mutant overexpression are still markedly
longer lived than empty vector controls. This would
suggest that the full life span extension as observed by
WESNEV overexpression depends on both, apoptosis
suppression and the lower basal DNA damage of the
cells and thus on SNEV’s DNA repair activity.

Taken together, our data support the hypothesis that
DNA damage repair and signalling factors can extend
the life span of model systems, as in this case the
replicative life span of endothelial cels and thus support
the idea that a genetically programmed DNA repair
ability counteracts and slows down the stochastic

accumulation of DNA damage and thus the aging
process.

METHODS

Cells and culture conditions. HelLa cells were grown in
RPMI1640 (Biochrom AG, Berlin, Germany)
supplemented with 10% fetal calf serum (FCS).

Human diploid fibroblasts (HDF) were grown in
DMEM/HAM’s F12 1:2 (Biochrom AG, Berlin,
Germany) supplemented with 10%FCS.

Human umbilical vein endothelial cells (HUVEC) were
cultivated in EBM Basal Medium plus EGM
SingleQuot Supplements & Growth Factors (Lonza,
Basel, Switzerland) supplemented with FCS to a final
10%. For HUVEC, flasks were precoated with 0.1%
gelatine in PBS.

GFP-SNEV-Hela were established by transfecting Hela
cells with a SNEV-BAC construct containing all
regulatory elements obtained from Ina Poser, Max
Planck Institute for Molecular Cell Biology and
Genetics, Dresden, Germany. GFP-SNEV-Hela were
cultivated in RPMI1640 (Biochrom AG, Berlin,
Germany) supplemented with 10% fetal calf serum
(FCS) and 800 pg/ml G418 (Gibco, now life
technologies, Grand Island, NY, USA).

Confluent adherent cultures were detached using 0.1%
trypsin and 0.02% EDTA and were passaged with an
appropriate split ratio of 1:2 or 1:4 once or twice a week
depending on confluence and population doubling level
(PD). Subsequently, cumulative PDs were calculated as
a function of passage number and split ratio [47].
Fibroblasts (HDF5) 2x10° /well were seeded in 6 well
plates. The next day, cells were treated with H,O, (100,
200, 400 pM/ml) for 1 hour and 100 puM/ml for
different time spans (5, 15, 30, 60, 120 minutes).
Fibroblasts (HDF5) were seeded in 6 well plate at a
density of 2x10° cells/well 24 hours before treatment
with 2.5, 5, 10, 25, 50, 100 pg/ml of Bleomycin for 1
hour and 25ug/ml for (5,15,30,60,120 minutes). For
Mitomycin C treatment, fibroblasts cells were exposed
to different concentration (2.5, 5, 10, 25, 50 pg/ml) for
24 hours. Cell were scraped directly on ice in 2x SDS
loading dye, sonicated and boiled. Proteins were
separated by SDS gel electrophoresis in 4-12% BT gel
(Invitrogen, now life technologies, Grand Island, NY,
USA).

To induce apoptosis, cells were seeded into 12-well cell
culture plates at a density of 10000 cells /cm® To
enhance the sensitivity of cells to bleomycin-induced
apoptosis, cells were cultivated in the presence of 1 mM
buthionine-sulfoximine (BSO, Sigma-Aldrich, St.Louis,
MO, USA) for 48 h before treatment with with 100
ug/ml of bleomycin (Sigma-Aldrich, St.Louis, MO,
USA) for further 24 h. Alternatively, cells were treated
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with 100 ug/ml of cisplatin (Sigma) for 24h to asssay
apoptosis induction by DNA cross-links.

ATM deletion in mouse embryonic fibroblasts. Primary
mouse embryonic fibroblasts (MEF) were prepared
from E13.5 fetuses (ATM"")_Cells were cultured in
DMEM high glucose medium (Sigma-Aldrich)
supplemented with 15% fetal bovine serum (Lonza), 1%
L-glutamine (Gibco, now life technologies, Grand
Island, NY, USA), 1% penicillin and strepromycin, 1%
NEAA (non essential amino acids, Gibco), 1% sodium
pyruvate (Gibco) and p-mercaptoethanol (1:140000).
Large T-Antigen was used to immortalize MEFs
(ATM"M%) "Eor the generation of retrovirus, Large T-
Antigen -MSCVneo plasmid was co-transfected with
the packaging plasmid pCL-Eco and the enveloping
plasmid VSV-G in 293T cells. Supernatant was
collected after 24 and 48 hours. MEFs were transduced
using 5 ml of filtered supernatant added to 5 ml cell
culture medium in the presence of 8 mg/ml polybrene
(Sigma-Aldrich). After 24 hours virus was removed. 14
days selection was started 72 hours after infection using
400ug/ml neomycin (Sigma-Aldrich).

In a second infection step, Large T-Antigen-
immortalized MEFs were transduced with the Cre-
pBabe-puro retrovirus for the Cre-mediated deletion of
ATM. Selection was started 72 hours after transduction
with 2 pg/ml puromycin for 7 days. Medium was
exchanged every Deletion of ATM was verified by PCR
of genomic DNA using primer 1 (5 ATC AAA TGT
AAA GGC GGC TTC 3’), primer 2 (5’CAT CCT TTA
ATG TGC CTC CCT TCG CC 3’) and primer 3
(5’GCC CAT CCC GTC CAC AAT ATC TCT GC 37)
giving rise to three fragments representing absence or
presence of loxP sites or deletion of ATM.

Plasmid construction, generation of recombinant
retroviruses and cell line establishment. SNEV cDNA
was amplified by PCR and ligated into the retroviral
plasmid pLenti6. The SNEV S149A point mutant was
generated using the QuikChange Multi Site-Directed
Mutagenesis Kit (Agilent, Santa Clara, CA, USA). The
negative control vector contained only the blasticidin
resistance gene. Retroviral particles were generated
according to the manufacturer's protocol (Invitrogen).
For cell line establishment, HUVECs (PD14) were
infected with retroviral particles according to the
manufacturer's  protocol  (Invitrogen, now life
technologies, Grand Island, NY, USA) at a multiplicity
of infection (MOI) of 4 in EBM with 10% FCS
supplemented with 8 ug/ml Polybrene. Thereafter,
transfectants were selected using 5 pg/ml Blasticidin.
Avrising cell clones (similar number in all experiments)
were grown as mass culture. PDs post transfection (pT)

were calculated starting with the first passage after
selection was completed.

Antibodies. Prp19/Pso4 rabbit polyclonal antibody was
from Bethyl Laboratories (Montgomery, TX, USA)
#A300-102A. ATM antibody [2C1] mouse monoclonal
antibody was from Gene Tex (Irvina, CA, USA) #
GTX70103. anti-pSNEV/(S149) rabbit polyclonal
antibody was generated by Moravian Biotechnology
Ltd. (Bratislava, Slovakia). Gamma H2A.X (phospho
S139) mouse monoclonal antibody [9F3] was from
Abcam (Cambridge, UK) #26350. R-Actin mouse
monoclonal antibody was from Sigma-Aldrich
(St.Louis, MO, USA) #A-5441. GAPDH rabbit
antibody FL-335 was from Santa Cruz (Santa Cruz, CA,
USA) #sc-25778.

SDS PAGE and Western Blotting. For SDS PAGE,
protein samples were mixed with 4x SDS loading dye
(240 mTris-Cl  pH 6.8, 8% SDS, 40 % glycerol, 0.05
% bromophenol blue, 5% R-Mercaptoethanol) and
heated to 75°C for 10min. Samples were separated on a
NUPAGE 4-12% Bis/Tris  polyacrylamide gel
(Invitrogen, Carlshad, CA; USA) in MOPS buffer at
200V. Electrophoresis and blotting to PVDF membrane
(Roth, Karlsruhe, Germany) were performed using the
XCell SureLock® Mini-Cell (Invitrogen, now life
technologies, Grand Island, NY, USA) in accordance to
the manufacturer's protocol. After incubating with
blocking buffer (3% skim milk powder in PBS with
0.1% Tween-20) on an orbital for 1h at room
temperature or overnight at 4°C, the membranes were
incubated for 1h or overnight with the primary antibody
diluted in blocking buffer, followed by 1h incubation
with secondary anti-Rabbit-IR-Dye 800 and/or anti-
Mouse-Alexa 680 (Licor), both diluted 1:10000 in
blocking buffer. Both antibody incubations were
followed by 3 washes with PBS with 0.1% Tween-20.
Membranes were scanned using the Odyssey infrared
imaging system (LI-COR, Lincoln, NE, USA). Mouse
anti-BActin (Sigma-Aldrich, St.Louis, MO, USA) or
rabbit anti-GAPDH (Santa Cruz, Santa Cruz, CA, USA)
were used as loading controls.

Dephosphorylation. For dephosphorylation experi-
ments, H,O, treated or untreated HelLa cells were
harvested by trypsinization, collected by centrifugation
at 170g for 10 min, washed twice with PBS and
resuspended in NEB3 Buffer (New England Biolabs,
Ipswich, MA, USA), in which Calf intestinal
phosphatase (CIP; New England Biolabs, Ipswich, MA,
USA) has optimal activity. Cells were lysed by
sonication and subsequent centrifugation at maximum
speed for 30 min at 4°C. Cleared lysates were split and
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one half was incubated with 10U CIP for 30 min at
37°C, whereas the other half was mock treated.
Subsequently, samples were submitted to Western Blot
analysis.

Anti-GFP Trap IP. GFP-SNEV-Hela were grown to
90% confluence in T175 roux flask and incubated with
100 puM H,0; to induce SNEV phosphorylation or left
untreated as negative control. Cells were scraped on ice
in 3ml Lysis buffer ( 50 mM Hepes-KOH pH 7.5, 5 mM
EDTA pH8, 150 mM KCI, 10% glycerol, 1% Triton X-
100, 20 mM R-glycerophosphate, 10mM Na-
pyrophosphate, 10 mM NaF, 1 mM DTT, 1 mM
NazVO,, 0.1mM PMSF, 20 pg/ml Leupeptin, 20 pg/ml
Chymostatin, 20 pg/ml Pepstatin, 1uM Okadaic acid)
per T175 and sonicated using 3 bursts of 10s. Lysate
was cleared by centrifugation for 30 min at full speed.
All centrifugation stepy were carried out at 4°C. 30 pl
GFP-Trap Beads (ChromoTek, Munich, Germany) were
equilibrated by washing thrice in 500 ul ice cold wash
buffer (50mM Hepes-KOH pH 7.5, 5mM EDTA pHS8,
150mM KCI, 10% glycerol, 0.05% NP-40, 20 mM G-
glycerophosphate, 10 mM Na-pyrophosphate, 10mM
NaF, 20 pg/ml Leupeptin, 20 pg/ml Chymostatin, 20
pg/ml Pepstatin) and collected by centrifugation at
2,700 x g for 2 min. 1 ml Lysate corresponding to 1 mg
total protein was added to the beads mixed on an
overhead shaker for 1h at 4°C. Beads were collected by
centrifugation for 2 minutes at 2,000 x g. Discard
supernatant and wash beads 5x times with 500uL ice
cold wash buffer (ocadaic acid added only for the first
two washing steps) and finally resuspended in washing
buffer.

Mass spectrometric analysis. Beads were washed five
times with ammonium bicarbonate buffer (50mM
ABC). Disulfide bonds were reduced by incubation with
dithiothreitol (DTT, 5% wi/w of the estimated amount of
protein) for 30 min at 56°C and Cys-residues were
subsequently alkylated with iododacetamide (IAA, 25%
w/w of the estimated amount of protein) for 20 min at
RT in the dark. DTT (2.5% w/w of the estimated
amount of protein) was added to consume excess 1AA
and proteins were digested with subtilisin for 1 hour at
37°C. Digests were stopped by addition of trifluoro
acetic acid (TFA) to approx. pH 3. 10% of the peptide
mixture was analysed directly, the remaining 90% were
enriched for phosphopeptides by the use of TiO2 as
described in [48]. Peptides were separated on a U3000-
HPLC-system (Dionex, Sunnyvale, CA, USA). Peptides
were loaded on to a the trapping column (PepMAP C18,
0.3 x 5 mm, Dionex) with 0.1 % TFA as loading solvent
and then eluted onto an analytical column (PepMAP
C18, 75 um x 150 mm, Dionex) with a flow rate of 300
nl/min and a gradient from 0 % solvent B to 100 %

solvent B in 90 min, followed by a washing step of 10
min with 10 % solvent B and 90 % solvent C (solvent
B: 40 % acetonitril (ANC), 0.08 % formic acid, solvent
C: 80% ACN, 10% trifluorethanol, 0.08 % formic acid).
The HPLC system is online coupled to a Velos Orbitrap
mass spectrometer (Thermo Scientific, Waltham, MA,
USA) equipped with an ESI-source (Proxeon, now
Thermo Scientific). A full scan (scan range 400-1800
Th, resolution 60.000) was followed by MS2 analysis
by collision-induced dissociation (CID) of the 20 most
intense precursors in the linear iontrap. Normalized
collision energy was set to 35%, activation Q at 25 and
activation time at 30 ms. Peptide identification was
performed using the SEQUEST algorithm in the
ProteomeDiscoverer 1.3.0.339 software package
(Thermo Scientific). Carbamidomethylation of Cys was
set as static modifications, phosphorylation of
Ser/Thr/Tyr and oxidation of Met were set as variable
modifications. Spectra were searched against a small
database plus contaminants for a fast PTM analysis.
Search parameters were no protease specificity, a
peptide tolerance of 2 ppm, a fragment ions tolerance of
0.8 Da. The results were filtered at the XCorr values to
an FDR of 1% on the peptide level. The probability of
phosphosite localization was calculated using the
phosphoRS 2.0 software [49] implemented into the
Proteome Discoverer.

Indirect immunofuorescence staining. Cells were seeded
on coverslips one day prior to immunofluorescence
staining. The next day, cells were washed with PBS and
fixed with 3.7% (w/v) for 20 min at room temperature.
Permeabilization was performed with 0.1% Triton X-
100 in PBS for 10 min at room temperature. Cells were
incubated with primary antibodies diluted in PBS with
10% FCS for 1 h, washed 3 times for 10 min with PBS,
incubated for 1 h with the appropriate secondary
antibodies diluted in PBS with 10% FCS, and washed 3
times for 10 min with PBS. Anti-pSNEV (S149) was
diluted 1:250. As secondary antibodies, anti mouse
dyelight488 1:1000 and dyelight649 1:1000 anti-rabbit
or anti-mouse antibodies were used. Microscope as
described previously.

To visualize the nuclei, cells were counterstained with
4',6-diamidino-2-phenylindole (DAPI). Cells were
washed and fixed as above and subsequently incubated
with 100ng/ml DAPI in PBS for 10 min at room
temperature.

After staining, slides were mounted on cover slips using
slow fade gold Mounting Medium for Fluorescence (life
technologie, Grand Island, NY, USA) and sealed with
nail polish.

Microscopy and image analysis were carried out using a
Leica SP5 Il laser scanning confocal microscope (Leica
Microsystems CMS, Mannheim, Germany).
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Comet assay. Single- and double-stranded DNA
damage in SNEVwt and SNEV S149A overexpressing
HUVEC under basal conditions was measured by
single-cell gel electrophoresis (comet assay) under
alkaline conditions as described previously [50]. At
least 100 randomly selected cells per slide were
examined for the presence or absence of comets using
fluorescence microscopy. The cells were assigned to
five different categories according to their DNA content
in tail using the TriTek CometScore software.
Percentage of cells in each category was calculated.

Apoptosis staining. Cells were detached using 0.1%
Trypsin/0,02%EDTA and stained with Annexin V-
Bacific Blue (Invitrogen, now life technologies) and Pl
(Roche, Basel, Switzerland) according to the
manufacturer's instructions. Analysis of the percentages
of apoptotic and necrotic/late-apoptotic cells was
performed using a BD FACS Canto Il flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA) and the
FCS Express V3 software (De Novo Software, Los
Angeles, CA, USA).
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SUPPLEMENTAL FIGURES

Fig. S1 The GFP-SNEV fusion protein is
functional

A

GFP-SNEV is predominantly localized to the nucleus (left panel), in contrast the GFP
alone, which localizes throughout the cell (right panel).

Stable GFP-SNEV expressing Hela

GFP Hela

10pm

B

Endogenous SNEV and the known SNEV interactor CDC5L co-precipitate with GFP-
SNEV, indicating that GFP-SNEYV is incorporated in complexes similar to endogenous
SNEV. No bands were detected in the control IP. The membrane was first detected
with anti-SNEV, which gave rise to the 55kDa and 82kDa bands. Subsequent detection
with anti-CDC5L antibody gave rise to the additional 105kDa band for CDC5L.
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Fig. S2 SNEV is found to be phosphorylated in
H,O,-treated cells only

A

Extracted ion chromatograms with a mass window of 3 ppm of the m/z of the phosphopeptide
AVPS(ph)SQPSVVGAGEPM(ox)DLGELVGM(ox) (doubly and triply charged) show a signal in H,(

treated cells and none in the control sample.
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The extracted ion chromatogram of the m/z of the
AVPS(ph)SQPSVVGAGEPM(ox)DLGELVGM(ox)TPEIIQKL phosphopeptide (triply charged) show
signal in the H,0,-treated cells and none in the control sample.
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Fig. S3 Characterization of the pSNEV(S149)-
antibody by Western Blot

The antibody detects a number of unspecific bands which show that equal protein
amounts have been loaded.
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<QpSNEV(S149)

B

0 100 200400 pM H,O, C - - + + Ho

i =

kDa

140 |
115

80

<4pSNEV(S149)

SUPPLEMENTAL TABLE

For Supplemental Table please see the full version of
this manuscript on AGING web.

Fig.S4 Pre-incubation of pSNEV(S149)-antibody
with synthetic phoshoSNEV peptides abolishes
signal, indicating that the antibody is specific for
pSNEV(S149).

anti-pSNEV (S149)

pre-blocked with
pSNEYV peptide

anti-pSNEV (S149)

pre-blocked
with SNEV peptide

Fig. S5
A

Immunofluorescence of untransfected HUVEC, stable SNEV wt and SNEV S149A
HUVEC using anti-SNEV antibody.

untransfected SNEV wt SNEV S149A

B

SNEV overexpression shifts the protein‘s subcellular distribution, leading to an
increase of the cytoplasmic portion.
Mean pixel intensity was calculated using the Image J software.

O : T
I
° untransfected SNEV wt SNEV S149A
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SNEV"PPIYPSO reoyilates adipogenesis of human
adipose derived mesenchymal stem cells
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ABSTRACT.

Aging and premature aging, are both accompanied by loss of subcutaneous adipose tissue mass in human
and in mouse models of progeria. This may be due to reduced differentiation capacity or deficiency in DNA
damage repair (DDR) factors. Here we investigated the role of SNEV (Senescent Evasion factor) which
was implicated in DDR and senescence evasion, in adipogenic differentiation of human adipose derived
stem cells (hASCs). We showed that expression of SNEV"P190P4 js induced during adipogenesis, and
localized both in the nucleus and in the cytoplasm. SiRNA mediated down regulation of SNE\/"PP19/Pso4
drastically perturbed adipogenic differentiation of hASCs while its over expression accelerated
adipogenesis by regulating the expression of PPARY. In addition, we demonstrated that SNE\V/PP19/MPso4 jg
required for organismal fat deposition in vivo, in C. elegans. Moreover, we tested other DDR factors and
found that, in addition to SNEV"P™¥MPso4 \Werner (WRN), gene mutated in Werner syndrome is also

required for adipogenesis in hASCs and in C. elegans.

These results firmly show that SNEV"PL9P04 reqylates adipogenesis in hASCs. Since adipogenesis is
associated with high levels of reactive oxygen species, these data suggest that DDR capacity might be a

pre-requisite for allowing differentiation into a lineage of long-lived cells.

Key words. SNEV "PPL9PSO4 “adipogenesis.



O©CoO~NOUAWNE

1-Introduction.

Adipose tissue is the largest organ in many organisms and is formed at specific times and locations in a
wide variety of species as one of the major energy storage compartments, but also as an important source
of signaling activity However, its functional connection with aging and senescence on a cellular and
molecular level has come into focus only recently (Tchkonia et al., 2010), although it has been observed a
long time ago that during aging profound alteration in mass and distribution of adipose tissue occur.
Adipose tissue expands until early or mid-old age followed by a decline in very old age (Cartwright et al.,
2007). In addition to increased fat mass, the distribution pattern of fat also changes with age, with a relative
decrease in subcutaneous adipose reservoir and increase in visceral adipose mass (Caso et al., 2013). Such
abnormal distribution of fat not only reduces mammalian life span (Muzumdar et al., 2008), but is also
associated with an increased risk of various health complications such as atherosclerosis, type 2 diabetes,
dyslipidemia, cardiovascular disease, thermal dysregulation, skin ulcers, and impaired wound healing
(Ibrahim, 2010; Shuster et al., 2012). Loss of subcutaneous fat and increase in visceral adiposity, a hallmark
of physiological aging, is also observed at younger ages in patients suffering from premature aging
syndromes such as Werner syndrome (Caso et al., 2013; Mori et al., 2001), Cockayne syndrome, or
Trichothiodystrophy (TTD). One of the common denominators of these premature aging syndromes are
mutations in DNA damage repair (DDR) factors and in consequence also accumulation of DNA damage
over time. The reasons for this observed loss of subcutaneous fat might lie in a reduced proliferation,
differentiation or even senescence of pre-adipocytes, but could also be due to loss of signaling balance
between these cells, e.g. by an increase in secretion of pro-inflammatory factors, a cell status resembling
again cellular senescence (Caso et al., 2013; Karakasilioti et al., 2013; Kirkland et al., 1994; Tchkonia et
al., 2010).

Indeed, mouse models that are deficient in DNA repair and high in senescent cells show a persistent
inflammatory response resulting in adipose tissue degeneration, as observed in ERCC1 knock-out mice
(Karakasilioti et al., 2013) as well as in BubR1 deficient mice (Baker et al., 2004). However, it remains
unclear, if DNA repair factors themselves might have an impact on adipogenic differentiation of human
hASCs. During adipogenesis (Kanda et al., 2011) as well as during beta oxidation reactive oxygen species
(ROS) (Krawczyk et al., 2012) are formed that can damage the DNA. It could therefore be imagined that
such a suppression of adipogenesis in the absence of DNA damage repair might represent a failsafe
mechanism preventing cells to differentiate into adipocytes, unless they do have the capacity to repair a
certain threshold of DNA damage. In addition, the DNA repair proficiency will reduce the risk of induction
of cellular senescence by ROS, reducing the risk of accumulating DNA damaged and / or senescent cells

with a strong pro-inflammatory phenotype (Tchkonia et al., 2013). Indeed, using the 3T3-L1 mouse cell
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line, two DNA repair factors, WRN protein and SNEV"P19PSO% 5re jnvolved in adipogenesis (Cho et al.,
2007; Turaga et al., 2009), and both, WRN and SNEV"™P¥PSO4 are members of one protein complex
necessary for DNA damage repair (Zhang et al., 2005a). However, due to differences in the adipogenic
differentiation processes of mice and men (Lindroos et al., 2013; Mikkelsen et al., 2010; Qian et al., 2010),

the impact of the human homologues is still unclear.

The protein SNEV"PL9MPSO% s highly conserved from yeast to human cells and plays a role in numerous
cellular pathways, reflected by the existence of different synonyms in the literature, such as Prpl9,
hNMP200, and Pso4. It is an essential splicing factor (Grillari et al., 2005) and an integral member of the
human CDC5L complex. SNEV"P1MPSO4 nossesses E3 ubiquitin ligase activity, it decorates itself and its
substrate with ubiquitin chains (Hatakeyama et al., 2001; Mar et al., 2014; Song et al., 2010) and also
directly interacts with the proteasome (L&scher et al., 2005). In addition, SNEV"P19MPS04 s involved in
various types of DNA damage repair like DNA double strand break repair (Mahajan et al., 2003; Sato et
al., 2010; Yin et al., 2014) and interstrand cross link (ICL) repair (Zhang et al., 2005b). Importantly,
SNEV"PPL9MPSO4 jnteracts with two major DNA damage response (DDR) regulators. Ataxia telangiectasia-
mutated (ATM) phosphorylates SNEV after exposure to reactive oxygen species (Dellago et al., 2012) and
SNEV contributes to the activation of ataxia telangiectasia-mutated and Rad3-related (ATR) (Marechal et
al., 2014; Wan and Huang, 2014) .

We found that SNEV"P™P19MPSO4 js also linked to cellular senescence, as it is down regulated in a variety of
senescent cells and its over-expression postpones entry into replicative senescence in human endothelial
cells (Voglauer et al., 2006). Moreover, mouse embryonic fibroblasts (MEFs) from heterozygous knock-

out mice enter senescence earlier than wild type litter mate controls (Fortschegger et al., 2007)

The link between DNA repair, cellular senescence and its association with lipid droplet biogenesis in mouse
3T3-L1 cells prompted us to investigate if SNEVPPI9PSO4 4150 regulates adipogenesis in human adipose
derived stem cells (hASCs). Indeed, we find that SNEV modulates the kinetics and amount of lipid storage
of differentiated human adipocytes via modulating the expression of genes involved in the PPARy signaling
axis. In addition, we also demonstrate that SNEV""P19"PSO4 js required for in vivo adipogenesis in C.
elegans. Beside this, we also tested several other DNA repair factors that are differentially transcribed
during adipogenesis and found that knock-down of Cockayne syndrome A (CSA), and Xeroderma
pigmentosa E (XPE) slightly reduce adipogenesis of hASCs. Therefore, we speculate that the ability to
repair DNA is an important checkpoint for adipogenesis, during which potentially damaging ROS are
produced, and acts as a failsafe mechanism to reduce the risk of accumulation of DNA damaged and / or

senescent cells with a large pro-inflammatory phenotype.
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2. Material and Methods.

2.1. hASCs isolation and maintenance.

hASCs were isolated according to the protocol of Wolbank et al., 2009 and maintained in DMEM (4.5
g/l glucose) supplemented with 4 mM L-Glutamine (VWR #1.00286.1000) , 10% FCS, 1 ng/ml
BFGF(Sigma # F0291-25UG), 1x Primocin (Eubio # ant-pm-1) at 37°C and 5% CO..

2.2. C. elegans maintenance.

C. elegans strains were cultured under standard laboratory conditions on NGM agar as described previously
(Brenner, 1974). Strains used in this work include N2 (provided by V. Jantsch) and CF1814 [rrf-3(pk1426)
Il and daf-2(e1370) I11]. All strains are available through the Caenorhabditis Genetics Center (CGC).
Worms were synchronized by timed-egg lay on fresh RNAI plates and transferred to FUDR containing
plates upon adulthood (usually on day 4 after hatching).

2.3. Adipogenic differentiation.

14000 hASCs were seeded in 1.9 cm? plates in growth medium (DMEM) for two days prior to adipogenic
induction. Adipogenesis was induced by replacing the growth medium with fresh DMEM supplemented
with 549uM 3-Isobutyl-1-methylxanthine (#15879-100MG Sigma), 1uM Dexamethasone (Sigma), 549uM
hydrocortisone (Sigma, #H-0396) and 66uM Indomethacin (Sigma, # 17378-5G ), 100 pg/ml Primocin
(Life Technologies, # ant-pm-1). Medium was exchanged twice a week until day 10, followed by Oil Red
O staining. hASCs grown in DMEM low glucose/Ham's F12,1:1(PAA # E15-012) supplemented with 10%
FCS, 4 mM L-Glutamine, 100 pug/ml Primocin( Invivogen) were used as control. Total RNA and protein
were isolated at specified time points during differentiation. Triglycerides contents were quantified by
infinity T™ triglyceride quantification kit (ThermoScientific, #TR 22421) according to the manufacturer’s
recommended protocol and normalized to total protein concentration, measured using the BCA kit

(ThermoScientific).

Oil red O staining of hASCs was performed on day 10 of differentiation. Differentiation medium was
removed and cells were washed briefly with PBS twice and fixed by incubating in 3.6% formaldehyde in
PBS for 1 hour at room temperature. Cells were then washed twice for 5 minutes each with PBS and
incubated with 70% ethanol for 2 minutes, followed by 10 minutes incubation in Oil red O working solution

(1.8mg/ml, Sigma). Cells were washed with PBS until all visible traces of remaining dye were removed.
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Pictures were taken by Leica DM IL LED Inverted Microscope with a 10x dry objective (Leica

Microsystems CMS, Mannheim, Germany).

Oil-Red-O staining in C. elegans was performed on day 6 after hatching as previously described (Soukas
et al., 2009). Stained worms were embedded in Mowiol and pictures were taken on the next day on a Leica
DM IL LED Inverted Microscope with a 10x dry objective.

2.4. Osteogenic differentiation.

2000 hASCs were seeded in 1.9 cm? plate 72 hours prior to induction of osteogenesis. Osteogenesis was
induced by replacing the growth medium with fresh DMEM (low glucose GE Healthcare) supplemented
with 10% FCS, 4 mM L-Glutamine (Sigma), 10mM L-Glycerophosphate (sigma), 150 uM Ascorbate-2-
phosphate, 10nM vitamin-D3 (Sigma), 10nM Dexamethasone (Sigma), 100 pg/ml Primocin. hASCs
grown in DMEM low glucose/Ham's F12, 1:1(PAA # E15-012) supplemented with 10% FCS, 4 mM L-
Glutamine, 1x Primocin were used as control. The medium was replaced every third day with fresh medium
until day 12. Osteogenic differentiation was assessed by Alizarin Red staining. To perform Alizarin Red
staining, osteogenesis inducing medium was removed and cells were washed three times briefly with PBS,
incubated with 70% ethanol for 1 hour at -20°C, and washed 3 times with PBS. Cells were then incubated
for 10 minutes with gentle shaking with alizarin Red solution (200mg/ml)( Applichem # A2306,0025)
followed by thorough washing with PBS until all visible traces of the remaining dye were removed. Pictures

were taken on a Leica DM IL LED Inverted Microscope with a 10x dry objective .

2.5. siRNA transfection in ASCs.

SNEVPPIP04 5iRNA and control siRNA (Dharmacon, D-001810-10-20) was purchased from Dharmacon
(Thermo Scientific, J-004668-05). siRNAs against Werner, CSA, XPE and control were purchased from
riboxx (Radebeul, Germany, D-00101-IBONI first). 14000 hASCs were seeded in 1.9 cm? well plates 48
hours prior to siRNA transfections using 50 nM of the respective siRNAs. The siRNAs were introduced
into cells using DharmaFECT1 transfection reagent (Dharmacon) according to the manufacturer
instructions. Knock-down efficiency of siRNAs was determined 48 hours after transfection by gPCR.

Primer sequences are provided in Supplementary table 1.



O©CoO~NOUAWNE

2.6 SNEVPrPI9MPSO4 gyer_expression.

SNEV cDNA was amplified by PCR and cloned into the retroviral plasmid pLenti6. The negative control
vector contained only the Blasticidin resistance gene. Retroviral particles were generated according to the
manufacturer's protocol (Life Technologies). For SNEV over-expression 14000/1.9cm? hASCs were seeded
in growth medium 48 hours prior to transduction and infected with retroviral particles according to the
manufacturer's protocol (Life Technologies) at a multiplicity of infection (MOI) of 2 in DMEM (4.5 g/l
glucose), supplemented with 4 mM L-Glutamine, 10% FCS, 1 ng/ml BFGF, 8 pg/ml Polybrene. The

medium was replaced with adipogenesis inducing medium 48 hours post transduction.
2.7. RNA interference assays in C. elegans.

For the inactivation of DNA repair factors, feeding of double-stranded RNA expressed in bacteria was used
as previously described (Timmons et al., 2001). RNAI constructs against prp-19, wrn-1, xpe-1 and M18.5,
derived from J. Ahringer’s RNAI library, were distributed by Source BioScience. The HT115 strain of E.
coli carrying the RNAi-construct, or the empty vector (L4440) as control, was cultured overnight in liquid
LB medium with ampicillin and tetracyclin at 37°C. The bacteria were harvested by centrifugation, re-
suspended in LB to a concentration of 60 mg/ml and 200 pl of this suspension was seeded on NGM plates
containing 1 mM IPTG and 25 pg/ml Carbenicillin. The plates were incubated at 37°C overnight and used

within one week.
2.8. qPCR analysis.

Total RNA from cells isolated at various time points was extracted using Trizol reagent (Life Technologies)
according to the manufacturer’s protocol. cDNA was synthesized from 500 ng of total RNA with the
Dynamo cDNA synthesis kit (Thermo scientific) according to manufacturer instructions. g°PCR analysis
was performed using 5x Hot Firepol Eva green gPCR mix (MEDIBENA). Primers designed for gPCR are

listed in Supplementary Table 1. mRNA expression was normalized to GAPDH.

2.9. Microarray analysis.

Global gene expression analysis was performed by two-color microarrays for hASCs upon SNEV knock-
down, as well as for hMADS cells at various stages of adipocyte differentiation. Metadata (experimental
parameters and detailed procedures), raw data files and final (filtered and normalized) data are accessible
via Gene Expression Omnibus (GEO, series records GSE64937 and GSE64845).
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2.10. Protein extraction and western blotting.

hASCs were harvested at different time points of differentiations using RIPA buffer (25 mM Tris.HCI pH
7.6, 150mM NacCl, 1% NP40, 1% sodium deoxycholate, 0.1% SDS, Roche 1x protease and phosphatase
inhibitor(Roche)), sonicated for 30 cycles (30 s on and 30 s off) at 4°C in a Bioruptor sonicator (Diagenode)
and centrifuged for 30 minutes at 10000 RPM. The pellet was discarded and protein concentration in the
supernatant was determined with BCA kit (ThermoScientific). 30 ug of protein were mixed with 4xSDS
loading dye (240 mM Tris-Cl pH 6.8, 8% SDS, 40 % glycerol, 0.05% bromophenol blue, 5% G-
Mercaptoethanol) and boiled for 95°C for 10 min and separated on a NUPAGE 4-12% Bis/Tris
polyacrylamide gel (Life Technologies) in MOPS buffer at 200 V. Proteins from the gel were transferred
to PVDF membranes (Roth) by using XCell SureLock® Mini-Cell (Life Technologies) at 180 mA for 1.5
hours. The membrane was blocked in PBS containing 3% skim milk and 0.1% tween for 1 hour on an
orbital shaker at room temperature followed by overnight incubation with anti Prp19 antibody (Bethyl
#A300-102A) diluted 1:2000 in PBS containing 3% skim milk at 4°C. the membrane was washed 3 times
for 5 minutes each with PBS containing 0.1% tween and incubated with anti-Rabbit-IR-Dye 800 antibody
(Licor, # 926-32211), diluted 1.5000 in PBS containing 3% milk and washed three times for 5Sminutes each
with PBS containing 0.1% Tween. Membranes were scanned using the Odyssey infrared imaging system
(LI-COR, Lincoln, NE, USA). The same membrane was then incubated with rabbit anti-GAPDH, 1:5000
dilution (Santa Cruz, # sc25778) for 1 hour at room temperature and stained with anti-Rabbit-IR-Dye 800
antibody (Licor, # 926-32211), diluted 1:5000 according to the procedure as mentioned above. GAPDH

was used as loading control.
2.11. Indirect immuno-fluorescence.

60000 hASCs were grown in DMEM medium (4.5 g/l glucose) on coverslips in a six well plate. 48 hours
after seeding growth medium was replaced by adipogenic differentiation media containing Indomethacin,
Dexamethasone, and IBMX. Medium was changed after each 3 days until day 10. At day-10, cells were
washed twice with PBS and fixed in 4% formaldehyde for 20 minutes at room temperature. After
subsequent three times washing with PBS, cells were permeabilized in 0.25% Triton in PBS for 20 minutes
and blocked in 20% FCS (in PBS) for 1 hour. Cells were washed with PBS three times for 5 minutes each
and stained with anti-Prp19 antibody (Bethyllab #A300-102A) diluted 1: 500 in PBS containing 20% FCS
for 1 hour. Cells were again washed with PBS for 3 x 5 minutes each prior to application of Dyelight 649
anti-rabbit antibody (Jackson Immunoresearch, # 111-495-144) diluted 1:500 in PBS containing 20% FCS
for 1 hour. Cells were washed again with PBS for 3 x 5 minutes each. For nuclear DNA staining DAPI at

200 ng/ml was applied for 10 minutes and then washed with PBS for 1 x 5 minutes. Slides were mounted
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with Vectashield mounting medium (Vector Laboratories, Burlingame, U.S.A) and sealed with nail polish.
Microscopy and image analysis were done by using Leica SP5 |1 laser scanning confocal microscope (Leica

Microsystems CMS, Mannheim, Germany).
2.12. Statistical analysis.

Differences between data sets were tested for statistical significance using Student’s t-test wih Prism

Graphpad QuickCalcs and P < 0.05 considered statistically significant.
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3. Results.

3.1. SNEV hPreidhPsod aynression is induced at both mRNA and Protein level

during adipogenesis.

In order to investigate the role of SNEV "PP19Pso4 jn adipogenesis we first analyzed its expression during
adipogenesis in a time course dependent manner. Human ASCs were induced to differentiate into
adipocytes by medium supplemented with a cocktail of known adipogenesis inducing agents and total RNA
and protein were isolated at indicated time points during differentiation. Non-differentiated hASCs were
used as control. Indeed, SNEVPPI9MPot mRNA (Fig. 1A) as well as protein levels (Fig. 1B) increased in a
time course dependent manner over 9 days. As SNEV "PP19Pso4 js mainly a nuclear protein (Gotzmann et
al., 2000), we used indirect immunofluorescence to monitor SNEV "PPi/Psed jocalization during
adipogenesis. SNEVPP9MPso% \yag detected both in the nucleus and in the cytoplasm of differentiated cells,
while only nuclear staining was observed in the undifferentiated controls (Fig. 1C). Adipogenic
differentiation was confirmed by quantitation of PPARy and FASN mRNA (Fig. 1D& 1E), both well
accepted markers of adipogenesis (Heikkinen et al., 2007; Mayas et al., 2010). Oil Red O staining after 10
days also confirmed extensive lipid droplet formation in the differentiated culture, whereas no lipid droplets

were observed in the control (data not shown).

These results show that SNEV"P1¥Pso4 expression is induced during adipogenesis and that its localization

is not restricted to the nucleus, similar to the observation in mouse 3T3 cell line (Cho et al., 2007).

3.2. SNEV"PrP19/MPsod s raquired for adipogenic differentiation in human ASCs.

In order to determine whether SNEV"™MPso4 s not only regulated during but also necessary for
adipogenesis of hASCs, we performed siRNA mediated knock-down of SNEV"PL9P4 followed by
adipogenic induction. hASCs were transfected with siSNEV and control siRNA and were induced to
differentiate 48 hours after transfection. Adipogenic differentiation was assessed by QOil red O staining and
measurement of intracellular triglyceride content 10 days after start of differentiation according to the
experimental design shown in figure 2A (Fig. 2A). siSNEV transfection resulted in around 90% knock-
down efficiency on mRNA level over the 9 day period of differentiation tested (Fig. 2B). Non-targeting
control siRNA transfected cells underwent normal lipid droplet formation, whereas SNEV"P9MPso4 knock-

down resulted in formation of fewer lipid droplets as shown by Oil Red O staining (Fig. 2C). Accordingly,
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intracellular triglyceride content was also 5-fold reduced after SNEV "PP19MPs% knock-down as compared to
control (Fig. 2D).

3.3. Reduced adipogenesis by SNEV"PPIMPso4 knock-down is accompanied by

down regulated PPARY and insulin signaling axis.

We next sought to investigate how SNEV"P9Po4 might inhibit the early steps of adipogenesis. Thus, we
performed microarray analysis to visualize profile changes in gene expression in response to
SNEV"PPI9MPS4 qown regulation during adipogenesis. hASCs transfected with siSNEV and siControl were
induced to differentiate. Total RNA was collected at day 3 of differentiation (see material & methods) and
subjected to microarray analysis. SNEV "PPhPsod mRNA expression is efficiently down regulated in
response to siSNEV transfection (Fig. 3A). The microarray data identified 163 genes that showed at least
two fold differential expression in siSNEV vs siControl culture. In order to identify the pathways that might
be addressed by SNEV"PIMPse4 knock-down, we performed gene set enrichment analysis (GSEA). In
accordance to the observed inhibition in adipogenesis, genes involved in the pro-adipogenic PPARy (Fig.
3B) and insulin signaling (Fig. 3C) pathways were down-regulated by siSNEV, whereas genes involved in
the anti-adipogenic TGFp signaling (Fig. 3D) pathway were up regulated. We further confirmed our
microarray data by qPCR of PPARy (Fig. 3E) and FASN (Fig. 3F) during the entire course of adipogenesis.

VhPrp19/hPso4

Collectively, these data suggest that SNE is necessary in an early step as it inhibits the global

changes of the transcriptome towards adipogenesis induced by starting the differentiation process.

Besides differentiating into adipocytes, hASCs are capable of differentiating into multiple other
mesenchymal lineages, including the osteogenic lineage. In fact, an inverse relationship exists between
osteogenic and adipogenic commitment and differentiation of mesenchymal stem cells and it is generally
thought that differentiation into one of the two lineages comes at the expense of the other (James, 2013).
Therefore, we tested if SNEV"P9P4 might influence osteogenic differentiation as well. We induced
osteogenic differentiation in SNEV"P19"Pso4 down regulated hASCs, and visualized calcium deposition by
Alizarin Red staining as endpoint measurement of osteogenesis. However, we did not find any significant
differences in osteogenic differentiation between SNEV"™PMPso4 knock-down and control hASCs
(Supplemental Figure 1) as quantitated using Alizarin Red staining for calcium deposition as end-point

measurement.
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3.4. SNEV/PrridPsod ayer_expression accelerates adipogenesis.

The observation that SNEVPPMPse4 nock-down reduced adipogenesis led us to test if its over-expression
can lead to its acceleration. Therefore, we transduced hASCs with a lentiviral construct containing
SNEV"PPIMP4 pefore induction of adipogenesis. ASCs transduced with empty vector were used as a
control. Adipogenic differentiation was assessed by gPCR of PPARy and FASN, Oil red O staining and

triglyceride quantification as outlined in Fig. 4A.

Increased expression of SNEVPPIMP4 jn Jentjvirally transduced hASCs was confirmed by gPCR and
remained elevated during the entire course of differentiation as compared to control (Fig. 4B). Indeed,
SNEVPPIMPsod - gyer_expression accelerated adipogenesis as large amounts of lipid droplets appeared
already after 6 days as compared to the 10 days necessary under control conditions (Fig. 1). In control cells,
only very few lipid droplets were present on day 6 (Fig. 4C). We further quantified intracellular lipid
accumulation by triglyceride assay and found a 2-fold increase in SNEVP™PPso4 gyer_expressing hASCs
as compared to empty vector control (Fig. 4D). These results suggest that SNEV"PPIMPo4 gyer expression
indeed accelerates adipogenesis in hASCs. In order to confirm accelerated adipogenesis at a molecular
level, we measured mRNA expression of PPARy and FASN expression by qPCR, showing the expected
increases (Fig. 4E and 4F). These results suggest that SNEV"P19"?s%4 js indeed a modulator of adipogenesis

as the process is affected both by its knock-down and over-expression.

3.5. Other DNA repair factors influence adipogenesis in hASCs.

Since loss of subcutaneous fat is observed in patients suffering from progeroid syndromes, we tested if
other DNA repair factors mutated in various segmental progeroid syndromes influence adipogenesis as
well. For this purpose, we looked at existing transcriptomic data of an adipogenic differentiation time course
experiment (available at Gene Expression Omnibus, accession number GSE64845) and specifically
visualized the expression of genes involved in DNA damage repair (data not shown). From these, we
selected WRN, CSA and XPE, which are involved in premature aging and are differentially expressed
during adipogenesis (Fig. 5A), and confirmed their differential expression by gPCR ( Fig. 5B, 5C, 5D). In
addition, these genes represent members of different DNA damage repair pathways, CSA being specific for
transcription coupled nucleotide excision repair (TC-NER) while XPE is involved in global genome- as
well as TC-NER and homologous recombination. WRN is a helicase generally required for DNA
recombination and repair (reviewed in(Garinis et al., 2008). In order to test if these genes are indeed
required for adipogenesis, we knocked down the expression of WRN, CSA, and XPE in hASCs by siRNA

transfection, followed by induction of adipogenesis. siRNA knock-down efficiency was confirmed by
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gPCR (Fig. 5E). Adipogenic differentiation was then assessed by intracellular triglyceride accumulation at
day 10 of differentiation. Triglyceride quantification data showed slight but significant decrease of
adipogenesis of around 20% after CSA and XPE knock-down, while WRN knock-down resulted in a 50%
reduction of Triglyceride accumulation in hASCs (Fig. 5F).

3.6. Loss of SNEV"PrPL9Psed and WRN leads to reduced fat deposition in C.

elegans.

In order to test the functional conservation of the DNA damage repair factors (SNEVPPIMPsot \WRN, CSA,
and XPE) in organismal adipogenesis, we assessed their role in fat deposition of Caenorhabiditis elegans.
For this purpose we selected prp-19, wrn-1, xpa-1 and M18.5 as orthologs of the human DNA damage
repair factors SNEV, WRN, XPA and DDBJ1, respectively, and inhibited their expression by RNAI in the
N2 wild-type strain. The storage of neutral lipids was measured by Oil Red O staining (Soukas et al., 2009).
At the time of planning the experiment, the homolog of human CSA in C. elegans was not known until very
recently (Babu et al., 2014), therefore we selected xpa-1 instead of CSA, as a member of NER factors and
homologue of human XPA (Park et al., 2002). RNAI treatment was performed already upon hatching, since
we did not detect major differences in developmental timing between RNAi-treated and control animals
(data not shown). Young adult hermaphrodites (6 days after hatching) were then fixed and subjected to Oil-
Red-O staining. Indeed, we found reduced fat mass in prp-19 and wrn-1 RNAI animals compared to the
RNAI control, while M18.5 and xpa-1 RNAI did not show differences (Fig. 6A). However, we cannot

exclude that slight variances might be missed by Oil Red O staining alone.

We expected to further enhance the observed fat storage phenotype of prp-19 and wrn-1 RNAIi by
performing the same experiment with the CF1814 strain, which is mutated in rrf-3 (pk1426) and daf-2
(e1370). While mutation of rrf-3 increases RNAI efficiency (Simmer et al., 2002) mutation of daf-2, the
insulin receptor, results in elevated fat mass (Soukas et al., 2009). Indeed, while the RNAI control group
stained positive for Oil Red O throughout the whole body and especially surrounding intestines and
pharynx, prp-19-1 and wrn-1 RNAI animals stained only weekly positive in close proximity to the pharynx
(Fig. 6B).

These findings indicate that loss of the conserved DNA damage repair factors prp-19 and wrn-1 robustly
reduce the accumulation of neutral lipids both in wild-type C. elegans, as well as in a mutant strain with a

high-fat phenotype.
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4. Discussion.

Here, we show that SNEV"PP1MPse4 raqlates adipogenesis of hASCs. We found that SNEVPPI/MPse4 knock-
down inhibits, while its over expression accelerates adipogenesis early after induction of adipogenic
differentiation. Furthermore, SNEV"PP19"Pso4 reqylates fat deposition on the organismal level, as shown
using the nematode C. elegans as model system.

SNEVPPI9MPsod raqylates several diverse cellular processes, such as mRNA splicing, transcription
(Chanarat et al., 2012), mitosis (Hofmann et al., 2013; Watrin et al., 2014) and apoptosis (Lu et al., 2014)).
If, though, it was its DNA repair function that is connected with adipogenesis, then other DNA repair factors
might have similar effects on adipogenesis, which would point to a general importance of intact DNA repair
capacity for induction of adipogenesis. In fact, knock-down of WRN markedly reduced adipogenesis, while
CSA and XPE only slightly but significantly inhibited accumulation of lipids in hASCs. In C. elegans, only
SNEVPI9MPs04 and WRN reduced fat storage visibly. This is in accordance to studies that the murine
homologues of SNEV"P19Pso4 and WRN are involved in 3T3 cell adipogenesis (Cho et al., 2007; Turaga
et al., 2009), but also are components of an ICL repair complex (Zhang et al 2005a). Still, the species-
specific differences in protein function and regulation patterns (Lindroos et al., 2013; Mikkelsen et al.,
2010; Qian et al., 2010) make clear that not all molecular regulation steps are indeed conserved from mouse
to human. This might explain that in this study human SNEV"?P19""s4 seems to act upstream of PPARYy and
PPARy induced genes, in contrast to 3T3 where PPARy remained unchanged but inhibited increase of SCD
and perilipin 1 (Cho et al. 2007). A role upstream or at the level of PPARY is also supported by findings
that SNEV""PL9Pe4 (Grrillari et al. 2005) as well as PPARY tend to cluster at nuclear speckles in adipocytes
as compared to undifferentiatied cells (Szczerbal and Bridger, 2010). In addition, SNEV"?P19/MPse4 nock-
down decreases expression of genes involved in the insulin signaling pathway known to be pro-adipogenic
(Heikkinen et al., 2007; Zhang et al., 2009), while genes involved in TGF-f signaling are increased and
known to have inhibitory effects on adipogenesis (Choy and Derynck, 2003). Altogether, these data point
to a regulatory role of SNEV"P1¥Ps04 early during adipogenic commitment of hASCs, however, since
SNEV "PreidhPsod i o multifunctional protein, we still cannot rule out the possibility that it regulates
adipogenesis via other than its DNA repair function, e.g. via differential pre-mRNA splicing, or via a
putative role as a transcription factor, since SNEV "PP19hPs04 has heen shown to be required for full

transcriptional activity of RNA polymerase Il in yeast (Chanarat et al., 2012).

In any case, an interesting possibility is suggested by the fact that not only SNEVPP1¥/MPso4 bt also other

DNA repair factors inhibit adipogenesis, supporting the idea that the capacity of repairing DNA damage is

14



O©CoO~NOUAWNE

a checkpoint for adipogenesis. It is still unclear, however, why the inducibility of DNA damage repair might

be such a checkpoint.

One hypothesis might be based on the fact that both adipogenesis and lipolysis are strongly associated with
increased generation of reactive oxygen species (ROS)(Kanda et al., 2011; Krawczyk et al., 2012), which
might be a driver of increased damage to DNA during adipogenesis, so that differentiating cells are at risk
to enter ROS induced premature senescence, concomitant with induction of the senescent/pro-inflammatory
phenotype of SASP (senescence associated secretory phenotype) (Monickaraj et al., 2013) . Only if
sufficient DNA repair capacity is present in the cells would the cells therefore be allowed to enter
adipogenic differentiation. This is supported by the fact that DNA damage repair is induced during early
adipogenesis (Meulle et al., 2008) and is even more important, as senescence impair adipogenesis
(Mitterberger et al., 2014) and accumulation of senescent cells in the adipose tissue (Stout et al., 2014)
would lead to degeneration of adipose tissue and inflammation. The lack of adipogenic differentiation
together with adipose tissue degeneration induced by senescent adipocytes might therefore be one factor
why patients suffering from segmental, progeroid syndromes and mouse models of premature aging like

e.g. ERCC1 deficient mice, show loss of subcutaneous fat (Jaarsma et al., 2013; Karakasilioti et al., 2013).

In addition to adipogenesis, also neurogenic differentiation is accompanied and modified by ROS (Domenis
et al., 2014), and again SNEV""P*P04 knock-down inhibits neurogenic differentiation (Urano-Tashiro et
al., 2010). Further, the role of ROS seems different in osteogenic differentiation (Atashi et al., 2015). If the
hypothesis that DNA damage repair capacity is a checkpoint for specific differentiation programs is true,
the main question to be answer is on what the sensing mechanism for the presence of DNA repair capacity
might be. It is tempting to speculate that SNEV"PP19"so4 _ 5 downstream target of ATM upon oxidative
stress (Dellago et al., 2012) - might be part of a signaling pathway that senses and repairs DNA damage by
a wave of initial ROS produced during early steps of differentiation. It is of interest in this context that
during differentiation, mesenchymal stem cells (MSCs) are more susceptible to undergo ROS induced
apoptosis than progenitor cells (Oliver et al., 2013), and over-expression of SNEVPP9/MPso4 pratects the cell
types tested so far against induction of apoptosis (Dellago et al., 2012; Schraml et al., 2008; Voglauer et
al., 2006).

Summarized, we suggest that availability of DNA damage repair might represent a checkpoint for cellular
differentiation programs, which is of special importance for differentiation processes that involve high

levels of ROS, or for long lived cells like adipocytes and neurons.
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7. Figures and legends.

Figure 1. Expression of SNEV NPreiohPsod s induced during adipogenesis
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Figure 1. Expression of SNEV "PrPi9%hPsed js induced during adipogenesis.

(A) Total RNA isolated from differentiated and undifferentiated hASCs were subjected to qPCR for
quantitation of SNEV"PP19Ps04 The data were normalized to GAPDH. D represents differentiated and U
undifferentiated cells and numbers represent the day of harvesting RNA. (B) hASCs differentiated (D) and
undifferentiated (U) at various time points were harvested and whole cell lysate were prepared for Western
blotting. GAPDH was used to ensure equal amount of protein loading. Numbers represent intensities of
bands, normalized to GAPDH. (C) Differentiated and (D) undifferentiated (U) hASCs were fixed on day
10 and stained with anti SNEV "PP19Pso4 antibody (red) and DAPI (blue). Images were taken by Leica SP5
Il laser scanning confocal microscope. Scale bar = 25uM. (D, E) Quantification of adipogenic
differentiation was performed using PPARy (D) and FASN (E) as marker mRNAs. Data shown here is a
representative of three independent experiments from 3 different donors (n=3).
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Figure 2. Knock-down of SNEV "PrP19hPsod inhibit adipogenic differentiation in
hASCs.
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Figure 2. Knock-down of SNEV "PreidhPsod inhibits adipogenic differentiation in

hASCs.

(A) Schematic representation of experimental design, where hASCs were transfected with siRNA against
SNEVPPI9MPso4 (siSNEV) or with control siRNA (siControl) to down-regulate SNEV"PIPs04 ang then
induced to differentiate. Total RNA isolated at specified time points was subjected to gPCR analysis. (B)
mRNA expression of SNEV™PMPse4 qyring adipogenic differentiation. Data shown are representative of
three independent experiments and were normalized to GAPDH mRNA (*P<0.01; **P<0.001). (C) Oil red
O staining for triglyceride content in transfected hASCs after 10 days of differentiation. (D) Intracellular
triglyceride levels in transfected hASCs after 10 days of differentiation. Triglyceride content was
normalized to total protein content. Data shown is a representative of two independent experiments
performed in quadruplicates (*P<0.01; ***P<0.0001).
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Figure 3. Knock-down of SNEV "PrP19Psod raqyces the mMRNA expression levels

of pro-adipogenic and increases anti-adipogenic pathways.
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Figure 3. Knock-down of SNEV"P"PL9Psod raquces the expression of adipogenic

markers.

(A) MRNA expression of SNEVPMPt jn hASCs transfected with sSiRNA against SNE\/PPio/hPsos
(SiISNEV) or with control siRNA (siControl) and induced to differentiate for 9 days. Total RNA was isolated
and subjected to gPCR. D represent differentiated and U undifferentiated cells and numbers represent day
of harvesting. (B) Micro-array based analysis of transcript expression assorted to the KEGG PPARy
signaling pathway is shown as heat map after GSEA. (C) Expression of transcripts assorted to the KEGG
insulin signaling pathway is shown as heat map. (D) Expression of transcripts assorted to the KEGG TGF-
B signaling pathway is shown as heat map. Numbers within cells are log2-transformed expression ratios
(siSNEV /siControl). The red vertical line denotes the range of this gene set relative to all 3250 transcripts
that could be detected (small heat map). FDR g-value obtained from GSEA is depicted bottom right. (E)
gPCR analysis of PPARy and (F) FASN confirming the microarray data. The data shown here is a

representative of two independent experiments (n=2).

30



O©CoO~NOUAWNE

Figure 4. SNEV "Prei9/MPsot gyer expression accelerate adipogenesis in hASCs.
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Figure 4. SNEV "Prei9/Psod gyer_expression accelerates adipogenesis in hASCs.

(A) Schematic representation of experimental design. hASCs were transduced with SNEV"P1MPsod g
empty vector and were sequentially differentiated for 10 days. (B) Total RNA isolated at specified time
points was subjected to gPCR to analyze SNEV"™9MPt mRNA levels. Data shown here is a representative
of 3 independent experiments and was normalized to GAPDH. (C) QOil red O staining of intracellular lipids
after 6 days of differentiation. (D) Intracellular triglyceride levels in transduced hASCs after 6 days of
differentiation. Triglyceride contents were normalized to total protein contents. (E) Quantitation of PPARy
and (F) FASN mRNA. Data shown is a representative of three independent experiments (*P<0.01;
***p<(0.0001).
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Figure 5. Loss of Werner (WRN) reduced adipogenic differentiation in hASCs.
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Figure 5. Knock-down of WRN, CSA and XPE reduces adipogenic

differentiation in hASCs.

(A) Heat map of differentially transcribed genes during adipogenesis is shown. Fold changes were
calculated at reference day -2. mRNA fold change of (B) WRN, (C) CSA, and (D) XPE, during adipogenic
differentiation are shown. (E) Knock-down of WRN, CSA, XPE mRNAs was confirmed by gPCR as
compared to siControl and normalized to GAPDH. The data shown here is a representative of two
independent experiments. (F) Triglyceride content was quantified at day 10 of adipogenic differentiation

and normalized to total protein content.

34



O©CoO~NOUAWNE

Figure 6.

Loss of SNEVPP19hPsot raqyced and Werner Fat deposition in C. elegans.

A prp-19 wrn-1 xpa-1 M18.5
RNAI control (SNEV) (WRN) (XPA) (DDB1)

= ---
[ o e e

B prp-19
RNAi control (SNEV)

daf-2, rrf-3

Figure 6. Loss of SNEV"P19hPsot and WRN reduces fat deposition in C.
elegans.

(A) Depletion of prp-19, wrn-1, xpa-1 and M18.5 by RNA. in wild-type C. elegans, followed by Oil Red
O staining demonstrates lower fat deposition upon prp-19 and wrn-1RNAI, compared to the empty vector
(HT115) control. Representative images of two biological replicates with at least 20 worms per strain are
shown. (B) RNAI to prp-19 and wrn-1 in the high-fat and RNAI hypersensitive CF1841strain, followed by
Oil Red O staining confirms lower fat deposition compared to the empty vector control. Representative

images of two biological replicates with at least 20 worms per strain are shown.
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Supplementary figure.

Supplementary Figure 1. Down regulation of SNEV"PP19MPso4 qaes not influence
osteogenic differentiation.
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Supplementary figure 1. Down-regulation of SNEV"PP19Pso4 qoes not influence
osteogenic differentiation.

hASCs were seeded 72 hours before initiation of osteogenic differentiation. Total RNA was isolated at
indicated time points and subjected to qPCR analysis. (A) SNEVPMPt mRNA fold change during
osteogenic differentiation. Fold changes were calculated in reference to un-differentiated cells at day 0 and
normalized to GAPDH. D and U represent differentiated and undifferentiated cells, respectively. (B) SNEV
hPrp19MPsot MRNA fold changes after SIRNA SNEV "PPLMPso4 and control siRNA transfection. Fold changes
were calculated in reference to siRNA control transfected cells and normalized to GAPDH. (C) Alizarin
red staining of hASCs transfected with siRNA SNEV and control siRNA followed by osteogenic
differentiation for 12 days, representative images are shown. Data shown here is performed once.
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Supplementary table 1.

Primers pairs used for mRNA expression analysis by qPCR.

Supplementary Table 1- primer pairs used for mRNA analysis by gPCR.

Gene name | Forward primer Reverse primer

SNEV TCATTGCCCGTCTCACCAAG GGCACAGTCTTCCCTCTCTTC
PPARYy AGCCTGCGAAAGCCTTTTGGTGA | GCAGTAGCTGCACGTGTTCCGT
FASN AACTTGCAGGAGTTCTGGGAC TGAATCTGGGTTGATGCCTCCG
GAPDH TGTGAGGAGGGGAGATTCAG CGACCACTTTGTCAAGCTCA
Werner GTGGCGCTCCACAGTCAT TCTTCCGAACACATGCCTTTC
CSA GAGGACACGATATGCTGGGG CCAGTCCCAAAACTCTCCGT
XPE AAGAAACGCCCAGAAACCCA ACATCTTCTGCTAGGACCGGA
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Delineation of the Key Aspects in the Regulation of Epithelial
Monolayer Formation

Lydia Aschauer,? Leonhard N. Gruber,® Walter Pfaller,® Alice Limonciel,® Toby J. Athersuch,” Rachel Cavill,” Abdulhameed Khan,®
Gerhard Gstraunthaler,? Johannes Grillari,*f Regina Grillari,%f Philip Hewitt,* Martin O. Leonard,® Anja Wilmes,? Paul Jennings®
Division of Physiology, Department of Physiology and Medical Physics, Innsbruck Medical University, Innsbruck, Austria®; Section of Biomolecular Medicine, Department
of Surgery and Cancer, Faculty of Medicine, Imperial College London, London, United Kingdom®; MRC-HPA Centre for Environment and Health, Department of
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The formation, maintenance, and repair of epithelial barriers are of critical importance for whole-body homeostasis. However,
the molecular events involved in epithelial tissue maturation are not fully established. To this end, we investigated the molecular
processes involved in renal epithelial proximal-tubule monolayer maturation utilizing transcriptomic, metabolomic, and func-
tional parameters. We uncovered profound dynamic alterations in transcriptional regulation, energy metabolism, and nutrient
utilization over the maturation process. Proliferating cells exhibited high glycolytic rates and high transcript levels for fatty acid
synthesis genes (FASN), whereas matured cells had low glycolytic rates, increased oxidative capacity, and preferentially ex-
pressed genes for beta oxidation. There were dynamic alterations in the expression and localization of several adherens (CDH]I,
-4, and -16) and tight junction (TJP3 and CLDN2 and -10) proteins. Genes involved in differentiated proximal-tubule function,

cilium biogenesis (BBS1), and transport (ATP1AI and ATP1BI) exhibited increased expression during epithelial maturation.
Using TransAM transcription factor activity assays, we could demonstrate that p53 and FOXO1 were highly active in matured
cells, whereas HIF1A and c-MYC were highly active in proliferating cells. The data presented here will be invaluable in the fur-
ther delineation of the complex dynamic cellular processes involved in epithelial cell regulation.

he primary function of epithelial cells is to form a selective

barrier between two adjacent compartments. However, epi-
thelial cells are not merely barriers but possess many other func-
tions qualifying them as one of the most diverse group of cells in
the human body. Epithelial cells can be considered the body’s
regulators, functioning in concert to allow precise homeostatic
regulation. The loss of regulated epithelial function gives rise to
many disease states, including chronic inflammation, fibrosis
(leading to end-stage organ failure), and cancer. Indeed, the vast
majority of all diagnosed cancers are of epithelial origin (termed
carcinomas). In recent years, the use of epithelial cell cultures has
allowed detailed studies of many cellular and molecular aspects of
epithelial cell physiology and pathophysiology.

In the kidney alone, more than 12 morphologically distinct
types of epithelial cells have been described (1). The proximal
tubule is the main site of reabsorption in the nephron and is con-
sidered a “leaky” epithelium due to the expression of pore-form-
ing claudins 2 and 10 in the tight junctions (2). The high transport
rates of the proximal tubule are driven primarily by the Na™ /K™
ATPase, creating a high energy demand that is predominantly
fulfilled by oxidative metabolism (3). In addition, this part of the
nephron is one of the areas most sensitive to chemical and isch-
emic injury (4-6).

The formation, maintenance, and repair of epithelial barriers
are of critical importance for the maintenance of whole-body ho-
meostasis and thus are very tightly regulated processes. Generally,
the processes involved in epithelial proliferation are the opposite
of those required for cell differentiation (7). Both states involve
the sensing of the external environment, providing the cell with
critical information pertaining to orientation, neighboring cells,
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and tissue density. These signals are relayed to the nucleus to ac-
tivate transcription and alter processes involved in energy metab-
olism (8), differentiated function (7), proliferation (9), and mo-
tility (10). Tight and adherens junctions exert central control in
the regulation of cell-to-cell contact and tissue density (11, 12). A
low number of intercellular interactions favors epithelial cell pro-
liferation, whereas a high density of intercellular contacts halts
proliferation and promotes differentiation, allowing the establish-
ment of specific tissue functions.

The transition of epithelial cells from proliferating, highly en-
ergy-consuming cells to a mature transporting epithelium is com-
plex, involving the simultaneous activation and inactivation of
several distinct pathways. In order to characterize these processes
at a molecular level, we used a simple cell culture system where
renal epithelial cells were seeded at low density in culture dishes.
Primary human proximal-tubule cells and a telomerase-immor-
talized human proximal-tubule cell line (RPTEC/TERT1) were
studied over a maturation process of 16 days. Transcriptomics and
metabolomics were used to investigate the processes involved in
epithelial monolayer maturation.
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MATERIALS AND METHODS
All chemicals were purchased from Sigma-Aldrich unless otherwise
stated.

Cell culture. Human primary proximal-tubule cells were prepared as
previously described (13). Both primary and RPTEC/TERT1 (14) cells
were cultured in hormonally defined medium that consisted of a 1:1 mix-
ture of Dulbecco’s modified Eagle’s medium (DMEM; catalog no. 11966;
Invitrogen) and Ham’s F-12 nutrient mix (catalog no. 21765; Invitrogen)
supplemented with 2 mM Glutamax (Invitrogen), 5 wg/ml insulin, 5
pg/ml transferrin, 5 ng/ml sodium selenite, 100 U/ml penicillin, 100
pg/ml streptomycin, 10 ng/ml epithelial growth factor, and 36 ng/ml hy-
drocortisone. Routinely, cells were cultured in 10-cm dishes (Sarstedt) at
37°Cin a 5% CO, humidified atmosphere and subcultured by trypsiniza-
tion. Medium was replaced three times per week, and the volumes were 2
ml for 6 wells, 10 ml for 10-cm dishes, and 1 ml for coverslips. RPTEC/
TERT1 cells were used at passages 76 to 100. Primary cells were used at
passage 3.

For studying epithelial monolayer formation, cells were freshly seeded
to a density of 30% surface area and followed over the following 16-day
interval. Medium was replaced every day.

Transcriptomic and array analysis. Cells were cultured on 6-well
plates, and RNA was isolated by cell lysis in RLT buffer (Qiagen) contain-
ing 1% (vol/vol) B-mercaptoethanol and further processed with a Qiagen
RNeasy Protect cell minikit. For the synthesis of biotinylated cRNA, a
MessageAmp IT aRNA amplification kit (Ambion Inc.) with several mod-
ifications (15) was applied using the Theonyx automatic pipetting robot
(Aviso GmbH). To optimize the cleanup, the Agencourt RNAClean
(Beckman Coulter) method was used instead of a column-based method.
RNA quality was controlled using a 285/18S ratio with an Agilent Bioana-
lyzer 2100, and the RNA quantity was assessed with a NanoDrop (Thermo
Fisher Scientific) ND-1000 photometer before processing. Amplified
biotin-labeled cRNA (750 ng) was hybridized in a hybridization chamber
for 20 h at 58°C on Illumina human HT12 v3 BeadChips, which assay
48,802 probes per sample. Afterwards, the chips were washed and stained
with 1 wg/ml streptavidin-conjugated Cy3 (Amersham Biosciences).
Chips were then dried by centrifugation, and fluorescence was detected by
confocal laser scanning with an [llumina bead array reader (Illumina) at
532 nmand a 0.8-pm resolution. Using Illumina BeadStudio software, the
data from all beads with the same probe were condensed to one value and
further to ensure array quality based on different control bead parameters.
Quantile normalization was applied to remove nonbiological variance
between arrays (16).

Selection of significantly deregulated genes and cluster analysis of the
unsupervised samples were performed using BRB ArrayTools (version 4)
(17). Hierarchical clustering of samples using centered correlation and
average linkage was carried out, and samples demonstrating a correlation
lower than 0.5 to their biological replicates were considered outliers and
excluded from further analysis (three primary-cell samples). A class com-
parison was conducted between all time points within each cell model
with a cutoff of 1.5-fold change and a significance level for P of <0.001 for
the univariate test. The log, fold change value of the differentially ex-
pressed probes (DEP) is represented here as the ratio of the value at the
later time point to that at the earlier time point. DEPs from the RPTEC/
TERT1 and primary-cell data sets were intersected according to direction
of change. Thus, only DEPs that changed in the same direction in both cell
models were used for further analysis. The combined list (1,630 DEPs)
was then subjected to a time course analysis in BRB ArrayTools with a
threshold false discovery rate of 0.01. The expression values of the result-
ing 1390 DEPs were normalized by “mean centering” (expression values
of each probe were divided by the mean expression of that probe over all
time points within each cell model). Heat maps were generated us-
ing TreeView (http://rana.lbl.gov/EisenSoftware.htm). Where multiple
probes existed for the same gene, the probe with the highest variance
across the RPTEC/TERT!1 time course was chosen. Finally, a list of 1,238
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TABLE 1 qPCR primer sequences

Gene

symbol Forward primer Reverse primer

ATPIAl ~ GGGAGCTGCTCTGTGCTTTT CTTATCACGTCCAACCCCCT
ATPIBI ~ GCTTATCACGTCCAACCCCCT GGCACATCGCCACAATCTTC
BBOX1 ACCTTCAAGATGAATCCAGGTGA GACCACATCCCAGTCAGCAT
BBS1 GTCCCCGTCTTCCTAGAGGT GGGGTGCTTGGAGTCTCTTC
CDKNIA GGCGGCAGACCAGCATGACAGATT GCAGGGGGCGGCCAGGGTAT
CDC25A TCGTCTGAAGAAGCTCTGAGG CCCTCTCCAAATGTCACACA
FASN GATGACCGTCGCTGGAAGG AATCTGGGTTGATGCCTCCG

differently expressed genes (DEG) reflecting gene alterations during the
time course of monolayer formation was generated.

Quantitative real-time PCR (qPCR). At 1, 7, and 16 days after seed-
ing, RNA was harvested from RPTEC/TERT]1 cells on 10-cm dishes as
described above. cDNA was synthesized from 500 ng of total RNA using a
Dynamo cDNA synthesis kit (Biozyme). qPCRs were performed using 5X
HOT FIREPol EvaGreen qPCR Mix Plus (Medibena) on a Rotor-Gene Q
(Qiagen) according to the manufacturer’s protocol. Three biological sam-
ples were analyzed with 4 technical replicates each. A standard curve was
generated using a dilution series of a reference RPTEC/TERT1 sample.
Primer pairs used for amplification of the target genes are given in Table 1.

Transcription factor (TF) prediction analysis. The complete list of
1,390 DEPs and their mean-centered expression values were uploaded
into Ingenuity Pathway Analysis (IPA) version 9.0 (1,353 mapped genes;
in cases of multiple probes for one gene, the probe with the maximum
absolute log, ratio was used, and for prediction of TF activation, direct
and indirect relationships were considered where confidence at an exper-
imental level was available), which includes a TF analysis feature. TF anal-
ysis computes an overlap P value (Fisher’s exact test) assessing whether
there is a statistically significant overlap between the genes in the data set
and the genes that are regulated by a TF. The activation state of the TF is
predicted by a second parameter, the z score, that reflects the expected
causal effects between a TF and its targets based on the expression direc-
tion of the genes in the data set regulated by the given TF. A z score greater
than 2 predicts significant activation and a score lower than —2 points to
an inhibition of the given TF. For the refined selection of TFs, only TFs
with an overlap P value of =0.001, a z score of =2 or =—2 at least at one
time point in both cell models and more than 10 altered target molecules
were considered.

Transcription factor activity assays. Nuclear extracts from RPTEC/
TERT]1 cells cultured in 10-cm dishes at 1 day (subconfluent) and 16 days
(matured) after seeding were washed and scraped into ice-cold hypotonic
buffer [10 mM HEPES-NaOH, pH 7.9, containing 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM dithiothreitol (DTT), 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF), protease inhibitor cocktail (catalog no.
P8340; Sigma), phosphatase inhibitor cocktail (catalog no. P0044; Sigma),
and 2 mM activated Na;VO,]. The cell suspensions were incubated for 20
min on ice, and then 10% (vol/vol; final concentration, 0.58%) Igepal
CA-630 was added to lyse the cells. Samples were centrifuged at 21,000 X
g for 1 min, and the resulting pellets were resuspended in high-salt buffer
[20 mM HEPES-NaOH, pH 7.9, containing 400 mM NaCl, 1 mM EDTA,
1 mM EGTA, 10% (vol/vol) glycerol, 1 mM DTT, 1 mM PMSF, protease
inhibitor cocktail, phosphatase inhibitor cocktail and 2 mM activated
Na,;VO,]. Samples were incubated for 30 min on ice with periodic vor-
texing and were subsequently centrifuged at 21,000 X g for 10 min at 4°C.
The resulting supernatants were removed as the nuclear extracts. The
protein content of nuclear extracts of RPTEC/TERT] cells was measured
using the bicinchoninic acid (BCA) method according to the manufactur-
er’s protocol (Pierce, Thermo Scientific). For the assays of TP53, FOXO1,
and c-MYGC, 20 g nuclear extract per well was used, and for HIF1A, 30 g
nuclear extract per well was used. Levels of transcriptionally active TP53,
HIF1A, FOXO1, and c-MYC were determined by using TransAM tran-
scription factor enzyme-linked immunosorbent assays (ELISAs) (Active
Motif) according to the manufacturer’s protocol.
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Cell cycle analysis. At indicated time points, RPTEC/TERT] cells cul-
tured on 6-well plates, were washed twice in phosphate-buffered saline
(PBS) and harvested using 1 ml phenol red-free 5% (wt/vol) trypsin—2%
(wt/vol) EDTA solution per well after prolonged incubation at 37°C. Cell
pellets were washed three times with ice-cold PBS and fixed in 100%
ice-cold methanol. The fixed cells were stored at 4°C until analysis. On the
day of analysis, cells were washed thrice with ice-cold PBS and stained
with propidium iodide (PI)-RNase staining buffer (5 pg/ml PI, 200 pg/ml
RNase) (Becton, Dickinson Biosciences). Cell cycle distribution was as-
sessed using a Becton, Dickinson FACScan (Becton, Dickinson Biosci-
ences) and BD Cell Quest Pro 4.0.2 software (25 000 positive hits, custom
inclusion criteria). The data were then analyzed using BD ModFit.

Glycolysis and glycogen measurements. Lactate was measured in the
supernatant medium with a colorimetric assay, as previously described
(18). Glucose was measured in the supernatant medium from the same
samples using a colorimetric hexokinase-based assay, as previously de-
scribed (19). Glycogen was measured in methanol extracts by boiling the
insoluble fractions in 0.03 N HCI, followed by addition of 10 mM sodium
acetate (pH 4.9), incubation of samples with or without amyloglucosidase
(24 U/ml, from Aspergillus niger; catalog no. 10115; Sigma), and subse-
quent determination of glucose. Glycogen content was calculated as the
difference between glucose levels with and without amyloglucosidase con-
version.

'H nuclear magnetic resonance (NMR) spectroscopy and metabolic
profile data processing. For "H NMR spectroscopy, 1 ml of cell culture
medium (supernatant) was centrifuged for 5 min at 150 X g to remove
dead cells and subsequently stored at —80°C to await NMR analysis. 'H
NMR spectroscopy and data processing for metabolomic investigation
were performed as described by Ellis et al. (20). Briefly, to 550 .l super-
natant, 50 pl of D,O [containing 0.2% (wt/vol) TSP (trimethylsilyl pro-
pionate] was added, vortexed, and then centrifuged (13,000 X g, 10 min)
to remove insoluble material before the mixture was transferred to a clean
NMR tube. All reagents were checked prior to sample preparation by
obtaining a one-dimensional '"H NMR spectrum to ensure that they con-
tained no contaminants that may interfere with the downstream spectro-
scopic analysis. CPMG (Carr-Purcell-Meiboom-Gill) spectra were ac-
quired on a 600-MHz Bruker spectrometer for each sample to suppress
broad protein peaks. NMR spectroscopic data were imported and manip-
ulated in Matlab (Mathworks) using in-house software written and com-
piled by T. M. D. Ebbels, H. C. Keun, J. T. Pearce, and R. Cavill. Using this
software, the 'H NMR spectra were automatically phased, baseline cor-
rected, and referenced and normalized to the TSP resonance at d 0.

Immunofluorescence analysis. RPTEC/TERT1 cells were cultured on
18-mm glass coverslips in 24-well plates and fixed in 100% ice-cold meth-
anol for 10 min at —20°C at three states: subconfluent, newly confluent,
and as a matured monolayer. Fixed cells were incubated at room temper-
ature in blocking buffer (5% [wt/vol] bovine serum albumin [BSA; Cal-
biochem, Merck], 1% [vol/vol] Triton X-100 in PBS) for 30 min followed
by incubation with primary antibody for 1 h. All antibodies were diluted
in antibody diluent in a 1% BSA, 0.2% Triton X-100 PBS solution. Mouse
anti-E-cadherin (no. 610182; BD Transduction Laboratories) was used at
0.31 pg/ml, rabbit anti-cadherin 4 (HPA015613; Sigma) at 0.44 jg/ml,
rabbit anti-cadherin 16 (Abcam, ab80320) at 10 pg/ml, mouse anti-clau-
din 2 (no. 32-5600; Invitrogen) at 1.6 wg/ml, rabbit anti-claudin 3
(SAB4500435; Sigma) at 2 pg/ml, rabbit anti-claudin 10 (ab52234; Ab-
cam) at 3.3 ug/ml and rabbit anti-ZO3 (no. 36-4000; Zymed, Invitrogen)
at 1.25 pg/ml. Cells were incubated with 2.5 pg/ml of the appropriate
Alexa 488-conjugated secondary antibody (no. A11059 and A21206; In-
vitrogen) for 35 min. Repeated washing with PBS was performed between
the incubation steps. Cells were mounted in 3 mg/ml p-phenylene-di-
amine glycerol on a microscope slide and sealed with nail varnish. Fluo-
rescence images were obtained using a Zeiss Axiophot fluorescence mi-
croscope mounted with a 63X oil immersion objective (1.4 numerical
aperture; Zeiss). Images were captured with a cooled charge-coupled de-
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vice (CCD) camera (Spot Diagnostics) using Metavue image processing
software (Molecular Devices).

Western blot analysis. RPTEC/TERT1 cells were lysed in RIPA buffer
including protease inhibitor cocktail (catalog no. 8340; Sigma) and 10
pl/ml phosphatase inhibitor (catalog no. P0044; Sigma) at various time
points. Samples were incubated for 30 min on ice and then centrifuged at
8,000 X g for 5 min to separate RIPA buffer-soluble and -insoluble frac-
tions. Protein concentrations of the soluble fraction samples were deter-
mined by the BCA method according to the manufacturer’s protocol
(Pierce). The insoluble fraction was resuspended directly in 90 pl Laem-
mli buffer. Soluble (35 to 40 pg total protein in Laemmli buffer) and
insoluble (15 pl of the resuspended pellet) samples were run on 4 to 12%
bis-Tris minigels (Invitrogen). Gels for blots of proteins of <40 kDa were
run in NuPage MES (morpholineethanesulfonic acid) SDS running buffer
and those of proteins of >40 kDa in NuPage MOPS (morpholinepro-
panesulfonic acid) SDS running buffer (Invitrogen) at 200 V for 35 min
and 50 min, respectively. Proteins were transferred onto methanol-acti-
vated low-fluorescence Immobilon-P membranes (Millipore, Merck) in
2X NuPage transfer buffer (Invitrogen) containing 20% methanol (for
proteins of <40 kDa) or 10% methanol (for proteins of 40 to 110 kDa) for
30 or 60 min, respectively (maximum, 20 V) using a semidry transfer
system (Invitrogen). Membranes were blocked in 5% (wt/vol) BSA (Cal-
biochem)-Tris-buffered saline-Tween (TBST) for 1 h and probed with
primary antibodies (2 h at room temperature [RT] or overnight at 4°C).
All antibodies were diluted in TBST, except for anti-cadherin 4, anti-
cadherin 16, and anti-ZO3, which were diluted in 5% BSA-TBST. Mouse
anti-E-cadherin (no. 610182; BD Transduction) was used at 0.1 pg/ml,
rabbit anti-cadherin 4 (HPA015613; Sigma) at 0.44 pg/ml, rabbit anti-
cadherin 16 (ab80320; Abcam) at 1 pg/ml, mouse anti-claudin 2 (no.
32-5600; Invitrogen) at 0.8 pg/ml, rabbit anti-claudin 3 (SAB4500435;
Sigma) at 2 pg/ml, rabbit anti-claudin 10 (ab52234; Abcam) at 2 pg/ml,
and rabbit anti-ZO3 (no. 36-4000; Zymed, Invitrogen) at 2.5 pg/ml.
Mouse anti-beta actin (no. A2228; Sigma) at 0.1 pg/ml was used as an
internal control. Blots were incubated with the appropriate secondary
antibody conjugated to Cy3 or Cy5 (1:5,000; no. PA45011V and
PA443009V; GE Healthcare) for 1 h at RT. Bands were detected using an
Image Quant Las 4000 imager (GE Healthcare) and visualized and quan-
tified with Image Quant TL image analysis software (GE Healthcare). For
graphical representation, target values were normalized to the respective
beta-actin band and expressed as the increase (fold) over maximum in-
tensity.

Oxygen consumption analysis. Oxygen was measured using oxygen
sensor spots (PreSens) mounted on the inside of the upper lid of 10-cm
dishes, connected on the outside to the accompanying fiber optic AD
system Fibox 3 (PreSens). One hour before initiation of measurement,
medium was renewed and equilibrated to 21% oxygen and 37°C in a 5%
CO, humidified atmosphere. Dishes were sealed with PetriSeal adhesive
tape, and oxygen in the headspace was measured over a 15-min period at
3, 6, and 24 h after sealing. The measurement cycle was repeated every
second day from day 1 to day 18 after seeding. Oxygen consumption was
determined using an exponential decline fitting for greatest correlation
and then integrated for the area over the curve (AOC). To adjust for cell
number, 10 or more randomly spaced microscope images per dish were
taken with a Zeiss Axiovert 100 microscope at a magnification of 320X
before and after each measurement cycle, and cells were counted in an
area of 0.08 mm? using the Image J cell counting tool (National Institutes
of Health). Average total cell number of a 10-cm dish was then calculated
at the respective time points.

In addition, oxygen consumption measurements were performed in
the presence of a 10 WM concentration of the oxidative phosphorylation
uncoupler carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP) in order to elucidate the maximum oxygen consumption capac-
ity. Measurements were conducted as described above for a maximum of
8 h. FCCP treatment was conducted in three states: subconfluent (day 1),
newly confluent (day 6), and matured (days 25 to 30).
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FIG 1 Morphology of RPFTEC/TERT1 (A) and primary cells (B) over the experimental time course. Phase-contrast images were captured at the indicated time points
after seeding. Domes are visible as structures that are out of focus. Micrographs were obtained with a Zeiss Axiovert 100 microscope at a magnification of X320.

Stereology. Total RPTEC/TERT1 cell volume was estimated by a ste-
reology approach using light and electron microscopy, as previously de-
scribed in detail (21). Briefly, newly confluent and matured RPTEC/
TERT1 cells were washed with PBS, fixed in 1% (vol/vol) glutaraldehyde,
and then postfixed in 1% (wt/vol) OsO,. Monolayers were dehydrated
and embedded in Polybed (Polysciences) for transmission electron mi-
croscopy (TEM). Relative volume values (V;,) of nuclei, mitochondria,
and other subcellular structures (e.g., agglomerates of glycogen) were es-
timated at a magnification of X5,000 by point counting (22) utilizing a
square lattice and the relationship V,, = P;/P, X d, where P; is the number
of lattice cross points overlying the structure of interest 7, P, is the total
number of lattice cross points over the reference structure r, and d is the
lattice square length. Absolute values can be obtained by referring the
relative values to the mean average cell volume of RPTEC/TERT1 cells.
The latter value was obtained from the number of cells per unit area of
culture dish and the mean thickness of the monolayer assessed from elec-
tron micrographs of strictly perpendicularly cut cell monolayers.

Statistics. Statistical tests were applied to data in GraphPad Prism 5.02
and are specified in the legends. The error bars in the figures represent
standard deviation (SD), and the n values are given in the legends.

RESULTS

Cells transition from mesenchymal to cobblestone epithelial
morphology during the maturation process. Phase-contrast im-
ages at different times of monolayer maturation showed that both
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primary and RPTEC/TERT1 cells matured from spindle-shaped
subconfluent cells to cobblestone-shaped epithelial cells (Fig. 1).
In addition, both cell types developed extensive dome formation
at the later time points that are indicative of unidirectional trans-
port of water and solutes and thus of a matured epithelium.

The number of transcriptomic alterations decreased over the
time course of the experiment. At 3-day intervals over the 16-day
monolayer maturation process, RNA was harvested for whole-
genome microarray analysis. Hierarchical clustering of the unsu-
pervised samples revealed a high correlation (=0.5) among the
time-matched replicates (Fig. 2A). RPTEC/TERT1 and primary
cells clustered separately from each other. In both cell types, two
time-dependent clusters appeared (correlation = 0.4), grouping
early time points (days 1 and 4) away from later time points (days
7 to 16) (Fig. 2A). Class comparisons (1.5-fold change; P < 0.001)
conducted between two time points uncovered a decreasing num-
ber of differentially expressed probes (DEPs) over the time of
monolayer maturation, indicating a stabilization of the transcrip-
tome as the monolayer matured (Fig. 2B).

Adherens junction proteins mediating cell adhesion in-
creased during epithelial maturation, whereas those that sup-
port cell migration decreased. Since adherens junction (AJ) pro-
teins are key players in mediating cell-cell contacts (23), we
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FIG 2 Overview of gene alterations over monolayer formation. (A) Hierarchical clustering. Dendrogram of the hierarchical clustering (centered correlation and
average linkage) of the unsupervised samples. The dashed line indicates a correlation of 0.5. Samples that had a correlation of <0.5 with their biological replicates
were excluded from further analysis (n = 3). (B) Matrix showing the number of delta differentially expressed probes (DEP) (1.5-fold change; P < 0.001) between
two time points for each cell model. Dark and light gray boxes indicate the numbers of DEPs for RPTEC/TERT1 and primary cells, respectively.

investigated the protein expression and localization of cadherins
that were altered in the transcriptomic data. mRNA levels for cad-
herin 1 (encoded by CDHI; also known as E-cadherin) increased,
whereas levels of the cadherin 4 gene (CDH4) decreased over time,
exhibiting the highest expression on days 1 and 4 (Fig. 3A). Cad-
herin 16 (CDH16) mRNA and protein levels were highest at inter-
mediate time points. CDH1 exhibited increased junctional target-
ing and abundance during maturation, whereas the opposite was
true for CDH4 (Fig. 3A). CDHI16, on the other hand, exhibited
maximal junctional expression at confluence and became more
diffuse after monolayer maturation (Fig. 3A). In the matured ep-
ithelium, CDH16 was junctionally expressed in a very small subset
of the population which corresponded to cells at the apex of some
domes (Fig. 3A).

Tissue-specific tight junction proteins exhibited enhanced
expression in the matured monolayer. The tight junction (TJ)
complex is one of the main regulators of cell density and contact
inhibition (24) and also plays a role in the maintenance and reg-
ulation of the epithelial barrier. The transcript levels of genes for
the TJ proteins claudin (CLDN-2, -3, and -10) and tight junction
protein 3 (TJP3; also known as ZO3) increased over the time
course (Fig. 3B). A similar expression pattern was observed at
protein level (Fig. 3B). Additionally, CLDN2, -3, and -10 exhibited
increased junctional expression over the maturation period. TJP3
exhibited predominant nuclear expression in proliferating cells
but was exclusively junctionally expressed after confluence was
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reached (Fig. 3B). Additionally, TJP3 increased in protein abun-
dance over the maturation period.

Transcriptome alterations associated with arrest in G,/G,
cell cycle phase. As expected, a large number of the differentially
expressed genes are associated with cell cycle (Fig. 4A). For the
most part, the expression levels of these genes were higher at early
time points (day 1 and 4) and lower at the later time points (day 7
to 16). Many of the G,/S-phase genes exhibited the opposite ex-
pression pattern, however. This was observed for B-cell transloca-
tion gene 1, anti-proliferative (BTG1), cyclin-dependent kinase in-
hibitor 1B (CDKNIB, encoding a protein also known as p27),
cyclin G2 (CCNG2), inhibitor of growth family, member 4 (ING4),
CDC14 cell division cycle 14 homolog B (CDC14B), lysine (K)-spe-
cific demethylase 5B (JARID1B), leucine zipper, putative tumor sup-
pressor 1 (LZTS1), polo-like kinase 1 substrate 1 (C200RF19, en-
coding a protein also known as PLK1S1), cell cycle progression 1
(CCPG1), and kelch-like 9 (KLHL9).

The gene expression pattern of these cell cycle-associated genes
points to a highly proliferating status until day 4, followed by
arrest in the Go/G, phase. This was confirmed by cell cycle analysis
using flow cytometry (Fig. 4B), which indicated that at a subcon-
fluent state (day 1), 53.8% (*8.0%) of the cells were in G\/G,
phase, 33.3% (%5.0%) in S phase and 12.8% (*+4.9%) in G,/M
phase. Cell cycle distribution was similar on day 3 and shifted at
day 5, with most cells being in Gy/G, phase (84.5% = 0.7%),
whereas the fractions in S phase (11.8% = 0.7%) and G,/M phase
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(3.7% * 0.8%) were decreased. This trend continued until day 18,
where 96.4% (%0.6%) of the cells were in G,/G, phase, 1.8%
(£0.3%) were in S phase, and 1.8% (£0.7%) were in G,/M phase.

During the maturation process, cells switch from a highly
glycolytic and oxygen-consuming metabolism to predomi-
nately oxidative metabolism and beta-oxidation of fatty acids. A
number of genes involved in energy metabolism (glycolysis, tri-
carboxylic acid [TCA] cycle, oxidative phosphorylation, redox
regulation, and fatty acid metabolism) exhibited altered expres-
sion during monolayer maturation (Fig. 5A). Two main expres-
sion patterns could be distinguished: a peak expression at early
time points (day 1 to 4) and a peak expression at intermediate time
points (day 7 to 10). Early highly expressed genes comprised those
involved in fatty acid synthesis, including solute carrier family 25,
member 1 (SLC25A1) and fatty acid synthase (FASN), as well as
genes implicated in redox regulation, such as thioredoxin (TXN),
thioredoxin reductase (TXNRD1I), sulfiredoxin 1 homolog (SRXNT1),
glutathione S-transferase omega 1 (GSTOI), and gamma-glutamyl-
cyclotransferase (GGCT). Two genes encoding members of the less
well characterized class 3 glucose transporters, SLC2A6 and
SCL2A12 (also known as GLUT6 and 12), exhibited the highest
expression levels on day 1 and 4, respectively. Genes involved in
redox regulation displayed the highest expression at intermediate
time points and included catalase (CAT), glutathione S-transferase
alpha 4 (GSTA4), mu 1 (GSTM1), thioredoxin interacting protein
(TXNIP), and NAD(P)H dehydrogenase, quinone 1 (NQOI).
Genes involved in glycolysis and TCA cycle also demonstrated
peak expression at intermediate time points and comprised lactate
dehydrogenase B (LDHB), pyruvate dehydrogenase (lipoamide)
alpha 1 (PDHAL1), and oxoglutarate dehydrogenase-like (OGDHL)
as well as genes implicated in the beta-oxidation of fatty acids,
such as butyrobetaine (gamma), 2-oxoglutarate dioxygenase 1
(BBOX1), acyl-coenzyme A synthetase medium-chain family
member 3 (ACSM3), short-chain family member 1 (ACSSI), and
solute carrier family 25 and member 29 (SLC25A29). Additionally,
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB)
isoforms, responsible for the synthesis and degradation of fruc-
tose-2,6-bisphosphate, displayed an altered expression profile:
PFKFB3 was decreased in proliferating cells, whereas PFKFB4 was
increased.

NMR profiling of supernatant medium in proliferating and
matured RPTEC/TERT1 cells demonstrated a decreased utiliza-
tion of glutamine, tyrosine, valine, isoleucine, and glucose in the
matured epithelium (Fig. 5B). The glutamine and alanine profiles
are of particular interest, since the utilization of both spiked at 24
h, most likely due to catabolism of the medium supplement L-al-
anyl-L-glutamine (Glutamax, 2 mM). Membrane-bound amino-
peptidases hydrolyze the dipeptide, releasing alanine and glu-
tamine into the culture medium. Alanine did not seem to be
further used by the cells when they were either proliferating or
matured, but glutamine was consumed faster in proliferating cells.
Additionally, there was a decreased rate of production of oxo-
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isovalerate, oxo-methylisovalerate, formate, and lactate in the ma-
tured epithelium. In order to compare the kinetics of glycolysis
between these two states, we measured lactate and glucose in the
supernatant medium over the maturation process with biochem-
ical assays. Glucose utilization and lactate production steadily de-
creased over the time course and reached a steady state at day 8
(Fig. 5C).

We originally hypothesized that this glycolytic switch would be
paralleled by a switch to oxidative metabolism. However, oxygen
consumption measurements revealed that proliferating cells con-
sumed significantly more oxygen than the matured epithelium
(Fig. 5D). To examine further the respiration states at different
time points after seeding, we applied the uncoupler FCCP, which
disrupts the proton gradient across the mitochondrial inner mem-
brane. This causes an increase in the intracellular concentration of
ADP stimulating the transfer of electrons to oxygen molecules
(25). FCCP treatment can thus be used to measure the capacity of
the electron transfer system. Proliferating cells and newly conflu-
ent cells showed no altered respiration with FCCP compared to
their time-matched control (Fig. 5E), whereas FCCP treatment of
matured monolayers resulted in a significantly higher rate of ox-
ygen consumption than was seen in time-matched control and
proliferating cells (Fig. 5E). Inhibition of complex III of the elec-
tron transfer chain by antimycin A caused a small increase in lac-
tate production in proliferating cells, whereas nonproliferating
cells reverted to a highly glycolytic metabolism (Fig. 5F). Stereo-
logical analysis of matured cells demonstrated a 2.5-fold decrease
in cell volume (Fig. 5H, inset) paralleled by a slight, although not
significant, increase in mitochondrial volume (Fig. 5H). In line
with this trend is the observation that peroxisome proliferator-
activated receptor gamma, coactivator 1 alpha (PPARGCIA), a gene
involved in mitochondrial biogenesis, exhibited increased expres-
sion in matured cells (Fig. 5A). A trend pointing to a reduction in
glycogen stores was also observed in matured cells by stereological
analysis (Fig. 5H). Biochemical measurement of glycogen revealed
the highest glycogen storage after the most intense aerobic glycol-
ysis phase, which declined afterwards to basal levels (Fig. 5G).
During this peak, the gene encoding the glycogen-degrading en-
zyme glycogen phosphorylase, brain (PYGB), was highly ex-
pressed (Fig. 5A).

Taken together, these data suggest that proliferating cells run
both oxidative and glycolytic metabolism at full capacity (Fig. 5C
to E), while matured cells exhibit lower energy requirements but
have a higher capacity for oxidative metabolism. Furthermore,
disruption of oxidative phosphorylation with antimycin A reacti-
vates glycolysis in matured monolayers (Fig. 5F).

Genes associated with transport, proximal-tubule differen-
tiation, and ciliogenesis were increased in the matured epithe-
lium. The proximal tubule is the main site in the nephron for
solute and nutrient reabsorption. Interestingly, the transcript lev-
els of genes encoding three subunits of the Na™/K™ ATPase
(ATP1A1, ATPIBI, and FXYD?2), which is the driving force for

FIG 3 Adherens (A) and tight (B) junction protein expression during monolayer formation and maturation. (Top) Heat maps of adherens junction (AJ) and tight
junction (TJ) protein genes. Average mean-centered mRNA expression values (log,) per time point and cell type were used to generate the heat maps. Cell colors reflect
the value and direction of the expression value relative to the mean expression over all time points (red indicates higher expression and green indicates lower expression
compared to the mean) (n = 3). (Bottom) Immunofluorescence staining and Western blots including band intensity quantification (RIPA buffer-soluble and -insoluble
fractions; minimum n = 4) of A] and TJ proteins in RPTEC/TERT1 cells at different time points after seeding. Band intensities were normalized first to actin and then
to the maximum intensity per replicate. Values are means plus SD; statistical significances of changes in Western blot band intensities at day 16 were analyzed using
one-way analysis of variance (ANOVA) with the Bonferroni multiple comparison test post hoc. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 4 Cell cycle alterations over monolayer formation and maturation. (A) Heat map of cell cycle genes identified in the DEG list. Genes were assigned to G,/G,,
G,/S, S, SIG,, G,/M, or M phase of the cell cycle and then ranked within a cell cycle phase according to the difference between day 1 and 16 values in the
RPTEC/TERT1 data set. Average mean-centered mRNA expression values (log,) per time point and cell type were used to generate the heat map. Cell colors reflect the
expression value and direction relative to the mean expression over all time points (red indicates higher expression and green indicates lower expression compared to the
mean) (n = 3). (B) Cell cycle distribution of RPTEC/TERT1 cells at different time points after seeding. Values are means * SD; statistical significance of changes
compared to day 1 was analyzed using two-way ANOVA with the Bonferroni multiple comparison test post hoc. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001 (n = 3 t0 6).

transport processes in the proximal tubule, increased over time,
whereas subunit FXYD5, associated with decreased cell adhesive-
ness (26), showed the opposite expression profile (Fig. 6). Several
members of the ATP-binding cassette transporter family and
solute carrier family exhibited altered expression over the time
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course. Expression of several genes involved in important
proximal-tubular functions, including serine carboxypeptidase 1
(SCPEPI) (27) and parathyroid hormone 1 receptor (PTHRI) (14),
were increased during the maturation process, whereas expression
of a few also decreased, for example, alanyl (membrane) amino-
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FIG 5 Alterations in energy metabolism and mitochondrial function over monolayer formation and maturation. (A) Heat map of energy metabolism-
associated genes. Genes are grouped according to their function in different metabolic pathways and then ranked within the group to the difference
between day 1 and 16 values in the RPTEC/TERT1 data set. Average mean-centered mRNA expression values (log,) per time point and cell type are
represented in red (higher expression compared to the mean) and green (lower expression compared to the mean) (n = 3). (B) Metabolic alterations
measured by NMR in RPTEC/TERT]1 supernatant. Values are minima and maxima, in percent, normalized per metabolite. Colors represent abundances
of the respective metabolites, where red indicates high abundance and green indicates low abundance (n = 3). (C) Lactate production and glucose
consumption rates over RPTEC/TERT1 maturation time. n = 3. (D) Oxygen consumption rate over RPTEC/TERT1 maturation time. Statistical
significance was analyzed using one-way ANOVA with the Bonferroni multiple comparison test post hoc (n = 3). (E) Oxygen consumption of RPTEC/
TERTT1 cells after treatment with oxidative uncoupler FCCP for 8 h. Two-way ANOVA with the Bonferroni multiple comparison test post hoc was used to
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by stereology. Insert depicts the calculated absolute volume of newly confluent and matured cells. Statistical significance was analyzed by applying a
two-tailed unpaired ¢ test. P values are indicated above the bars (n = 3). (B to H) Experiments were performed with RPTEC/TERT1 cells. (C to H) Values
are means = SD. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001. PPP, pentose phosphate pathway.
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FIG 7 Predicted transcription factors (TFs) involved in the maturation process. Colors reflect the regulation z score and direction of regulation: yellow indicates
activation and blue indicates inhibition of the given TF. All TFs in this table had a P value of <0.001 for the overlap and a z score of >2 or <—2 at at least one

time point in both cell models.

peptidase (ANPEP) (Fig. 6). We also identified an augmentation in
the expression of several genes implicated in cilium biogenesis and
maintenance, including dynein, cytoplasmic 2, light intermediate
chain 1 (DYNC2LI1), Bardet-Biedl syndrome 1 and 12 (BBSI,
BBS12), intraflagellar transport 57 homolog (IFT57), and primary
ciliary dyskinesia protein 1 (PCDP1I) (Fig. 6).

Identification of transcription factor master regulators of
proliferation and maturation. The list of differentially expressed
probes over the time course was subjected to transcription factor
(TF) analysis in IPA. The refined analysis yielded 9 TFs with pre-
dicted early activation, 12 activated at later time points, and 1
(JUN) that was activated at both times (Fig. 7). Among the early
active TFs were TBX2, FOXM1, MYC, HIF1A, and E2F1-3, and
among the later active TFs, TP53, CDKN2A, RB1, KDM5B, and
FOXO3 were identified.

From four TFs of the list of predicted TFs activity-ELISAs were
performed. These assays confirmed that TP53 had the highest ac-
tivity in matured cells, whereas HIF1A and c-MYC exhibited the
highest activity in proliferating cells (Fig. 8A). In contrast to the
prediction of its activation state, FOXO1 was highly active in ma-
tured cells.

Transcript levels of some selected genes were quantified in in-
dependent samples by qPCR (Fig. 8B). We selected a panel of
genes involved in cell cycle regulation [CDKNI1A (p53 driven) and
CDC25A (c-MYC driven)], fatty acid metabolism (FASN and
BBOX1), transport (ATPI1Al and ATPIBI), and ciliogenesis
(BBS1). The gene cyclin-dependent kinase inhibitor 1A (CDKN1A;
the protein is also known as p21), which mediates the p53-depen-
dent cell cycle G, phase arrest, was significantly more highly ex-

pressed only in the matured monolayer (day 16 after seeding). The
gene for cell division cycle 25A (CDC25A), which promotes the
transition from G, to the S phase of the cell cycle and is a target of
¢-MYC, exhibited an expression profile contrary to that of
CDKN1A and was highly expressed in the subconfluent and newly
confluent (day 1 and day 7 after seeding, respectively) monolayers,
which corresponded to the microarray data. The gene for fatty
acid synthase (FASN) exhibited reduced expression in the newly
confluent monolayer, whereas the transcript levels of the genes for
butyrobetaine (gamma), 2-oxoglutarate dioxygenase 1 (BBOX1I),
a gene involved in L-carnitine synthesis, dramatically increased in
the newly confluent monolayer and further increased in the ma-
tured monolayer; the same expression trend was observed in the
microarray data. Expression of genes for the alpha and beta sub-
units (ATPI1A1 and ATPIBI, respectively) of the Na*/K* ATPase
increased in the newly confluent monolayer, and high expression
was sustained in the matured monolayer, consistent with the mi-
croarray data. The gene for the protein Bardet-Biedl syndrome 1
(BBS1) is implicated in cilium function, and it exhibited aug-
mented transcript levels beginning in the newly confluent mono-
layer and continued to be highly expressed in the matured mono-
layer, as in the microarray data. The qPCR data for the selected
genes corresponded well to the microarray expression data.
Figure 9 summarizes the main results.

DISCUSSION

Both primary human renal proximal-tubule cells and the telom-
erase-expressing human proximal-tubule cell line RPTEC/TERT1
exhibited similar growth rates and similar timelines of transition

FIG 6 Functional grouping of genes exhibiting time-dependent expression during epithelial monolayer maturation. Genes were ranked within the allocated
group according to the difference between day 1 and 16 values in the RPTEC/TERT1 data set. Cell colors reflect the value and direction of the expression value
relative to the mean over all time points (red indicates higher expression and green indicates lower expression compared to the mean) (n = 3). An asterisk
indicates that the group contains members that are shown in previous heat maps.
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FIG 8 (A) Activation levels of TFs TP53, FOXO1, c-MYC, and HIF1A in RPTEC/TERT1 nuclear extracts at days 1 and 16 after seeding. Values are means plus
SD (n = 3). Statistical significance was analyzed by applying a two-tailed unpaired ¢ test. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001. (B) qPCR of selected genes in
RPTEC/TERT1 cells at subconfluent (day 1 after seeding), newly confluent (day 7 after seeding), and matured (day 16 after seeding) time points. Values are
changes in copy number (fold) relative to biological replicate 1 on day 1. Values are means and SD (n = 3). Statistical significance was analyzed using one-way
ANOVA with the Bonferroni multiple comparison test post hoc. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

from mesenchymal-type morphology to confluent monolayers
and ultimately dome-forming monolayers. Cadherins are integral
members of the adherens junctions that function as intercellular
adhesion molecules (28, 29). Here we observed an increase of
CDHI (also known as E-cadherin) and CDHI16 mRNA with a de-
crease in CDH4 mRNA over the maturation time. CDH1 protein
was expressed in high abundance at the cell-to-cell junctions
throughout the maturation process. CDH1 is pivotal for tissue
formation and forms homo-trans-interactions with neighboring
cells and homo-cis-interactions within its own cell plasma mem-
brane. The combination of trans and cis interactions promotes the
formation of a lattice-type adherens belt (30). CDH4 exhibited
sparse junctional localization at the early time points, but junc-
tional expression increased in the intermediate phase. Total pro-
tein expression was high at days 1 and 4 and decreased thereafter.

2546 mcb.asm.org

These findings support the role of CDH4 as a facilitator of cell
motility (31). CDH16 is a nonclassical cadherin lacking the histi-
dine-alanine-valine adhesion recognition sequence and is thought
to play a role in maintenance of terminally differentiated tubules
rather than initiation of renal morphogenesis (32). Here, CDH16
was absent in proliferating cells, but junctional expression in-
creased dramatically at confluence. In the matured epithelium,
there was a decrease in CDH16 total protein, and expression was
limited to the apices of cells in dome-forming regions. It has pre-
viously been shown that cells at the apices of domes are often
mitotic (33), and thus it is plausible that CDH16 plays a role in
maintenance of the epithelial barrier in dividing cells of the ma-
tured epithelium.

The expression of the claudin family of intercellular TJ pro-
teins determines the paracellular selectivity of different epithelial
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FIG 9 Summary of key mechanisms and players in epithelial monolayer maturation. *, predicted transcription factor; #, expression confirmed using qPCR.

barriers (34). Here, the expression of genes for several claudin
subtypes increased during epithelial maturation, including
CLDN2 and CLDNI0. These subtypes are highly expressed in the
human proximal tubule in vivo (35), and their pore-forming
properties are thought to be the reason for the relative leakiness of
this region compared to more distal segments (2, 36-38). We re-
cently demonstrated that oxidative stress decreases the expression
of CLDN2 and CLDN10 (39), which would support the notion
that cell injury can cause a reversal of the differentiation process
(40). Other members of the tight junction (TJ) complex, the
zonula occludens (ZO) protein family, act as sensors of epithelial
compactness and regulate proliferation through their interaction
with and sequestration of transcription modifiers (7, 12, 41-43).
In our transcriptomics data, genes involved in the cell cycle were
highly enriched at the early time points, and cell cycle analysis

July 2013 Volume 33 Number 13

showed that the majority of cells arrest in G,/G, as soon as 5 days
after seeding. A small proportion of cell turnover remains there-
after. We observed an induction of TJP3 (also known as ZO3)
mRNA expression over time and a strong increase in protein lev-
els. Additionally, we could show that TJP3 is expressed in the
nucleus of proliferating cells, whereas cell-to-cell junction local-
ization was observed exclusively in the matured epithelium. Thus,
it is likely that TJP3 supports proliferation in subconfluent cells
but promotes cell cycle inhibition with increasing cell density, as
has been previously described for TJP1 (also known as ZO1) and
TJP2 (also known as ZO2) (44).

Proliferating cells require larger amounts of energy than non-
proliferating cells for biomass synthesis (nucleotides, proteins,
and membranes) (45). In our model, proliferating cells exhibited
an increased utilization of glucose and amino acids, including
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glutamine, with a concomitant increased production of lactate
and formate. Matured monolayers also exhibited lower oxygen
consumption and lactate production rates, further indicating a
decreased energy requirement. However, we demonstrated
that their oxidative capacity was higher using the uncoupling
agent FCCP, and stereology analysis revealed a slightly increased
mitochondrial volume. In addition, transcript levels for peroxi-
some proliferator-activated receptor gamma, coactivator 1 alpha
(PPARGCIA), encoding a crucial factor for mitochondrial bio-
genesis (46) and fatty acid beta oxidation (47, 48), were increased
after confluence was reached. We also observed an increase in the
mRNA for the catalytic a subunit of pyruvate dehydrogenase
(PDHA1I). In mitochondria, pyruvate dehydrogenase (PDH) con-
verts pyruvate to acetyl coenzyme A (acetyl-CoA), which is used as
a precursor for fatty acid synthesis or is fed into the TCA cycle
(49).In addition, genes involved in fatty acid synthesis were highly
expressed in proliferating cells, whereas genes implicated in beta-
oxidation were predominantly expressed in matured cells. We
have previously observed that exposure of differentiated renal and
hepatic cells to toxins increases lactate production (18), which is
likely due to impairment of mitochondrial oxidative respiration.
Thus, to establish whether low glycolysis rates in matured cells are
truly dependent on mitochondrial respiration, we measured gly-
colysis rates after exposure to the cytochrome c reductase inhibitor
antimycin A. Matured cells reverted back to glycolytic metabo-
lism, thus indicating that (i) their energy requirement is primarily
fulfilled by oxidative metabolism and (ii) they can switch to gly-
colysis when oxidative metabolism does not meet their energy
requirements.

The Na™/K™ ATPase is the driving force of numerous second-
ary active transport processes generating an electrical and chemi-
cal gradient across the cell membrane (50). In the proximal tu-
bule, approximately 77% of the energy supplied by oxidative
metabolism is invested in the Na™/K™ ATPase (3). This pump is
located on the basolateral membrane in most epithelial cells and
consists of a catalytic o subunit, a 3 subunit, and tissue-specific
FXYD proteins (51). FXYD2 is expressed in human fetal liver,
pancreas, and kidney (52), as well as in rat, pig, and dog kidneys,
but was not detected in several established renal cell lines (NRK-
52E, LLC-PK, and MDCK) (53). Here, the mRNA levels of the a1
(ATP1AI) and B1 (ATPIBI) subunits as well as FXYD2 were in-
creased at confluence and maintained at high levels. In contrast,
FXYD5 was highly expressed in proliferating cells (day 1) and
decreased on subsequent days. FXYD5 overexpression has previ-
ously been shown to decrease CDH1 and alpha catenin levels (26).
Thus, our data suggest that the expression of tissue-specific sub-
units of this pump is also promoted when the cells reach conflu-
ence.

Several genes involved in the cilium biogenesis and cilium
function exhibited increased expression over the maturation pro-
cess, including PCDPI, BBSI, and BBSI2. Renal epithelial cells
contain a nonmotile primary cilium (14), which is thought to be
involved in the maintenance of tubular integrity and luminal fluid
sensing. Mounting evidence suggests a role for the deregulation of
specific cilia proteins in renal cystic disease, including polycystic
kidney disease and Bardet-Biedl syndrome (BBS) (54). BBS arises
due to mutations in one of the several BBS-encoding genes or
chaperones and has multiple nonrenal manifestations, although
renal dysfunction is the major cause of morbidity and mortality
(55). We recently demonstrated that carcinogen exposure can in-
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duce the loss of primary cilia and that BBSI is one of the genes
heavily attenuated by potassium bromate and ochratoxin A expo-
sure (56).

Utilizing the temporal alterations in the transcriptome, we per-
formed a transcription factor activation prediction using IPA. The
analysis revealed p53 (TP53) as the most active transcription fac-
tor in the matured epithelium, which was confirmed by quantify-
ing p53 TF activity. This highlights the central role of p53 in epi-
thelial maturation by promoting cell cycle arrest, oxidative
phosphorylation, and suppression of glycolysis, as has been shown
within different cellular contexts (57, 58). Other transcription fac-
tors that were predicted to be activated in the matured epithelium
included CDKN2A (p16) and retinoblastoma 1 (RB1). CDKN2A
disrupts cyclin D complexes (59), preventing cyclin D-mediated
retinoblastoma protein (RB) phosphorylation and causing G, cell
cycle arrest (60). In addition, hypophosphorylated RB1 binds and
inhibits E2F transcription factors (61, 62). E2Fs have a central role
in mediating G,/S transition (63), and E2F1, -2, and -3 were pre-
dicted to be active during proliferation. The highest predicted
activity for transcription factors during proliferation was TBX2
(T-box 2). This transcription factor is overexpressed in several
cancers and promotes proliferation and metastasis by repressing
pl4**F (an alternating reading frame product of CDKN2A),
CDKNIA (also known as p21), N-myc downregulated gene 1
(NDRGI) and CDH1 (64). Additionally, c-MYC and HIF1A ex-
hibited higher transcriptional activity rates in proliferating cells.
Both transcription factors induce the transcription of pyruvate
dehydrogenase kinase 1 (PDKI) (65, 66), whose product phosphor-
ylates and inactivates PDH, thereby promoting glycolysis. Here,
PDHA1 mRNA was expressed at very low levels in highly prolif-
erating cells. FOXM1 (forkhead box M1) and FOXO1 (forkhead
box O1) were also predicted to be active in proliferating cells.
FOXM1 stimulates proliferation by regulating the genes involved
in G,/S, S, G,/M, and M cell cycle phase progression. It also trans-
activates MYC (67).

In contrast to its predicted activation state (early activation),
FOXOL1 exhibited higher activity in the matured epithelium. The
FOXO family of TFs are tumor suppressors and have multiple
roles in cell cycle inhibition, apoptosis, cellular stress response,
and regulation of energy metabolism (68). The gene for insulin-
like growth factor binding protein 1 (IGFBP1I), a target of FOXO1
(69, 70), is highly expressed during proliferation in the microarray
data set, consistent with the predicted activation. On the other
hand, some regulated FOXO1 targets involved in cell cycle inhi-
bition, like the CDKNIB protein (also known as p27) (71) and the
CDKNIC protein (also known as p57) (72), or in the regulation of
energy metabolism, like the PPARGCIA protein (73), are ex-
pressed at low levels in the subconfluent monolayer. Interestingly,
Nowak et al. (74) reported that expression of FOXO1 and FOXO3
was induced by E2F1, another predicted early activated TF. The
FOXO TFs have overlapping targets and activities, and their spec-
ificity depends on cell type, cellular context, and environmental
stimuli (75). FOXOL1 is ubiquitously expressed but is highest in
insulin-responsive tissues, whereas FOXO3, which was predicted
in this study to be in the group of late-activated TFs, is primarily
expressed in kidney, brain, heart, and ovaries. Constitutively ex-
pression of FOXO1 in mouse liver resulted in the suppression of
de novo lipogenesis, upregulation of genes involved in gluconeo-
genesis and protein and amino acid catabolism, whereas genes
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implicated in glycolysis, pentose phosphate shunt, and fatty acid
and sterol synthesis were downregulated (76).

In summary, this study provides an extensive unbiased charac-
terization of the transcriptional, metabolic, and functional altera-
tions during epithelial monolayer maturation of proximal tubular
epithelial cells (summarized in Fig. 9). We show that proliferating
cells have a higher energy demand with both increased glycolysis
and oxygen consumption and exhibit an immature cell-to-cell
junction complex with nuclear TJP3 expression and high activity
of HIF1A and c-MYC. The matured monolayers have lower en-
ergy demands, express TJP3, claudin 2, and claudin 10 at the in-
tercellular junctions, and exhibit high activities of p53 and
FOXO1. Given the main role for these processes in physiological
function and disease states such as cancer and fibrosis, these data
will be of great benefit in the further delineation of these complex
cellular pathways. Finally, these data will serve as a reference for
the development of differentiation strategies of inducible pluripo-
tent stem cells to a proximal-tubule phenotype.
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