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Abstract

Cellular senescence is thought to play an essential role in many biological functions
including tumor suppression and organismal aging. Senescent cells, which are
permanently removed from the cell cycle, can be found both in vivo in many different
tissue types and in vitro within cultures of non-immortalized cells. Despite their inability
to proliferate, these cells persist and remain metabolically active for indefinite periods of
time. This physiologic process occurs in response to a variety of cellular insults including
oxidative stress, shortened telomeres, constitutive oncogene expression, and DNA
damage, and can be initiated by upregulation of one of the two known senescent
pathways, involving p16/Rb or p53/p21. The senescent cell phenotype is also
characterized by changes to cell and nuclear morphology and to the secretory profile of

the cell.

Related to changes in nuclear morphology, epigenetic modifications to the packaging of
DNA are thought to be key to the initiation and maintenance of the senescence program.
While a large number of earlier studies focused on the findings that senescent cells gain
regions of condensed heterochromatin, often in the form of Senescent Associated
Heterochromatin Foci (SAHF), this thesis work shows that there is a marked loss of
heterochromatin in the peri/centromeric regions of the genome. In fact, both a-satellite
and satellite II sequences across the genome distend in a striking and unanticipated
fashion; this can be readily visualized by fluorescence in situ hybridization (FISH) as
their structure changes from a condensed spot to highly elongated and fine thread-like

signals. We have termed this exceptional decondensation of constitutive heterochromatin



Senescence Associated Distension of Satellites (SADS). Importantly, a series of
experiments shows that SADS is both a consistent and an early event in the cell
senescence process, which occurs as a result of every senescence induction method
examined. We also observed that this distension was characteristic of both human and
murine cells and in vivo in human benign Prostatic Intraepithelial Neoplasia (PIN) tissue.
Furthermore, unlike SAHF formation, SADS can occur due to the activation of either of

the two senescence pathways, p16/Rb or p53/p21.

Additionally, the cytological dimensions of the thread-like satellite signals indicates that
SADS represents “unraveling” of DNA on an unprecedented scale. Thus, it was
surprising that this event was not facilitated by changes to several canonical histone
modifications associated with condensed heterochromatin, namely H3K9Me3,
H3K27Me3, or H3K4Me3, nor is it caused by loss of DNA methylation. Consequently,
we believe that this marked distension of satellite DNA is due to changes in higher-order
folding of the chromatin fiber. This is important for understanding fundamental events in
the cell senescence process, but also provides a unique system for study of chromatin
packaging that may provide new insights into the organization of DNA well beyond
nucleosome packaging and the ten nanometer fiber. In fact, initial super resolution
images of SADS suggest that the satellite sequences may be organized into domains or
“globules”. Hence, we suggest that the changes to satellite sequence packaging may be
facilitated by changes to higher-order nuclear structural proteins, such as LaminB1,

which is reduced in senescent cells.
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Finally, this work provides analysis of the literature and preliminary experiments to
consider the possibility that there are increased levels of cell senescence in Down
syndrome (trisomy 21) cells. As individuals with Down syndrome (DS) experience many
manifestations of premature aging (including early-onset Alzheimer’s Disease), have a
resistance to solid tumor formation, are more susceptible to oxidative stress, and are
trisomic for several genes implicated in causing senescence, our analysis provides
plausibility for the hypothesis that accelerated rates of senescence may play a significant
role in DS physiology. We also provide results of preliminary studies and outline the next
steps for experimentation, using DS fibroblasts and a unique genetically engineered DS
iPS cell system. As a final note, the quantification of cell senescence in trisomic versus
disomic cells for these experiments relies substantially on the new single-cell marker of
senescence discovered and established by this theses work, the Senescence-Associated

Distension of Satellites.
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Preface

The work contained in Chapter II is published in:

Swanson, E.C., B. Manning, H. Zhang, and J.B. Lawrence. 2013. Higher-order unfolding
of satellite heterochromatin is a consistent and early event in cell senescence. The Journal
of Cell Biology.

With the exception of the bioinformatic analysis in Figure 2.7d, which was performed by
Dr. Troy Whitfield, it represents my own work. This study first demonstrated that the
Senescence Associated Distension of Satellites (referred to as SADS) is an unanticipated
epigenomic event of cell senescence, which also provides a new single-cell marker of the
senescent state. In-depth characterization of this in several human modes of cell
senescence and in mouse replicative senescence showed it is common to all types of
senescence examined, unlike other chromatin changes that have been described in
senescent cells. In addition, this work shows that this dramatic distension in both a-
satellite and satellite II sequences is mediated by higher-order changes in

heterochromatin packaging.

The work in Chapter III will be published as a commissioned perspective in Nucleus, and
includes new primary observations of SADS using higher-resolution microscopy
approaches. Figure 3.3 was generated by Dr. Lindsy Rapkin under the direction of Dr.
Bazett-Jones. The ESI microscopy in Figure 3.3 was performed by Dr. K. Amhed.
Chapter IV examines the potential role of senescence in Down’s syndrome cells. The
bioinformatic analysis was performed by Dr. Troy Whitfield and Dr. Oliver King. The

microarray expression data was gathered as part of a larger project in the Lawrence lab to
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demonstrate that the expression of a XIST transgene could repress gene expression across
the extra 21% chromosome and is cited below. This work was also the source of Figure
4.1a.

Jiang, J., Y. Jing, G.J. Cost, J.C. Chiang, H.J. Kolpa, A.M. Cotton, D.M. Carone, B.R.,
Carone, D.A. Shivak, D.Y. Guschin, J.R. Pedsarl, E.J. Rebar, M. Byron, P.D. Gregory,
C.J. Brown, F.D. Urnov, L.L. Hall, and J.B. Lawrence. 2013. Translating dosage
compensation to trisomy 21. Nature. 500:296-300.

Other Chapter IV experiments used stem cells grown by Dr. Jun Jiang, Yuanchun Jing, or

Brett Dumas.



Chapter I: Introduction to Senescence

While senescence was a phenomenon first identified in cultured cells, it is now widely
accepted that it occurs in vivo and plays a role in both development and a diverse array of
human diseases (Fig 1.1)(Campisi, 2013; Mufioz-Espin et al., 2013; Storer et al., 2013).
In recent years, there is increasing evidence that senescence plays a prominent role in
aging and is linked to tissue degeneration in the elderly and age-related diseases, such as
Osteoarthritis and Alzheimer’s (Oh et al., 2014; van Deursen, 2014). Senescence also
functions in wound healing and plays a critical role in inhibiting tumorigenesis (Jun and
Lau, 2010; Sager, 1991; Serrano et al., 1997). Notably, the proteins necessary for
inducing and maintaining this permanent cell cycle arrest are essential tumor suppressors
that are mutated in the majority of cancers (Zhang, 2007). Therefore, the study of
senescence has the potential to reveal key insights for extending lifespan by mitigating
related aging syndromes and diseases. This chapter will present an introduction to
senescence starting from the discovery of this process and then moving onto
characteristics of senescent cells before finishing with a discussion of recent in vivo

studies of senescence.



Figure 1.1 Broad Biological Significance of Cell Senescence. Senescence plays a role
in tumor suppression, aging, development, and wound healing. Shown here is a senescent
cell positive for SA-B-galactosidase activity (blue, middle) surrounded by a tissue section
of a benign nevi (mole) containing senescent cells (light blue, top left), an elderly man
(top right), a healing laceration (bottom left), and a mouse embryo with senescent cells
(blue) in the webbed region that breaks down to form the space between the toes (bottom

right).



Figurel.1 Broad Biological Significance of Cell Senescence



The Early History of Senescence

Senescence was first characterized in the 1960s by Leonard Hayflick, who observed that
most cultures of normal primary fibroblasts do not grow and divide indefinitely; rather
they undergo a period of proliferation followed by the slowing of growth and an eventual
cessation of cell division (Hayflick, 1965). Prior to Hayflick’s discovery, it was a widely
held belief that all vertebrate cells grown in culture were immortal and that the failure of
cell lines to grow indefinitely was due to improper culture conditions. These beliefs were
based on work by Nobel laureate Alexis Carrel who cultured a line of actively dividing
chicken heart fibroblasts for over 34 years (Carrel and Ebeling, 1921). However, Carrel’s
work could not be reproduced (Hayflick and Moorhead, 1961; Witkowski, 1980) and
Hayflick determined that the lack of cell division was not due to culture conditions as
previously thought, so he postulated that the withdrawal of a cell from the cell cycle may

be due to cellular age.

Following these initial observations, senescence research focused on examining the
characteristics of these non-replicating cells. For example, Matsumura et al. showed that
senescent cells could remain in culture indefinitely without dividing or replicating
(Matsumura et al., 1979), while other efforts demonstrated that senescent cells normally
arrest in the G1 phase in a manner that is irreversible, unlike quiescence, which is a
temporary and reversible cell-cycle arrest caused by lack of nutrients or contact inhibition
(Cristofalo, 1985; Pardee et al., 1978). Critical discoveries in the early 90s further
supported Hayflick’s initial observations, and showed that telomeres gradually erode with

each cell division and that telomerase, the enzyme responsible for extending telomere



length, can delay senescence in some cell types, thereby linking senescence to cell age
(Harley et al., 1990; Yu et al., 1990). The discovery that telomeres played a role in
senescence not only provided the first biological explanation for the cause of senescence,
but moved the focus of the now established field towards the examination of how

S€ncscence occurs.

Causes and Types of Senescence

Senescence can be caused by a wide variety of insults to the cell from either natural or
pharmaceutical sources, including the shortening of telomeric repeats during cell
replication, which results in the activation of the DNA damage response and upregulation
of the senescence pathways. The causes of senescence are described in detail below and

summarized in Figure 1.2.



Figure 1.2 Cellular Insults that Cause Senescence. Different events or stresses to a cell
can result in senescence, including telomere dysfunction, replicative exhaustion through
serial passaging, oxidative stress, DNA damage, and treating cells with cytotoxic drugs

(Collado and Serrano, 2006).



Figurel. 2 Cellular Insults that Cause Senescence



Replicative Senescence in normal human diploid fibroblasts is caused by the serial
passaging of cells to exhaust their proliferative potential (Hayflick, 1965). With each
successive passage the number of times individual cells in a culture divide increases, and
the telomeres become correspondingly shorter (Harley et al., 1990). Replicative
senescence is avoided in cancer and embryonic stem cells through the expression of
telomerase (Bodnar et al., 1998; Kim et al., 1994; Kiyono et al., 1998; Thomson et al.,
1998; Vaziri and Benchimol, 1998). In cells that do not express telomerase, senescence
can be bypassed through the expression of the E6 and E7 oncogenes or the SV-40
antigen, however as telomere length is still being lost with each successive passage, crisis
eventually occurs (Shay et al., 1993; Wright and Shay, 1992). The onset of crisis is
triggered by critically short telomeres that no longer protect the end of each chromosome,
resulting in chromosome fusion events, mitotic catastrophe, and apoptosis (Shay and

Wright, 2005).

As the purpose of telomeres is to protect the integrity of the coding DNA at the end of
each chromosome, when telomeres reach a critical length the DNA damage response and
senescence is induced. Interestingly, only one telomere is required to reach a critical
length before cells enter replicative senescence (Zou et al., 2004). As part of the response
to shortened telomeres histone y-H2A.X is recruited, causing ATM dependent activation
of p53, an important tumor suppressor which induces senescence through the activation

of its downstream effectors (Fagagna et al., 2003; Herbig et al., 2004).



DNA Damage Results in the Onset of Senescence: While telomere shortening can
induce a DNA damage response, senescence is also caused by telomere-independent
DNA damage responses (Nakamura et al., 2008). For example, the accumulation of y-
H2A.X at DNA double strand breaks in non-telomeric regions of the genome has been
observed in cultured senescent human cells and in aging mice (Sedelnikova et al., 2004).
In addition, mouse embryonic fibroblasts can senesce after only ten passages despite
containing telomeres that are much longer than humans, and in these cells, y-H2A.X foci
do not colocalize with telomeres (Blasco et al., 1997; Nakamura et al., 2008). Taken
together, this suggests that senescence can occur in response to DNA damage before
telomeres reach the critical length needed for cells to enter replicative senescence and

that DNA damage-induced senescence can be independent of telomere length.

Oxidative Stress is caused by the cell’s natural production of highly reactive oxygen
species (ROS). While cells have natural mechanisms to combat the destructive power of
these compounds, over time their continual presence causes irreversible damage to both
proteins and DNA (Finkel and Holbrook, 2000). This long-term exposure to ROS has
been shown to induce senescence in culture and has also been implicated in aging. For
example, it has been shown that culturing cells at increased oxygen levels leads to greater
ROS production in the mitochondria (Balaban et al., 2005). While most tissue culture is
performed at atmospheric oxygen levels (20%), growing fibroblasts under physiological
oxygen conditions (3-5%) leads to less oxidative stress, an increase in the number of
population doublings, and delayed senescence (Chen et al., 1995; Packer and Fuehr,

1977). Consistent with the findings in human fibroblasts, growing MEFs under
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atmospheric oxygen conditions results in 3-4 fold higher levels of oxidative stress-related
DNA damage and fewer population doublings prior to senescence (Busuttil et al., 2003;
Parrinello et al., 2003). Together, these data demonstrate that higher oxygen levels reduce
the proliferative capacity of cells in culture by increasing levels of ROS and, therefore,

sencscence.

In addition to natural levels of ROS, senescence can be induced in culture when cells are
treated with hydrogen peroxide (H,O,) (Chen and Ames, 1994). H,0, is an unstable
compound and its natural decomposition produces large numbers of free radicals, a type
of ROS. These highly reactive free radicals damage DNA, which activates the DNA
damage response, and induces senescence through the upregulation of p53 (Chen et al.,
1998; Chen et al., 2001; Passos et al., 2010). Additionally, it has recently been shown that
cells can senesce in an ATM-independent manner (Barascu et al., 2012; Takahashi et al.,
2006), suggesting that oxidative stresses can also cause senescence independent of DNA

damage and p53.

Oncogene-induced Senescence has been shown to occur both in tissue culture and in
tumors, and is thought to serve as an anti-cancer mechanism (Collado and Serrano, 2010).
In human culture oncogenic RAS, a mutated constitutively active protein found in many
tumors, induces senescence in the presence of functional tumor suppressing proteins Rb
or p53 (Figure 1.3) (Serrano et al., 1997). The activation of these key senescence
regulators occurs because of DNA damage caused by hyperreplication, DNA double

strand breaks, or increases in the level of ROS (Bartkova et al., 2006; Di Micco et al.,
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2006; Lee et al., 1999). Oncogene induced senescence has also been observed in vivo,
where analysis of tumors in both humans and mice has shown that senescent cells are
found in several types of premalignant lesions characterized by the inactivation of PTEN
or constitutively active oncogenes like RAS and BRAF (Braig et al., 2005; Chen et al.,
2005; Collado et al., 2005; Michaloglou et al., 2005). Thus senescence serves as a key
anti-cancer mechanism that suppresses the formation of malignant tumors (Figure

1.3)(Collado and Serrano, 2010).
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Figure 1.3 Constitutively Active Oncogenes Induce Senescence When Key Tumor
Suppressors Function as Normal. Constitutive oncogene activation results in a period
of cell proliferation during which DNA damage accumulates. This DNA damage then
results in the upregulation of the DNA damage response when p53 or Rb are activated. In
the absence or loss of these essential tumor suppressors malignant tumors result

(Funayama and Ishikawa, 2007).
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Cytotoxic Drugs and SASP: Despite the fact that immortalized cell lines, like HeLa
cells, do not senesce under normal conditions, a variety of cytotoxic drugs including
many chemotherapeutic agents can induce senescence in both normal and immortalized
cancer cell lines (Chang et al., 1999; Eriko et al., 1999; Rebbaa et al., 2006;
Schnekenburger et al., 2011; Wang et al., 1998; Yeo et al., 2000). It has also been shown
that when chemotherapeutic agents are used to treat cancer higher levels of senescence
correlate to better patient prognosis (Schmitt et al., 2002). Senescence occurs in these
cells due to the activation of one of the tumor suppressors and senescence regulating

genes, p53 or pl16 (Schmitt et al., 2002).

Interestingly senescent cells, found in both tumors and in culture secrete a characteristic
profile of soluble factors and cytokines that have collectively been termed the
Senescence-Associated Secretory Phenotype (SASP)(Coppé et al., 2008). The
composition of secreted SASP components varies depending on the cell type and how
senescence occurs, causing variation in the effects of the SASP on nearby cells (Freund et
al., 2010). For example, some SASP components reinforce the senescent state and
suppress tumorigenesis via autocrine signaling mechanisms (Acosta et al., 2008; Kuilman
et al., 2008) while others can induce a senescence response in their neighbors (Acosta et
al., 2013; Nelson et al., 2012). As certain SASP components are reported to inhibit
tumorigenesis, it is likely that secretion of the factors contribute to the role of senescence

as an anti-cancer mechanism.
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The Upregulation of Senescence Pathways Causes Irreversible Cell

Cycle Arrest

Senescence is known to be activated through one of two partially redundant but equally
important pathways. This redundancy is important as these pathways are composed of
key tumor suppressors that are mutated in a majority of cancers. As the same cellular
stress can activate either pathway, inhibiting one of these pathways does not always allow

a cell to escape senescence thereby inhibiting malignant tumor formation (Figure 1.3).

The first pathway that cells use to senesce is the p53/p21 pathway which is activated by
shortened telomeres, DNA damage, or the constitutive expression of oncogenes (Fagagna
et al., 2003; Herbig et al., 2004; Serrano et al., 1997). This pathway begins with the
activation of p53 (the terminal event in the DNA damage response pathway) which in
turn causes the upregulation of p21. The protein, p21, inhibits the cyclinE/Cyclin
Dependent Kinase 2 (CDK2) complex that is responsible for phosphorylating the
retinoblastoma protein (Rb) (Sherr and Roberts, 1999). Phosphorylated Rb is inactivated,
and cannot sequester the E2F family of transcription factors. The E2F family of
transcription factors controls the expression of genes required for the cell to enter S-
phase, and preventing their transcription blocks cell cycle progression (Classon and

Harlow, 2002).

The second of the two pathways is the p16/Rb pathway, which is upregulated in response
to cellular stress, DNA damage, ROS, or constitutively activated oncogenes (Robles and

Adami, 1998; Serrano et al., 1997; Takahashi et al., 2006). The activation of this pathway
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is normally repressed by BMI-1 which decreases when cells are exposed to stress,
allowing for the expression of p16. Then, p16 inhibits CDKs 4 and 6, which
phosphorylate and thereby inactivate Rb, blocking the progression of the cell cycle

(Serrano et al., 1993).

At the level of individual cells, both pathways can be used to initiate senescence (Herbig
et al., 2004), in fact both p53 and Rb activity have to be inhibited for many normal
human fibroblast cell lines to escape senescence (Shay et al., 1991), and senescence can
still occur via the p53/p21 pathway independent of Rb (Shay et al., 1991; Zhang and
Cohen, 2004). It has also been demonstrated that there is a temporal component to these
pathways—p53/p21 expression often initiates senescence, while p16 upregulation occurs
late in senescence and contributes to the stabilization and irreversibility of this process
(Herbig et al., 2004; Stein et al., 1999). This is reinforced by the fact that some cell lines
cells can escape senescence if p16 is not expressed upon the viral inactivation of p53 and
can replicate their DNA if p16 is expressed and both p53 and Rb are inhibited
(Beausejour et al., 2003). Senescent cells can also escape permanent cell cycle arrest
through the transfection of the traditional Yamanaka factors plus two additional genes,
Lin28 and C-Myc, which allows for the formation of iPSCs (Lapasset et al., 2011).
However, there is currently no known way for senescent cells to resume the cell cycle
through naturally existing mechanisms as all examples of cells reentering the cell cycle

after senescence require genetic intervention.
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Previously Identified Senescence Markers are not Characteristic of

Every Type of Senescence

As summarized above cellular senescence is caused by a multitude of stresses that
activate two separate pathways. Partly due to the variability in how senescence is
induced, senescent cells have a wide range of identifying characteristics, including
changes in gene expression, chromatin packaging, and nuclear morphology. However,
none of the previously established markers are applicable to every senescent cell (Rodier
and Campisi, 2011) creating a situation where the presence of senescent cells may escape
notice due to a lack of ubiquitous marker. Therefore, information as well as the

applicability of different senescence markers will be presented below.

The Absence of Cycling: Since senescent cells have irreversibly exited the cell cycle one
way to define senescence is by the absence of cycling. It is widely accepted that a culture
of normal fibroblasts is considered senescent when it does not reach confluency for ten
days after a 1:2 split due to the lack of proliferating cells. Furthermore, even in a culture
of young and proliferating normal human fibroblasts up to 20% of cells in a culture are
not cycling as shown by a lack of BrdU incorporation for 48 hours (Herbig et al., 2004).
In addition, terminally differentiated cells, which do not cease to cycle via either
senescence pathway or in response to cellular insults, exit the cell cycle as a programmed
event, but are not senescent (Chandler and Peters, 2013; Kuilman et al., 2010). Hence, in

terminally differentiated cells the absence of cycling does not necessarily indicate
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senescence (Jurk et al., 2012), but in fibroblasts and other dividing cell types the failure

to cycle for 48hrs generally does.

Cell and Nuclear Morphology: The senescent cell can often, but not always, be
characterized by a morphology that is often much larger, flatter, and more multinucleated
than cycling cells (Fig 1.4a)(Kuilman et al., 2010; Matsumura et al., 1979). Cells with
this morphology are said to take on the appearance of a ‘fried egg’, where the well-
defined and often enlarged nucleus is the ‘yolk’. The DAPI stained DNA also takes on an
uneven appearance due to changes in chromatin organization that is characteristic of

senescence in many cells (Fig 1.4a).

Senescent-Associated B-Galactosidase serves to identify senescent cells in culture (Fig
1.4b) and in vivo, but it is not a perfect marker as some cells lines are positive for SA-f-
galactosidase activity independent of senescence whereas in others senescent cells are
negative (Dimri et al., 1995). It has also been shown that SA-B-galactosidase can return
false positives when cell density is high (Severino et al., 2000). Further characterization
of this marker showed that it depended on increased lysosomal activity in senescent cells,
but this increase was not necessary for the induction or maintenance of the senescent state
(Lee et al., 2006). Despite these limitations SA-B-galactosidase activity remains the most

widely used marker to identify senescent cells today.

Senescence Associated Secretory Phenotype (SASP): Microarray analysis of senescent
cells revealed that the expression of secreted factors that play a role in cell signaling,

including cytokines and chemokines were increased in comparison to cycling cells
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(Shelton et al., 1999; Zhang et al., 2003a). Additional examination of these secreted
factors, which were collectively termed the SASP, showed that they were upregulated in
senescence caused by DNA damage (Coppé et al., 2008), and later work showed that the
SASP can occur via DNA damage independent mechanisms as well (Freund et al., 2011).
Furthermore, while the SASP components of every cell line are unique it has been
observed in a wide variety of senescent cell types, including in murine and human cells
both in culture and in vivo (Coppé et al., 2010; Coppé et al., 2008). Evidence indicates
that the SASP affects surrounding cells in various ways, including through the induction
of senescence, provoking inflammatory responses, or inhibiting cancer progression
(Campisi, 2013). However, the SASP is not upregulated when cells senesce via the
p16/Rb pathway(Coppe et al., 2011) suggesting that while the SASP is one of the most

comprehensive markers of senescence it is also not ubiquitous in all types of senescence.



20

Figure 1.4 Senescence Markers. Cycling cells are pictured in the left column while
senescent cells are pictured in the right except in (d). a) Cycling cells are typically
substantially smaller than senescent cells, have a round nuclear shape, and an even DNA
DAPI (blue) staining pattern. Senescent cells are often much larger and take on a “fried
egg’ appearance and are often characterized by nuclear blebbing. Some senescent cells,
including the ones pictured here, form DNA dense heterochromatic foci called SAHFs. b)
SA-B-galactosidase, the most common marker of senescence, causes senescent cells to
appear blue (right). ¢) The senescent cell (right) is p16 positive (green), while the cycling
cell (left) is p16 negative. d) In both images the cell with the large nuclear morphology is

depleted for LaminB1 (red) suggesting that they are senescent.
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Senescent Associated Heterochromatic Foci and p16: SAHFs are readily visualized
dense bodies of heterochromatin comprised of a single interphase chromosome (Fig
1.4a,c)(Funayama et al., 2006; Narita et al., 2003; Zhang et al., 2007a). These nuclear
structures are enriched in proteins and histone modifications associated with
transcriptional silencing, including H3K9Me3, H4 hypoacetylation, MacroH2A, and
bound HP1 (Funayama et al., 2006; Narita et al., 2003; Zhang et al., 2005), and their
formation requires heterochromatin remodelers and histone chaperones such as HMGA,
ASFAL1, and HIRA (Narita et al., 2006; Ye et al., 2007; Zhang et al., 2005). Some
evidence suggests that these bodies sequester cell cycle genes, like E2F and CyclinA,
further establishing the permanence of the senescent state (Narita et al., 2003; Zhang et
al., 2007b). Although the exact DNA sequences within SAHFs are still not known,
surprisingly, recent finding suggest that these dense heterochromatin foci form due to a
reorganization of sequences enriched for H3K9Me3 rather than changes to the
distribution of histone methylation throughout the genome (Chandra et al., 2012). SAHFs
are also not characteristic of every cell type or in every senescent cell within a culture as
they require p16 expression to form, and they have not been detected either in vivo or in
murine cells (Kennedy et al., 2010; Kreiling et al., 2011; Narita et al., 2003). In addition,
other work has reported that SAHF formation may be separated from the senescence
process and appears to occur in cells that are still cycling (Di Micco et al., 2011).
Together this data raises the possibility that SAHF formation is a byproduct of

senescence instead of a mechanism to further insure the arrest of the cell cycle.
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While p16 is required for SAHF formation (Narita et al., 2003) it is repressed and not
detectable in cycling cells, and in response to many stimuli it is upregulated to detectable
levels both in vitro and in vivo (Kuilman et al., 2010; Ressler et al., 2006). However, as
discussed previously, p16 is not necessary for senescence as some cells express p16 later
in the senescence process and others, like BJ fibroblasts, do not express it significantly
(Herbig et al., 2004; Narita et al., 2003). Therefore p16 is also not a ubiquitous marker

for cell senescence.

Depletion of LaminB1, a nuclear lamina component, was recently shown to occur in
senescent cells (Shimi et al., 2011). Subsequent characterization of this phenotype
suggested that this depletion could be used as a marker of senescence as it occurs in vivo
and 1s characteristic of senescence induced by both the p53/p21 and p16/Rb pathways
(Freund et al., 2012). However, recent work has shown that while LaminB1is depleted in
an age dependent manner, its loss impairs proliferation but does not cause senescence
(Dreesen et al., 2013). Dreesen et al. then went on to show that the loss of this protein is
not sufficient to cause premature senescence, as additional cellular stress is required for
cells with reduced LaminBI1 to senesce. Therefore, reduced levels of LaminB1 may be
strongly correlated in frequency with senescent cell populations or characteristic of cells

that are still cycling but on the verge of senescence.

Nuclear Structure and Chromatin Packaging

As this thesis will focus on the discovery that senescent cells can be identified by

dramatic changes that occur to their heterochromatin, background on how DNA is
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packaged and organized in the interphase nucleus becomes necessary. Over two meters of
DNA is compacted into a nucleus that is roughly 5-10 microns across. Consequently,
intricate organization is required to condense this DNA into the nucleus while still
allowing for the regulation of gene expression and DNA accessibility for other key
nuclear functions. In order to accomplish this, 147 base pairs of naked DNA is wrapped
around a histone octamer to form the nucleosome (Kornberg, 1974). This process repeats
throughout the entire genome to form ten nanometer fibers (Olins and Olins, 1974;
Woodcock et al., 1976). From there, it is a matter of debate as to how chromatin is
packaged in higher-order structures (Maeshima et al., 2014) such as SAHFs. What is
clear, however, is that DNA is compartmentalized into two separate regions (Carone and
Lawrence, 2013). The first is euchromatin, comprised of actively transcribed DNA, while
the second, heterochromatin, consists of gene poor, repetitive, and repressed regions of
the genome. Interestingly, the nuclear lamina which is comprised of A and B type lamins,
is thought to play a role in the organization and silencing of the DNA in the
heterochromatic compartment located at the nuclear periphery (Kind and van Steensel,
2010). Since it has been shown that LaminB1 levels decrease during senescence, it is

fitting that the organization of the chromatin in this compartment changes as well.

Summary of Previously Known Heterochromatin Changes in

Senescence

With the discovery of SAHFs by Narita et al. in 2003 the senescence field shifted their

collective attention from the cell stimuli that trigger senescence to the study of
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heterochromatin packaging and organization (Narita et al., 2003). As SAHFs represent an
apparent dramatic reorganization of heterochromatin subsequent efforts characterized
these DNA-dense bodies enriched for H3K9Me3 and H3K27Me3, histone modifications
characteristic of silenced heterochromatin, and showed that they contained high levels of
heterochromatin proteins such as macroH2A and all three isoforms of HP1(Adams, 2007;
Funayama et al., 2006; Narita et al., 2003; Zhang et al., 2005). It was also noted that
histone chaperones HIRA and ASF1a were needed for SAHFs to form (Zhang et al.,
2005), and other work showed that HMGA, a protein normally associated with
euchromatic DNA, was required (Narita et al., 2006). The linker histone, H1, was also
depleted in SAHF positive senescent cells further suggesting that increases in
heterochromatin may not account for all senescent related changes in chromatin

organization (Funayama et al., 2006).

In fact, many of the heterochromatin gains seen in senescence do not occur in all cells. As
mentioned previously not all cell types, including senescent cells in vivo, form SAHFs
(Kreiling et al., 2011; Narita et al., 2003). Recent evidence suggests that SAHFs do not
represent a gain in heterochromatin, but rather a reorganization of the same DNA
sequences enriched in repressive heterochromatin marks (Chandra et al., 2012). This
reorganization has been shown to depend on the depletion of LaminB1, a component of
the nuclear lamina that organizes heterochromatin at the nuclear periphery (Sadaie et al.,
2013). In addition, many heterochromatic gene poor regions containing repetitive
elements including Alu and L1 become more euchromatic and increase expression with

senescence (De Cecco et al., 2013). Cells from Hutchinson Guilford Progeria Syndrome
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(HGPS), have also been shown to lose heterochromatin when they exit the cell cycle
(Pegoraro et al., 2009; Scaffidi and Misteli, 2006; Shumaker et al., 2006). Hence,
senescent cells experience both gains and losses in their heterochromatin, an idea that

will be examined in greater detail in the next two chapters of this work.

The Emerging Role of Senescence in Aging

The discovery of the Hayflick limit combined with the telomere end-replication problem
provided insight into the mechanism of cellular aging, and for the first time,
demonstrated that a link between senescence and aging may exist. Following those initial
findings, a number of factors implicated in both senescence and aging were identified, for
example, levels of p16, a key senescence regulator, increase with age in vivo
(Krishnamurthy et al., 2004; Zindy et al., 1997), and skin biopsies taken from aged
humans and baboons contained increased levels of senescence (Dimri et al., 1995; Herbig
et al., 2006; Jeyapalan et al., 2007). The discovery that early aging phenotypes in mice
expressing constitutively active p53 correlated with higher rates of senescent cells (Maier
et al., 2004; Tyner et al., 2002) served to further the connection between senescence and
aging. However, definitive proof that senescence contributes to the onset of aging

phenotypes occurred when hypomorphic BubR1 (Buleh/h

) mice, a mouse model
characterized by premature aging phenotypes, were crossed to p16 null mice.
Importantly, Buleh/h,p16lnk4a'/ ‘mice from this cross exhibited decreased levels of
senescence, slower onset of aging phenotypes, and an extended lifespan when compared

to the BubR1" h,p16'”k4a+/ " mice (Baker et al., 2008). Further experimentation showed that

mouse models designed to clear p16 positive cells via apoptosis also delay the onset of
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age-related phenotypes in skeletal muscle, adipose tissue, and eyes (Baker et al., 2011).
Together, these efforts showed that aging phenotypes were directly related to activation

of p53 or upregulation of p16 and the subsequent onset of senescence.

Further insights into the link between senescence and aging has emerged from studies
examining the Hutchinson Guilford Progeria (HGPS) syndrome, a laminopathy caused by
a spontaneous mutation in the LaminA gene resulting in the production of the
alternatively spliced product progerin (De Sandre-Giovannoli et al., 2003; Eriksson et al.,
2003). HGPS patients have an average life expectancy of 14 years and often die of
atherosclerosis, a disease normally characteristic of much older populations (Gordon et
al., 2014). Furthermore, patients suffering from HGPS experience numerous other aging
phenotypes, such as joint contractures and muscular degeneration (Gordon et al., 2014).
One possible cause of the early aging observed in HGPS is a disrupted DNA damage
response (Gonzalez-Suarez et al., 2009; Liu et al., 2005) that presumably contributes to
increased levels of premature senescence (Benson et al., 2010; Huang et al., 2008).
Interestingly, progerin expression increases with age in normal individuals supporting the
use of HGPS as an appropriate model of aging (Cao et al., 2011; Luo et al., 2013;

McClintock et al., 2007; Rodriguez et al., 2009).

In addition to HGPS, Down syndrome (DS), a disease caused by an extra copy of the 21*
chromosome that affects 1:700 live births, has also been used as a model for premature
aging. While DS has long been associated with intellectual disability, it has recently been

noted that these patients experience many early aging phenotypes including Alzheimer’s



28

disease (AD) and osteoarthritis (Zigman, 2013). It has also recently been shown that

fibroblasts from DS mice models senescence prematurely (Contestabile et al., 2009).

Considering that aging is linked to increased levels of senescence in premature aging
models, such as HGPS and possibly DS, and in normally aged humans and mice,
identifying and understanding the effects of senescent cells is critical to the treatment and
prevention of aging diseases. One detrimental effect of senescent cells is the secretion of
a characteristic SASP which can promote senescence in nearby cells creating a positive
feedback loop whereby senescence causes additional senescence. Initial evidence that
secreted factors comprising what is now termed the SASP are implicated in both
senescence and aging emerged from experiments demonstrating that the proliferation
potential of aged cells can be rejuvenated by exposure to a young environment (Conboy
et al., 2005), and more recently by the exposure to the soluble factor GDF11
(Katsimpardi et al., 2014; Loffredo et al., 2013; Sinha et al., 2014). Furthermore,
continual WNT (a SASP component) exposure has been noted to reduce the regenerative
potential of cells both in vitro and in vivo (Liu et al., 2007) and other recent reports
suggest the secretion of SASP components is connected to increased levels of in vivo
senescence (Acosta et al., 2013; Nelson et al., 2012). Thereby, SASP components cause
senescence iN Vivo resulting in the onset aging phenotypes. For example, astrocytes, the
most abundant cell type in the human nervous system, exhibit signs of DNA damage in
Alzheimer’s disease (AD) (Myung et al., 2008), are characterized by increased levels of
senescence in aged individuals, and secrete a multitude of SASP components (Bhat et al.,

2012; Salminen et al., 2011). It was also observed that the exposure of cultured normal
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astrocytes to the f-amyloid peptide, an indicator and possible cause of AD induces
senescence (Bhat et al., 2012). The loss of proliferation capable astrocytes due to
senescence and the secretion of SASP components (including the B-amyloid peptide)
eventually leads to the decline in brain function typical of AD patients. Senescence has
also been implicated in the age-related disorder osteoarthritis (OA), a disease
characterized by bone degeneration, loss of cartilage, and joint pain primarily in the
elderly, caused in part by increased levels of senescence in chondrocytes (Rose et al.,
2012; Yudoh et al., 2005). Senescent chondrocytes then enhance OA phenotypes through
the secretion of inflammatory SASP components (Shen et al., 2013). Moreover, senescent
cells and the corresponding detrimental effects of SASP components have been

implicated in aging-related cardiovascular disease (Burton et al., 2010).

Senescence in Cancer

Cells enter senescence using one of two pathways comprised of tumor suppressors that
are mutated, epigenetically silenced, or deleted in the majority of malignant cancers.
When these tumor suppressors fail to function properly, increased susceptibility to cancer
results, due in part, to senescence not occurring (Rodier and Campisi, 2011; Zhang,
2007). In support of the role of senescence in inhibiting tumor formation, the shortening
of telomeres, which causes replicative senescence, suppresses tumorigenesis (Cosme-
Blanco et al., 2007; Feldser and Greider, 2007) and it has been noted that inducing
senescence in tumors through the use of chemotherapeutic drugs or the reactivation of
p53 leads to tumor regression and reduction of tumor size as these cells are eventually

cleared by the immune system (Schmitt et al., 2002; Ventura et al., 2007; Xue et al.,
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2007). In addition, the onset of oncogene-induced senescence has been shown to prevent
the formation of malignant tumors in vivo as these non-malignant lesions contain high
levels of senescent cells (Braig et al., 2005; Chen et al., 2005; Collado et al., 2005;
Michaloglou et al., 2005). SASP components, such as IL-6, IL-8, and WNT16B have also
been shown to reinforce cell cycle arrest during oncogene induced senescence in Vivo
(Binet et al., 2009; Kuilman et al., 2008; Yang et al., 2006). Hence, senescence and the

factors secreted from these cells work to prevent the formation of tumors.

It is also of interest that the two models of premature aging discussed previously, Down
syndrome (DS) and HGPS, have a remarkable resistance to cancer (except leukemia in
DS individuals)(de la Rosa et al., 2013; Nizetic and Groet, 2012). This is of note because
evidence suggests that the senescence response, a key physiologic component of cancer
prevention, is increased in both diseases (Benson et al., 2010; Contestabile et al., 2009;
Huang et al., 2008). Taken together HGPS and DS patients may be affected by higher
levels of senescence resulting in lower levels of cancer but increased presence of aging

phenotypes.

Concluding Remarks

It is now widely accepted that senescence plays a critical role in both the inhibition of
cancer and some aspects of organismal aging. In vivo these processes are thought to be
impacted by the secretion of soluble factors that together make up the SASP. While

certain SASP components can induce senescence in neighboring cells, senescence can

also occur due to a wide variety of insults to the cell, most prominently DNA damage.
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These insults cause the upregulation of key tumor suppressors resulting in cells
permanently exiting the cell cycle. Furthermore, this cell cycle exit involves large
changes to the organization of heterochromatin in the nucleus. The characterization and
description of these heterochromatin changes will form the majority of the material

covered in the next two chapters of this work.
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Chapter II: Higher-Order Unfolding of Satellite
Heterochromatin is a Consistent and Early Event in Cell

Senescence

Abstract

Epigenetic changes to chromatin are thought to be essential to cell senescence, which is
key to tumorigenesis and aging. Although many studies focus on heterochromatin gain,
this work demonstrates large-scale unraveling of peri/centromeric satellites, which occurs
in all models of human and mouse senescence examined. This was not seen in cancer
cells, except in a benign senescent tumor in Vivo. Senescence-associated distension of
satellites (SADS) occurs earlier and more consistently than heterochromatin foci
formation, and SADS is not exclusive to either the p16 or p21 pathways. Because
Hutchinson Guilford progeria syndrome patient cells do not form excess
heterochromatin, the question remained whether or not proliferative arrest in this aging
syndrome involved distinct epigenetic mechanisms. Here, we show that SADS provides a
unifying event in both progeria and normal senescence. Additionally, SADS represents a
novel, cytological-scale unfolding of chromatin, which is not concomitant with change to
several canonical histone marks nor a result of DNA hypomethylation. Rather, SADS is

likely mediated by changes to higher-order nuclear structural proteins, such as LaminB1.
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Introduction

Cultured human primary cells have a limited life span and ultimately become incapable
of further division despite remaining metabolically active. This irreversible exit from the
cell cycle, widely referred to as cellular senescence, has important implications not only
for aging and stem cell biology but also as a key anti-tumorigenesis mechanism.
Senescence can be induced by a variety of mechanisms, including shortened telomeres
(replicative senescence), oncogene expression, oxidative stress, and replicative
exhaustion, or via expression of regulatory factors, such as the ubiquitin ligase SMURF2

(Zhang, 2007; Zhang and Cohen, 2004).

Cellular senescence is accompanied by changes in gene expression and chromatin
packaging; however, the absence of cell cycling is the only hallmark that consistently
distinguishes senescent cells (Cristofalo, 2005; Di Micco et al., 2011; Herbig et al., 2004;
Kosar et al., 2011). Formation of senescence-associated heterochromatic foci (SAHF) has
received much attention, not only as a senescence marker but also as a proposed
mechanism to promote and stabilize the senescent state (Narita et al., 2003; Zhang,
2007). Although SAHF exhibit repressive chromatin modifications, including H3K9Me3,
H4 hypoacetylation, macroH2A, and HP1(Adams, 2007), some marks commonly
associated with heterochromatin are lost during senescence and aging, such as linker

histone H1 and DNA methylation (Funayama et al., 2006; Misteli, 2010).

Although SAHF are common in human senescence, they are not found in all senescent

human cells or any senescent mouse cells (Kennedy et al., 2010; Narita et al., 2003). In
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particular, cells from patients with Hutchinson Guilford progeria syndrome (HGPS) and
from aged individuals tend to show loss of visible heterochromatin blocks and associated
marks (Misteli, 2010; Shumaker et al., 2006). These inconsistencies leave open the
question of whether or not cells in premature aging syndromes such as HGPS undergo the
same process for loss of proliferative capacity as normal primary fibroblasts senescing in
culture. Furthermore, even within normal cultured senescing fibroblasts it is not known
whether SAHF are a key part of the senescence pathway or arise as a consequence of a
senescent end state (Di Micco et al., 2011; Kennedy et al., 2010; Narita et al., 2003;
Zhang et al., 2007a). It would thus be important to identify a broad epigenomic change to
chromatin that consistently occurs during senescence in a variety of human and mouse

systems and during premature arrest in cells from patients afflicted by HGPS.

In contrast to the formation of excess facultative heterochromatin, constitutive
heterochromatin in senescent cells has received little attention. Here, we demonstrate that
the peri/centromeric satellite heterochromatin undergoes a striking decondensation in
senescent cells. This dramatic change to structures key to cell division occurs consistently
in a variety of senescence models, is not exclusive to either known senescent pathway,
and happens independently of and before SAHF formation. It has also been observed in
senescent human and mouse cells and appears to be prevalent in vivo in benign prostatic
intraepithelial neoplasia (PIN) tumors. Importantly, this change to satellite
heterochromatin is particularly prevalent in cultured fibroblasts from two HGPS patients.
Thus, what we term senescence-associated distension of satellites (SADS) is a new

marker that constitutes an early and potentially key event in the process of cell
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senescence. We further show that SADS retain several canonical histone hallmarks of
heterochromatin, suggesting that this visible unraveling represents change to higher-order

chromatin folding potentially at an unprecedented level.
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Figure 2.1 Satellite DNA Signals Markedly Distend in Senescent Fibroblasts. (A) o-
Sat (green) and sat II (red) hybridization in early passage culture. Distended satellites are
found in a small percentage of nuclei (right; see 3D images and Videos 1 and 2). (B)
Most cells in late passage senescent cultures show distended satellites. Note that these
cells do not have enlarged nuclei, but contain SAHF (DAPI). Insets show examples of
threadlike satellite extensions, some of which extend to and contact the nuclear
membrane (indicated by arrows and arrowheads). Inset of boxed region shown in black
and white to enhance contrast. (C and D) B-Gal staining confirms that the cycling culture
(C) contains few senescent cells and the senescent culture (D) contains many. (E)
Quantification showing that senescent cultures contain more cells with distended
satellites than cycling cultures. (F-J) Senescence was confirmed by staining for p16 (F),
p21 (H), and SAHF (DAPI; G), and quantified (J; error bars are standard error). (K) HeLa

cultures do not contain cells with distended satellites.



Figure 2.1 Satellite DNA Signals Markedly Distend in Senescent Fibroblasts
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Results

Marked Distension of Satellite DNA in a Subset of Primary Human Fibroblasts

In a culture of proliferative normal diploid fibroblasts (Tigl) hybridized with a probe to
a-satellite (a-sat) DNA, we first noted that a small subset of cells appear to have
dramatically distended satellites, such that the normally compact round centric-satellite
signals (Figure 2.1a, left) form linear extensions that appear “strung out” (Figure 2.1a,
right). These thin threads of distended DNA can be difficult to reproduce in print, but
were unambiguous through the microscope. This highly distended pattern was not a
sporadic variation peculiar to a few centromeres, but evident in most if not all a-sat
signals in a given cell. For quantitative scoring (Figure 2.1e), a cell nucleus had distended
satellites when the majority of signals lost their discrete round shape, had threadlike
extensions, and elongated along a longitudinal axis. Furthermore, satellite I DNA, found
at the pericentromeres of several chromosomes, showed a similarly dramatic loss of its
normally tight packaging (Figure 2.1a). Similar patterns were seen in a variety of diploid
fibroblast lines including IMR90, WI38, BJ, and LF1, but not in several tumor-derived
immortal cell lines. Although some of the fibroblasts with distended satellite DNA had
enlarged nuclear morphology (Figure 2.1a, right) others did not (Figure 2.1b); this and
other evidence rules out that satellite distention reflects global DNA decondensation

throughout the genome.
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Satellite Distension is a Hallmark of Cells Undergoing Replicative Senescence in
Culture

The “fried egg” morphology of some cells with markedly distended satellites in early
passage cultures suggested that they may represent senescent primary fibroblasts. Thus
we compared early passage, proliferative cultures to those that had undergone replicative
senescence. Remarkably, 84% of cells in senescent cultures (Figure 2.1b,e ; n = 3) had
distended a-sat, compared with only 14% of early passage fibroblasts (Figure 2.1¢).
These cells had several other markers of senescence, including positive senescence-
associated B-galactosidase (B-gal) staining, up-regulation of p16 and p21, and often
SAHF (Figure 2.1c,d,f-j). We also examined several transformed cell lines (HeLa, PC3,
and U20S) and despite numerous genetic and epigenetic aberrations in these neoplastic

lines we found essentially no cells in these cultures with distended satellite (Figure 2.1k).

Next, to ensure satellite decondensation is not a property of quiescent cells, we examined
Tigl cells serum starved for 48 h or allowed to recover in normal serum for 24 h.
Compared with controls, the percentage of cells exhibiting satellite unraveling did not
change as a result of serum starvation (Figure 2.2a). Thus, satellite distension is not a
property of stressed cells undergoing quiescence, nor a function of general epigenetic
aberration in tumor cells, suggesting it is a regulated chromatin change specific to the

senescence program.
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Figure 2.2BrdU labeling demonstrates that distended satellites are characteristic of
and specific to senescent fibroblasts. (A) Satellites do not distend in quiescent, serum-
starved cells. (B and C) BrdU (red) labels cells with condensed satellites (green; B) but
not cells with decondensed satellites (C). Inset shows high magnification of a distended
satellite (arrowhead; cells are from same field). (D and E) Quantification of satellite
distension in early (D) and late (E) passage cultures subjected to a 20-min BrdU pulse,
confirming that cells with decondensed satellites are rarely in S phase. (F) Almost all
cells that did not incorporate BrdU during a 48-h pulse had distended satellites (n = 100—
200, from one of three repeats). (G) Early passage and senescent cells with distended
satellites rarely incorporate BrdU during the previous 48-h period (n = 100-200,
representative of one of three repeats). In presenescent late passage cultures in which
more cells are entering senescence, a significant fraction of cells with distended satellites

incorporated BrdU (error bars represent standard error).
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Figure 2.2 BrdU Labeling Demonstrates that Distended Satellite are Chraracteristic
of and Specific to Senescent Fibroblasts.
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We also used BrdU incorporation in replicating DNA to discriminate proliferative versus
nonproliferative cells, to address whether the ~15% of cells exhibiting satellite distension
in low/mid passage cultures are still cycling or are indeed senescent. A 20-min BrdU
pulse in low passage Tigl fibroblasts demonstrated that the subset of cells exhibiting
satellite distension rarely incorporate BrdU (Figure 2.2b-d). As shown in Figure 2.2d,
35.3% of the cells with compact centromeric DNA also labeled with BrdU, whereas <1%
(0.64%) had both BrdU and decondensed satellite, demonstrating that cells with satellite
distension do not simultaneously replicate DNA. Similar results were seen in late passage
fibroblasts (five passages from full senescence; Figure 2.2¢). We then used a 48-h BrdU
pulse to ask what percentage of senescent cells (defined by lack of DNA replication over
2 days) exhibit satellite distension. Importantly, in both early and late passage cultures,
almost all BrdU-negative cells had decondensed satellite DNA, indicating this is a

consistent change characteristic of senescent cells (Figure 2.2f).

Exposing cells to BrdU for a long period (48 h) is helpful to mark cells that are no longer
cycling, but is long enough that some cells could label during their last S phase and then
withdraw from the cell cycle. This would occur more frequently in late passage cultures
in which many cells are entering senescence. Consistent with this, of the 15% of early
passage cells that contained distended satellite DNA (Figure 2.2d), only 1.8% of these
also incorporated BrdU during the 48-h label (Figure 2.2g). In contrast, in late passage,
rapidly senescing cultures, ~25% of cells had distended satellites (Figure 2.2¢) and up to
38% of these also labeled with BrdU (Figure 2.2g). This difference was observed in

multiple experiments and suggests that within 48 h of the last DNA replication, cells



entering senescence have already undergone major structural changes to satellite DNA.
To test this further, the 48-h label was done on a fully senescent culture; in this case
~85% of cells had distended satellites, but only 6% of these stained positive for BrdU

(Figure 2.2g).
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Figure 2.3 SADS is a Property Common to Multiple Different Senescence Models
and Pathways. (A and B) SADS is present in a SMURF2-induced senescent BJ
fibroblast, yet these cells do not form SAHF (B). (C and D) Oxidative stress-induced
senescence of a Tigl fibroblast results in distension of a-sat (green) and sat II (red) in a
cell with SAHF (DAPI; D). (E and F) Quantification of SADS and SAHF in LF1 and BJ
fibroblasts, induced with wild-type SMURF2 (n = 200, representative of one of three
repeats). (G) Tigl fibroblasts with SADS (green) may or may not be positive for p21
staining (red). (H-J) SADS in LF1 p21 knockout cells are quantified (n = 204; J) and a
SAHF-positive senescent cell is shown (H and I) with a-sat (green), sat II (red), and

DAPI (I).



Figure 2.3 SADS is a Property Common to Multiple Different Senescence Models
and Pathways.
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SADS is a Hallmark of Senescence Induced by SMURF2 Expression, Oxidative
Stress, or Oncogenic Ras

We next addressed whether SADS occur in human cells induced to senesce via
mechanisms that do not include telomere shortening (replicative senescence), thus we
tested this in cells induced to senesce by three other methods: overexpression of
SMURF?2, oxidative stress, and oncogenic Ras. Previous work has shown that up-
regulation of the ubiquitin ligase SMURF?2 induces early onset senescence in cycling
fibroblasts (Zhang and Cohen, 2004). Subsequently, several days after infection with
SMURF?2, cultures were largely senescent as judged by the presence of SADS (Figure
2.3a,b,e,f), SAHF (Figure 2.3e,f; and Figure 2.S1c¢), and B-gal staining (Figure 2.S1a,b).
Importantly, in multiple experiments the majority of infected cells (up to 90%) exhibited
satellite distension within 10 d, whereas cells infected with a control vector did not
(Figure 2.3e,f). Additionally, we induced early passage Tigl fibroblasts to senesce by
either oxidative stress or overexpression of oncogenic Ras, and subsequently observed
that neither culture became confluent, many cells contained SAHF, and 73% and 71% of
the cells had distended satellites, respectively (Figure 2.3c,d). These findings show that
satellite distension is not exclusive to replicative senescence, but can be induced fairly
rapidly by expression of the senescence regulator SMURF2, through oxidative stress or

oncogenic Ras.

Satellite Distension is Not Exclusive to Either p21 or p16 Senescence Pathways
Previous work has revealed two pathways that fibroblasts use to undergo senescence,

either the p53/p21 or p16/Rb (Zhang, 2007). Interestingly, cells do not up-regulate both
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p21 and p16 until late in senescence (Herbig et al., 2004). Although SAHF formation
occurs primarily via the p16 pathway, cells such as BJ fibroblasts, which lack significant
p16 expression, do not form SAHF (Figure 2.3a,b; and Figure 2.S1c)(Narita et al., 2003).
Thus it was important to address whether satellite distension is specific to one of these
pathways or is a more consistent event that can occur by either pathway. We began by
performing p21 staining together with DNA FISH to a-sat in late passage Tigl
fibroblasts, using an antibody confirmed to show p21-specific staining (Figure 2.S1d,e).
Interestingly, some cells with distended satellites expressed high levels of p21 (56%),
whereas others expressed little or none (Figure 2.3g). To further validate that SADS can
occur before or independent of p21 expression, we examined p21 knockout LF1
fibroblasts, which showed distended satellites in 86% of cells, similar to the frequency in
normal senescent Tigl fibroblasts (Figure 2.3h-j;Figure 2.1b; and Figure 2.S11). This

supports that SADS can occur independent of the p21 pathway.

Because SADS do not require p21, they may occur via the p16 pathway, but a distinct
question is whether p16 is required. When we used SMUREF?2 to induce senescence in BJ
fibroblasts, satellite distension was only slightly reduced compared with SMURF2-
induced LF1 senescent fibroblasts (Figure 2.3e,f). Although there is a near complete loss
of SAHF in BJ cells that lack substantial p16 expression, SADS are still highly prevalent.
As further evidence that SADS do not require pl16 we examined p16 null mammary
epithelial cells, which also formed distended satellites (Figure 2.S1f-1). Hence, SADS
does not require p16 and is not restricted to either of the two established senescence

pathways.
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Figure 2.4 SADS Occur in MEFs and Senescent Cells Within Human Tumors. (A)
Cycling MEFs (top right) have condensed minor satellite (red), whereas senescent MEFs
(bottom left) have distended minor satellite. (B—D) A senescent MEF with coalesced and
elongated chromocenters (DAPI) and stringy minor satellite (red). The arrowhead points
to a particularly elongated chromocenter (D) associated with a highly decondensed minor
satellite (C). (E) Senescent MEFs, as shown in B, stain positive for $-gal. (F-J) Serial
sections reveal SADS in PIN tissue. Using H&E staining (F and magnified in G) to
identify PIN, which contains senescent cells as indicated by positive B-gal staining (H)
and distended satellites by a-sat (green) and sat II (red; I). Signals from I (white box) are
enlarged in J. (K and L) Malignant prostate (K) and thyroid (L) tumors, which lack

senescent cells, typically have round, compact signals of a-sat (green) and sat II (red).



Figure 2.4 SADS Occur in MEFs and Senescent Cells Within Human Tumors
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Satellite Distension is an Early Event in Senescence and Independent of SAHF
Formation

Several observations support that SADS occurs early in cell senescence, well before and
independent of SAHF formation. As shown in Figure 2.3(a and b), we observed cells
with decondensed satellites and no SAHF, but the opposite was never true. Furthermore,
SAHF formation is very uncommon in BJ fibroblasts with low p16 expression, but SADS
still occurs after SMURF2-induced senescence (Figure2.3a,b and f; and Figure 2.S1c).
Further evidence that SADS occurs before SAHF formation came from LF1 cells
transfected with SMURF2. Just 2 days after selection of SMURF?2 expressing cells, only
5% had SAHF, whereas 39% had SADS. By 5 d, more cells had SAHF (48%) but still
more had SADS (67%; Figure2 .3e and Figure 2.S1c). As such, satellite decondensation
appears to occur irrespective of and before SAHF formation in all senescent fibroblasts

examined.

SADS Occurs in Senescent Murine Cells and in vivo in a Human Benign Tumor
Our findings show that senescence of normal human cells in vitro involves not only gain
of facultative heterochromatin (SAHF) but also breakdown of constitutive
heterochromatin (SADS), which is a consistent and early hallmark of senescence. Given
the differences between human and mouse senescence (Itahana et al., 2004; Kennedy et
al., 2010), it would be significant if SADS constitutes a hallmark common to both
species. As such, we tested the universality of SADS by examining senescent cultures of
normal mouse embryonic fibroblasts (MEFs). In many of these cells, the normally round

chromocenters, organized clusters of the pericentric major satellite visible by DAPI
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staining, did indeed show structural aberrations (Figure 2.4b and d) exemplified by
irregular shapes that coalesced, frequently with fibrous interconnections. In situ
hybridization to the smaller blocks of minor satellite DNA (the centromere proper)
demonstrated that 86% of cells in a culture of senescent MEFs (Figure 2.4e, -gal
staining) no longer formed small, round, and compact signals (Figure 2.4a, top), but
clearly was extended, irregular, and often threadlike (Figure 2.4a-c). Therefore, SADS is

a prominent chromatin change common to both mouse and human senescence.

Because some markers of human senescence, including SAHF, have not been verified in
vivo (Kreiling et al., 2011), we obtained sections of premalignant PIN tissue (Figure 2.4f,
g) known to have high levels of senescence (Chen et al., 2005). We then used B-gal
staining to verify the presence of senescence in this tissue (Figure 2.4h) and DNA FISH
to a-sat and sat Il sequences in serial sections to reveal that distended satellite signals are
present in cells within the positive f-gal—stained regions of PIN tissue (Figure 2. 41,j). In
contrast, examination of tissue sections from several malignant cancers that lack
senescent cells, including breast, thyroid, pancreatic, and prostate, showed that the
satellites were condensed (Figure 2.4k,1; and not depicted), demonstrating that only in the
senescent PIN tumor were there large sections of cells with distended satellites, which

indicates that SADS are an in vivo marker characteristic of senescent cells.
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Figure 2.5 SADS is characteristic of HGPS cells that undergo premature arrest. (A)
Frequency of distended satellites in early passage cells from two HGPS patients (1-yr-old
HGADEFN155 and 8-yr-old HGADFN167) and the older healthy mother of
HGADFN167, HGMDFMO090 (n = 100 in one of three representative experiments). (B)
A 20-min BrdU pulse demonstrates that very few early passage HGADFN167 cells with
decondensed satellites label, confirming that cells with SADS are rarely in S phase (n =
202). (C) Almost all cells that did not incorporate BrdU during a 48-h label had distended
satellites (n = 100). (D—F) DNA FISH to a-sat (green) and sat II (red) shows that some
HGPS cells have normal appearing compact satellites (E), whereas senescent cells in both
the HGADFN167 (D) and HGADFN155 (F) cell lines contain SADS. Also notice the
blebbed nuclear membrane (DAPI; F) characteristic of laminopathies. Arrows and
arrowheads indicate a particularly distended a-sat signal that is enlarged in the

corresponding insets.



Figure 2.5 SADS is characteristic of HGPS cells that undergo premature arrest.
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SADS Occurs in HGPS Patient Cells Undergoing Premature Proliferative Arrest
We next addressed whether SADS would also be seen in cells of patients with a
devastating human disease that is an important model of in vivo aging—HGPS. HGPS
patients express a mutated form of lamin A/C that causes global defects in the nuclear
heterochromatic compartment. Consistent with the rapid aging phenotype, HGPS cells
undergo premature senescence in culture, providing an in vitro model for human aging.
However, neither in vivo nor in vitro do HGPS cells exhibit gain of visible
heterochromatin blocks (SAHF) or heterochromatic marks. Instead, a general decrease in
H3K9me3, HP1, and NURD-associated factors has been reported (Pegoraro et al., 2009;
Scaffidi and Misteli, 2006; Shumaker et al., 2006). This apparent contradiction leaves
open the question of whether HGPS cells undergo proliferative arrest by mechanisms
distinct from senescence in normal cells. Therefore, we obtained primary HGPS skin
fibroblasts to examine if satellite distension is evident in these cells as they arrest. We
examined three different early passage cultured fibroblast lines: a 1-yr-old male
(HGADFN155 passage 10, PD 21), an 8-yr-old female (HGADFN167 passage 11, PD
20), and that female’s 37-yr-old healthy biological mother (HGMDFMO090 passage 13,
PD 23). This demonstrated that although a fraction of cells had compact satellites (Figure
2.5a,e), satellite distension is indeed a hallmark of many cultured HGPS cells (Figure
2.5a,d,f). For example, almost 50% of the 1-yr-old boy’s cells, which displayed a marked
HGPS phenotype (blebbed and contorted nuclei), had distended satellites. Additionally,
cells with SADS were confirmed to be noncycling by a 20-min BrdU pulse in the 8-yr-

old girl’s cell line, with just 1.5% of total cells having both SADS and BrdU label versus
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29% with SADS and no BrdU (Figure 2.5b). We then asked if cells that failed to
incorporate BrdU after 48 h had visibly distended satellites, and similar to normal
senescing cultures almost all did (Figure 2.5¢). These findings reinforce that a high
fraction of HGPS cells have removed themselves from the cell cycle despite the young
age and early passage of these cultures. Most importantly, the prevalence of SADS
indicates that this premature proliferative arrest shares a fundamental epigenomic change

with replicative as well as induced senescence of normal human and mouse cells.
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Figure 2.6 Loss of Compaction is Specific to Satellite DNA and is not Caused by
Increased Nuclear Size. (A and B) DNA FISH to Chr. 17 a-sat (green) shows compact
satellite signals in a cycling cell (A) and distended satellites in a senescent cell (B) as
determined by the presence of SAHF (DAPI). The size of the corresponding signal is
shown above the brackets. (C) The mean length of Chr. 17 a-sat in senescent cells is six
times the mean length in cycling cells. (D) The shortest Chr. 17 a-sat measured in
senescent cells is longer than the largest satellite measured in cycling cells. (E-H)
Differences in satellite length cannot be explained by the twofold increase in nuclear
diameter (E). The mean size of the Chr. 21 BAC signal (red) did not change (F) in
cycling (G) or senescent (H) cells. (I-L) Telomere signal size (red) in cycling (I and J) or
SMURF2-induced senescent (K and L) LF1 cells did not change. Senescence is judged
by distension of the a-sat (green) and presence of SAHF (DAPI; error bars represent

standard error).



Figure 2.6 Loss of Compaction is Specific to Satellite DNA and is not Caused by
Increased Nuclear Size.
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SADS is a Unique Higher-order Unfolding of Chromatin Distinct from DNA
Decondensation Linked to Expression

Several aspects of our findings suggest that SADS represents a unique change to higher-
order chromatin folding, of a much different nature than in other studies of DNA
decondensation. Changes in DNA condensation are known to be linked to active
chromatin and certain histone modifications, but such molecular-scale changes are below
the resolution of light microscopy and can only be determined by techniques such as
DNase sensitivity. In contrast, SADS can be readily seen despite the limited resolution of
light microscopy. To address whether SADS is linked to expression of the corresponding
satellite sequences, we examined satellite RNA expression in senescence cells using well
established techniques (Lawrence et al., 1989). In primary normal fibroblasts with visible
SADS, sat II RNA is not substantially expressed (see Figure 2.7a,b) despite the dramatic
decondensation of the DNA. In contrast, we and others have shown that sat Il RNA is
highly expressed in many rapidly cycling cancer cells (Ting et al., 2011), including
cancer cell lines that we show have tightly packaged satellite DNA signals (Figure 2.1k
and Figure 2.7f) Thus, visible satellite distension was not related to satellite RNA

expression.

To quantify the extent of this striking satellite distension, we measured the signal using a
probe specific to the a-sat on human chromosome 17 (Chr. 17), in proliferative versus
senescent Tigl fibroblasts. The Chr. 17 a-sat in senescent, SAHF-positive Tigl
fibroblasts had a mean length of 5.44 um, in contrast to 0.88 um in cycling cells (Figure

2.6a-e). As shown in Figure 2.6d, the shortest Chr. 17 satellite signal in SAHF-positive
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cells was more extended than the largest found in cycling cells. This increased satellite
length does not merely reflect changes in nuclear size because large cycling nuclei with
condensed satellites were observed as well as small nuclei with decondensed satellites
(Figure 2.1b) and mean satellite length increased over sixfold, whereas nuclear diameter
increased slightly less than twofold (Figure 2.6c,e). In addition, the signal size of a
randomly selected 156-kb BAC (containing the Chr. 21 DYRKIA locus) showed no
decondensation in senescent cells (Figure 2.6f-h), and there was no visible difference in
the condensation of traditionally heterochromatic telomere signals in senescent
(SMURF2 induced) and nonsenescent control cells (Figure 2.6i-1). Hence, satellite
distension is not merely a reflection of nuclear size nor indiscriminate chromatin

decondensation.
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Figure 2.7 Analysis of Expression, Heterochromatin Proteins, DNA Methylation,
and Histone Modifications in Satellites. (A and B) FISH to sat Il RNA (green) shows
no increased expression with SADS formation in senescent (left) versus cycling (right)
cells, with satellite chromatin marked by CENP-B staining (red). (C) CENP-A (green)
and CENP-B (red) are still present in senescent cells as determined by the presence of
SAHF (DAPI) and decondensed CENP-B staining (magnified in inset). (D) Comparison
of H3K9me3, H3K27me3, and H3K4me3 read densities between cycling and senescent
IMR90 cells and between cycling IMR90 and HIhES cells on a-sat (RepeatMasker class:
HSATII) sequences with corresponding Pearson’s r values. (E and F) As all cancer
samples examined, U20S cells have compact satellites (F; a-sat, green; sat II, red) and do
not form SADS unless treated with 5-AzaC, which induces senescence (E). (G)
Quantification of mean 1q12 signal areas (n > 60) in different cell samples (error bars
represent standard error). (H) A DNA methylation-sensitive Southern blot with U20S
and cycling Tigl cells digested by BstB1 (B), Hpall (H), or Mspl (M) and detected with a
probe for sat II 1q12 sequences. The arrow points to a band size that is lacking in some of
the methylation-sensitive Hpall lanes, indicating that the 1q12 region is methylated in the
corresponding cell types. (I-K) Cells with normal levels of LaminB1 (red; top left) rarely
contain distended a-sat (green; I and K), but in cells with SADS (bottom right) LaminB1

is often diminished (J and K; n = 100 from one of three replicates).



Figure 2.7 Analysis of Expression, Heterochromatin Proteins, DNA Methylation,
and Histone Modifications in Satellites.
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Satellite Unfolding Occurs on Chromatin that Retains Canonical Histone Marks of
Heterochromatin

Because SADS represents such a marked change in chromatin packaging, we anticipated
that heterochromatin-associated modifications and possibly centromere-specific CENP
proteins would change dramatically. We found that both CENP-A and -B still associate
with distended satellites in senescent cells. Consistent with CENP-B remaining bound
across the broader segment of a-sat DNA, the normally compact CENP-B signal becomes
visibly decondensed in senescent cells (Figure 2.7c and Figure 2.S2a,b). In contrast,
CENP-A, which binds to the much smaller a-sat core, was not visibly distended (Figure
2.S2a,b, see linescans comparing CENP-A and -B). Although CENP-A is still present, it
did appear dimmer in many (but not all) senescent cells, consistent with a recent report of

overall lower CENP-A levels in senescent cells (Maehara et al., 2010).

We next examined several heterochromatin modifications typically associated with DNA
condensation, which we anticipated to be depleted from highly distended satellite DNA,
such as linker histone H1, which has been shown to decrease during senescence
(Funayama et al., 2006). We noted that in cells with SADS 64% still had high levels of
H1, suggesting that nuclear H1 depletion occurs after SADS form, consistent with other
evidence that this H1 loss is concomitant with SAHF formation (Figure 2.S3d-f). We and
others also noted that SAHF stain strongly for repressive heterochromatin marks
H3K9me3 and HP1y (Narita et al., 2003; Zhang et al., 2005), and the accumulation of
these marks on SAHF is concomitant with sharply lower levels of H3K9me3 and HP1y in

nucleoplasmic regions between SAHF, where the distended satellites reside (Figure 2.1b;
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Figure2.S3a-c; and Figure 2.S4c)(Funayama et al., 2006). Although SADS had formed in
many cells that had clearly not redistributed H3K9Me3 (Figure 2.S3b,c), the threadlike
nature of SADS makes it difficult to determine by molecular cytology if the canonical

heterochromatin marks (H3K9Me3 and H3K27Me3) are still on the DNA.

Therefore, to address H3K9Me3 and H3K27Me3 distribution at higher resolution, we
analyzed the a-sat sequences for these histone modifications, using publically available
ChIP-seq data (Chandra et al., 2012). Surprisingly, the number of reads in a-sat
sequences for heterochromatin marks H3K9Me3 and H3K27Me3 was tightly correlated
in cycling and senescent cells, indicating that there was not a change in the level of these
marks despite satellite distension (Figure 2.7d). These observations are in stark contrast
to the differences in these histone modifications on satellite DNA between
undifferentiated ES cells and cycling IMR-90 fibroblasts (Figure 2.7d) even though the
packaging of these satellites remains visibly unchanged (not depicted). We then
examined the histone modification H3K4Me3, which is associated with gene expression,
and noticed that levels of this mark changed slightly between both cycling and senescent
cells and less so between ES and cycling fibroblasts (Figure 2.7d). Collectively, these
results indicate that SADS formation involves higher-order unfolding of satellite
chromatin that does not require changes in canonical histone marks associated with
condensed heterochromatin (H3K9Me3 and H3K27Me3) or decondensed euchromatin

(H3K4Me3).
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We also considered whether loss of DNA methylation could trigger SADS formation.
Interestingly, hypomethylation of satellite DNA is prevalent in most cancer samples
(Ehrlich, 2009), yet the 13 different cancer samples (cell lines and tumors) examined here
did not exhibit SADS (with the exception of the senescent benign PIN tissue).
Surprisingly, we noted that 5-azacytidine (5-AzaC) induced SADS in U20S cancer cells
after several days of treatment (Figure 2.7e-g). However, these cells no longer cycled,
presumably because 5-AzaC is known to induce senescence in normal and cancer cells
through activation of the p16/INK4a promoter (which is often hypermethlyated in cancer)
(Fang et al., 2004; Schnekenburger et al., 2011). To validate the interpretation that SADS
formation after 5-AzaC treatment was a result of senescence, rather than a direct result of
DNA hypomethylation, we examined untreated U20S cells by a DNA methylation-
sensitive Southern blot that confirmed that untreated U20S sat II at 1q12 was
hypomethylated (Figure 2.7h). In contrast, cycling Tigl fibroblasts had methylated
satellites as expected (and results suggest little or no change to satellite methylation upon
senescence; Figure 2.7h and Figure 2.S5d). Further evidence that DNA demethylation
does not cause SADS came from examination of a-sat and sat II 1q12 in fibroblasts from
a patient with immunodeficiency, centromeric instability, and facial anomalies (ICF)
syndrome (Figure 2.S5a,b), a disease characterized by a lack of DNA methylation on
1q12 caused by a mutation in DNA methytransferase3b (Ehrlich et al., 2008).
Measurement of sat I DNA 1q12 signals in interphase nuclei showed at most a very
slight increase and was similar to normal fibroblasts or untreated U20S cells (Figure

2.7e-g; and Figure 2.S5b,c). Similarly, the a-sat signals did not show significant
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distension (Figure 2.S5a). Collectively, these results indicate that the striking unfolding
of satellite heterochromatin within nuclei of noncycling cells is tightly linked to cell

senescence and is not triggered by DNA hypomethylation.

The magnitude of satellite DNA distension described here suggests that senescence likely
involves changes to nuclear structural proteins that play a role in higher-order folding of
the chromatin fiber. In this context, it is significant that we show a prevalence of SADS
in HGPS cells (Figure 2.5), considering that defects in lamina have been shown to have
an impact in the nuclear organization of centromeric satellites (Taimen et al., 2009), that
lamina-associated domains are enriched in pericentric satellite DNA (Guelen et al.,
2008), and that SADS frequently extend along the nuclear periphery or stretch from
central regions all the way to the lamina (e.g., Figures 2.1b, 2.6b, and 2.S5¢). Recent
work also shows marked decreases in LaminB1 levels in both HGPS and normal cell
senescence (Freund et al., 2012; Shimi et al., 2011). Consequently, we performed a-sat
DNA FISH and antibody staining to LaminB1 in mid passage WI-38 fibroblasts and
found that 95% of cells with normal LaminB1 levels had condensed satellites (Figure
2.71,k). In contrast, in cells with obviously depleted LaminB1 staining, 73% had clearly
distended satellites (Figure 2.7j,k; and Figure 2.S2c,d). As further considered in the
Discussion, this suggests that changes in LaminB1 and potentially other nuclear structural

proteins may contribute to higher-order unraveling of satellite DNA during senescence.
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Discussion

Epigenetic changes to chromatin are thought key to senescence and have received
substantial attention; however, this study demonstrates a prominent, genome-wide
chromatin change that has eluded discovery and runs counter to expectations that
senescence is marked primarily by gain of large blocks of heterochromatin. We reveal
that large-scale distension or “unraveling” of centric and pericentric satellite
heterochromatin is a distinguishing mark of senescent cells that occurs in all senescence
models studied here, with both high sensitivity and specificity. Furthermore, this
distension occurs early in the senescence process and, unlike SAHF formation, is not

exclusive to either the p16 or p21 senescence pathways.

Although SADS occurs earlier and more consistently than SAHF formation, that both
occur in the same senescent nuclei resolves the seemingly incompatible or paradoxical
findings regarding gain versus loss of heterochromatin marks in senescent and aged cells
(Funayama et al., 2006; Kosar et al., 2011; Kreiling et al., 2011; Narita et al., 2006;
Scaftidi and Misteli, 2006). Our findings clearly show that loss of constitutive
heterochromatin and gain of facultative heterochromatin occurs in the same nucleus.
Although bright accumulations of many heterochromatin marks, such as H3K9me3 or
HP1y, become prominent in senescent cells, the whole nucleus does not gain these
heterochromatin marks; rather, senescence is characterized by redistribution of condensed

and decondensed genomic regions.
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A UnifyingEpigenetic Feature of all Senescence Models Examined Including Mouse
and HGPS

An important point demonstrated here is that SADS occurs during permanent cell cycle
withdrawal for all of many different cell types and methods examined to induce cell
senescence. Human cells that lack SAHF (BJ fibroblasts) still form SADS but, more
importantly, SADS bridges what has been a major gap between mouse and human cell
senescence: both the major and minor satellites distend with threadlike extensions in
senescent MEFs. This clarifies our previous observation that the chromocenters of Dicer-
depleted MEFs, which senesce prematurely, lost their round compact shape and appeared
to connect and coalesce (Mudhasani et al., 2008). Additionally, we observed distended
satellite heterochromatin in senescent cells within PIN cancer tissues, which is significant
because other heterochromatin changes (SAHF) have not been observed in vivo (Kreiling

etal., 2011).

The importance of SADS providing a unifying theme of senescent cells is especially
evident in relation to the debate regarding HGPS. Interestingly, HGPS cells do not
exhibit increases in repressive marks typical of normal senescent fibroblasts; rather they
show depletion of repressive factors (Scaffidi and Misteli, 2005; Shumaker et al., 2006).
Thus there has been a lingering question as to whether chromatin changes in HGPS cells
reflect mechanisms of cell cycle arrest that are fundamentally distinct from that of normal
cell senescence. Importantly, early passage fibroblasts from two young HGPS patients

undergoing proliferative arrest showed a high rate of SADS. Therefore, this marked
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distension of satellites constitutes a more universal epigenetic program that underlies the

biology of both HGPS and normal cell senescence.

Integration of SADS into the Senescence Process: A Model

Figure 2.8a provides an overview of SADS formation relative to several changes
characteristic of senescent cells. Multiple points of evidence demonstrate that unraveling
of compact satellite DNA is a relatively early step, and the rapid nature with which SADS
occurs contrasts sharply with the broader changes to chromatin seen by FAIRE analysis
3—4 months after entry into senescence (De Cecco et al., 2013). For example, BrdU
labeling of cultures nearing senescence showed satellite distension present in cells within
48 h of the last S phase. SADS are often evident before SAHF formation, but never vice
versa, and similarly, SADS can be observed before nuclear enlargement. As previously
reported (Herbig et al., 2004) and indicated by results here, early in senescence cells
often express either p21 or p16, but not both, but we see SADS irrespective of which
pathway may trigger senescence. SADS could also be seen in cells that were not yet
depleted for histone H1, which is consistent with other evidence that loss of H1 is a late
event (Funayama et al., 2006). Additionally, many nuclei containing SADS had not
redistributed heterochromatin marks (H3K9Me3 and HP1y) onto SAHF. Hence, our
model conveys that satellite DNA distension occurs before and irrespective of a more

global redistribution of facultative heterochromatin.
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SADS is Large-scale Chromatin Unfolding Facilitated by Nuclear Structural
Proteins Rather than Histone Modifications

We have referred to the changes in satellite packaging reported here, and modeled in
Figure 2.8b, as distension rather than decondensation to emphasize that the change in
packaging is on a different scale then the decondensation that has been widely studied in
the control of gene expression. To our knowledge, such a marked extension of chromatin
in an interphase nucleus is relatively unique in biology and may be unprecedented. That a
single centromeric a-sat was often as long as 5 um (Figure 2.6) suggests that these a-sat
blocks (ranging from ~0.5 to 3 Mb) exhibit significant decompaction ~5% below the
level of condensed chromatin and lower than levels seen in a large genic locus (Lawrence
et al., 1990). This clearly cytological scale distension, coupled with the surprising finding
that the DNA is still packaged in nucleosomes that retain three canonical histone marks
(Figure 2.7d), leads us to propose that SADS involves changes of higher-order chromatin
loops, such as release of satellite DNA from scaffolding and other chromosomal

structural proteins, rather than modifications of core histones.
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Figure 2.8 Satellite Distension in Relation to Other Events in the Cell Senescence
Process. (A) In nuclei of cycling cells, the peri/centromeric satellite DNA signals are
tightly compacted, but dramatically distend in senescent cells. This occurs before and
irrespective of the later formation of SAHF, and in some cells within 48 h of the last S
phase. SADS is seen in essentially all noncycling cells and occurs in cells that first up-
regulate either the p21 or p16 pathway. In late stage senescence, both pathways are up-
regulated, and the p16 pathway promotes formation of SAHF. During this process there
is a reorganization of several heterochromatin factors as seen by immunofluorescence
including H3K9Me3 and HP1y, whereas H1 levels uniformly decrease with the formation
of SAHF. Whereas nuclear diameter increases progressively and is most pronounced in
cells with SAHF, SADS are seen in some cells before nuclear enlargement. The nuclear
lamina protein (LaminB1) may play a role in the higher-order folding of the DNA as it is
diminished in most cells before SADS form. (B) Sat DNA in cycling cells is tightly
packaged and this packaging is lost during senescence as the DNA distends. Because
three canonical histone modifications remain unchanged during senescence the difference

in DNA packaging may be attributed to changes in higher-order folding.



Figure 2.8 Satellite Distension in Relation to Other Events in the Cell Senescence
Process
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Given that HGPS is caused by mutations in LaminA/C and is characterized by higher
levels of SADS, and that LaminB1 is depleted in HGPS and senescent normal fibroblasts,
an important possibility is that changes to these scaffold proteins could play a role in
satellite distension (Freund et al., 2012; Shimi et al., 2011). Although our evidence
indicates that cells with SADS do not always have low LaminB1 staining, SADS did not
appear to occur in cells that have high LaminB1 staining (Figure 2.8a, model). Therefore,
LaminB1 may be one of several proteins that anchor satellite heterochromatin in nuclei
and its loss may contribute to increased destabilization of satellite architecture and

subsequent higher-order unfolding of DNA.

Potential Implications of SADS for Cell Cycle Withdrawal

This discovery raises the possibility that the early unraveling of satellite heterochromatin
could contribute to permanent cell cycle withdrawal. In this context, it is interesting to
note that the cell cycle regulator Rb has been reported to interact with the nuclear lamina
and play a role in the stabilization of satellite heterochromatin (Dorner et al., 2007;
Gonzalo and Blasco, 2005; Marji et al., 2010). In addition, various other components of
the interphase centromere/kinetochore could be impacted; for example, CENP-F, which
interacts with Rb and blocks cells at the G1-S transition (Du et al., 2010), or CENP-G,
which associates with a-sat throughout the cell cycle and may interact with the nuclear

matrix (He et al., 1998).

Hence, the discovery of SADS provides the field with a prominent, early, and consistent

marker of senescence, and is likely to spark new avenues of research into how unraveling
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of interphase centromeres arises. SADS also helps to resolve a paradox between the loss
of heterochromatin reported within some aging and senescence models and the gain of
heterochromatin reported in others by showing that all cell types studied here consistently
lose higher-order folding in satellite DNA. Finally, the magnitude of centromeric
heterochromatin distension revealed here opens new avenues of inquiry into higher-order

chromatin packaging, as well as its relationship to cell senescence.

Materials and Methods

Cell Culture

Lung fibroblasts including Tigl, WI-38, and IMR-90 (Coriell) as well as ICF cells
(GMO08747; Coriell) were grown in MEM containing 15% FBS. LF1 and BJ fibroblasts,
LF1 p21 knockouts, and HGPS cell lines (The Progeria Research Foundation) were
grown in DMEM containing 15% FBS. MEFs (a gift from D. Carone, University of
Massachusetts Medical School, Worcester, MA) and neoplastic cancer lines (PC3,
HELA, and U20S; American Type Culture Collection) were grown in DMEM with 10%
FBS. 48R human mammary epithelial cells (from normal female breast tissues) were
maintained in mammary epithelial cell growth medium. Cells were passaged 1:2 when
cultures reached confluency. Cultures were defined as senescent when they failed to
reach confluency 10 days after a 1:2 split. Oxidative stress was induced by treating early
passage confluent Tigl fibroblasts with 250 uM H,0O, for 2 hours. The cells were allowed
to recover for 2 days before they were replated on coverslips and fixed after 6 d.

SMURF2-induced senescent cells (LF1 and BJ fibroblasts) were transfected and selected
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before being replated onto coverslips and fixed either 7 or 10 days after transfection
(Zhang and Cohen, 2004). For Ras-induced senescence, Tigl cells were infected with
ocogenic ras or control retrovirus containing a puro selection marker overnight, allowed
to recover for 24 hr, selected for 3 days, and allowed to recover for 3 days before being

plated on coverslips and fixed the following day.

Cell and Tissue Preparation for in situ Hybridization or Immunoflourescence

Cells were extracted in CSK buffer with 0.5% Triton X-100 for 3—5 min and fixed in 4%
PFA for 10 min (Johnson et al., 1991a). Cells used for p16, p21, and LaminB1 staining
were fixed before Triton X-100 extraction. SADS were observed independent of fixation
technique. Prepared cells were stored in 70% ethanol until use. Tissues were acquired
from the University of Massachusetts Cancer Center Tissue Bank and fixed in the same

manner as the cells.

In situ DNA and RNA Hybridization

For DNA hybridizations, cells were denatured for 2 min at 75°C and then hybridized with
biotin or direct labeled oligos (Bentley Lawrence et al., 1988). Oligos were hybridized in
15% formamide. The Chr. 21 BAC containing the DYRK1A gene, the Chr. 17—specific
a-sat, and the satellite I 1q12 probes were nick translated and hybridized in 50%
formamide (Johnson et al., 1991b). In addition, some senescent cells were denatured for
2—-6 min to increase signal intensity and hybridization efficiency. Tissues were denatured
for 10—-15 min. Oligo sequences were a-sat (FITC direct label, 5'-

CTTTTGATAGAGCAGTTTTGAAACACTCTTTTTGTAGAATCTGCAAGTGGATA
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TTTGG-3'), sat I (LNA, biotin, 5'-"ATTCCATTCAGATTCCATTCGATC-3"), and
mouse minor satellite (equal parts biotin labeled, 5'-
GAACAGTGTATATCAATGAGTTAC-3"and 5'-

CCACACTGTAGAACATATTAGATG-3').

Immunofluorescence and Cell Staining

Cells were incubated with antibodies at 1:250 dilution in PBS 1% BSA at 37°C for 1 h.
Slides were rinsed in PBS, PBS with 0.01% Triton X-100, and PBS again for 10 min
each before detection. Antibodies included p16 (Abcam), p21 (Santa Cruz
Biotechnology, Inc.), CENP-A (Abcam), CENP-B (Santa Cruz Biotechnology, Inc.),
HP1y (EMD Millipore), H3K9Me3 (EMD Millipore), LaminB1 (Santa Cruz
Biotechnology, Inc.), and H1 (a gift from M. Bustin, Texas Woman’s University, Denton,
TX). In cells with both antibodies and in situ hybridizations to a-sat DNA, the DNA
hybridization was performed first, followed by antibody staining. Slides were stained

with DAPI for 30 s and mounted with Vectashield media.

BrdU labeling and in situ hybridization was performed on nonconfluent Tigl fibroblasts
using 30 uM BrdU. They were extracted, fixed, denatured, and hybridized with an a-sat
probe (as described in “In situ DNA and RNA hybridization”) and incubated with a BrdU
antibody (Partec) at a 1:200 dilution and washed before detection as described earlier.
Finally, senescence-specific $-gal staining was performed according to(Dimri et al.,

1995).
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Image Analysis

The threadlike satellite sequences may be hard to see in print but were unmistakable
through the microscope. As such, sections of images were often magnified for reader
convenience and we encourage the viewing of our images in a digital format. We
performed the imaging using an Axiovert 200 or an Axiophot microscope (Carl Zeiss)
equipped with a 100x PlanApo objective (NA 1.4) and Chroma 83000 multi-bandpass
dichroic and emission filter sets, set up in a wheel to prevent optical shift. Images were
captured with a camera (Orca-ER) or a 200 series CCD camera (Photometrics) using
AxioVison 4.8 software (Carl Zeiss). Z stacks were a compilation of 15-30 images taken
at an interval of 0.1 to 0.25 pm, and subsequent image deconvolution was done using
AxioVision 3D software theoretical PSF (Carl Zeiss) and either the nearest neighbor or
fast iterative algorithm. Distances were measured using either Axiovision 4.8 or
MetaMorph 4.6 software. Most experiments were performed a minimum of three times
and scored by at least two independent investigators. All findings were easily visible by

eye through the microscope (unless otherwise noted).

Analysis of ChIP-seq Data

Publicly available ChIP-seq data (Chandra et al., 2012) were collected and analyzed.
ChIP-seq and input sequence reads were mapped to the GRCh37.p11 (hgl9) reference
genome using bowtie (v. 0.2.8)(Langmead et al., 2009) and read densities and regions of
statistically significant enrichment (“peaks”) were determined using model-based
analysis of ChIP-Seq (v. 1.4.1)(Zhang et al., 2008) using default settings. Tandem repeat

sequences in hgl9 were annotated using RepeatMasker (Smit, 1996-2010). For the



77

purposes of visualization, read densities were normalized by scaling such that mean read
densities for common ChIP-seq peaks were equal to one another, similar to the approach
of MAnorm (Shao et al., 2012). The RepeatMasker a-sat sequences were divided into

100-bp fragments over which the mean normalized read densities were compared.

Western Blots

35 pg of each lysate was run over 15% SDS-PAGE and electroblotted onto 0.2 pm of
immunoblot PVDF (Bio-Rad Laboratories) for 90 min at 350 mA, 4°C. Western analysis
was performed in PBS and 0.1% Tween 20, with or without 5% nonfat dry milk powder
as necessary. Antibody concentrations and incubations are as follows: 1:500 rabbit a-p16
overnight at 4°C, 1:1,000 mouse a-p21 overnight at 4°C, 1:8,000 mouse a-tubulin 1 h at
room temp, 1:1,000 HRP goat a-mouse (Thermo Fisher Scientific) 1 h at room temp, and

1:1,000 HRP a-rabbit (GE Healthcare) 2 h at room temperature.

Methylation-Sensitive Southern Blots

Cells were pelleted and resuspended in 50 pl of lysis buffer (400 mM Tris-Cl, 60 mM
EDTA, 150 mM NacCl, and 1% SDS), incubated with RNase for 30 min at 37°C, treated
with ProK overnight at 50°C, and then subjected to a phenol chloroform extraction. 10 pg
of DNA was then digested overnight with Hpall, Mspl, or BstB1 (New England Biolabs,
Inc.) and run on a 1% agarose gel. DNA was transferred overnight to a nylon membrane
using capillary action and fixed with 0.4 M NaOH. DNA of interest was detected using

the Bright Star Biodetect kit (Ambion) with a nick-translated biotin-labeled probe for sat
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IT 1q12 (prepared as described in “In situ DNA and RNA hybridization”). The membrane

was imaged with Chemidoc (Bio-Rad Laboratories).

Supplemental and Online Material
Videos 1 and 2 show a moving 3D rendering and a movie of each slice in the Z stack
of Figure 2.1a Online supplemental material is available at

http://www.jcb.org/cgi/content/full/jcb.201306073/DC1. Additional data are available in

the JCB DataViewer at http://dx.doi.org/10.1083/j¢b.201306073.dv.
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Figure 2.S1 SADS is a Property Common to Many Different Senescence Models and
Pathways. (A and B) B-Gal staining shows that LF1 fibroblasts infected with SMURF2
(B) are senescent, whereas cells infected with a control (A) are not. (C) Percentage of BJ
and LF1 cells with SAHF plotted as an independent variable (n = 200, representative of
one of three repeats). (D and E) p21 staining (red) is not present in LF1 p21 knockout
senescent cells as judged by the presence of SAHF (DAPI; negative antibody control).
(F-H) SADS form in human breast epithelial p16 knockout cells as judged by distended
a-sat (green) and sat II (red; G) and blown up in H, while others have tight satellite
signals indicative of cycling cells (F). (I) Western blot demonstrating that senescentLLF1

p21'/ “and 48R mammary epithelial cells lack p21 and p16 expression, respectively.



Figure 2.S1 SADS is a Property Common to Manny Different Senescence Models
and Pathways
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Figure 2.S2 CENP-A and -B Distribution on Individual Centromeres of Senescent
Cells and LaminB1 Levels in Cycling and Senescent Cells. (A) CENP-A and -B
staining in a senescent cell (top), cycling cell (middle), and late senescent cell with
prominent SAHF (bottom). CENP-B staining distends in senescent cells (red), whereas
CENP-A (green) does not. CENP-A staining levels on individual centromeres showed
some variability, but were generally brighter in cycling and early senescent cells (middle
and top) than late senescent cells (bottom). This is quantified by a line scan (expanded
regions in A) shown in B where signal intensities (CENP-A, green; CENP-B, red) are
plotted along the length of the drawn line. (C and D) LaminBl1 (red) levels are not always

lower in cells with distended satellites (green).



Figure 2.S2 CENP-A and -B Distribution on Individual Centromeres of Senescent
Cells and LaminB1 Levels in Cycling and Senescent Cells
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Figure 2.S3 H3K9Me3 Distribution Changes and H1 Levels Decrease with
Senescence. H3K9Me3 (red) has a general nucleoplasmic signal in cycling (A, top) and
senescent cells (B, middle). H3K9Me3 overlaps SAHF (DAPI) in late senescent cells (C,
right). (D—F) Although both cells have distended a-sat (green), the top cell lacks SAHF
(DAPI) and has robust H1 staining (red; 64%) and the bottom cell has SAHF and

severely diminished H1 staining.



Figure 2.S3 H3K9Me3 Distribution Changes and H1 Levels Decrease with
Senescence
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Figure 2.S4 HP1y Redistributes from Satellites to SAHF as Cells Undergo
Senescence. (A and B) HP1y (green) and CENP-B (red) colocalize in cycling cells with
condensed centromeres (A) but not in cells with distended centromeres (B) in which
HP1y gathers at PML bodies and no longer colocalizes with the centromeres. The
arrowhead indicates a particularly decondensed centromere (magnified in the inset). The
merged image in B combines two different planes. (C) In late stage senescent cells, HP1y
colocalizes with SAHF (DAPI; gray inset) and centromeres are often found in areas that

lack intense HP 1y staining (magnified on right).



Figure 2.S4 HP1y Redistributes from Satellites to SAHF as Cells Undergo
Senescence.
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Figure 2.S5 Effects of Hypomethylation on Satellite Distension. (A and B) Cycling
ICF cells do not display SADS or marked distension of nuclear a-sat (A) or sat Il (B) on
1q12. (C) Appearance of sat II 1q12 (green) signals that distend in senescent Tigl
fibroblasts (bottom right), but are compact in cycling cells (top left). The inset shows a
separate senescent cell with 1q12 signal that extends to the nuclear periphery. (D) A
DNA methylation-sensitive Southern blot with ICF, senescent Tigl, and cycling Tigl
cells digested by Hpall (H) or Mspl (M) and detected with a probe for sat IT 1q12
sequences. The arrow points to a band size that is lacking in some of the methylation-
sensitive Hpall lanes, indicating that the 1q12 region is methylated in the corresponding
cell types. It is important to note that 1q12 remains methylated in both cycling and

senescent cells.



Figure 2.S5 Effects of Hypomethylation on Satellite Distension.
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Chapter II1: Unfolding the Story of Chromatin Organization

in Senescent Cells

Senescence and Heterochromatin: A Background

Senescence, first reported in cultured cells by Leonard Hayflick, is the irreversible exit of
a viable cell from the cell cycle (Hayflick, 1965). This exit can be triggered by a variety
of mechanisms including shortened telomeres, oxidative stress, and DNA damage and
results in cells that persist and remain metabolically active indefinitely. In vivo,
senescence functions to prevent cancer and the formation of malignant tumors by
stopping damaged or precancerous cells from dividing while also playing a role in the
development of age-related disorders including osteoporosis and Alzheimer’s disease
(Campisi, 2013; van Deursen, 2014). In addition to depleting the proliferative cell
population, senescent cells can secrete a characteristic profile of cytokines and other
soluble factors that influence the behavior of surrounding cells known as the Senescence
Associated Secretory Phenotype (SASP) (Campisi, 2013). Senescent cells also undergo
dramatic changes to DNA organization and chromatin packaging (Narita et al., 2003;
Sadaie et al., 2013; Swanson et al., 2013), processes that are thought to be essential for

the maintenance of the senescent state and will be our focus here.

DNA is organized into two cytologically and molecularly distinct compartments:
structurally open euchromatin which is more actively transcribed and predominantly
located in the interior of the mammalian nucleus and transcriptionally repressed compact

heterochromatin often enriched at the nuclear and nucleolar periphery. Heterochromatin
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is further classified into two subtypes. The first is constitutive heterochromatin, defined
as heterochromatin in all cell types and conditions, which includes tandem repetitive
satellite repeats that form the structural domains at centromeres. The second is facultative
heterochromatin which, despite being structurally similar to constitutive heterochromatin,
consists of genes and genomic regions that are repressed in a developmental and cell-type
specific manner, including the inactive X chromosome (Trojer and Reinberg, 2007). In
eukaryotic cells, several levels of chromatin packaging are formed which not only
accomplish compaction, but regulate gene expression patterns required for cellular
function. The first level of compaction entails the wrapping of 147 base pairs of naked
DNA around a core histone complex forming repeating nucleosomal units (Kornberg,
1974). This gives rise to the 10 nm fiber (Olins and Olins, 1974; Woodcock et al., 1976),

which is further organized into higher-order and often more compact structures.

Currently, one avenue of research in the field of chromatin biology is focused on
deciphering the mechanisms facilitating the higher-order organization of DNA from the
10 nm fiber into the 10,000 fold more compact metaphase chromosome. We propose that
insights into higher-order chromatin organization can be gleaned from the sweeping
changes that accompany senescence, in particular the formation of Senescence
Associated Heterochromatin Foci (SAHFs) and Senescence Associated Distension of
Satellites (SADS). Here, we review what is known about these structures, what these
changes can tell us about higher-order chromatin organization, and present preliminary

observations that suggest new insights on these topics.
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Heterochromatin Reorganization during Senescence: SAHF's

SAHFs are DNA dense heterochromatic regions which form at numerous sites
throughout the nucleus of many senescent human cell types (Narita et al., 2003; Swanson
et al., 2013). Prior efforts have also demonstrated that each heterochromatic focus
corresponds to one tightly compact chromosome territory marked by heterochromatin
proteins and histone modifications associated with gene silencing, including HP1,
H3K9Me3, H4 hypoacetylation, and MacroH2A (Adams, 2007; Funayama et al., 2006;
Narita et al., 2003; Zhang et al., 2005). In addition, work of others and our own
observations have shown that, when stained with DAPI, SAHFs appear similar in size
and shape to the inactive X chromosome found in female cells (Barr body) (Fig 3.1)
(Funayama et al., 2006; Narita et al., 2003), and contain several markers found on the
inactive X chromosome (Chadwick and Willard, 2003; Narita et al., 2006; Zhang et al.,
2005). Similar to the Barr body, it has also been shown that the satellite sequences
position at the periphery of SAHFs (Clemson et al., 2006; Funayama et al., 2006;
Swanson et al., 2013). While genes on the inactive X chromosome, independent of their
silencing state, are located on the periphery or outside of the Barr body, repeat ‘junk’
DNA is found in the interior (Chaumeil et al., 2006; Clemson et al., 2006). Furthermore,
it is currently unknown if this organizational pattern repeats in SAHFs, due to a lack of
rigorous studies on gene location in these bodies, but preliminary examinations have
suggested that SAHFs suppress expression of the cell cycle genes sequestered within

(Narita et al., 2003; Zhang et al., 2007a).
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In addition to not knowing the pattern of genic organization or even the specific
sequences that are reorganized into SAHFs, the precise role of SAHFs in senescence
remains poorly understood. For example, SAHF formation occurs relatively late during
the onset of senescence, does not form in every senescent cell or cell type (e.g. not
observed in murine or HGPS cells), and they have not been observed in vivo (Kennedy et
al., 2010; Kosar et al., 2011; Kreiling et al., 2011; Narita et al., 2003; Swanson et al.,
2013). It has also been shown that SAHF formation can occur in response to the
expression of oncogenic RAS in a senescence-independent manner (Di Micco et al.,
2011). SAHF formation is thus an interesting model of chromatin repackaging that
represents a dramatic gain of higher-order heterochromatin. However, its failure to occur
early and consistently in response to senescence brings into question the importance of

SAHFs in the senescence process.
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Figure 3.1: SAHFs Appear Similar in Size and Shape to the Barr Body. a) The XIST
RNA signal (red) shows the location of the Barr body (DNA DAPI, blue) in a cycling
Tigl fibroblast. b) The DNA DAPI staining from (a) is shown in grey scale to highlight
the size and shape of the Barr body. c-d) DNA DAPI staining (grey) of two senescent
cells with SAHFs, note the heterochromatin foci in these cells are similar in size and
shape to the Barr body from (b). €) A SAHF positive senescent cells with XIST painting

the Barr body.
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Loss of “Constitutive” Satellite Heterochromatin in Senescence: SADS

In contrast to SAHF formation, there are global chromatin changes that occur during
senescence that are more consistent with loss of heterochromatin. For example, it has
been shown that levels of the chromatin remodeling protein HMGA, which is typically
associated with open regions of DNA, are increased in senescent cells, whereas the
nucleosome linker histone, H1, is lost (Funayama et al., 2006; Narita et al., 2006).
Furthermore, genome-wide methylation patterns in senescent cells resemble those seen in
cancer cells (Cruickshanks et al., 2013), which are thought to be more open and less

heterochromatic (Carone and Lawrence, 2013; Pageau et al., 2007).

A more recent discovery supporting a loss of heterochromatin during senescence was our
observation that all of the normally compact a-satellite and satellite II sequences at each
peri/centromere dramatically distend in the senescence process, whereas other genomic
loci examined (e.g. telomeres and a randomly selected region on chromosome 21) do not.
This phenomenon, which we termed SADS (Senescence-Associated Distension of
Satellites), was first observed in a subset of Tig-1 fibroblasts hybridized with probes to a-
satellite or satellite II repeats (Figure 3.2a) (Swanson et al., 2013). Upon further
characterization, this distension was shown to be both specific and extremely consistent
for senescent cells based not only on SA-B-galactosidase staining, but also on BrdU
analysis of single cells for both replication and the presence of SADS (Swanson et al.,
2013). SADS were also observed in all forms of senescence induction examined,
including by the Ras oncogene, oxidative stress, the upregulation of the ubiquitin ligase

SMUREF2, and replicative senescence (Swanson et al., 2013). Unlike SAHFs, SADS were
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seen in all senescent human cell lines, in murine cells (MEFs), and in vivo in tissue
sections of a benign, human Prostatic Intraepithelial Neoplasia (PIN) (Swanson et al.,
2013). These data allow us to conclude that SADS is a consistent, potentially ubiquitous
new marker of senescence in single cells, but it also raises the intriguing possibility that
the reorganization of centromeric chromatin may be an integral part of the senescence

process.

While the specific mechanisms that underlie SADS formation remain to be determined,
this radical departure from ‘“constitutive” condensed structures of centromere-associated
heterochromatin may serve to strengthen the permanence of the senescent state by
blocking cell division. Consistent with this functional role, SADS formation occurs early
in senescence (beginning within 48 hours of the final cell cycle) and prior to SAHF
formation, which occurs later (Funayama et al., 2006; Swanson et al., 2013). We also
showed that CENP-B remains bound throughout the distended a-satellite repeats whereas
the centromere specific histone H3 variant, CENP-A, is not visibly distended but
decreases in senescent cells (Maehara et al., 2010; Swanson et al., 2013). Whether other
centromere-associated proteins are impacted by SADS formation and if the distension
directly contributes to blocking the continuation of the cell cycle by disrupting structural

integrity of centromeres remains to be addressed.

SADS and the Unraveling of Higher-Order Chromatin Folding

The formation of SADS also represents a potentially unprecedented higher-order

unfolding of the chromatin fiber in a mammalian cell nucleus on a scale visible by light
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microscopy. The evidence supporting that this is a “higher-order unfolding” rather than a
small-scale DNA condensation event (as occurs in transcriptional activation) is two-fold.
First, the compaction ratio of distended a-satellite DNA was found to be a minimum of
five times less than a-satellite regions in cycling cells. In fact, the compaction ratio of
SADS approached previously measured levels for genic DNA (Lawrence et al., 1990).
The loss of compaction, however, did not correlate with increased expression of satellite
RNA, and is distinct in both scale and function from the “opening” of chromatin linked to
transcription. While increases in satellite RNA expression have been reported 6-8 weeks
after the induction of senescence (De Cecco et al., 2013), we examined cells within ten
days, which could account for the contrasting results. Second, we noted that both the
DNA methylation pattern and the enrichment of several canonical heterochromatin
modifications (H3K9Me3, H3K27Me3, and to a slightly lesser extent H3K4Me3) in a-
satellite regions did not change during senescence despite the dramatic repackaging
(Swanson et al., 2013). This leads us to speculate that SADS likely represent a change in
the higher-order packaging of heterochromatin, which may be mediated by changes to

structural proteins such as lamins, as discussed below.

Changes in DNA Organization Occur while Many Histone Marks

Remain

Given the clearly apparent concentration of histone modifications, especially H3K9Me3,
in SAHFs by light microscopy, it might be expected that the epigenetic landscape of

histone modifications on genomic sequences would change dramatically. Surprisingly,
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ChiP-Seq analysis found very little change in the distribution of several heterochromatin
marks during senescence (Chandra et al., 2012; Swanson et al., 2013). This implies that
these marks are not redistributed throughout the genomic DNA during senescence as
might be expected; rather DNA containing these heterochromatin modifications appears

to aggregate within the nucleus to form heterochromatin bodies (SAHFs).

This question remains open, however, because recent work contrasts with results based
on the data from Chandra et al. Specifically, large scale changes to the chromatin
landscape of both the H3K27Me3 and H3K4Me3 histone modifications have been
observed, in which regions of these modifications in senescent cells are either increased
to form mesas or decreased to form canyons (Shah et al., 2013). These results could relate
to earlier microarray data showing that genes with differential expression in senescent
cells group together in blocks along the length of the chromosome (Zhang et al., 2003b).
We note, however, that in Shah et al. (Supplemental Figure 5) the percentage of the
genome either gaining or losing each histone modification is small and spread over large
continuous ranges, and western blot analysis for histone modifications shows no change
in the overall level of these modifications during senescence (Funayama et al., 2006;
Shah et al., 2013). It is therefore possible to speculate that small changes in histone
modification levels across the genome teased out by Shah et al. to form the canyons and
mesas within senescent cells went undetected by Chandra et al., who were examining the
genome for the type of gross overall changes that might be expected to occur during
SAHF formation. Hence, we suggest that both studies may be more compatible than it

appears and that these findings, together, with the large-scale cytological dimensions of
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chromatin unfolding inherent in SADS point to the likelihood that SADS formation

involves changes to the higher-order packaging of the genome.

The Nuclear Lamina and its role in Heterochromatin Organization

during Senescence

Lamin proteins are key structural components throughout the nucleus which together
form the nuclear lamina underlying the nuclear envelope. Furthermore, these proteins
have long been implicated in the organization of chromatin into higher-order structures
(Butin-Israeli et al., 2012). Since lamins interact with the Retinoblastoma protein (Rb), a
regulator of both senescence and heterochromatin, and LaminB1 levels decline
dramatically during senescence (Dorner et al., 2007; Freund et al., 2012; Gonzalo et al.,
2005; Marji et al., 2010; Shimi et al., 2011), the nuclear lamina may be a key player in
both SADS and SAHF formation. In fact, it was recently shown that SAHF formation is
aided by a decrease in LaminB1 (Sadaie et al., 2013). This is noteworthy and leads us to
suggest that in some SAHF positive cells the organization of heterochromatin is flipped
inside out as the peripheral heterochromatin compartment found in cycling cells may be
broken down and possibly reorganized into SAHFs (Figure 3.2 and 3.3). It has also been
demonstrated that pericentric heterochromatin (satellite DNA) is enriched in Lamin-
Associated Domains (LADs) (Guelen et al., 2008) and that the disruption of the nuclear
lamina can alter satellite organization (Taimen et al., 2009). While recent genome wide
analysis of LaminB1 did not address its binding to satellite DNA specifically, it showed

that during senescence, LaminBl1 is depleted from regions enriched in H3K9Me3 (Sadaie



101

et al., 2013), a histone modification known to be enriched in satellite DNA (Mikkelsen et
al., 2007; Rosenfeld et al., 2009). Interestingly, single cell analysis showed that LaminB1
loss occurs before SADS formation in over half of the cells, indicating that LaminB1
depletion may be one of the factors facilitating the repackaging of satellite DNA during

senescence (Swanson et al., 2013).
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Figure 3.2: Closer Inspection of Satellite Structure Reveals the Presence of DNA
Organized into Domains. a-b) Cycling (a) and senescent (b) Tig-1 fibroblasts have
dramatically different a-satellite (green) and satellite II (red) organization at the
resolution of light microscopy. However, closer inspection of grey scale images reveals
evidence of organization within each satellite signal, whereby senescent satellites are
organized such that globular domains are linked together by threads of more distended
DNA. c-d) Using a probe specific to chromosome 17 a-satellite sequence (green) the
signal appears punctuate in a cycling cell (c) but distends so that individual domains or
globules of still condensed DNA become more visible in senescent cells (d). e) Confocal
(left) and super resolution STED images (right) of chromosome 17 a-satellite in a cycling
cell. These images are shown below in gray scale to increase visibility of more condensed
domains (yellow arrows). f) Shows three chromosome 17 peri/centromeric a-satellite
signals (green) from two different cells. The confocal images are on the left and the super
resolution image is on the right. The yellow arrows point to some of the easily visible

domains that are linked together by threads of DNA.
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Figure 3.2: Closer inspection of Satellite Structure Reveals the Presence of DNA
Organized into Domains
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Preliminary Insights from a Closer Inspection of Satellite Structure

To further our understanding of the higher-order chromatin changes that occur during
SADS formation we have recently begun using super resolution light microscopy
(STED), which can resolve structures down to 30nm in size. While these observations are
preliminary, results raise the possibility that in both cycling and senescent cells,
Chromosome 17 a-satellite DNA may be organized into tightly compacted domains or
“globules” spaced by linker regions (Figure 3.2). The spacing between the compact
domains, however, appears different between the two cell types, such that in senescent
cells globular domains become further apart rather than clustered into a compact
conformation. We hypothesize that in cycling cells domains or globules may be held in
close proximity by an unknown factor that facilitates the higher-order organization of
each satellite. During the senescence process, these factors may be lost from satellites,
allowing the DNA linking the globular domains to extend into more linear
conformations. Interestingly, these conformations appear to resemble models of
chromatin organization predicted by chromatin conformation analysis (Bau et al., 2011;
Gibcus and Dekker, 2013; Rao et al., 2014). In these models, the genome is organized
into Topological Associated Domains (TADs) that are divided into subdomains based on
the distribution of architectural proteins, like cohesins, mediator, and CTCF, that work
independently or in combination to facilitate genomic organization (Phillips-Cremins et
al., 2013). Depending on the combination of architectural proteins present, the size of
these subdomains varies between less than 100 kb to greater than 1 Mb, which is loosely

in the range that we would predict based on our images and the average size of a block of
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tandem a-satellite repeat (2-4 Mbs) (Choo, 1997). Hence the loss of architectural proteins
may play a role in SADS formation, as cohesins are not recruited to pericentromeric
DNA during senescence (Wang et al., 2011). Moreover, recent reports in Drosophila have
also indicated that the loss of condensins, which play a role in higher-order chromosome
compaction and organization, results in a 10 fold increase in chromosome length (Bauer
et al., 2012). Hence, we speculate that the loss of architectural proteins mentioned above

in combination with LaminB1 may play a role in SADS formation.
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Figure 3.3: Underlying Chromatin Structure of Centromeres. a) Correlative light
microscopy and electron spectroscopic imaging (ESI) of three representative cycling and
senescent WI-38 cells. Cells were labeled with gold-conjugated CENP-B antibodies and
prepared for ESI. CENP-B fluorescence (red) was overlayed onto the low magnification
mass image (black and white) generating the correlative image. Higher magnification ESI
micrographs were taken of the corresponding CENP-B-containing structure (white box,
scale bar 0.5 um). Approximate boundaries of the centromere are indicated by a dashed
line. Arrowheads indicate gold particles. Arrows point to the heterochromatin at the edge
of the nuclear envelope (periphery). A higher magnification image of the region marked
by the dashed line is shown under the correlative image (Scale bar, 0.2um). In all ESI
images, chromatin is pseudo colored yellow and protein-based structures cyan. b) CENP-
B labeling (red) of cycling and senescent WI-38 cells. Scale bar, 5 um. c) Average
phosphorus density of the centromeric and surrounding chromatin, and heterochromatin
at the periphery of the nuclear envelope of the images shown in (a). d) Average thickness

of the peripheral heterochromatin of the images shown in (a).
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Figure 3.3: Underlying Chromatin Structure of Centromeres
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To examine the underlying chromatin structure of satellite-containing chromatin at high
molecular resolution, we performed a preliminary analysis of centromeres using electron
spectroscopic imaging (ESI). ESI is a specialized form of energy-loss transmission
electron microscopy that provides a direct and quantitative measurement of chromatin
density (Bazett-Jones and Hendzel, 1999; Dellaire et al., 2004). For example, integrative
phosphorus and nitrogen density analyses of ESI micrographs of senescent IMR90 cells
revealed differences in chromatin compaction within SAHFs as well as between SAHFs
and the surrounding chromatin (Chandra et al., 2012). Hence, we examined the
underlying chromatin structure of satellite-containing heterochromatin by obtaining ESI
micrographs from nuclei of cycling and senescent WI-38 fibroblasts labeled with gold-
conjugated CENP-B antibodies. As these images were obtained from 70 nm sections, we
were unable to observe the chromatin fibers linking the compact domains. We were,
however, able to observe the CENP-B-containing compact structures reminiscent of the
globules seen in the STED analysis. The average chromatin density within the CENP-B-
defined domain and the region surrounding it was determined by measuring the
phosphorus signal in the net phosphorus images (Figure 3.3a,c). The results affirm that
the compaction level of the satellite-containing chromatin domains are similar in the two
cell states; however, they are distinct from both the chromatin surrounding the
centromeres and the compact heterochromatin at the edge of the nuclear envelope (Figure
3.3a,c). This observation is consistent with our current hypothesis that the discrete

satellite-containing structures seen in cycling cells are comprised of globules tightly
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packed together that become more spaced out in senescent cells, giving rise to the

distended patterns seen in SADS.

We also observed that the chromatin surrounding centromeres in cycling and senescent
cells is different. In senescent cells, non-centromeric chromatin that does not include the
SAHFs appears as a mesh of loosely dispersed fibers, whereas the chromatin surrounding
centromeres in cycling cells is more compact. Indeed, a preliminary analysis of the
average integrative phosphorus density of this non-centromeric (surrounding) chromatin
reflects this observation as it is greater in cycling cells (21.7) compared to senescent cells
(11.4) (Figure 3.3a,c). It should also be noted that although the volume of a senescent
nucleus is larger than that of a cycling cell, we did not observe a clear correlation
between nuclear volume and average integrative phosphorus intensity values. We
determined the fold change in chromatin compaction between cycling and senescent
centromeres, surrounding chromatin, and peripheral heterochromatin to be 1.3, 1.9, and
1.0, respectively. Since the fold change is domain specific, the dispersed chromatin
surrounding centromeres in senescent nuclei may not solely be attributed to increased
nuclear size, but rather to global changes in chromatin organization. Interestingly, in our
preliminary examination, peri/centric heterochromatin often appeared less compact than
peripheral heterochromatin in both cycling and senescent cells, suggesting that not all
constitutive heterochromatin domains contain the most highly compact chromatin in the
nucleus (Figure 3.3a,c). Finally, we observed that the thickness of the heterochromatin
compartment at the nuclear periphery is reduced in the senescent cells examined here

with an average thickness of 200 and 100 nm for cycling and senescent cells, respectively



110

(Figure 3.3a,d). Despite the thinning of peripheral heterochromatin, the chromatin
compaction within this region did not appear to change as the average integrated
phosphorus values are 53 in cycling and 50 in senescent cells (Figure 3.3a, ¢). The loss
of peripheral heterochromatin in senescent cells suggested here helps to reinforce the
previously mentioned possibility that peripheral heterochromatin is relocating to the
interior of senescent nuclei and this process could be facilitated, at least in part, by
LaminB1 depletion. Taken together, these results illustrate numerous differences in
chromatin organization between cycling and senescent cells that when coupled with
advanced imaging techniques such as ESI provides a rich opportunity to reveal properties

of higher order chromatin architecture.

Conclusion

Senescence is accompanied by a multitude of changes to the packaging of DNA
including the loss of higher-order chromatin packaging during SADS formation, the
reorganization of chromatin into SAHFs, and the breakdown of the nuclear lamina. Not
only are these changes important to the biology of senescence and may help contribute to
the permanence of the senescent state but they also provide a potential model to study
higher-order chromatin packaging. Since the packaging and organization of DNA from
the 10 nm fiber to the metaphase chromosome remains a mystery new ways to examine
these questions are needed. As the preliminary images shown here help to illustrate the
dramatic changes that occur to heterochromatin during senescence we suggest that they
may provide a foundation to enable new insights into the organization of higher-order

heterochromatin.
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Chapter IV: Initial Investigation of Proliferation Defects in

Cultured Down Syndrome Cells

This chapter will explore if the proliferation defects observed in previous studies of
Down syndrome are caused by increased levels of cell senescence and will be broken
down into three parts. The first is a review of the literature that analyzes known cellular
and clinical observations of Down syndrome with regards to cell senescence. The second
part describes preliminary experimental results to address whether the proliferative
defects of Down syndrome cells may be caused by increased levels of cell senescence,
potentially due to increased levels of oxidative stress, and includes proposals for
additional experimentation. Lastly, as part of this study we examined microarray data for
expression profiling originally obtained to assay the effectiveness of silencing the extra
21* chromosome in DS iPSCs (Jiang et al., 2013). While we did not find any differences
indicative of increased levels of senescence in this data set, possibly because pluripotent
cells are by definition self-renewing and therefore a challenging system to study cell
senescence in, other gene expression differences between DS and functionally disomic

iPSCs were analyzed.

Synthesis of DS Literature With Regards to Cell Senescence

Down syndrome (DS) is one of the most common genetic causes of intellectual disability
affecting 1 in every 700 live births in the United States. This disorder, first characterized
by John Langdon Down in 1866, is caused by an additional 21* chromosome resulting in

the over-representation of approximately 500 genes (Down, 1866; Lejeune, 1959). While
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it is still unknown and a subject of great debate as to how individual genes, or groups of
genes, contribute to DS cell pathologies and phenotypes, what is known is that Down
syndrome individuals have a characteristic appearance including, small heads and ears,
flat face, cleft palms, and shortened stature. In addition, congenital heart defects are
present in half of all cases and immune and endocrine, particularly thyroid, deficiencies
are common. Furthermore, the intellectual disability in individuals with DS ranges from
mild to severe, and they commonly display impaired cognitive and mental capabilities, as

well as language and verbal deficiencies (Patterson, 2009; Zigman, 2013).

During the mid-20™" century nearly 50% of individuals with DS did not survive past the
age of one and others often died at young ages. However, with modern medicine the life
expectancy for DS has reached 60 years, but with increased life expectancy many
premature aging phenotypes have emerged (Zigman, 2013). For example, it has been
noted that half of DS patients in their fifties have osteoporosis (Steingass et al., 2011) and
vision and hearing loss is also common at this age (Van Buggenhout et al., 1999).
Another well documented aging phenotype affecting DS patients is dementia. While
cases in individuals as young as 30 have been reported, the mean age of onset of
Alzheimer’s disease (AD) in DS patients is 50, and by age 60, over three-quarters of the
DS population suffers from it (Head et al., 2007). Interestingly, amyloid-p (AB) plaques
which are strong indicators and a possible cause of AD, are prevalent in DS individuals in
their 30s and in nearly all DS individuals by 40 years of age, often before clinical
symptoms and AD diagnosis (Mann, 1989; Wisniewski, 1985). The increase in the

production of AP peptide in DS individuals is thought to occur, in part, due to the
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increased expression of the amyloid precursor protein (APP) encoded on chromosome 21

(Hardy and Selkoe, 2002).

In addition to a third copy of APP, AD phenotypes are thought to be accelerated by
increased levels of oxidative stress in individuals with DS (Cenini et al., 2012; Jovanovic
et al., 1998). However, oxidative stress is not just a problem exclusive to later in life, as
increased levels of oxidative stress have been found in utero of DS fetuses and in young
DS mouse models (Ishihara et al., 2009; Perluigi et al., 2011; Perrone et al., 2007; Slonim
et al., 2009). One potential cause for this increase is dysfunction in DS mitochondria
from an early age. In fact, DS mitochondria have lower levels of key electron transport
chain complexes resulting in higher production of free radical ROS (Valenti et al., 2011).
Increased levels of oxidative stress may also be caused by increased expression of SOD-
1, a chromosome 21 gene responsible for metabolizing free radicals into hydrogen
peroxide (Anneren and Epstein, 1987; de Haan et al., 1996; Feaster et al., 1977;
Gulesserian et al., 2001). These radicals when not reduced can disrupt cellular functions
and cause increased levels of DNA damage and subsequent activation of the senescence

response.

Children with DS also have an increased risk to develop myeloproliferative disorders
(Roy et al., 2009), which leads to 20-40 fold higher risk of Acute Myelogeous Leukemia
and a remarkable 500 fold increase in Acute Megakaryoblastic Leukemia (Hasle et al.,
2000). While it has received less attention, a remarkable “benefit” to trisomy 21 is that

individuals with DS have a striking resistance to developing most types of solid
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malignant tumors (Henrik, 2001; Nizetic and Groet, 2012). For example, there is a
notable absence of breast cancer in DS females (Hasle et al., 2000) and a complete lack
of neuroblastomas with zero cases of DS reported among the 6,724 infants with this type
of cancer (Satgé et al., 1998). This profound lack of solid tumors has also been
recapitulated in DS mouse models (Sussan et al., 2008; Yang and Reeves, 2011). One
possible explanation for this tumor resistance is the inhibition of angiogenesis due to the
overexpression of chromosome 21 gene RCAN1 (Baek et al., 2009; Minami et al., 2004;
Reynolds et al., 2010). While the inhibition of angiogenesis, a process crucial to tumor
growth, may play a part in tumor resistance, this would not protect against mutations
involving tumor suppressors or oncogenes that lead to the tumorigenic conversion of
individual cells. Given that hindering angiogenesis does not inhibit tumor initiation, it is
of interest that other work in DS mouse models reported that the increased expression of
Ets2, a chromosome 21 gene linked to increased levels of senescence, prevents both
tumor formation and growth (Sussan et al., 2008). Despite these individual studies the
question of what leads to lower incidence of solid tumors is far from resolved, and one
major hypothesis has not been explored: that this reflects an increased sensitivity to cell

sencscence.

There is also evidence that proliferation defects impact some DS cell types, which may
be due to increased levels of senescence. For example, DS patient’s brains display
hypocellularity that occurs due to poor cell proliferation during embryogenesis (Guidi et
al., 2011). Defects in cell proliferation have also been reported in cultures of DS

fibroblasts (Kimura et al., 2005) and it has been suggested that the hematopoietic stem
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cells may be both deficient in number and have shorter telomeres in DS patients (Holmes
et al., 2006). It has also been reported that the rate of telomere loss is accelerated in DS
lymphocytes in vivo in comparison to age matched normal controls (Vaziri et al., 1993).
Considering that shortened telomeres are indicative of senescence it is surprising that
only one report in mouse Ts65Dn fibroblasts showed increased levels of cell senescence

(Contestabile et al., 2009).

Further plausibility for a role of cell senescence in DS is provided by analysis of
chromosome 21 gene functions. For example, DYRKI1A has been shown to inhibit the
proliferation of neuronal cells by phosphorylating p53 (Litovchick et al., 2011; Park et
al., 2010) and has also been implicated in neurodegenerative diseases, like AD,
characterized by increased levels of senescence (Wegiel et al., 2011). In addition to
DYRKIA, Ets2 a tumor suppressor gene expressed in response to oxidative stress can
upregulate p16 expression to initiate senescence (Barradas et al., 2002; Lim et al., 2011;
Sanij et al., 2001). Finally, increased expression of Usp16 which blocks the degradation
of p16 and inhibits cell proliferation has been shown to promote senescence in a large

variety of DS progenitor cells and fibroblasts (Adorno et al., 2013).

Despite the above information synthesized from a thorough analysis of several decades of
literature on Down syndrome and chromosome 21 encoded genes, the possibility that cell
senescence is an important contributor to one or more major aspects of the Down
syndrome phenotype is not widely discussed or considered among researchers in this

field. However, considering that DS is characterized by cell proliferation defects, early
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onset of aging, resistance to solid tumors, and higher levels of oxidative stress, all
phenotypes that have been linked to senescence in other contexts, we hypothesize that
increased sensitivity to senescence may be one of the driving physiological processes that
underlie aspects of the DS phenotype. Accordingly, the next section presents preliminary

evidence and suggests additional experiments to address this hypothesis.

Preliminary Results and Proposed Experiments

Proliferation Defects in Cultured DS Pluripotent Stem Cells

Additional, evidence that trisomy 21 directly causes reduced cell proliferation came from
an analysis of a novel system of DS iPSCs capable of effectively silencing the extra 21%
chromosome through the doxycycline inducible expression of a targeted XIST construct
(Jiang et al., 2013). We noted that in iPSCs cultures treated with doxcycline for just one
week, cell numbers in the functionally disomic lines were increased by 18-34% in six
independent sub-clones when compared to identical cultures of trisomic (no dox) controls
(Figure 4.1a)(Jiang et al., 2013). Subsequent, analysis of this proliferation defect using
BrdU labeling (for DNA replication), in two sub clones (3258-9 and 3131D-2), revealed
that an additional 6-11% of cells were in S-phase in the silenced cultures (Figure 4.1b).
These results indicate that the proliferation defect in the trisomic iPSCs is likely due to

either a slower cell cycle (e.g. longer G1) or increased levels of senescence.

As SADS analysis revealed that some cells at the edge of the iPSCs colonies were
senescent (Figure 4.1c), we compared both the uncorrected trisomic iPSCs and corrected,

functionally disomic, iPSCs for increased levels of senescence. However, these results
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proved inconsistent because a decrease in SADS positive senescent cells was observed in
clone 3258-9 upon doxcycline treatment (and silencing the extra 21st chromosome),
consistent with our hypothesis, whereas in clone 3131D-2 the opposite was observed
(Figure 4.1d). However, the analysis of senescence in iPSC cultures is complicated by the
fact that there are varying levels of differentiated cells around the periphery of each
colony and between cultures. As these putative differentiated cells often appeared
senescent, future studies could use a differentiation marker in conjunction with SADS
analysis to assay the numbers of differentiated cells that are senescent between
conditions. This may show that the differentiated uncorrected DS iPSCs senesce with
higher frequency. Alternatively, the slower proliferation of pluripotent trisomic cells may
occur for other reasons distinct from cell senescence, and the frequency of senescent cells
in iPSC culture may prove independent of the number of actively expressing 21st

chromosomes.
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Figure 4.1 Proliferation Defects are Present in DS iPSCs. a) Corrected functionally
disomic DS iPSCs clones grew faster than either of the trisomic controls (marked CTL)
(Jiang et al., 2013). b) A 20 minute BrdU pulse in two clones of DS iPSCs treated with or
without doxycycline (Dox) revealed that more cells were in S-phase in the doxycycline
treated functionally disomic cultures. c-d) a-satellite (green) and satellite II (red) DNA
FISH in DS iPSC cells show that SADS positive senescent cells (c, bottom left) can be
found on the periphery of iPSC colonies. These results are quantified in (d) for two

different clones treated with or without doxycycline.



119

Figure 4.1 Proliferation Defects are Present in DS iPSCs
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Initial Examination of Senescence Levels in Differentiated Trisomic iPSCs

Since initial results comparing the level of senescence in silenced functionally disomic,
versus unsilenced trisomic iPSCs were inconclusive we next performed a pilot
experiment to examine levels of senescence in randomly differentiated 3131D-2 DS
iPSCs. These cells were treated with doxcycline for 10 days to insure complete silencing
before they were allowed to differentiate into random cell lineages (by removing FGF
and knockout serum from the iPSC media), under the continued presence of doxycycline.
After five days of undirected differentiation we did not observe a difference in the
frequency of senescent cells between the doxycycline treated and untreated DS cells, as
judged by the presence of SADS and SA-B-galactosidase staining (Figure 4.2a,b).
Although there was no difference between the two conditions, surprisingly high levels of
senescence were observed in both the trisomic and effectively disomic cells and prior
experimentation showed that the cultures became almost entirely senescent after ten days
of random differentiation (data not shown). We theorize that these cells may be senescing
due to culture stress, perhaps from the lack of factors necessary for the cell types into
which they are randomly differentiating. This may be a significant observation for
general studies using the undirected differentiation of ES cells, as it is unknown if this
senescence response occurs in normal cells too. Hence, future studies that allow both
corrected and uncorrected DS iPSCs to differentiate through embryoid bodies directed
with lineage-specific factors would be more interpretable and may result in reproducible

differences in the number of senescent cells.
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Interestingly we also observed that in some cells the distended satellites appeared
particularly thread like and oriented around the nucleolus in both culture conditions. This
interesting pattern was not observed in previous fibroblast studies (Figure 4.2c¢).
However, it is not known why this organization occurs in randomly differentiated DS

1PSCs.
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Figure 4.2 Cultures of Differentiated Corrected and Uncorrected DS iPSCs Show
Similar Frequency of Senescent Cells. After ten days of doxycycline treatment and five
days of undirected differentiation SADS (a) and SA-B-galactosidase (b) analysis show
little difference in the frequency of senescent cells between conditions. c-d) A subset of
undirected differentiated DS iPSCs have dramatically distended thread like satellites
(arrow) that extend outwards towards the periphery from the nucleolus as revealed by
DNA FISH to a-satellite (green) and satellite II (red). Both functionally disomic (No
Dox) and trisomic (Dox) DS iPSCs differentiated into neuronal cells were cycling with
similar frequencies based on BrdU analysis (e) and had very few senescent cells as

judged by SA-B-galactosidase staining (f,g).
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Figure 4.2 Cultures of Differentiated Corrected and Uncorrected DS iPSCs Show
Similar Frequency of Senescent Cells
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In addition to randomly differentiated cells, we also performed a preliminary assessment
of senescence levels in one readily available sample of cultured neuronal precursors, with
and without XIST-mediated chromosome silencing. In these cultures, similar numbers of
cells were in S-phase in each condition as revealed by a six hour BrdU pulse, and very
few but equal numbers of these cells were senescent as judged by SA-B-galactosidase
staining (Figure 4.2¢,f). As increased levels of senescence were not seen in these trisomic
neural precursors, there may not be a difference in initiation of the senescence program in
this cell type and stage. However, examining different cell lineages or culturing the
neuronal precursors or more fully differentiated neuronal cells for longer could reveal

differences in the number of senescent cells.

Oxygen Level Impacts DS Cell Proliferative Capacity

The Lawrence lab previously noted differences indicative of increased cell senescence in
the culture of both human and DS mouse (Ts65Dn) fibroblasts. This was recapitulated
here, as multiple human DS fibroblast samples were found to have reduced proliferative
potential compared to normal fibroblast lines when cultured at any oxygen condition, and
the extent of this ranged from mild to severe (Figure 4.3a). Similarly, Ts65Dn tail tip
fibroblasts often appeared to have senescent cell morphology and defective proliferation.
As these results support our hypothesis of increased senescence in DS fibroblasts, an
important question which has not been considered or addressed in prior studies is whether
there could be a link between increased cell senescence in Down syndrome and increased
sensitivity to long term oxidative stress. To test this we compared DS and normal

fibroblasts lifespans under physiological (5% O,) and atmospheric (20% O,) conditions.
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When DS fibroblasts are cultured at physiological oxygen levels (5%), beginning with
the earliest available passage, results suggested that some lines were more sensitive to
oxygen level as they continued to proliferate and avoid senescence for extended periods
of time when compared to cultures of normal fibroblasts grown in parallel (Figure 4.3a).
This result was especially apparent in the DS fibroblast line AG13902 and less so in
GMO2508 cells, a third line (GM0O2067) was also used, but its cells failed to proliferate

and senesced almost immediately independent of oxygen conditions (Figure 4.3a).
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Figure 4.3 Higher Oxygen Levels Negatively Affect DS Cell Proliferation. a) The
total proliferative potential measured by the passage number in which cultural senescence
occurs for representative DS fibroblast lines in comparison to normal Tigl fibroblasts.
The percent increase in the number of additional passages gained by culturing cells in
physiological conditions is also shown. b) DS iPSCs lines proliferate more rapidly when

placed in low oxygen conditions over 10 days (cell number=x*10°).
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Figure 4.3 Higher Oxygen Levels Negatively Affect DS Cell Proliferation
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To further this experiment and to attempt to generate more conclusive results, controlling
for oxygen levels from the initial generation of individual cell lines would be optimal.
Hence, we propose to use the same experimental setup as described previously, but to
harvest embryonic MEFs from normal and Ts65Dn littermates in order to insure that all
cell lines are treated equally and come from a similar genetic background. As normal
MEFs cultured in physiological oxygen conditions avoid senescence even though they
express both p16 and p19 (Parrinello et al., 2003) it would be of particular interest to see
if the Ts65Dn MEFs act similarly. Furthermore, if the Ts65Dn MEFs grown in
atmospheric oxygen conditions immortalize at a lower frequency than their normal
counterparts it would suggest that DS cells may contain a mechanism for enhanced
maintenance and regulation of the key tumor suppressing genes required for senescence

and the prevention of cancer.

We also observed that when we placed DS iPSCs in physiological versus high oxygen
levels and examined proliferation over the course of ten days the cells in physiological
oxygen levels proliferated faster than the parallel cultures placed in atmospheric
conditions (Figure 4.3b). This suggests that culturing cells at atmospheric oxygen
conditions hampers the proliferative potential of DS iPSCs, a result that may be
attributable to an inability of DS cells to handle increased rates of oxidative stress leading
to accelerated entry into senescence. However, this study should be repeated in parallel
with DS iPSCs that have silenced the extra 21* chromosome to see if the proliferation

defects associated with growing these cells in high oxygen are mitigated.
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Pathway Analysis of Microarray Expression Data in Down Syndrome
iPSCs

While it was previously shown that the collective transcriptional output of Chromosome
21 genes was reduced to near disomic levels (Jiang et al., 2013), an in-depth analysis of
gene expression changes across the genome has not been published. Here we summarize
findings from more in-depth analyses focused on pathways relevant to the aspects of

Down syndrome cell biology discussed throughout this chapter.

Expression Profiling does not Show Increased Levels of Oxidative Stress in
Uncorrected DS iPSCs

Increased levels of oxidative stress in Down syndrome individuals has been suggested to
cause mitochondrial dysfunction and early aging phenotypes including early onset
dementia and senescence (Coskun and Busciglio, 2012; de Haan et al., 1996). This is
hypothesized to occur, in part, because of increased levels of free radicals generated by
the overexpression of chromosome 21 gene SOD-1 and the lack of compensatory
response in Catalase (Cat) and glutathione peroxidase (GPx)(de Haan et al., 1996;
Perluigi and Butterfield, 2011). Further, genome wide expression analysis on amniotic
fluid comparing DS and normal fetuses showed that oxidative stress genes are differently
expressed in trisomic individuals (Slonim et al., 2009), and other work reported that
oxidative stress genes, particularly Cat, are overexpressed in DS iPSCs and neuronal stem
cells in comparison to disomic lines (Weick et al., 2013). However, our analysis revealed

that SOD-1 expression does not significantly change between disomic and trisomic cells
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(Table 4.1). In addition, we do not see significant change in Cat expression, despite
previous reports, and pathway analysis did not suggest that that there were changes in the
overall oxidative stress response (Table 4.2). In agreement with our findings, our analysis
of recent microarray experiments in iPSCs from monozygotic twins discordant for

trisomy 21 did not see differential expression in SOD-1 and Cat (Hibaoui et al., 2013).

An Examination of Several Significantly Perturbed Pathways in DS iPSCs

In addition to our pathway analysis not revealing any statistically significant changes to
oxidative stress related pathways or genes, we did not observe any changes in senescence
related pathways or individual genes (Table 4.1 and 4.2). However, analysis of our
microarray data revealed that gene-sets differentially regulated between effectively
disomic and trisomic iPSCs cells often contain genes that have been linked to the hypoxia
response and the gene encoding hypoxia-inducible factor one, alpha (HIF-1a)(Table 4.2).
Under hypoxic conditions this transcription factor is not degraded and plays a role in
mediating cell proliferation through p21, angiogenesis, and metabolism (Semenza, 2013),
all processes that have been suggested to be altered in DS (Contestabile et al., 2009;
Helguera et al., 2013; Reynolds et al., 2010). Upon initial examination, it appeared
unlikely that hypoxia could be responsible for these changes, as the DS iPSCs in this
study were cultured under atmospheric oxygen conditions (20% O,) and hypoxic
conditions occur at <1% O,. However, we still examined our data to determine whether
HIF-1a RNA and the genes that play a role in degrading the HIF-1a protein under normal
conditions (Semenza, 2013) are differentially expressed in trisomic cells. We found that

the only significant expression difference occurred in PHD2 (EGLN1), one of three genes
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responsible for initiating the degradation of HIF-1a. As PHD2 expression is increased in
corrected cells the degradation of HIF-1a protein may be reduced in DS individuals. As a
result of this finding, we examined a variety of HIF-1a targets and noted that p21 and
VEGF, a factor key to angiogenesis, are not significantly changed. Interestingly, several
genes that were significantly changed in these sets are associated with the mitochondria
and aerobic metabolism, particularly PDK1, and BNIP3 (Table 4.1). Considering that DS
patients have recently been reported to have abnormal mitochondria (Helguera et al.,
2013), the differential expression of these genes may help explain the differences seen in

the hypoxia-related gene-sets.

Gene set analysis also revealed significant differences in several sets comprised of genes
that are expressed at higher levels in ES cells as compared to differentiated cell lines
(Table 4.2). We observed that the uncorrected DS iPSCs expressed higher levels of these
factors than corrected, functionally disomic cells. Interestingly, increased expression of
genes characteristic of stem cells may hamper stem cell differentiation and explain why
trisomic iPSCs differentiated into neuronal precursors slower than corrected DS iPSCs
(Jiang et al., 2013). In addition, the poor differentiation of DS iPSCs may help to explain
DS phenotypes such as hypocellularity of brain (Contestabile et al., 2009; Guidi et al.,

2011).
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Table 4.1. Changes in Gene Expression upon Trisomic Correction. The genes listed
here are selected due to their known relationship to cell senescence, oxidative stress, or
hypoxia. Positive numbers correlate to increased expression in the corrected functionally

disomic lines. Bolded changes are statistically significant.



Table 4.1. Changes in Gene Expression upon Trisomic Correction

Gene Symbol Chromosome | Fold Change Log P
2

Ocxidative Stress
SOD1 chr21 -0.10903 1.97E-01
CAT chrll -0.01040 9.13E-01
GPX1 chr3 0.02087 7.75E-01
Hypoxia
HIF1A chrl4 -0.00967 9.25E-01
EGLNI1 (PHD2) | chrl 0.27290 1.03E-02
EGLN2 (PHD1) | chrl9 -0.11910 7.40E-02
EGLN3 (PHD3) | chrl4 -0.46909 5.17E-07
VEGFC chr4 0.33261 2.33E-02
VEGFA chr6 0.14334 1.96E-01
VEGFB chrll 0.04112 5.05E-01
CDKNIA (p21) chr6 -0.04791 7.46E-01
PDK1 chr2 0.65543 2.00E-08
BNIP3 chrl0 -0.24994 1.42E-03
ES Cell
AMDI1 chr6 -0.43193 2.76E-06
Senescence
CDKN2A (p16) chr9 0.28605 1.51E-01
TP53 (p53) chrl8 -0.03344 7.33E-01
RB1 chrl3 0.43821 2.04E-02

133
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Table 4.2. Gene Set Analysis. The pathways included here are significantly perturbed
when comparing between both the trisomic and the corrected DOX treated, functionally
disomic iPSCs, (w/Dox). Bold numbers are significant p<.01. Oxidative stress and

senescence related pathways were not significantly different and are not included here.



Table 4.2. Gene Set Analysis
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# of Up Down
Gene Sets Genes w/Dox w/Dox
Pluripotency
BENPORATH ES 1 370 0.6534 0.0001
BENPORATH ES 2 39 0.9943 0.0001
Hypoxia
ELVIDGE HIF1A TARGETS UP 65 0.9912 0.0001
FARDIN HYPOXIA 9 7 0.0001 0.7382
ELVIDGE HIFIA TARGETS DN 90 0.0154 0.2758
Cysteine and Methionine Metabolism
KEGG_CYSTEINE_AND METHIONINE METABOLI
SM 34 0.2287 0.0001
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We also noted that the cytosine-methionine pathway which plays a role in the synthesis
of the two amino acids in its name as well as S-adenosyl methionine (SAM), which
serves a methyl group donor, was upregulated in uncorrected, trisomic, DS iPSCs.
Interestingly overexpression of DYRK1A, a chromosome 21 gene, has been shown to
play a role in upregulating this pathway (Noll et al., 2009). The upregulation of this
pathway, which includes DNA methyltransferases, could then be connected to a variety
of other DS phenotypes reported in the literature including increases in global DNA and
mitochondrial methylation (Infantino et al., 2011; Jin et al., 2013). It is also worth noting
that, the AMD1 gene is the most differently expressed (increased in trisomic lines)
member of this pathway. This is of note because AMDI is required for stem cell self-
renewal (Zhang et al., 2012) and may provide additional explanation as to why
uncorrected DS iPSCs differentiate into neuronal precursors at a slower rate when

compared to functionally disomic DS iPSCs (Jiang et al., 2013).

Concluding Remarks

The analysis of DS literature presented here provides an abundance of evidence to
suggest that there may be increased levels of senescence in Down syndrome patients, and
that this hypothesis merits further consideration. However, the potential role(s) of
increased levels of cell senescence in DS has not been significantly studied in any
context. While our initial efforts examining a variety of DS cells did not reveal an
increase in senescence, they did reveal proliferation defects in Down syndrome cultures
that can be exacerbated by increased oxygen concentrations. Considering that visual

evidence suggests that this difference does not appear to be due to apoptosis, further
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experimentation is necessary to rule out the role of senescence in the slower proliferation

rate observed for DS cells.

Furthermore, as increased levels of oxidative stress is supposed to contribute to both
aging and increased incidence of senescence it was of great interest if our microarray data
could recapitulate prior observations showing an imbalance between SOD-1 and GPX
and Catalase. However, unlike what was previously reported (Weick et al., 2013), there
was no difference in SOD-1, GPX, and Catalase levels between effectively disomic cells
and their isogenic trisomic counterparts. This disagreement likely occurs, in part, because
the Cat gene has one of the largest variances in expression between normal ES and iPSC
lines cultured in similar conditions (Bock et al., 2011). Finally, based on analysis of
expression profiling, and recent work detailing disruptions to the mitochondria in DS
(Helguera et al., 2013), the potential role of mitochondrial dysfunction should be further

examined in this context.

Materials and Methods

Cell Culture

DS iPSCs were cultured as described in Jiang et al. (Jiang et al., 2013). Non-directed
differentiation of DS iPSCs was performed by culturing the cells in KO DMEM F12 with
20% fetal bovine serum, .1% Non-essential amino acids, and .ImM BME. The
differentiation of these cells into neuronal precursors was also performed as described
previously (Jiang et al., 2013). Silencing of the extra 21* chromosome in the DS iPSCs

was accomplished by using 500 ng/mL doxycycline over the course of ten days. Tigl
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fibroblasts and DS fibroblasts (AG13902, GM02508, GM02067) (Coriell) were grown
in MEM with 15% FBS, 1% L-glutamine, and 1% Pen/Strep. Cells were serially
passaged in either low/physiological oxygen conditions (5% O,) or atmospheric
conditions (20% O,). BrdU analysis was performed as described in Swanson et al.

(Swanson et al., 2013).

Detection of Senescence Markers
SA-B-galactosidase staining and SADS analysis and image acquisition was performed as

described previously (Swanson et al., 2013).

Microarray Analysis

The raw array data were normalized using the Robust Multichip Average method
(Bolstad et al., 2003) in R (Team, 2008). The limma (Smyth et al., 2005) package was
used to fit linear models for calculation of differential gene expression. The linear model
was: y ~ O+xist:dox + clone, where each factor, except “clone”, can be either true or
false. The “clone” variable enforces explicit pairing between treated and untreated clonal
partners: the resulting empirical Bayes-moderated t-tests are, therefore, paired t-tests. For
comparison, we calculated t-scores for this model without including the no xist'no dox
and no xist'dox parameters, thereby ignoring the effect of doxycycline on trisomic cells
with no exogenous chromosome 21 XIST gene. In order to detect expression
perturbations due to trisomy 21 at the level of gene-sets, we used the ROMER (Majewski
et al., 2010) function of limma (Smyth et al., 2005) to test whether gene-sets from the

curated (C2) collection at the MSigDB (v. 4.0) (Subramanian et al., 2005) are up-
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regulated, down-regulated or differentially expressed without a bias in direction. We used
10,000 random rotations with the “mean50” function applied to t-scores as the summary

statistic.
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Concluding Remarks and Future Directions

The work presented here demonstrates a new and fundamental property of senescent
cells: the formation of Senescence Associated Distension of Satellites or SADS. This
phenotype, which may be functionally linked to the cessation of cell division through the
disruption of normal centromere and kinetochore structure, could also be important to the
study of chromatin organization as this cytological-scale change is an unprecedented
example of facultative heterochromatin loss. Lastly, it can serve as a marker of
senescence as it is a defining and ubiquitous feature characteristic of all senescent cells

observed to date.

SADS: Do They Reflect, Reinforce, or Contribute to Cell Senescence?

One could envision that this substantial change in the structure and packaging of a-
satellite and satellite II sequences at the peri/centromere may contribute to the inhibition
of cell cycle progression and help to establish the permanence of senescence. However,
we remain uncertain as to how these currently inseparable processes relate: do SADS
play a role in initiating the senescence process or is this marked epigenetic change the
result of cell senescence? This chicken or egg question is challenging to elucidate but is
compelling given that we show SADS to be an early and very consistent event in the
senescence process. This challenge arises because perturbing many of the factors that
may play a role in inducing SADS formation also induces cell senescence, making it
difficult to separate the two processes. For example, we suspect that the loss of LaminB1

may play a role in SADS formation (as discussed in Chapters II and III) but since
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knocking down or overexpressing levels of LaminB1 results in senescence (Dreesen et
al., 2013; Shah et al., 2013; Shimi et al., 2011), this will likely not resolve if SADS form

in response to changes in LaminB1levels or the onset of senescence itself.

Another example of being unable to assay when SADS form in relation to senescence
occurs with manipulations to a protein family that could play a role in facilitating SADS
formation. HMGA family proteins are architectural chromatin factors normally
associated with open chromatin that can organize large-scale domains of DNA (Reeves,
2010). This family of proteins also contains three characteristic AT-hook domains that
bind to the minor grove of DNA within AT rich sequences (Reeves, 2001), a motif that is
enriched in satellite DNA. Hence, these proteins may play a role in SADS formation
because levels of HMGA increase with senescence and help to reinforce the state of
permanent cell cycle arrest (Narita et al., 2006). While it would be logical to ectopically
express HMGA in cycling fibroblasts to determine if it plays a role in SADS formation,
its overexpression can cause senescence (Narita et al., 2006). Once again, this would
make it difficult to determine if increased levels of HMGA are key to SADS formation or
if SADS form in response to the onset of senescence. What is clear and exciting from this
challenge, however, is that SADS and cell senescence are very tightly linked and difficult

to separate.

Heterochromatin Changes Characteristic of SADS

Here we showed that satellite distension represents a fivefold loss of DNA compaction

that is much larger in scale than changes in chromatin packaging associated with gene
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expression. Hence, it was surprising that despite these cytological scale changes to
satellite DNA, levels of canonical histone modifications (H3K9Me3, H3K27Me3, and
H3K4Me3) did not change in our analysis of published data on senescent cells (Figure
2.7d)(Chandra et al., 2012). Further highlighting this, loss of DNA methylation on
satellites in ICF cells did not result in distension of interphase satellites and a DNA
methylation-sensitive Southern blot for both cycling and senescent cells did not reveal

notable differences in methylation patterns (Figure 2.7g,h).

In addition, our work shows that SADS formation occurs within 48hours of the last S-
phase in a process that is independent from both the remodeling of chromatin into SAHFs
and other heterochromatin loss that occurs throughout the genome much later in
senescence (Figure 2.2, 2.3, 2.S1, 283)(De Cecco et al., 2013; Funayama et al., 2006;
Narita et al., 2003). While the changes observed in satellite packaging appear unique and
may serve as a model to illuminate higher-order chromatin folding above the 10 nm fiber,
probing SADS with genome wide approaches like chromosome conformation capture (to
assay differences in the interactions and looping of satellites in cycling versus senescent
cells) are technically challenging due to the highly repetitive and often unannotated
sequences that comprise satellite DNA. However, initial super resolution microscopy
images appear to support that this chromatin comprises a series of globular domains that
become apparent as the links between them distend and linearize in senescent cells.
Finally, our findings point to the possibility that some factor(s) is perturbed in satellite
sequences at the onset of senescence which normally plays a role in maintaining the

higher-order heterochromatin structure observed in cycling cells.
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Expanding SADS as a New Marker of Senescence

The work presented here establishes SADS as a reliable single-cell marker of senescence
that unlike other markers has been characteristic of every type of senescence examined,
including in vivo. Consequently, we have already applied SADS as a marker for
senescence in DS (Chapter IV), and preliminary collaborative efforts have used this
marker to identify senescence in mouse bone marrow cells and spleen tissue sections.
Furthermore, the detection of SADS in live cells could greatly increase this markers
utility and applicability. One strategy for accomplishing this would be to create cell lines
that stably express CENP-B conjugated to GFP, allowing for the visualization of SADS
formation in real-time. As SADS formation is an early event in senescence and our data
show that the senescence process happens relatively quickly it is of interest to determine

the time scale required for satellite distension to take place.

In addition, while SADS appears both dramatic and unambiguous under the microscope
to our trained eyes, more quantifiable parameters to define when a cell is SADS positive
would be helpful. For example, development of algorithms for high throughput
microscopy would allow for the analysis of a large number of cells for senescence, a
technique that has been used by other labs to examine the frequency of senescence in

various cells and tissues (Freund et al., 2012; Zhao et al., 2010).

Is DS Characterized by Increased Levels of Senescence?

It is noteworthy that even though Down syndrome has features of premature aging and

tumor resistance, there are few examples where this common genetic disorder has been
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considered in relation to cell senescence (Chapter IV). Based upon the synthesis of the
existing literature we believe that there is good rational for more focused attention to this
question and higher levels of senescence may be present in both cultured DS cells and in
vivo. While our preliminary studies using SADS as a marker showed that cultures of
pluripotent and randomly differentiated stem cells contain substantial amounts of
senescent cells, the DS iPSC system proved a difficult one in which to evaluate whether
higher levels of senescence are associated with trisomy 21. However, initial results
suggest that DS fibroblasts are more susceptible to prolonged oxidative stress which has a
greater effect on shortening their lifespan in culture. Hopefully, with the completion of a
few more key experiments we can establish that increased cell senescence is a feature of
DS cells and thus prompt further studies of the role of senescence in the clinical

pathology of DS.
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