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Abstract

1. Abstract

Mesenchymal stem cells (MSCs) are widely used in clinical settings as they attract beneficial
immunomodulatory and regenerative properties. However, their use is difficult as ex vivo
expansion is required to obtain sufficient numbers of MSCs, leading to an age-related loss of stem
cell potency and an increasing number of senescent cells. Due to their long lifespan MSCs are
suspected of accumulating radiation-induced mutations, potentially contributing to an increased
involvement in age-related disease and cancer. In this study the relationship between radiation
exposure and ageing of murine MSCs (mMSCs) was investigated and identified a potential

regulatory pathway involving the long intergenic non-coding RNA Gm12606.

It was observed that Gm12606 is overexpressed in mMSCs during ex vivo ageing and after y-
irradiation. This increase parallels the epigenetic upregulation of the CDKN2A-Ink4a gene, with
which it shares a genomic location. CDKN2A-Ink4a encodes the cell cycle regulator p16, whose
expression is known to increase during cellular senescence and during cellular stress.

Although the expression of Gm12606 was shown to be radiation responsive, ageing had a more
profound effect on Gm12606 levels. Knockdown of Gm12606 strongly influenced the transcription
of the nearby entire Ink4a/Arf/Ink4b locus, suggesting that Gm12606 acts predominantly via a cis-
mediated mechanism. In vitro, bone-marrow mMSCs from homozygous Gm12606-exon1
deficient C57BL/6 male mice retained a significantly lower percentage of cellular senescence than
cells from wild-type littermates. In early passages of these cells, loss of Gm12606 also showed
higher initial yH2AX and 53BP1 foci formation after 4 Gy. At the same time, fewer DNA double-
strand breaks remained unrepaired after 24h. This indicates a more efficient recognition of DNA
breaks and a better and more complete removal of the latter in mMMSCs from Gm12606-exon1

mutant mice.
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This study provides evidence for the involvement of the INcRNA Gm12606 in the cellular radiation

response and confirms in particular a very strong participation in the ageing process of mMMSCs.
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2. Zusammenfassung

Mesenchymale Stammzellen (MSCs) werden in der Klinik haufig eingesetzt, da sie
vorteilhafte immunomudulatorische und regenerative Eigenschaften besitzen. lhre
Verwendung ist jedoch schwierig, da eine ex vivo Expansion erforderlich ist, um eine
ausreichende Anzahl von MSCs zu erhalten, was zu einem altersbedingten Verlust der
Stammzell-Potenz und einer zunehmenden Anzahl von seneszenten Zellen fihrt. Aufgrund
ihrer langen Lebensdauer stehen MSCs im Verdacht, strahleninduzierte Mutationen zu
akkumulieren, was madglicherweise zu einer verstarkten Beteiligung an altersbedingten
Krankheiten und Krebs beitragt. In dieser Studie wurde der Zusammenhang zwischen
Strahlenbelastung und Alterung von murinen MSCs (mMSCs) untersucht und ein mdglicher
Regulationsweg, an dem die lange, intergene nicht-kodierende RNS (lincRNA) Gm12606

beteiligt ist, identifiziert.

Es wurde beobachtet, dass die lincRNA Gm12606 in mMSCs, wahrend der ex vivo Alterung
und nach vy-Bestrahlung Uberexprimiert wird. Dieser Anstieg verlauft parallel zur
epigenetischen Hochregulierung des CDKN2A-Ink4a Gens, mit dem es sich eine genomische
Position teilt. CDKN2A-Ink4a kodiert flr den Zellzyklusregulator p16, von dem bekannt ist,

dass seine Expression wahrend Seneszenz und zellularem Stress zunimmt.

Obwohl sich die Expression von Gm12606 als strahlungsabhangig erwies, hatte die Alterung
eine starkere Auswirkung auf das Expressionslevel von Gm12606. Der Knockdown von
Gm12606 beeinflusste stark die Transkription des nahegelegenen Ink4a/Arf/Ink4b-Lokus,
was darauf hindeutet, dass Gm12606 vorwiegend Uber einen cis-vermittelten Mechanismus
wirkt. In-vitro behielten mMSCs aus homozygoten Gm12606-Exon1-defizienten Mausen
einen signifikant geringeren Prozentsatz an zellularer Seneszenz als Zellen aus Wildtyp-

Wourfgeschwistern. In friihen Passagen dieser Zellen zeigte der Verlust von Gm12606 auch
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eine hohere initiale yH2AX und 53BP1-Foci Bildung nach 4 Gy. Gleichzeitig blieben weniger
DNA-Doppelstrangbriiche nach 24h unrepariert. Dies deutet auf eine effizientere Erkennung
von DNA-Brichen und eine bessere und vollstdndigere Beseitigung dieser Briche in

Gm12606-exon1 mutierten mMSCs hin.

Diese Studie liefert Beweise fur die Beteiligung der lincRNA Gm12606 an der zellularen
Strahlungsantwort und bestatigt insbesondere eine starke Beteiligung am Alterungsprozess

von mMSCs.
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3. Introduction

3.1 Cellular senescence as the key driver of ageing

It is generally believed that cellular and organismal ageing is the result of the slow but continuous
accumulation of damaged or dysfunctional cells, cellular debris and other waste products that
gradually disrupt the normal cell function (Gems & Partridge, 2013; Kirkwood, 2005; Lopez-Otin,
Blasco, Partridge, Serrano, & Kroemer, 2013). For a long time, it was assumed that ageing of an
organism is mainly due to the accumulating loss-of-function of post-mitotic cells in tissues with
low cell turnover (such as the nervous system, cardiac myocytes, or skeletal muscle). This was
first postulated by Miguel et al. (1980) (Miquel, Economos, Fleming, & Johnson, 1980) and widely
accepted by Barja in 2004 (Barja, 2003), but was mainly motivated by studies on the most popular
multicellular organism for research on ageing, namely C. elegans. C. elegans contains neurons
and muscle cells, but in contrast to higher metazoans, cells cannot be replaced when they are
worn out or damaged (Dimov & Maduro, 2019). In higher organism, adult stem cells provide a
reservoir for the replacement of functional cells that are lost or become senescent due to the
accumulation of cytotoxic or genotoxic damage. When Barja (2004) and Miquel et al (1980)
postulated that mitotically active cells are not relevant for tissue or organismal ageing, they most
likely referred to so-called transiently amplifying cells, which in fact represent only an intermediate
stage between the long-term, slowly dividing adult stem cells and the non-dividing, post-mitotic
and terminally differentiating cells. With the availability of more sophisticated single cell analysis
and studies in genetically modified mice, however, the severely underestimated role of adult stem
cells for a lifelong rejuvenation of organs and tissues became apparent (S. Neri & R. M. Borzi,
2020; Ren, Ocampo, Liu, & Izpisua Belmonte, 2017; Wiese, Ruttan, Wood, Ford, & Braid, 2019).
This also led to the discovery of certain congenic syndromes that show progeria related to cellular

defects that mainly affect stem cells (e.g., Werner-syndrome (Z. Wu et al., 2018; W. Zhang et al.,

10
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2015) or Hutchinson-Gilford progeria (Bellantuono, Sanguinetti, & Keith, 2012; Gordon, Cao, &
Collins, 2012; Scaffidi & Misteli, 2008)). Even though these rare, monogenetic disease can
impressively show the importance of stem cell ageing, it is unclear to what extent the affected
cellular pathways (nuclear architecture in Hutchinson-Gilford progeria and DNA repair in Werner-
syndrome) are also the mechanisms that control the normal, physiological ageing of cells and
tissue during the lifespan of “healthy” individuals. Genes and pathways nominated by genome-
wide association studies on longevity (Igf1, FOXO3, Nrf2) could only poorly be associated with a
phenotype in a defined cell type but were usually related to a “systemic” ageing phenotype (Lewis,
Mele, Hayes, & Buffenstein, 2010; Morris, Willcox, Donlon, & Willcox, 2015; Reddy & Chaiban,

2017).

Not all phenotypic changes during an organisms’ lifetime are due to ageing (such as growth of
the body, sexual maturation). Nevertheless, many tissues are affected by specific molecular
changes that correlate with progressive ageing. Genomic instability and loss of telomere length,
for example, are caused by the accumulation and transmission of this genetic damage to progeny
cells (Moskalev et al., 2012). Transmissible genetic lesions can be induced by exogenous
(chemicals, UV/IR radiation) and endogenous (reactive oxygen species (ROS), replication errors,
spontaneous reactions) factors (Lopez-Otin et al., 2013). Although the DNA repair machinery is
capable of repairing most damage the repair capacity may not be efficient enough in the case of
excessive damage, or when error-prone DNA repair pathways are used, or when chromosomal
aberrations result in irreversible or even progressive genomic instability (Lépez-Otin et al., 2013).
Eventually, an accumulation of damage may trigger cell cycle stress and gene regulatory
changes, that ultimately lead to cellular senescence and functional deterioration of the cell (Vijg
& Montagna, 2017). The accumulation of DNA damage occurs randomly across the whole
genome, as a result of exogenous genotoxic stress as well as endogenous errors during DNA

replication and mitotic chromosome segregation (Scott Maynard, Evandro Fei Fang, Morten
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Scheibye-Knudsen, Deborah L. Croteau, & Vilhelm A. Bohr, 2015). The integrity of the telomeric
DNA, the terminal protective ends of chromosomes, however, are also affected in most somatic
cells by a progressive shortening due to the incomplete replication at the termini of lagging strands
(O'Sullivan & Karlseder, 2010). Telomerase, an RNA-dependent DNA-polymerase is able to
replicate the chromosome ends and restore shortened sequences, but this enzyme is inactivated
in most somatic cells, resulting in progressive telomere loss with every cell division. The
consequence of this loss is a limited proliferative capacity, known as Hayflick limit, or replicative
senescence (Hayflick, 2000; Hayflick & Moorhead, 1961). The ends of the chromosomes are
protected by shelterin throughout the cell cycle (de Lange, 2005), a protective complex that hides
chromosome ends from nonhomologous end joining and homology-directed repair by forming the
t-loop structure to prevent their recognition as sites of double stranded DNA breaks (Palm &
Lange, 2008). This prevents end-to-end chromosomal fusions that would result from attempted
DNA repair at the telomeres and leads to an impairment of DNA repair ability and thus to an
accumulation of persistent DNA damage in telomeres. (Doksani, Wu, de Lange, & Zhuang, 2013).
The consequence is an impairment of the proliferation capacity, which further promotes the

induction of cellular senescence (Fumagalli et al., 2012; Lopez-Otin et al., 2013).

The accumulation of inadequately repaired DNA damage is only one reason for cellular ageing.
Other cellular alterations that lead to the ageing phenotype (senescence) are accumulation of
cellular waste (by misfolded proteins and damaged membranes) (Lopez-Otin et al., 2013), loss
of proteostasis (by impaired synthesis of chaperones) (Powers, Morimoto, Dillin, Kelly, & Balch,
2009), dysfunctional mitochondria (leading to impaired ATP production and an increase of
endogenous ROS) (Green, Galluzzi, & Kroemer, 2011), deregulated nutrient sensing (by anabolic
signaling that accelerates ageing and decreased nutrient signaling that extends longevity)

(Fontana, Partridge, & Longo, 2010), epigenetic changes (by remodeling of the chromatin

12
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architecture) (Pegoraro et al., 2009), or the activation of oncogenes (leading to oncogene-

associated senescence) (Gorgoulis & Halazonetis, 2010).

Senescence can be defined as a proliferative stop that forces the cell cycle into a state of
permanent arrest, accompanied by a characteristic set of phenotypic changes (Campisi & Di
Fagagna, 2007). These are characterized by a flattened and enlarged cell morphology, increased
activity of senescence activated 3-galactosidase (SA-B-gal) a specific secretory phenotype and
DNA damage, as well as altered gene expression (Salama, Sadaie, Hoare, & Narita, 2014).
Previous studies have observed that the number of senescent cells in aged tissue increases, but
not all tissues are affected equally. Whilst an increase in senescent cells has been observed in
liver, skin, lung, and spleen, no changes were found in heart, skeletal muscle, and kidney (Lépez-

Otin et al., 2013; C. Wang et al., 2009).

One of the few genes with a defined relationship to cellular ageing is the CDK inhibitor CDKN2A
(INK4A-p16), which shows increasing expression with the number of cell divisions and correlates
with the development of cellular senescence (Melk et al., 2004; Nielsen et al., 1999). One of the
most convincing mouse models of extended life span used a CDKN2A promotor driven suicide
gene that causes elimination of cells as soon as they become senescent (“Ink-ATTAC” mouse)
(Baker et al., 2011). The CDKN2A-INK4A (p16) is also regulated by the Bmi1 signaling pathway,
which is activated in murine B-cell ymphoma but is also an important gene conferring immortality
to normal and malignant stem cells (J. Lessard & G. Sauvageau, 2003). While Bmi1 activation
suppresses transcription of the CDKN2A locus, p16 is overexpressed during oncogene-induced
senescence (ltahana et al., 2003). This highlights the role of the CDKN2A locus in controlling
cellular senescence, tumor suppression, and the proliferative capacity of stem cells (Julie Lessard
& Guy Sauvageau, 2003). However, it is largely unknown which regulatory elements in the
CDKN2A promotor region or in distal control elements are responsible for transcriptional control.

Considering that the upstream Bmi1 pathway is closely related to the polycomb repressor
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complex Prc1 (Satijn et al., 1997; H. Wang et al., 2004) it is not surprising that the CDKN2A-
INK4A locus is epigenetically controlled and silenced during iPS reprogramming (Villasante et al.,

2009).

3.2 lonizing radiation indirectly affects tissue homeostasis

Humans are exposed constantly to ionizing radiation (IR) from a variety of natural and man-made
sources. This background radiation includes cosmic rays, environmental radionuclides such as
potassium40, uranium and its decay products including radon, as well as long-lived radionuclides
released from nuclear fission (Hall, 1989). The expanding use of radiation in diagnostic imaging
procedures, nuclear medicine and radiotherapy continually increases the dose received from

medical procedures (Brenner & Hall, 2007).

Exposure of cells to IR can cause damage to biomolecules such as proteins, membrane lipids
and DNA, either following a direct hit by a charged radiation particle, but equally relevant by the
chemical attack of IR-generated free radicals. Those are the product of ionized water molecules
leading to the formation of highly reactive OH" radicals (Desouky, Ding, & Zhou, 2015).
Characterized by a reactive, unpaired electron, free radicals react with DNA and proteins, and
cause covalent molecular alterations, leading to their functional impairment and finally to a

reduced cellular fitness (Barcellos-Hoff, Park, & Wright, 2005).

In dividing cells, the most dramatic radiation effect is the loss of clonogenic potential (Dikomey,
Brammer, Johansen, Bentzen, & Overgaard, 2000; Dikomey, Dahm-Daphi, Brammer, Martensen,
& Kaina, 1998; Dunne et al., 2003; McMillan, Cassoni, Edwards, Holmes, & Peacock, 1990). This
can be observed in most human and rodent cells and is generally regarded as “radiation induced

cell death” (Sia, Szmyd, Hau, & Gee, 2020). It results from irreversible damage to the

14



Introduction

chromosomes or the spindle apparatus and usually causes the affected cell to undergo a

permanent cell-cycle arrest at the G2/M phase, later followed by apoptosis or senescence.

3.3 Adult stem cells in life-long tissue regeneration and homeostasis

Stem cells in mammals have the ability to divide and provide daughter cells that are committed to
one or more lineages. In order to maintain the pool of stem cells a stem cell may divide to
generate two new daughter stem cells (self-renewal), or may produce a new stem cell along with
a differentiated progeny cell that can further divide and differentiate into cells with specialized
functions (Katsumoto, Shiraki, Miki, & Kume, 2010). Totipotent embryonic stem cells are derived
from the inner cell mass during the blastocyst phase of embryonic development (Thomson et al.,
1998). They are capable of producing daughter embryonic stem cells as well as progeny cells
that have the potential to differentiate into precursor cells of any of the three primary germ layers
endoderm, mesoderm and ectoderm (Thomson et al., 1998) and thus have the potential to initiate
the development of a complete and viable organism (Evans & Kaufman, 1981). In contrast, adult
(tissue) stem cells are only pluri- or multi-potent and can only differentiate along a limited number
of lineages. They are present in various tissues of the body and organs, where they serve as

tissue regeneration reservoirs and maintain tissue homeostasis (Verfaillie, 2002).

Adult stem cells include the hematopoietic stem cells of bone marrow, mesenchymal stem cells,
neural stem cells and epidermal or melanocyte stem cells of skin (Passier & Mummery, 2003).
The ability of mesenchymal stem cells to self-replicate over many passages, where they can be
expanded to a sufficient number, is an important feature with regard to their clinical application in

tissue and organ regeneration.

15



Introduction

3.4 Mesenchymal stem cells (MSCs)

Friedenstein was the first in 1973 to describe MSCs as spindle-shaped, clonogenic colony-
forming unit fibroblasts (CFU-Fs) cells in monolayer cultures with the potential to differentiate into
osteocytes, adipocytes and chondrocytes, (Friedenstein, Chailakhyan, Latsinik, Panasyuk, &
Keiliss-Borok, 1974). Starting from the observation that the stroma of the bone marrow contains
supporting stem cells of non-hematopoietic origin, which were then called marrow stromal stem
cells (Owen, Cave, & Joyner, 1987), Arnold Caplan finally defined the term mesenchymal stem
cell in 1991 (Caplan, 1991). Subsequently Pittenger et al. were able to isolate cells with MSC
properties from the BM and to stimulate them to differentiate into adipocytes, chondrocytes and
osteocytes, finally proving the mesenchymal multipotency in vitro (Pittenger et al., 1999). These
observations did not prevent MSCs from becoming the subject of considerable debate with the
main critique being the lack of a clear phenotypic character defining the MSC (Horwitz & Keating,
2000). Consequently, the Mesenchymal and Tissue Stem Cell Committee of the International
Society for Cellular Therapy proposed two further criteria for the definition of hMSCs. In addition
to the ability to differentiate in vitro into adipocytes, osteoblasts and chondrocytes, MSCs under
standard culture conditions they must firstly adhere to plastic and secondly express the surface
antigens CD105, CD73, CD90, while CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-
DR should be absent (Dominici et al., 2006). However, these latter immunological criteria apply
only to hMSCs and do not appear to define MSC-like cells of other species, such as the murine
MSC (mMSC). For example, CD90 and CD105 are both strongly expressed in mMSCs
(Pelekanos et al., 2012), yet they are absent in dog, goat and sheep MSCs (Rozemuller et al.,
2010). In addition, MMSCs show very low expression of CD73, but strongly express CD80 that is
completely absent in hMSCs (Pelekanos et al., 2012). In summary, human and mouse MSCs
show differences in surface marker expression, but their plastic adherence, tissue localization

and multilineage end-stage differentiation functions are conserved (Dominici et al., 2006).
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In addition to adipocyte (Purpura, Aubin, & Zandstra, 2004), osteoblast (Jaiswal, Haynesworth,
Caplan, & Bruder, 1997) and chondrocyte (Johnstone, Hering, Caplan, Goldberg, & Yoo, 1998)
differentiation lineages MSCs have the potential to differentiate into myoblasts (Wakitani, Saito,
& Caplan, 1995) and neuron-like cells (Deng, Obrocka, Fischer, & Prockop, 2001). It has been
shown that under appropriate conditions they may even transdifferentiate in vitro towards non-
mesenchymal lineages such as hepatic (Petersen et al., 1999), pancreatic (L.-B. Chen, Jiang, &
Yang, 2004), cardiac (Makino et al., 1999), neural (Tropel et al., 2006), renal (Tayyeb, Shahzad,
& Gibran, 2017) or epithelial-like cells such as keratinocytes. Such a wide capacity would certainly
contribute to wound healing processes (Sasaki et al., 2008). Functionally defined MSCs can be
isolated from various tissues and organs other than the bone marrow including the pulpa of
deciduous teeth, adipose tissue, umbilical cord, Wharton'’s jelly and even from the monocyte
fraction of peripheral blood (Squillaro, Peluso, & Galderisi, 2016). Because of the absence of
cellular markers suitable for immunohistochemistry and the low abundance it has not been
possible to identify the exact anatomical location of MSCs in these tissues. The only clear and
specific anatomic location of MSCs is the perivascular niche surrounding the endothelial cells of
sinusoids and arterioles of the blood capillaries (Oh & Noér, 2015). These MSCs are probably
identical to pericytes, and might play an important role as a source of anti-inflammatory cytokines

protecting the blood vessels (Caplan, 2017).

Isolation of MSCs according to ISCT criteria results in a heterogeneous population of stromal-
derived cells containing a mixture of stem cells, committed progenitors and differentiated cells
(Squillaro et al., 2016). It is considered that this spectrum of cell types and differentiation potential
is required to allow MSCs to contribute to the regeneration of replacement tissue and wound

healing, thus maintaining tissue homeostasis (Stappenbeck & Miyoshi, 2009).
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Figure 1: Differentiation potential of mesenchymal stem cells. MSCs are self-renewing, multipotent,
adult stem cells that are capable of producing multiple end-stage cell lineages, especially of the skeletal
type. They can differentiate into osteoblasts, adipocytes, chondroblasts, fibroblasts and myoblasts as well
as lineages of non-mesenchymal origin such as neurons. (Figure is modified from an image published by
Promo Cell, Heidelberg, Germany)

3.4.1 Advantageous qualities of mesenchymal stem cells in tissue regenerative cell
therapy
Apart from supporting the hematopoietic stem cell niche in the BM microenvironment (Shiozawa,
Havens, Pienta, & Taichman, 2008), MSCs have the potential for disease treatment and for
recovery after tissue damage. Their unique multilineage differentiation potential, the relative ease
of obtaining MSCs from the BM or other connective tissue, as well as their considerable ex vivo
expandability, make MSCs attractive and suitable candidates for cell based regenerative
therapeutic purposes. Positive effects have been reported in repair of bone (Quarto et al., 2001)
and cartilage (Wakitani et al., 2004). In animal models it was shown that MSCs can contribute to
the regeneration of damaged blood vessels and even peripheral neurons (N. F. Huang & Li, 2008;

Masgutov et al., 2019).
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In addition to a direct cellular repopulation MSCs are able to secret soluble factors (e.g., cytokines,
chemokines and growth factors) that support cell survival and proliferation. As a consequence
transplanted MSCs are able to interact with the local microenvironment or with other cells to
promote the regeneration of injured tissue (Galderisi & Giordano, 2014; J. Wang, Liao, & Tan,
2011). Another important regenerative activity is the ability of MSCs to modulate the immune
response (W. Jiang & Xu, 2020). Thus, in vitro and in vivo studies have reported that MSCs
release soluble factors that lead to an anti-inflammatory tissue response by directly suppressing
activated T-cells (Glennie, Soeiro, Dyson, Lam, & Dazzi, 2005), B cells (Corcione et al., 2006),
natural killer cells (Spaggiari et al., 2008), dendritic cells (X.-X. Jiang et al., 2005) and
macrophages (J. Kim & Hematti, 2009). MSCs may also act indirectly by inducing regulatory T
cells (Tregs) (Di lanni et al., 2008). It must be added that the reported immunomodulatory activity
is not limited to immunosuppression in severe inflammation, but includes stimulation of the
immune system through the release of proinflammatory factors (Squillaro et al., 2016). The
immunomodulatory property makes MSCs attractive for a potential treatment for autoimmune
diseases and graft-versus host disease (Squillaro et al., 2016). Finally, MSCs also have the ability
to migrate to sites of damaged tissue and inflammation. This homing capacity is suggested to be
due to a response to signalling molecules released from damaged tissue. These are suggested
to bind to corresponding surface receptors on the MSCs itself, triggering migration and homing
(De Becker & Van Riet, 2016). However, this mechanism is not fully understood since MSCs do
not express obvious homing receptors that affect their ability to migrate (De Becker & Van Riet,
2016). However, MSCs are reported to express chemokine receptors CCR1, CCR4, CCRY7,
CXCRS5, and CCR10 (Von Luttichau et al., 2005). In any case, homing to sites of inflammation is
a very advantageous approach to the potential of MSCs in clinical application and is often used

and investigated in clinical trials.
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3.4.2 Increasing use of mesenchymal stem cells in clinical trials

A number of studies have been conducted on the feasibility and effectiveness of MSC-based
therapy. According to the US National Institute of Health (https://clinicaltrial.gov/), 814 clinical
trials based on MSCs are currently (as of February 2020) underway, 240 of which have been
completed. The number of trials has almost doubled over the last five years (Squillaro et al.,
2016). Most of these studies are concerned with the regenerative therapy of damaged or
otherwise degenerated connective tissue (bone, cartilage, skin, tendons), with anti-inflammatory
or immunomodaulating treatments (such as for reducing graft-versus-host disease) or oncological
treatment (such as combating haematological malignancies and others). In trials of intra-
pancreatic transplantation of autologous MSCs have also sought to halt the progression of
diabetes mellitus by intervening in the chronic inflammatory processes that destroy beta cells

(Scuteri & Monfrini, 2018).
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Figure 2: Autologous vs allogeneic treatment with mesenchymal stem cells. A simplified presentation
of an MSC-based therapeutic approach. MSCs are isolated from BM or other connective tissue of a donor
and expanded ex vivo in culture to a sufficient number. MSCs can then be cryopreserved until use, then
thawed and reinjected into the donor (autologous) or into another patient (allogeneic). The procedure is
modified according to the area of application, e.g., in tissue engineering therapy the MSCs are additionally

differentiated ex vivo into chondrocytes and osteoblasts.
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3.4.3 Risks and challenges in the clinical application of mesenchymal stem cells

3.4.3.1 Age-related changes of MSCs during ex vivo expansion
As the body ages, MSC also age and contribute to impairment of tissue maintenance and repair,
which can lead to delayed or incomplete healing of fractures and other lesions and a reduced
ability of MCSs to secret anti-inflammatory factors (Simona Neri & Rosa Maria Borzi, 2020; D. R.
Wagner et al., 2019). In addition, MSCs are a very rare cell population in the organism, the number
of which is usually not more than 0.01 % of the total cell count (Wexler et al., 2003). Due to their
small cell number, the use of MSCs in clinical applications requires a massive ex vivo expansion
in order to obtain a sufficient number of cells. However, the expansion in vitro, which is achieved
by repeated clonal expansion, is limited. Cellular senescence often occurs during the proliferation
period and is characterized by impaired stem cell multi-potency and a reduction of proliferative
activity and changes in their metabolic activity (Baxter et al., 2004). This is mainly triggered by
various signaling pathways, e.g. the p53/p21 and p16/RB pathways, which eventually lead to
permanent cell cycle arrest in hMSCs (Yu & Kang, 2013) and the accumulation of genetic
instability and DNA damage in vitro (Neri, 2019), in turn driving and amplifying the ageing process
(Ou & Schumacher, 2018). The occurrence of accelerated cellular senescence of hMSCs (Y.
Wang, Han, Song, & Han, 2012), during the required in vitro expansion prior to therapy, is
associated with morphological changes and modifications of the secretory phenotype. These
effects limit the important beneficial properties of MSCs in therapy, such as immunomodulation,
differentiation potential, proliferation and homing capacity (Simona Neri & Rosa Maria Borzi,

2020).

The aim to achieve a high number of therapy-suitable MSCs from a relative low number of
explanted clone-forming units is achieved by adding high concentrations of growth factors and
growth-inhibiting signals to the cell culture medium. During this in vitro procedure, MSCs are

subjected to a highly unphysiological proliferation pressure, which causes cytogenetic and
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metabolic stress (Bonab et al., 2006). This could cause MSCs to undergo morphological and
genetic changes (Y. Yang, Pan, Lin, & Huang, 2018) and (or) promote the accumulation of DNA
damage, leading to malignant transformation (Josse et al., 2010; Miura et al., 2006).
Consequently, they also could lose their tri-differentiation potential (osteogenic, adipogenic,
chondrogenic) when the cultures reach the upper limit of passage (DiGirolamo et al., 1999; Y.-H.
K. Yang, 2018). In addition, accelerated senescence occurs due to the high replicative stress to
which MSCs are exposed as a consequence of the culture conditions and the lack of a protecting

environment that creates the stem cell niche in vivo (Simona Neri & Rosa Maria Borzi, 2020).

Recently, our research group has observed that in vitro expansion under chronic oxidative stress
leads to higher rate of replicative senescence and to more spontaneous and radiation-induced
DNA double strand breaks (DNA-DSBs) in mouse MSCs (Hofig et al., 2016). It was also shown
that mMSC gradually lose their ability to respond to radiation-induced damage with increasing

time of in vitro expansion (D. Hladik et al., 2019)

It is important to consider and counteract these potentially adverse effects in order to improve

therapies and outcomes and ultimately ensure safe treatment.

3.4.3.2 Cumulative radiation exposure can influence the fate and suitability of MSC
Previous studies suggest that MSCs are resistant to irradiation due to several mechanism,
including ATM protein phosphorylation, activation of cell cycle checkpoint and efficient DSB repair
(M.-F. Chen et al., 2006), which may even be beneficial in stem cell treatment and cancer therapy.
However, since IR causes massive genotoxic stress by free radicals and direct hits to the DNA,
MSCs are particular at risk to accumulate damages from repeated or protracted radiation
exposure over longer periods of time, due to their slow cell cycle kinetics and their long residence

time in the organism. If the radiation-induced genomic lesions, such as DNA-DSBs cannot be
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carefully repaired, MSCs could accumulate irreversible damage leading to premature senescence
(Alessio et al., 2015) to prevent transmission to their offspring cells (Watters, 1999), which could
have adverse effects on regenerative stem cell therapies, or they could suffer from mutations and

become prone to malignant transformation (Rando, 2006).

3.5 Non-coding RNA transcriptome

The development of new technologies for sequencing the entire genome has opened up a new
perspective on the eukaryotic transcriptome and revealed a new understanding of RNA. This has
challenged the notion that RNA serves only as a template for protein synthesis and is an essential

bridge between DNA and protein (Kozak, 1983).

Only <2% of the human genome encodes proteins and the other 98% were considered to be
transcriptionally inactive DNA (J. X. Yang, Rastetter, & Wilhelm, 2016). Today it is known that a
large percentage (~70%) of the genome is actively transcribed into RNA (Birney et al., 2007;
Consortium, 2007; F. F. Costa, 2010; Katayama et al., 2005). Initially it was argued that this
represented transcriptional noise but recent findings have identified a rapidly growing number of
functional non-coding RNAs (ncRNAs) that have been identified as regulators of biological
processes including gene expression, cell cycle control, apoptosis, cell identity decisions,
chromatin remodelling, and epigenetic modifications (Bartel, 2004; Tim R Mercer et al., 2011;
Taft, Pheasant, & Mattick, 2007; J. X. Yang et al., 2016). These observations, when applied to
the genomes or genetics of higher organism, could explain the inconsistent correlation between
the number of protein coding genes and the morphological complexity of organism (Mattick,

2007).

Members of the ncRNA transcriptome referred to as housekeeping ncRNAs and studied in detail

include tRNAs, rRNAs, small nucleolar (snoRNAs) and small nuclear RNA (snRNAs). These are
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expressed ubiquitously and with a relatively high abundance (Fu, 2014; P. Zhang, Wu, Chen, &
Chen, 2019). They each fulfil essential functions that contribute to protein synthesis (tRNAs,
rRNAs) (Moldave, 1985) or are involved in RNA modifications (snoRNAs) (Matera, Terns, &
Terns, 2007) and splicing (snRNAs) (Shi, 2017). This group also includes the telomere-complex
associated guide RNA (TERC), which is a component of the telomerase and serves as a template
for the synthesis of telomerase repeats at the end of chromosomes to extend telomeres (e.g., in

germ cells) (Greider & Blackburn, 1985).

The regulatory ncRNA transcriptome has been considered to represent two sets of small ncRNAs
(<200 nt) and long ncRNAs (>200 nt) (Consortium, 2012). The group of small ncRNAs includes
miRNAs, piRNAs and tRNA-derived small RNAs (tsRNAs) (Fu, 2014). They are typically short
(~20-30 nt), and are often processed from larger RNA precursor transcripts (M. C. Costa, Leitao,
& Enguita, 2012). miRNAs can regulate biological processes by inhibiting protein factors via
mRNA degradation and/or translation of target genes (gene-silencing). For this purpose miRNAs
often interact with members of the Argonaut (Ago) family of proteins (Choudhuri, 2010). piRNAs
instead, interact with piwi complexes to form RNA-protein complexes. Thus, they can regulate the
maintenance and self-renewal of germline stem-cells (Cox et al., 1998) or silence transposons,
allowing the development and maintenance of DNA integrity (Halic & Moazed, 2009). In addition,
it has been discovered that piwi-piRNA complexes can epigenetically regulate gene expression
at specific genomic sites (X. A. Huang et al., 2013). Similarly, tsSRNAs have also been found to
play various functional roles in gene expression, protein translation, epigenetic regulation, and

immune processes (S. Li, Xu, & Sheng, 2018).

A group function cannot be assigned to other ncRNAs. These include the promoter associated
transcripts (paRNAs), enhancer associated RNAs (eRNAs), and the most recently recognized
circular RNAs (circRNAs). paRNAs are low-expressed ncRNAs of gene promoters that have been

discovered in human cells and are thought to play a significant role in controlling gene expression
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of downstream genes through gene silencing (Han, Kim, & Morris, 2007). In contrast, eRNAs
produced by active enhancers also have been shown to possess an important functional role in
regulating target gene expression, however, through activation function (W. Li et al., 2013; Melo
et al., 2013; X. Wang et al., 2008). eRNAs closely resemble IncRNAs, yet are distinct due to
several aspects (e.g., lower expression level, shorter, lack constant splicing and polyadenylation)
(T.-K. Kim, Hemberg, & Gray, 2015). CircRNAs represent a covalently closed, continuous single
stranded loop that has been found to function as miRNA (Hansen et al., 2013) and protein

sponges and is also involved in the cellular radiation response (O'Leary et al., 2017).

Most attention in recent years has been paid to INcRNAs, one of the most poorly understood RNA

species.
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Figure 3: Classification of non-coding RNA. Schematic overview of the non-coding RNA family members
(Figure is modified from an image published by La Ferlita et al., 2018 (La Ferlita et al., 2018)). The yellow
parts refer to the groups to which the long-intergenic non-coding RNA Gm12606 studied in this project

belongs.
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3.5.1 Long non-coding RNAs (LhcRNAs)

LncRNAs are RNA transcripts that are more than 200 nucleotides in length. They are observed
in wide variety of organisms, including animals (Feyder & Goff, 2016), plants (Y.-C. Zhang et al.,
2014), yeast (Niederer, Hass, & Zappulla, 2017), prokaryotes (Bernstein, Zopf, Freymann, &
Walter, 1993) and even viruses (Reeves, Davies, McSharry, Wilkinson, & Sinclair, 2007). They
may be transcribed from intergenic DNA, but some are generated from intragenic sequences
where they can include both exonic and intronic sequences derived from mRNA coding genes
(Moran N Cabili et al., 2011). Typically IncRNA lack long open reading frames and thus lack
protein coding capacity (Marchese, Raimondi, & Huarte, 2017). However, some studies have
indicated that some IncRNAs may be transcribed into very short amino acid chains (Derrien et al.,
2012; Ulveling, Francastel, & Hubé, 2011). They are transcribed by RNA polymerase Il and
contain a 5 7-methylguanosine cap and a 3’poly(A) tail in common with mRNA. As would be
expected from the lack of constraints posed by an ORF, the sequences of IncRNAs are less
conserved than those of protein coding genes (Ponjavic, Ponting, & Lunter, 2007). However, the
use of chromatin-state maps to detect discrete functional sequence blocks that interfere with
known protein-coding loci have identified a subset of mammalian long intergenic ncRNA
(lincRNA). They are distinct from the broader IncRNA class of transcripts as many IncRNAs share
sequence with coding loci, but lincRNA are located in intergenic regions (Bertone et al., 2004).
They exhibit strong evolutionary conservation at the sequence level (Guttman et al., 2009) and
provide an important indication, even if weak, of the functionality of IncRNAs.

LncRNA have been implicated in a variety of human disease including cancer, because they are
involved in the regulation of numerous molecular pathways associated with changes in gene
expression and are dysregulated in cancer cells (DiStefano, 2018; Maite Huarte, 2015; M.-C.
Jiang, Ni, Cui, Wang, & Zhuo, 2019; F. Jiao et al., 2014; L. Zhang, Zhou, Pan, & Zhao, 2014). It
is becoming increasingly clear that IncRNAs not only triggers for diseases, but also influence them

positively (Lekka & Hall, 2018).
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Thousands of potential INcCRNA loci have been predicted by bioinformatic algorithms searching

next-generation sequencing data sets (Fang et al., 2018), but it is not known how many of these

are functional. The GENCODE consortium within the ENCODE project has been annotating and

providing a comprehensive set of human IncRNAs for several years (Derrien et al., 2012). With

15,512 transcripts grouped in 9640 gene loci, the human GENCODE IncRNA catalogue is the

largest manually curated catalogue of candidate human IncRNA (Harrow et al., 2012).

Thus, IncRNAs could first be classified into the following locus biotypes according to their position

in relation to protein coding genes, carrying diverse functional properties (Derrien et al., 2012;

Khandelwal, Bacolla, Vasquez, & Jain, 2015):

1.

Long intergenic ncRNAs (lincRNA) are transcripts derived from a locus that is at least 1
kb away from the nearest protein-coding gene. They are known to modulate various
biological processes, including cell cycle regulation (N6tzold et al., 2017), embryonic stem
cell fate (L. Yang, Lin, & Rosenfeld, 2011) and surveillance of immune response (G. Hu
et al., 2016). They often regulate nearby genes by recruiting chromatin proteins (Ahmad
M Khalil et al., 2009).

Antisense IncRNAs are transcribed in the opposite direction relative to a protein-coding
locus (Katayama et al., 2005). They are less prone to splicing and are therefore expressed
at lower levels than their sense equivalent (Villegas & Zaphiropoulos, 2015). In addition,
they have been reported to affect gene regulation pre-transcriptionally (e.g., via epigenetic
regulation (T. R. Mercer & Mattick, 2013), by modulating the transcription process (Vance
& Ponting, 2014)), and post-transcriptionally (e.g., via RNA-RNA interactions that modify
mMRNA structure (Batista & Chang, 2013)).

Sense overlapping INcRNAs, also known as exonic INcRNAs, are transcripts derived from
the same genomic strand as a protein-coding gene locus (Ma, Bajic, & Zhang, 2013). This

results in a INcRNA transcript that contains sequences that overlaps with those of the

27



Introduction

mRNA exons. Their function is less well studied, but they have been shown to be unique
in that they act as both an RNA and protein-coding gene (Leygue, 2007).

4. Intronic IncRNA transcripts are located within introns of a coding gene, transcribed in
either the sense or antisense orientation, but do not overlap exons (Ma et al., 2013).
Intronic INcRNAs may stabilize protein-coding transcripts or regulate splicing (Nakaya et

al., 2007).

3.5.2 Functions of IncRNAs

Compared to protein-coding genes, INcCRNAs are enriched in the nucleus relative to the cytoplasm
(Derrien et al., 2012; Djebali et al., 2012), and are particularly enriched in the chromatin fraction
(Tanmoy Mondal, Rasmussen, Pandey, Isaksson, & Kanduri, 2010). They are generally, but not
always spliced and polyadenylated, by RNA polymerase Il (Scheuermann & Boyer, 2013) and
can fold into various secondary structures to interact with DNA, RNA and protein molecules

(Guttman & Rinn, 2012; Marchese et al., 2017).

Attempts have been made to categorize the mechanisms of action of IncRNA. Accordingly,
IncRNAs were defined by four different functionality archetypes by Wang and Chang, 2016 (Kevin

C Wang & Chang, 2011):

Archetype 1 defines IncRNAs that act as signal or indicator, as their transcription is under
considerable control by responding to stimuli of transcriptional activity, thus contributing to gene
regulation. The INcRNAs exhibit cell type specificity as transcription occurs at very specific time
and location (e.g., Xist and the role in X inactivation by silencing gene expression (Pontier &
Gribnau, 2011); HOTAIR and HOTTIP and their anatomically specific expression within the HOX
gene clusters (K. C. Wang, Helms, & Chang, 2009); linc-p21, that targets p53 in response to DNA

damage (M. Huarte et al., 2010)).
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Archetype 2 specifies INCRNAs that can bind to and titrate away other regulatory RNAs or proteins
(e.g., Gas5 by competing for the binding to the DNA binding domain of the glucocorticoid receptor
and acting as a decoy (Kino, Hurt, Ichijo, Nader, & Chrousos, 2010); TERRA as a natural ligand

and thus inhibitor of telomerase (Redon, Reichenbach, & Lingner, 2010)).

Archetype 3 IncRNAs are guides that can bind ribonucleoproteins and direct them to their specific
targets in cis or in trans (e.g., XIST by recruiting the polycomb repressor complex 2 (PRC2) to
inactivate the X-chromosome in cis (Wutz, Rasmussen, & Jaenisch, 2002); HOTAIR by regulating

epigenetic states in cells by targeting PRC2 in trans (Wutz et al., 2002)).

Archetype 4 defined INcCRNAs serve as scaffolds for the formation of multiprotein complexes such
as those required for stabilizing nuclear structures or signaling complexes (e.g., TERC and the
association with catalytic protein subunit TERT to enable telomeric repeat synthesis (Lustig,
2004); ANRIL through interacting with chromatin-modifying complexes to regulate the

INK4A/ARF/INK4B locus in humans (J. Gil & G. Peters, 2006)).

It becomes clear from this functional consideration that many IncRNAs are involved in regulation
of gene expression and/or chromatin state. They may act at a locus distant from the site from
which they are transcribed (trans-regulatory activity) or may act in direct proximity to their own

sites of transcription (cis-regulatory activity) (Kopp & Mendell, 2018).
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Cis regulation of IncRNAs

Typically IncRNAs are expressed at very low levels (few molecules per cell) (Hezroni et al., 2015;
Ulitsky, 2016), which tends to favour a cis mechanism as transport to distant sites or cellular
compartments would further dilute the transcripts (Gil & Ulitsky, 2019). The cis-acting IncRNAs
act immediately adjacent to their sites of transcription to influence local chromatin structure and
hence the expression of genes (Gil & Ulitsky, 2019). These changes in chromatin may be
produced by epigenetic modification for example through the recruitment of chromatin-modifying
complexes such as PRC2 (Davidovich & Cech, 2015). In addition to chromatin remodelling the
cis acting IncRNAs may also regulate gene expression by recruiting transcriptional regulatory
factors to the locus (Kopp & Mendell, 2018). The X-inactive specific transcript Xist is an example
of this type of regulation exerted during early embryonic development in female mammals. Here
one of the two X chromosomes is transcriptionally inactivated by an Xist dependent mechanism
to achieve a dosage compensation between genders (Cerase, Pintacuda, Tattermusch, & Avner,
2015). Xist is transcribed from a locus on one of the X chromosomes and accumulates across the
X chromosome to trigger stable silencing of the entire chromosome (Cerase et al., 2015), possibly

through recruitment of PRC2 and thus initiation of H3K27me3.

Another mechanism shows that the expression level of a IncRNA does not depend on the
processed transcript, but on DNA elements within the INcRNA promoter, enhancer or gene body

that function independently of the transcribed RNA (e.g., Bendr) (Kopp & Mendell, 2018).

LncRNA transcripts can also recruit proteins that modulate chromatin loops and bring IncRNA
enhancers near the target genes (e.g., CCAT1-L) to activate their transcription, or they recruit
proteins that form chromatin loops to suppress gene expression (e.g., Morrbid) (Gil & Ulitsky,
2019). Finally, there are also IncRNAs that inhibit target gene expression by nucleosome

remodelling or deposition of epigenetic modifications. These IncRNAs usually overlap the target
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genes and are mostly independent of the mature IncRNA transcripts or their sequence (e.g., Air)

(Gil & Ulitsky, 2019; Kopp & Mendell, 2018).

Trans-acting mechanisms of IncRNAs

Trans-acting IncRNAs by definition leave their transcription sites and fulfil their function elsewhere
in the genome. Several mechanisms are attributed to them. There are trans-acting INcRNAs that
control chromatin status or the activity of RNA polymerase |l by interacting with promoters or
enhancers (Kopp & Mendell, 2018). For example, the intergenic HOX antisense RNA HOTAIR
(transcribed from a locus on chromosome 12) acts as an important negative regulator in trans of
chromatin states at the HOXD locus (on chromosome 2), thereby repressing transcription.
HOTAIR serves as a scaffold for assembly of the chromatin modifying PRC2, a complex that

catalyses histone 3 lysine 27 trimethylation (H3K27me3) (Gupta et al., 2010).

The trans-acting INcRNAs MALAT 1 and NEAT1 are components of dynamic subcellular structures
(nuclear speckles or paraspeckles) and can influence the organization of nuclear architecture to
regulate transcription or RNA processing (Ip & Nakagawa, 2012). Thus the metastasis-associated
lung adenocarcinoma transcript MALAT1 is localized within nuclear speckles containing
components of the splicing machinery, which incorporate spliceosome subunits, snRNPs, and
serine/arginine-rich (SR) proteins (Hutchinson et al., 2007). It is assumed that MALAT1 regulates
pre-mRNA splicing by targeting nuclear speckles to active gene loci (Hutchinson et al., 2007; V.
Tripathi et al., 2010). Recent studies have also shown that MALAT1 is also involved in post-
transcriptional modification of MRNA, such as N6-methyladenosine (m6A) (Liu et al., 2017) and
5-methylcytosine (m5C) that are performed by large multi-protein complexes. (Amort et al., 2017).
Similarly, the nuclear-enriched abundant transcript 1 NEAT1 is recruited to paraspeckles,

dynamic nuclear compartments containing proteins involved in transcription and RNA processing
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(Kopp & Mendell, 2018). Paraspeckles are involved in the control of gene expression by
posttranscriptional mMRNA processing converting specific adenosine bases to inosine (A to I)
(Bond & Fox, 2009). Trans-regulating IncRNAs are also able to bind to proteins or RNAs and
modulate their activity. Prominent in this class are IncRNAs that bind to miRNAs in the cytoplasm
and titrate their availability, also known as competitive endogenous RNAs (ceRNA) (Tay, Rinn, &

Pandolfi, 2014).

An additional trans regulatory activity is indicated by the ability of IncRNAs to intercalate at specific
sites within double stranded genomic DNA to form an RNA:DNA triple helix (Kuo et al., 2019).
These regions of triple helix are achieved through the formation of Hoogsteen or reverse
Hoogsteen hydrogen bonds with a purine-rich (adenine-and-guanine—rich) DNA strand either in
the parallel orientation (both 5' to 3') or anti-parallel orientation (5’ to 3" and 3' to 5'). This leads to
changes in the chromatin structure and the regulation of gene transcription by direct interaction
in a sequence-specific manner with the DNA or through the recruitment of coactivator or
corepressor proteins, as has been demonstrated for a number of IncRNAs such as MEG3 (T
Mondal et al., 2015), KHPS1 (Postepska-Igielska et al., 2015), Fendrr (Grote et al., 2013),

PARTICLE (O’Leary et al., 2015) and HOTAIR (Kalwa et al., 2016).
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Figure 4: LncRNAs show a wide variety of functions. Simplified schematic representation of different
IncRNA mechanism. LncRNAs are able to recruit different chromatin modifiers (e.g., proteins) to change
the organization patterns of chromatin by promoting the deposition of activating or repressive histone marks
(1). They control the recruitment of transcription factors (TF) to the promoters and thus activate the
transcription of specific genes (2). LncRNAs are also able to suppress transcription by sequestering TF (3).
They can bind mRNAs directly by base pairing and modulate splicing events (4), inhibit their translation (5)
or trigger their degradation (6). LncRNAs are involved in the higher order organization of the nucleus by
facilitating chromatin loops (7) and acting as structural components for the formation and function of nuclear
bodies (8). LncRNAs can also serve as scaffolds by providing docking sites for proteins (9). They can bind
miRNAs by base paring (miRNA sponges) to promote the expression of mRNAs at which the miRNA is
targeted (10). (Figure is modified according to images published by Salehi et al., 2017 and Neguembor et
al., 2014 (Neguembor, Jothi, & Gabellini, 2014; Salehi, Taheri, Azarpira, Zare, & Behzad-Behbahani, 2017))
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3.5.3 Contribution of IncRNAs to the ageing processes

Altered expression of IncRNAs have been associated with a variety of age-related diseases, such
as cancer, cardiovascular diseases (CVD), type Il diabetes and Alzheimer’s disease (Marttila,
Chatsirisupachai, Palmer, & de Magalhaes, 2020). Sequence variations in the ANRIL gene are
also associated with an increased risk for CVD and periodontitis (Congrains, Kamide, Ohishi, &
Rakugi, 2013). Several senescence-associated INcCRNAs have been identified. A study from
Abdelmohsen et al. (2013) found in a comparison of INncRNAs expressed in proliferating, early-
passage, ‘young’ human fibroblasts with those expressed in senescent, late-passage, ‘old’
fibroblasts that the expression of many IncRNAs changes with senescence. This indicated a
possible functional activity of these IncRNAs with ageing (Abdelmohsen, Panda, Kang, Xu,
Selimyan, Yoon, Martindale, De, Wood 3rd, et al., 2013). Examples of age-related IncRNAs are
Xist (in human fibroblasts (Abdelmohsen, Panda, Kang, Xu, Selimyan, Yoon, Martindale, De,
Wood, et al., 2013)), MIAT (in human breast cancer cells (Alipoor, Asadi, & Torkzadeh-Mahani,
2018)), MALAT1 (in human gallbladder cancer cells (Lin et al., 2019)) which are all down-
regulated in senescent cells, while HOTAIR is up-regulated (in human fibroblasts) (Marttila et al.,
2020; Yoon et al., 2013). Whereas for most of them a causal relationship with cellular ageing is
still unproven, recent studies have shown that IncRNAs are able to modulate specific senescence-
associated pathways, such as the pRB/p16, p14/p19 (p14 in human; p19 in mice) and p53/p21
mediated pathways, acting at different stages of the cell cycle (Abdelmohsen & Gorospe, 2015).
For example, overexpression of the IncRNA MIR31HG suppressed the expression of the cell cycle
inhibitor p16 by interacting with the PRC2 complex (Montes et al., 2015). In addition, ANRIL, the
IncRNA that is antisense to the INK4A/ARF/INK4B (p16 /p14 /p15) gene cluster in humans,
inhibits the p53-p21 pathway in frans, resulting in reduced cell cycle arrest and inhibition of
vascular smooth muscle cell senescence (Tan et al., 2019). It is also known that ANRIL inhibits
the expression of P15, P16 and P14 genes in cis (Pasmant et al., 2007) by recruiting PRC2

(Kotake et al., 2011).
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The majority of INcCRNAs appear to exert their age-related actions in a tissue specific manner
(Marttila et al., 2020). Another important potential influence of the ageing process trough IncRNA
interaction is the maintenance and function of stem cells (Sousa-Franco, Rebelo, da Rocha, &

Bernardes de Jesus, 2019).

3.5.4 Effects of ionizing radiation on IncRNA expression

A number of IncRNAs have been implicated in DNA damage response (DDR) and repair
processes following exposure to ionizing radiation. The INcRNAs lincRNA-p21 and PANDA have
been observed to be upregulated in the aftermath of DNA damage in response to IR, being
transcriptionally regulated target genes for radiation-induced p53 (Hung et al., 2011). LincRNA-
p21 may be acting as a negative feedback regulator in mouse vascular smooth muscle cells and
mononuclear macrophage cells, as it is itself downregulates multiple p53 target genes, thereby
inhibiting cell proliferation and inducing apoptosis (Wu et al., 2014). The LncRNA LIRR1 is
reported to regulate the DDR in human bronchial epithelial BEAS-2B cell line, by increasing
radiosensitivity, stopping the cell cycle in G1 phase and increasing y-H2AX damage repair foci,
(Y. Jiao et al., 2015). After high dose irradiation (5Gy), ANRIL was also reported to be upregulated
in HeLa and caspase-3-deficient MCF-7 cells (Ozgir et al., 2013). Due to the epigenetic
regulation of the INK4AA/ARF/INK4B locus by the PRC2, which is associated with growth arrest,

the upregulation in radiation-induced damaged cells could be related to this.

Based on the limited evidence on the role of IncRNAs in radiation-induced DDR, Yang et al. (2019)
analysed altered IncRNA expression by high-throughput RNA sequencing after high dose
exposure (8Gy) in HEK293T cells and observed 49 differentially expressed INcRNAs. These are
predicted to be involved in the histone mMRNA metabolism process, with some genes regulating
the DDR by triggering histone changes, for instance, histone degradation (Hauer et al., 2017)

and Wnt signaling (M. Yang et al., 2019), as a major target of p53, which is mostly activated after
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DNA damage (Watcharasit et al., 2002). Finally, it was recently found that the IncRNA PARTICLE
is upregulated after low-dose radiation exposure in MDA-MB-361 breast cancer cells. Nuclear
PARTICLE inhibits the transcription from the adjacent MAT2A gene through triple helix formation

and interacts with PRC2 (O’Leary et al., 2015).

3.6 IncRNA regulation of mesenchymal stem cell function

LncRNAs contribute to the lineage differentiation of MSCs into osteoblasts, adipocytes,
chondrocytes and muscle cells (Peng et al., 2018). In particular, they are involved in bone
development and homeostasis, which is initially formed by osteoblasts developing from MSCs
and the regulatory transcription factors acting on them (Katsimbri, 2017). Proteins and signaling
pathways regulating osteoblast differentiation are the bone morphogenetic protein (BMP) and
wingless (Wnt) signaling pathway (Cao & Chen, 2005; Day, Guo, Garrett-Beal, & Yang, 2005).
The Wnt/B-catenin signaling pathways is often found to contribute to cell proliferation and
differentiation and is thus influenced by the regulation of INcRNAs. For example, it has been
observed that the IncRNA LET negatively affects MSC proliferation by activating Wnt/B-catenin
signaling (Jin, Zhang, Lu, & Fan, 2018), while the lincRNA-p21 interacts with Wnt/B catenin and
reduces cellular senescence by silencing lincRNA-p21 (Wenzheng Xia, Zhuang, Deng, & Hou,
2017). In interaction with the macrophage migration inhibitory factor and the activation of Wnt/(3-

catenin, lincRNA-p21 has also reduced apoptosis of MSCs (W. Xia, Zhuang, & Hou, 2018).

The canonical Wnt-signaling influences differentiation by activating -catenin, which in turn leads
to the upregulation of transcription factors that are crucial for osteoblast differentiation (Day et al.,
2005). The activity is also controlled by epigenetic mechanism involving IncRNAs in which
osteogenic differentiation is either promoted (e.g., H19, MALAT1) or inhibited (e.g., HOTAIR,

MIR31HG) (Peng et al., 2018).
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IncRNAs are also able to modulate specific signalling pathways associated with senescence in

mesenchymal stem cells, such as the p16INK4A/RB signalling pathway (Yu & Kang, 2013).

3.6.1 The INK4A/ARF/INK4B locus as driver for cellular senescence and ageing

The INK4A/ARF/INK4B locus (Human Genome Organization designation CDKN2A-CDKN2B) on
the short arm of human chromosome 9p21 and the corresponding locus on mouse chromosome
4, encodes two cyclin-dependent kinase inhibitors (p16INK4A=CDKN2A; p15INK4B=CDKN2B)
and a completely unrelated gene p19/p14, which is produced from the alternative reading frame

(ARF) from the INK4A gene (also known as p19*™in mouse and p14*~*

in humans) (Ouelle, Zindy,
Ashmun, & Sherr, 1995). p19/p14 and p16 share their second and third exons, while p15 is
translated as an independent gene located in close proximity (<8 kb) (Figure 5). While p16 and

p19/p14 share two common exons, they are translated in different reading frames and have no

amino acid homology.

Both p15 and p16 bind to CDK4 and CDK6 and block cell proliferation by preventing cyclin-
dependent phosphorylation of RB (retinoblastoma), which promotes sequestration of E2F (E2
factor, transcription factor) and leads to a G1 cell cycle arrest. ARF, on the other hand, operates
upstream of p53 by binding and sequestering MDM2, thereby protecting p53 from MDM2 related
degradation. This in turn activates p53 resulting in either cell cycle arrest or apoptosis (Nikolay
Popov & Jesus Gil, 2010; Charles J Sherr, 2001). In mouse models it was observed that
engineered disruption of either the entire locus or of single genes promoted cancer development
by inhibition of anti-proliferative activities, suggesting a tumor suppressor function for all three
genes (W. Y. Kim & Sharpless, 2006). The locus has been found to be mutated in a wide range
of human tumours, including melanoma, pancreatic adenocarcinoma, glioblastoma, leukaemia’s,

non-small cell lung cancer, and bladder cancer (W. Y. Kim & Sharpless, 2006).
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p16™¢“* shows an age-dependent expression pattern in vivo. While the expression is low or
undetectable during embryonic development, it increases steadily with age. This was
demonstrated in various tissues that show a more than 10-fold increase during the lifespan of

humans and mice (Melk et al., 2004; Nielsen et al., 1999).

The G1-S checkpointin the cell cycle is activated by p16 through inhibition of the cyclin-dependant
kinases CDK4 (Serrano, Hannon, & Beach, 1993) and CDK6 (Parry, Bates, Mann, & Peters,
1995). This reaction is often regarded as crucial for the establishment of a senescence-like growth
arrest (Mombach, Bugs, & Chaouiya, 2014). CDK4 and CDKG® in fact facilitate the phosphorylation
of pRB and lead to the release of E2F (C. J. Sherr & McCormick, 2002). This mediates the
transcriptional activation of proteins required for G1 to S transition and DNA replication (C. J.

Sherr & McCormick, 2002).

The ectopic expression of cancer-associated cell-cycle genes (e.g., p21"WAT!, p16™NK4A p27KIP1
p15™K48 pRB, and CHK2) has been identified as a trigger for cellular senescence (Mirzayans,
Andrais, Hansen, & Murray, 2012). p16,p19/p14 and p15 are even nowadays characterized as
biomarkers of cellular senescence and ageing (Krishnamurthy et al., 2004; A. S. Wang &

Dreesen, 2018).
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Figure 5: The and mouse Ink4a/Arf/inkdb locus. The locus encodes three genes within 35 kilobases:
p16, p19, and p15. p16 and p19 bind to cyclin-dependent kinase inhibitors and inactivate CDK4/6, which
prevents the phosphorylation of pRB. p19 inhibits MDM2 and protects p53 from MDM2-mediated
degradation, which leads to a stabilization of p53. (Figure is modified according to an image published by
Kim et al., 2006 (W. Y. Kim & Sharpless, 2006))

In MSCs, p16-positive cells show increased activity of SA-B-galactosidase and growth retardation
(Shibata et al., 2007). Furthermore, siRNA-mediated knockdown of p16in senescent MSCs leads
to a reduced number of senescent cells while maintaining proliferate capacity (Shibata et al.,
2007). This suggests that p16 is an important regulator of MSC ageing (Y. Li et al., 2017; Shibata
et al., 2007). Since senescence-related loss of MSC stemness leads to an impairment of tissue
homeostasis and repair, it is essential to fully understand the INK4A/ARF/INK4B locus and the

mechanism underlying the regulation of MSCs and cellular senescence/ageing.

The IncRNA ANRIL (CDKN2B-AS; antisense non-coding RNA in the Ink4 locus) transcribed from
the p15™K*® Jocus regulates the genes of the INK4A/ARF/INK4B locus both independently and in
a coordinated manner. ANRIL is transcribed in the antisense orientation relative to the cluster and
regulates its neighbours in cis by an epigenetic mechanism (Figure 6). Thus, ANRIL is involved

in cell proliferation, cell ageing and senescence (Gamell, Ginsberg, Haupt, & Haupt, 2017), it
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interacts with the Polycomb proteins Suz12 and Cbx7, which recruit PRC1 and PRC2 at the locus,
triggering histone modification and silencing of the locus (Congrains et al., 2013). Since ANRIL is
only present in human cells, but the organization and structure of the INK4A/ARF/INK4B locus is
conserved between human and mouse (Ouelle et al., 1995; Swafford et al., 1997), the question

arose whether a similar mechanism regulating the Ink4a/Arf/Ink4b locus exists in mice.

B

Figure 6: The human IncRNA ANRIL. ANRIL is a human long non-coding RNA encoded in the

chromosome 9p21 region on the antisense strand, overlapping p15™¥4B, Therefore, ANRIL is transcribed

in the opposite direction to the INK4A/ARF/INK4B locus. ANRIL has 28 splice variants and contains up to
19 exons. It silences the INKAA/ARF/INK4B locus by recruiting PRC2.

3.6.2 The novel long intergenic non-coding RNA Gm12606

The IncRNA Gm12606 (or Linc16618) was initially identified by RNA sequencing in a murine
lymphoblast library (Ensembl reference sequence ENSMUSGO00000087659.7). Based on
previous findings and in order to investigate the involvement of cellular ageing and radiation-
induced damage response in murine mesenchymal stem cells (mMMSCs), RNA sequencing was
performed to compare IncRNA transcripts in young (3 weeks) unirradiated mMSCs with either
aged (8 weeks old) or irradiated young (2 Gy) mMSCs. We discovered a trend towards
overexpression of the lincRNA Gm12606 in both aged mMSCs and after radiation exposure
compared to young mMSCs (Figure 7). This increase was parallel to upregulation of the nearby
CDKN2A-p16 gene, suggesting a possible epigenetic interaction based on the observations of

ANRIL action.
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Figure 7: Identification of incRNA Gm12606 via RNA sequencing. RNA sequencing was performed by
comparing young (3 weeks), unirradiated (0Gy) mMSCs with irradiated (2Gy) and aged (8 weeks) MSCs.
MSCs were isolated from FVB/N mice. Data identified a lincRNA (Gm12606) which was overexpressed in

old and irradiated MSCs. This increase was parallel to the upregulation of the nearby CDKN2A/p16 gene.

Gm12606 is located on chromosome 4 (42.15 cM) in the mouse genome (Figure 8) in close
proximity to the Ink4a/Arf/Ink4b locus in mice (Figure 10). The entire genomic locus of Gm12606
extends for 37705 bp and the transcript consists of two splice variants, transcript 1 (T1; 1184 bp)
and transcript 2 (T2; 1055 bp), which differ in the number of exons (Figure 9). They share exons
2 and 4, while exon 3 is completely missing in T2. However, exon1 is present in both transcripts,
but their differ in their genomic sequence. The location of exon1 of Gm12606 is very close (about
1kb) to the third common exon of the Ink4a/Arf cluster. They are both transcribed from the same
strand in the same direction, but the transcripts do not overlap. Consequently, Gm12606 is
characterized as a long intergenic ncRNA (lincRNA) located in the intermediate region of protein

coding genes (Figure 10).
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Figure 8: Locus of Gm12606 on chromosome 4 (42.15 cM). Gm12606 is located on chromosome

4:89,235,699-89,273,403 (reverse strand) in the mouse genome (source: http://genome.ucsc.edu).
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Figure 9: The two splice variants of Gm12606. T1 and T2 of Gm12606 are shown. T1 contains four
exons, while T2 carries three. Both transcripts have a differing exon1 sequence but share exons 2 and 4.

Exon 3 is completely missing in T2, resulting in a shorter transcript (1055 bp). T1 has a length of 1184 bp.
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Figure 10: Gm12606 is located in close proximity to the murine Ink4a/Arf/ink4b locus. The mouse
lincRNA Gm12606 is located on chromosome 4, adjacent to the Ink4a/Arf/Ink4b locus (1kb) on the 3’'UTR.
The entire gene spans about 37 kb in the genome. Gm12606 and Ink4a/Arf/Ink4b are transcribed from the

same strand in the same direction and each from an independent promoter.
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Gm12606 has hardly been investigated so far. To date, only one publication from Mullin et al.,
from 2017 has been published (Mullin et al., 2017). The study indicates an interaction between
the Wnt/B-catenin signaling pathway and Gm12606 after overexpression of 3-catenin in neonatal
primary mouse dermal fibroblasts, where the authors identified 111 IncRNAs that were
differentially expressed. They focused on the most deregulated candidates and identified
Gm12606 (referred as Wincr2 - Wnt-signaling induced long ncRNA), which exhibited an 8-fold
difference between conditions. An increased expression of Gm12606 was determined in [3-
catenin overexpressed dermal fibroblast by RT-gPCR analysis (Mullin et al., 2017). For this
transcript, no transgenic or knockout (KO) animal model has been reported so far. The group of
Mullin et al. did not study any relation between Gm12606 and the Ink4a/Arf/Ink4b locus nearby.
Due to the close proximity to the Ink4a/Arf/Ink4b locus, the parallel increase of p16 and the
knowledge that lincRNAs are often involved in cell cycle regulation by targeting nearby genes
(Ahmad M Khalil et al., 2009), we assume a similar interaction of Gm12606 in mice as the INcRNA
ANRIL in humans. This assumption is reinforced by the finding that Gm12606 is overexpressed
in ageing and irradiated mMSCs (confirmed by RNA sequencing), suggesting a role in maintaining

the properties, development, and function of mMMSCs.
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3.7 Working Hypothesis

Functional impairments of MSC function are observed during ex vivo expansion and after
irradiation. The expression of the lincRNA Gm12606 is altered during these processes and may
be intimately connected with the functioning of the CDKN2A-p16 locus (Ink4a/Arf/Ink4b)
implicated in stem cell activity. Consequently, it was hypothesized that the expression of p16 is
regulated by the adjacent incRNA Gm12606 during stem cell development and differentiation. As
a consequence of this hypothesis, it would follow that inactivation of Gm12606 prevents age-
related overexpression of p16 and thus inhibits p16-induced senescence in mMMSCs (Figure 11).
Furthermore, inactivation of Gm12606 would prevent the accumulation of DNA damage (Figure

11).
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Figure 11: Graphical representation of the working hypothesis. The effect of ex vivo expansion and
the consequence of dose accumulation by irradiation of patients, both of which result in functional
impairment of MSCs, additionally leads to increased lincRNA Gm12606 expression. CRISPR/Cas9 knock
out of Gm12606 is needed to improve our knowledge of the impact of Gm12606 on the properties,
development, and function of mMSCs. Since Gm12606 is thought to be related to the function of the
Ink4a/p16 locus, reduced senescence is hypothesized following inactivation of Gm12606, indicating that
the ageing process of mMSCs would be decelerated. Furthermore, enhanced DNA repair is hypothesized

as a consequence of Gm12606 inactivation, which would prevent the accumulation of DNA damage.
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4. Materials

4.1 Equipment

Device

Materials

Manufacturer

37Cs HWM-D 2000 (gamma source)
Alpha Innotech Chemilmager System
BDTM LSR Il for flow cytometry

analysis
Centrifuge
Centrifuge
#332513
Centrifuge
75006445
Centrifuge
4723
Centrifuge

5415C Rotor: F-45-18-11

Biofuge pico Rotor:

MULTIFUGE 3 S-R Rotor:

Rotina 420 and 420R Rotor:

SIGMA 3K15 Rotor: 11133

Electrophoresis chamber 40-1214 for

horizontal midi agarose gels

Heating block Thermomixer compact

Incubator 37 °C for bacterial cultures

Incubator

37 °C, 5% CO2 for cell

culture: MCO-18AC
Incubator 37 °C, 5% CO2, 2% O2 for

cell culture

Incubator shaker Minitron 50

Laminar air flow work bench, UVF

6.12S

Laminar air flow work bench, MSC

advantage
Maxwell

instrument

16 DNA/RNA extraction

Hans Walischmiller Engineering, Markdorf, Germany
Biozym, Hessisch Oldendorf, Germany

BD Biosciences, Heidelberg, Germany

Eppendorf, Hamburg, Germany

Heraeus Holding GmbH, Hanau, Germany

Thermo Fisher Scientific, Darmstadt, Germany

Andreas Hettich GmbH & Co.KG, Tuttlingen,
Germany

SIGMA Laborzentrifugen GmbH, Osterode am Harz,
Germany

PEQLAB BIOTECHNOLOGIE GmbH, Erlangen,
Germany

Eppendorf, Hamburg, Germany

Heraeus Holding GmbH, Hanau, Germany

Panasonic Healthcare Co., Ltd., Sakata, Japan
Sanyo, ETTEN-LEUR, The Netherlands

Infors HT, Einsbach, Germany

BDK Luft- u. Reinraumtechnik GmbH, Reutlingen,
Germany

Thermo Scientific, Schwerte, Germany

Promega GmbH, Mannheim, Germany
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Microscope Axiovert 25
Microscope KEYENCE BZ-9000 series

Microwave oven TDS M1719N
NanoDrop 1000 spectrophotometer.
pH meter Lab850

PowerPac™ Basic Power Supply
(Electrophoresis voltage and current
controller)
Rotations-Vakuum-Konzentratoren:
RVC2-18

StepOnePlus Real-Time PCR System
TECAN Infinity M200 Microplate
Reader

Thermal Cycler Veriti® (PCR cycler)
Water Bath 1083 (37°C)

XStrahl: RS225 X-ray source

Z Series Coulter Counter - Z1

4.2 Consumables

Component

Materials

Carl Zeiss, Jena, Germany

KEYENCE Deutschland GmbH, Neu-lsenburg,
Germany

Samsung, Seoul, South Korea

Thermo Scientific, Schwerte, Germany

S| Analytics GmbH, Mainz, Germany

Bio-Rad Medical Diagnostics, Dreieich, Germany

Martin  Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany
Applied Biosystems, Darmstadt, Germany

Tecan, Mannedorf, Switzerland

Applied Biosystems, Darmstadt, Germany
GFL Laborinstrumente, Burgwedel, Germany
XStrahl GmbH., Ratingen, Germany

Beckman Coulter GmbH, Krefeld, Germany

Manufacturer

12-well chamber slides

Cell culture flasks T25, T75 with filter-
cap (CELLSTAR®)

Cell culture plates 6-well, 24-well,
96-well, flat bottom, transparent

Cell scraper 25 cm

Combs (16, 20, 24 teeths) for agarose
ge electrophoresis

Cover slips (24 x 50mm)

Cryo vials (1.5 ml)

FACS tubes BD FalconTM 5 ml

Ibidi, Martinsried

Greiner Bio-One GmbH, Frickenhausen, Germany

Falcon™, Corning, United States

Sarstedt. Inc., Nuembrecht, Germany

Peglab Biotechnology GmbH, Erlangen, Germany

VWR, Darmstadt, Germany
VWR, Darmstadt, Germany

BD Biosciences, Heidelberg, Germany
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Falcon tubes (50 ml, 15 ml) Greiner, Frickenhausen; Germany

Filter tips TipOne® STARLAB GmbH, Hamburg, Germany

Glass microscope slides (76 x 26mm) | VWR, Darmstadt, Germany

MicroAmp® Optical 8-Cap Strip Thermo Fisher Scientific, Darmstadt, Germany
MicroAmp™ Optical Tube without Cap, ' Thermo Fisher Scientific, Darmstadt, Germany
0.2ml

MILLEXGP Filter Unit 0.22 uM Merck, Darmstadt, Germany

Petri dishes 10cm (Cell-/Tissue-cultur | Nunc, Roskilde, Denmark

coated or for bacteria ?)

Serological Pipettes, sterile, 1, 5, 10, Greiner, Frickenhausen; Germany

25, 50 ml CELLSTAR®

Reaction tubes 1.5 ml, 2 ml, (Safelock) = Eppendorf, Hamburg, Germany

4.3 Chemicals and Reagents

Chemicals Catalogue Manufacturer
number

2-Propanol 1.09634.2500 Merck KgaA, Darmstadt, Germany

5x QPCR Mix EvaGreen® (Rox) BS76.580.1000 A Bio&SELL GmbH, Feucht / Nirnberg,
Germany

10x T4 DNA Ligase Buffer B69 Thermo Fisher Scientific, Darmstadt,
Germany

10x NEB 2.1 Buffer B72025 New England Biolabs GmbH,
Frankfurt am Main, Germany

Alt-R® S.p. dCas9 Protein V3 1081066 Integrated DNA Technologies, Inc,
Coralville, USA

Agarose (peqGOLD universal) 35-1020 Peglab Biotechnologie GmbH,
Erlangen, Germany

Ampicillin A9393 Sigma-Aldrich, Taufkirchen, Germany

BactoTM Yeast extract 212750 BD Biosciences, Heidelberg,
Germany

Boric acid 100165 Merk, Darmstadt, Germany

BSA (Bovine Serum Albumin) A3059 Sigma-Aldrich, Taufkirchen, Germany
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Chloroform

Citric acid (wieviel Hydrat ?)
DEPC (Diethylpyrocarbonat)
Dextran sulfate
Di-Sodiumhydrogenphosphate
dihydrate

DMSO (Dimethylsulfoxid)
DNA gel loading dye (6x)

dNTP-mix (dATP, dTTP, dGTP,
dCTP) 10mM

DPBS, no calcium, no magnesium

DTT 0.1 M

EDTA
acid, disodium salt, dihydrate)
Ethanol

Ethidium bromide (EtBr)
Formamid (de-ionized)

First strand Buffer (5x)
Glycerol 87%

(Ethylenediaminetetraacetic

GoTag® Green, Master mix

Lipofectamine™ 2000 Transfection
Reagent
Lipofectamine™ RNAIMAX
Transfection Reagent

MgCl.

Hexahydrat)

(Magnesiumchlorid-

Materials

102445
X863.2
A0881,0050
9011-18-1
106576

D2438
R0611

10297-018

14190-250

18064-022

E5314-500G

100983

E1510

P040.1

Y02321

A0970,1000

M7122

11668-019

13778030

A4425,0250
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Merck, Darmstadt, Germany
Roth, Karlsruhe

AppliChem, Darmstadt, Germany
USB, Buckinghamshire, England

Merck, Darmstadt, Germany

Sigma-Aldrich, Taufkirchen, Germany
Thermo Fisher Scientific, Darmstadt,
Germany

Thermo Fisher Scientific, Darmstadt,
Germany

Thermo Fisher Scientific, Darmstadt,
Germany

Thermo Fisher Scientific, Darmstadt,
Germany

Sigma-Aldrich, Taufkirchen, Germany

Merck, Darmstadt, Germany
Sigma-Aldrich, Taufkirchen, Germany
Roth GmbH, Karlsruhe, Germany
Invitrogen; Carlsbad, USA
AppliChem GmbH, Darmstadt,
Germany

Promega GmbH, Mannheim,
Germany

Thermo Fisher Scientific, Darmstadt,
Germany

Thermo Fisher Scientific, Darmstadt,
Germany
PanReac-AppliChem GmbH,

Darmstadt, Germany



Mounting medium without DAPI
(Vectashield)
Na acetate (CH3COONa). Trihydrat

NaCl (Sodium chloride)

Oligo(dT)12-18 primer

One Shot® Top10

competent E.Coli
Opti-MEM™

chemically

Potassium hexacyanoferrate Il
Potassium hexacyanoferrate Il
Power Up SYBR Green Mastermix
PrestoBlue® cell viability reagent
Propidium iodide

Random hexamer DNA primers

RNaseOUT Ribonuclease
Inhibitor

Roti®-Histofix 4 %

SDS (Sodium Dodecyl Sulphate)

STEM-CELLBANKER®

Triton X-100
tRNA from E. coliMREGOO

TWEEN® 20

Materials

4-1400

A5268,1000

A2942,5000

18418-012

C404003

31985070

P9387

60299-100G-F

A25741

A-13262

P3566

48190011

10777019

P087.6
17-1313-01

11890

9002931
10109541001

P9416
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Vector, Burlingame, USA

AppliChem GmbH, Darmstadt,
Germany

AppliChem GmbH, Darmstadt,
Germany

Thermo Fisher Scientific, Darmstadt,
Germany

Thermo Fisher Scientific, Darmstadt,
Germany

Thermo Fisher Scientific, Darmstadt,
Germany

Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Thermo Fisher Scientific, Darmstadt,
Germany

Thermo Fisher Scientific, Darmstadt,
Germany

Thermo Fisher Scientific, Darmstadt,
Germany

Thermo Fisher Scientific, Darmstadt,
Germany

Thermo Fisher Scientific, Darmstadt,

Germany

Roth, Karlsruhe

GE Healthcare Biosciences AB,
Uppsala, Sweden

AMS Biotechnology (Europe) Limited,
Oxfordshire, UK

Sigma-Aldrich, Taufkirchen, Germany
Roche Diagnostics GmbH,
Mannheim, Germany

Sigma-Aldrich, Taufkirchen, Germany
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Vanadyl-Ribonucleoside = complex | 94740-250MG @ Sigma-Aldrich, Taufkirchen, Germany

(NEB)
X-gal (5-Bromo-4-chloro-3-indolyl

B-galactopyranosite)

R0401 Thermo Fisher Scientific, Darmstadt,

Germany

4.4 Molecular weight and length standards

Marker

Catalogue Producer

number

GeneRulerTM 100bp DNA ladder

M1 lambda Hind lll and 174 Hae Il

4.5 Solutions and Buffers

Solution or Buffer

SM0241 Thermo Fisher Scientific,
Darmstadt, Germany

Provided by M.Rosemann

Reagents

LB agar (pH 7.0)
LB media (pH 7.5)

Microinjection buffer (pH 7.2)

Senescence staining solution (pH 6.0)

Stellaris pre-hybridization solution

Stellaris hybridization solution (50 pL)

11LB media (pH 7.5), 20 g Agar

10 g BactoTM Tryptone, 5 g BactoTM

Yeast extract, 10 g NaCl, 1 | Water

5 mM Tris, 0.1 mM EDTA

1.42 g di-Sodium hydrogen phosphate

dehydrate (40 mM), 200 ml Distilled

water, 1.75 g NaCl (150 mM), 81.32 mg

MgClI2 (2 mM), 400 mg Hexacyanoferrat

[l (5 mM), 320 mg Hexacyanoferrat Il (5

mM), 100 pL X-gal (50 mg/ml) to 5ml of

Buffer

10 % Formamide (deionized), 2x SSC

2x SSC, 10 % Formamide, 50 ug competitor E. coli
tRNA, 10 % Dextrane sulfate, 2 mg/ml BSA, 10 mM
Vanadyl-ribonucleoside complex, 1 ng/ yl Gm12606

probe
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TBE buffer 5x (pH 8.3) 1.1 M Tris, 900 mM Boric acid, 25 mM
EDTA

TE-Buffer (pH 7.0) 10 mM Tris-HCI, 1 mM EDTA

Tissue (tail-tip) lysis buffer 50 mM Tris pH 8, 100 mM EDTA,

100 mM NaCl, 1% SDS, 0.5 mg/ml

Proteinase K

4.6 Commercial kits

Kit name Catalogue Producer
number

BigDye® Terminator v3.1 Cycle 4337454 Thermo Fisher Scientific, Darmstadt,
Sequencing Kit Germany
EnGen® sgRNA Synthesis Kit, S. E3322S New England Biolabs, Ipswich, USA
pyogenes
Maxwell® 16 miRNA Tissue Kit AS1470 Promega Corporation; Madison, USA
pGEM®-T PCR cloning A3600 Promega Corporation; Madison, USA
PureYield Plasmid Midiprep System A2492 Promega Corporation; Madison, USA
QIAamp DNA Mini Kit 51304 Qiagen, Hilden, Germany
QlAprep Spin Miniprep Kit 27106 Qiagen, Hilden, Germany
QlAquick Gel Extraction Kit 28704 Qiagen, Hilden, Germany
QlAquick PCR Purification Kit 28104 Qiagen, Hilden, Germany
TOPO® TA Cloning Kit K4595-40 | Thermo Fisher Scientific, Darmstadt,

Germany
Wizard® Genomic DNA Purification = A1120 Promega Corporation; Madison, USA
Kit
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4.7 Vectors

Vectors Catalogue Producer
number
Bluescript Addgene, Watertown, USA
plasmid containing a U6 promoter (obtained from Institute of
(pBS-U6-Cas9) Developmental  Genetics  (0.Ortiz),
Helmholtz Centre Munich)

oter | | Pmel
e P(Dmcr seq tracr seq

|
\‘ arget oligo B

e +
ge(:e o /B\nd -
o

by 20 nt targey
\ace
e?

pMB-Cas9v2-wt
8631 bp

Figure 12: CRISPR/Cas9 vector (obtained from Institute of Developmental Genetics (0.Ortiz),
Helmholtz Centre Munich). Plasmid containing a U6 promoter driving transcription of the inserted gRNA
sequence and expression of the Cas9 enzyme (pBS-U6-Cas9) for CRISPR/Cas9- mediated KO of the
lincRNA Gm12606 in vitro.
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4.8 Antibodies

Materials

Primary Antibodies Catalogue Producer
number
Anti-yH2AX, monoclonal, mouse 05636 Millipore; Schwalbach, Germany

Anti-53BP1, polyclonal, rabbit NB100- Novus Biological; Littleton, USA
305
Secondary antibodies:
Cy3-conjugated anti-mouse, sheep 515-165- | Jackson Immunoresearch; West Grove,
003 USA
Alexa 488-conjugated anti-rabbit, goat | Lot. Invitrogen; Oregon, USA
659082
4.9 Enzymes
Enzyme Catalogue Producer
number
Bbsl R05395 New England Biolabs GmbH, Frankfurt
am Main, Germany
Proteinase K, recombinant 03115879001 ' Roche Diagnostics, Basel, Switzerland
StemPro® Accutase A1110501 Gibco™ Thermo Fisher Scientific,
Darmstadt,
Germany
SuperScript® Il Reverse 18064-022 Thermo Fisher Scientific, Darmstadt,
Transcriptase Germany
T4 DNA Ligase E10011 Thermo Fisher Scientific, Darmstadt,
Germany
Trypsin-EDTA 0.05% 25300-054 Gibco™ Thermo Fisher Scientific,
Darmstadt,
Germany
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4.10Single guide RNAs (sgRNAs)

sgRNA7

Figure 13: Target sites in the DNA of Gm12606 T1 of all sgRNAs used in this project. DNA
oligonucleotides were generated and designed with the help of the CRISPR design tool CRISPOR

(Haeussler et al., 2016) produced by Eurofins Genomics GmbH. Sequences are listed in the following table.

Region sgRNA | Quality Guide sequence 5’-3’ On-target Number of
score locus predicted
off-target
sites
5UTR | sgRNA1 84 TTGGTTTGGTTTAAACGGTT chr4: 182 (20 are
TGG +88918547 | in genes)
5UTR | sgRNA2 79 GGGGGTCCCCACCCGCTCAG | chr4: 120 (27 are
AGG -88918674 in genes)
In1 sgRNA 3 | 96 CTCGCACAGAAAGCCGCGTC | chr4: 36 (6 are in
AGG +88918227 | genes)
In1 sgRNA4 92 TGGAGTTCCTATCCCCGTTG | chr4: 68 (4 are in
GGG +88918117 | genes)
3JUTR | sgRNAS5 56 AGGAAGATTCTTGACTCTTG chr4: 338 (13 are
AGG +88881529 in genes)
3JUTR | sgRNAG6 91 GTGATTCATATACGATGCCT chr4: 68 (4 are in
AGG +88881215 | genes)
Ex1/In1  sgRNA7 76 CTCTTAGAGCCCCATGGGTTC | chr4: 153 (11 are
AGG in genes)
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4.11PCR Primers

4.11.1 Genotyping

Materials

All primers were designed with the help of the website http://genscript.com/tools/pcr-primers-

designer. The annealing temperature for the primers has been set at approximately 59 °C. The

oligonucleotides were provided by the manufacturer in lyophilized form of 40 nmol and were

dissolved in RNase-free water to working concentrations of 10 pmol/pl.

Gene

Forward primer 5°-3’

Reverse primer 5’-3’

P1

P2

P3

P4

Gm12606
(5’UTR-3'UTR)
Flanking whole

gene

Gm12606
(5’UTR-In1)
Flanking sgRNA
1&2 binding site

Gm12606
(5’UTR-In1)
Flanking sgRNA
3&4 binding site

Gm12606
(Ex4-3’UTR)
Flanking sgRNA
5&6 binding site

TGTACCTCAAATAGCAAACAGTT
AC

TGTACCTCAAATAGCAAACAG
TTAC

GTGGTTCAGACTCTTAGAGC

AATTTATGACAAAAGATGCCATG
AG
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GAAAACACGGGGAAAGCAAGTC

GTTAATAAGCAGTGCTCCAATG

AAAAAAAACTTAACAGTGTTTAC
CAAATC

GAAAACACGGGGAAAGCAAGTC



P5 Gm12606

(Exon1-In1)

Materials

GCCGGACAGAGCAGACCCCA

Flanking Ex1/In1

junction

P6  Gm12606

(5°'UTR-In1)

ACCCTAGAGGGGGTTCCATC

Flanking Ex1/In1

junction

4.11.2 Real-time PCR

GTCCGAGCTATACAGAAGAATC
AAGCG

CAATGTTCAATGGAGGGCCG

All primers were designed with the help of the website http://genscript.com/tools/pcr-primers-

designer. The annealing temperature for the primers has been set at 60 °C. The oligonucleotides

were provided by the manufacturer in lyophilized form of 40 nmol and were dissolved in RNase-

free water to working concentrations of 5 pmol/pl.

Gene Forward primer 5’-3’ Reverse primer 5°-3’

14-3-3b TAAACAAACCACGGTGTCCA GCTGCATTTCTTTCTTGCTG
Bmi1 GTCAGCTGATGCTGCCAAT CCTCTTCTCCTCATCTGCAA
Dkk2 TAGGAAGGCCACACTCCAAG CCTGATGGAGCACTGGTTTG
Gm12606_T1 GGCCTGGATAGAGGTCTCC TAGTTCTCTCCATCGGTTTCC
(Exon2-4)

Gm12606_T2 ACTGGAGCTCAGGGTTCAGC GGCTCTTCGGGAGAGATC
(Exon1-2)

Gm12606_T1/T2 A GGTACCTAGGCCCACATCTC TGTAGATGGATTCGCTGGGT
(Exon2-3/4)

Klf4 GAACTCACACAGGCGAGAAA AAAGGCCCTGTCACACTTCT
Nestin GAACTGGCACACCTCAAGAT GTGTCTGCAAGCGAGAGTTC
P15 (Ink4b) CTCCAGCTCGACAAG CAATTCATCACTGGGCTTTG
P16 (Ink4a) GAACTCGAGGAGAGCCATCT GGGTACGACCGAAAGAGTTC
P19 (Arf) GGTCACTGTGAGGATTCAGC ACATGTTCACGAAAGCCAGA
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P21
P27
Rb1
Rbbp1
Rbl1
Tbp

(Housekeeping gene)

Materials

ACCATGTCCAATCCTGGTG
TCTCAGGCAAACTCTGAGG
CTTGCATGGCTTTCAGATTC
CGAGAGTGAGACTCTGGATCA
GTCAAGGAAGTTCGCACTGA
ACTTCGTGCAAGAAATGCTG

AGAGACAACGGCACACTTTG
CTTCTGTTCTGTTGGCCCTT
TGCAGTATGGTTACCCTGGA
TCCTCCCTCTGTTGGTCTTC
GTAGCGCTCATGGACAGAAA
CTTCACTCTTGGCTCCTGTG

4.12Gm12606 oligonucleotides for knockdown

Antisense LNA GapmeR in vitro standard oligos from Exiqon; Vedbaek, Denmark

Product Product number Product Sequence 5’-3’ Concentration
name (pmol)
LincR166/8_1 300600 GTAGATGGATTCGCTG 100
(Gm12606)

LincR166/8_2 300600 AGCGAGGGAAGTGAGT 100
(Gm12606)

4.13 Mice

FVB/N mice — bred and maintained at the central animal facility of the Helmholtz Centre Munich,

Germany

C3H/H-Nhg mice — bred and maintained at the central animal facility of the Helmholtz Centre

Munich, Germany

C57BL/6N mice — Charles River Laboratories, Sulzfeld, Germany
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4.14Cell culture

4.14.1 Standard tissue culture media and supplements for MSC culturing and

differentiation

Basal medium + Serum Company

DMEM (1x) + GlutaMAX + 10% HyClone Fetal Gibco Thermo  Fisher  Scientific,
Bovine Serum (FBS) Darmstadt, Germany

DMEM/F-12, GlutaMAX + 10% MSC AQualified Gibco Thermo  Fisher  Scientific,
Fetal Bovine Serum (FBS) Darmstadt, Germany

Stem Pro Osteoblast Differentiation Basal Medium = Gibco  Thermo  Fisher  Scientific,
+ 10% Stem Pro Osteogenesis Supplement Darmstadt, Germany

Stem Pro Adipocyte Differentiation Basal Medium @ Gibco  Thermo  Fisher  Scientific,
+ 10% Stem Pro Adipogenesis Supplement Darmstadt, Germany

Stem Pro Chondrocyte Differentiation Basal Gibco Thermo  Fisher  Scientific,

Medium + 10% Stem Pro Chondrogenesis

Supplement

4.14.2 Cell lines

Darmstadt, Germany

Mouse osteosarcoma (MOS) and primary mouse osteoblasts (mOB) cell line (kindly generated

and provided by Dr. Michael Rosemann)
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4.15Software

Materials

Software Version Application Provider
AxioVisionAC 4.2 Micro-Image processing Carl Zeiss,
Oberkochen,
Germany
BZ-1l Analyzer Micro-lmage  processing KEYENCE
and analysis Germany GmbH,

GraphPad  Prism
5.04
ImagedJ - Fiji

SnapGene Viewer

StepOne software

v2.3

Statistical Analysis and
graphical presentation
Image processing and
analysis
Vector and sequence
design and visualization
Quantitative Real-Time

PCR Data analysis
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Neu-Isenburg,
Germany
GraphPad
Software, USA

Open Source

Open Source

Applied
Biosystems,
Darmstadt,

Germany



Methods

5. Methods

5.1 Cell culture

5.1.1 Cultivation of primary murine MSCs

Primary mMSCs were isolated from the bone marrow plugs released from the femurs and tibias
of C3H/H-Nhg, FVB/N or C57BL/6N mice. Prior to extraction, mice were sacrificed by CO-
asphyxiation. Limbs were cleaned from adherent tissue and the marrow expressed into a 15 ml
Falcon tube using ice cold PBS passed through a 27G injection needle. The resulting marrow was
suspended as single cells by gentle vortexing. The cells were centrifuged at 1300 rpm for 5 min
and the supernatant discarded. Finally, the cells were resuspended in 12 mL of DMEM/F12 media
containing 10 % mesenchymal stem cell qualified FBS. For adhesion, cultures were seeded in
T25 cell culture flasks because MSCs have the ability to bind to plastic substrates, and maintained
under hypoxic conditions (2% Oz, 5% CO-) at 37°C in a humidified atmosphere. The medium was
exchanged with fresh media after 4h and then after a further 16-20h. The exhausted medium
containing non-adherent cells was collected aseptically and transferred to a new flask to increase
the maximum yield of mMSCs by allowing late attaching cells to adhere. Twice a day during the
following 3 days the non-adherent cells were eliminated by media exchange (protocol modified
from Soleimani and Nadri (Soleimani & Nadri, 2009)). After 7 days and reaching 80 % confluency,
the adherent cells were passaged by flooding the plastic surfaces with StemPro Accutase
Reagent. Recovered cells were counted using a Cell Counter Analyzer and subsequently
passaged once a week by splitting in a 1:3 ratio. After each passage the rock-inhibitor Y-27632
(an inhibitor of non-canonical Wnt-signalling) was added to a final concentration of 10 nM. Rock-
inhibitor was found to prevent detachment of hMSCs and promote their proliferation and

differentiation (Nakamura, Yoshimura, Kaneko, Sato, & Hara, 2014). After 3, 5 or 7 passages,
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primary mouse MSCs were resuspended in stem cell banker medium, frozen at -80 °C, and stored

in liquid nitrogen the next day for use in subsequent experiments.

5.1.2 Cultivation of mouse osteoblast and mouse osteosarcoma cells

Mouse osteosarcoma (MOS) and primary mouse osteoblast (mOB) cells (kindly generated and
provided by Dr. Michael Rosemann) were cultured in DMEM (1x) + GlutaMAX media containing
10% HyClone Fetal Bovine Serum (FBS) under normoxic conditions (20-21% O, 5% CO) at 37
°C in a humidified atmosphere. At 80 % confluency, cells were detached by using 0.05% trypsin-

EDTA and passaged in a 1:5 ratio.

5.2 Irradiation

During the first year of this project, in-vitro y-irradiation of cells was performed using an HWM-D-
2000 (Siemens, Germany) Cs137 y-source providing a dose rate of 0.5 Gy/ min. Cells were kept
at room temperature during irradiation and control cells were sham-irradiated by carrying the
controls to the radiation facility without exposing them to irradiation. During subsequent years the
HWM-D-2000 radiation facility was replaced by an X-ray cabinet RS225 (XStrahl GmbH
Germany). Here the dose rate was calibrated at 0.82 Gy/min with 10 mA and 195 kV X-ray
radiation. A 3 mm-thick aluminium filter was used for beam hardening at a 60 cm distance. Sham-
irradiated controls were treated according to the same protocol, but without switching on the X-

ray-beam.
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5.3 Molecular biological techniques

5.3.1 DNA isolation

DNA isolation from mouse tail tips and ear biopsies

Analysis of the success of gene editing was performed by PCR of genomic DNA isolated from tail
or ear biopsies of F1 and F2 progeny animals. 2 mm long tail tip or ear tissue was cut off from
each mouse by Dr. Michael Rosemann. Tail or ear tissue samples were removed, and the tissue
digested with 750 pL tail tip lysis buffer at 55 °C in a thermomixer heating block at 800 rpm
overnight. 250 yL 6M NaCl was added, and the lysates mixed by vortexing then centrifuged for
20 min at 4 °C and 10000 rpm. To precipitate the DNA, 400uL of clear suspension was carefully
removed and mixed in a 1.5 ml Eppendorf tube with 1 ml of 95% ethanol, shaken by hand and
centrifuged at 13000 rpm for 10 min. The precipitated DNA pellet was washed with 500 uL 75%
ethanol. The ethanol was removed and the pellet air dried and resuspended in 200 uL nuclease-
free water by mixing in a thermomixer at 50 °C for 30 min. The DNA concentration was measured
with a NanoDrop 1000 spectrophotometer. An OD 260/280 ratio of ~1.8 was accepted as an

indicator of DNA purity.
DNA isolation from cultured cells

DNA was isolated from cells using the QlAamp DNA Mini Kit according to manufacturer’s
procedure. Prior to extraction the cells were released from the cell culture dishes with Accutase
or Trypsin/EDTA specify and 1x PBS washes. After centrifugation the cell pellets were stored at
-80 °C or used directly for DNA extraction. The pellets were lysed with 200 yL PBS and 20 uL
proteinase K and 200 pL buffer AL, mixed thoroughly by vortexing for 15 sec and incubated at 56
°C for 10 min in a thermomixer heating block. After the addition of 200 uL 100% ethanol the pellet
was mixed one again by vortexing for 15 sec. The pellet was transferred to a QlAamp spin column

and centrifuged at 8000 rpm for 1 min. The filtrate was discarded, and the column washed with
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500 pL Buffer AW1 and AW?2 followed by centrifugation (8000 rpm for 1 min) after each wash.
Finally, the DNA was eluted from the column by pipetting 50-100 pL nuclease-free water and
collected by centrifugation for 1 min and 8000 rpm. The DNA concentration was measured with a
NanoDrop 1000 spectrophotometer. An OD 260/280 ratio of ~1.8 was accepted as an indicator

of DNA puirity.

5.3.2 RNA isolation

Total RNA was isolated from cells using the Maxwell® 16 miRNA Tissue Kit according to
manufacturer’s procedure. Cells were recovered from the cell culture dishes with Accutase or
Trypsin/EDTA and 1x PBS washes. After centrifugation the cell pellet was treated with 200 pL of
cooled homogenization solution that contains thioglycerol provided by the company. After the
addition of 200 pL lysis buffer and 15 uL proteinase K, the solution was mixed by vortexing and
incubated for 10 min at RT. The resultant cell lysate was transferred to the Maxwell device and
miRNA extraction settings selected. After recovery the total RNA content was measured using a
NanoDrop 1000 spectrophotometer. An OD 260/280 ratio of ~2.0 was accepted as an indicator

of RNA purity.

5.3.3 Polymerase chain reaction (PCR)

DNA amplification was performed by PCR using 2x GoTaq® Green PCR Master mix that contains
MgCl,, dNTPs, reaction buffers and Taqg DNA polymerase. For mouse genotyping, the
concentration of the PCR master mix was increased as needed to ensure successful DNA
amplification. A no template control (NTC) was performed as the negative control to detect primer

dimer formation and contamination.
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Table 1: PCR reaction mixture

Component Quantity (pL)
Master mix (GoTag® Green) 2x = 10

Forward primer (10 pmol) 1

Reverse primer (10 pmol) 1

Nuclease free water 7

Template DNA (30 ng/ul) 1

Total volume 20

Primer sequences used for DNA amplification are listed in chapter 4.11.1. PCR reactions were

performed using the Veriti® thermal cycler with the parameters listed below.

Table 2: PCR reaction program

Step Time (sec) Temperature (°C) Cycles
Initialization 60 96 1x
Denaturation 10 94

Annealing 15 55-60 35x
Elongation 120 72

Final hold o0 4
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5.3.4 Agarose gel-electrophoresis

PCR products were analysed on 1.5 - 2.5% TBE agarose gels, depending on the expected
amplicon length. The required amount of agarose was dissolved in 100 ml 1x TBE electrophoresis
buffer and boiled in a microwave oven followed by cooling to about 50°C with stirring. 5 uL EtBr
(10 mg/ml) was added and the mixture was poured into gel casts with the appropriate combs
inserted. After the gel solidified the combs were removed and the gels placed in an
electrophoresis chamber filled with 1x TBE buffer. For analysis of amplification of DNA templates,
samples were prepared by adding 2 pL loading dye to 10 uL of PCR product, and for cDNA
templates analysis, 4 uL loading dye was mixed to 20 L of gPCR product. For size analysis 7 uL
of a 100 bp molecular weight ladder were loaded to the first well of the gel. Electrophoresis was
done at 90V with run times of between 1 and 2 hours (depending on amplicon size). The PCR
products were visualized using the Alpha Innotec Chemilmager Transilluminator System at
312nm. Images were captured by the CCD camera through an orange band-pass filter and stored

as 16bit tiff graphic files.

5.3.5 Reverse transcription

Total RNA was used for the synthesis of complementary DNA (cDNA) using random hexamers
and (or) oligo (dT) primers. 200 ng of RNA was dried in a vacuum concentrator for 20 min by 30
°C. 10ul nuclease free water plus the diluted primers and dNTPs were added directly to the dried
RNA and incubated for 5 min at 65 °C in a thermomixer. The primers were allowed to anneal to

the RNA by incubation on ice for at least 5 min.
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Table 3: Reverse transcription reaction mixture

Component Quantity (pL)

Template RNA (200 ng/pL)
dNTP mix (10 mM) 1

Random hexamers (50 uM) 0.5

Oligo dT (0.5 pg/uL) 0.5
Nuclease free water 10
Total volume 12

5x First stranded buffer, DTT and Rnase inhibitor were added to the RNA/primer mixture, mixed
carefully and placed for 2 min at RT (for random hexamers hybridization) with subsequent 2 min

incubation at 42 °C (for oligo dT hybridization).

Table 4: Reverse transcription reaction program

Component Quantity (pL)
First stranded (5x) 4
DTT (0.1 M) 2

Rnase Out (40 U/uL) not same | 1
name as in text

Total volume 7
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Synthesis of the single stranded cDNA was initiated by adding 1 yL 200 U/uL Superscript Il
reverse transcriptase. The reaction tube was kept for 10 min at RT (for random hexamers

hybridization) followed by incubation for 50 min at 42 °C (for oligo dT hybridization). Inactivation

of the enzyme was achieved by heating at 70 °C for 15 min. The synthesized cDNA was diluted

in a ration of 1:5 with nuclease free water stored at -20 °C till further use.

5.3.6 Real time polymerase chain reaction (RT-qPCR)

RT-gPCR is a precise method for the quantitative assessment of gene expression. It was
performed with 2x Power Up SYBR Green (ROX) Master Mix using the StepOne Plus Real time
PCR machine. Power Up SYBR Green provides additional features, including the incorporation
of UDG to prevent carry-over contamination and a dual hot-start mechanism to improve reaction

specificity by preventing an early start of Taq polymerase activity at low temperatures.

The relative transcript level of the INcRNA or mRNA template in a sample was determined using
the comparative 2-AACt method with Ct values automatically generated by the StepOne Plus
software. This method compares the relative changes in gene expression of a gene of interest
compared to a control. Baseline and threshold were adjusted separately for each gene. Ct values
of genes of interest were normalized in relation to the endogenous control (The TATA binding
protein (TBP)). Ct values for calibrators (e.g., sham irradiated or not-treated samples) were also
determined in relation to endogenous control. These values were subtracted from each other and
used for calculation. The INcRNA or mRNA expression was measured using divergent primers
manufactured by Eurofins Genomics GmbH, Ebersberg. A list of primer sequences is available in
section 4.11.2. An NTC was performed as a negative control to monitor primer dimer formation
as well as contamination and to avoid false positive results. Setup for RT-gPCR reaction and

program are shown in the following tables.
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For this project the SYBR Green reporter was used in the amplification reactions performed with
the StepOne Plus Real time PCR device. SYBR Green has the advantage to examine the quality
of the RT-gPCR reaction by melting curve analysis. Single melting curve peaks indicate good
quality by pure amplification products. If multiple peaks are present, the reaction contains either

unspecific products, multiple mRNA isoforms, primer dimers or PCR heteroduplexes.

Table 5: RT-qPCR reaction mixture

Component Quantity (pL)

Master mix (2x Power Up SYBR | 10

Green)

Forward primer (5 pmol) 1
Reverse primer (5 pmol) 1
Nuclease free water 6

Template cDNA (200 ng/ul) or | 2
DNA

Total volume 20
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Table 6: RT-gPCR reaction program

Step Time (sec) Temperature (°C) | Cycles
UDG activation 120 50

Dual-Lock DNA | 2 95

polymerase

Denaturation 15 95

Annealing/ 60 60 40x
Elongation

Melt Curve Stage | | 15 95

Melt Curve Stage Il | 60 60

Melt Curve Stage lll | 95 95

Final hold o0 4

5.3.7 Sequencing

The precise location of a genomic deletion in IncRNA as well as the correct amplification of PCR
products was determined by sequencing of the PCR products using flanking primers. For this
purpose, the PCR products were purified using a QIA quick PCR amplification kit according to the
manufacturer’s protocol. Subsequent sequencing reactions were performed using the BigDye®
Terminator v3.1 Cycle Sequencing Kit. The reaction mixture was prepared using 150-300 ng
template DNA. Two separate reactions, one with the forward and one with the reverse primer,

were performed for each sample to guarantee accurate sequencing reads.
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Table 7: Sequencing reaction mixture

Component Quantity (pL)

BigDye®  Terminator v3.1 8

reaction mix

Forward primer (5 pmol) or 1

reverse primer (5 pmol)

Nuclease free water to make up the volume to 20 pl
Template DNA (purified | required for 150-300 ng of DNA
product)

Total volume 20

Primer sequences used for sequencing are listed in chapter 4.11.1. Sequencing reaction was

performed with the Veriti® thermal cycler under the following reaction conditions.

Table 8: Sequencing reaction program

Step Time (sec) Temperature (°C) Cycles
Initialization 60 96 1x
Denaturation 10 96

Annealing 5 50 25x
Elongation 240 60

Final hold o0 4
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The amplified dye-terminator DNA fragments were precipitated from the reaction mixture by
adding 70 uL 70% ethanol and the solution transferred to the wells of barcode labelled 96-well
plates provided by the sequencing facility of Helmholtz Centre Munich. Plates were centrifuged
at 4500 rpm for 30 min, followed by a brief upside-down centrifugation to remove the supernatant.
100 pyL 70% ethanol was added to the wells and the plates kept at RT for 15 min before the
centrifugation was repeated as before. Pellets were air dried for 30 min and 50 uL of HPLC grade
or nuclease-free water were added to each well. The plates were covered with silicone sealing
membrane and sequencing was performed. Snap Gene Viewer was used to analyse the

sequencing results.

5.3.8 Stellaris® RNA Fluorescence in situ hybridization (RNA-FISH)

Stellaris RNA FISH is an RNA imaging technique that enables the combined detection,
localization and quantification of intracellular RNA molecules using fluorescence microscopy. The
procedure was performed according to the manufacturer’s protocol for adherent cells. Probes
complementary to the target RNA were designed using the online probe designer tool
(https://biosearchtech.com/Account/Login?return=/stellaris-designer) with 25 specific probes
selected using the Gm12606 input sequence. Custom oligonucleotide probe was commercially

synthesized, and dual end labelled with Quasar®570 (Ex: 552 nm; Em: 570 nm).

MOS, mMSCs and mOB were grown on 12-well chamber slides for two days before cells were
fixed with Roth HistoFix for 30 min, followed by two washes with 1x PBS. For permeabilization
250 pL ethanol were added to the cells for at least 1h or stored up to one week at 4 °C in 1x PBS.
Pre-hybridization buffer and hybridization buffer were prepared as described in section 4.5. All
solutions (except the probe) were autoclaved before use and sterile deionized water was treated
with DEPC (Diethylpyrocarbonat) to remove RNAse contamination. Prior to treatment, 1 pL of

probe again was mixed with 100 uL hybridization buffer. Ethanol was aspirated from the cells and
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they were washed with 1x PBS. 250 uL pre-hybridization buffer was added and cells incubated
for 5 min at RT. Pre-hybridization buffer was discarded and cells subsequently covered with 100
ML hybridization buffer containing the probe. Cells were incubated overnight (~16h) in the dark at
37 °C in a humidified chamber, followed by two washing steps with an incubation in pre-
hybridization buffer for 15 min at 37 °C. The pre-hybridization buffer was removed, and cells
washed additionally with 1x PBS. In order to make the nuclei visible, cells were counterstained
with Hoechst 33342 in PBS (1:2000) by covering cells for 10 min, followed by three washing steps
carried out three times with 1x PBS. Cells were mounted with Vectashield and cover slipped.
Fluorescence images were acquired with the Keyence microscope and associated BZ Il viewer

software.

5.3.9 Differentiation assay

Alterations in the mesenchymal lineage multipotency of MMSCs was investigated by treating cells
with mixtures of growth factors and cytokines e.g., dexamethasone, glycerophosphate and
ascorbic acid to provoke either osteogenic, adipogenic or chondrogenic differentiation (induced
differentiation). Cells were seeded in 6-well plates and cultured in appropriate amounts of cell
culture medium up to 80 % confluency. To induce adipogenic differentiation the MSC growth
medium was replaced by an adipogenic differentiation medium consisting of the Stem Pro
Adipocyte differentiation basal medium and Stem Pro Adipogenesis supplement (containing
insulin) in a ration of 1:10 ratio. For osteogenic differentiation, cells were treated with Stem Pro
Osteoblast Differentiation Basal Medium and Stem Pro Osteogenesis Supplement (containing
dexamethasone, glycerol-phosphate, and ascorbic acid) at the ratio of 1:10. To stimulate mMSC
chondrogenic differentiation very dense cultures of MSCs were required. Therefore, mMMSCs were
seeded in a single drop in 500 uL medium and allowed to adhere to the surface for 2 hours. After

adhesion the medium was supplemented with Stem Pro Chondrocyte Differentiation Basal
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Medium and Stem Pro Chondrogenesis Supplement (containing TGF-beta, insulin,

dexamethasone, and sodium pyruvate) in a ratio of 1:10.

Cells were cultivated for four days in the appropriate differentiation medium and harvested by
scraping with a sterile cell scraper. Pellets were washed with 1x PBS and stored in -80°C. RNA
was isolated using the Maxwell® 16 miRNA Tissue Kit. cDNA synthesis and RT-gPCR were

performed according to standard procedure.

5.3.10 Antisense oligonucleotide-mediated knockdown of Gm12606 in vitro (LNA GapmeR
transfection)
Antisense oligonucleotide (ASO)-mediated knockdown was achieved and used to examine the
involvement of Gm12606 in the regulation of nearby genes. In contrast to siRNA knockdown, ASO
can also downregulate RNA that is exclusively in the nucleus and activate Rnase H mediated
target degradation. mMMSCs were cultured under normal conditions (chapter 5.2). 250000 cells
were seeded in 6-well cell culture plates and cells transiently transfected the next day with
lipofectamine RNAIMAX transfection reagent and Antisense LNA longRNA GapmeR in vitro
standard oligonucleotides. The sequences of the oligonucleotides were designed using Exiqon’s
GapmeR Design Algorithm (chapter 4.12) and two different oligonucleotides were provided by the
company that were co-transfected. 5 yL lipofectamine had been diluted in 120 yL Opti-MEM
medium. Similarly, 123 pyL Opti-MEM medium was added to different volumes of LNA
oligonucleotides (100/150/200 pmol/pL) (2 pl; 3 pl, 4 yl). The diluted lipofectamine was combined
with the diluted LNA oligonucleotides, incubated for 15 min at RT and transferred to 1750 yL
culture medium that was added to the cell cultures. Cells were incubated for either 24h or 48h
before harvesting. To exclude off-target effects caused by the oligonucleotides control cells were
exposed to a negative control scrambled 17 nt LNAs oligonucleotides (scr) produced by the

company Sigma-Aldrich Chemie GmbH. In addition, lipofectamine only transfected cells were
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used for an initial comparative analysis. After incubation the transfected cells were removed from
the dishes with 0.05 % Trypsin/EDTA or Accutase, 1 x PBS washes and stored in -80 °C for

further gene expression analysis.

5.4 CRISPR/Cas9

The original aim of the study was to generate a Gm12606 knock-out mouse by either deleting
exon1 of Gm12606 located next to the p16 gene of interest or by eliminating the entire 37 kb
Gm12606 fragment. Due to the inability of IncRNAs to produce proteins, one guide RNA is not
sufficient to delete the entire gene. Therefore, two guide RNAs are required to flank the IncRNA
in order to achieve efficient deletion (KO) of the targeted gene. Since T1 in mMSCs increased
with age, as shown in preliminary RNA sequencing data, and the goal was to reverse ageing in

mMSCs, it was decided to conduct further investigations exclusively with Gm12606 T1.

5.4.1 Identification and testing of CRISPR/Cas9 sgRNAs in vitro

Different sgRNA oligonucleotides (“single guide RNAs”) were first tested in vitro by cloning
strategy using a CRISPR/Cas9 vector (Figure 12, provided by IDG). The vector contained a Cas9
expression cassette and a multiple cloning site for sgRNA sequences driven by the U6 promoter.
sgRNAs for cloning experiments were generated from DNA oligonucleotides and designed with
the help of the CRISPR design tool CRISPOR (Haeussler et al., 2016) and produced by Eurofins
Genomics GmbH (Ebersberg, Germany). The oligonucleotides were provided by the
manufacturer in lyophilized form of 40 nmol and were dissolved in RNase-free water to working
concentrations of 1 pmol/ul. Because mMSCs appeared refractory to plasmid transfection and
single cell cloning, the MOS immortalized murine osteosarcoma cell line was used to establish

the knockout in vitro.
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Cloning sgRNA oligonucleotides into pBS-U6-Cas9 vector

In order to introduce sgRNA 1, 2, 3, 4, 5, 6 sequences into the U6 promoter vector (pMB-U6-
Cas9), a Bbsl restriction digestion of the vector was performed using 1 ug of the plasmid according
to manufacturer’s instructions. To form double stranded DNA molecules homologous to the target
sequence, reverse and complement DNA oligonucleotides with a concentration of 1 pmol/uL were
mixed in a ratio of 1:1 in 50 yL TE-buffer. Oligonucleotides were then incubated at 98°C for 10
min and cooled down slowly to 40 °C in 25x 2 °C steps, thereby annealing and generating Bbs1
compatible insert. To ligate the inserts into the Bbs1-digested pU6-Cas9 vectors, 50 ng of the
linear plasmids were incubated overnight at 16 °C with the double-stranded sgRNA DNA
oligonucleotides (4 pL), T4 DNA ligase buffer (1.5 pL), T4 ligase (1.5 uL) and water (5 uL). As the
insertion destroys Bbs1 sites the vector without inserts could be removed by incubating the ligated
plasmids (15 pL) with Bbsl for 30 min at 37 °C (water (30 pL), 10x NEB 2.1 Buffer (5 yL) and 1
uL of the enzyme) and following 30 min at 65 °C. For the transformation of the ligated vector into
chemically competent cells, 1 puL plasmid was added to a 50 pL suspension of DH5a chemically
competent E. coli. In a heat shock reaction, cells were incubated for 30 sec at 42 °C and put on
ice for 10 min. Cells were mixed with 1 ml of SOC medium containing 50 pg/ml ampicillin and
incubated for 1h in 37 °C with gentle agitation. After an hour, 500 uL of the suspension was spread
on a 50 ug/ml ampicillin containing LB agar plate and incubated overnight in 37 °C. The next day
clones were picked and further expanded in 100ml LB suspension culture with 50 ug/ml ampicillin
incubated overnight at 37 °C in a shaker incubator (180 rpm). Midi plasmid preparation was
performed using the PureYield Plasmid Midiprep System following the manufacturer's

instructions.
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Co-Transfection of sgRNA plasmid DNA

MOS cells were lipofected with paired sgRNAs that flanked the target region to be deleted. One
day before transfection, 2.5 x 10° MOS cells were seeded with 2 ml of growth medium in 6-well
plates. Liposomal-DNA complexes were prepared by dilution of 2,5 pg plasmid DNA in 105 yL
Gibco Opti-MEM and dilution of 5 yL Lipofectamin 2000 in 120 pyL Opti-MEM. After 5 min
incubation at room temperature, both solutions were combined to a final volume of 250 uL, mixed
gently by 3 times inverting the tube and incubated for 20 min at RT. Aliquots were added to
individual wells containing the cells and 1750 yL medium by moving the plate back and forward.
Cells were incubated overnight at 37 °C and DNA was extracted 24h and 48h later using the

QIAamp DNA Mini Kit to screen for deleted regions.
Screening of deleted regions

Screening by standard genomic PCR followed by gel electrophoresis was performed to determine
the size and length of the resulting Gm12606 deletions obtained from the in-vitro CRISPR/Cas9
experiment. This was established using different primer combinations flanking the sgRNA target
positions in the genome. Finally, to identify the exact position of a potential deletion, PCR products
were cloned into the pGEM-T vector using the pPGEM®-T PCR cloning kit from Promega according

to manufacturer’s instructions and subjected to standard dye-terminator DNA sequencing.
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5.4.2 Generation of Gm72606 KO and Kl mice via microinjection of single-cell embryos
(performed by the Institute of Developmental Genetics (IDG; F. Giesert), Helmholtz
Zentrum Miinchen)

Although there are several functional experiments to investigate the role of INcRNAs in vitro

(siRNA and antisense oligonucleotides (ASO)), CRISPR/Cas9 system allows the generation of

conditional knock-out (KO) or knock-in (KI) mice that precisely inhibit the target INcRNA to

examine whether there is a potential epigenetic interaction between Gm12606 and p16 in

mMSCs.

sgRNA for the animal experiments were generated from DNA oligonucleotides (Metabion,
Planegg/Steinkirchen, Germany) by in vitro transcription utilizing the EnGen® sgRNA Synthesis
Kit, S. pyogenes following the manufacturer’s instructions (Institute of Developmental Genetics

(F. Giesert), Helmholtz Centre Munich).

For the generation of the Gm12606 KO mouse line, gene specific single guide RNAs (sgRNA1,
sgRNA2, sgRNA5, gRNAG) (Chapter 4.10) were used (in various combinations). sgRNAs were
generated from DNA oligonucleotides by in vitro transcription using the EnGen® sgRNA

Synthesis Kit, S. pyogenes according to the manufacturer’s instructions.

For the generation of a Gm12606 KI mouse line, sgRNA7 (Chapter 4.10) and a donor, consisting
of a specific targeting oligo harbouring the Gm12606 poly-A site and a 5’ and 3’ homology region
targeting vector has been utilized (Integrated DNA Technologies Inc. /IDT, Coralville, IA, USA)
(Figure 14). The goal here was to either obtain a truncated Gm12606 T1 transcript or to generate

a splice site deletion.

Prior to pronuclear injection in single cell embryos, sgRNA was diluted together with recombinant
Cas9 protein and the targeting oligo in microinjection buffer to a working concentration of 50 ng/uL

(sgRNA), 50 ng/uL (Cas9) and 50 ng/uL (targeting oligo). Single-cell embryos were obtained by
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mating C57BL/6N males with C57BL/6N females superovulated with 7.5 units of PMSG (Pregnant
Mare's Serum Gonadotropin) and 7.5 units of HCG (Human Chorionic Gonadotropin). To target
the Gm12606 in single-cell embryos, injections were done into the larger pronucleus. After
injection, zygotes were transferred into pseudopregnant CD1 female mice to obtain live pups. All
mice showed normal development and appeared healthy. The animals were handled according
to institutional guidelines and were approved by the Animal Welfare Committee of the
Government of Upper Bavaria (AZ 55.2-2532.Vet_02-14-205). The mice were housed in standard
cages in a specifically pathogen-free facility in a 12 h light/dark cycle with ad libitum access to
food and water. Analysis of gene editing events were performed on genomic DNA isolated from
tail or ear biopsies using the Wizard Genomic DNA Purification Kit (Promega, Mannheim,

Germany) following the manufacturer’s instructions.

A . ngNA7

CTCTTAGCCCCATGGGTTCAGgttagttgac

5'- GGT TGG TGG TTC AGA CTC TTA GAG CCC CAT GTC[AAA AAT AAA AAA AAT ACA | 5 hom arm pA
[TTG TAT GAA ATT CTC AAA AAA CTA ATA AAA ACG TTG TTG TTG TTT TTAACC | pA
[TGG GGT AAT GCA AAA CAA |

-3
| bt tga ctc tgt ctt cct gtg gag ttc cta adnemiann

Figure 14: CRISPR/Cas9 exon1/intron1 splice site deletion and poly-A signal knock-in. (A) Schematic
overview of sgRNA 7 targeting the exon1/intron1 splice site of the Gm12606 gene. Target sequence is
highlighted in blue, the PAM site in green and the intron sequence in red. The poly-A site (pA) is located
within exon 4 of Gm12606 and is highlighted in red. (B) The homologous repair template containing the
poly-A sequence (framed) of Gm12606 and flanked by the 5’ (blue) and 3’ (purple) homology arm.
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Figure 15: Workflow and breeding strategy (in collaboration with the IDG, F. Giesert Lab). Graphical
representation of the workflow for CRISPR/Cas9-mediated depletion of the lincRNA Gm12606 in vivo.

sgRNAs and the Cas9 proteins were microinjected into the larger pronucleus of a fertilized oocyte from

superovulated C57BL/6N female mouse. After several cell divisions in vitro, zygotes were transferred to

pseudopregnant CD1 females to obtain live pups. Genomic DNA was extracted from tail or ear biopsies of

pups and genotyped. Mice showing a deletion event in the target locus (heterozygous FO founder mice)

were mated with wt littermates, as soon as they reached sexual maturity (6-8 weeks), to obtain F1

heterozygous offspring. After genotyping, heterozygous F1 offspring were paired to generate F2 generation

mice with a homozygous KO mouse of Gm12606. Breeding was continued to obtain a sufficient number of

homozygous mice.
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5.4.3 In-vitro fertilization (IVF)

IVF using frozen sperm from mouse 72 was performed by the Department of Comparative
Medicine of the Helmholtz Centre Munich. In case of one founder mouse (72, harbouring deletion
of the entire exon1 of Gm12606), sperms were frozen after autopsy, which became necessary
because of developmental genito-urinary problems. Using this sperm an in vitro fertilization with
wild-type (wt) oocytes was done with following embryo transfer. Ear biopsies were taken from the

mice and DNA extracted according to standard procedure described in chapter 5.3.1.

5.4.4 Mouse genotyping

The genomic DNA obtained from CRISPR/Cas9 gene edited C57BL/6N mice was genotyped to
determine the presence of gene deletions. The Gm12606 locus was analysed by a series of locus
specific PCR amplifications and the products resolved by agarose gel-electrophoresis. Length of

the DNA fragments was measured by comparison with DNA molecular weight markers.

5.5 Presto Blue cell viability assay

To study cell proliferation the Presto Blue cell viability assay was performed. mMSCs were
isolated as described above and passaged after one week of cultivation (p1). 4000 cells were
transferred into 96-well culture plates and continued to grow for 3 days. Cell medium was replaced
with Presto Blue cell viability reagent (1:10) mixed with mMSC culture medium and incubated for
30 min at 37 °C. Fluorescence of the Presto Blue reagent was measured with the Tecan Infinite
M200 microplate reader at 560 nm excitation and 590 nm emission wavelength. A blank well filled
with culture medium and Presto Blue was used to investigate background florescence. After
completion of the assay the residual Presto Blue reagent was removed from the wells by replacing

the medium with fresh mMSC medium and the cells were allowed to grow further. The
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measurements were repeated every three days. Cells in culture media without Presto Blue
reagent were used as internal controls. Results of the blanks were subtracted from the
fluorescence values. Data were collected over two weeks and results plotted (days vs. relative

fluorescence units).

5.6 Senescence associated -galactosidase staining

Senescent cells have increased lysosomal activity due to the activation of R-galactosidase. This
can be detected by the formation of an insoluble blue coloration (indigo) released by the cleavage
of the chromogenic R-galactosidase substrate X-Gal and the resultant intracellular dimerization
of the indole moieties. To measure senescence in murine MSCs, 20000 cells were cultured in
each well of 24 well plates. At different time points after starting the culture (6, 9 and 12 days after
seeding), the adherent cells were washed two times with PBS and fixed with Roth HistoFix (4 %
PFA) for 10 min, followed by additional washing steps. Senescence staining solution containing
X-gal was applied as described in chapter 4.5 and added to completely cover the cells. Cells were
incubated overnight at 37 °C in a humidified atmosphere (Figure 16). Thereafter the staining
solution was replaced by PBS and blue-stained senescent cells were visualized and quantified
under brightfield microscopy. Three images were generated from each of two technical replicates
and the experiment was repeated with four biological replicates. Senescent cells were counted in
relation to the total cell number. In case of very high confluency, propidium iodide was added to
the cells to identify nuclei. This enabled the number of total cells to be determined more accurately

(Figure 17).
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Figure 16: Representative image of SA-B-gal-positive cells for the detection of senescence
induction using Zeiss Axiovert 25 microscope. (A) Images were first acquired with phase contrast to
determine the total cell number. (B) Light intensity was increased to improve the visibility of SA-B-gal-

positive cells (blue).

Figure 17: Representative image of SA-B-gal-positive cells (blue) for the detection of senescence
induction using KEYENCE BZ-9000 microscope. In case of very high confluency, propidium iodide was
added to the cells to allow visualization of the cell nuclei (red) for precise counting of the total cell number.
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5.7 Immunofluorescence staining of DNA damage repair foci

To Investigate DSB repair and repair kinetics after irradiation the presence of co-localized yH2AX
and 53BP1 labelled repair foci was analysed. 60000 cells per well of wild-type or homozygous
Gm12606-1"- mMSCs were cultured on sterile glass microscope slides and irradiated after two
days with X-ray doses of 0, 1, 2 and 4 Gy. After 90, 180, 360 and 1440 min after irradiation the
cells were fixed with Roth HistoFix for 10 min, followed by two washes with 1x PBS. Cells were
permeablized with 0.2% Triton X100 in PBS for 5 min and washed twice with 1x PBS for 5 min at
RT. Non-specific antibody binding was blocked by incubating the permeabilized cells for 1h in 1%
BSA, 0.15% glycine in PBS (PBS") for 1h in humidified atmosphere at RT. Primary antibodies
(mouse monoclonal anti-yH2AX antibody (1:500) and rabbit polyclonal anti-53BP1 antibody
(1:500)) directed against the repair foci markers were combined and diluted in PBS* then applied
to the cells overnight in a humidified chamber at 4 °C. After extensive washing (3 x 15 min in
1xPBS) the appropriate secondary antibodies (1:500 Cy3-conjugated sheep anti-mouse I1gG and
1:200 Alexa 488-conjugated goat anti-rabbit IgG) were combined and diluted in PBS+ then added
to the cells for 1h at RT. Further washing steps as described above were carried out. The cells
were counterstained with Hoechst 33342 solution and stored in PBS at 4 °C and mounted directly

before microscopy with PBS and covered with glass coverslips.

Images of co-localized foci from yH2AX and 53BP1 were acquired using the Keyence
fluorescence microscope and the associated BZ Il viewer software. yH2AX and 53BP1 were
detected by excitation of the Cy3 and Alexa488 lasers with an exposure time of 1/3 sec for the
green and red channel and 1/25 sec for the blue channel (DAPI detection). At least 50 nuclei were
analysed and visualized with the 100x oil immersion lens. Images were processed with the BZ-I
Analyzer software for haze reduction and black balance to minimize background signals (Figure
18). For analysis with the Keyence counting software, only foci with co-localized yH2AX and

53BP1 signals were automatically evaluated with a threshold value of 70 threshold, which
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correlated with the size of the foci. To obtain the dose-response of radiation-induced DNA-DSBs,
the mean number of foci and the standard error of mean of counted foci were plotted linear to the

in vitro radiation dose exposure.

Figure 18: Representative image of the induction of yH2AX and 53BP1 DNA repair foci in mMSCs.
Immunofluorescence staining of co-localized (yellow) yH2AX (red) and 53BP1 (green) foci indicating DNA
damage repair. The images were taken with the KEYENCE BZ-9000 microscope and a 100x immersion
objective. Keyence analyser software was used to reduce hazard and balance black backgrounds and to
count co-localized signals. The red and green signals are the artificial colouring generated by the software.
Enlarged cell nuclei (white arrow) were classified as differentiated mMSCs and were excluded from

measurements.
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5.8 Statistical analysis

Statistical analysis of the data was performed using GraphPad Prism 5.04 & 8.4.0 software.
Experiments were conducted using two technical and at least three biological replicates.
Statistical analyses were applied using the two-sided student T-test. The effect of two
independent variables was analysed using two-way ANOVA with significance determined * for p-
value <0.05, ** for p-value <0.01, *** for p-value <0.001, and **** for p-value <0.0001. Data was

presented as mean + SEM.
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6. Results

6.1 Confirmation of the splice variants (T1 & T2) of Gm12606

The lincRNA Gm12606 was recently recognized as a potentially functional IncRNA by Mullin et
al. in 2017 (Mullin et al., 2017). Full length sequences of both possible transcripts (T1&T2) were
downloaded from the Ensembl Genome Browser and are provided in Appendix A. Closer
examination of the Gm12606 locus using the Repeat Masker tool provided by the UCSC Genome

Browse identified multiple repeat elements (Figure 19).

GENCODE VM23 Comprehensive Transcript Set (only Basic displayed by default)
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Figure 19: Repetitive elements within the Gm12606 locus. This image was created using the Arian
Smit's Repeat Masker tool, which scans the DNA sequence for repetitive elements. The degree of colour
shading reflects the degree of mismatch, base deletion, and base insertion. The higher the combined

number of these, the lighter the shading. (http://genome.ucsc.edu)

Repetitive sequences, especially LINE, were discovered within the introns of Gm12606. Shorter
sequence stretches with a partial homology to repeat elements also map to the four exons of
Gm12606. Consequently, care was taken to design PCR and RT-qPCR primers only from regions
that lack such repetitive elements. Suitable primers (chapter 4.11.2) were found confirming the
presence and expression of two splice variants of Gm12606 by RT-gPCR and sequencing
(Figure 20,21). Sequencing of the PCR amplified cDNA products confirmed the splice junctions

connecting the exons as listed in the sequences provided by Ensemble database (Appendix A).
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Figure 20: Sequence alignment of spliced Gm12606 T1. (A) Chromatogram of spliced T1. Sequencing
of a RT-gPCR product confirmed the presence of the spliced lincRNA Gm12606 T1. The white arrow
indicates the splice junctions connecting exons 2 and 3, as well as exon 3 and 4. (B) Simplified
representation of the lincRNA Gm12606 T1 with its 4 exons before and after splicing. RT-gPCR short
product spans exon 2 (red), exon 3 (green), and exon 4 (orange).
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Figure 21: Sequence alignment of spliced Gm12606 T2. (A) Chromatogram of spliced T2. Sequencing
of a RT-gPCR product confirmed the presence of the spliced lincRNA Gm12606 T2. The white arrow
indicates the splice junctions connecting exons 1 and 2. (B) Simplified representation of the lincRNA
Gm12606 T2 with its 3 exons before and after splicing. RT-qPCR short product spans exon1 (blue) and
exon 2 (red).
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6.2 Age and radiation-related changes of Gm12606 in mMSCs

To confirm the presence of T1 and T2 in mMSCs and to study whether ageing and exposure to
ionizing radiation affects the expression of Gm12606 T1 and T2, fold differences of RT-qPCR
amplified lincRNA were compared in mMSCs after in vitro ageing. Additionally, aliquots of cells
were irradiated with 0 or 2 Gy y-exposure 24h before harvesting the RNA for gene expression

analysis by RT-gPCR.

6.2.1 The cell morphology of bone-marrow mMSCs changed with increasing age

Primary mMSCs were isolated from the bone marrow of FVB/N mice and were cultured up to 7
weeks, passaging once a week. They are characterized by their adhesion to cell plastic surface.
The cellular morphology of MMSCs consisted of a heterogenous cell population at each time point
was examined (Figure 22). At 3 and 5 weeks, cells with flattened spindle-shaped morphology,
typical of mMMSCs, predominated. As the passaging number increased, the proportion of larger
cells with a trapezoidal shape grew as mMSCs began to differentiate. The more the mMSCs aged
(i.e., with each week and passage), the more differentiated cells emerged in the cell culture flasks

and the higher the cell heterogeneity.

Figure 22: Morphology of BM-derived mMSCs isolated from FVB/N mice strain. Three representative
images of primary mMSCs after cells were cultured for 3 weeks, 5 weeks, and 7 weeks in vitro under

hypoxic conditions and passaged once per week. Scale bars are 50 um.
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6.2.2 Gm12606 T1 and T2 are increased during in vitro ageing of mMSCs

Comparing the relative expression of Gm12606 transcription in 3-week-young mMSCs with that
of 5- and 7-week-old mMMSCs, T1 was significantly upregulated 4.3 + 1.4-fold (*p=0.0102) after 5
weeks and a dramatical elevation of T1 levels were determined after 7 weeks (71,7 + 20,1-fold,
*p=0.0116) (Figure 23). After 7 weeks in culture, no significant changes in the expression of T2
was found. T2 transcription was also different (3.8 + 1,8-fold, *p=0.0330) in the 5-week-old
mMSCs (Figure 23B). A strong dependence of Gm12606 expression with the degree of

differentiation of mMMSCs and increase of heterogeneity (Figure 22) becomes obvious.
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Figure 23: Expression of Gm12606 transcripts in in vitro aged mMSCs. Histograms show the relative
expression values of T1 and T2 in mMSCs from C3H mice obtained by RT-gPCR at week (wk) 3,5 and 7.
3 wk represents the young control and was normalized to 1 for comparison purposes. TBP was used as a
housekeeping gene. Data are represented as mean + SEM (3 wk =n=6, 5 wk=n=6, 7 wk=n=3, two-sided t-
test, *p < 0.05, **p < 0.01, ***p < 0,001) with values presented in the text. (A) Expression of T1 in young vs
old mMSCs. (B) Expression of T2 in young vs old mMSCs.
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6.2.3 Elevated Gm12606 expression after exposure to ionizing radiation

6.2.3.1 The transcription of T1 and T2 in 5-week-old mMSCs is upregulated following

irradiation

RT-gPCR analysis of Gm12606 transcription was performed at 3, 5, and 7 weeks 24h after an
acute exposure to 2 Gy in mMSCs and compared to sham-irradiated controls. Results showed a
slight difference of T1 expression (1.05 % 0.3-fold greater than shame-irradiated controls;
**p=0.0053) in 5-week-old mMMSCs (Figure 24A). Following 2 Gy exposure, transcript levels of
T2 were increased in the 5 (2.8 £ 0.5-fold, **p=0.008), and 7-week-old cells, reaching a 2.0 + 0.6-

fold upregulation by the latest time point (*p=0.02) (Figure 24B).
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Figure 24: Expression of Gm12606 transcripts in young and ageing mMSCs post 2 Gy irradiation
exposure. Histograms show the relative expression values of T1 and T2 obtained by RT-gPCR at week
3,5 and 7, 24h post 2 Gy y-radiation exposure from mMSCs of C3H mice compared to sham irradiated. 0
Gy represents the sham-irradiated control and was normalized to 1 (dashed line) for comparison purposes.
TBP was used as a housekeeping gene. Data are represented as mean + SEM (T1=n=6, T2=n=3, two-
sided t-test, *p < 0.05, **p < 0.01) with values presented in the text. Expression of T1 (A) and T2 (B) in

irradiated mMSCs compared to sham-irradiated controls.

6.2.3.2 Radiation enhances the expression of Gm12606 T1 at later time points
To study the change in expression of Gm12606 T1 over a constant time period, 3-week-old

mMSCs were first exposed to 0 or 1 Gy y-irradiation and cultivated for 24 days. Every second day
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the cells were harvested and analysed by RT-qPCR. Two factor analysis (days post exposure
and radiation exposure) was performed using 2-way ANOVA, the results of which are presented
in Appendix B. It was found that the expression of Gm12606 was influenced by both days and
radiation exposure. There was a significant increase of the transcription level of Gm12606 by
days (****p=0.0001), although the expression pattern oscillated strongly in either irradiated or
sham-irradiated cells. A significant difference was also noted when comparing mMSCs exposed
to 1 Gy irradiation with sham-irradiated controls (**p=0.0067), indicating an elevated expression
of Gm12606 following irradiation (Figure 25). The difference in Gm12606 expression between
irradiated and control mMSCs was most obvious at later time points, starting from day 20 post
irradiation. This could indicate that increased Gm12606 expression is related to accelerated

senescence in irradiated mMSCs.
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Figure 25: Expression of Gm12606 (T1) in irradiated and sham-irradiated mMSCs over a constant
time period. Plot shows the relative expression values of Gm12606 (T1) in 0 or 1 Gy y- irradiated 3-week-
old mMSCs (shown on the log2 scale) from C3H mice obtained by RT-gPCR over a 4-24-days’ time period.
Fold changes were calculated by normalizing the day 2 controls to 1. TBP was used as a housekeeping
gene. Data are represented as mean + SEM (n=3, 2wANOVA, radiation **p < 0.01, days, ****p < 0.0001)

with values presented in the text.
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6.2.3.3 The increased transcription of Gm12606 T1 in irradiated mMSCs is dependent on
the radiation dose

The expression of Gm12606 T1 and T2 in mMMSCs was measured after 1.5h and 72h following 0,
0.25, 0.5, 1,0 and 2.0 Gy X-irradiation. According to previous results (Figure 23), indicating that
the radiation effect is most prominent in mMSCs after 5-weeks in culture, this timepoint was used
for the study. Two factor analysis (dose and hours) was performed using 2-way ANOVA. The
results of which are presented in Appendix B. It was found that the expression of T1 and T2 was
influenced significantly by dose alone (2-way ANOVA, T1="*p=0.0027, T2=*p=0.0161). The peak
expression of T1 and T2 (3.5 £ 0.17-fold) was detected 1.5h following 1 Gy X-radiation exposure.
2.7 + 0.5-fold increase of T2 was also measured 72h following 0.25 Gy radiation compared to
shame-irradiated controls. No significant change could be examined comparing the expression of
T1 and T2 1.5h or 72h after radiation exposure, whereas a time-dependent reduction of Gm12606

expression after 1 and 2 Gy exposure was obvious (Figure 26).
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Figure 26: Time and dose dependency of Gm12606 in X-irradiated mMSCs. Plots show the relative
expression values of Gm12606 T1 and T2 cDNA in 5-week-old mMMSCs, measured 1.5 h or 72 h after X-
irradiation. 0 Gy represents the sham-irradiated control and was normalized to 1 for comparison purposes.
TBP was used as a housekeeping gene. Data are represented as mean + SEM (n=3, 2wANOVA, dose *p
< 0.05, **p < 0.01; two-sided, paired t-test; *p <0.05, **p <0.01) with values presented in the text. Expression
of T1 (A) and T2 (B) in irradiated mMSCs compared to sham-irradiated controls.
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6.3 Gm12606 expression is cell type specific

Following the discovery that IncRNAs have multiple functions and the expression can vary across
cell types expression of Gm12606 was compared in three different cell lines of mesenchymal
origin. mMMSCs were compared with murine osteoblasts (mOB), precursor cells of the bone-
forming osteocyte, and an osteosarcoma cell line (MOS). To investigate whether Gm12606 levels
are also present in the very early development of the mouse, murine embryonic stem cells

(mESCs) were also included for RT-gPCR analysis.

6.3.1 Differential gene expression of Gm12606 across different cell lines of mesenchymal
origin

RT-gPCR analysis of Gm12606 transcription was performed with cDNA obtained from mOB,

mMSC, MOS, and mESC, as well as pooled embryo (embryonic) cDNA from BALB/c mice, which

served as a calibrator. Results obtained revealed that the highest expression of Gm12606 was

present in mOB (2.28 + 0.27-fold), followed by mMSCs (0.78 + 0.04-fold) and MOS (0.03 £ 0.02-

fold). No transcription could be detected in mESC that are pluripotent (Figure 27).
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Figure 27: Relative expression of Gm12606 in several cell lines. Histogram shows the expression of
Gm12606 (T1) in mOB, mMSCs, MOS, and mESC. Pooled whole embryonic cDNA was used as a calibrator
and was normalized to 1 for comparison purposes. TBP was used as a housekeeping gene. NTC and
genomic DNA were used as general controls for nucleic acid contamination. Data are represented as mean

+ SEM (n=2) with values presented in the text.
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6.3.2 The intracellular location of Gm12606 differs with cell types

The subcellular location of Gm12606 transcripts was visualized by Stellaris in-situ hybridization
(Stellaris-FISH) in mMSCs, MOS and mOB (Figure 28,29,30). Due to limitations in probe design
due to the presence of repetitive elements in transcript-specific target exons, the probe set
consisting of 25 individual oligonucleotides was not able to differentiate between T1 and T2
transcripts. Therefore, the Stellaris FISH signals could indicate expression of either transcripts or
a mixture of both. Gm12606 was detected by the FISH methodology in all three cell types
examined, in agreement with the RT-qPCR data (Table 9).

In the murine osteosarcoma cell line (MOS) the occurrence of Gm12606 fluorescence signals
was very heterogeneous with a large fraction of cells showing low to undetectable expression. In
positive cells the Gm12606 transcript was located predominantly in the cytoplasm but with some
signal within the nucleus (Figure 28).

In contrast, the level of Gm12606 signals in mOB nuclei was rather high compared with MOS
cells and mMSCs, but still with a considerable degree of cell-to-cell heterogeneity (Figure 29).
The presence of Gm12606 was found exclusively within the nucleus, with many strong signals,
but strikingly absent in the nucleoli (the location of ribosome synthesis and assembly). The
staining pattern appeared highly non-uniform with each nucleus, with some areas showing bright
aggregates of signal and other areas showing less signal. No Gm12606 RNA could be detected

in the cytoplasm.

However, in 5-week-old, and 7-week-old mMMSCs, Gm12606 transcripts were found exclusively in
the cytoplasm (Figure 30), and no difference was detected between these two age groups. The
signals here appeared more diffusely distributed than the nuclear signals in mOB cells. In 3-week-

old cells, the presence of Gm12606 could not be detected via Stellaris probes.
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Gm12606

Gm12606

Figure 28: Detection and localization of Gm12606 by Stellaris-FISH in MOS cells. Two representative
fluorescence images of Gm12606 signals (yellow, middle) in MOS cells hybridized with Quasar 570-labeled
Stellaris probes. Cells were counter-stained with Hoechst 33342 (left). Merged images are shown in the

right panel. Scale bars are 5 ym.

Gm12606

5 e
Gm12606
mOB Sum

Figure 29: Detection and localization of Gm12606 by Stellaris-FISH in mOB cells. Two representative

fluorescence images of Gm12606 signals (yellow, middle) in mOB hybridized with Quasar 570-labeled
Stellaris probes. Cells were counter-stained with Hoechst 33342 (left). Merged images are shown in the

right panel. Scale bars are 5 ym.
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Gm12606

Gm12606

Figure 30: Detection and localization of Gm12606 by Stellaris-FISH in mMSCs. Two representative
fluorescence images of Gm12606 signals (yellow, middle) in mMSCs hybridized with Quasar 570-labeled
Stellaris probes. Cells were counter-stained with Hoechst 33342 (left). Merged images are shown in the
right panel. 5-week-old mMSCs are shown in the upper image, while 7-week-olds are shown in the lower
image. Scale bars are 5 um.

Table 9: Summary of Stellaris-FISH Gm12606 abundancy in relation to RT-qPCR result

Nuclear Cytoplasmic Expression

levels (RT-qPCR)

MOS _/+ + +
mOB +++ - +++
mMSC - ++ ++
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6.3.3 Gm12606 expression is increased in pre-osteoblasts during induced osteogenic
differentiation

The main feature of MSCs is their potential to differentiate into cells of the mesenchymal lineage,

including osteoblasts, adipocytes, and chondrocytes. During the induced differentiation process

of mMMSCs in vitro, the expression of Gm12606 and p16 mRNA was analysed by RT-qPCR after

14 days in culture.

Both transcripts of Gm12606 exhibit a strong and significant increase following induced osteoblast
differentiation, with T1 going up 3.64 + 0.6-fold (*p=0.0254) and T2 going up 3.20 + 0.5-fold
(*p=0.0193). In contrast, Gm12606 levels were not altered during adipogenic or chondrogenic

differentiation (Figure 31A-B).

The proximity to the p16 locus suggests that p16 is regulated by Gm12606, implying a parallel
increase of both genes. Regarding p16 levels in adipocytes, osteoblasts, and chondrocytes, a
significant 2.25 + 0.5-fold (*p=0.0440) increase was also observed in osteogenic differentiated
cells compared to undifferentiated mMSC controls (Figure 31C). While transcription of p16 was
unchanged in chondrocytes, levels were significantly downregulated in adipocytes (0.36 + 0.04-

fold, *p=0.0306).
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Figure 31: Expression of Gm12606 and p16 following induced adipogenic, osteogenic and
chondrogenic differentiation. Histograms show the levels of T1, T2 and p16 transcription in adipocytes,
osteoblast and chondrocytes compared to the levels in undifferentiated control (mMSCs). Control
represents the undifferentiated mMSCs and was normalized to 1 (dashed line) for comparison purposes.
TBP was used as a housekeeping gene. Data are represented as mean + SEM (n=3, two-sided t-test, *p <
0.05). Expression of Gm12606 T1 (A), Gm12606 T2 (B) and p16 (C) RNA.
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6.4 Antisense oligonucleotide-mediated knockdown of Gm12606

Downregulation of Gm12606 in mMMSCs was achieved by using antisense oligonucleotides (ASO).
Design of the ASO probes was again restricted to these exons common to both transcripts due
to presence of repetitive elements elsewhere in the Gm12606 transcripts. Two commercially
produced ASO designed to bind to exons 2 and 4 of Gm12606 respectively were therefore
selected that target both transcripts. Successful of Gm12606 after 24h and 48h was achieved in
mMSCs, as shown by the very significant decrease of up to 90% in expression after transfection
(Figure 32). The expression levels of untreated mMMSCs were comparable to lipofectamine
controls indicating the specificity of knockdown rather than the effect of transfection agent, but at

this point an effect of RNA transfection may still be possible.
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Figure 32: Efficient downregulation of Gm12606 T1 after 24h and 48h by antisense oligonucleotides.
The lincRNA Gm12606 was successfully downregulated in ASO transfected cells using different
concentrations (100, 150, 200 pmol) compared to lipofectamine controls. Lipofectamin treated mMSCs
were normalized to 1 for comparison purposes. TBP was used as a housekeeping gene. Expression of

Gm12606 after 24h (A) and 48h (B) following ASO treatment. (n=1).

101



Results

6.4.1 Gm12606 silencing decreased transcription from the nearby Ink4a/Arf/ink4b locus
in cis

The lowest concentration of 100 pmol of ASO for transfection was used for studying a possible

cis regulation of the nearby Ink4a/Arf/Ink4b locus. A structurally similar sequence scrambled (scr)

control ASO, that does not target any known mouse gene, was used as a control, and ruled out

the possibility that the effect of Gm12606 downregulation was promoted by the transfection itself.

A 75% (+/- 2%) decrease of Gm12606 was already achieved 24h after transfection (**p=0.0079)
(Figure 33A) and was kept at this level or went down even further after 48h (89% % 1%-

downregulation, ***p=0.0001) (Figure 33B).

Changes of p16 (0.78 % 0.2-fold, *p=0.0187), p19 (0.73 £ 0.2-fold, **p=0.0014) and p15 (0.66 +
0.1-fold, **p=0.0060) transcript levels were significantly decreased 48h after ASO transfection.

This indicates that there is a delayed downregulation of the p16 locus following the reduced levels

of Gm12606.
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Figure 33: Effect of Gm12606 silencing on Ink4a/Arf/ink4b locus transcription. Histograms show the
expression of Gm12606, p16, p19, and p15 (shown on the log2 scale) after ASO-mediated Gm12606
knockdown in mMSCs compared to scr controls. The expression in scr control-mMSCs was normalized to
1 for comparison purposes. TBP was used as a housekeeping gene. Data are represented as mean + SEM
(n=3, two-sided t-test, *p < 0.05, **p < 0.01, ***p < 0.001). Expression of Gm12606, p16, p19, and p15 was
measured 24h (A) and 48h (B) after ASO mediated knockdown of Gm12606.
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6.4.2 Specificity of the altered transcription of the p16 locus in Gm12606 downregulated
mMSCs
To exclude the possibility that the decline in p16, p19 and p15 transcripts were due to a general,
genome-wide transcriptional downregulation after Gm12606 knockdown, the expression from
several loci on different chromosomes (chr.) was examined by RT-qPCR. The genes were either
located on the same chromosome or were distributed within other chromosomes of the genome.
Selected genes and chromosomes were Kif4 (Krueppel-like factor 4, chr.4), p21 (Cyclin
Dependent Kinase Inhibitor 1A, chr.17), Hmga1 (High Mobility Group AT-Hook 1, chr.17), p27
(Cyclin Dependent Kinase Inhibitor 1B, chr.6), Rb1 (RB Transcriptional Corepressor 1, chr.6),
Rbl1 (RB Transcriptional Corepressor Like 1, chr.12), Rbbp1 (AT-Rich Interaction Domain 4A,
chr.12), Dkk2 (Dickkopf WNT Signaling Pathway Inhibitor 2, chr.3), Nes (Nestin, chr.3), 14-3-3f3
(Protein Kinase C Inhibitor Protein 1, chr.2), and Bmi1 (BMI1 Proto-Oncogene, Polycomb Ring

Finger, chr.2).

No significant change was found in gene expression of p21, Hmga1, Rbl1, Rbpp1, Nestin, 14-3-

3B, and Bmi1, suggesting that these results are not a general effect of downregulation by itself.

There was a significant upregulation of KIf4 after 24h (0.80 + 1.2-fold, *p=0.0153) as well as 48h
(1.24 + 1.3-fold, *p=0.0166) (Figure 34A-B) of ASO transfection. Dkk2 levels were significantly
reduced up to 65% (0.65 + 0.1-fold, **p=0.0011) after 24h of ASO transfection. Transcript levels
later increased again to 57% towards control cells (0.57 + 0.1-fold, *p=0.0117) in the later time
point (48h) (Figure 34A-B). In addition, impaired Rb1 transcription (0.54 + 0.1-fold, *p=0.0119)

was observed 24h (Figure 34A) after switching off Gm12606.

Several effects on remote genes could be identified, suggesting either a regulation of the lincRNA

Gm12606 in trans or a secondary effect emanating from the downregulated Ink4a/Arf/Ink4b locus.
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Figure 34: Effect of Gm12606 knockdown on the transcription of distant genes. Histograms show the
expression of several genes after ASO-mediated Gm12606 knockdown (shown on the log2 scale) in
mMSCs compared to scr controls. The expression in scr control mMMSCs was normalized to 1 for
comparison purposes. TBP was used as a housekeeping gene. Data are represented as mean + SEM
(n=3, two-sided t-test, *p < 0.05, **p < 0.01, ***p < 0.001). Expression levels of all genes was determined
24h (A) and 48h (B) after ASO mediated knockdown of Gm12606.
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6.5 Establishment of a CRISPR/Cas9 knockout strategy for Gm12606
T

6.5.1 Validation of sgRNA activity in vitro

Applying sgRNA 1, 2, 5, and 6 (Figure 35A) to delete a large fragment, double transfections with
two plasmids containing pairs of sgRNAs were done to flank the entire Gm12606 locus. PCR
results showed that each product generated by combining dual sgRNA harboured the desired
large fragment deletion (Figure 35B). Sequencing indicated precise Cas9 activity at the target
site by inducing DSBs exactly three nucleotides away from the PAM sequence, thereby producing
a 37513 bp deletion (Figure 36). Due to the efficient deletion of the large fragment in vitro, this

method was further used to generate a knockout mouse in vivo.

A B M1 ladder

5" UIR 1+5 146 2+5 246 NT

tttctcttacagcacgtcactaggtttctgaatcttgtacctcaaatagcaaacagttac p-£f1
tggcttggggtttggtttggtttggtttggtttggtttggtttggtttggtttggtEtgy SGRNAT
ggtttggtttttatctaatttttttcttttttacttttttttt
ctttttatataccacttcctgectceteccagtcacacctteccacatecttecctecect 564/603 I J
tctEoEeEgagegggtagggaceeestgggtatcccccaaccetggcacttcaactetet EGRNAZ
GCGAGGCTTAGGCACTTCCTCTCCCATTGAGACCAGACAAGACGGCCGGACAGAGCAGAC Exonl

..... (Gm12606 Exonl-4 = 36890 bp) 118
AAAAAAATACATTGTATGAAATTCTCAAAAAACTAATAAAAACGTTGTTGTTGTTTTTAA Exond primer: p-f1 + p-r1 RNA( FNA
ttcttattgaacattagtgttgtgtgacagacttttcctggggtaatgcaaaacaaacac s9 (*) s9 ()
acacacacacacacacacacacacacacacacacacacacacacacacctatgcaaccca c
gaaaaggagcctatgacagaccaaagacataacaatggeaccaatgtfotcdagagtcas SGRVAS sgRNA pairs Fragment length
GEaEeEEeeEagtttttgttecttctgaacatgtgaccttgtgtttaccacctgcttacca
caggaggctgatggtccaccccttcecctectggaggagacagttcaagttggagggaatt [bp] (pOSt Gm12606
ctgtgacttgaaagaacatgccatacgattaaagagtgattaagcgatttcaggaattcg deletion)
ataactctctgaaccagggtactttcttcagactgttgcacggttactaagtaatgtctg
tgctaatggtagacagidatteatatacgatgectagaoctcctggggcaaggacaaggg SGRNAG sgRNA 1+5 406
ggaggtgtttttcagaaaaatgcacagaggagtccagagtgtcctgggaagaaatgagta
cagtgtaaaggacttgcttteccecegtgttttctagectcggtectctccaattactettet p-rl sgRNA 1+6 138
gatcagtttttaaatttcacatctcaggttaccatcaaagatattctagatattggtgca
aaattggacgtgagatatgttcattctctctctgactcacatgtttcagcagactaacaa SgRNA 2+5 590

3’ UTR sgRNA 2+6 322

Figure 35: In vitro CRISPR/Cas9-mediated large fragment deletion of Gm12606 in MOS cells. (A)
Sequence of the PCR amplified region surrounding Gm12606 exon1-4 (red). The PCR primers (blue) are
flanking the CRISPR/Cas9 target sites (green). (B) PCR detection of chromosomal fragments deletion
between sgRNA1 + sgRNAS, sgRNA1 + sgRNAG, sgRNA2 + sgRNAS5, and sgRNA2 + sgRNAG. Non-
transfected cells (NT) were used as a negative control. Genomic DNA was extracted from treated and non-
treated MOS cells, and PCR product loaded onto a 1.5 % agarose gel. (C) Table of expected amplicon size

for co-transfected samples. Screening confirmed expected mut status shown in (B).
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l\ 5’ UTR

tttctcttacagcacgtcactaggtttctgaatcttgtacctcaaatagcaaacagttac p-£fl
tggcttggggtttggtttggtttggtttggtttggtttggtttggtttggtttggtEEgyg SORNAT
tttggtttaaacg...

(=37513 bp)

...geetagggctcctggggcaaggacaaggy SgRNAG
ggaggtgtttttcagaaaaatgcacagaggagtccagagtgtcctgggaagaaatgagta
cagtgtaaaggacttgctttceccegtgttttctagctcggtectecteccaattactettet p-rl
gatcagtttttaaatttcacatctcaggttaccatcaaagatattctagatattggtgca
aaattggacgtgagatatgttcattctctctctgactcacatgtttcagcagactaacaa

3’ UTR
B —| Exon1 |—| Exon2 |—| Exon3 |—| Exon4 l—
-37513 bp
5'UTR 3'UTR
GTTTGGTTTGGTTTGGTTTGGTTTGGTTTGGTTTAAACGC CTAGGGCTCCTGG66GCAAGGACAAGGGGGAGGTGTTTTTCAGAARA
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Figure 36: Sequence of Gm12606 gene with the CRISPR/Cas9-mediated Gm12606 deletion in MOS
cells. (A) Sequence of the PCR amplified region lacking the CRISPR/Cas9-deleted fragment. Precise Cas9
activity at the target sits (green) is shown. In total 36890 bp of Gm12606, 171 bp of the 5UTR and 452 bp
of the 3’'UTR were depleted (in total -37513 bp). (B) Chromatogram shows the sequence of mut Gm12606

gene following complete fragment deletion (-37513 bp) in vitro.

6.5.2 In vivo deletion of a large genomic fragment in mice using multiple sgRNAs

Prior to pronuclear microinjection into mouse zygotes, sgRNAs (sgRNA 1, 2, 5, 6) were pooled
and mixed with a recombinant Cas9 protein (performed by IDG, F. Giesert). The aim was to
generate a large fragment deletion of the Gm12606 locus in mice (same as in MOS cells). Primers
(sequences provided in section 4.11.1) surrounding the entire region were designed to validate
the predicted large fragment deletions. In total, 71 pups were obtained from pseudopregnant CD1
mice into which microinjected mouse zygotes were transferred. PCR results showed that 0 of 71

(0%) contained the desired Gm12606 deletion (Figure 37B). Some animals had small deletions

107



Results

or insertions at or around single sgRNA target sites (e.g., mouse nr. 4) (Figure 38B, lower
image), others had larger deletions between the nearest sgRNA target sites, such as mouse nr.
2, and 8 (Figure 38B, upper image). The latter mutant (mut) mice with potential promoter

deletions have died before they could be mated.
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Figure 37: Genotyping of mice after CRISPR/Cas9 Gm12606 large fragment deletion. (A) The CRISPR
targeted Gm12606 T1 locus was PCR amplified from pup genomic DNA using primer pair f-P1/2 + r-P2 and
primer pair f-P1/2 + r-P1/4. Position of Gm12606 specific primer is shown in blue. Smaller fragment was
amplified (primer pair 1) and used as a wt control. For the detection of the large fragment deletion (mut
Gm12606) primer pair Il was used. (B) PCR detection of genomic DNA fragments of CRISPR/Cas9
mediated mouse 52-56. PCR products were separated on a 1.5 % agarose gel. As an example, the results
of 5 out of 71 pups are shown. Expected band size for wt was 778 bp and for the mut alleles was 402 bp.

All mice were wt. No specific product was detected for the mutants.
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Figure 38: CRISPR/Cas9-mediated deletion of potential promoter in mice. (A) The CRISPR targeted
Gm12606 T1 locus was PCR amplified from pup genomic DNA using primer pair f-P1/2 + r-P2 (flanking
sgRNA 1,2) and primer pair f-P1/4 + r-P1/4 (flanking sgRNA 5,6). Position of Gm12606 specific primer is
shown in blue (for sgRNA 1,2) and red (for sgRNA 5,6). (B) Image of PCR results. PCR products were
separated on a 1.5 % agarose gel. Pooled sgRNA microinjection into mice zygotes produced founder that
harbour deletions between the nearest sgRNA target sites (Lanes 2,8, upper image) and small deletions or

insertions at or around single sgRNA target sites (Lane 4, upper and lower image).
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6.6 CRISPR/Cas9 exon1/intron1 splice site deletion and poly-A signal

knock-in

In addition to the initially planned large deletion it is also possible to constitutively eliminate
transcription by insertion of a poly-A signal (KI) into the genome. For this purpose, a new sgRNA
was designed (sgRNA7) targeting the exon1/intron1 splice site of Gm12606 (Figure 14).
Generation of the Gm12606 KO mouse from one-cell embryos was performed via microinjection
of sgRNA?7, recombinant Cas9 protein and a non-homologous end joining inhibitor (i53) to

increase the efficiency of homologous recombination (performed by IDG, F. Giesert).

6.6.17 One sgRNA leads to a series of mutations with splice site deletions and a partial
knock-in
In total 23 viable pups were obtained. Primers (sequences provided in section 4.11.1) located in
exon1 and intron1 (Figure 39A) were designed to validate the predicted mutations to the splice
site. PCR results revealed that 10 of 23 (43%) founder exhibited sequence alterations (Figure
39B). Some animals had small deletions and/or insertions (InDel) within exon1 (mice 74, 80, 82,
83, 88, 94), others had larger InDel containing splice site deletions (mice 73, 76 and 79)
(Appendix C). Wild-type mice generated single bands. PCR amplicons from heterozygous mice
yielded two distinct bands, a lower one for homoduplexes and an upper one for heteroduplexes.
In addition, three bands were detected in three samples 73, 76, 79, indicating a biallelic or mosaic
status (Figure 39B), which results from editing the cells at different stages of embryonic
development (Mehravar, Shirazi, Nazari, & Banan, 2019). Sequencing confirmed that two animals
(74, 80) had a heterozygous mutation affecting only one allele and two compound heterozygous
mice, each with two differently mutated alleles (76 and 79, biallelic). A more detailed examination
of mouse 79 showed a partial knock-in of the homologous repair template, starting with several

CA-repeats (Appendix C), but with an interruption after 43 bp. The whole donor construct was
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not integrated into the DNA within this study. Mice showing a deletion event in the target locus
(heterozygous FO founder mice) were mated with wild-type littermates, to obtain F1 heterozygous
offspring. Genotyping of F1 offspring confirmed germline transmission of the CRISPR/Cas9
induced mutations (Figure 40). Furthermore, genotyping of F1 offspring confirmed the biallelic
edit of mice 76 and 79 by yielding two distinct mutants and no wild-type animals, whereas pups
from mouse 73 remained with only one mutant, besides having many wild-type littermates (Figure

40).

383 bp

100 bp ladder

700 72 73 74 75 38 71 76 1 s0f 81 B8 B 88 94
600
500
400  eeeew ] e e - -
300

Figure 39: Variety of sgRNA 7-indueced mutations in mice. (A) The CRISPR targeted Gm12606
exon1/intron1 splice site region was PCR amplified from pup genomic DNA using primer pair f-P5 (located
within exon1) + r-P5 (blue) resulting in a 383 bp product (B) Image of a selection of PCR results from
founder mice harbouring different sequence alterations. PCR products were separated on a 2.5 % agarose
gel. Mice 74, 80, 82, 83, 88, 94 had small deletions and/or insertions (InDel) within exon1, while mice 73,
76 and 79 had larger InDel containing splice site deletions. Sequencing of samples confirmed wt or mut
status (Appendix C). All mut yielded heteroduplex bands. PCR amplicons of mice 72 and 78 were not
detected.
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Figure 40: Genotyping of F1 offspring. Selected PCR images of F1 mice showing deletion events. FO
mice 73, 74, 76, 79, 80, 82 with sequence alterations (Figure 39) were mated with wt littermates to obtain
F1 heterozygous offspring. Offspring were genotyped to validate germline transmission of CRISPR/Cas9
mutations. All F1 mice exhibited mutation events except mouse 82 (orange). Offspring from mice 76 (red)

and 79 (blue) yielded two distinct mut and no wt animals. PCR products were separated on a 2.5 % agarose

gel.

It is well known that CRISPR/Cas9 processing can cause imprecise, complex mutations with an
increased rate of larger deletions (Shin et al., 2017), which are frequently not directly detectable.
New primer has been designed that surround a larger region beyond exon1 (Figure 41A). Results
showed that founder mouse 72 harboured a large fragment deletion, while mouse 78 was still
undetectable (Figure 41B). Sequencing of the edited locus of mouse 72 indicated that a total of
256 bp had been removed, including the entire exon1 sequence (-156 bp) of Gm12606 and

another 92 bp within the 5’UTR site and intron1 (-8 bp) (Figure 42). This male was used as a
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founder (72) as the region features an exon1 and splice site deletion and a potential promoter
area erasure that may cause the desired reduction of Gm12606 transcription. Before mouse was
sacrificed due to developmental genito-urinary problems, the sperm was stored, and IVF

performed.

A total of 3 of 4 females became pregnant following IVF with frozen sperm from mouse 72 and
delivered 18 offspring (Appendix C). From these animals’ two female and three male
heterozygous mutants (F1) (Figure 43) were crossed to generate homozygous mice (F2). Four
male wild-type littermates were kept until sexual maturity, sacrificed and mMSCs isolated from

the bone-marrow for further ageing and radiation studies in vitro.
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Figure 41: Large fragment mutation of founder mouse 72. (A) The CRISPR targeted Gm12606
exon1/intron1 splice site region was PCR amplified from pup genomic DNA using primer pair f-P6 (located
within 5’'UTR, blue) + r-P6 (located within intron1, blue) resulting in a 1083 bp product. (B) Image of PCR
result demonstrating a deletion of -253 bp in mouse 72 compared to the wt control. Genomic DNA of mouse

78 could not amplify the Gm12606 sequence. PCR products were separated on a 2.5 % agarose gel.
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tttggtttaaacggtttggtttggtttttatctaatttttttcttttttacttttttttt
ctttttatataccacttcctgcecctctcecccagtcacaccttecccacatectteeccteccect
tctcctctgagcgggtggggacccecctgggtatccecccaaccctggcacttcaactcetet
GCGAGGCTTAGGCACTTCCTCTCCCATTGAGACCAGACAAGACGGCCGGACAGAGCAGAC EXON1
CCCATCTGCTGCACACGTGCGTGCGAGGAAGCCTAGATCCAGCCGGTATATGGTCTTTGG
TTGGTGGTTCAGACTCTTAGAGCCCCATGGGTTCAG
gttagttgactctgtcttcctgtggagttcctatcccecgttggggeccctgcaaaaaatt Inl
ttttaaagcaaaatttctaatgttcaaaaaccttaaagcgttctgtttcatcttctgect
ccggagactcttctcgcacagaaagccgcgtcagggaatcececcttteccacteccacteccce
agtaagtcagatttggtaaacactgttaagtttttttttcaatgtgtaggaggaaaaagt

CRISPR/Cas9 Gm12606- exon1 deletion
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Figure 42: Sequence of mutated Gm12606 T1 gene in founder mouse 72. (A) Sequence of the PCR
amplified region before and after the CRISPR/Cas9 exon1-fragment deletion. 256 bp were missing,
including exon1 (-156 bp) + intron1 (-8 bp) + 5’UTR (-92 bp) (red) (B) Chromatogram confirmed the -256

bp fragment deletion in mouse 72.
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Lanes 5,7,13,14,16: Heterozygous Gm12606-exon1 genotype
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Lanes 1-18: Gm12606-exon1 F1 mouse gDNA
Lane I: control (C57BL/6 gDNA)

Lane II: pos control (JDNA FO mouse 72)
Lane Ill: (FVB gDNA)

Lane IV: mix of | and Il

Figure 43: Heterozygous mutants after IVF. PCR detection of heterozygous mutants after IVF from
frozen sperm of mouse 72. In total 18 pups were born. Two female (5,16) and three male (7,13,14) mice
exhibited a heterozygous Gm12606-1"* mutation (red arrow), lacking 256 bp. These animals were paired
to generate F2 generation mice. PCR products were separated on a 2.5 % agarose gel. Different controls
were used (Lane I-1V), which also contained a positive control from gDNA of the FO mouse 72 (Lane Il),
and a negative control (NTC) to exclude contamination and false positive amplifications.
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6.7 Effects of Gm12606 T1 exon1 deletion on mMSCs in vitro

6.7.1 No detectable expression of Gm12606 T1 using RT-qPCR

mMSCs from homozygous exon1-deficient (Gm12606-17) C57BL/6 male mice were isolated from
bone marrow, expanded for three weeks in vitro, and compared with mMSCs from wild-type
littermates (Gm12606-1*"*). The loss of expression of Gm12606 T1 transcripts in Gm12606-1"
mMSCs was confirmed by RT-gPCR, which did not produce an amplified signal even after 40
cycles (Ct-values > 40). T2, which contains a different exon 1 that was unaffected by the
CRISPR/Cas9 deletion, was slightly, but not significantly, increased (1.6 + 0.5-fold increase

p=0.1640 compared to wild-type cells) (Figure 44).

Expression of Transcript 2 post
CRISPR/Cas9 Exon1 (T1) deletion
3-
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relative to wt

Relative T2 expression
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(Gm12606-1*"*) (Gm12606-1--)

Figure 44: Expression of T2 in mMSCs from Gm12606 T1 depleted mice. Histogram shows the relative
expression of T2 in mMSCs of C57BL/6 mice lacking T1 exon 1 (hom (Gm12606-17-)) compared to wt
controls. Wt represents the control littermates and was normalized to 1 for comparison purposes. TBP was

used as a housekeeping gene. Data are represented as mean + SEM (n=4, two-sided, paired t-test).
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6.7.2 Reduced cell growth of Gm12606 T1 exon1-deficient mMSCs

To investigate the effect of Gm12606 mutation in vivo on mMSC cell growth, Presto Blue Cell
Viability Assay was performed on mMSCs of passage 3 (p3) by measuring relative fluorescence
units every third day. The Presto Blue signal representing cell viability of mMSCs from wild-type
(Gm12606-1*"*) and hom (Gm12606-1"") mice on day 3 after plating did not differ significantly
(2way ANOVA, p=0.7386). However, the subsequent growth kinetics of Gm12606-1"mMSCs was
reduced (2way ANOVA, ***p=0.0007). The number of proliferating cells accumulated in cells of
both genotypes plateaued at different times; day 10 for wild-type and day 12 for mutant Gm12606-
17, but then declined, with Gm12606 mutant cells slightly more abundant after 15 days of

passaging (Figure 45).

Presto Blue proliferation of mMMSCs (p3)
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Figure 45: Effect of Gm12606 on long-term growth of mMSCs (p3). Plot shows the numbers of viable
mMSCs (p3) from wt and mut Gm12606-1" cells presented as relative fluorescence units, obtained over a
15-days’ time period. Data are represented as mean + SEM (n=3, 2wANOVA, days ***p < 0,001) with
values presented in the text.
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6.7.3 The transcription of the nearby Ink4a/Arf/link4b locus is reduced after deletion of
Gm12606 T1 exon1 in mMSCs
The transient knockdown of Gm12606 was shown before to cause a downregulation of the
adjacent Ink4a/Arf/Ink4b cluster (Figure 33) in mMSCs. To examine whether the expression of
p16, p19 and p15 also changed in the Gm12606 exon1 deleted mMSCs, RT-gPCR of mMSCs
from three mice (n=3) was performed in both early passage 3 and aged passage 7 mMSCs. In
mMSCs (p3) isolated from hom (Gm12606-17") mice, a substantial downregulation of p19*™ (48%,
p=0.1749) and p15"°* (42%, p=0.1301) expression was noted compared to wild-type (Gm12606-
1*"*) controls, but no significance was achieved (Figure 46A). p16 levels were reduced by 19%
(p=0.7078) (Figure 46A), while in the aged mMSCs (p7) the p16 expression was significantly
downregulated by 0.68 + 0.1-fold (**p=0.0099) (Figure 46B). Likewise, p19 and p15 mRNA was
significantly reduced in aged mMSCs from passage 7, ranging from 0.77 + 0.04 (p19 **p=0.0023)

to 0.65 + 0.1 -fold (p15 **p=0.0093) over controls (Figure 46B).
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Figure 46: Effect of Gm12606 exon1 deletion on Ink4a/Arf/Ink4b locus in mMSC. Histograms show the
expression of p16, p19, and p15 (shown on the log2 scale) in mMSCs after exon1 Gm12606 exhaustion in
mice in vivo compared to wt controls. The expression in wt (Gm12606-1**) mMSCs was normalized to 1
for comparison purposes. TBP was used as a housekeeping gene. Data are represented as mean + SEM
(n=3, two-sided, paired, t-test, **p < 0.01) with values presented in the text. Expression of Gm12606, p16,
p19, and p15 in early passage 3 mMSCs (A) and aged passage 7 mMSCs (B) following Gm12606 exon1

depletion.
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6.7.4 Gm12606 T1 disruption leads to a reduction of senescence in ageing mMSCs

As previous results indicated an upregulation of Gm12606 T1 levels in ageing mMSCs (Figure
23A), it was investigated if Gm12606-exon1 deletion in vivo would have an effect on ageing
mMSCs in vitro. The percentage of SA-B-gal-positive cells in passage 3 and passage 7 mMSCs
was determined over a period of 12 days. For two factor analysis (wt vs hom and days after

seeding) 2-way ANOVA was performed, the results of which are presented in Appendix B.

The influence of Gm12606 knockout on cellular senescence in vitro was dependent on the
passage number when the experiment started. At passage 3, the level of senescence 6, 9 and 12
days after cell seeding (Figure 47) was lower in mMSCs from hom (Gm12606-17") compared to
wt mice (day6 = - 8%, day9 = - 9% and day12 = - 14%), and this change was highly significant

(2way ANOVA, wt vs hom ***p=0.0004) (Figure 48).

Investigating the occurrence of senescence in aged mMSCs from passage 7 revealed a rapid
increase of senescent cells in wt (Gm12606-1*"*) (Figure 49) with more than 60% of the cells from
passage 7 being positive (day6 = 64% + 5%, day9 = 66% + 2% and day12 = 62% + 7% SA-B-gal-
positive cells). However, in mMSCs of Gm12606-exon1 deleted mice the frequency of senescent
cells during the same time course was much lower, with 12% * 1% of senescent cells seen on
day 6, 15% £ 1% at day 9 and 31% * 2% at day 12. The difference between wild-type and hom
Gm12606-exon1 mMMSCs was very high (2way ANOVA, wt vs hom *****p<0.0001) (Figure 50).
This suggests inactivation of Gm12606 has a direct influence on the development of cellular

senescence in mMMSCs.
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Figure 47: Representative images of mMSCs passage 3 from homozygous Gm12606-1"- mutant mice
compared to wild-type Gm12606-1*"* controls after SA-B-gal staining. Images were taken 12 days after
seeding with phase contrast (left) for cell counting and with bright field illumination (right) for the detection
of SA-B-gal positive cells (blue) using the Zeiss Axiovert 25 microscope. Hom Gm12606-1"- mutated
mMSCs are shown in the upper pictures, while wt Gm12606-1** are shown in the lower pictures. Scale
bars are 50 ym.
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Figure 48: Induction of cellular senescence in mMSCs from passage 3 of homozygous Gm12606-1°
" mutant mice compared to wild-type Gm12606-1*"* controls. Plot shows the percentage of senescent
cells 6, 9 and 12 days after cell seeding in mMSCs from wt Gm12606-1** (black) and hom Gm12606-1"-
(yellow) mice. Four biological and 2 technical replicates were used. Data are represented as mean + SEM
(n=4, 2wANOVA, wt vs hom ***p < 0.001) with values presented in the text.
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Figure 49: Representative images of mMSCs passage 7 from homozygous Gm12606-1"- mutant mice
compared to wild-type Gm12606-1*"* controls after SA-B-gal staining. Images were taken 12 days after
seeding with phase contrast (left) and with increased light intensity (right) for the detection of SA-B-gal
positive cells (blue) (method as in Figure 17). Hom Gm12606-1"- mutated mMSCs are shown in the upper

picture, while wt Gm12606-1** are shown in the lower picture. Scale bars are 50 pm.
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Induction of cellular senescence in mMSCs (p7)
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Figure 50: Induction of cellular senescence in mMSCs from passage 7 from homozygous Gm12606-
17~ mutant mice compared to wild-type Gm12606-1*"* controls. Plot shows the percentage of senescent
cells 6, 9 and 12 days after cell seeding in mMSCs from wt Gm12606-1** (black) and hom Gm12606-1"-
(yellow) mice. Three biological and 2 technical replicates were used. Data are represented as mean + SEM
(n=3, 2wANOVA, wt vs hom *****p < 0.00001) with values presented in the text.
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6.7.5 Increased repair yYH2AX and 53BP1 foci formation after y-irradiation of mMSCs
following Gm12606 T1 exon1 deletion in vivo

To study whether the deletion of exon1 of Gm12606, and the resultant changes in phenotype,

affects the DNA damage repair the mMSCs (p3) from four hom Gm12606-1"- mice were compared

with those from four wild-type controls (Gm12606-1**). The occurrence of yH2AX and 53BP1

DNA damage repair foci was measured by immunofluorescence staining 90 min after X-

irradiation, when the maximum number of foci is reached, with doses of 0 Gy, 1 Gy, 2 Gy, 4 Gy

(Figure 51).

The number of co-localized yH2AX/53BP1 foci, indicating ongoing repair of damage continuing
after 90min increased continuously and significantly with dose (2wANOVA, dose ****p<0.0001).
Comparing the numbers of foci in wild-type and Gm12606-exon1 mutant mMSCs, initial induction
of repair foci was similar in cells of both genotypes after 0, 1 and 2 Gy X-ray exposure, while the
foci formation was altered after 4 Gy exposure (Figure 52). Foci formation after 4Gy was higher
in Gm12606-exon1 mutant mMSCs (mean value 17.3 + 0.8 foci per nucleus) as compared with
wild-type mMSCs (13.5 + 0.3 foci per nucleus), with the difference reaching significance

(2WwANOVA, wt vs hom **p=0.0032) (Figure 52).
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Figure 51: Representative images of yH2AX and 53BP1 foci formation in mMSCs passage 3 from
homozygous Gm12606-1"- mutant mice compared to wild-type Gm12606-1*"* controls.
Immunofluorescence-stained images were acquired 90 min after acute exposure to different doses of X-
rays (0 Gy, 1 Gy, 2 Gy, 4 Gy) using the KEYENCE BZ-9000 fluorescence microscope showing localised
(yellow) yH2AX (red) and 53BP1 (green) foci and indicating DNA damage repair. Co-localized foci (yellow)
were counted for the detection of radiation-induced DSBs of hom Gm12606-17- mut (right) and wt
Gm12606-1** (left)mMSCs. The red and green signals are the artificial colouring generated by the software.

Scale bars are 5 um.
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yH2AX- and 53BP1 foci formation in mMSCs (p3)
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Figure 52: Induction of yH2AX and 53BP1 foci formation in mMSCs passage 3 from homozygous
Gm12606-1"- mutant mice compared to wild-type Gm12606-1*"* controls. Plot shows the mean foci per
cell 90 min after acute exposure to X-irradiation of 0, 1 2 and 4 Gy in mMSCs from wt Gm12606-1*"* (black)
and hom Gm12606-1"- (yellow) mice. Data are represented as mean + SEM (n=4, 2wANOVA, wt vs hom
**p < 0.01, 2wANOVA, dose ****p<0.0001) with values presented in the text.

6.7.6 DNA repair kinetics is altered in Gm12606 T1 exon1 deleted mMSCs

To analyse the kinetic of DNA DSB repair in mMSCs (p3) of four hom Gm12606-17- and wild-type
controls (Gm12606-1*""), yH2AX and 53BP1 foci were analysed at different time points (90, 180,
360, 1440 min) post 2 Gy irradiation (Figure 53) and data obtained are shown as the resulting
mean and standard error. In previous experiment, no significant difference was observed after 2
Gy exposure at 90 min (Figure 52). The mean foci number was plotted on a logarithmic scale
(Figure 54). mMSC conditions initially showed a similar pattern of DSB repair in the first three
time points. At each subsequent time point the remaining foci were reduced (2wANOVA, time
after radiation ****p<0.0001). However, the remaining foci after 24h (1440 min) were 3.0 + 0.1-
times higher in the mMSCs of wild-type Gm12606-1** controls than in the Gm12606-1" mutants
(1.8 £ 0.2), demonstrating that significantly less breaks remain unrepaired after 24h in mMSCs

harbouring the Gm12606-exon1 deletion (2WANOVA, wt vs hom **p=0.0022) (Figure 54).
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Figure 53: Representative images of DNA repair kinetics of radiation-induced DNA double strand
breaks in mMSCs passage 3 from homozygous Gm12606-1"- mutant mice compared to wild-type
Gm12606-1** controls. Images were acquired 90, 180, 360 and 1440 min after acute exposure to 2 Gy X-
irradiation using the KEYENCE BZ-9000 fluorescence microscope showing localized (yellow) yH2AX (red)
and 53BP1 (green) foci and indicating DNA damage repair. Co-localized foci (yellow) were counted for the
detection of DNA damage response of hom Gm12606-1"- mut (right) and wt Gm12606-1** (left) mMMSCs.

The red and green signals are the artificial colouring generated by the software. Scale bars are 5 ym.

127



Results

Decrease of yH2AX- and 53BP1 foci
after irradiation in mMSCs (p3)

1.5+
— wt (Gm12606-1+")

hom (Gm12606-1-)

-
o
1

A

RN
4\'] .

Ll ] I 1
0 500 1000 1500 2000
Timepoints after irradiation [min]

Fraction of remaining
DNA damage
I
vt

0.0

Figure 54: DNA repair kinetics of radiation-induced DNA double strand breaks in mMSCs passage
3 from homozygous Gm12606-1"- mutant mice compared to wild-type Gm12606-1*"* controls Plot
shows the fraction of repaired foci 90, 180, 360 and 1440 min after acute exposure to 2 Gy X-irradiation in
mMSCs from wt Gm12606-1*"* (black) and hom Gm12606-1"- (yellow) mice. Data are represented as mean
+ SEM (n=4, 2wANOVA, wt vs hom **p < 0.01, 2wANOVA, dose ****p<0.0001) with values presented in
the text.
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6.8 Summary of results

The results in this study showed an increase in expression of T1 of the lincRNA Gm12606 during
in vitro ageing of mMSCs from wild-type FVB/N mice between week 3 and 7 (Figure 23). An
overexpression of Gm12606 was also observed 24h after y-irradiation in 5- and 7-week-old
mMSCs (Figure 24). This radiation response was more pronounced in T2. Three days later, the
radiation-induced upregulation of T1 has completely vanished, before it went up again 20 days
later (Figure 25). The radiation-response of T2 (in 5-week-old mMMSCs) was dose-dependent and
biphasic and initially increased to a maximum at 1 Gy (1.5h post irradiation) or even after 0.25 Gy
(72h post irradiation) and returned to control levels at 2 Gy (Figure 26).

Beyond that, Gm12606 RNA expression showed a strong dependence on cell type and
intracellular localization. Overall, expression was highest in the committed osteoblast precursor
cells in vitro, reduced by about 50 % in mMSCs (from the same donor mice), and reduced to 32
% in an osteosarcoma cell line (MOS) from the same mouse strain (Figure 27). In mouse
embryonic stem cells, Gm12606 T1 expression was undetectable (Figure 27). When osteogenic
differentiation was induced in mMSCs by growth factor stimulation, Gm12606 expression resulted
in a 3.64-fold upregulation (Figure 31). The significant differences in the overall T1 expression
between mMMSCs, mOB and MOS (same mouse strain) were contrasted by a very strong
specificity of the intracellular localization of Gm12606 RNA. mMSCs exhibited a diffuse, weak
signal only in the cytoplasm (Figure 30), while mOB showed a pronounced cell-to-cell
heterogeneity, with about 20-30% of all cells exhibiting a strong, spotted nuclear signal (Figure
29). Cells of the MOS cell line had a weak cytoplasmic staining pattern (Figure 28), which in
contrast to mMSCs was not diffuse but focal like the nuclear signal in mOB.

Antisense oligo-mediated knockdown of Gm12606 strongly influenced the transcription of the
nearby Ink4a/Arf/Ink4b locus. 48h after Gm12606 antisense transfection, both the target transcript

and the transcript of CDKN2A-Ink4a (p16) were downregulated by log2FD of -4 (or 16-fold
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reduction) (Figure 33). Transcription of the alternative CDKN2A-transcript Arf (p19) and of the
distal gene CDKN2B-Ink4b (p15) was also downregulated following Gm12606 knockdown,
suggesting a cis-action (Figure 33). Out of 11 other randomly selected genes on other
chromosomes, only Dkk2 (part of the Wnt signaling pathway), RB1 (involved in p16 signaling)
and CDKN1B-Kip1 (p27), another CDK inhibitor involved in regulation of cell growth, quiescence
and apoptosis, showed a slight downregulation (Figure 34).

CRISPR/Cas9-mediated knockout resulted in a homozygous mouse line with complete exon1
deletion of Gm12606, including 92bp of the 5’UTR (Figure 41, 42). This led to a complete absence
of T1, suggesting that essential promotor or regulatory elements were destroyed. Expression of
T2, which uses an alternative exon1 (and hence another 5’UTR), was still present, but a gradual
up-or downregulation was not significant (Figure 44).

Bone-marrow derived mMSCs from mutant Gm12606-exon1” mice showed prolonged
proliferation in vitro (Figure 45). With increasing passage numbers, mMSCs from Gm12606-
exon1” mice retained a significantly lower percentage of cellular senescence (28%) than cells
from wild-type littermates (> 60%), as measured in passage 7 for 12 days after plating (Figure
50).

Furthermore, early passage mMSCs from mutant Gm12606-exon1”- mice exhibited a higher initial
foci formation after 4 Gy compared to cells from wild-type littermates (Figure 52). At the same
time, these cells repair more DNA double strand breaks (especially with the slow component), so

that fewer DNA breaks were not repaired (Figure 54).
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7. Discussion

This study aims to provide an insight into the underlying mechanism of ageing of mMSCs using
an ex vivo model system. The goal was to study the role of long non-coding RNA Gm12606 in
the replicative lifespan of mMSCs in order to better understand the ageing process. Our initial
RNA-Seq transcriptome profiling identified a lincRNA, Gm12606, whose expression was
dramatically increased both in ageing mMSCs and after ionizing radiation. Gm12606 is located
on chromosome 4 (42.15 cM) in the mouse genome in close proximity to the Ink4a/Arf/Ink4b locus
in mice. Since CDKN2A/p16, one of the proteins encoded at this locus, is known to be upregulated
during cellular senescence, the hypothesis was proposed that Gm12606 might be involved in
regulation of Ink4a/Arf/Ink4b. It is becoming increasingly clear that some IncRNAs are able to
regulate the transcriptional activity of neighbouring genes in cis, probably by affecting the
chromatin-DNA interaction via DNA-IncRNA binding (Michael S Werner & Alexander J
Ruthenburg, 2015). Following the discovery of the proximity of the Gm12606 locus to the
Ink4a/Arf/Ink4b locus, which in addition to CDKN2A/p16 (Ink4a) also codes for the cell cycle
regulators p19 (Arf) and p15 (Ink4b), the focus was placed on understanding the relationship
between the INncRNA Gm12606 and this locus critical to the regulation of cell proliferation and

senescence.

7.1 Identification and detection of the long intergenic non-coding

RNA Gm12606

This study identified Gm12606, a mouse lincRNA that is expressed and regulated in
mesenchymal stem cells in dependence on their age in vitro. The lincRNA was originally identified

in a cDNA library of LPS responding macrophages (GenBank Acc. No. AF032969) and later was
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found upregulated in cells after transgenic activation of the Wnt pathway (Mullin et al., 2017). The
molecular function of Gm12606 IncRNA, in particular actions on possible downstream effector
genes or proteins were unknown and formed the basis for much of the experimental work
described here. Two splice variants, which share two exons but differ in their first exon, were
originally identified from the Gm12606 gene. The locus was mapped to an intergenic location
between known protein-coding genes and is located in close proximity (1kB) to the Ink4a/Arf/Ink4b
cluster (p16/p19/p15). Thus, Gm12606 is one of many intergenic transcripts produced by the
mammalian genome that could have a variety of functional roles, from processing embryonic stem
cell pluripotency to cell proliferation and the suppression of malignant progression (Guttman et

al., 2009).

Moreover, it is known that lincRNAs are expressed at low levels and are more tissue- and
developmental specific than protein-coding genes (Moran N Cabili et al., 2011; Derrien et al.,
2012). In this study, Gm12606 was found to be expressed at low levels (in early passage mMSCs)
and very low levels (in pluripotent stem cells like ES and iPS). If one assumes a role of this IncRNA
in cis for the folding of a single locus, a few transcripts would indeed be sufficient to trigger such
a mechanism. Sequencing results generated by RT-gPCR short products also proved that exons
of the two transcripts were precisely linked, excluding the intronic regions (Figure 20,21). The
sequences of the spliced transcript are almost consistent with those provided in the databases

(Appendix A).

7.1.1 The expression of Gm12606 is elevated in murine osteoblasts

The expression of Gm12606 was not limited to mMMSCs but was also found in other cells of the
mesenchymal lineage, namely mOB cells and MOS cells, whereas no transcription was detected
in early embryonic stem cells (Figure 27). Mullin et al., found Gm12606 overexpressed in dermal

fibroblasts (Mullin et al., 2017). Fibroblasts are morphologically indistinguishable from MSCs and
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are also described as plastic-adherent mesenchymal cells (Flavell et al., 2008). There is also
evidence that MSCs can differentiate into fibroblast in vitro by promoting differentiation with
growth factors (Hankemeier et al., 2005; Moreau et al., 2005). The mesenchymal origin of
fibroblasts and the assumption that Gm12606 has only been detected in these cells so far
suggests that Gm12606 may be more specific for cells of mesenchymal origin, but further studies

in different tissues/cells are lacking to make an accurate conclusion.

Interestingly, the level of Gm12606 (T1) was most abundant in mOB, i.e., in cells of the highest
degree of differentiation of all studied cells. Also, upon the induced osteogenic differentiation of
mMSCs the expression of both Gm12606 transcripts was strongly, while the expression did not
increase during induced adipogenesis or chondrogenesis (Figure 31). In parallel, p16 was also
increased in the osteogenic differentiated cells (Figure 31). This suggests that Gm12606 may
play a developmental and tissue specific role in accordance with the expression of p16. This is
consistent with evidence pointing to a group of other IncRNAs as key regulators of cell
differentiation, especially during osteogenesis of hMSCs (e.g., MALAT, H19, HOTAIR, MEGS3,
DANCR), which usually operate through regulation of osteogenic markers or key regulators of the
Whnt-signaling pathway (Carrion et al., 2014, Liang et al., 2016; J. Zhang, Hao, Yin, Xu, & Guo,

2019; Zhu & Xu, 2013; Zuo et al., 2013).

7.1.2 LncRNAs and the Wnt-pathway in mesenchymal stem cell differentiation

IncRNA H19, can promote osteogenesis in rat ectomesenchymal stem cells by activating Wnt/3-
catenin signaling (Gong, Peng, Yin, & Yang, 2018). A link was also observed between IncRNAs
and miRNAs, in particular in the regulation of osteogenesis (Wei, Wei, Zhao, Guo, & Liu, 2017; J.
Wu et al., 2018). LincRNA-POIR, for instance, was found to positively regulate osteogenic
differentiation of human periodontal mesenchymal stem cells in vitro and in vivo by acting as a

competing endogenous RNA for miR-182, and whose target gene inhibits the canonical Wnt
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signaling pathway (L. Wang et al., 2016). Previous reports have also shown that Wnt/B3-catenin
signaling is regulated during ageing of hMSCs, wherein it is activated through the DNA damage
response and p53/p21 pathways (D.-y. Zhang, Wang, & Tan, 2011). In addition, loss of Wnt was
found to cause bone-marrow adiposity in pre-osteoblasts by producing more fat cells than
osteoblasts (Song et al., 2012), indicating increased expression of Wnt/B-catenin is required for
moving the MSC differentiation towards the osteoblast lineage. All these findings further provide
support that a combination of Wnt signaling and IncRNA regulation is involved in osteoblast
differentiation of mesenchymal stem cells. The only existing publication concerning Gm12606
identified the INcRNA as a downstream target of Wnt/B-catenin signaling in primary dermal
fibroblasts (Mullin et al., 2017), but in their study no molecular mechanism was proposed for the
possible transcriptional regulation of Gm12606 by direct binding of transcription factors (such as

B-catenin) to a INcRNA promotor.

>, Cis-action »
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Figure 55: Wnt/B-catenin signaling pathway involving Gm12606. Canonical Wnt/B-catenin signaling is
activated in the presence of the ligand Wnt by binding to the receptor frizzled (FZD) and the co-receptor
LRP (LDL receptor related protein). This causes Ctnnb1 (encoding 3-catenin) to release from its inhibitory
complex and localizes to the nucleus, where it may ultimately bind to the promoter of the lincRNA Gm12606
to trigger its transcription. However, the actual regulatory mechanism is currently unknown. Consequently,

Gm12606 is able to initiate p16 transcription by cis-mediated action.
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7.1.3 Gm12606 exhibit different subcellular localization in different mouse cell types

Knowledge of subcellular localization patterns of IncRNAs can provide fundamental insights into
potential functions of IncRNA in different cellular compartments. Apart from the strong
dependence of Gm12606 expression on the degree of differentiation (Figure 22), it was also
obvious that in dependence on cell type and cell status, Gm12606 can occupy different subcellular
localisations. RNA FISH revealed differences in Gm12606 localization between murine
osteosarcoma cells (MOS), pre-osteoblasts (mOB), and mMSC. Interestingly, the intensity of
fluorescence signals within the three cell lines and the intracellular localization of Gm12606 also
differed. In pre-osteoblasts, fluorescence signals were detected only within the cell nucleus, with
apparent cell-to-cell heterogeneity (Figure 29). The signals were distributed within the nucleus,
exclude the nucleoli and showing ‘clumping’ that may indicate association with specific nuclear
structures such as chromatin attachment domains or nuclear speckles (Moran N. Cabili et al.,
2015; Vidisha Tripathi et al., 2010). The patterns we observed were reminiscent of MALAT1 and
the localization within specific subnuclear compartments called nuclear speckles, of which there
are ~20-30 per nucleus found in HeLa cells (Vidisha Tripathi et al., 2010). MALAT1 interacts with
splicing factors within nuclear speckles to regulate the alternative splicing of pre-mRNAs (Vidisha
Tripathi et al., 2010), a mechanism that also may fit the function of Gm12606 in mOB, but which
remains to be explored. Cabili et al. (2015) characterized the localization of 34 IncRNAs in human
cells using the RNA-FISH method and demonstrated that IncRNAs are mostly found
simultaneously in the nucleus as well as in the cytoplasm, but remarkably, a large number of
IncRNAs are predominantly nuclear and show uniform patterns. This suggest that these
localizations correspond to functional categories (Moran N. Cabili et al., 2015), such as epigenetic
regulation of transcription of a proximal gene (A. M. Khalil et al., 2009). The frequently observed
common patterns for chromatin regulation, as shown for XIST, AIR or ANRIL, are less but bright
and tightly localized nuclear foci (Vidisha Tripathi et al., 2010). These were localized to the

transcription site itself. However, since the Gm12606 signals in mOB cells are spread rather
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diffusely distributed throughout the nucleus, this is inconsistent with the notion that chromatin

regulation is present in pre-osteoblasts.

In this study, it was observed that the Gm12606 transcript in mMMSCs was apparently restricted to
the cytoplasm (Figure 30). Moreover, no difference was found in different age groups of 5- and
7-week-old mMSC, but in 3-week-old cells signals were absent altogether. This is well in line with
the observation of increased Gm12606 transcript expression in mMSCs with increased passage
numbers (Figure 23). Cytoplasmic localization of IncRNAs has a major impact on protein
production, including protein sequestration (Kino et al., 2010), miRNA activity (J. Wu et al., 2018),
and mRNA translation (Carrieri et al., 2012). Previous reports have shown that a number of
miRNAs can regulate p16 translation by directly binding p16 mRNA. miRNA-24, for example,
inhibits cellular senescence in human diploid fibroblasts by supressing p16 translation (Lal et al.,
2008). This demonstrates a possible regulation of p16 by miRNAs, but no such effect has yet
been described for INcRNA. In contrast, B-catenin and the transcription factor JUNB are part of a
cytoplasmic regulation process involving lincRNA-p21, that also accumulates in the cytoplasm
and forms hybrids through complimentary base-paring with CTNNB1 (encoding B-catenin) mRNA
and JUNB mRNA, resulting in decreased translation of B-catenin and JUNB (Noh, Kim, McClusky,

Abdelmohsen, & Gorospe, 2018; Yoon et al., 2012).

Alternatively, Gm12606 signals in the cytoplasm could indicate an inactive form of IncRNA or
molecules that are waiting there for degradation (Carlevaro-Fita, Rahim, Guigé, Vardy, &
Johnson, 2016). Another hypothesis could be that Gm12606 transcript is exported to the
cytoplasm during stem cell stage, but nuclear Gm12606 levels increase during cell differentiation
and/or senescence, positively regulating p16 levels (Shibata et al., 2007). A reverse effect has
been observed with the INcRNA MIR31HG, where MIR31HG is exported to the cytoplasm during
senescence (Montes et al., 2015), shifting from nuclear localization to the cytoplasm. Detailed

investigation on such a mechanism, however, would require the identification of nuclear import or
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export signals in the transcript of Gm12606. But it is known that epigenetic modifications of RNA
molecules, in particular at their 3UTR (Meyer et al., 2012), can have an influence on their nuclear,

cytoplasmic or ribosomal localization (Frye et al., 2016).

There is also evidence that cis-regulatory activity of IncRNA depends on DNA elements within the
locus and is independent of the presence of transcribed RNA (Kopp & Mendell, 2018). Nuclear
lincRNA-p21, for example, carries novel DNA enhancer elements within the gene body and
regulates Cdkn1a/p21 in cis even in tissues in which lincRNA-p21 is not expressed (Groff et al.,
2016; Kopp & Mendell, 2018). In addition, a recent study by Engreitz et al. (2016) identified five
out of 12 (e.g., Bendr, Blustr) IncRNAs in mouse embryonic stem cells which affect the expression
of neighbouring genes without requiring the specific INncRNA transcript (Engreitz et al., 2016).
Regulation apparently occurred via enhancer-like activity of gene promoters, the process of
transcription, or splicing of the transcript itself (Engreitz et al., 2016). With respect to lincRNA-p21
this effect was supported by the short half-life and low copy number of lincRNA-p21 (Dimitrova et
al., 2014), which would fit the low expression levels of Gm12606 in this study and argues against
a role as a trans-acting IncRNA. However, Dimitrova et al. also showed that knockdown of
lincRNA-p21 with ASOs was sufficient to downregulate Cdkn1a in murine fibroblasts, indicating
that the transcript is nevertheless required for loco regulatory activity in some context (Kopp &

Mendell, 2018).

Stellaris-FISH further revealed that in MOS and mMSCs, transcript abundance was very low in
individual cells, with high levels of cell-to-cell heterogeneity. One theory suggests that a small
number of cells in the population can express high numbers of INcRNAs (Moran N. Cabili et al.,
2015). In this study, this would explain the presence of strong signals in a few cells, while others
showed no signals at all. It is also interesting to relate this cell-to-cell heterogeneity with our

observations of radiation-induced premature differentiation or replicative senescence (Daniela
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Hladik et al., 2019) in mMMSCs, both mechanisms also show a non-uniformity among cells of equal

passage number and chronologic age.

As reported by a previous study, the two transcripts of the IncRNA CCAT1 have different
localizations, with the longer transcript being nuclear while the shorter form is cytoplasmic (Xiang
et al., 2014). Since it was not possible to distinguish between Gm12606 T1 and T2 by Stellaris-
FISH in this study, it is not certain which of the two transcripts or both were detected. A precise
distinction remains open, but the RT-qPCR assays suggest that the foci in mMMSCs and mOB

represent distinct transcripts.

7.2 Gm12606 expression is elevated during ageing and after
irradiation in mouse mesenchymal stem cells

7.2.1 Ageing affects the expression of T1 in mesenchymal stem cells

In concordance with accumulating evidence showing that a variety of IncRNAs are involved in
ageing and ageing-related disease (He, Tu, & Liu, 2018), in vitro growth of several passages of
wild-type mMSCs established that T1 of Gm12606 experienced a ~70-fold upregulation in 7-
week-old, compared to 3-week-old MSCs (Figure 23). No significant changes were observed in
the expression of T2 after 7 weeks, suggesting that both transcripts differ not only in their first
exon, but also in their transcriptional activation. Based on the concomitant morphological changes
in in-vitro aged mMSCs (levels of cell heterogeneity and increased fraction of differentiated cells)
(Figure 22) during this period, there may be additionally a causal relationship between the level
of Gm12606 T1 transcription and the degree of differentiation. It should be noted that premature
differentiation is a part of the ageing process of MSCs in vitro (Cicero et al., 2016), as cells develop
too early into a specialized cell type or move more toward a specific cell type. This is often

evidenced by preferential adipogenic rather than osteogenic differentiation in ageing MSCs in
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previous reports (Justesen et al., 2001; Moerman, Teng, Lipschitz, & Lecka-Czernik, 2004) and
vice versa is also observed in the premature-ageing disease Hutchinson-Gilford Progeria
Syndrome (Blondel et al., 2014; Scaffidi & Misteli, 2008). As mentioned earlier, T1 and T2 were
upregulated in cells in which osteogenic differentiation of mMSCs was induced, strengthening the
differentiation theory but weakening the aspect that T1 is predominantly affected by ageing,

whereas T2 might have a different function.

7.2.2 vy-irradiation causes a more pronounced change in T2

Cellular ageing is also known to exert a detrimental effect on the DNA damage response following
exposure to ionizing radiation (Sperka, Wang, & Rudolph, 2012). To investigate the acute
radiation effect of Gm12606, T1 and T2 expression was examined in mMSCs irradiated with 2 Gy
24h after exposure to y-irradiation in comparison to sham-irradiated controls. When examining
the acute effect of y-irradiation, a more pronounced change in transcript T2 than in T1 was found
(Figure 24), confirming different functionalities with respect to both transcripts. Three days later,
the radiation-induced upregulation of T1 has completely vanished, before it goes up again 20
days later (Figure 25). 4-24-days’ time period analysis of Gm12606 (Figure 25) has further
revealed that irradiation has a potentiating effect on Gm12606 T1 expression in mMSCs and
therefore may lead to premature ageing and cellular senescence. This is in agreement with a
number of previous findings (Richardson, 2009; Walburg Jr, 1975) and knowledge that y-and X-
irradiation of moderate doses can contribute to cellular and organismal ageing (Aliper,
Bozdaganyan, Orekhov, Zhavoronkov, & Osipov, 2019; Alwood et al., 2012; Candéias et al.,
2017). It is thus clear that a single exposure to ionizing irradiation, including stem cells, lead to
premature ageing, with potential implications for the long-term side effects of a radiotherapy in

cancer patients.
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In addition, low-dose y-irradiation has been found to cause spontaneous adipogenic differentiation
of primary mMSCs (Yu Wang, Zhu, Wang, & Chen, 2016). Based on the increased expression of
Gm12606 in mMMSCs after irradiation, this effect may provide further evidence that Gm12606 T2

expression may also be linked to cell differentiation.

7.3 Gm12606 is implicated in the regulation of the Ink4a/Arf/ink4b

locus

To date, the only publication that dealt with expression of the lincRNA Gm12606 has mapped it
as a downstream Whnt-effector, but any association with cellular phenotypes were not investigated
(Mullin et al., 2017). Since many lincRNA have been found to be cis-acting epigenetic regulators
of their neighbouring genes (Ulitsky & Bartel, 2013), such as ANRIL, which mediates recruitment
of the polycomb repressor complex to the promoters of the neighbouring genes CDKN2B (p15-
INK4B) and CDKN2A (p14-ARF, p16-INK4A), thereby regulating cell proliferation and
senescence in humans (Yap et al., 2010), the principal cis-regulatory pathway has attracted
attention in this study. Starting from the proximity (1kb) of p16 to Gm12606, the goal was to
investigate a possible regulatory interaction targeting this cell-cycle inhibitor. p16 was frequently
found to be increased in mammalian ageing (Melk et al., 2004) and especially during senescence
of murine and human cell types (Mirzayans et al., 2012), e.g., fibroblasts (Alcorta et al., 1996),
islets (Halvorsen, Beattie, Lopez, Hayek, & Levine, 2000), keratinocytes (Kiyono et al., 1998),
endothelial cells (J. Chen et al., 2006), macrophages (Randle, Zindy, Sherr, & Roussel, 2001),
and even hMSCs (Feng et al., 2014). Using an antisense oligonucleotide-mediated silencing of
Gm12606 in mMSCs, a significant reduction of p16 transcription was shown (Figure 33), which
is in line with the hypothesis of the Ink4a gene being a target of Gm12606 regulation. This implies

that the knockdown effect of Gm12606 on p16 is most likely triggered by the downregulation of
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Gm12606 levels and not by the application and its chemicals themselves, as such an effect would
occur earlier. Moreover, the finding showed that not only p16, but the entire Ink4a/Arf/Ink4b locus
was affected by Gm12606 knockdown (Figure 33). This is akin to the effects attributed to the
IncRNA ANRIL, located at a position in the human INK4A/ARF/INK4B complex (Nikolay Popov &
Jesus Gil, 2010), however ANRIL represses the expression of INK4A, ARF, and INK4B genes (N.

Popov & J. Gil, 2010).

In general, Gm12606 is expressed at very low levels as measured by RT-qPCR, which tends to
favour a cis mechanism. This conclusion is further supported by the finding that many IncRNA in
the nucleus, especially in the chromatin fraction, are localized at their transcriptional sites, with
low expression levels, but where they play regulatory roles in cis, specifically widespread roles in
chromatin regulation (Gil & Ulitsky, 2019). Their enrichment in chromatin correlates with the
transcriptional activity of neighbouring genes (M. S. Werner & A. J. Ruthenburg, 2015), as shown
in particular for XIST, GAS5, MIAT, MEG3, which are enriched in in the nucleus, consistent with
a role in transcription or chromatin regulation (Derrien et al., 2012). Transport of low-level
transcripts to other nuclear compartments may dilute the transcripts too much to mediate plausible
function in trans (Gil & Ulitsky, 2019). Furthermore, it should be considered that the probability of
a transcript present in only a few copies in the nucleus could find a matching DNA target sequence

anywhere in the genome, is extremely low.

However, genes on distal loci, namely Kif4, Rb1, p27 and Dkk2 were also affected by Gm12606
knockdown, but at a much low level than the genes in direct vicinity (Figure 34). Impaired Rb1
transcription was observed 24h following ASO transfection, while p27 was downregulated at the
later time point (48h). Itis possible to speculate that this might be an indirect effect that is mediated
by the Ink4/Rb1/E2F pathway, for example, as p16 and even p15 are involved in Rb1 targeting
via CDK4/6 and cyclinD (Serrano et al., 1993). However, the delayed (after 48h) reduced

expression of the Ink4a/Arf/Ink4b cluster, in correlation with decreased Rb1 expression only after
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24h, suggest an alternative regulation involving Gm12606 leading to Rb1 suppression. Although
inactivation of p16 is the most effective mechanism found to block the cyclinD-Rb1 pathway during
invasive cancer progression (Nuovo, Plaia, Belinsky, Baylin, & Herman, 1999), evidence suggests
that 10% of small cell lung cancers retain wildtype RB function while p16 is inactivated (Kaye,
2002), further raising the possibility for alternative Ink4-dependant pathways that bypass Rb1.
Another would be the CDK2/cyclinE/p27 pathway, which also involves a cell proliferation
suppressor function by inducing a G1 arrest. The resulting suppression of CDK4/6 and cyclinD,
mediated by the induction of p16, simultaneously releases p27, leading to suppressed
CDK2/cyclinE complex activity (H. Jiang, Chou, & Zhu, 1998). More precisely, reduced p16
transcription is then closely related to functional inactivation of p27, which may have been shown
here at 48h after ASO transfection, since a similar mechanism has already been confirmed by
others (Matsuda et al., 2003). At 24h and 48h after downregulation of Gm12606, the transcription
factor KlIf4 was significantly upregulated, while Dkk2 expression was reduced. KlIf4 induces growth
arrest in several cell types, especially following DNA damage (X. Chen et al., 2001) by increasing
expression of cell cycle genes, e.g., p21, cyclinD (Ghaleb & Yang, 2017), as well as p16 and p27
(Tiwari et al., 2019). Thus, overexpression of Kif4 was found to be related to cell senescence in
human epithelial cells, via a p21 mediated mechanism (Xu et al., 2016). This effect argues here
against the p16 theory but strengthens the hypothesis of premature cell senescence after loss of
Gm12606 in mMMSCs, which could be induced by accumulation of several factors, including trans-
regulation by Gm12606. In addition, the strong significant decrease of DKK2 (a negative regulator
of the Wnt/B-catenin signalling pathway) already 24h after Gm12606 knockdown considered a
regulatory effect linked to Gm12606 in trans. As Wnt/B-catenin keeps hMSCs in a self-renewing
and undifferentiated state (Etheridge, Spencer, Heath, & Genever, 2004), DKK2 reverses this
effect by inhibiting the Wnt coreceptors Lrp5 and 6 (Niehrs, 2006). Like any other knockdown

technology, the Gm12606 GapmeR ASO method is also limited in its transient effects. Whereas
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direct effects onto gene-expression could be nicely demonstrated, long-term consequences for

the stem cell function requires a permanent reduction of the lincRNA Gm12606 expression.

Therefore, a source of Gm12606-1"- mMSCs was generated by CRISPR/Cas9-mediated gene
editing in a C57/BL6 mouse line. This line was used as a source of BM mMSCs with a
homozygous Gm12606-exon1 deletion. In comparison with Gm12606 wild-type littermates from
heterozygote intercross, the mRNA levels of p16, p19, and p15 were strongly reduced in ageing
mutated mMSCs (p7) by 68 % (p16), 77% (p19) and 65% (p15) (Figure 46). While expression
from the Ink4a/Arf/Ink4b locus was indeed slightly diminished in the mutant-mMSCs from passage
3, the effect was only significant in the ageing mMSCs from passage 7, which also agrees with
the findings that Gm12606 is dramatically increased in ageing mMSCs (Figure 23). Interestingly,
CDKN2A-Arf (p19) transcription compared to CDKN2A-Ink4a (p16) and CDKN2B-Ink4b (p15)
levels, were most strongly reduced in the mMSCs from Gm12606-exon1 depleted mice (Figure
46), suggesting that the three transcripts at the Ink4a/Arf/Ink4b locus are differentially affected by
Gm12606. Previous studies have already noted that there is an inconsistency between Ink4a and
Arf of cell ageing among mice and humans. The general impression is that p16 is the main initiator
of senescence and tumour suppression in human cells, while p19 is more prominent in mouse
cells (Jesus Gil & Gordon Peters, 2006). This may explain the slightly more reduced expression
of p19 expression compared to transcription levels of p16. Assuming that the Gm12606 transcript
indeed causes a specific loop folding of the adjacent chromatin, it is reasonable to imagine that
this folding changes the proximity of the three Ink4a/Arf/Ink4b promoters to enhancer elements in

a different manner.

These results suggest that Gm12606 controls a locus, containing three closely related tumour
suppressor genes that trigger antiproliferative activities of pRB and p53 (C. J. Sherr, 2001).
Accordingly, downregulation of the genes would initiate the activation of pRB and p53 and provide

mMSCs with an increased proliferative potential. In summary, the two different methods used to
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suppress Gm12606 transcription (GapmeR ASO knockdown and CRISPR/Cas9 deletion) confirm
that the main regulatory effect onto the nearby Ink4a/Arf/Ink4b locus is exerted by the transcript

and does not require changes in the DNA.

7.4 Loss of Gm12606 prevents the progression of cellular senescence
in ageing mMSCs

Ageing influences the behaviour of MSCs in different ways, depending on several factors, but
senescence is the most common physiological status associated with accelerated ageing. MSCs
enter senescence in vitro earlier than in vivo because high ex vivo expansion requires the
production of a suitable number of MSCs (Bernardo et al., 2011). However, this reduces the DNA
synthesis and repair efficiency of MSCs, leading to accumulation of DNA damage (Bonab et al.,
2006; Cai et al., 2014; Neri, 2019) and is a major drawback in terms of clinical application.
Therefore, MSCs are confronted with radical changes in their physiological and chemical milieu
(Stenderup, Justesen, Clausen, & Kassem, 2003), resulting in loss of stem cell properties,
senescence and even malignant transformation (Rgsland et al., 2009; W. Wagner, Ho, & Zenke,
2010). Previous studies already have questioned the ability to decelerate the ageing effect during
ex vivo expansion of MSCs to improve therapeutic efficacy and ensure safe treatment (Y. Li et
al., 2017). One strategy might be to prevent senescence by interfering in senescence-associated
regulatory mechanism. Since p16, p19 and p15 play critical roles in cellular senescence and
ageing (Krishnamurthy et al., 2004; Kuilman, Michaloglou, Mooi, & Peeper, 2010; A. S. Wang &
Dreesen, 2018), downregulation of the genes may stop accelerated ageing and senescence in
mMSCs. However, all three genes/proteins also have tumor suppressor functions. They are
frequently found mutated (with deletions or silenced) in a variety of tumor (Charles J. Sherr, 2000),

including leukaemia (Eischen, Weber, Roussel, Sherr, & Cleveland, 1999), lymphoma (Schmitt,
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McCurrach, de Stanchina, Wallace-Brodeur, & Lowe, 1999), or melanoma (Kamb et al., 1994).
Therefore, it is not advised to intervene in the genome of cells that are to be used therapeutically.
If instead a regulatory mechanism involving a IncRNA (Gm12606 in mouse or ANRIL in human)
could transiently downregulate INK4A/ARF/INK4B (e.g., by ASO) to slow MSC ageing ex vivo

prior therapy, this would be relatively risk-free.

In line with the hypothesis, there was a highly significant decrease of homozygous Gm12606-
exon1 mutant mMSCs undergoing senescence. The results are in agreement with the
downregulation of the Ink4a/Arf/Ink4b locus as a consequence of the Gm12606 deletion (Figure
50). Consequently, this suggests that Gm12606 (T1) is involved in the regulation of the
Ink4a/Arf/Ink4b locus, which in turn affects the ageing process by slowing down the induction of

senescence in ageing mMSCs.

7.5 Loss of Gm12606 renders mMSCs more efficient for the repair of

IR induced DNA double strand breaks

The ability of MSCs to regenerate tissue diminishes with age and leads to cellular senescence,
resulting in permanent cell cycle arrest and accumulation of DNA damage (Yu & Kang, 2013). In
addition, the trigger of DNA damage is the formation of free radical (ROS) and the consequent
oxidative stress induced by IR, and on the other hand DNA-DSBs, which occur due to radiation
exposure (W. Kim et al., 2019). All these effects are the basis of senescence. Considering the
above aspects in accordance to p16 (Ink4a) that increases with age and is associated with
senescence in MSCs (Cheng et al., 2011), a strategy that improves the DNA damage response
by enhancing the DNA repair capacity, could be an efficient strategy to counteract the ageing

effect. Just like other identified IncRNAs involved in the DDR after exposure to IR (Hung et al.,

145



Discussion

2011; O'Leary et al., 2015; Ozgiir et al., 2013; Wu et al., 2014), in this study as already described,

Gm12606 has been shown to be affected by radiation exposure (Figure 24).

Then, the effect of reduced Gm12606 expression was analysed as the level of DNA damage
recognition in Gm12606-exon1 mutant and wild-type mMSCs treated with IR. This demonstrated
that the loss of Gm12606-exon1 contributed to an increased yH2AX and 53BP1 repair foci
formation, especially after high doses (4Gy) in mMSCs (Figure 52), indicating a more efficient
recognition of DNA-DSBs. For further evaluation of the findings and validation, repair kinetic
analysis was performed. Clearly, it could be shown that after 24h following radiation exposure
significant fewer foci remain unrepaired in mMMSCs of Gm12606-exon1 deficient mice (Figure 54).
The exact reason for the reduced number of remaining DNA-foci may have arisen from two
possibilities regarding fast and slow repair kinetics. Previous studies described a biphasic
progression of DNA damage repair kinetics dominated by an initial fast component and later
gradual (slow) repair of DNA-DSBs (lliakis et al., 2004). Here, it is quite obvious that the first
phase of fast repair occurs initially between 0-6h removing DNA-DSBs, followed by the second
phase of slow repair which occurs between 6-24h (Figure 56). With this interpretation, it can be
concluded either that the kinetics of the fast components are the same for homozygous mMSCs
from Gm12606-exon1 mutant and wild-type mice, while Gm12606-exon1 mutant MMSCs showed
improved repair of DNA-DSBs in the second phase since more foci disappeared (Figure 56A) or
indicate that Gm12606-exon1 KO mMSCs have an increased repair rate in the first phase since
the fast component lasts longer (Figure 56B). The latter is more likely as cell heterogeneity
changes after Gm12606/Ink4a/Arf/Ink4b decrease, consequently more or less cells are in different
cell cycle phases (GO, G1, G2), and thus the use of the different repair pathways (non-
homologous end-joining (NHEJ)/ homology directed repair (HR)) also shifts. In terms of kinetics,
with only four time points, it is not possible to distinguish whether the slow component has altered

or whether the relative proportions of the fast/slow component have changed.
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Figure 56: Theories of increased repair kinetics in mMSCs after KO of Gm12606 T1. Representation
of two possibilities regarding biphasic repair progression of DNA-DSBs by fast (blue) and slow (green)
repair kinetics. The first phase of fast repair is shown between 0-6h, followed by the second phase of slow
repair which occurs between 6-24h. (A) Proportions of DNA breaks repaired by the fast component are the
same for homozygous mMSCs from Gm12606-exon1 mut (yellow) and wt (black) mice, while Gm12606-1
mutant mMMSCs showed an improved repair in the second phase (slow component). (B) Proportion of DNA
breaks repaired by the fast component of Gm12606-exon1 mut mMSCs (yellow) is higher than in mMSCs

from wt littermates (black), since the fast component lasts longer.

Moreover, it has been previously shown by others that mice lacking p16 exhibit increased
regeneration and repair potential in ageing mice associated with a reduced decline of bone-
marrow stem cells, herby mitigating the physiological effects of ageing on stem cells by enhancing
injury repair in aged tissue (Janzen et al., 2006). Taken together, this underpins that better and
more complete removal of DNA-DSBs has been demonstrated in mutant Gm12606-exon1™"

mMSCs.

A previous study of our group showed an age-related decline in the recognition of radiation
induced DSBs and a retarded DNA damage repair, indicating possible accumulating errors in the
damage response machinery with cumulative ageing in mMSCs (D. Hladik et al., 2019). The loss
of Gm12606 functionality and consequent stagnation of the ageing process may counteract this

effect, preventing the accumulation of DNA damage, leading to malignant transformation.
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It is most likely that the positive effect of Gm12606 knockout on DNA-DSB repair is indirectly
mediated by the reduced level of cellular senescence, rather than by a direct link between this
IncRNA and the activity of DNA repair enzymes as senescent cells may lose their DNA repair
capacity (Collin, Huna, Warnier, Flaman, & Bernard, 2018; d'Adda di Fagagna, 2008; S. Maynard,
E. F. Fang, M. Scheibye-Knudsen, D. L. Croteau, & V. A. Bohr, 2015). However, the effect of

Gm12606 knockout on senescence was not as advanced in the younger cells from passage 3.

7.6 Conclusion

Numerous concerns arise with advancing age of MSCs as their long-lasting expandability is
indispensable for their therapeutic application. Irradiation and ageing of the cells may accelerate
the decay of stem cell potentials and properties, leading to premature differentiation and reduced

DNA repair capacities, which eventually induces cellular senescence.

Thus, in this project we compiled the current knowledge about the potential role of the lincRNA
Gm12606 in age-related mMSCs. It was demonstrated that bone-marrow derived mMSCs from
wild-type mice showed a dramatic increase in the expression of T1 of the lincRNA Gm12606
during in vitro ageing of the cells, whereas transient overexpression of T2 was observed after y-
irradiation. This indicates different functionalities with respect to both transcripts. Beyond that,
Gm12606 RNA expression exhibited a strong dependence on cell type and intracellular
localization. Overall, expression was highest in committed osteoblast precursor cells in vitro,
whereas expression was reduced in mMMSCs, MOS and undetectable in embryonic stem cells.
This suggests that there is a general trend towards higher expression of Gm12606 T1 in cells that
have a more limited lifespan in vitro or are already closer to the end of their normal lifespan. The
significant differences in the overall expression between mMSCs, mOB and MOS were

counterbalanced by a very strong specificity of intracellular localization of Gm12606 RNA.
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Whether the different staining pattern of Gm12606 RNA (nuclear vs. cytoplasmic, diffuse vs. focal
spotted) reflects differences in function remains an open hypothesis. Both, Gm12606 knockdown
in vitro and CRISPR/Cas9-mediated Gm12606 (T1) knockout in vivo strongly affected
transcription of the nearby Ink4a/Arf/Ink4b locus, suggesting a cis action. Consequently, bone-
marrow derived mMSCs from Gm12606-exon1-deficient mutant mice retained a significantly
lower percentage of cellular senescence with increasing passage number than cells from wild-
type littermates, indicating a downstream effect of Gm12606 T1 inactivation on CDKN2A-Ink4a
(p16), CDKN2B-Ink4b (p15), and CDKN2A-Arf (p19) transcription. In early passages of mMSCs,
the loss of Gm12606-exon1 also contributed a more efficient recognition of DNA-double strand
breaks and a better and more complete removal of the latter. Taken together, these data suggest
that the functional impairments in mMSCs observed during ex vivo expansion and after irradiation
are closely related to the function of Gm12606, which epigenetically regulates the adjacent

Ink4a/Arf/Ink4b locus during stem cell development and differentiation.

lllustrating the role of Gm12606, a lincRNA was found in mouse that slows down or even reverses
the ageing effect of mMMSCs in vitro and that could have direct relevance for human cells and open
up new possibilities for effective and safe patient treatment. Finally, it should be noted that a
closer look at the genome reveals that many biological important genes are accompanied by
proximal IncRNAs whose function is not yet clarified. While their crucial existence is now
undisputed, it is apparent that they will continue to surprise and reveal many kinds of complex

mechanisms in the future.
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Figure 57: Simplified representation of young and aged murine mesenchymal stem cells and
Gm12606 functionality following cell ageing and/or ionizing radiation. The signaling pathways p16-
pRb, p19-p53 and p15-pRb mediate the stress response (ageing & IR) in mMSCs through the epigenetic
regulation of Gm12606. Increased expression of Gm12606 in aged mMSCs and/or IR leads to epigenetic
cis regulation of the Ink4a/Arf/Ink4b locus, resulting in enhanced levels of p16, p19 and p15 mRNA and
proteins. p16 and p15 inhibit Cdk4/6 activity and induce Rb phosphorylation, causing cell cycle arrest. p19
prevents MDM2-mediated degradation of p53, activating p21, a Cdk inhibitor. In summary, this stops the
cell cycle by blocking the G1 to S transition, which in turn triggers growth arrest, senescence, and DNA
damage.
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Appendix A

Full length sequence of transcript 1 (Gm12606)

>Gm12606-202 ENSMUSE00000774036 exon1: IncRNA
GCGAGGCTTAGGCACTTCCTCTCCCATTGAGACCAGACAAGACGGCCGGACAGAGCAGAC
CCCATCTGCTGCACACGTGCGTGCGAGGAAGCCTAGATCCAGCCGGTATATGGTCTTTGG
TTGGTGGTTCAGACTCTTAGAGCCCCATGGGTTCAG

>Gm12606-202 ENSMUSE00000739139 exon2: IncRNA
AGCTGTAACACTTGGGAAGAGATCTCTCCCGAAGAGCCGCGCACGAGTTTTCCTCACTGA
ATTGTCTCACAGAATTGGAGTTACCGAGAGAATTGTCTCACTGAATTGGAGTTACCGAGG
GACCTGGAAGGAGTGGCAGATGCTTCGTCCCCCTGCCTGCACTCACTTCCCTCGCTGGGG
CCTTCCCACCCGGCCTGGATAGAGGTCTCCGTGGAAAACTTCTGGTACCTAGGCCCACAT
CTCCCTAGAAG

>Gm12606-202 ENSMUSE00000732235 exon3: IncRNA
TGATCTCGAGGTGATCTCAAGGTGATCCTGAGGTCCTGTGGCGTGGAGAGTACTCTGGAG
CCCTTAGCGGCCTCTGCTGCGTTCAGACGGAAGATGGCGGAG

>Gm12606-202 ENSMUSE00000816732 exon4: IncRNA
ATAGTGTAGTCTTTATCAAGGAAACCGATGGAGAGAACTACAAAAAAACAGAACCAACAA
ACTGCAGAGTTGTGAAGTCCAGACCCAGCGAATCCATCTACAAAACACTCTCAAACCTAA
GGCTCTGGGGGCATTTGAGAAGAGGGGTGGAAAGACAGTATGAGCCAGAGGATCAGGAAA
TTTGCTGTGCAATTTTGTCTCCTAATGCCAGAAGCTACAACCAGAAAGTCTTCCCAACAT
GACTATCCCAAAATATTGCTGAACAAGAATGACACAGCAGATTTGACAATGTGAACAAGG
AAAAGCCCACGAAGCTTCAACTTTCCAGAAAGAACTACAAGAGTAAAGCCAGGATTGGGA
TAAGGTGGGCTTTTTTTTTTTTTTATAAGGAAGAGCACAACAATTGGTTGTCCAATGCCA
AATGGTCAGCCCTGAAAACATACATACAAATAACATTAGATGGACTGAGCTGGTTGTATT
TAGGAATGCATACAATAACAATTTATGACAAAAGATGCCATGAGTTAGAAGGAGAGGGGG
AAGGGGCATATGGTAGGGTTTGGAGGGAGAAAGGTGAAGAGAAAATATTGTAATTGTATT
ATACTCTCAAAAATAAAAAAAATACATTGTATGAAATTCTCAAAAAACTAATAAAAACGT
TGTTGTTGTTTTTAA
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Full length sequence of transcript 2 (Gm12606)

>Gm12606-201 ENSMUSE00000803974 exon1: IncRNA
CTGCCTCCGAGGGTGGAGGCCTTTCCTTGTCATCAACCTCTAGGTTCTGAGGACCATCCT
CGGAAAAGCTGAACTGGAGCTCAGGGTTCAGCACGGCTGCTTACGGAGCAGCCTCGCAAT
GGAAACCTGGTTCGAGCCTCTCGCAGG

>Gm12606-201 ENSMUSE00000739139 exon2: IncRNA
AGCTGTAACACTTGGGAAGAGATCTCTCCCGAAGAGCCGCGCACGAGTTTTCCTCACTGA
ATTGTCTCACAGAATTGGAGTTACCGAGAGAATTGTCTCACTGAATTGGAGTTACCGAGG
GACCTGGAAGGAGTGGCAGATGCTTCGTCCCCCTGCCTGCACTCACTTCCCTCGCTGGGG
CCTTCCCACCCGGCCTGGATAGAGGTCTCCGTGGAAAACTTCTGGTACCTAGGCCCACAT
CTCCCTAGAAG

>Gm12606-201 ENSMUSE00000743427 exon3: IncRNA
ATAGTGTAGTCTTTATCAAGGAAACCGATGGAGAGAACTACAAAAAAACAGAACCAACAA
ACTGCAGAGTTGTGAAGTCCAGACCCAGCGAATCCATCTACAAAACACTCTCAAACCTAA
GGCTCTGGGGGCATTTGAGAAGAGGGGTGGAAAGACAGTATGAGCCAGAGGATCAGGAAA
TTTGCTGTGCAATTTTGTCTCCTAATGCCAGAAGCTACAACCAGAAAGTCTTCCCAACAT
GACTATCCCAAAATATTGCTGAACAAGAATGACACAGCAGATTTGACAATGTGAACAAGG
AAAAGCCCACGAAGCTTCAACTTTCCAGAAAGAACTACAAGAGTAAAGCCAGGATTGGGA
TAAGGTGGGCTTTTTTTTTTTTTTATAAGGAAGAGCACAACAATTGGTTGTCCAATGCCA
AATGGTCAGCCCTGAAAACATACATACAAATAACATTAGATGGACTGAGCTGGTTGTATT
TAGGAATGCATACAATAACAATTTATGACAAAAGATGCCATGAGTTAGAAGGAGAGGGGG
AAGGGGCATATGGTAGGGTTTGGAGGGAGAAAGGTGAAGAGAAAATATTGTAATTGTATT
ATACTCTCAAAAATAAAAAAAATACATTGTATGAAATTCTCAAAAAACTAATAAAAA
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2-way ANOVA analysis results

"Table Analyzed" Short-term expression of Gm12606 in mMSCs (log)

"Two-way ANOVA" Ordinary

" Alpha" 0,05

"Source of Variation" "% of total variation" "P value" "P value summary" Significant?
" Interaction" 15,45 09,0132 * Yes
" Days [d]" 53,98 <0.0001 Fototok Yes
" oGy vs 1 Gy (IR)" 4,752 0,0067 *ok Yes
"ANOVA table" SS DF MS "F (DFn, DFd)" "P value"

" Interaction" 22,14 10 2,214 "F (10, 44) = 2.634" P=0.0132

" Days [d]" 77,35 10 7,735 "F (10, 44) = 9.202" P<0.0001

" 0Gy vs 1 Gy (IR)" 6,808 1 6,808 "F (1, 44) = 8.100" P=0.0067

" Residual" 36,98 44 0,8406

"Difference between column means"

" Mean of Sham-irradiated (@Gy)" 2,490

" Mean of Irradiated (2Gy)" 1,848

" Difference between means" 0,6424

" SE of difference" 90,2257

" 95% CI of difference" "0.1875 to 1.097"

"Data summary"

" Number of columns (@Gy vs 1 Gy (IR))" 2

" Number of rows (Days [d])" 11

"Table Analyzed" Time and dose dependency of Gm12606 T1 in X-irradiated mMSCs

"Two-way ANOVA"Ordinary

" Alpha" 0,05

"Source of Variation" "% of total variation" "P value" "P value summary" Significant?
" Interaction” 6,249 90,5432 ns, No
" Dose" 46,40 09,0027 ok Yes
" Hours after X-irradiation" 7,986 09,0576 ns, No
"ANOVA table" SS DF MS "F (DFn, DFd)" "P value"
" Interaction" 09,8401 4 09,2100 "F (4, 20) = 0.7936" P=0.5432
" Dose" 6,238 4 1,559 "F (4, 20) = 5.892" P=0.0027
" Hours after X-irradiation" 1,074 1 1,074 “F (1, 20) = 4.057" P=0.0576
" Residual" 5,293 20 90,2647

"Difference between column means"

" Mean of 1.5h" 1,434

" Mean of 72h" 1,055

" Difference between means" 09,3784

" SE of difference" 09,1878

" 95% CI of difference" "-0.01349 to 0.7702"

"Data summary"

" Number of columns (Hours after X-irradiation)" 2
" Number of rows (Dose)" 5

" Number of values" 30
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"Table Analyzed"

"Two-way ANOVA" Ordinary
" Alpha" 0,05

"Source of Variation"
" Interaction"
Dose"

" Hours after X-irradiation"

"ANOVA table"
" Interaction"
" Dosell

" Hours after X-irradiation" 1,015 1

" Residual"

"Difference between column means"

" Mean of 1.5h"
" Mean of 72h"

" SE of difference"
" 95% CI of difference"

"Data summary"

Difference between means"

Appendices

Time and dose dependency of T2 in X-irradiated mMSCs

"% of total variation" "P value" "P value summary" Significant?
28,41 90,0225 Yes
30,98 90,0161 Yes
1,356 90,4156 No
SS DF MS "F (DFn, DFd)" "P value"
21,27 4 5,317 "F (4, 20) = 3.618" P=0.0225
23,19 4 5,797 "F (4, 20) = 3.945" P=0.0161

1,015 "F (1, 20) = 0.6911" P=0.4156
29,39 20 1,469
2,410
2,042
90,3680
90,4426

"-0.5554 to 1.291"

" Number of columns (Hours after X-irradiation)" 2

" Number of rows (Dose)"
" Number of values" 30

Parameter

5

Table Analyzed Proliferation (Presto Blue) of mMSCs (p3)

Two-way ANOVA

Source of Variation
Interaction
wt vs hom (Gm12606)
days after passaging (d)

Source of Variation
Interaction
wt vs hom (Gm12606)
days after passaging (d)

Source of Variation
Interaction
wt vs hom (Gm12606)
days after passaging (d)
Residual

Number of missing values

% of total variation

P value
90,0884
90,7386
90,0007

Mean square
2,439e+007
1,043e+006
1,093e+008
8,857e+006

15,63

0,17

70,02

P value summary Significant?
ns No

ns No

b2+ 4 Yes

Df Sum-of-squares
4 9,755e+007

1 1,043e+006

4 4,371e+008

10 8,857e+007

0
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Parameter

Table Analyzed yH2AX- and 53BP1 foci formation in mMSCs (p3)

Two-way ANOVA

Appendices

Source of Variation % of total variation P value
Interaction 2,10 90,0069
wt vs hom (Gm126066) 1,46 90,0032
dose (Gy) 93,18 < 90,0001

Source of Variation P value summary Significant?
Interaction - Yes
wt vs hom (Gm12606) *% Yes
dose (Gy) XXX Yes

Source of Variation Df Sum-of-squares Mean square
Interaction 3 18,41 6,136
wt vs hom (Gm12606) 1 12,80 12,80
dose (Gy) 3 817,6 272,5
Residual 24 28,62 1,192

Number of missing values 7}

Parameter
Table Analyzed Repair kinetics
after irradiation in mMSCs (p3)

Two-way ANOVA

Source of Variation
Interaction
wt vs hom (Gm126066)
time after irradiation [min]

Source of Variation
Interaction
wt vs hom (Gm126066)
time after irradiation [min]

Source of Variation
Interaction
wt vs hom (Gm12606)
time after irradiation [min]
Residual

Number of missing values

of yH2AX- and 53BP1 foci

% of total variation P value
4,14 90,0013
2,24 90,0022
89,01 < 90,0001

P value summary Significant?

o Yes

o Yes

280 2 YeS

Df Sum-of-squares Mean square

3 0,08359 0,02786

1 0,04524 0,04524

3 1,797 90,5988

24 0,09287 0,003870

%}
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10,74
228,6

7,201
11,69
154,8



"Table Analyzed"

Appendices

Induction of cellular senescence in mMSCs (p3)

"Two-way ANOVA"Ordinary

" Alpha"

"Source of Variation"

0,05

"% of total variation" "P value"

" Interaction" 3,143 90,5272 ns,
" Days after seeding [d]" 8,677 0,1888 ns
" wt vs hom (Gm12606)" 45,55 90,0004 ok
"ANOVA table" SS DF MS "F (DFn, DFd)"

" Interaction" 42,23 2 21,11 "F (2, 18) = 0.6635"
" Days after seeding [d]" 116,6 2 58,29 “F (2, 18) = 1.832"
" wt vs hom (Gm12606)" 612,1 1 612,1 "F (1, 18) = 19.23"
" Residual" 572,8 18 31,82

"Difference between column means"

" Mean of wt (Gm12606-1+/+)" 41,13

" Mean of hom (Gm126@06-1-/-)" 31,03

" Difference between means" 10,10

" SE of difference" 2,303

" 95% CI of

"Data summary"
" Number of
" Number of
" Number of

"Table Analyzed"

difference" "5.262 to 14.94"

rows (Days after seeding [d])"3
values" 24

Induction of cellular senescence in mMSCs (p7)

"Two-way ANOVA"Ordinary

" Alpha"

"Source of Variation"

" Interaction" 4,229 09,0334 *

" Days after seeding [d]" 2,130 90,1424 ns

" wt vs hom (Gm12606)" 88,09 <0.0001 HAAHAK

"ANOVA table" SS DF MS "F (DFn, DFd)"

" Interaction" 4 30,6 2 215,3 "F (2, 12) =
" Days after seeding [d]" 216,89 2 108,5 "“F (2, 12) = 2.303"
" wt vs hom (Gm12606)" 8969 1 8969 "F (1, 12) = 190.4"
" Residual" 565,2 12 47,10

"Difference between column means"

" Mean of wt (Gm12606-1+/+)" 63,76

" Mean of hom (Gm12606-1-/-)" 19,11

" Difference between means" 44,64

" SE of difference" 3,235

" 95% CI of

"Data summary"
" Number of
" Number of
" Number of

0,05

"% of total variation" "P value"

difference" "37.60 to 51.69"

rows (Days after seeding [d])"3
values" 18

176

"P value summary"

"P value summary"

Significant?
No

No

Yes

"P value"
P=0.5272
P=0.1888
P=0.0004

Significant?
Yes

No

Yes

"P value"
P=0.0334
P=0.1424
P<0.0001

4.571"



Appendices
Appendix C

Variety of sgRNA7-indueced mutations in mice.

Mouse InDel [bp]
72 InDel -256

73 InDel -23/unknown
74 InDel -1/-5

75 wit -

76 InDel -32/unkown
77 wit -

78 unknown unknown
79 InDel -14/+43
80 InDel -8

81 wt -

82 InDel +4/+9

83 InDel -5

84 wit -

85 wt -

86 wt -

87 wt -

88 InDel -7

89 wt -

90 wt -

91 wt -

92 wt -

93 wt -

94 InDel +1/-6
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Sequencing of CRISPR/Cas9 mice reveals different mutations

Mouse #73
T6GTGEGTTCAGACTCTTAGAGCCCCATG GG wrcreerTAeTTeccchcrcrrccrevecccrrccu{

Mouse #74 R
JrteeTeeTTCA ACTCTTA AGCCCCA TGGGTTCAGGTTACTTGACTCTGCCTTG‘

Mouse #75 = wt
[TT66T6GTTCAGACTCTTAGAGCCCCATG 66 TrC»tGGTTAGTTGACTCTGTc1

Mouse #76
P T 66T T TCAGCACTCTEA -“‘GCCCC"TGGTTTCTTGACTCTGTCTTCCTGCG]

Mouse #80
TTGG6TGGTTCAGACTCTTA AGCCCCATGITT TTT T CIEEIEEEEINS TCATCCTGTC“

Mouse #82
TTGGTGG6TTCAGACTCTTA AGCCCCATGG G T T COA Sulmitubuininbudtainbalbabntak

Mouse #83
ITTGGTGGT'TCAG/‘-CTCTTmGn‘uGCCCCTTGGGGTTAGGTGACTCTGC CCTCCCG'

Figure 58: Sequencing results of genomic DNA from CRISPR/Cas9 mice. Sequences show different
mutations from CRISPR/Cas9 in vivo experiment with sgRNA7. The yellow region represents exon1, while
the purple region includes intron1. The green region thus represents the sites where Cas9 induced DSB
breaks and where different mutations occurred. All mice presented were mut mice, except for mouse 75.
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Compound heterozygosity of mouse 79

S50

Allele 1 Exon 1 —
+43nt

Intron 1

Allele 2 Exon 1

Figure 59: CRISPR/Cas9-mediated knock-in of the homologous repair template. Mouse 79 showed a
partial knock-in of the homologous repair template, starting with several CA-repeats but with an interruption
after 43 bp (Allele 2). The entire donor construct could not be integrated into the DNA in this study. In
addition, the second allele was mutated by a 14 bp deletion (Allele 1). Mouse 79 was classified as

compound heterozygous based on two mutated alleles (biallelic).
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Appendix D

Secondary structure of Gm12606 transcript 1

Figure 60: Secondary structure of T1. Graphical output of the predicted secondary structure of T1.

Results were generated using the RNAfold webserver RNAfold 2.4.18 (http://rna.tbi.univie.ac.at/).
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Secondary structure of Gm12606 transcript 2

Figure 61: Secondary structure of T2. Graphical output of the predicted secondary structure of T2.

Results were generated using the RNAfold webserver RNAfold 2.4.18 (http://rna.tbi.univie.ac.at/).
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