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Chapter |

Introduction






1. The importance of studying ageing for both biological and social

issues

Ageing is a complex and inevitable process which has raised scientists’ attention to
investigate questions such as: how the ageing induces diseases in later life. We are facing
ageing as a physiological issue. Because when people ages, they become vulnerable to age-
related diseases (for instance: cancer) and show an increase in morbidity and mortality. In
addition, the proportion of elder population is increasing, and this may trigger serious social
issues for instance: the increasing need for social security and heavy social burden. From the
United Nation World Population Prospect, the population aged more than 60 years old has
reached one billion in 2018 and was 12.8% of the world-wide population. If continuing the
trend of population ageing, in 2100, the population aged more than 60 years old may reach
three billion and the proportion could double to 27.3% (Figure 1.1). Studies on ageing and
age-related diseases can help to find solutions to make people live a longer and healthier life

meanwhile release the stress coming from the population ageing for the future generations.
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Figure 1.1 Graph of population (aged 60 and over) evolution over time based on real data and
estimation

The graph shows estimates and probabilistic projections of the world population aged 60 and
over (on the right) from 1950 to 2100. The population projections are based on the
probabilistic projections of total fertility and life expectancy at birth. The figure displays the
probabilistic median, and the 80 and 95 percent prediction intervals of the probabilistic
population projections, as well as the (deterministic) high and low variant (+/- 0.5 child).
(@2019 United Nations, DESA, Population Division. World Population Prospect 2019:
https://population.un.org/wpp/)

2. Evolutionary understanding of ageing phenomena

2.1 Natural selection reduced with age

Study for ageing has been carried out for centuries. The first book ‘The Canon of Medicine’
which offered instructions for ‘care of the aged’ was written by Avicena (980-1037). From
19th century, when Darwin proposed the theory of biological evolution, researchers try to
answer the questions: why do different organisms have a short or a long lifespan? Why must

they grow old and die?

During the 1940s to 1950s, Evolutionary biologists started to realize that ageing may not

evolve for the purpose of evolution, instead ageing might be a consequence of evolution.
11



Different traits are evolved to better survive, yet such traits may be the reason to induce

ageing.

The natural selection force is reduced to maintain function and fitness in old age due to lack
of reproductive capacity at later life (Figure 2) (Fabian and Flatt 2011) .Thus the selection at
late life is inefficient, this decrease of selection force is the fundamental basis for the

evolutionary theories of ageing.

“Selection Shadow”

Force of Natural Selection

Birth  Age at Maturity Death
Figure 1.2 the selection force throughout the whole lifespan (Fabian and Flatt 2011)
The force of natural selection act on the population through survivors and reproduction. It is

maintained at high level before reproductive maturity then starts to decrease as the
reproductive capacity decline with ageing.

According to the evolutionary readout, to maintain a population, the force of selection is
happening throughout its birth to death. However, once the individual pass the reproductive
period, the natural selective force will not work on the individual who gone-through
selection, because those beneficial mutations will not be inherited to the offspring due to the
loss of reproductive capacity at old age. However, if a selection happened before the
individual pass the reproductive period. Beneficial mutation may pass onto the offspring and

lead to an evolutionary reservation of such beneficial mutation.

12



Taking Huntington disease as an example, in the study of an evolutionary biologists, Haldane
(Haldane 1941). He pointed out that under the force of natural selection, the beneficial
mutation (whose gene dominate the disease onset has changed) were presumably selected
and their age of onset is delayed to the age of thirty. Yet, it has been speculated that the
same disease was a disease of infancy for sinanthropus (Fisher 1931). It has also been
proposed that such disease would not be efficiently eliminated by natural selection because
most people suffering such disease may not succeed the natural selection and would have
already died. Therefore, ageing phenomena may be evolved under similar mechanism due to
insufficient natural selection force. The deleterious genes that negatively affect the organism

at old age may not be selected against and therefore inherit to the descendants.

2.2 Mutation accumulation and antagonistic pleiotropy ageing theories

Current evolutionary explanations of ageing are based on former mentioned conceptual
theory that natural selection become weak at advanced age. Two major evolutionary theories
were raised: Medawar’s mutation accumulation theory (Medawar 1946, Medawar 1952) and

William’s antagonistic pleiotropy theory (Williams 1957).

The mutation accumulation hypothesis is based on the genomic mutations or alleles which
play a neutral role when selection is strong at early age. However, these genes may exhibit
deleterious effects later in life (Figure 1.3A). These mutations or alleles are selected and
inherited to off-springs at the age of reproduction before late-life negative effects become
apparent. Consequently, ageing become an inevitable result of accumulation of mutations
that exhibit deleterious effects after reproduction and eventually lead to increasing mortality

in later life.

The antagonistic pleiotropy theory of ageing was proposed by Williams under the inspiration
of Medawar’s idea. He argued that mutations or alleles might have dual or pleiotropic
(multiple) functions. They may be favored by selection and exhibiting beneficial effects during
early age but become detrimental towards later life (Figure 1.3B). The beneficial effects at
early age outweigh their detrimental effect at late ages. Therefore, it was proposed that

ageing to be a maladaptive byproduct of selection for survival and reproduction during youth.

13



These two theories of ageing are not mutually exclusive and may be coordinated to generate
‘grow old’ phenomenon. The main difference between the two theories is that for mutation
accumulation, the negative mutations are passively pass onto the descendants, while
antagonistic pleiotropy actively select negative mutations on purpose during early age (Le

Bourg 2001).

A

Force of Natural Selection

Birth Age at Maturity Death

+ 4+
+4+

+4+++
+4+4+4+
++++++

rEbdees N

+4++ 44

Force of Natural Selection

Birth Age at Maturity Death

Figure 1.3 Mutation accumulation and antagonistic pleiotropy

A: Medawar’s mutation accumulation theory of ageing. Due to lack of efficient selection force
at late life, harmful genetic effects are maintained in the population which result in an
accumulation of mutations which lead to ageing phenomenon.

B: Williams’s antagonistic pleiotropy theory of ageing. Genes exhibiting multiple functions may
be conserved and selected due to natural selection force at early age by reproduction. Such
genes may become negatively impact on ageing at late life.
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2.3 Disposable soma theory

Under the light of antagonistic pleiotropy ageing theory, in 1977, British biologist Thomas
Kirkwood proposed the well-known disposable soma theory of ageing (Kirkwood 1977). The
theory is based on the observation that reproduction of an individual consumes much larger
energy than simple survival. He proposed that the organism have limited energy, therefore a
trade-off relationship is between reproductive activities and the maintenance of the non-

reproductive activities. The soma indicates the somatic material.

The authors are agreeing that ‘the disposable soma theory is, in a sense, a special case of
Williams’s pleiotropic gene hypothesis [antagonistic pleiotropy theory].” Because in this case,
the genes involved in pleiotropic functions are narrowly defined for reproductive
development and soma maintenance. This group of genes regulate the energy consummation
direction. The beneficial effect is due to energy saving effect in soma and redirect to
reproductive functions. The detrimental effect is that ultimately this may lead to loss of soma

integrity at old age (Kirkwood and Holliday 1979).

Both supportive and opposite observations for disposable soma theory of ageing are found
from scientific research. For instance, bamboo is a long-lived plant can grow typically twenty
to sixty years, some may even exceed more than a hundred years (Janzen 1976). They form
large clonal field covering hundreds of square meters by vegetative growth from the root
(rhizomatous asexual growth). However, the bamboo can also endure massive flowering
through ‘sexual’ reproduction at a certain local region for more than a year once in their life.
Then they die (Keeley and Bond 1999). This special fruiting cycle may be related to the
disposable soma theory that sexual reproduction is more energetic consuming than asexual
growth. It is also supported by the study of c. elegans that longevity can be extended by
prevent mating but not gametogenesis. However, in other studies of c. elegans, a long-lived
mutant daf-2 show active fertile individual and extend its lifespan for about 2-fold. This
observation is not in line with disposable soma theory. Suggesting that other factors apart

from nutrition and reproductive energy consummation are involved in longevity regulation.

These evolutionary theories remain an ideal theory which are not totally scientifically proved.
They are raised according to the biological observation and scientific research. Therefore, the

questions mentioned above remain unsolved. The biologists have investigated ageing from

15



organismal, cellular and molecular scales in order to answer such questions. Hopefully, by
unraveling the underlying mechanisms contribute to ageing phenomenon, may help us to the
better understanding of the emergence of ageing and avoid the high morbidity due to ageing.

Eventually may even lead to the extension of lifespan.

3. Ageing, a complex and multifactorial process

Ageing is a complex and multifactorial process which has been characterized as a progressive
loss of physiological integrity that leads to increasing mortality in parallel to an increase in
morbidity (Case and Deaton 2017). In another word, after an organism become reproductively
available, the ageing begins. To understand the ageing process, experiments and observations
are performed on a wide range of animals and human as well. The gradual and subtle
modifications accumulate during ageing make the readout of ageing process difficult. Taking
an example from human, it is difficult to define at what age can we consider an individual as
‘aged’? What are the significant features to define an aged individual? In addition, due to the
individual heterogeneity, the rate of ageing may be different among individual within the same
population. There may be old individual but in a healthy state whereas relatively young
individual in a pathogenic condition. Whether the pathogenic condition is due to the old age
or an exogenous pathogen? Due to the complexity of ageing, many observations and common

traits between various species are compared to build up a general understanding of ageing.

3.1 Common ageing trends summarized by studies across species

In 1908, the German physiologist, Max Rubner, discovered a correlation between metabolic
rate, body size, and longevity (Rubner 1908). By comparing five domestic animals and human,
he calculated the energy expended per mass over the maximum lifespan of each animal
(except for human). Although the body weight can be 50000-fold different, the amount of
energy expended per mass per lifespan does not vary more than 1.5-fold between species. In
another word, regardless of species or total body size, a given mass of tissue expends a given
amount of energy per lifetime. The interpretation of this interesting result was that organisms
contain a limited amount of ‘vital principle’. The faster they consume the energy, the sooner

they die.
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It is reasonable that if an animal is big in size (body mass), it may contain more ‘vital principle’

and energy potential to live longer. Even though this definition of ‘vital principle’ was not

25

20 1

1.5 -

1.0 1

Ln(Longevity)

0.5 1

0.0 , : : — : : —
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

Ln(BodyWeight)

Figure 1.4 Longevity is plotted according to body weight adapted from (Morgan, Mc Cartney
etal. 2013)

The correlation between body weight (Ln) and longevity (Ln) determined by various animals,
the outlier animals are circled by dashed red line. They are separately naked mole rat and
human.

scientifically uncovered, the positive correlation between body mass and longevity across

various species has been observed as well (Figure 1.4).
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This work led to the theory of ‘rate of living’ proposed by Pearl (Pearl 1928). Raymond Pearl,
an American biologist, suggested that a high metabolic rate should lead to a faster ageing
because biochemical reactions are faster. Many exceptions have been observed, for instance
the marsupials show a lower basal metabolic rate than mammals of similar size, yet
marsupials live shorter than mammals (Austad 2010). Also, the birds have high basal
metabolic rates compare with mammals. According to the theory of “rate of living”, they
should be short-lived compare to similar-size mammals, yet they can live up to four-fold
longer (Holmes and Austad 1995). Later, this theory was further questioned due to the
methodology used to measure metabolic rates. The metabolic rates were measured by total
oxygen consumption. However, larger size organisms such as elephants may consume more
oxygen than smaller size organisms such as mice during the same period. If the metabolic
rate were corrected by body mass, the correlation between metabolic rate and longevity

could no longer be established (Figure 1.5) (Magalhdes, Costa et al. 2007).

[+2]
I

L4
i

Ln (maximum lifespan)
w

-1.5 -1 0.5 0 0.5 1 1.5
Ln (Basal metabolic rate)

Figure 1.5 No significant correlation between metabolic rate and maximum lifespan adapted
from (Magalhdes, Costa et al. 2007)

Ln-transformed relationship between basal metabolic rate and maximum lifespan in
different mammals. The statistics are collected from mammals (n=300). The correlation is
not statistically significant.

18



Other factors, such as growth (Blagosklonny and Hall, 2009) and development (Magalhaes,
Costa et al. 2007), have been related to ageing. It has been found that, independently to the
body size, developmental time is strongly associated with maximum adult life span (Figure 1.6)

(Prothero 1993).

Ln (adult lifespan) (year)

04 - - - - .
2 1 0 1 2
Ln (sex maturity) (year)

Figure 1.6 Correlation between sex maturity and adult lifespan adapted from (Magalhdes,
Costa et al. 2007)

Ln-transformed relationship between maturity time and adult lifespan. The statistics are
collected from mammals (n=606). The correlation is statistically significant.

This correlation suggests that species exhibiting longer lifespan tend to spend longer time for
reproductive maturation. It is reasonable considering that long-lived species are generally
larger in size, hence it takes longer time for large-size animals to grow and become sexually

mature for reproduction.

To summarize, body mass and time for reproductive maturity contribute to longevity (Figure
1.7). Other factors such as the growth rate have been found correlated to longevity as well.
These examples illustrate some obvious common features of ageing process by pooling and

analyzing statistics and data from various phylogenies.
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Figure 1.7 Summary of common traits observed across species

Body mass and time for sexual maturity are two traits observed along with longevity
distribution across various species.

3.2 Divers organism models for ageing studies in the laboratory

Based on ageing studies across species, scientists have highlighted several interesting
animals which are extensively used for investigating ageing mechanisms in the
laboratory. One of the most widely used model is the rodent. Since mouse belongs to
the mammal and shares on average 85% of similarity with the human genome protein
coding-regions (Jang, Hua et al. 1999), many molecular and cellular mechanisms of
ageing studies are carried out between young and old individuals in mice (Figure 1.8)
(KOGks, Dogan et al. 2016). Due to ethical issue, such studies cannot be performed on
human. Therefore, using similar mammal animal models may help to gain more

information of the ageing progress on a smaller: organelle, cellular and even molecular
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scales. Interventions such as dietary condition (Anderson, Shanmuganayagam et al.
20009, Pifferi, Terrien et al. 2018), environmental factors may be performed on mouse to

understand the impact of exogenous factors to longevity (Xie, Neff et al. 2017, Wang,

sample comparison
celiular phenotype
molecular mechanism
interventions and longevity

Cao et al. 2018).

WT-young VS. WT-old
sample comparison
cellular phenotype
molecular mechanism
therapeutic drug assay
Age-related
WT-young VS. 9

disease model

Mouse model

Figure 1.8 Schematic mouse model application for ageing study

Direct comparison for understanding the cellular and molecular mechanism between young
and old individuals can be performed on mouse. By establishing age-related disease models
on mouse, scientists can investigate the cellular and molecular mechanisms and even
searching for potential therapeutic treatment.

Scientists can also establish age-related disease models on mouse to unraveling the
pathogenic progression through-out the whole body and developing therapeutic approaches
for clinical assay. For instance, many cancers are induced on mouse model by xenograft to
observe the tumor malignancy, progression of cancer and even the metastasis. The
understanding of each steps on molecular mechanisms, could lead to the potential medical
treatment development.

There is other rodent model, for instance, one of the rodent family: naked mole rat has
caught the attention of biologists due to its exceptionally long lifespan compared to other
animals with similar size. It showed outlier behavior and deviated from the predicted

correlation between longevity and body mass. Naked mole rat is a good example (red circle
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in Figure 1.7) It has been proved to be the most long-lived rodent (28 years old kept in lab)

W
b g

Figure 1.9 Naked mole rat
Photos of naked mole rat. (John Brighenti/Flickr/CC; .Frans Lanting/Getty Images)

(Figure 1.9) (Buffenstein 2005).

Due to the complexity of the multicellular mammal ageing progress, it is also important to
understand cellular and molecular mechanisms of ageing process in animal models that are
simpler. For instance, the nematode model: c. elegans and the simplest single-cell eukaryotic
organism: budding yeast. The lifespan of c. elegans is approximately two to three weeks. It
has fully sequenced genome, well-developed genetic methods and transparent body.
Importantly, there are mutations that exhibiting longevity alteration which may extend the
lifespan to more than 10 times long (Reis, Bharill et al. 2009). By studying the mechanisms
underlying such lifespan alteration in simple model may help to complete further
understanding in more complex organism such as human ourselves. As for the
microorganism model: budding yeast, the lifespan of S. cerevisiae is approximately twenty-
five generations about 2 days. It is fully sequenced and has established mature methods for

genetic manipulation. The advantage of using single-cell microorganism to investigate ageing

thematic is multiple. It may minimize the influence of signal transduction issue from other
cells compare to multicellular organism; easy to be conserved in the laboratory and may
provide large amount of population statistics due to its small size and short period of

generation time. In addition, due to its eukaryotic characteristics, many important conserved
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molecular pathways, such as nutrient sensing (Conrad, Schothorst et al. 2014, Gonzalez and
Hall 2017) and metabolism mechanisms (Baccolo, Stamerra et al. 2018) can be studied in

parallel to complete the understanding in complex eukaryotic organisms.

Not only above mentioned model organisms, but also non-human primates (Colman,
Anderson et al. 2009, Colman 2018), dogs (Chapagain, Range et al. 2018), drosophila (He and
Jasper 2014), zebrafish (KISHI 2004) are used for laboratory ageing research. Since ageing
and longevity are difficult concepts to tackle due to the biodiversity and complexity of
nature. Therefore, to gain more general understanding of ageing, diverse organism models

are needed to be investigated.

4. Cellular senescence is a good starting point to understand ageing

4.1 The difference between ageing and senescence

The term ‘senescence’ is often used for describing ageing phenomena too. However, its
meaning should not be confused with ‘ageing’. Ageing describes a whole progressive process
whereas the senescence is used to define the period when organism starts to show
deteriorated function. Because the senescence often defines the organism subjected to
more lethal change which leads to death, therefore the senescence is usually used for ageing
phenomena at later life. The difference between ageing and senescence will be discussed in

the following paragraph.

Taking one specific example to help differentiating the two terms. When an adolescent
grows up to adult, this process can be called ageing, the physiological function is rather
maturing than failing during the process. Yet such process cannot be termed as senescence
because the physiological function is not weakening. In another example, for an old man
who is at his 70s. He may show grey hair, loose and wrinkle skin, attenuation of vision,
audition and even organ failure. This is due to the decline of physiological function at old
age, both reparative and regenerative capacities are limited. Thus, such process can be
termed as both ageing and senescence for the fact that both his age increase (ageing) and

organism starts to show deteriorated function (senescence).
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Lastly, the senescence may be triggered by other reason than simply ageing. For instance,
when a person was infected by HIV virus and the immune system become deficient. The
whole body may undergo a senescence process while the organism become weakening due

to the disease.

4.2 Ageing occur at different scales

The concept of ageing and senescence can be applied to different organisms and at diverse
scales. There is organ ageing which indicates the loss of regenerative capacity, and limited
ability responding to stress (Khan, Singer et al. 2017). For these multicellular scales of ageing
process, it is hard to delimit a temporal moment where the senescence start (Figure 1.10).
Therefore, the ‘organismal senescence’ and ‘organ senescence’ are simply used to define the
fact of ‘grow old’ and are like ‘organismal ageing’ and ‘organ ageing’. Now if we take cellular
ageing and cellular senescence for example. The cellular ageing in general defines the whole
process of cell accumulates maturity, gradually declines its physiological function, reduces
the resistance to environmental stress and becomes more and more vulnerable then finally
dead. ‘Cellular senescence’ is clearly defined as an irreversible cell cycle arrest that occurs
during cellular ageing. This term was firstly used to describe the loss of proliferative capacity
of human fibroblast after successive divisions during its final stage in the study of &
Moorhead fifty years ago (Hayflick and Moorhead 1961). While cellular ageing describes the
whole progressive process including cellular senescence until cell death and cellular

senescence refer to the specific phase when cell undergoes irreversible arrest.
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Figure 1.10. Summary of different scales of ageing

The obvious differences are not clear between ageing and senescence at higher scale. Yet
cellular senescence is defined differently to cellular ageing. While the cellular ageing
indicates the whole process and cellular senescence starts from the irreversible cell cycle
arrest.

4.3 Discovery of cellular senescence

Cellular senescence was firstly studied by Hayflick half a century ago (Hayflick and Moorhead

1961), he observed that normal cells end up their lives by entering senescence state. After

telomere uncapping

DNA damage

oxidative stress

oncogene activity

oL lack of nutrients/

growth factors

TR improper cell contacts

o others
cellular senescence

Figure 1.11. The signals activating senescence

Multiple types of stress can induce cells to undergo senescence.
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several passages, the cells undergo a non-dividing arrest is defined as Hayflick limit (Hayflick
1965). Later when investigating the mechanisms that induce cellular senescence, both
intrinsic and extrinsic factors were found to trigger senescence-like cell cycle arrest (Figure
1.11) (Ben-Porath and Weinberg 2004). The senescent cells show differences in cell structure
including volume enlargement, morphological change to a flattened shape, gene expression
pattern tremendously altered, etc. (Shelton, Chang et al. 1999).

The cell cycle progression is under the regulation of cell cycle promoter genes (E2F; Cyclin
D1, p16, etc.) and cell cycle inhibitory genes (p21, pRB, CDK4, etc.) (Ren, Cam et al. 2002,
Trimarchi and Lees 2002). When cell cycle promoter genes are down-regulated or the
inhibitory genes are up-regulated, the cell cycle will be arrested. There are two major cellular
senescence pathways that trigger cell cycle arrest. p53 and retinoblastoma protein (pRb)
which act to restrain the cell cycle progression and induce a senescent-like arrest (Shay,
Pereira-Smith et al. 1991). Inactivation of p53 tumor suppressor protein leads to rapid tumor
development (Symonds, Krall et al. 1994). Similar observations by disrupting pRb signaling

pathway are observed in different types of human tumors (Xu, Cairns et al. 1993).

4.4 Mechanisms underlying cellular senescence

4.4.1 Cellular senescence can be induced by intrinsic stimuli

Telomere shortening

After the discovery of cellular senescence by Hayflick and Moorhead, scientists were urged
to search for the underlying molecular mechanisms. During the 1970s, the length of non-
coding sequence at the end of chromosome has caught the attention of scientists. This
region seems to reduce after each cell cycle due to incomplete replication (Olovnikov 1971,
Watson 1972). These observations led to the hypothesis of DNA terminal region shortening
induce the Hayflick limit. After the structure of telomere were elucidated (Greider and
Blackburn 1987), the theory of telomere shortening is confirmed to be the reason triggering
cellular senescence that observed by Hayflick and Moorhead in 1961 (Vaziri, Schachter et al.

1993).

Telomere is a repetitive segment of DNA sequence that locate to the end of chromosome. In
mammals it contains repetitive sequence (TTAGGG)n (Moyzis, Buckingham et al. 1988)
(Figure 1.12). In human the telomere is varied in size from ten to fifteen kb (Moyzis,
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Buckingham et al. 1988, Allshire, Dempster et al. 1989). The function of the telomere is to
protect ends of DNA from degradation, fusion and recombination, this function is also called
capping. Telomere can also help to favor the DNA replication (Shiels, Kind et al. 1999).
Telomere serves as acritical intrinsic ‘clock’” which after each round of cell cycle, it lost 40-
100 base pairs of DNAs (Vaziri, Schachter et al. 1993). Therefore, when telomere become
critically short, the DNA damage response is activated and cell cycle cease to progress (Di
Leonardo, Linke et al. 1994, Allsopp, Chang et al. 1995, Hemann, Strong et al. 2001, Hahn
and Weinberg 2002). This is the reason of cellular senescence observed by Hayflick and

Moorhead.
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Figure 1.12. Structure of telomere

Maintenance of telomere length is under the regulation of DNA polymerase enzyme called
telomerase (Greider and Blackburn 1987). Maintaining the length of telomere can extend
the replicative limit, and its length is proportional to the replicative capacity. In germline
cells, the telomerase is expressed whereas in somatic cells showing less dividing capacity,
the telomerase is not expressed. Therefore, the telomere length is related to the
proliferative capacity. In an earlier study when human fibroblasts from different donors were
compared, the initial telomere length can predict the replicative capacity of corresponding
cells in vitro (Allsopp, Vaziri et al. 1992). Telomere is like a cellular clock which determines

the cellular age by its length.
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How do shortened telomere signal senescence? There are two theories. First is called
telomere position effects (TPE) which combines the telomere shortening with gene
expression change (Shay and Wright 2005). When telomere is long, the genes near telomeres
are silenced due to chromatin structure near telomere. As cell loss the length of telomere,
the subtelomeric region may loss the silencing and alter the gene expression pattern which
further affect cellular and organelle functions .(Baur, Zou et al. 2001)However, more and
more evidence show that the cell cycle arrest is due to a DNA-damage induced response.
Which leads to the second theory of telomere shortening-induced cellular senescence
mechanism: DNA damage response (DDR) activation. During replication, telomere region is
shortened due to newly synthesized strand after each cell cycle. The protein complex
‘shelterin’ existed to stabilize telomere region is disrupted and expose the telomere end
(Griffith, Comeau et al. 1999), then DNA double strand break signal will be sensed and
activates the DNA repair mechanism (Sedelnikova, Horikawa et al. 2004, Victorelli and Passos
2017). Study has shown that deleting the component of ‘shelterin’ complex, the proteins
involved in DDR such as 53BP1, the Mrell complex and H2A.X and Rad 17 can be induced
(Takai, Smogorzewska et al. 2003). Consistent with this study, in senescent cells the DDR
effector proteins such as y-H2AX, RAD17, CHK1 phosphorylation were found accumulated to
the uncapping telomere regions (di Fagagna, Reaper et al. 2003). Such DDR can result in
activation of cellular senescence pathways including the DNA repair, cell-cycle arrest which

will be introduced below.

4.4.2 Cellular senescence can be induced by various stress

Shortly afterward, it has been shown that telomere shortening is not the only pathway that
induce cellular senescence, the up-stream mechanism that induce telomere shortening is
not restricted to cell cycle progression solely. Various exogenous stressors (Di Leonardo,
Linke et al. 1994, Toussaint, Medrano et al. 2000) and oncogene activations (Serrano, Lin et
al. 1997) can lead to a similar growth arrest called pre-mature cellular senescence, because
the emergence of such phenotype appear long before they reach Hayflick limit during their
‘early ages’ (Figure 1.13). This ‘pre-mature cellular senescence’ can be triggered by a single

double strand break of DNA (Di Leonardo, Linke et al. 1994), by stimuli such as (Venable, Lee
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et al. 1995), by intrinsic pRb oncogene activation (Kiyono, Foster et al. 1998), by oxidative

stress such as hyperoxia (Honda and Matsuo 1992) etc.
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Figure 1.13 Length-independent telomere damage.

Telomere shortening that occurs naturally with each round of cell division ultimately leads
to chromosome ends becoming exposed and activating a DNA damage response, which
results in a permanent arrest known as replicative senescence. However, recent evidence
suggests that telomeres may serve as highly sensitive sensors of stress. It is known that mild
oxidative stress causes single-stranded breaks to accumulate at telomeres, leading to
accelerate shortening and premature cell cycle arrest. However, it is possible that acute
stresses induce telomere double-stranded breaks which are not efficiently repaired. This
results in a persistent DDR signaling, preventing cells from undergoing further rounds of
replication irrespective of their telomere length, a state which can also be called “telomere
length-independent senescence”. (Victorelli and Passos 2017)

Itis important to emphasize that stress listed above can also be released from inside the cell.
For instance, the production of reactive oxygen species (ROS) may be generated from
mitochondria through respiration (Murphy 2009) and from exogenous oxidant such as
Ceramide. The other stress such as DDR can also be originated from inside the cell by
telomere shortening or under the treatment of ionizing radiation (Santivasi and Xia 2014). A
comparison of phenotypes between replicative senescence and pre-mature senescence
shows that they share similar features such as morphological changes, gene expression
pattern, mitochondrial DNA deletion, telomere shortening, low energy metabolism, etc.

(Toussaint, Medrano et al. 2000). These observations indicate that cellular senescence is a
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homeostasis mechanism when cells are exposed to stress (either intrinsic or extrinsic) and
prevent from further proliferation. Some important molecular pathways that trigger
senescence under various stimuli are discussed below to better understand the current

cellular senescence models.

ROS

Itis then proposed that telomere shortening can be triggered by exposure to oxidative stress
(Von Zglinicki 2002). It has been proposed that the characteristic G/C rich of telomere region
is causing high sensitivity to oxidative stress (Sitte, Merker et al. 1998, Kawanishi and Oikawa
2004). Other stimuli such as H202, hyperoxia (von Zglinicki, Saretzki et al. 1995), obesity,
cigarette smoking (Valdes, Andrew et al. 2005), and even psychological stress can induce
higher oxidative stress and lower telomerase activity, therefore generate telomere

shortening and cellular senescence (Epel, Blackburn et al. 2004).

DDR

The up-stream stimuli that trigger DDR-induced senescence include ionizing radiation,
topoisomerase inhibitors, and chemotherapeutic drugs for cancer treatment (Robles and
Adami 1998, Roninson 2003), which induce Double Strand Breaks (DSBs). DSBs are potent
senescence inducer, it has been estimated that a single DSB is sufficient to trigger a

senescence growth arrest (Di Leonardo, Linke et al. 1994).

Extensive study on DNA damage response triggered by telomere shortening induce cellular
senescence. The telomere shortening independent stress can also trigger DNA damage
activation, cell cycle arrest and DNA repair etc. The importance of DDR induced cellular
senescence is the severity of the damage demonstrating persistent DDR signaling not
transient DDR activation (Campisi and Di Fagagna 2007). Summarized in the review, the DNA
damage response has a broad network from its sensory complexes, signaling transduction to
DNA repair effectors. Many downstream pathway effectors are shared in telomere-

shortening inducing DDR.

Oncogene activation
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Cellular senescence can also be triggered by oncogene activation, the first observed
oncogene induced senescence is by RAS, a cytoplasmic mitogenic signaling pathway
transducer (Serrano, Lin et al. 1997). The overexpression of the RAS activates the MAP
(Mitogen-Activated Protein) kinase signaling pathway, which cause uncontrolled
proliferation (Pearson, Carbone et al. 2000). The high level of RAS has shown can stimulate
a high level of p16 (Maldonado, Timmerman et al. 2004) inducing cell cycle arrest and
senescence by pRb signaling pathway. Some oncogenes activation lead to strong mitogenic
activity can cause DNA damage and persistent DDR activation. This may be possibly caused
by inappropriate replicon firing and replication fork collapse during the fast cell cycle
progression. Such DDR induction by oncogene activation can trigger cellular senescence by
p53-mediated signaling pathway. There are also studies showing DDR-independent
senescence induction by oncogene activation (Freund, Patil et al. 2011). No matter which
kind of initial oncogenic stimuli, the central cellular senescence inducing pathways: p53 and

pRb are engaged downstream to arrest cell cycle.

This kind of observation is consistent with the tumorigenesis suppression theory of cellular
senescence. In conclusion, the cellular senescence is triggered by uncontrolled genome
instability and lack of integrity: the telomere shortening which damage the chromosome end
region, DNA damage induced by various stimuli and even the oncogenic mutations. Cellule
senescence seems to be a homeostatic mechanism to confront the stress-induced loss of

genome integrity and prevent the malignant transformation.

4.4.3 Cellular senescence can be delayed by caloric restriction Caloric restriction

The various stress that have been discussed all play negative roles on cell functioning and
accelerate the cellular ageing process. This ‘stress’ is a well-established model to result in
lifespan elongation. Caloric restriction (CR), a significant reduction of calorie intake without
malnutrition increases lifespan. It has been suggested that CR is a classic intervention of
longevity and is conserved in most species across different lineages (Partridge and Gems
2002). In a CR feeding organism, less senescent cells were observed compare to control

(Krishnamurthy, Torrice et al. 2004, Jurk, Wang et al. 2012). The exact molecular mechanisms
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leading to less senescent cell accumulation is not well elucidated. Yet several speculations

were proposed due to recent scientific research observations.

In a multi-cellular mechanism, caloric restriction have been found to reduce the ROS
production (Sohal, Ku et al. 1994, Sohal and Weindruch 1996), lowering of the metabolic rate
which then leads to a less production of ROS and related oxidative damages, reduce the
protein and DNA damage (Ldpez-Lluch and Navas 2016), etc. Not only reducing the
deleterious stress, CR can also promote the defense mechanisms against oxidative stress
(Mercken, Crosby et al. 2013, Luo, Chiang et al. 2017) and activate DNA repair mechanisms
(Lee, Tsai et al. 2011). Therefore, it has been speculated that cellular senescence may be

delayed under CR feeding condition.

Apart from delaying the cellular ageing process, it was suggested that by better eliminating
the damaged cells by autophagy may also cause less accumulation of senescent cells

(Meydani, Das et al. 2016, Yang, Licastro et al. 2016).

4.5 Senescence-Associated-Secretary-Phenotype (SASP)

4.5.1 Phenotype of SASP

What cells do when they become senescent? During the early 21 century, more and more
studies have demonstrated a typical senescent cell category which can secrete cytokine and
chemokine to the extracellular environment nearby (Herbig, Ferreira et al. 2006, Coppé, Patil
et al. 2008, Coppé, Desprez et al. 2010). This is called SASP (Senescence-Associated-
Secretory-Phenotype). When cells ages and after the cell entry into senescence state, the
senescent cells can remain metabolically activate and undergo major changes in protein
expression and secretion, ultimately developing the SASP (Kuilman and Peeper 2009).
Massive changes were observed between non-senescent and SASP cells based on the
chromatin structure and mRNA expression profile (Kulaeva, Draghici et al. 2003, Narita
2007). These changes were more and more studies for the following years, categories of
SASP are uncovered, including the nuclear structure alteration (Mehta, Figgitt et al. 2007,
Righolt, van't Hoff et al. 2011), DNA damage activation (di Fagagna 2008, Borodkina,
Shatrova et al. 2014), growth arrest under the p53/pRb signling pathway (Campisi 2005,
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Campisi and Di Fagagna 2007), and reduction of cytoplasmic proteolytic capacity
(Chondrogianni and Gonos 2004), increase of reactive oxygen species (Kuilman, Michaloglou
et al. 2010, Passos, Nelson et al. 2010, Correia-Melo and Passos 2015), and the secreted
cytokine and chemokine(Herbig, Ferreira et al. 2006, Coppé, Patil et al. 2008, Coppé, Desprez
et al. 2010).

4.5.2 SASP cell characteristics

Morphological characteristics

Senescent cells cease to divide and dramatic change into a flattened and enlarged shape.
They show increasing adhesion to extracellular matrix and loss the cell to cell connection

(Ben-Porath and Weinberg 2004).

DNA damage activation

Senescent cell has special biomarkers, two of them that are commonly used. The first marker
is based on the increasing acidity in senescence cell therefore B-galactosidase activity may
stain senescent cell in blue. Another feature of senescent cell is called persistent DNA
damage response (DDR). DDR activation marker has been used to uncover senescent cells

from advanced-age tissue.

Central pathways of cellular senescence by cell cycle inhibition

In senescent cells, both p53 and pRb are the central tumor suppressor proteins that can be
activated (figure). Both proteins are transcriptional regulators. For p53, the telomere
dysfunction can trigger a p53-mediated DNA damage response (Itahana, Dimri et al. 2001, di
Fagagna, Reaper et al. 2003, di Fagagna, Teo et al. 2004). Overexpression of oncogenic RAS
(one the most common oncogenes, its overexpression can ultimately lead to cancer) can also
trigger the p53-dependent damage response by producing high levels of DNA-damaging ROS
(Irani, Xia et al. 1997). The p53 protein can be activated by a post-translational modification
which produces a set of proteins involved in DNA repair pathway, ultimately leads to cell
cycle arrest, cellular senescence or cellular apoptosis (Jin and Levine 2001). pRB physically

bind to E2F family transcription factors. This complex can bind to E2F-regulated-promoter
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regions and recruit histone deacetylases (HDACs) for gene repression (Harbour and Dean,
2000 (Harbour and Dean 2000). However, when pRb are phosphorylated by Cdk activity, the
E2F-dependent gene expression are enabled. The E2F regulate genes that involved in DNA
replication, synthesis of DNA, cyclins E and A. Therefore, the activation of hypo-
phosphorylated pRb can block the cell cycle progression from entering S phase and induce

cell cycle arrest.

Even though various stimuli can induce senescence response, these two central pathways

p53 and pRb are responsible for the senescence growth arrest (Bringold and Serrano 2000).

Other characteristics

It seems that when senescent cell is under SASP state, both genetic and phenotypic profiles
are different from its original state. Its nuclear structure, gene expression, protein profile
and even metabolism are altered. More and more studies are focusing to answer questions

regarding SASP and unravel its contribution to ageing.

4.6 Positive effect induced by senescent cells

Cellular senescence is a key mechanism that prevent the tumorigenesis, proposed by
scientists (Prieur and Peeper 2008). Because in the study of Hayflick, they found that for
those cells who bypass this process, though at a very low frequency, are prone to be
malignant cells which is oncogenesis in vitro (Hayflick 1965).Ever since this observation, the
biologists propose that this is a direct demonstration to prove that cellular senescence is a
cancer-suppressive mechanism (Campisi 2013) (Figure 14). Though cancer is not a simple
limitless replicating cell, it acquires several biological capabilities such as resistance to
apoptosis, insensitivity to growth signaling, angiogenesis to support the cancer growth
(Hanahan and Weinberg 2000). Unlimited proliferative capacity is one of the necessities for
oncogenesis. However, the gaining of stemness a crucial step because the tumorigenesis is
raised due to the accumulation of mutations over time. Therefore, unlimited dividing can be

a leading source to provide mutation accumulation for malignancy.
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Figure 1.14: Cellular senescence is a tumor suppressive mechanism.

This graphic represents the opposition between rumor promotion and suppression during
ageing under the regulation of cellular senescence. The controversial functions of senescent
cell discussed below under cellular senescence mechanism are presented.

4.7 Negative effects induced by senescent cells in advanced-age-state

Up until now, scientists cannot explain why the senescent cell demonstrate secretory
phenotype that cytokine and chemokine are secreted to the extracellular environment.
Theoretical speculations are proposed based on their pro-inflammatory phenotypic
performance in the review of (Borodkina, Deryabin et al. 2018). Firstly, in vivo SASP can serve
as a signal to attract immune cells for self-elimination. Secondly, the proteins that can alter
the extracellular matrix can favor the migration of immune cell. Thirdly, the secreted growth
factor can induce the neighbor region for new cell generation to replace the senescent cell.
These processes may be less effective when the individual ages, which results in negative
effects: the accumulated senescent cells and the emergence of chronic inflammatory focus.
Indeed, the hypotheses above were partially proved. Age related chronic disease often origin
from where senescent cell accumulated. For instance, cardiovascular and neuro-

degenerative diseases.
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The presence of senescent cells promotes the proliferation of non-senescent cells (Giri and
I[ttmann 2000). Alteration of tissue microenvironment by senescent cells can promote the
progression of premalignant cell development (Campisi 2005). Therefore, cellular

senescence can promote carcinogenesis progression.

4.8 Origins for organ ageing, organismal ageing and age-related diseases

With better understanding of cellular senescence and age-related studies, scientists have
proposed cellular theory of ageing which connect cellular senescence to organismal ageing.
There are three major arguments that directly links cellular senescence to organismal ageing.
In the review of Collado et al. 2007 (Collado, Blasco et al. 2007), two reasons were argued.
Firstly, the senescent cells persist and accumulated in aged tissue over time (Dimri, Lee et al.
1995). Secondly, the regenerative stem cells senesce and loss its replicative capacity as well.
For these two reasons, the theoretical hypothesis is following the same principle, that all
cells age. Not only differentiated cells senesce which result in organ structural perturbation,
but also proliferative stem cells exhaust and limit the regenerative capacity, finally
aggravated organismal ageing. Followed by the SASP discovery, it becomes clear that
senescent cells may lead to other above-mentioned consequences. DNA damage activation
(di Fagagna 2008, Borodkina, Shatrova et al. 2014), and reduction of cytoplasmic proteolytic
capacity (Chondrogianni and Gonos 2004), increase of reactive oxygen species (Kuilman,
Michaloglou et al. 2010, Passos, Nelson et al. 2010, Correia-Melo and Passos 2015), and the
exposure of secreted cytokine and chemokine (Herbig, Ferreira et al. 2006, Coppé, Patil et
al. 2008, Coppé, Desprez et al. 2010). In the review of Jeyapalan and Sedivy, 2008 (Jeyapalan
and Sedivy 2008), the authors argued a third reason that cellular senescence can trigger
organismal ageing because typical age-related diseases such as cardiovascular disease,
atherosclerosis and osteoarthritis arise at where presenting more senescent cells in our
body. Suggesting the vulnerability of organismal ageing in front of age-related diseases is

caused by senescent cells.

4.9 Clearance of senescent cells —a new therapeutic way against ageing

Due to these observations, a new therapeutic pathway is proposed. Studies start to focus on
the clearance of senescent cells, because it provides therapeutic opportunities (Tchkonia,

Zhu et al. 2013). And indeed, clearance of senescent cells of mouse starting from one year
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of age delay tumorigenesis, attenuate age-related deterioration and extend lifespan (Baker,

Childs et al. 2016).

4.10 Senescent cell is in support of pleiotropic antagonist theory of ageing

Three major conflicts regarding effects of senescent cells were proposed (Rodier and Campisi
2011, Campisi 2013). The first conflict is that both tumor suppression and tumor promotion
can be induced under the effects of senescent cells. When cell becomes senescent, it avoids
limitless proliferation which signify that at this stage tumor suppression is achieved by
cellular senescence mechanism. However, when senescent cells once exhibit the SASP
phenotype, the tumor promotion can be triggered due to its inflammatory characteristic and
creating microenvironment to favor the metastasis. The second conflict is that both
organ/organismal ageing and tissue repair can be induced under the impact of senescent
cells. The accumulated senescent cells trigger organ structural dysfunction and stem cell
exhaustion. Meanwhile, by gaining SASP phenotype, the senescent cells secrete cytokine and
chemokine which may favor the cell growth and tissue repair. The third conflict is like the
previous one, except that this conflict is occurring at a higher organelle scale. The
degenerative function of organ can be induced by senescent cells. At the same time,
hyperplasia (which increased cell production in a normal tissue or organ) can be promoted
by chronic inflammation under the impact of senescent cells. These controversial
observations indicate that cellular senescence is an antagonistic pleiotropic phenomenon.
Because cellular senescence has multiple functions, certain functions may be beneficial at

earlier stage of life, then it becomes detrimental due to these functions during later life.
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5. Budding yeast as a cellular ageing model

The importance of understanding on cellular senescence leads to the investigation on
cellular ageing progression. One of the classic cellular ageing models is the microorganism -
- budding yeast. The host laboratory focuses on this model organism for understanding the

cellular ageing process.

Budding yeast is the simplest eukaryotic organisms that the genome was entirely sequenced
since the 1996 (Bassett Jr, Basrai et al. 1996). It contains organelles and functions like other
eukaryotic cells such as mammalian cells. Due to its conserved eukaryotic characteristic, it is
a powerful tool to help investigating the complex molecular mechanisms in multi-cellular
higher eukaryotic. Let alone the simplest eukaryotic single-cell organism, there are also

enormous studies on genetics of budding yeast.

Budding yeast is easy to perform genetic modifications and economically maintained in the
laboratory. The collections of singe-gene deleting mutants (Giaever and Nislow 2014) and
targeted gene GFP fused collections (Huh, Falvo et al. 2003) are well established and can be
used as powerful genetic tools for ageing investigation. For instance, budding yeast single-
gene deleting mutant collection has been used to screen the genes involved in longevity

regulation (Fabrizio, Hoon et al. 2010).
Most of the ageing study on budding yeast is based on two models: replicative and

chronological ageing. They are two powerful models for understanding both mitotic cellular

ageing and post-mitotic cellular ageing.
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5.1 Two ageing models in budding yeast

CLS
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Chronological lifespan (non-dividing state)
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AR 999
RGN

Replicative lifespan (dividing state)

Figure 1.15. Schematic graph for Yeast Chronological and Replicative Ageing

CLS is measured by the length of time cells in a stationary culture can remain
viable. The period for the cell remains viable is defined as chronological
lifespan.

RLS in yeast is measured by the number of mitotic divisions that can arise from
a single mother cell. The number of generated daughters is defined as
replicative lifespan.

There are two ageing models that has been established to investigate cellular ageing process
by budding yeast: chronological ageing and replicative ageing (Figure 1.15).

The chronological ageing is defined by the viability that a cell maintained under non-dividing
state for ageing process. When the budding yeast is under non-dividing state, it may be
metabolically active. During this ageing process, damages can also be accumulated and
eventually lead to cell death (Longo, Shadel et al. 2012). The chronological longevity is

measured by the period when mother yeast is viable.

The replicative ageing is defined by the number of daughter yeasts that a mother yeast can
generate. Due to asymmetric dividing pattern of budding yeast (Mortimer and Johnston
1959, Chang and Drubin 1996), scientists observe that mother yeast gradually gain in size

and accumulate damages. The mother yeast can give birth to daughters exhibiting average
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dividing capacity same as young mother. However, the daughters from very old mothers
show reduced dividing capacity (Kennedy, Austriaco et al. 1994). These observations suggest
mother yeast increase in age and accumulate damages which restrict the inheritance to
daughters. At last, mother yeast may lose the capacity for damage restriction which generate

short-lived daughters.

So far, the relationship between replicative lifespan and chronological lifespan is not clearly
understood. Significant overlap of genes participating in replicative ageing and chronological
ageing are not detected (Burtner, Murakami et al. 2011). However, trend has been observed
that chronologically aged cells have a reduced RLS; and a period of stationary phase can
reduce RLS (Ashrafi, Sinclair et al. 1999). Both damaged proteins (Arlia-Ciommo, Piano et al.
2014, Saarikangas and Barral 2015) and genome instability (Bitterman, Medvedik et al. 2003,

Hu, Chen et al. 2014) are observed during both ageing processes.

5.2 Chronological lifespan and non-dividing/post-mitotic cell model

Chronological ageing is also called post-mitotic ageing. As the term indicated, its lifespan is
measured by the period when mother yeast survived under a non-replicative condition. And
this process is generally a time scale of weeks. This study is mostly estimated under calorie
restriction condition, mimicked by starvation (Longo, Shadel et al. 2012); in the absence of
caloric restriction chronological ageing can also be investigated (Nagarajan et al., 2014).
During chronological ageing, the accumulated damages cannot be diluted through cell
division, but must be turned over and renewed. Therefore, chronological lifespan (CLS) might

be related to the capacity of stress resistance (MacLean, Harris et al. 2001).

Molecular mechanisms involved in calorie restriction (Arlia-Ciommo, Leonov et al. 2018),
quiescence (Leonov, Feldman et al. 2017) and autophagy (Tyler and Johnson 2018) are

investigated using chronological ageing model.

5.2.1 Approaches to study chronological lifespan in budding yeast

To induce a non-dividing state is typically induced by growing yeast cells into the post-diauxic
state (Longo, Gralla et al. 1996). The post-diauxic phase is when cells deplete extracellular

glucose from medium. At this time, the growth rate will drastically be decreased and switch
40



to a mitochondrial respiratory metabolism. The cells will consume ethanol generated
previously during fermentation (Werner-Washburne, Braun et al. 1996). Gradually the yeast
cells will enter a stationary phase where they are kept at non-dividing state. According to the
variety of medium provided, this state can be maintained under 2 to 10 days (Figure 1.16

adapted from (Longo, Shadel et al. 2012)).

8 WT (08Y74)

A Standard CLS method

Age cells in liquid medium,
Plate cells onto YPD plates for CFU.

Survivad (%)

Dilute in
fresh SDC
using aluminum B Extreme CR/Starvation
foil caps - Switch cells to water on day 3. Plate cells onto YPD plates for viability.

C in situ (plate) viability
Age cells on a set of SDC~trp or other nutrient deficient plates. Every two days, take
one plate, add nutrient(s) required for growth to determine viability.

I

Figure 1.16. Induction of yeast chronological ageing

After an overnight culture, cells grow until they reach post-diauxic phase, then plated onto
starvation medium (A); for extreme starvation, cells grown after 3 days will be plated onto
starvation medium (B); for testing different carbon sources (or other medium condition),
using nutrient deficient plates or selectif medium for viability determination (C). Caloric
restriction as the most reproducible approach to extend longevity, has been extensively
studied in budding yeast to understand the molecular network in response to nutrient
deficiency. As explained above, during stationary phase, the cell may be maintained under a
low metabolic rate and increase a variety of stress-resistance pathways.

5.3 Replicative ageing lifespan and dividing-/mitotic ageing model

The replicative ageing is the successive dividing process of a mother cell from birth to death.
The measurement of RLS is calculated by counting the number of generated daughters
(Mortimer and Johnston 1959). On average, twenty-five daughters can be reproduced by a

mother yeast, and the whole process may take generally four to five days. While the mother

41



yeast ages, the daughters show rejuvenated phenotype of recovered dividing potential
(Jazwinski 1990, Kennedy, Austriaco et al. 1994). This rejuvenating capacity is lost in
extremely old mothers before death. These observations lead to the assumption of
accumulated ‘ageing factors’ which result in senescence and promote ageing. Those

daughters show rejuvenated phenotype are born without the inheritance of ‘ageing factors.

Bud neck

}

Mother Ageing factors Damage-free Daughter

Young
Old

Figure 1.17 Asymmetric division between mother and daughter in a budding pattern

The mother and daughter cells are morphologically different. Internal cytoplasmic content
including proteins and organelles are asymmetrically segregated to generate damage-free
rejuvenated daughter, whereas mothers retain damages and ageing factors.

Replicative ageing of budding yeast is a model of mitotic ageing. During the mitotic ageing
process, the yeast show asymmetry between mother and daughter (Hartwell 1971). Such
establishment of polarization leads to the emergence of daughter cells by budding along with
cytoplasmic content asymmetric segregation including proteins which leads to distinct gene-
expression pattern and even variation of pH (Figure 1.17) (Okada, Kusunoki et al. 2017)

(Henderson, Hughes et al. 2014, Yang, McCormick et al. 2015).

Mitotic ageing model is useful for further investigation in other asymmetric dividing model
such as stem cell of higher organisms. Molecular mechanism such as nutrient sensing
pathway (Conrad, Schothorst et al. 2014), cell cycle progression (Kraikivski, Chen et al. 2015)

and ageing process (Steinkraus, Kaeberlein et al. 2008) are investigated in replicative ageing.

5.3.1 Approaches to study replicative lifespan in budding yeast

To investigate the replicative ageing process of budding yeast, specific approaches are

required to overcome the difficulty. There are two major difficulties: the number of mother
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yeast is relatively small within one population (Figure 1.18). If the initial cell number is 1,
after N generations, there will be only one mother yeast at the age of N, while the daughters’
population can be up to 2AN-1. Therefore, there is limited number of mother yeast within a
bulk of mixed cell culture. The second difficulty is due to the cell-to-cell variety within the
isogenic population. The cells are undergone different pace of ageing. This can be easily
revealed by a survival curve (Figure 1.19). The mothers die at different ages, suggesting a
. Mother . 2%0
. Daughter / \

1st generation 201

2nd generation 2432

3rd generation 243

. . . . 4th generation 274

N generation 20N
Figure 1.18 Representative scheme to describe mother and daughter cell number in the
population
Initiated from one single cell, after N generation, the population may reach 2~N of cells. The

mother at the age of N is still one.
heterogeneous ageing process. Due to the multifactorial causal factors leading to the cellular

senescence, we could expect subpopulations showing diverse ageing process.
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Figure 1.19 Survival curve of a histone reporter strain

The survival curve gradually decreases not in a linear pattern. The curve shows that cells die
at various ages.
43



To rise above the first difficulty, conventional approach to study replicative ageing process
is by micro-dissection (Mortimer and Johnston 1959, Steffen, Kennedy et al. 2009). Using a
fine needle to remove each daughter from a single mother (Figure 1.20), and this process
should be repeated several times to obtain enough number of mother yeasts for reliable
statistical analysis. Therefore, this approach requires a big amount of time, patience and
repeated work. In addition, when shifting to nighttime, the cells are conserved at lower
temperature to delay the division. Hence, interruptions are induced during the whole ageing
process. This approach is suitable for quantifying the replicative ageing survivorship and

phenotypic events of mother yeast, yet internal molecular dynamic cannot be monitored.
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Figure 1.20 Schematic graphic demonstrating micro-dissection (Lee, Vizcarra et al. 2012)

Using the micro needle, the daughter cells are removed away from the ageing mother cell.

A second major approach to enrich the mother cell number for ageing study is by mother-
specific fixation system. Both physical fixation by biotin-magnetic column and genetic
modification by limiting daughter’s division (Lindstrom and Gottschling 2009, Sinclair 2013)
are applied to increase the mother population, yet such method is preferentially for
population analysis. In addition, the study for ageing process can be only measured by time
but not by division. This approach is suitable for population analysis of molecular dynamic
by collecting mother cells at various time points. Yet the cell-to-cell variety cannot be

precluded. In addition, real-time dynamic for molecular evolution cannot be monitored.
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Nowadays, a new type of technique using microfluidic system is rapidly developed in the
field for investigating more detailed ageing process. This approach provides a stable fluidic
micro-environment to minimize the cellular growth space (Figurel.21A). As shown in the
figure, single cell ageing process can be monitored (Fehrmann, Paoletti et al. 2013). This
study was performed using microfluidic device developed by the host laboratory. The host
laboratory mainly focuses on the application of micro-fluidic system for ageing process
investigation. In 2013, using ‘cavity’ design, single mother yeast can be trapped and
monitored for real-time ageing dynamic studies (Figure 1.21B). Later, this device is improved
by a high throughput design (Figure 1.22). More mother yeast can be trapped and monitored
for ageing studies. Combining with computational analysis: data processing, automated
segmentation and cell mapping, both single-cell and population analysis can be performed.
Using microfluidic system to investigate ageing process become a new trend, when searching
‘microfluidic’ as a keyword for budding yeast’ publications on PubMed, the increment of

publication is almost linear during the past decades starting from 1997.
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Figure 1. 21 Microfluidic system allowing single cell successive monitoring

A: Using PDMS (silicone) and glass coverlid to form a designed micro-environment, this space
can allow single cell growth. 3D scheme of the cavity design shows that liquid medium can
be provided for cell growth. (Chen, Crane et al. 2017)

B: The real image of the cavity design on the left, the right panel shows a mother yeast
captured at the tip. RLS is monitored along with the successive division. Each green line
corresponding to the division time. A full replicative lifespan trajectory is presented.
(Fehrmann, Paoletti et al. 2013)

24 mm

10 Independent channels

320 cavities per channel

Figure 1.22 High-throughput design improvement for mother cell capture (by Dr. Morlot)

The cavity designed is repeated. In total 320 cavities per channel. There are ten independent
channels on a single microfluidic chip.

As a conclusion, following the development of new approaches, more and more precise and

detailed molecular mechanisms can be investigated. According to different needs, various
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methodologies can be applied to answer those questions. Due to the focus on replicative

ageing for my doctoral thesis subject, more related information will be introduced.
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6. Ageing factors and the regulation

Identification of damages and ageing factors that induce ageing in mother yeast is crucial for
the investigation of ageing process. It has been suggested that factors accumulated in
mother cytoplasm is determinant (Egilmez and Jazwinski 1989). Later, it has been observed
that when mother ages, the daughters are born damage-free and show average dividing
capacity same as young mother cell (Kennedy, Austriaco et al. 1994). Such observation lead
to the speculation that damages are restrain in mother and not inherited to the daughters.

Some ageing factors will be briefly introduced.

6.1 ERC

Early in 1997, scientists have proposed that ERC is an ageing factor (Sinclair and Guarente
1997). ERC is short for Extrachromosomal rDNA circles, as its name, the molecule is issued
from rDNA repetitive loci located on chromosome XlI of budding yeast. Its accumulation
leads to the ageing phenotype in mother and its clearance in daughter leads to the
rejuvenation of age. When monitoring the replicative ageing process of mother yeast, the
mothers show more accumulated ERC, whereas the daughters are born ERC-free. There are
on average 150 to 200 repetitive rDNA copies on the chromosome XllI, this repetitive
category of rDNA is the may reason that rDNA gene may be excised from the chromosome

and form ERC by homologous recombination (Park, Defossez et al. 1999).

These molecules are like plasmid, it contains rDNA gene copies excised from the
chromosome and can be self-replicated under the regulation of ARS origin following each
cell cycle. In addition, the induction of ERC accumulation leads to a shorter lifespan. Not only
the ERC accumulation itself, the increasing rDNA loci instability in some mutants may also
induce ERC accumulation and ageing phenotype (Sinclair, Mills et al. 1997). However, how
ERC accumulation induce ageing phenotype is not understood yet. How the ERC
accumulation leads to ageing is not confirmed, speculations of protein titration theory has

been proposed.

In addition, the mechanism of ERC asymmetric retention between mother and daughter cells
is not fully understood. Yet there are studies demonstrating that asymmetric segregation

between mother and daughter is achieved by a diffusion barrier located at the bud neck by
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forming a filtering net (Shcheprova, Baldi et al. 2008, Wloka, Nishihama et al. 2011, Denoth-
Lippuner, Krzyzanowski et al. 2014). The ERC molecules are speculated to be tethered to the
Nuclear Pore Complex (NPC) embedded in the nuclear envelope of mother nucleus. It has
been speculated that due to the large size of the assembly, the narrow bud neck and fast cell

division might serve to limit the leakage of ERC to daughter cell (Gehlen, Nagai et al. 2011).

6.2 Oxidative stress and damages accumulation

Reactive Oxygen Species (ROS) has been considered as one of the major factors to induce
ageing in budding yeast (Harman 1992). ROS is a group of molecules that discovered
originally during mitochondrial aerobic respiration by electron leakage (Chance and Sies
1979). Later, scientists confirmed that the production of ROS is mainly from mitochondria
and NADPH oxidase (Longo, Gralla et al. 1996, Rinnerthaler, Blttner et al. 2012). This group
of molecules is highly reactive, short-lived and can induce DNA damage (Salehi, Behboudi et
al. 2018), protein aggregation (Vasconcellos, Dutra et al. 2016) and lipid peroxidation (Ayala,
Mufioz et al. 2014), they can basically react indiscriminately to all macromolecules

(Labuschagne and Brenkman 2013) some damages may be irreversible.

Following a series of reductive reactions by antioxidant enzymes (Birben, Sahiner et al. 2012),
the ROS may be reduced to H20 or converted to oxygen to avoid further damages. However,
the respiratory metabolism is crucial for providing energy in aerobic organism. Therefore,
ROS accumulation during ageing is inevitable for aerobic microorganism. In addition,
environmental stimuli such as heat stress (Davidson, Whyte et al. 1996), UVA radiation

(Kozmin, Slezak et al. 2005) can cause ROS accumulation and oxidative damages.

It has been proposed that ROS increase during ageing, yet direct evidence has not been
reported. A recent study has observed an increase of oxidative stress at early age but not
throughout the whole RLS (Kniess and Mayer 2016). In addition, mild oxidative stress
triggering longevity extension have been observed in the study of host laboratory (Goulev,
Morlot et al. 2017). Therefore, whether oxidative stress leads to direct causal link for ageing
is debatable. Yet the accumulative damages issued from oxidative stress and other basic cell
activity may be a more direct reason for triggering senescence and deleterious ageing effects

(Aguilaniu, Gustafsson et al. 2003, Erjavec, Larsson et al. 2007).
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6.3 Others

There are also other ageing factors, such as dysfunctional organelles: dysfunctional
mitochondrion, vacuole that are specifically retained in mother yeast to promote daughter
rejuvenation. The mechanisms of the polarity establishment and maintenance of these

ageing factors are crucial for regulating replicative ageing.
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7. Previous work of host laboratory and my thesis project

As previously described, the laboratory focuses on understanding the molecular mechanisms
involved in cellular homeostasis by using special customized microfluidic device. One of the

topics is to study the replicative ageing process.

In 2013, using the microfluidic device of cavity design, single cells’ replicative ageing
trajectories were collected (Figurel.23A). If we take the single cell, we can observe a sharp
cell cycle extension at a certain age of the mother. This is represented by a transition from
green to red. We can observe that the cell cycle extension isindeed abrupt, which is different
from conventional speculation that cell cycle may be gradually declined. However, when we
align the cells according to the birth, the abrupt cell cycle extension (color bar from green to

red) is not synchronized due to cell heterogeneity.
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Figure 1.23 Single cell cycle duration trajectory aligned by birth

The cell cycle duration is presented by color and length. Short cell cycle in green, long cell
cycle in red. Each line corresponds to a single mother cell cycle duration trajectory. The
transition from green to red is very abrupt and this transition happens at different ages
showing individual heterogeneity.

We then align all the mother trajectories according at the cell cycle extension point, we
found that RLS can be distinguished into two phases. The young phase, where the mothers
show regular cell cycle duration. And the old phase, when the mothers show irreversible cell
cycle slowdown, the cell cycle become irregular and extended (Figure1.24). This sharp cell
cycle extension is defined as the Senescence Entry Point (SEP). Previously the cellular
senescence has been used to define a permanent cell cycle arrest. This SEP is a breaking
point to define an irreversible cell cycle slow-down. The two phases can be called pre-SEP

and post-SEP, respectively.
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Figure 1.24 Definition of SEP by abrupt cell cycle slowdown breaking point

The left panel shows single cell trajectories aligned by cell cycle extension. Obvious change
of color from green to red can be observed.

The right panel shows a statistical analysis of the mothers. The cell cycle duration evolution
is drawn in blue, the coefficient of variation is drawn in red. The definition of SEP is
determined according to the dividing frequency change using MATLAB.
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8. My thesis project

The understanding of the mechanisms underlying this cell cycle slowdown may help us to
further understand its contribution to ageing process. During my thesis, | tried to investigate

the SEP and replicative ageing from 3 major perspectives.

Firstly, from cell cycle point of view to understand its cell cycle phase rearrangement upon

SEP, whether cell cycle checkpoints are activated?

Secondly, using the long-lived mutants to investigate the dynamic of SEP. For instance,
whether SEP is delayed in long-lived mutants and how. These long-lived mutants may be
involved in different mechanisms by modulating the accumulation of ageing factors (ERC
accumulation, oxidative stress). By investigating the SEP transition and longevity in these
mutants, the ageing process of corresponding mutants including SEP transition and nuclear

homeostasis can be compared and studied.
Thirdly, it has been proposed that ROS and oxidative damages accumulate during the ageing

process, yet the real-time dynamic remains unclear. Using the microfluidic system, we expect

to monitor the evolution of redox homeostasis and whether it could contribute to the SEP?
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Chapter Il
Result part 1
Characterization of SEP from the perspective

of cell cycle regulation
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1 Cell cycle phase quantification upon SEP

1.1 Specific background

In previous work of Dr. Fehrmann, he has observed the sudden cell cycle extension during
replicative lifespan. It is interesting to understand how cell cycle is extended from cell cycle
phases’ perspective (Figure 2.1). Is a certain phase or are all the phases of the cell cycle
extended? And how are they redistributed in elongated cell cycle? When cell cycle is

elongated in post-SEP period, how cell cycle phases are rearranged?

Pre-SEP ’ G1 S G2/M -\ 3
A

)
\
Post-SEP ¥ 61 s G2/M R

Figure 2.1 The cell cycle phase extension upon SEP event

A normal cell cycle is constituted by 4 phases including G1, S, G2/M and late mitosis
(Anaphase). During post-SEP, the whole cell cycle duration extended. The cell cycle phases
may be rearranged after SEP.

1.1.1 Cell cycle progression in budding yeast

Cell cycle is defined as the period between successive divisions of a cell. A duplicate of
genetic material should be synthesized and divide into the daughter cell at the end of this
cell cycle. They are separately S phase for DNA synthesis, M phase for mitosis. Then G1 is the
first gap phase after mitosis before entry of S phase, the second gap phase is after S phase
and before entering M phase (Figure 2.2). The core of cell cycle regulatory mechanism is the
oscillatory cyclin complexes. The cyclin complexes can be enzymatically activated and
phosphorylate numerous substrates that are involved in a specific phase. Different cyclins
are activated at different phases. Therefore, they are classified in four classes according to

their corresponding activity to the specific phase.
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Figure 2.2 Cell cycle phase functions within one cell cycle

The cell cycle is consisted of four phases. The G1 phase when the cell enlarges in size and
prepare for the DNA replication of next phase. The S phase is when the DNA duplicated. The
G2 phase corresponds to the cell size enlargement and prepare for the mitosis. The M phase
is short for the mitosis phase corresponding to the cell division. Eventually, after a full cell
cycle, the mother cell generates a newly born daughter cell.

1.1.2 Cell cycle checkpoint activation in budding yeast

Throughout the whole cell cycle, the Mitosis takes relatively short period of time. The cell
spends most of the time preparing for the division. This period is also called interphase.
During interphase (G1, S and G2), cells pass through numerous checkpoints (Figure 2.3)
(Hartwell and Weinert 1989). For instance, during G1 the cell check whether it was in an
appropriate size, the energy reserve was favorable and DNA integrity before launch the DNA
duplication of S phase. During G2 phase, the cell will check DNA replication and search for
DNA damage before proceeding to M phase. During Mitosis, the cell will check sister-

chromatid correctly attaching to the kinetochore.
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Figure 2.3 Cell cycle phases and the checkpoints on the cell cycle scheme

There are three cell cycle checkpoints within one cell cycle for budding yeast. The ‘Start’
checkpoint happens at late G1 phase before the DNA starts replication to avoid DNA mal
duplication. The second checkpoint is the DNA damage checkpoint which serve to examine
the DNA duplication and DNA damage after DNA duplicated before mitosis. The third
checkpoint is the spindle pole checkpoint which serve to verify the chromosomal attachment
before DNA separation. These cell cycle checkpoint may halt the cell at different phases
when errors are detected and assure the proper cell cycle progression.

The checkpoint system of cell cycle is very crucial for maintaining the cell integrity. If the
checkpoint is activated by an error, the cell will be halted at that stage. If disorder occur to
these checkpoint mechanisms, grave consequences may lead to cell death or even disease

such as cancer for mammals (unconstrained cell cycle).

1.1.3 Identification of targeted mother cells show SEP transition

The ageing process of HTB2-sfGFP reporter strain can be monitored by time lapse
microscopy, hence the cell cycle duration trajectory of mother yeasts is analyzed (Figure
2.4A). Mother yeasts undergo SEP transition are selected by first manually counting the cell

cycle duration and then perform a data analysis on MATLAB software (Figure 2.4B, 2.4C).
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Figure 2.4 Cell cycle duration trajectory and the determination of SEP in a mother cell
A: representative mother yeast HTB2-sfGFP reporter strain full RLS trajectory is monitored
under epifluorescence microscopy by performing time lapse ageing experiment.
B: The cell cycle duration trajectory of the mother yeast is manually analyzed by counting
the number of frames for each cell cycle. The cell cycle duration trajectory of full RLS is
shown by color code bar. In green the short cell cycle duration and in red the long cell cycle

duration. A phase of extended cell cycle duration is observed at late RLS and delimited by
dashed red line.

C: The frequency of cell division is calculated based on cell cycle duration. Using piece-wise
linear regression code, the SEP can be determined by searching for the most abrupt point
when the dividing frequency starts to decrease using ‘findSEP_Jia’ code in MATLAB
software.

To determine the SEP moment, there is a customized function called ‘findSEP_Jia’. The code
performs the analysis by firstly transform the cell cycle duration into dividing frequency
(Figure 2.4C), then using the piecewise linear regression to determine the breaking point
where dividing frequency decreased most significantly. This breaking point is the SEP

moment which corresponding to the abrupt cell cycle duration extension.

After analyzing the cell cycle duration trajectories of mother yeasts, all the mother yeast

exhibiting SEP transition are collected (Figure 2.5).
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1.1.4 Approach of cell cycle phase quantification using HTB2-sfGFP marker strain

To quantify the cell cycle phase duration, the host laboratory has developed a method by
using fluorophore protein fused to C terminal of HTB2 histone gene (one of the histone
nucleosome subunit H2b protein) (Garmendia-Torres, Tassy et al. 2018). This single marker
allows to discriminate cell cycle phases, based on the tight temporal correlation between
histone synthesis and DNA replication process (Figure 2.6) (Heintz, Sive et al. 1983, Sittman,
Graves et al. 1983, Baumbach, Stein et al. 1987, Nelson, Ye et al. 2002). The fluorophore
protein is super folder GFP (sfGFP) which can mature rapidly to avoid artefact and represent

accurate histone level dynamic.
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Figure 2.5 Pooling mothers by SEP alignment

The cell trajectories are pooled according to SEP moment delimited by dashed red line
(N=58). Evolution of cell cycle duration is showing good correlation to previous publication
of Fehrmann et al., 2013. The legend indicates the mean tstandard error on mean.

The fluorescence signal curve can be then analyzed for cell cycle phase quantification since
the fluorescence signal can represent distinct cell cycle phases according to the fluorescence
profile. The S phase corresponds to the increasing slope of the fluorescence profile and the
late mitosis (anaphase) is manifested by the chute of histone fluorescence. The G1 and G2
phases are represented by stable fluorescence profile respectively before S phase and
mitosis. The transition points between each phase are determined by using customized
piecewise linear regression approach. This approach for cell cycle phase quantification has
been already developed and applied in the publication for exponentially growing population

using the same HTB2-sfGFP reporter strain (Garmendia-Torres, Tassy et al. 2018).
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Figure 2.6 Cell cycle phase quantification by HTB2-sfGFP fluorescence reporter (adapted to
Garmendia-Torres, Tassy et al. 2018)

The super folder GFP fluorophore is fused to the C-terminal of endogenous HTB2 histone
gene. The fluorescence of histone protein level can be thus measured in real-time following
the cell cycle progression. The fluorescence signal profile can be used to quantify cell cycle
phases base on the piecewise linear regression analysis. Various phases and corresponding
to different fluorescence signal profile is shown on the fluorescence plot. According to
previous publication (Garmendia-Torres, Tassy et al. 2018), the cell cycle phase distribution
in young mother yeast has been measured (upper right).
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1.2 Result

1.2.1 Cell cycle phase generally elongated upon SEP

The HTB2-sfGFP reporter strain is monitored under microfluidic device for the cell cycle phase
guantification experiment. This experiment is different to the ageing experiment with a higher
frequency of time lapse-frame to increase the precision of fluorescence following the cell cycle
progression. The mother yeasts exhibiting SEP transition are collected. Based on the above-
mentioned method, cell cycle phase durations are quantified by fluorescence profile analysis
(Figure 2.7). According to the automated detected fluorescence chute at the end of each cell
cycle, it can be used for calculating the cell cycle duration. The SEP of these mother cells are
determined by ‘findSEP’ MATLAB customized function. All the cell cycle phases are quantified by

aligning all the cells at SEP.
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Figure 2.7 Evolution of cell cycle phase-duration upon SEP using automated analytic approach
The evolution of cell cycle phase duration is analyzed in automated-detected mother cells
enduring the SEP transition. Different cell cycle phases are shown in various color: G1 in light
green, S in light yellow, G2/M in orange, anaphase in red. The averaged pre-SEP cell cycle
phase durations are respectively: 8.5, 15.5, 15.5, and 23 minutes. The SEP transition is
represented by black line at 0 (x axe). The legend indicates the mean tstandard error on

mean.
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The evolution of each cell cycle phase duration is shown in the figure 2.7. Five divisions
before and after SEP are presented. All the cell cycle phases are elongated after the SEP
transition. However, if we look at the average cell cycle phase duration before SEP, for G1,
S, G2/M and anaphase, they are respectively 8.5, 15.5, 15.5, and 23 minutes. The cell cycle
phase measurement during pre-SEP period is not in line with the result obtained from
exponentially growing (mostly pre-SEP) cells (Garmendia-Torres, Tassy et al. 2018). Adding
all the phases together, the entire cell cycle duration 62.5-minute is obviously shorter than
average pre-SEP cell-cycle-duration 76 minutes. In addition, the quantification of cell cycle
phases is significantly different to the result obtained from exponentially growing cells. As a
conclusion, the automated detection for cell cycle duration quantification and SEP
determination is not reliable based on the histone H2b protein fluorescence level solely.
Therefore, manually intervention is needed to provide more precision for cell cycle phase

quantification upon SEP.

The cell cycle phase-duration are separately: 8.5, 15.5, 15.5, and 23 minutes for G1, S, G2/M
and anaphase. The whole cell cycle duration is around 62 minutes. The whole measurement
is shorter than the quantification obtained from exponentially growing cells. The data of
exponentially growing cells has been previously published in the work of Dr. Garmendia-
Torres by using the same HTB2-sfGFP reporter (Garmendia-Torres, Tassy et al. 2018). The
only exception is the G2/M phase which shows comparable duration in both pre-SEP and
exponentially growing cell population. The inconsistency while using the same method and
obtain a different result might be due to an error for determination of the cytokinesis,

therefore both G1 and anaphases are abnormal.

Another possibility that the cell cycle duration is much shorter than 76 minutes from
exponentially growing cells (Garmendia-Torres, Tassy et al. 2018) might be due to the mal-
detection of each cell cycle division. The automated detection for each cell division is based
on fluorescence peak and the automated determination for SEP is based on sudden
extension of cell cycle duration. These criteria may lead to a determination of the SEP at an
extremely short cell cycle duration which follows by an elongated cell cycle duration.
Therefore, both cell cycle duration and the moment of SEP maybe inaccurate. Both SEP and

the cell cycle cytokinesis must be correctly determined. To better quantify the cell cycle
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phase duration at the SEP transition, both cell division and SEP are thus determined
manually.

Using an alternative approach for precise cell cycle phase quantification. Eventually by
pooling more cell cycles, the quantification of averaged cell cycle phase duration may
provide more precision (Figure 2.8). However, this method can only compare the difference
between all pre-SEP and post-SEP cells, but it cannot demonstrate the dynamic evolution of

all the cell cycle phases.
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Figure 2.8 Histogram comparison of cell-cycle-duration between pre-SEP and post-SEP cell
population

By pooling all the cell cycles before and after SEP, the averaged cell cycle duration is
qguantified between the two population (pre-SEP, post-SEP; N>95). Distinct cell cycle
duration after SEP is observed by comparing averaged full cell cycle duration. The legend
indicates the mean tstandard error on mean.

Based on the fluorescence profile, the fluorescence signal of all these cell cycles are analyzed
by piecewise linear regression in order to quantify the cell cycle phase duration. The result
is shown below (Figure 2.9). The cell cycle phase-duration are separately compared, they all
show significant increase after SEP for all the phases. The measurement of the cell-cycle-

phase is comparable between exponentially growing cells and pre-SEP cells population. From

exponentially growing cells, the average G1, S, G2/M and anaphase phases’ duration are
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respectively 19, 29.5, 19.7, 12.2 minutes; while from pre-SEP cells, the corresponding cell-
cycle-phase quantification are respectively 14, 32, 16 and 13 minutes. The two sets of
quantification show relatively comparable result. However, since the two measurement are
performed in two different cell population, for instance, the statistical analysis of

comparison is not performed for further distinction.

Among these phases, compare to the post-SEP cells, the G1-phase-duration increases for
more than 3-fold. The other phases: S, G2/M and anaphase show about 1.5-fold increment
(Figure 2.9). All these phases lead to a total 1.8-fold increment from the cell cycle level. It

seems that G1 phase is mostly affected phase among all the cell cycle phases.
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Figure 2.9 Comparison of cell-cycle-phase-duration quantified in both pre-SEP and post-SEP
cell population by histogram

The histogram of various phase duration comparison before and after SEP. The legend
indicates the mean tstandard error on mean. (pre-SEP, post-SEP; N>95)

2 Alternative marker for cell cycle phase measurement upon SEP

2.1 Specific background

Because of abnormal histone protein fluorescence accumulation during post-SEP period, it

is reasonable to ask whether the measurement of cell cycle phase duration using HTB2-sfGFP
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reporter after SEP is still reliable. Therefore, using a non-histone cell cycle phase reporter to
monitor the cell cycle phase after SEP is performed to confirm the measurement of post-SEP

cell cycle phase quantification.

| used the G1 phase marker WHI5-GFP reporter strain and performed the same time-lapse
cell cycle phase quantification experiment under epi-fluorescence microscope. Whi5 protein
is a transcription factor regulator that shuttles between cytoplasm and nucleus during the
cell cycle. Whi5 is imported at the end of the cell cycle before cytokinesis and exported more
than 50% from the nucleus prior to the Start of DNA replication (Figure 2.10) (Liu, Wang et
al., 2015). The G1 phase duration measured by Whi5 nuclear residence do not correspond
exactly to the G1 phase duration measured by H2b protein, because Whi5 proteins are
exported from nucleus before DNA replication started. However, the oscillatory dynamic of
Whi5 can reveal relatively G1 phase duration and has been an excellent reporter of cell cycle
dynamics (Schmoller et al., 2015; Neurohr et al., 2018). It has been measured that G1 phase
duration is approximately 13,7 minutes in a mother cell population of the same cell strain
background cultured in the similar medium (Liu, Wang et al., 2015), this value is for reference

only.

o

Figure 2.10 Schematic Whi5 protein oscillatory shuttling between cytoplasm and nucleus
adapted from (Liu, Wang et al. 2015) in WHI5-GFP reporter

Schematic presentation of whi5 protein (green) location during the cell cycle. Right after the
mitosis, the whi5 protein are translocated into nucleus before cytokinesis. They are exported
from nucleus before Start of S phase. Whi5 protein is a good cell cycle G1 phase reporter.

|-7 G1 in mother 4»[
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End of mitosis Cytokinesis Start in mother

2.2 Result

2.2.1 Whi5-GFP reporter strain reveals significant G1 phase elongation upon SEP

Ageing time-lapse experiment on WHI5-GFP strain was performed. Due to the short period
of time (13.7 mins) that whi5 reside in the nucleus, the interval of frames allowing may be

very short. Therefore, the single cell trajectories of mother yeast are analyzed manually using
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Imagel. During the cell cycle progression, whi5 protein can be seen clustered in the nucleus
and then diffused into the cytoplasm before S phase (Figure 2.11). After analyzing the cell

cycle duration trajectory, mother cells exhibiting SEP transition are identified (Figure 2.12).

0 min 3 min 6 min 9 min 12 min 15 min 18 min

Figure 2.11 Whi5 protein evolution during the whole cell cycle in a pre-SEP mother cell

The sequential images of a full cell cycle progression for WHI5-GFP reporter strain. To better
visualize the Whi5 protein nuclear cluster, the zoom-in images are provided. The red arrow
indicates the Whi5 protein nuclear residence.

SEP-6 SEP-3 SEP SEP+1 SEP+3

Figure 2.12 Mother yeast show SEP transition (WHI5-GFP)

Mother cell of WHI5-GFP reporter strain exhibiting SEP transition are shown in the figure,
the red dashed line indicates the SEP.

After collecting all the mother yeast performing SEP transition, the number of frames
showing WHI5-GFP reporter cell cycle duration and nuclear localization of G1 phase are
counted by eye using ImagelJ software. As the result, both cell cycle duration and G1 phase

duration measured by Whi5 protein nuclear clustering are compared in pre-SEP and post-
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SEP cells (Figure 2.13). The cell cycle duration shows a general increase of about 2.4-fold
during post-SEP period, whereas the relative G1 phase shows an increment of about 5.4-
fold. The cell cycle duration before SEP is about 84 minutes and it increases to 200 minutes
after SEP. The G1 phase duration increases from 9 minutest up to 49 minutes. This
measurement shows slightly larger increment after SEP compare to the measurement of
HTB2-sfGFP reporter strain. This can be explained by a larger effective of post-SEP mother
cells in WHI5-GFP reporter strain. When analyzing the cell-cycle-phase duration by HTB2-

sfGFP reporter strain, some abnormal fluorescence pattern towards the end of replicative
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Figure 2.13 Cell cycle duration and relative G1 phase duration in WHI5-GFP reporter strain
Both cell cycle and relative G1 phase durations are quantified in pre-SEP and post-SEP
mother yeasts. The legend indicates the mean tstandard error on mean. (pre-SEP, post-SEP;
N>141)

lifespan are ruled out. Therefore, the number of post-SEP cell cycles that included in the

analysis is much more in the WHI5-GFP reporter strain, especially some cell cycles shown at
the end of lifespan. Consequently, the late life cell cycles are included for analysis and

contribute to a higher post-SEP increment for WHI5-GFP reporter strain.

The result comparing pre-SEP and post-SEP population indicates that G1 phase is indeed

showing significant elongation, the S/G2/M phases contribute to much less increment
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(Figure 2.13). Even though the time window of G1 phase measured between HTB2-sfGFP and
whi5-GFP are different, we observe the same cell cycle phase distribution pattern after SEP.
We can conclude that the result of HTB2-sfGFP reporter strain is probably correct and all the
phases are increased after SEP. And it seems that G1 phase is indeed extended mostly after
the SEP transition. Similar conclusion has been made in the work of Noerohr et al., 2018
using Whi5 marker strain. In his work, he also proved that more and more whi5 protein are
clustered in nucleus before death. Based on the significant G1 phase duration elongation
towards the end of lifespan and along with other investigations, they have proposed that cell
growth (corresponding to G1 phase) before Start checkpoint is crucial for cell cycle regulation
at the end of lifespan, and the G1/S phase transition is the proximal cause for cell death.
Combining with our result, the proportion of G1 phase to the whole cell cycle is about Vs at
pre-SEP and become % during post-SEP. This further suggests the significant role of G1 phase

during ageing.

3 Histone and DNA quantification upon SEP

3.1 Specific background

3.1.1 Histone level increment is concomitant to SEP

As mentioned above, the histone protein level starts to increase from SEP. This observation
has been extensively described in the cooperative project with Dr. Morlot’s work of the host
lab (Morlot et al.,, 2019). When using histone protein as nuclear marker, we observed
previously that both histone level and nuclear size are increased after SEP (Figure 2.14). Yet

the oscillatory pattern is still maintained during post-SEP.
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Figure 2.14 Histone protein expression and nuclear size increment aligned by SEP in mother
cells

When aligning mother yeasts by SEP (red dashed line), the averaged HTB2-sfGFP
fluorescence and nuclear size both increase abruptly concomitant to the SEP. The legend
indicates the mean tstandard error on mean. (pre-SEP, post-SEP; N>40)

According to HTB2-sfGFP marker, both G1 and S phases’ durations are showing tremendous
increase after the SEP. In addition to the observation that Htb2 protein basal level starts to
accumulate since SEP. The tight link between histone and DNA has been proved in previous
literatures (Heintz, Sive et al. 1983, Sittman, Graves et al. 1983, Baumbach, Stein et al. 1987,
Nelson, Ye et al. 2002). Therefore, Htb2 histone protein is selected to be used for cell cycle

phase quantification in our approach.

3.1.2 DNA quantification by DAPI staining in microfluidic system

To understand the DNA quantity variation during ageing process, DAPI staining experiment
was performed in microfluidic device. By the end of a microfluidic experiment, the yeast cells
at various ages are retained in the microfluidic chip. Then the cells are stained by DAPI, the
fluorescence levels corresponding to the quantity of DNA can be measured in yeast cells at

different ages (Figure 2.15).
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The age of mother yeast is determined using previously monitored time-lapse experiment.
To ensure the measurement of nuclear DNA quantity by DAPI, five stacks of planes are
collected to screen the whole cell volume. To avoid the artefact of DAPI signal from
mitochondrial DNA, the nuclear DAPI fluorescence signal is measured within the nuclear

contour determined by histone protein (Figure 2.15).

Post-SEP

phase GFP DAPI merge

Pre-SEP

Figure 2.15 DAPI dye reveals DNA quantity in pre-SEP and post-SEP budding yeast in
microfluidic device

Both pre-SEP and post-SEP mothers are shown in the figures. The cell contour in yellow is
determined by automated cell contour detection of phase channel. Nuclear contourin red is
determined by histone protein localization. DAPI fluorescence level inside the nuclear
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Figure 2.16 HTB2-sfGFP and DAPI fluorescence signal comparison in pre-SEP and post-SEP
population

The histogram graphic of HTB2-sfGFP and DAPI fluorescence before and after SEP. The
legend indicates the mean +standard error on mean. (pre-SEP, post-SEP; N>87)

Based on this methodology, the nuclear DNA quantity corresponding to different mother

yeast ages can be measured.

3.2 Result

3.2.1 Both histone and DNA quantity are increased upon SEP

DAPI fluorescence signal is increased when mother yeast ages, and the increment seems to
start from SEP transition (Figure 2.16). It rises to 4-fold, which is like the increasing rate of

histone protein level.

The DNA quantity accumulation after SEP shows a large variation compared to pre-SEP
population. To monitor the dynamic of DNA quantity increment after SEP, the DAPI
fluorescence of post-SEP mother at different age are analyzed. Considering the SEP transition
as age 0, following each round of cell division the post-SEP mother’s age increase to 1,2,3...
The DAPI fluorescence increasing dynamic after SEP can be shown by aligning these post-SEP
mothers according to their age. However, the increment did not show any pattern, the
distribution of the DAPI fluorescence become irregular suggesting that each mother cell after

SEP become very heterogeneous for their nuclear DNA quantity.
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| then asked whether such DNA increase is scaled with histone increase in post-SEP

population.

3.2.2 The scaling between DNA and histone are uncoupled after SEP

To compare the scaling between histone and DNA in both pre-SEP and post-SEP population,

histone vs. DNA quantity of mother yeast is plotted (Figure 2.17).

Young pre-SEP population presented by the green hexagons, the cells are well restricted in
the scaling between histone and DNA. According to the pre-SEP population, a linear
correlation is fitted for revealing the correlation between histone and DNA. The result
suggests that 70% of the cells can adapt to the linear fitting. The post-SEP cells are then
compared in red stars. They show a much larger variety of both histone and DNA increase.
And the increase of post-SEP cells seem to show slightly less DNA increase than histone

increase, because the stars are mostly found below the linear fitting of pre-SEP population.
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Figure 2.17 Comparison of DAPI vs. HTB2-sfGFP fluorescence in pre-SEP and post-SEP
populations

DAPI vs. HTB2-sfGFP fluorescence is shown in the graphic, the pre-SEP population is
presented by green hexagons, the linear fitting according to the pre-SEP population is
estimated and shown in black dashed line. The goodness of the fit: SSE: 4.093e+14; R-square:
0.703; Adjusted R-square: 0.7029; RMSE: 2.574e+05. The post-SEP population is presented
by red stars.

To better compare the maintenance of scaling between histone and DNA quantity during
post-SEP period, the ratio of HTB2-sfGFP and DAPI fluorescence is calculated. The groups of
ratios from both pre-SEP and post-SEP are plotted into smoothed distribution for better
visualization (Figure 2.18). From the figure, we could observe that the peak of ratio
distribution is relatively overlaid. By Mann—-Whitney—Wilcoxon statistical test to compare
these two sets of data, the P-value equals 0.24 suggesting that equal median is not rejected
at the default 5% significance level. The two groups of data show identical median. As a

conclusion, though the post-SEP cells show much more variety in both histone and DNA

quantity, the scaling between histone and DNA is uncoupled after SEP.
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Figure 2.18 Smoothing estimate of pre-SEP and post-SEP population based on the HTB2-sfGFP
vs. DAPI fluorescence ratio

The smoothed distribution of histone and DNA ratio in pre-SEP and post-SEP. The two groups
of ratios are calculated by HTB2-sfGFP versus DAPI fluorescence and visualized by a Kernel
smoothing function using MATLAB. Statistical test suggests the two groups of ratios between
pre-SEP and post-SEP population is identical, the two sets of data have identical median.

4 DNA damage cell cycle checkpoint action upon SEP

4.1 Specific background

As DNA and histone quantity become more variable after SEP, the increased S/G2/M phase-
duration become reasonable. We then speculate whether this raise is due to DNA damage
response (DDR) activating as cell cycle checkpoint which then slow down the cell cycle

progression after SEP?

4.1.1 Potential DDR activation markers

We chose to use DDR activation marker strains: DDC2-GFP and RNR3-GFP (Figure 2.19A).
Ddc2 protein is the DNA damage sensor protein which forms a focus to locate the DNA
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damage site. GFP fusion strain of Ddc2 has been used in the literature for detecting DDR
activation in permanent cell cycle blocked cells (Figure 2.19B) (Goulev, Morlot et al. 2017).
The Rnr3 is an isoform of RNR-complex, RNR complex is the ribonucleotide-diphosphate
reductase to transform NTP into dNTP. After the DNA damage is sensed and during
reparation, dNTP is required. Rnr3 is a downstream effector of DNA damage response which
involved in DNA synthesis. DNA synthesis is downstream to a DDR activation signal. This
RNR3-GFP fusion strain has been used to reveal the DDR activation in early telomere
shortened mutant by counting the RNR3-GFP burst frequency (Figure 2.19B) (Xie, Jay et al.
2015).
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Figure 2.19 DDR activation markers: DDC2-GFP and RNR3-GFP

A: Schematic DDR activation fluorescence response of DDC2-GFP and RNR3-GFP reporter
strains. The green color indicates the location and the quantity of the protein expression
upon DDR.

B: Example of DDC2-GFP reporter strain for revealing DNA damage-induced cell cycle arrest

after H202 treatment, the cell shows a persistent fluorescence focus (Goulev, Morlot et al.
2017). Example of RNR3-GFP reporter strain for revealing DDR activation in mutant, the cell
shows fluorescence burst upon DDR (Xie, Jay et al. 2015).
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4.1.2 Verification of DDR reporters in microfluidic system

Both reporter strains are treated under H202 and zeocin antibiotic for inducing DDR
activation. When treating DDC2-GFP marker strain with H202 to trigger DNA damage. It is
difficult to track the foci due to the loss of focus and weak signal (Figure 2.20). In addition,
the time lapse frequency or the excitation light cannot be further increased to avoid photo-
damage of laser. According to these observations in microfluidic device, we found that DDC2-

GFP is not the ideal marker strain for DDR activation.

DDC2-GFP

RNR3-GFP

Figure 2.20 DDR induced in DDR reporter strain in microfluidic system

The reporter strains are treated under both H202 0.4mM concentration and zeocin 1M
concentration for 5 hours. The time lapse ageing experimental setting is used for this test.
The upper panel are the representative images of DDC2-GFP reporter strain, and lower
panel RNR3-GFP. From left to right, the image is the result of different treatment: control,
H202 0.4mM for 5h zeocin 1M for 5h. The fluorescence burst that observed in RNR3-GFP
treated by zeocin is the most significant increase. The DDC2-GFP loci can rarely be
observed.

On the contrary, the RNR3-GFP shows a long-last (more than 1 hour) fluorescence burst

along with cytoplasmic Rnr3 overexpression. It can be easily detected in microfluidic system.
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In addition, zeocin antibiotic seems to be the most efficient DDR-inducing agent (Figure
2.20). Therefore, from the positive control, RNR3-GFP reporter strain is used for the DDR
activation and the RNR3-GFP fluorescence signal under the zeocin antibiotic treatment is set

as positive control reference.

4.2 Result

4.2.1 Establishment of DDR activation threshold

The determination of DDR activation for RNR3-GFP marker strain is slightly tricky due to
heterogeneous basal level of RNR3-GFP in individual cells (Figure 2.21). The average
fluorescence signal is 464.9 + 21 a.u. (standard deviation) in control experiment. RNR

complex is periodically expressed due to the dNTP requirement at S phase for DNA synthesis.
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The cell shows oscillatory Rnr3 expression pattern. In a population, the cell cycle is not

synchronized, this makes it difficult to set-up a threshold for DDR activation.
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Figure 2.21 Heterogeneous RNR3-GFP basal level in control condition

A: The photo of RNR3-GFP reporter strain under control condition showing heterogeneous
fluorescence basal level.

B: The representative trajectories of RNR3-GFP in the same experiment are shown. The
average fluorescence level is 464.9 with an error of 21 a.u. (standard deviation).
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Figure 2.22 DDR activation threshold in RNR3-GFP reporter strain

The smoothed distribution of RNR3-GFP reporter strain under both control and positive
control groups are shown in blue and orange, respectively. Based on the control fluorescence
signal, the threshold is determined to avoid false DDR activation. The threshold is set by
maximum fluorescence minus the median fluorescence level of control condition: 480-
454=26a.u.
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The fluorescence distribution of control is drawn in blue and the positive control in orange.
We can observe that fluorescence level of positive control group is indeed increased
compare to control group yet overlap can still be noticed. Thus, the determination of DDR
activation threshold is set to avoid DDR false activation. The threshold of DDR activation is
determined by maximum minus median RNR3-GFP fluorescence level measured under
control condition as shown from the figure above (Figure 2.22). The difference between
480.1 and 454.1 is 26 a.u. Therefore 26 a.u. is set to be DDR activation threshold, any

increment reaches 26 a.u. will be considered as a DDR activation.
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4.2.2 SEP is not exclusively caused by DDR activation

The ageing process of reporter strain RNR3-GFP is monitored under time lapse experiment.
The full mother yeast fluorescence level profile is quantified (Figure 2.23). Based on
determined threshold (26 a.u.), 2 out of 69 mother cells show an increment of fluorescence
larger than the threshold. Meaning that only 3% of cells are DDR activated during the ageing
process revealed by RNR3-GFP marker. Out of the two cells, one shows DDR activation
before SEP and the other after SEP. Most of the cell (97%), 67 out of 69 do not show a DDR

activation throughout the whole RLS (Figure 2.24).
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Figure 2.23 RNR3-GFP Single cell full RLS trajectories
A: Sequential images of RNR3-GFP reporter strain full lifespan, the SEP is presented by red

dashed line.
B: The trajectories of fluorescence level evolution during ageing are aligned by SEP, each dot
indicates the averaged fluorescence level of each cell cycle.

80



1:) y ‘ 971% ]

Ratio of cell in the population
o
[=>]

04
021
1.45% 1.45%
DDR activation pre-SEP DDR activation post-SEP no DDR activation
>200
450 450 . . 450 : - . ; :
—RNR3-GFP
1/69 1/69 67/69 —SEP transition moment
140 440 | i ad0 A | 440 DOFR ot i
\
430 w! 1430 H ’\\ " I | 430¢
110 I J k /N
‘r"‘a 1Y \V
420} \ { M 1 420 v | 4201 1
18 1\&\\ \ ol ",/ \
%0 AL I PV Ay Ay \
410 i d Iy, ;"f i 410 ,ﬂ,w«k,wf 410] WM\}M\/ WW{WM |
v
80 A " i A 400
40(1:0 -30 20 -10 0 10 20 40920 0 20 40 60 -1 -10 5 0 5 10 15 20 25
Time (h) Time (h) Time (h)

<70

Figure 2.24 DDR activation proportion during RLS revealed by RNR3-GFP marker

Histogram graphic of DDR activated population fraction before and after SEP. One cell (1/69)
shows DDR activation before SEP and the other one (1/69) after SEP. Most of the cells (67/69)
97.1% show no DDR activation during SEP transition.

The corresponding fluorescence trajectory profile of the full RLS is shown in the panel below.
The SEP of each mother cell is shown in black line. The activated threshold is marked by
orange line. The cell cycle duration trajectory presented by color bar of corresponding cell is
shown below each fluorescence profile.

According to the RNR3-GFP reporter, it strongly suggests that SEP is not exclusively caused
by DNA damage, because most of the cells are not DDR activated throughout their lifespan.
This may be: firstly, due to the enormous DNA damage induction when cells were treated by
zeocin at 1M for 5 hours for positive control; secondly, due to downstream DDR pathway
effector Rnr3 protein may not be sensitive enough to reveal minor DDR signal. Therefore,
weak DDR activation during normal ageing process may be less shown by RNR3-GFP
reporter. To verify this hypothesis, more sensitive DDR activation reporter is needed to be

tested for ageing experiment.

4.2.3 More DNA damage signals are observed after SEP in later RLS

However, an increment of RNR3-GFP signal at late life period can be observed, though it is
below the DDR activation threshold (Figure 2.25). If we pool all the fluorescence level of

RNR3-GFP cells aligned by the SEP moment. We can observe a slight increase of RNR3-GFP
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level after the SEP transition to the late lifespan of mother yeast. Yet this increment is still

below the determined DDR activation threshold.
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Figure 2.25 RNR3-GFP fluorescence level aligned by SEP transition moment

Fluorescence of RNR3-GFP are pooled and aligned by SEP to reveal the evolution of DDR
activation throughout the whole replicative lifespan. The SEP is indicated by black line, the
DDR activation threshold is shown in orange. The averaged fluorescence evolution is plotted
in blue. The legend indicates the mean tstandard error on mean. (N=69)

Yet the RNR3-GFP fluorescence increment before death may be explained by increasing DNA
damage happening at the end of lifespan. This observation is in line with previously
published work on the study of DNA damage in replicative ageing context (Novarina,
Mavrova et al. 2017). In their work, more DNA damage signals revealed by Rad52 foci (DNA
damage sensor) can be observed at old age compare to young cells, and this work has
proposed that such increment might be due to less efficient DNA repair mechanism as the

cell ages.
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Chapter Il
Result part 2:

SEP characterization in long-lived context
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1 Characterization of SEP in long-lived mutant fob1 by limited ERC

generation

1.1 Specific background

1.1.1 Regulatory elements on ribosomal DNA gene

The ERC is a double strand plasmid-like circular DNA that contains ribosomal large subunit
35S and small subunit 5S (Figure 3.1). 35S corresponding to the large ribosomal subunit for
which the replication is under the regulation of pol | complex; and 55 encoded the ribosomal
small subunit is replicated by polymerase lll. The transcriptional direction of these two genes
are opposite as indicated on the figure. There is a fork block protein Fob1 bind between the
two genes and serve to prevent bi-directional transcription. (Figure 3.1). A rDNA gene is
around 9.1 kb. The tandem repeats of rDNA on chromosome Xll can be as long as 1.4Mb due

to repetitive rDNA genes.

~150 copies of rDNA on chromosome Xl (~1,4M)

- 4
.~~~ rDNA 9,1kb
/
—
/” “\
4 \
/’ \

1GS2 IGS1

RFB Replication Fork Block
E-Pro

& ARsS

Figure 3.1 Regulatory elements on rDNA repetitive loci

35S and 5S ribosomal coding genes are shown in blue, with the corresponding transcription
orientation. In green the ARS signal allows the auto-replication. In light green is the E-pro site
where Sir2 protein can bind to this region and induce silencing. The Fob1 fork block binding
site is in orange. Fob1 fixation allows single direction transcription of 5S gene. IGS1 and 1GS2
stands for the two intergenic space (sequence). A rDNA gene is around 9.1 kb. The tandem
repeats of rDNA on chromosome XlI can be as long as 1.4Mb.
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The excision of ERC is induced DNA homologous recombination repair. DNA binding proteins
including transcription polymerases and fob1 proteins collapse from rDNA loci and induce
double strand break. The cell may detect such break and when repairing by homologous
recombination, the unequal copy number between sister chromatid may lead to ERC excision

and eventually repair rDNA repetitive loci and ERC may be excised.

The ERC formation is related to the exposed rDNA that show transcriptional accessibility.
Because when the rDNA repetitive loci are transcriptional activated, the proteins may bind
onto the DNA and eventually lead to rDNA repetitive gene excision when DNA collision
happens. The excised rDNA tandem DNA circle -- ERC which contain an auto-replicative origin
sequence (ARS) region for which the replication can be originated. This allows the ERC
molecule to be duplicated along each cell cycle. Once the ERC excised, it has been speculated
that ERC will be replicated for each cell cycle because of its RAS replicative origin. Therefore,
the excised ERC may be accumulated exponentially after each cell cycle (Figure 3.2). The
mainstream hypothesis of ERC-induced toxicity phenomenon is based on the titration of
transcriptional factors which spare excessive regulatory proteins on ERC and eventually it

may become lethal when the number of ERC become outrageous in aged mother yeast.
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Figure 3.2 Schematic ERC molecule in both daughter and aged mother cells

The schematic rDNA and ERC localization figure in daughter cell and aged mother cell.
The blue block indicates the ribosomal coding gene. The repetitive rDNA loci locate in
the nucleolus region. As the mother ages, more and more ERCs are formed and may
induce death eventually.

The protein Fob1 is a DNA binding protein specific to the rDNA region for transcription
regulation and its known to induce DSB and ERC formation. It has been reported that fob1A
mutant show less ERC accumulation due to less ERC formation and longer RLS compare to

WT. This might be due to less ERC-induced toxicity.

1.1.2 Regulation of ERC biogenesis and rDNA stability by chromosome remodeling

There are about 150-200 tandem copies of rDNA genes, yet not all of them are accessible for
transcription. This accessibility is under the regulation of chromosome structure and
function, more precisely the epigenetic histone post-translational modifications, such as: by

covalent modification on histone residues such as acetylation or deacetylation on lysine etc.
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These modifications can induce rDNA silencing and increase transcriptional accessibility by

chromosome remodeling (Srivastava, Srivastava et al. 2016).

For rDNA loci, its nucleosome can be remodeled under the control of enzyme exhibiting
histone deacetylase activity via Sir2 (Buck, Sandmeier et al. 2002, Huang and Moazed 2003).
Deleting Sir2 gene can reduce silencing therefore increase the transcriptional accessibility
around the repetitive rDNA region. This exposure may further affect the ERC formation
under the influence of rDNA stability. Indeed, in sir2A, the cell exhibits high rDNA instability
and rapidly form large amount of ERC (Kobayashi, Horiuchi et al. 2004, Kobayashi and Sasaki

2017). This mutant show significantly shortened RLS.

1.1.3 The relationship between rDNA/ERC and SEP (work in (Morlot, Song et al. 2019)

Previously in the lab, the work of Dr. Morlot (Morlot et al., 2019) has revealed the direct
relationship between SEP and the ageing factor ERC. By using a rDNA/ERC marker, she found

that SEP may be a consequence of ERC accumulation (Figure 3.3).
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Figure 3.3 SEP is a consequence of ERC accumulation revealed by ERC-LacO & GFP-Lacl
reporter strain

A schematic figure of ERC accumulation prior to the SEP over the course of ageing. The green
zone represents nucleolar region of nucleus; the black dot indicates the ERC molecule. The
reporter strain used for rDNA/ERC is shown on the figure. As the ERC copy number reaches
a certain threshold, the SEP happens and eventually the cell death.

She has used the reporter strain of ERC/rDNA to monitor its copy number during ageing
(Figure 3.3). Each rDNA gene is inserted with repetitive LacO sequence so that Lacl-GFP can

bind to the rDNA/ERC molecule and reveal green fluorescence signal. The ERC accumulation
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starts shortly after birth. When the quantity of ERC reaches a threshold, SEP is triggered. In
addition, the statistical estimation of fluorescence signal indicates an exponential increase
within each division. This observation suggests that fluorescence signal increment is indeed
issue from the extrachromosomal ERC gene copies. Therefore, once ERC is excised, the
duplication starts as cell ages. Eventually, at the end of lifespan, the quantity of ERC can

reach a size of 1.6-fold of yeast genome.

One of the mutants showing less ERC accumulation is the long-lived fob1A mutant. As the
SEP is related to ERC accumulation, whether SEP is delayed and how the SEP become in

fob1A mutant can be asked.

1.2 Result

1.2.1 Fob1 mutant shows prolonged RLS in microfluidic system

Deleting Fob1 protein leads to RLS extension, this has been reported in the literatures since
1999 (Defossez, Prusty et al. 1999, Kobayashi 2003). Fob1lA mutants with and without
histone nuclear marker (HTB2-GFP) are used for time lapse ageing experiment. We

confirmed that fob1A mutant is long-lived in our microfluidic system (Figure 3.4).
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Figure 3.4 Fob1 A mutant indeed show longer RLS than WT

The representative ageing trajectory of fob1lA mutant with nuclear marker is shown in the
left panel. The mother replicative lifespan is measured and compare to WT. Significant
increase of RLS can be observed (WT (27.5) N=130; fob1A (39) N=63).

1.2.2 Probabilistic SEP event by limiting ERC excision in foblAmutant

Surprisingly, we observe two distinct cell fate in fob1lA mutant, there are cells die with and
without SEP (Figure 3.5).
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Figure 3.5 Fob1A mutant show long-lived mother cell age without SEP

Representative fob1A mutant show no-SEP ageing pattern. Both sequential images and cell
cycle duration trajectory is shown below. The average cell cycle duration is ~80 minutes
per division throughout the whole lifespan.

In WT population, the SEP is triggered in most of the mother yeast, about 85% of cells die
with SEP (N=90, with-SEP=77, no-SEP=13) (Figure 3.6). Yet in fob1lA mutant, up to 63% of
cells (N=56, with-SEP=21, no-SEP=35) die without SEP transition, these cells are thus defined
as no-SEP subpopulation. They show significantly longer RLS (45) compare to WT (27.5). In

this fob1A no-SEP subpopulation, the nuclear size is relatively constant and do not show
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enlargement before cell death (Figure 3.5). This suggests that ERC copy numbers of no-SEP
cells may not be increased as in with-SEP population. The mother yeast may be died in an
ERC-free status. This hypothesis is indeed confirmed by Dr. Morlot’s complementary work
by directly using rDNA/ERC reporter in a foblA mutant. When monitoring the ERC signal

throughout the whole lifespan in no-SEP cells, the fluorescence signal shows a constant level.
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Figure 3.6 Distribution of with-SEP and no-SEP population

The histogram distribution of with-SEP and no-SEP population in both WT and fob1A mutant.
The legend indicates the percentage proportion of the two subpopulations. The boxplot
figure indicates each subpopulation replicative lifespan. The legend indicates the mean
tstandard error on mean. (N>66)

For fob1A with-SEP subpopulation, there is 37% of mother yeast undergo SEP transition and
they show slightly longer RLS than the WT. | then asked whether the SEP in both fob1A and
WT is happening at the same time. Statistical Mann—Whitney—Wilcoxon test for both full RLS

and SEP are compared between WT and fob1A with-SEP subpopulation (Figure 3.7).
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Figure 3.7 Comparison of SEP onset and RLS of subpopulation

RLS

A: The boxplot graph of with-SEP subpopulation in both fob1A and WT. The with-SEP cells of
fob1A strain shows slightly longevity extension. The legend indicates the mean tstandard

error on mean. (N>20)
B: The histogram graph of SEP comparison in both foblA and WT. The SEP of fob1A

mutant (24) is prolonged compare to WT (21). The post-SEP lifespan is identical in both
backgrounds. The legend indicates the mean tstandard error on mean.

It seems that SEP is delayed in fob1A mutant and the extended SEP mainly contribute to the
longevity extension in with-SEP subpopulation. The post-SEP period of both foblA and WT
do not show distinct lifespan. From this result, two factors contribute the fob1A longevity
extension. Firstly, the no-SEP cells which is most of the whole population, live significantly
longer; secondly, the with-SEP cells show delayed SEP also extend RLS. Taking together, it
seems that foblA mutant by limiting the ERC formation largely reduce the SEP probability
in the population. Two distinct cell fate of fob1A population, suggests that ERC excision

regulated by Fob1 protein may be a probabilistic event during the ageing process.
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1.2.3 SEP characterisation in with-SEP subpopulation of WT and fob1A

To further compare the SEP between WT and fob1 with-SEP subpopulation. Both cell cycle
duration, histone fluorescence increment and nuclear cytoplasmic ratio are compared

(Figure 3.8). It seems that SEP exhibit identical characteristics between WT and foblA

mutant.
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Figure 3.8 Comparison of SEP characteristics in fob1A and WT

The evolution of cell cycle duration, HTB2-sfGFP and N/C ratio in fob1A and WT (aligned by
SEP). The error bar indicates t+standard error on mean. (N=20 for both strains) The SEP is
indicated by a dashed red line and located to the zero of x-axe. The grey area indicates less
effective at late life due to mother cell death.

This observation validate that SEP observed in foblA with-SEP population is like the SEP
observed in WT population. Even though SEP is similar, the cell cycle duration of fob1A (84)
islonger than WT (76) for young pre-SEP cells. This difference must be crucial for survivorship
of WT in savage environment. It has been proposed in the study of microorganism that fast
growth of the population is crucial for nutrient and space occupation and competition. This

maybe the one of the reasons that long-lived fob1A mutant cannot override WT strain.
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Figure 3.9 Comparison of cell cycle duration between WT and fob1A

The boxplot graph compares the cell cycle duration og WT and fob1A mutant. (N=338)

2 Characterization of SEP in long-lived mutants by perturbing ERC

mother-daughter segregation

2.1 Specific background

2.1.1 Regulatory elements for ERC asymmetric segregation between mother and
daughter cells

As the number of ERC increases, it becomes crucial for the mother yeast to generate ERC-
free daughters for which their ages are reset to zero (Kennedy, Austriaco et al. 1994). One
of the mechanisms that has been elucidated which involved in the ERC asymmetric
segregation is by tethering to mother nuclear pore complex (NPC) under the regulation of
SAGA complex (Denoth-Lippuner, Krzyzanowski et al. 2014). SAGA complex is short for Spt-
Ada-Gcn5-Acetyltransferase complex. It is one of the major transcriptional regulator
complexes for gene expression. The SAGA complex is constituted of 18 subunits and regulate
chromosomal structure by histone post-translational modification. Its enzymatic activities
include histone acetylation by Gen5 complex and histone de-ubiquitination by mDUB module

(Figure 3.10A) (Yan and Wolberger 2015).
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It has been further uncovered that in the SAGA mutant, ERC can abnormally propagate from
mother to daughter yeast (Figure 3.10B) (Denoth-Lippuner, Krzyzanowski et al. 2014). These
mutants (SAGA component deleting mutants) lacking ERC anchorage capacity exhibit longer
RLS than WT. The authors proposed that SAGA complex serve to enhance ERC anchorage on
NPC and restrict its segregation to daughter cell. | then chose the SAGA mDUB module
mutants: sgf73A and ubp8A mutants which are known to be long-lived and has been

investigated previously (McCormick, Mason et al. 2014).
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Figure 3.10 SAGA complex and schematic figure of SAGA mutant adapted from (Denoth-
Lippuner, Krzyzanowski et al. 2014)

A: mDUB module of SAGA complex (adapted from Canzoneta et al., 2016).

B: Schematic figure showing ERC retention capacity in WT and SAGA mutants. In WT, SAGA
complex helps to tether ERC on the NPC and prevent the ERC propagation. In SAGA mutant,
the ERC are not tethered to NPC, therefore propagation of ERC to the daughter cell is more
frequent in SAGA mutant.

ERC asymmetric segregation can also be regulated by the diffusion barrier located to the bud
neck between mother and daughter. It has been proved that Bud6-dependent diffusion
barrier serve to confine ERC segregation in mother cell (Shcheprova, Baldi et al. 2008).
Hence, bud6 has been found to be a long-lived mutant due to ERC bud neck propagation

from mother to daughter cells.
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2.2 Result

2.2.1 RLS analysis for verification of long-lived mutants

Above mentioned mutants: sgf73A, ubp8A and bud6A are monitored for time lapse ageing
experiment. Bud6A mutant shows a similar RLS to WT in our hand (Figure 3.11). Probabilistic
SEP is not observed in this mutant. From statistical test between the bud6A and WT, both
RLS and SEP are similar. This mutant does not show longer RLS in microfluidic system. In
addition, both cell cycle duration, SEP probability (proportion of with-SEP and no-SEP cells)

are similar compare to WT. Therefore, no further analysis was performed in this mutant.
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Figure 3.11 RLS and cell cycle duration trajectories in bud6A mutant compare to WT

A. RLS survival curve is observed in bud6A mutant and WT. (N=50)
B. Color-coded cell cycle duration trajectories of WT and bud6A. The probability for SEP onset

(~80%) and cell cycle duration (80 min) do not show significant difference.
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For the other 2 SAGA mutants, RLS extension can be measured (Figure 3.12). The median RLS
of the three strains WT, sgf73A and ubp8A are respectively 27.5 (£0.8), 34 (+1) and 31.5
(£0.9). Using boxplot graphic to present the RLS and combining with statistical test, sgf73A

seems to exhibit more longevity extension compare to ubp8A.
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Figure 3.12 RLS extension observed in sgf73A and upb8A mutants

Boxplot graph of RLS of WT and SAGA mutants. SAGA mutants show extended RLS. Average
RLS for sgf73A (N=85) is 34 and upb8A (N=102). The legend indicates the mean tstandard
error on mean. Statistical test has been performed, when comparing with WT RLS, sgf73A
shows significant increase of RLS whereas ubp8A shows less significant increase.

When investigating the SEP in SAGA mutants, | found surprisingly the no-SEP population
which indicate that SEP is under the regulation of SAGA mDUB function as well. The
probabilistic SEP event among all the mothers and the onset of SEP in with-SEP

subpopulation are analyzed (Figure 3.13).
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Figure 3.13 Cell cycle duration trajectory of WT and SAGA mutants

The representative color-coded cell cycle duration trajectories for WT, sgf73A and ubp8A
mutants (N>36). Erratic and spontaneous long cell cycle in red can be observed in sgf73A
mutant.

2.2.2 Alternative SEP determination approach for sgf73A SAGA mutant

The spontaneous long cell cycle duration represented in red can be seen in color coded cell
cycle duration trajectories. Comparing SAGA mutants with WT, the both ubp8A and sgf73A
seem to show spontaneous and erratic long cell cycle during early age. And the most severe
phenotype with spontaneous long cell cycle at early stage is the sgf73A mutant. | then focus
on sgf73A mutant for further analysis solely, since the two SAGA mutants are involved in the
same enzymatic function. Not only cell cycle duration become irregular, the young mother
cell shows prolonged cell cycle as well. When analyzing the SEP based on the cell cycle
sudden extension, it become difficult and inaccurate due to irregular and extended pre-SEP

cell cycle duration (Figure 3.14A).
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Figure 3.14 Determination of SEP in sgf73A mutant

A: Color-code cell cycle duration trajectory and corresponding cell dividing frequency are
plotted on the figure. Erratic and extended long cell cycle duration perturb the SEP
determination based on dividing frequency. The red dashed line indicates the linear
regression using previously described ‘findSEP’ code. The SEP found at ‘0’ is indicated by bold
red dashed line.

B: HTB2-sfGFP fluorescence signal evolution during ageing of the same cell. Each asterisk
indicates a cell division. The blue dashed line indicate the SEP determined by fluorescence
increase breaking point, the red line indicate the SEP determined by cell cycle duration
breaking point.

It also worth noting that both cell cycle duration and histone protein expression level
increase upon SEP. When plotting the H2b histone protein fluorescence evolution of the
same cell (Figure 3.14B), the cell shows fluorescence level increase as well. Therefore, based
on the linear regression principle of SEP determination, | developed an alternative method
of SEP determination based on fluorescence level increment. Since the basal fluorescence
level increase at SEP, the fluorescence-based SEP is indicated by blue dashed line (Figure
3.14B). Based on the SEP determination, | pooled all the pre-SEP cells and found that sgf73A
show much longer cell cycle duration in sgf73A mutant (105 £ 15 min) compare to WT (80 +
10 min). The abnormally long cell cycle before SEP can also be a reason that blur the sudden
cell cycle extension and influence the SEP determination by cell cycle duration.
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The decoupling of H2b protein accumulation and cell cycle duration upon SEP may be due to
loss of random ERC copies in sgf73A mutants. It seems that ERC accumulation is more tightly

linking to the histone protein level rather than the cell cycle duration.

2.2.3 SAGA mutant extend RLS partly by promoting genome stability

| then focus on sgf73A to investigate the SEP dynamic in with-SEP subpopulation.
Surprisingly, sgf73A mutants also show SEP probabilistic event like the fob1A strain. Both no-
SEP and with-SEP subpopulations can be observed (Figure 3.15). There are about 59% cells
showing SEP and 41% without SEP. The no-SEP subpopulation (36.7+1.3) shows similar
lifespan longevity to the WT no-SEP subpopulation (37+1.7). And the withSEP sub-population
again shows slightly increased lifespan than to the WT. | then asked how the SEP changed in

sgf73A mutant, whether the pre-SEP period or the post-SEP period?
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Figure 3.15 Distribution of with-SEP and no-SEP population

The histogram distribution of with-SEP and no-SEP population in both WT and sgf73A mutant.
The legend indicates the percentage proportion of the two subpopulations. The boxplot
figure indicates each subpopulation replicative lifespan. The color is set to be transparent for
sgf73A for better visualization. The legend indicates the mean tstandard error on mean.
(N>85)

From the boxplot, the replicative lifespan does not seem to be extended in a large scale. The
extended with-SEP subpopulation lifespan contributes mostly to the lifespan extension,

along with increased proportion of no-SEP population.
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Figure 3.16 Comparison of SEP onset and RLS of subpopulation

A: The boxplot graph of with-SEP subpopulation in both WT and sgf73A. The with-SEP cells
of sgf73A strain show slightly longevity extension. The legend indicates the mean tstandard
error on mean. (N>26)

B; The histogram graph of SEP comparison in both sgf73A and WT. The SEP of sgf73A mutant
(24) is prolonged compare to WT (21). The post-SEP lifespan is identical in both backgrounds.
The legend indicates the mean tstandard error on mean.

When looking at the SEP onset, the SEP of sgf73A is like WT (Figure 3.16). From statistical
test, the SEP is identical. A post-SEP extension can be observed in sgf73A mutant. Due to the
pattern observed previously in fob1A, the mechanism involved in longevity extension for the
two mutants seems different. Indeed, the Sgf73 protein is involved in ERC retention, it may
be less involved in ERC formation and accumulation before it reaches the crucial threshold.
According to the extended post-SEP lifespan, the loss of ERC maybe key for lifespan
extension. It strongly suggests that ERC quantity is key for RLS and ERC retention is one of

the mechanisms that regulate the ERC quantity.
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2.2.4 SEP characterization in with-SEP subpopulation of sgf73A

Like the case of foblA mutant, nuclear size, histone protein expression level and N/C ratio
are compared in with-SEP population for sgf73A and WT. In sgf73A mutant, this nuclear size
increase and fluorescence increase seems to be less pronounced compare to WT. After
looking into the fluorescence increasing dynamic no significant difference can be observed.
To better investigate the dynamic transition upon SEP, it would be preferable to use shorter

time for time-lapse experiments.
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Figure 3.17 Comparison of SEP characteristics in sqf73A and WT

The evolution of cell cycle duration, HTB2-sfGFP and N/C ratio in sgf73A and WT (aligned by
SEP). The error bar indicates *standard error on mean. (N=20 for both strains) The SEP is
indicated by a dashed red line and located to the zero of x-axe. The grey area indicates less
effective at late life due to mother cell death.

Based on the fluorescence-determined SEP, we can observe that both sgf73A and WT how
similar increase of all the parameters, including cell cycle duration, H2b protein expression
level and N/C ratio (Figure 3.17). Using the nuclear marker, it is difficult to understand how

the ERC copy number evolves during the ageing process.

From previously study that sgf73A extend RLS via Sir2 function by reducing rDNA
recombination (McCormik et al., 2015), | speculate that sgf73A mutant show two major
functions: less ERC formation and weaker ERC retention capacity. Taking these functions
together, the increasing number of no-SEP subpopulation in sgf73A may be due to rDNA
increasing silencing status which reduce the ERC formation rate. This speculation is based on
the fob1A mutant with very low ERC formation rate exhibiting much higher proportion of

no-SEP subpopulation compare to WT. The weakening of ERC retention in sgf73A could be
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the reason for post-SEP extension due to loss of excessive ERC and propagate to daughter
cells. The fact that | can observe a SEP by H2b protein fluorescence increase suggesting that
the ERC retention capacity of the mother cell is not totally abolished, for instance the nuclear
barrier may still function between mother and daughter for preventing the equal ERC
distribution. To confirm the speculation above, directly using the rDNA/ERC reporter can
provide more and direct evidence to understand SEP dynamic when ERC copy numbers show

more variety in SAGA mutants.

As a conclusion, the long-lived mutants show a different SEP probability and dynamic by
regulating potentially the ERC quantity leads to a direct causal relationship between ERC and

SEP.

3 Asymmetric nuclear segregation between old age mother and

daughter

3.1 Background

3.1.1 SEP phenotype inheritance from post-SEP mother

Based on the characterization of SEP in previous investigation, | observe the H2b histone
protein overexpression along with nuclear size enlargement and cell cycle prolongation. It

can be asked whether such phenotype can be inherited to the daughter cell?

3.2 Result

3.2.1 Rejuvenation analysis in daughters issued from post-SEP mothers

Mother yeast starts to show nuclear enlargement by the onset of SEP. This nuclear
enlargement is not only characterized by the increment of nuclear size but also the nuclear
content. For instance, the histone density is also increased. In addition, not only the H2b
protein become abundant after SEP, the other histone protein H4 encoded by HHF2 also
show increase upon SEP (Figure 3.18). Though the cell is very sick and sensitive to stress, the
histone protein level has been seen increased upon SEP before cell death. Such observation
leads to speculation that general nucleosome expression may be increased after SEP.
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Figure 3.18 Histone proteins H2b and H4 accumulate upon SEP

The fluorescence signal evolution of H2b and H4 histone proteins are aligned by SEP during
ageing. Both HTB2 encoded H2b protein and HHF2 encoded H4 protein show an increase
of total fluorescence level after SEP can be observed. Due to the sick cell phenotype of
HHF2-GFP reporter strain, the cell shows abnormal cell cycle and is very short-lived, the
post-SEP period is only about 3 generations on average. The error bar indicates tstandard
error on mean.

Whether post-SEP mother showing enlarged nuclear size and increased ERC copy number
(Morlot, Song et al. 2019) would inherit the ageing phenotype to daughter cell or not. To
answer the question above, | take advantage of the microfluidic device which allows the
observation of the daughter cells for some time before they were removed by medium
flood. The cell cycle duration, nuclear size and histone protein expression level of daughters

are measured (Figure 3.19).
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Figure 3.19 Rejuvenation analysis measurement (adapted from (Morlot, Song et al. 2019)

A: Representative images of pre-SEP and post-SEP mother and daughter cells. Using the
HTB2-sfGFP reporter strain, the nuclear size, histone protein expression level can be
monitored.

B: Schematic description for the quantification method. Daughters generated by
corresponding aged mothers are monitored. To avoid cell-size-variation induced cell cycle
difference, only the daughter cells’ second cell cycle is counted for rejuvenation analysis.

The cell cycle duration of daughter cells originated from mother at different ages is the first
time that has been investigated. The daughter generation issued from post-SEP mothers
show similar short and regular cell cycle duration identical to the pre-SEP mother cells

(Figure 3.20).
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Figure 3.20 Rejuvenation analysis of cell cycle duration

The cell cycle duration measured in mothers at different age (aligned by SEP) and compare
to the cell cycle duration measured in daughters issued from these mother cells. The SEP is
indicated by red dashed line. The error bar indicates *standard error on mean. (N=40 for
mother cells)

This result shows that corresponding daughters generated at different ages show relatively

constant cell cycle duration, it indicates the rejuvenation phenotype of daughter cells.
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Figure 3.21 Rejuvenation analysis on mother bearing SEP transition

A: Nuclear size evolution of mothers and corresponding daughter (Mother in green,
daughter in orange, SEP in red). The error bar indicates +standard error on mean. (N=40 for
mother cells)

B: Histone total fluorescence level of mothers enduring SEP of mothers and corresponding
daughters (Mother in green, daughter in orange, SEP in red). The error bar indicates
tstandard error on mean. (N=40 for mother cells)

Mother nuclear size and H2b histone protein level both increase abruptly from SEP. The
daughters nuclear size increase slightly simultaneously (Figure 3.21). Not only the nuclear
size, the histone protein total expression level also increases. However, the daughter seems
to inherit less histone compare to mother cell. To better compare the rejuvenation between
mother and daughter, the increased cell-size must consider avoiding the size-induced
variation. Therefore, N/C ratio (karyoplasmic ratio) a key nuclear homeostasis index is

measured.

As an important index for nuclear homeostasis is the karyoplasmic ratio. This ratio is defined
by the nuclear volume/cellular volume. Due to the 2D constraint of images, we quantify the
karyoplasmic ratio by nuclear/cellular area (Figure 3.22). It has been demonstrated in other
study that nuclear size is highly consistent to the DNA copy and cytoplasmic factors (cell
size).This karyoplasmic ratio measured shows constant N/C ratio in daughters, which

strongly suggests that SEP ageing phenotype is not inherited to the daughters.
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Figure 3.22 Rejuvenation analysis of N/C ratio
The N/C ratio measured in mothers and corresponding daughters, the result is aligned by
SEP (Mother in green, Daughter in orange, SEP in red dashed line). The error bar indicates

tstandard error on mean. (N=40 for mother cells)

3.2.2 Loss of rejuvenation in extremely old mother showing multi-nucleate

inheritance

When mother ages to extremely old age, multi-nuclei phenotype is a typical ageing

phenotype indicating a loss of nuclear homeostasis (Neurohr, Terry et al. 2018). We noticed

that this phenotype is observed in old mothers especially before death (Figure 3.23). As the

mother age pass SEP, linearly increased frequency of multi-nucleated mother phenotype can

be observed.
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Figure 3.23 Inheritance of multi-nucleated ageing phenotype in daughter issued from post-SEP

mother

A: Phase-contrast and fluorescence micrographs of a representative multi-nucleated mother
cell transmitting two nuclei to its daughter.

B: Fraction of multi-nucleated mother as a function of age. The 0 of x-axe indicate the SEP
moment. The cell from image A is marked by the blue star.

C: Inheritance rate of multi-nucleated phenotype to the daughter (31 of 46 cells).

Very old mothers may inherit multi-nucleated phenotype to daughters. This observation
suggests that at late life, the asymmetric retention of ageing factors in mother yeast may be
disrupted and result in forming daughters containing multi-nucleated phenotype.

Due to technical limitation, full RLS of old daughters generated from post-SEP mother cannot
be followed. However, in a previous study, daughters generated from extremely old mother
yeast show very short RLS (Kennedy, Austriaco et al. 1994). This group of multi-nucleated
daughters inheriting ageing phenotype from old mothers could be the candidates

contributing to the shortened RLS.

4 Characterization of SEP in long-lived intervention condition by

H202 hormetic treatment

4.1 Specific background

4.1.1 Hormetic H202 concentration induce RLS extension

One of the long-lived interventions for budding yeast has been previously investigated in the

host laboratory using H202 treatment (Goulev, Morlot et al. 2017). By growing cells under a
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series of stable H202 concentrations throughout full RLS, we confirmed the hormetic effect
of H202. The hormetic effect describes that toxic substance H202 can shorten RLS at a
certain concentration (>50uM), whereas under mild concentration (<50uM), the same

substance H202, can induce opposite effect to prolong the lifespan.

This is the first time that experiment on full RLS under oxidative stress has been performed.
This is mainly due to the obstacle of maintaining H202 concentration at a stable and very
low concentration. This molecule is chemically unstable and can be easily reduce to H20 and
02. Yet, using microfluidic system and peristaltic pumping system, fresh stable H202

medium can be provided and allowing the performance of full RLS ageing process.

4.2 Result

4.2.1 SEP is significantly delayed under long-lived H202 hormetic condition

By comparing the occurrence of SEP, we can understand potential mechanisms for
promoting the longevity under H202 oxidative stress condition. For instance, if pre-SEP
period is prolonged, mother yeast may be able to better maintain stable rDNA repetitive loci
and prevent the ERC formation. If post-SEP period is prolonged, the mother yeast may be
involved in less ERC duplication mechanism for instance. | firstly perform the RLS to repeat
the experiment that has been published previously and | obtained similar hormetic effect

(Figure 3.24)
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Figure 3.24 RLS analysis shown in survival curve and boxplot for hormesis ageing

A: The RLS result shown by survival curve, the median RLS is indicated on the legend.

B: The RLS result shown by boxplot, the error bar indicates tstandard error on mean. The
statistical test shows most significant beneficial condition for RLS extension is under H202
50uM (N>40).

The RLS of various H202 concentration and corresponding pre-SEP and post-SEP division
numbers are compared (Figure 3.25). Based on statistical test, the most significant increase
of RLS can be observed at 50uM of H202 treatment, which is like the result of Dr. Goulev
(Goulev, Morlot et al. 2017).
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Figure 3.25 The lifespan compared before and after SEP under hormetic ageing condition

The boxplot graphic of hormetic ageing cells showing pre-SEP and post-SEP lifespan. The first
panel is the full RLS box plot comparison; the second panel is the pre-SEP cell divisions under
hormetic condition; the third panel is the post-SEP cell divisions under each hormetic
condition. The error bar indicates +standard error on mean. (N>40)

The lifespan before SEP seems contribute mostly to the longevity extension (Figure 3.25).
The post-SEP lifespan remains relatively stable a show no statistical difference among these

conditions.
The result indicates that hormetic stress promote longevity through better genome stability

maintenance. Which further suggests a relationship between H202 and genome stability,

especially the rDNA region. It requires more detail to illustrate the underlying mechanism.

112



5 Characterization of SEP in long-lived mutant by overexpressing

antioxidant enzyme

5.1 Specific background

5.1.1 One of the most abundant antioxidant enzymes — Tsal

To better understand the response of budding yeast against ROS accumulation, the oxidative
stress defense mechanism has been extensively studied in budding yeast (Fridovich 1989,
Wemmie, Szczypka et al. 1994, Kuge, Arita et al. 2001, Delaunay, Pflieger et al. 2002, Outten,
Falk et al. 2005, Gross, Sevier et al. 2006). The cell respond to H202 is majorly based on the
Yap1l regulon (Kuge and Jones 1994, Lee, Godon et al. 1999). Yapl is a transcription factor
that shuttles between cytoplasm and nucleus and predominantly in cytoplasm under normal
condition. When encountering the oxidative stress such as H202, the Yap1 is oxidized and
its exportation is blocked (Kuge, Toda et al. 1998). The nuclear accumulation of Yap1 leads
to the expression of subset of genes that controlled by Yap1 (Lee, Godon et al. 1999). Among
these genes, most of them are involved in antioxidant defense, some also involved in
metabolism and heat shock response (Gasch, Spellman et al. 2000, Vandenbroucke, Robbens
et al. 2008). In 2017, the host laboratory has studied comprehensively the core adaptive
mechanism of budding yeast under H202 oxidative stress (Goulev, Morlot et al. 2017). By
gradually increasing the external H202 concentration without activation transient defense
mechanism (the ramp experiments). A key point that needs to be stressed out for this special
framework is that it provides a unique insight for what may happen during ageing. Ageing is
described as a gradual and accumulative decline of physiological functions. Therefore, the
accumulation of oxidative stress is more likely to be a gradual pattern but not in a robust or
sharp manner. Hence, the classical way that have been implicated for studying the stress
response may not be suitable for mimicking the ageing context. However, using the small
dose of increasing H202 concentration gradually, we observed the growth rate of various
mutants downstream to Yapl regulon under this condition. Eventually, we identified that
the group of peroxiredoxin (Prx) antioxidant enzymes are very sensitive to the redox
homeostasis imbalance and playing core roles for the H202 mild stress adaptability. Among
the Prxs tested, one of the most abundant antioxidants scavenging protein Tsal is especially
important (Goulev, Morlot et al. 2017). Upon oxidative stress, Tsal protein expression show

dose-dependent increment.
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5.1.2 Dual functions of Tsal

Tsalis one of the most abundant antioxidants scavenging Prx enzyme in budding yeast (Gygi,
Rochon et al. 1999). It has the thiol-bearing cysteine residues that are sensitive to oxidative
stress. Tsal has 2-functional cysteine thiols (C48 and C171) that can be oxidized (Figure 3.26).
When under small dose of H202 stress, Tsal C48 the peroxidatic cysteine can form a sulfenic
acid —SOH. The oxidized form of Tsal can further form a disulfide bond with another Tsal at
its C171 resolving cysteine residue. The dimer can then be reduced by a thioredoxin (Trx).
There are Trx1 and Trx2 in the budding yeast that can reduce the Tsal oxidation. And the
reductive energy source is root from NADPH (Ross, Findlay et al. 2000). This peroxidatic cycle
can scavenge the oxidant rapidly. When the cells are stressed by a more pronounced H202
concentration, the Tsal may be hyper-oxidized and form a sulfonic acid (-SO,H) at C48
residue. When under hyper-oxidative state, the tsal protein tends to form higher molecular
weight oligomers (HMW) (Jang, Lee et al. 2004). This form of Tsal oligomers alter its
peroxidase activity to protein chaperone holdase function which bind to the misfolded
protein aggregates and correct protein folding under the assist of Hsp70 chaperone. This
hyper-oxidized form of TSA1 is reversible by Sulfiredoxin (Srx) (Biteau, Labarre et al. 2003)
by using ATP as the root of energy source (Figure 3.26).
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Figure 3.26 Tsal moonlighting functions: peroxidase and protein chaperone

Tsal can detoxify H202 by the redox cycle involving Trx reduction. When Tsal is oxidized
to sulfenic acid form (C48 -SOH), it can then form a disulfide bond with another Tsal
(C171). Thiol redoxin can then be recruited to complete the reductive cycle. When under
massive H202 stress, the tsal can be hyper-oxidized to form sulfinic acid (C48 -SO2H) and
assemble as high molecular weight oligomers and switch to a protein chaperone function.
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As a conclusion, Tsal as a 2-Cys Prx is a moonlighting enzyme that can alter between two
functions: H202 scavengers or protein chaperone holdase, according to its oxidation status

(Figure 3.27).

light stress
o] ]

Figure 3.27 Schematic presentation for Tsal redox function cycle

5.2 Result

5.2.1 RLS analysis for determination of long-lived mutant TSA10E

According to H202 hormetic ageing experiment, we speculate that Tsal protein may play a
key role to promote longevity by its dual protective functions. It has been previously shown
in other study that overexpression Tsal protein can prolong longevity (Hanzén, Vielfort et al.

2016). We then tested the TSA10E mutant’s longevity in the microfluidic system.
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Figure 3.28 RLS analysis of TSA10E

The survival curve of TSA10E and WT, the median RLS is indicated on the legend. (N>35)
The increased RLS has been observed in microfluidic system (Figure 3.28). It is worth noting
that in this mutant and H202 hormetic condition, most cells show with-SEP phenotype
before death which is like WT (Figure 3.29). The probabilistic SEP event is not significantly
different from control condition. This observation suggests that beneficial hormetic effect
and TSA10E mutant has different mechanism compare to the probabilistic SEP observed in
fob1A and SAGA mutants. Based on previous speculation that ERC excision rate is crucial for
inducing probabilistic SEP, the ERC excision rate might not be influenced under hormetic

effect or in TSA10E mutant. Yet, this hypothesis requires further experimental proof.
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Figure 3.29 Distribution of with-SEP and no-SEP hormetic and TSA10E condition

The histogram showing with-SEP and no-SEP subpopulation proportion in different ageing
condition. the fraction is indicated on the histogram. (N>44)

5.2.2 SEP transition is delayed in TSA10OE mutant

| then compare the pre-SEP and post-SEP distribution for TSA10E and H202 50uM condition,
since these two conditions show the most significantly extended RLS. After comparing the
pre-SEP and post-SEP distribution (Figure 3.30), | found that like the H202 hormetic effect,
the TSA1OE also significantly increase for pre-SEP. Indicating that under these longevity
extension mechanisms, similarly SEP is delayed. In addition, the post-SEP of TSA10E mutant
is also increased compare to WT and hormetic effect. This further suggests that TSA10E

promote the longevity also during the post-SEP period.
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Figure 3.30 Distribution of pre-SEP and post-SEP divisions in TSA10E mutant and H202

hormetic condition

The box plot comparison of RLS, pre-SEP and post-SEP lifespan in TSA10E mutant and H202
50uM hormetic condition. The error bar indicates tstandard error on mean. (N>44)

As a conclusion, the hormetic beneficial effect on longevity extension under H202 50uM

treatment might be mimic by TSA10E mutant. Both show similar longevity extension and

SEP delay. In addition, overexpression Tsal protein can also post-SEP before death. It then

worth investigating how oxidative stress and antioxidant enzyme promote ageing? Is

genome stability a downstream effect of antioxidant protective response?
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Chapter IV
Result part 3
Preliminary study of redox homeostasis

during replicative ageing
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1 Specific background:

1.1 Evolution of redox state during replicative ageing process

Increasing oxidative stress and oxidative damages have been observed during ageing
process, yet the dynamic of internal [ROS] evolution has been rarely studied. Most of the
study is performed in a population level to provide stronger signal. Using the microfluidic
device, | investigated the redox state during the ageing process and whether redox state can

be related to SEP transition?

1.2 Potential redox state reporter strains for RLS monitoring

To monitor the redox state in live cell, fluorescence reporters are needed for following the

dynamic of redox homeostasis throughout the full RLS.
Based on previously described oxidative stress defense mechanisms of Yapl regulon.

Proteins involved in the antioxidant defense mechanism are tested. These reporter strains

are YAP1-GFP, TSA1-GFP and SRX1-GFP. (Figure 4.1).

120



™ H202 stress
\

-

light stress
— -
—

Nucleus

re
Tsal TSA1
SR - | TRX2 |
TRX2

Srx1® —*

Protein Gene  Transcription

Figure 4.1 Potential redox state reporter strains involved in redox homeostasis

Schematic interactions between antioxidant proteins are drawn in the graphic. The Yapl
protein oxidized form can activate downstream gene expression. The genes are translated
to protein and they are involved in redox homeostasis maintenance.

2 Result:

2.1 Selection of redox state reporter marker for monitoring ageing in

microfluidic system

Above mentioned reporter strains are tested in microfluidic system to monitor its expression
level upon an external oxidative stress. The minimum concentration for the yeast cell
reaching the maximum defense activation magnitude is 0.2uM H202 (Goulev, Morlot et al.
2017). This concentration is thus used to test the reporter strain in ageing microfluidic
system as the positive control. Since these reporters will be used for ageing experiment, the

positive control is monitored under ageing experimental set-up.
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The fluorescence signal of these markers indicates that all of them are overexpressed when
encountering oxidative stress. YAP1-GFP reporter, as the most sensitive reporter that may
be involved in the oxidative stress signaling pathway, it shows very weak fluorescence signal
upon oxidative stress. Therefore, this strain is not used for ageing experiment. As for the
other reporters, they all show significant increase of magnitude upon oxidative stress (Figure

4.2). Thus, the reporter strains selected for ageing experiment are: SRX1-GFP and TSA1-GFP.

GFP marker strain under H202 0.2mM positive control (N=35)
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Figure 4.2 Oxidative stress positive control for testing potential redox marker

The fluorescence evolution upon oxidative stress in oxidative stress reporter strain. The black
bold dashed line indicates the medium change of H202 0.2mM, the purple dashed line
indicates the onset of oxidative stress response. The sequential images of reporters at
different time point are shown to the right. (N=35)

These two markers are then monitored for ageing experiment to study the redox state

evolution.

2.2 Redox imbalance can be observed at the beginning of RLS

After the ageing experiment, the mother yeast full RLS fluorescence trajectories are collected

(Figure 4.3).
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Figure 4.3 Trajectories of mother yeast RLS for SRX1-GFP reporter strain

A: Sequential images of reporter strain SRX1-GFP ageing process. The yellow indicates
the cell contour.

B: Three trajectories of fluorescence signal evolution started from birth. The fluorescence
is very weak, which is almost comparable to background noise.

After collecting data from SRX-GFP cells, due to lack of continuous experimental data, the
SEP for this reporter strain cannot be determined. Therefore, only the data of early age can
be used for further analysis. From this ageing experiment, we can see that Srx1 show
relatively weak expression level which is comparable to the background noise. Therefore, to
better compare the fluorescence evolution and avoid the cell to cell variety, mother yeasts

are aligned by birth (Figure 4.4). The background noise is removed.
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Figure 4.4 Pooled SRX1-GFP mean fluorescence evolution aligned by birth
Mean fluorescence SRX1-GFP during ageing process aligned by birth. The light blue rectangle
indicates that more than half of the cells are viable. The first cell cycle SRX1-GFP shows
average fluorescence level is set as basal level. Statistical test is performed for each cell cycle
compare to the previous cell cycle. The significance of P-value is indicated. The error bar
indicates tstandard error on mean.

Burst of SRX1-GFP fluorescence level increase can be monitored several divisions after birth.
However, the increasing level of burst is less than 5 a.u on average. To better confirm the
significance of the burst, statistical test of fluorescence is compared between each division.
The significance of Mann—Whitney—Wilcoxon statistical test indicates that as cell grows, the
fluorescence level become more and more significantly different starting from the 4-9t
division. This increment suggests an increase of Srx1 expression at early stage of RLS. Then
the internal Srx1 protein level become stable and remains in a significantly different level
compare to the newborn daughters. | proposed that Srx1 protein may be actively synthesized
after cell birth, which suggests an accumulation of oxidative stress after birth. This
observation supports the previous study that has been revealed by roGFP2 redox state
reporter strain that has been used in the same replicative ageing context (Kniel8 and Mayer
2016). In their study, the mother yeast starts to increase the oxidative fraction of roGFP2,
suggesting that mother yeast starts to accumulate [ROS] after birth. The daughter cells show

stable and relatively low level of oxidative roGFP2 marker ratio compare to mother cells.

The data of SRX1-GFP fluorescence level is not used for SEP alignment due to a corruption of

time-lapse ageing experiment. The SEP cannot be determined without enough cells and fully
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continuous RLS. Therefore, more ageing experiment is needed to further confirm the redox

homeostasis at SEP moment in this reporter strain.

2.3 Internal [ROS] concentration could be revealed via TSA1-GFP reporter strain

The Tsal protein expression level correlates to the H202 concentration. This has been

proved in the work of Dr. Goulev previously (Goulev, Morlot et al. 2017).
Ageing experiment is performed to TSA1-GFP reporter strain (Figure 4.5). By following the

cell cycle duration of mother yeast trajectories, the SEP is determined by cell cycle sudden

extension.
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Figure 4.5 Trajectory of ageing process in representative TSA1-GFP reporter strain

The sequential images of TSA1-GFP ageing process. The yellow indicates cell contour. The
SEP is indicated by red dashed line. The corresponding fluorescence evolution of the same
cell is shown below. The fluorescence level is averaged for each cell cycle.

From the ageing experiment of TSA1-GFP, the data of mother cells are collected. Due to the
abundance of Tsal expression level, the daughter cells born with less fluorescence and the
mother cells age with more fluorescence can be observed by eye nude significantly (Figure

4.5). This observation is in line with the result from previous SRX1-GFP reporter. To better
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compare the evolution of fluorescence at birth and SEP. Alignment of fluorescence evolution

based on birth and SEP are measured (Figure 4.6A). The background noise is removed.

When cells are aligned by birth, the TSA1-GFP fluorescence show almost linear increase
from 0-7t" divisions and followed by a slow down to 10t division, this increment reaches
the maximum level around the 10" division (Figure 4.6A). An unsynchronized decrease can
be observed after the maximum peak after 10" division. This result corresponds to the

SRX1-GFP reporter strain that significant increase of oxidative stress emerges after birth.

400 400 —
A B
=
®asg
_— @
2 :
2 g 300
g g
&8 o
] = 250 ™
= 2
] 3
=2
i =
§ g 200 a8
0]
= Q I
150 I 150
=
100 100 : .
0 10 20 30 40 50 40 -30 20 10 0 10
Division Division

Figure 4.6 Fluorescence evolution of TSA1-GFP reporter strain with different alignment

A: The fluorescence evolution of TSA1-GFP cells aligned from birth. The blue rectangle
indicates the range that more than 50% cells are viable. The error bar indicates tstandard
error on mean. (N=20)

B: The fluorescence evolution of TSA1-GFP cells aligned by SEP. The SEP is indicated by
dashed red line. The blue rectangle indicates the range that more than 50% cells are viable.

The error bar indicates tstandard error on mean. (N=20) )
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Figure 4.7 Schematic TSA-GFP fluorescence expression evolution

According to the Tsal protein fluorescence data, schematic TSA1-GFP fluorescence evolution
is proposed. The total RLS is estimated to 25, the SEP is estimated at 20™ division and
indicated by red dashed line.

When cells are aligned by SEP, the fluorescence show a slight synchronized decrease before

SEP and then increase after SEP onset (Figure 4.6B).
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Combining with the fluorescence profile when aligned by birth, it seems that after reaching
a maximum expression at early stage, the Tsal protein expression level decreased gradually
until two to three divisions before SEP. Upon SEP transition, Tsal protein expression level
is increased slightly for the second time (Figure 4.7). Approximately the average of RLS is
around 25 divisions. The RLS can be separated into three phases: early pre-SEP stage which
defined by the fast oxidative stress accumulation for around 10 divisions; late pre-SEP stage
which corresponding to the presumption that oxidative stress decreased gradually when
TSA1-GFP decrease; post-SEP stage which corresponds to the second slight rase of oxidative
stress. Both SRX1-GFP and TSA1-GFP reporter strain show a rapid and significant oxidative
stress accumulation at the beginning of RLS. This increase is more significant for Tsal
protein, which lasts 10 cell cycles starting from birth while the it happens from 4-9t
divisions for Srx1 protein. It seems that TSA1-GFP reporter strain maybe more sensitive to
the redox balance variation compare to SRX1-GFP reporter strain. This suggests that after
birth, the daughter cell may endure an oxidative stress accumulation. When cell ages to
SEP, the slight increase of TSA1-GFP fluorescence suggests another redox imbalance
at this moment. Alternative method for intracellular ROS quantification at various mother

ages by using other markers is required for further confirmation.

2.4 Internal oxidative stress may be investigated via Tsal protein oxidative state

Dual protective Tsal protein functions are implicated face with different level of oxidative
stress. When undergo strong external oxidative stress, the Tsal protein can be hyper-
oxidized to form high molecular weight (HMW) aggregates and perform chaperon protein
holdase function to prevent the protein aggregation (Noichri, Palais et al. 2015, Hanzén,
Vielfort et al. 2016). When in TSA1-GFP reporter strain, this HMW form of Tsal could be
observed as extremely brilliant fluorescence pixel signal. When Tsal protein is oxidized by
a mild oxidative stress, it forms disulfide bond dimers, the fluorescence signal in TSA1-GFP
reporter strain could be detected as like other free Tsal protein signal. It has been
described in other literature using mathematical method to isolate the aggregated protein
fluorescence signal. They considered that fluorescence values higher than two standard
deviation of background noise are HMW aggregated (Marvin, Scholl et al. 2018). | then
measured the aggregates and free Tsal protein fluorescence level and thus we could

study the fraction of different oxidative state proteins during the ageing process.
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The fluorescence measured for total Tsal protein and HMW Tsal aggregates are
measured. Due to the cell-to-cell variety, these data are aligned by birth and SEP

separately to monitor its evolution upon these important events (Figure 4.8).

A Total Tsa1 B HMW-Tsa1
1 210° v 210° ~g2 10* o 10t ) )
__ | Aligned by birth Aligned tly SEP & |Aligned by birth Aligned *')y SEP
= 2| | 12} [ 7 7t i
3 A
£ 10 10 | £ | !
2 ! ¢ 35 5 | 1¢
g 8 8 | 4 = -
3 1 | @ g4 -~ 44 114
F 6 ot 6 444 g ;?;—'} P ed ot
8 o* ,, XA 3 5 3T 1T 'ff T
& . $eset | 3 s IR 224 Sl
w 4 ) 4 1 — | ‘ - !
- | 22 3 dik !
< ,|® ! © & I
B 2 2 | 1ls 1} i
! N<10 2 i Ng10
o 0 : <o 0
0 5 10 -10 5 0 5 10 0 5 10 -10 5 0 5 10
Division Division

Figure 4.8 Fluorescence evolution of Tsal total protein expression and HMW-Tsal level

A: Total Tsal expression level fluorescence evolution. Both birth and SEP alignement are
shown. The SEP is indicated by red dashed line, the grey area indicates less than 50% viable
cells. The error bar indicates +standard error on mean.

B: HMW aggregate form of Tsal level fluorescence evolution. Both birth and SEP alignement
are shown. The SEP is indicated by red dashed line, the grey area indicates less than 50%
viable cells. The error bar indicates *standard error on mean.

It seems that total fluorescence profile and Tsal HMW aggregate fluorescence profile are
very similar. The aggregate form of Tsal protein maybe proportional to the total protein
expression level. Both show steady linear increase at early age after birth and another

slight increase after SEP.
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Figure 4.9 HMW-Tsa1 fluorescence signal aligned by SEP

The HMW aggregated form of Tsal fluorescence level is aligned by SEP, the SEP is indicated
by red dashed line. The error bar indicates *standard error on mean.

Previous fluorescence quantification is averaged for each cell cycle, it can provide more
detail when analyzing the fluorescence quantification by each frame. The Tsal HMW

aggregates is thus quantified based on each frame for more detail analysis (Figure 4.9).

It seems that the HMW Tsal aggregates show a linear accumulation as cell ages. It then
worth comparing the fraction of Tsal aggregates compare to the total Tsal protein. It has
been speculated in other study that Tsal is crucial due to their HMW function to dissolve
protein aggregates as protein holdase (Hanzén, Vielfort et al. 2016). If the Tsal HMW
fraction become significantly decreased, then it suggests that the holdase protective

enzymatic function if indeed key for maintaining longevity at late life.

The fraction of HMW-Tsal aggregates during the ageing process in total Tsal protein is

compared (Figure 4.10).
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Figure 4.10 The evolution of HMW-Tsal aggregate form fraction during ageing over time

The HMW aggregated form of Tsal fraction is aligned by SEP, the SEP is indicated by red

dashed line. The error bar indicates +standard error on mean.

The fraction of HMW-Tsal aggregates is only about 6% of total Tsal protein. It seems that
the fraction of HMW-Tsal is decreased since SEP. Even though the HMW-Tsal aggregate
protein fraction is very low, we observe a significant decrease upon SEP, this partially

supports the idea that protein holdase function is crucial for later life survivorship.

The free fraction of non-aggregate protein is on average 94% throughout the whole RLS.
This observation highly suggests the abundance of non-aggregate Tsal protein, and
probably free Tsal plays a more important protective function for redox homeostasis than
HMW-Tsal during ageing. Taking all the information together, a theoretical scheme of Tsal

protein expression profile during ageing can be deduced (Figure 4.11).
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Figure 4.11 Schematic Tsal protein evolution profile during ageing

Hypothetical scheme predicting Tsal protein expression profile showing theoretically the
two-protein fraction over time. The light green indicates the free and dimer form of Tsal;
the dark green indicates the HMW-Tsal. The Tsal expression level is aligned according to
the SEP. The SEP is indicated by red dashed line.

Previously, it has been suggested that protein chaperon function is more crucial for
preventing ageing, especially for late life. From this result, this is true due to the reduced
fraction of Tsal aggregation after SEP. However, if we consider the abundance of free Tsal,
the result suggests probably a more importance role of Tsal as peroxidatic function over the
protein holdase function. So far, the understanding of redox homeostasis during ageing
remains preliminary, other markers can be used for further and more detail analysis.
However, if Tsal protein expression is following a [ROS] dose-dependent manner, this
theoretical scheme may provide a primitive impression for [ROS] evolution during ageing.
This study also indicates the using antioxidant GFP-fused reporter may reveal intracellular
redox evolution in microfluidic system. It may help further understanding on intracellular

redox homeostasis under mild hormetic ageing and even in TSA10E mutant.
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Chapter V

Conclusion
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During my thesis, | have worked on 3 projects. These three projects may provide more
insightful understanding on the replicative ageing process of budding yeast regarding ERC

ageing factor and oxidative stress evolution.

From cell cycle point of view, the cell cycle phase-specific cell cycle checkpoint is not
activated for cell cycle slowdown at SEP. When following the DDR activation, more DNA
damage signal is detected at later life after SEP. As a conclusion, a general physiological

cellular function breakdown may be linking to SEP onset.

The dynamic of SEP is investigated in long-lived mutants and intervention. Both Fob1 and
SAGA mDUB module functions by regulating the ERC formation/excision trigger probabilistic
SEP. For these two mutants, the longevity extension is largely contributed by the long-lived
subpopulation live longer without SEP. The regulatory mechanism involved in ERC formation

for both protein function is still not clear.

When yeast ages under H202 mild stress (hormetic effect), the onset of SEP is delayed, to
prolong the RLS. The overexpression of antioxidant Tsal protein can partially reproduce the
H202 hormetic by extending SEP and RLS. It can be speculated the when under hormetic
H202 concentration, the antioxidant defense mechanism promotes Tsal protein expression
and induce genome stability by less ERC formation and accumulation, thus extend the SEP.

The molecular mechanism between Tsal and rDNA stability is unknown.

Understanding the evolution of oxidative stress and Tsal protein function contributing to
longevity may further help to understand the H202 hormetic effect. Based on the readout
of SRX1-GFP and TSA1-GFP redox state reporter strains, [ROS] may be rapidly accumulated
after birth for around ten divisions. A slight redox state imbalance can be observed upon SEP

by TSA1-GFP reporter strain as well, yet further confirmation is needed.

Tsal protein has dual protective functions to prevent ageing. One is the peroxidatic activity
for [ROS] scavenging when Tsal is free or dimer, the other is the protein chaperon holdase
for dissolving protein aggregates when Tsal is aggregated. After investigating the fraction of

Tsal protein forms during ageing, on average 94% of Tsal shows scavenging function,
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whereas 6% of Tsal shows chaperon function. From the perspective of quantity, it seems

that Tsal antioxidant scavenging function is more important for preventing ageing.
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Chapter VI

Discussion and Perspective
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1. The relationship between histone (nucleosome) and excess ERC

Histone is well scaled with ERC/DNA level both before and after SEP. The tight scaling may
be a reason for neutralizing and stabilizing negatively charged excess ERC. There is probably
a structure formed between ERC and nucleosome. Hence, we could speculate that loss of
histone may be accompanied with ERC loss at old age. This hypothesis can be supported by
the observation on SAGA mutant (Figure 6.1), when less histone accumulation rate is
observed during post-SEP period, the toxicity induced by ERC accumulation become less

pronounced and exhibit a prolonged post-SEP lifespan in sgf73A mutant.

% 10°

® YCGO02 averaged by cc (n=40)
| ® sgf73 averaged by cc (n=21)

(o))

&)
-|

NN
T

w
T

N
T

Total HTB2-sfGFP fluorescence (A.U.)

-50 -40 -30 -20 -10 0 10 20
Division
Figure 6.1 Histone protein fluorescence evolution during ageing aligned by SEP

Fluorescence evolution of HTB2-sfGFP reporter strain in both WT and sgf73A mutant. For
WT, on average post-SEP lifespan is 5 division. The WT histone fluorescence level in blue
dashed line shows a linear fit of increasing kinetic of about 23600. Whereas in sgf73A
mutant, the average post-SEP lifespan is 8. The linear fit of orange dashed line for sgf73A
histone protein show increasing kinetic 18410. The SEP is represented in red dashed line, the
grey area indicates less than 50% viable cells. The error bar indicates +standard error on
mean.
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In the result of sgf73A, we have observed specifically post-SEP division extension. For pre-
SEP period, the number of ERC is unable to assume due to lack of direct reporter and the
tolerance of mother yeast before the ERC reach a threshold for triggering SEP. However,
after SEP, the ERC become excessive and may require SAGA anchorage function for ERC

retention. Therefore, the ERC loss during post-SEP period could be explained.

There is another relative but indirect result from another study. It shows that old mother
become rejuvenated showing faster cell cycle duration after inheriting excess Whi5 protein
(along with nuclear content) to daughter cell (Figure 6.2) (Neurohr, Terry et al. 2018). This
observation may provide supportive evidence that loss of excess nuclear content (probably

along with ERC) may trigger rejuvenation in old mother.

Whi5-tdTomato
Figure 6.2 Mother asymmetric inheritance of Whi5 to daughter (adapted from Neurohr, Terry
et al. 2018)

M1 old mother accumulate Whi5 for delaying G1 phase. Whereas M2 mother segregated
whi5 into the daughter cell and undergo fast cell cycle duration for being ‘rejuvenated’.

The asymmetric heritage of Whi5 from mother to daughter may also include other nuclear
content. Therefore, we could assume that in this case, modifying the histone level after SEP
may reduce the ERC accumulation in mother yeast. Yet no direct ERC copy number statistic
to support this hypothesis and specific marker to distinguish the histone binding to the ERC
or the histone binding to the chromosomal DNA. We could perform ageing experiment on
SAGA mutant with ERC reporter markers to verify the hypothesis instead by taking advantage

of random ERC loss in SAGA mutant.
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2. Oxidative stress related rDNA stability induction and less ERC
formation

Longevity extension observed in ERC-related mutants (fob1A, SAGA mutants) prolong RLS by
less ERC formation and induce a portion of cells live longer without SEP. Whereas, H202
hormetic treatment and Tsal protein over expression extend RLS by delay SEP which

probably through overall better rDNA stability maintenance.

The underlying mechanisms seems different between the two groups of longevity extension
intervention. This observation has not been described before, the no-SEP subpopulation
contributing to the longevity extension and its mechanism of death without cell cycle arrest

are interesting questions that can be asked.

For the hormetic effect and Tsal overexpression, we could investigate what may be the
potential mechanism between oxidative stress response and genome stability. We could
speculate that when facing an oxidative stress, many mechanisms involved in protecting
protein, DNA and altering metabolism are activated through Tsal overexpression. It then
worth investigating the Tsal overexpression-induced protective downstream mechanisms
involved in genome stability maintenance. The mechanism underlying maybe already
unclosed, for instance: the DNA repair mechanism activation, which efficiently maintain the
genome stability in TSA1OE mutant. It could also be an unknown mechanism which has been
unclosed and unrelated to DNA regulation directly, for instance: through a specific fermento-
respiratory metabolism which stabilize genome through an unexpected epigenetic

molecular pathway. Many possibilities that can be proposed for another big project.

3. Evidence for genome stability maintenance under oxidative pre-
stress

Based on the observation of hormetic H202 longevity extension, it has been proposed that
multiple protective defense mechanisms may be pre-activated to repair damages, ensure
protein functions and prevent ageing. One proof of principle experiment has been
performed using ERC reporter strain (GFP binding to the rDNA/ERC marker). When cells are
cultured in the microfluidic chamber, the population may reach a limit when the space
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become limited and cell may sense environmental stress due to this space crisis. Two groups
of cells are compared for their responses to the environmental stress, the control group with
normal medium (Video 6.3A), another group of cells under hormetic H202 concentration

(Video 6.3B).

vid_6.3A.avi

Video 6.3A Induction of rDNA instability and ERC formation facing environmental stress

ERC fluorescence evolution when facing environmental stress. Control cells without pre-
treatment of oxidative stress show abrupt ERC formation upon space constraints. ERC
reporter strain shows direct rDNA/ERC formation dynamic.

&

vid_6.3B.avi

Video 6.3B Pretreatment of mild H202 hormetic stress stabilize rDNA and prevent from
other stress

Evolution of ERC fluorescence level in cells cultured in 50uM H202 concentration.
rDNA/ERC fluorescence signal show less increase in front of space constraints. The ERC
reporter strain shows direct rDNA/ERC formation dynamic.

When facing an environmental stress, the ERC signal of control group cells increases
significantly, show abrupt ERC formation upon space-induced stress. This suggests that ERC
formation/excision and ribosomal biogenesis may be important (by protein biosynthesis) to
activate stress defense mechanisms. Less increase and relatively stable ERC signal are
observed in the cells incubated in hormetic H202 concentration. This observation confirm
that a relationship exists between stress and ERC formation/rDNA instability. And mild
oxidative stress can be beneficial to prevent ageing by better maintenance of ERC

formation/rDNA stability.
In the same experiment, another group of cells are also exposed to a massive oxidative stress

of 0.5mM H202 (Video 6.4). This video shows cells under large dose of stress, the rDNA

instability and ERC formation starts to increase before the space become constrained.
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vid_6.4.avi

Figure 6.4 Evolution of ERC fluorescence when cells are cultured under massive H202 stress
at 0.5mM concentration

Another supportive observation is provided by foblA mutant. This mutant is long-lived
compare to WT yet was not ‘evolutionary selected’. It must be pointed out that two main
resources that are necessary for microorganisms’ survivorship: nutrient and space (Ghoul
and Mitri 2016). When | noticed that this mutant shows more stable ERC level (relatively less
than WT) (Ganley, Ide et al. 2009) and its cell cycle duration is slightly but significantly longer
than WT. | proposed two reasons for ‘not been selected’ compare to WT. Firstly, by shorter
cell cycle duration, WT may rapidly increase in population for space and nutrient occupation.
Secondly, when facing various environmental stress from the wild, WT may be more
responsive (by inducing rDNA instability/ERC formation) than foblA mutant (less ERC

inducing) for activating stress defense mechanisms.

As a conclusion, the rDNA instability/ERC formation/ribosomal biogenesis may be crucial for
stress defense mechanism. Pre-activation of stress defense mechanism by mild oxidative
stress may provoke defense and protective response which eventually result in less rDNA

instability/ERC formation.

4. Discovery of an unknown Tsal function

The dual protective functions of Tsal have both been reported for its impact on preventing
ageing (Hanzén, Vielfort et al. 2016). From the proportion of both free (96%) and aggregate
(6%) forms of protein, we could conclude that peroxidatic activity of protein may be a more
important function. This speculation is then verified by tsal-variant mutants. By changing
the key cysteine residues of Tsal protein, Tsal mutant protein variants can respectively
exhibit two separate functions. These Tsal-variant mutants can be expressed under the
regulation of endogenous promoter. These Tsal-variant mutants’ RLS are then measured
(Figure 6.5) and the result suggests that chaperon function may be more important than

peroxidative function for preventing ageing.
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Figure 6.5 Tsal-variant mutants and their RLS analysis

The list of Tsal-variant mutants is tested and their RLS analysis is shown to the right by
survival curve. The TSA10E show 37.5 median RLS; WT 27.5; DYF 15; DYC.C171S 10; C171S
21; C48S 10.5; tsalA 11.

From the RLS analysis result, we observe that surprisingly, C171S mutant live longer than DYF
mutant. This suggests that chaperon function may override the peroxidatic function for
preventing ageing. However, the chaperon protein fraction is so little (6%), plus this small

fraction of HMW Tsal become less after SEP.

In addition to this observation, a genome stability maintenance function of Tsal can be
assumed. From the result that tsalA mutant shows very short replicative lifespan (Figure
6.5), plus the Tsal protein increase its expression level at the beginning of RLS up to two-
fold. We could speculate that Tsal is crucial for early stage growth when cell producing
massive [ROS]. On the contrary, overexpress Tsal in TSA10E show delayed SEP by less ERC
accumulation/better rDNA stability, we could speculate that Tsal protein may contribute to
a mechanism for genome stability maintenance. Yet the potential mechanisms contributing
to the genome stability maintenance remain unclear? One of the mechanisms that
contributing to genome stability is through slow cell growth (Vinton and Weinert 2017),
therefore | measured the growth rate between tsalA, WT and TSA1OE (Figure 6.6).
Surprisingly, the growth rate meets the speculation, the TSA10E indeed better maintain the
genome stability through a slower growth phenotype. This leads to further question, what

may be the regulatory mechanism?
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Figure 6.6 Growth rate measurement in WT, tsalA and TSA10E mutants

The schematic growth rate measurement is drawn to the left. The boxplot of growth rate is
shown to the right, the measurement is then verified with statistical test.

5. Accumulation of oxidative stress at the beginning of RLS

Real-time monitoring for molecular dynamic of redox homeostasis is performed under
replicative ageing background. Though the result is very preliminary, the increment of redox
reporter signal after birth seems to be positive. Both SRX1-GFP and TSA1-GFP reporters show
significant increasing signal during first ten generations. Other study has observed similar

read out (Figure 6.7) (KnieB and Mayer 2016).
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Figure 6.7 Evolution of intracellular H202 (revealed by Orp1-roGFP2) under respiratory
condition over time

The curve in green measures the accumulation of [ROS] by counting bud scars (divisions).
In the graphic below, the mother population measured in red dot and corresponding
offspring is shown in blue triangle.

In their work, they use the Orp1l-roGFP2 redox reporter to reveal H202 quantity. Increasing
redox potential at early age can be related to the similar linear increase that has been
observed in our quantification. This result correlates further with the result of TSA1-GFP, if
aligned by birth, slight fluorescence fluctuation around SEP maybe blurred due to the cell-
to-cell heterogeneity. This observation suggests that redox balance could be studied using
proper endogenous GFP reporter strain in microfluidic system. This tool can be developed

for more study regarding the hormetic longevity extension and in long-lived TSA10OE mutant.
Ageing is a complex and multifactorial network. The fundamental understanding of cellular

ageing process may be just a small brick in front of a big wall. Yet all great buildings are built

up from small bricks.
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Chapter VII

Materials and Methods
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1. Yeast strains and media

All strains used are congenic to S288c, unless specified. Htb2-sfGFP strain was generated by
classical PCR-mediated genome editing from previous work (Garmendia-Torres et al.,2018).
All GFP-labelled strains were from the Yeast GFP Clone Collection provided by Michael Knop
(Huh et al., 2003). fob1A, tsalA strains were purchased from Euroscarf and sgf734, ubp8A4,
bud6A knock-out collection from Sylvie Friant’s lab. These strains are then crossed with
strains containing the relevant sfGFP markers and genotyped by PCR. LacO-rDNA & Lacl-GFP
strain (Miyazaki and Kobayashi, 2011) was BY backcrossed strain from TMY8 strain by Dr.
Sandrine Morlot (Morlot et al., 2019). Tsal-variant mutants were provided by Prof. Michel
Toledano. The list of strains used in my thesis report can be found in the table below (Table

7.1).

Table 7.1 Table of strains

Strains/Name Genotype Reference/Source
WT/BY4742 MATalpha; ADE2; his3D1; leu2DO0; lys2D0O; MET15; | Euroscarf

ura3D0O; TRP1
Htb2- MATa; ADE2; his3D1; leu2DO; lys2D0; met15DO0; (Garmendia-Torres
sfGFP/YCGO1 |ura3D0; TRP1; Htb2-sfGFP-KANMX et al.,2018)
Htb2- MATalpha; ADE2; his3D1; leu2DO0; lys2DO; (Garmendia-Torres
sfGFP/YCGO02 | met15D0; ura3D0; TRP1; HTB2-sfGFP-KANMX et al.,2018)

MATa; Whi5-GFP-HIS3MX; ADE2; leu2DO0; LYS2; Yeast GFP Clone
Whi5-GFP met15D0; ura3DO; TRP1 Collection/ Thermo

Fischer scientific

MATa; Rnr3-GFPHIS3MX; ADE2; leu2DO0; LYS2; Yeast GFP Clone

Rnr3-GFP met15D0; ura3DO; TRP1 Collection/ Thermo
Fischer scientific

fob1A MATalpha; ADE2; his3D1; leu2DO0; lys2D0O; MET15; | Euroscarf

ura3DO; TRP1; fob1::kanMX4
ubp8A MATalpha; ADE2; his3D1; leu2DO; lys2D0; MET15; | Euroscarf

ura3D0; TRP1; ubp8::kanMX4
sgf73A MATalpha; ADE2; his3D1; leu2DO0; lys2D0; MET15; | Euroscarf

ura3DO0; TRP1; sgf73::kanMX4
bud6A MATalpha; ADE2; his3D1; leu2DO0; lys2D0; MET15; | Euroscarf

ura3DO; TRP1; bud6::kanMX4
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Strains/Name Genotype Reference/Source
fob1A; Htb2- | MATalpha; ADE2; his3D1; leu2DO0; lys2D0; MET15; | This work
sfGFP ura3DO; TRP1; fobl::kanMX4; Htb2-sfGFP-KANMX

ubp8A; Htb2- | MATalpha; ADE2; his3D1; leu2DO0; lys2D0; MET15; | This work
sfGFP/SJ1.18 | ura3DO0; TRP1; ubp8::kanMX4; Htb2-sfGFP-KANMX

sgf73A; Htb2- | MATalpha; ADE2; his3D1; leu2DO; lys2D0; MET15; | This work

sfGFP/SJ1.18

ura3DO0; TRP1; sgf73::kanMX4; Htb2-sfGFP-KANMX

MATa; Tsal-GFPHIS3MX; ADE2; leu2DO0; LYS2;

Yeast GFP Clone

Tsal-GFP met15D0; ura3DO; TRP1 Collection/ Thermo
Fischer scientific
Yapl-GFP MATa; Yap1-GFPHIS3MX; ADE2; leu2DO0; LYS2; Yeast GFP Clone
met15D0; ura3DO; TRP1 Collection/ Thermo
Fischer scientific
Srx1-GFP MATa; Srx1-GFPHIS3MX; ADE2; leu2DO0; LYS2; Yeast GFP Clone
met15D0; ura3DO0; TRP1 Collection/ Thermo
Fischer scientific
BY4742 MATalpha; his3D1::pRS403; leu2DO0; lys2DO; (Hanzen et al.,
vector/YMM1 | ura3DO; 2016)
30
tsalA MATalpha; ADE2; his3D1; leu2DO0; lys2D0O; MET15; | Euroscarf
ura3DO; TRP1; tsal::kanMX4
TSA1O0E MATalpha; his3D1::pRS403-Myc-TSA1; leu2DO; (Hanzen et al.,
lys2DO0; ura3DO 2016)
tsalAC48S/YM | MATalpha; his3D1::pRS403; leu2DO0; lys2DO; (Bodvard et al.,
M145 ura3DO; tsalC48S 2017)
tsalAC171S/Y | MATalpha; his3D1::pRS403; leu2DO0; lys2DO; (Bodvard et al.,
MM146 ura3DO; tsalC171S 2017)
tsalAYF/YMM | MATalpha; his3D1::pRS403; leu2DO0; lys2DO; (Bodvard et al.,
147 ura3DO0; tsal(1-184) 2017)
tsalC171SAYF | MATalpha; his3D1::pRS403; leu2DO; lys2DO0; (Bodvard et al.,
/YMM148 ura3DO; tsal(1-184)C171S 2017)
TMY8 MATa; ade2::pAFS144-wtGFP(ADE2); rDNA::pTM- | (Miyazaki and

lacO50 (URA3) amplified ~150 copies; NET1-

mCherry-spHIS5; leu2-3,112; trpl-1; canl1-100;

ura3-1; ade2-1; his3-11,1

Kobayashi, 2011)
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Strains/Name Genotype Reference/Source

LacOrDNA & | MATa; ade2::pAFS144-wtGFP(ADE2); rDNA::pTM- | (Morlot et al., 2019)
Lacl-GFP strain | [lacO50 (URA3) amplified ~150 copies; NET1-
mCherry-spHIS5; leu2DO0; LYS2; MET15; TRP1

The DNA oligo nucleotide used for PCR amplification and verification are also listed below in

Table 7.2.

Table 7.2 Table of DNA oligo used for PCR verification

Oligo name Sequence goal
KanC TGATTTTGATGACGAGCGTAAT Deleting collection KanMX4
gene verification

foblA C TTCCTACTATCAAACTCTGGAATCG

fob1A mutant verification
foblA D GCCTCTTGTAATATTGTTCAAGGAA
sgf73A-F AATGCAAGAATCAAATCAAGATAGC

sgf73A mutant verification
sgf73A-R TGGCATTTATAAAAATTCTACCCAA
ubp8A-F CTCCTTGGAAAGTTCTATTGTGTGT

ubp8A mutant verification
ubp8A-R TAAAGAAAAACATGATGGAAACGAT
bud6A-F AGACTTGGGTAAGGCATTAGAAACT

bud6A mutant verification
bud6A-R TATGCAATTTCATTCGTTCTTACAA
tsalA_C ACTGTCTTGCCATGTAACTGGA

tsalA mutant verification
tsalA_D GGTTTACGCGTTTTAGAGCCAG
Myc_F GAACAAAAACCTCATCTCAGAAGAGGAT
tsal F ATACGCTACCCAAGTACAGAAGATGG [Tsal gene insertion

verification on the genome
tsal R TTATTTGTTGGCAGCTTCGAAG
Myc_F _new ATGGAACAAAAGTTGATTTCTGAAGA Tsal gene insertion

verification at alternative
tsal R new GGAGTTTGGAAGCTTCCTTCC .

position
gPCR_tsal_F GTCTTTGACGAAGTCTCCTT gPCR verification for
number of genes inserted in

gPCR_tsal R AAGGAGACTTCGTCAAAGAC TSA1OE
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One night before loading into microfluidic device, freshly thawed cells were grown overnight
in synthetic complete (SC) liquid medium with 2% dextrose and then diluted in the morning
for exponentially growing healthy cells. The cell cycle phase (CCP) quantification and ageing
experiments is performed in microfluidic chip system under freshly prepared SC+2%dextrose
medium. For H202 hormetic ageing experiment, due to the fast degradation of H202, the
highly concentrated H202 (Hydrogen peroxide solution 35wt. % in H20, 349887-500 ML,
Sigma) is diluted to suitable H202 concentration. The media bottle is placed in ice box for
maintaining a low temperature to avoid H202 degradation. The microfluidic experiment and
the media do not affect the experiment since the media reached room temperature before
entering the chip (Goulev et al., 2017). The H202 medium is freshly prepared and changed
every 48hrs. The H202 at suitable concentration is used for hormesis ageing experiment.
The H202 concentration was measured using a colometric H202 assay kit (OxiSelect
Hydrogen Peroxide Assay Kit (Colorimetric), STA-343, EUROMEDEX, France) in media

samples taken from the freshly prepared media.

2. Micro-fabrication and microfluidic setup

2.1 Micro-fabrication procedure

The micro-fabrication was performed using the soft lithography approach (Figure 7.1). After
the improving the microfluidic design, a photolithography mask with custom design is then
used as the template to construct 3D structure. By spin coating, the photoresist (Selba) is
homogeneously covering the silicon wafer. Then followed by a step of soft baking. Both spin
coating parameters and the soft baking are controlling the height from 1um to Imm. The
soluble photoresist resin become polymerized after exposing to the UV light. Therefore, the
desired 3D relief is curved by UV light and to avoid the photo-diffraction the
photolithography mask is uniformly covered on the resin. Non-polymerized resin can then
be removed. By applying several times such steps, different layers can be applied in order to
achieve the desired mold. Finally, for better conservation of the origin mold precision (made
by wafer and SU-8 resin), the negative of the mold is duplicated using the PDMS resin. Using
Epoxy resin and harder mix in a ratio of 1:3 after remove bubbles by vacuum pumping, the
mix is poured onto the PDMS motif (Burgoyne 2009). Putting the mold under the hood at
room temperature for 24hrs, the mold can be cured and it is more resistant than wafer motif

and suitable for repetitive use. For more detailed description of the multi-layer
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photolithography micro-fabrication, thesis of previous doctorate student can be conferred

(Ferhman et al., 2013; Paoletti C., 2014).

|—>SU-8 resin

. . I T
1. SU-8 spin-coating —

555555 55555
mmsssssssns BT B W
ISR RN S

2. Soft baking

k
3. Mask irradiation

4. Development, baking = " B == B —» Motif

Repeat multi-layer if necessary

PDMS Epoxy PDMS

5. PDMS chip fabrication —» coverslip

PDMS mold duplicate Epoxy mold duplicate = PDMS on coverslip

Figure 7.1 Micro-fabrication steps and the microfluidic chip photo

The height is controlled by both SU-8 photoresist spin-coating and soft baking. Then the
region exposed to UV irradiation through a mask is polymerized. These steps can be repeated
to build up multi-layer micro-structure. Finally using PDMS polymerized mold (turquoise),
the micro-structure can be negatively duplicated. The mold is conserved in Epoxy (violet)
mold by PDMS duplication.

2.2 Microfluidic device design optimization

The microfluidic chips used for long-term observation was designed based on the previous

publication (Figure 7.2) (Fehrmann et al., 2013). Such design allows the capture of one single
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cell at the tip of the cavity and based on the polar budding pattern of haploid yeast cells, the

lifespan can be monitored.

Cavity design allows the capture of mother cells

nterested cells ore washed away

Figure 7.2 Previous microfluidic design for ageing experiment (Fehrmann et al., 2013)

The cavity design that has been published from previous host lab work (Fehrmann et al.,
2013). The budding yeast with an average diameter around 4um can be trapped at the tip of
the cavity. Due to the polar budding pattern, the daughter cells to be pushed outside of the
cavity then of the trapping area and finally washed away by flow media.
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A High throughput design improvement
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Figure 7.3 The high-throughput and 10 independent channel-optimization design
allowing to monitor more conditions within one experiment

A: To increase the number of mother cells that can be captured within one experiment,
more cavities are added and the grey area indicating the regions where the PDMS chip is
covalently bound to the coverslip glass., The cell trapping area presenting a height of 3um
is shown by light yellow dots, which allowing a single layer of cells be trapped in this area.
The white area with a height of 30um allowing the media to go through and wash away the
excessive cells and avoid cell clogging.

B: 10 independent channels are designed for independent medium and strain experiment.
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To optimize the design, more cavities are added to observe more mother cells at one time
for high throughput improvement (Figure 7.3A); 10 independent channels are designed on
the same chip for more media condition improvement (Figure 7.3B). 10 independent
channels are designed on the chip. There are 320 cavities per channel. Taking together,
within one experiment, 10 different conditions or strains can be observed in one experiment.
320 cavities/mother cells can be captured for each channel. Comparing to previous design ‘CLiC’
(Fehrmann et al., 2013), around 60 cavities can be monitored for each experiment. The efficiency
for observing various strains and various conditions within one experiment on a single
microfluidic chip is improved. This improvement is designed and micro-fabricated by Dr.
Morlot Sandrine of the host lab (Morlot et al., 2018). The design improvement and micro-
fabrication of microfluidic chip were not performed by me during my thesis, the device has

been already prepared for use (Figure 7.4).

Figure 7.4 Microfluidic chip photo showing independent channels

The microfluidic chip used for long-term cell growth and ageing experiment. The chip shows
a size of 24*50 mm. The different ink colors indicate that the different media can be used for
cell growth. The liquid medium is controlled by peristaltic pump connected to the input. A big
trash bottle is needed for output.
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2.3 Protocol for microfluidic chip preparation

The micro-channels were cast by curing PDMS (Sylgard 184, 10:1 mixing ratio) and then
covalently bound to a 24*50 mm coverslip using plasma surface activation (Diener,
Germany). Chips were baked for 1hr at 60°C to consolidate bonding between the glass and
PDMS and then perfused with media using Tygon tubing and a peristaltic pump (Ismatec,
Switzerland) at an 8uL/s speed. After 2h of PDMS rehydration, yeast cells were loaded into

the chip with a 1ImL syringe and a 23G needle.

3. The principle of image analysis of Matlab pipeline

After time-lapse acquisition, NIS raw data were analyzed using the custom MATLAB software
‘phylocell’ and ‘autotrack’ function developed by the host lab (Fehrmann et al., 2013). The
nd2 format images are converted to Matlab jpeg project format. This format allows to be
analyzed using the custom software Phylocell. For the image processing step, the cell

contour recognition and segmentation is achieved by setting appropriate threshold in phase

contrast channel; combining with the classic ‘watershed’ image processing algorithm, the

cell contour can be delineated from the cell masks returned by the watershed program.
(Beucher & Lantuéjoul, 1979; Fehrmann et al., 2013). The nuclear contour can be revealed
using the fluorescence fused nuclear protein, for instance the strain Htb2-sfGFP in my thesis
report. The image processing procedure is like the cell contour segmentation. Firstly a ‘top-
hat’ classic filter is applied to abstract the background noise based on the fluorescence
threshold. Then like the cellular contour segmentation, a ‘watershed’ image analysis is
applied for correct nuclear contour segmentation. The GUI allows to visualize the
segmentation and perform manual corrections if necessary (Fehrmann et al., 2013). This
image processing routine has been applied and published in the article Fehrmann et al., 2013

(Paoletti, 2014).

To monitor the continuous dynamic within the cell, a step of ‘cell tracking’ is applied to
associate a number to the same cell or the same nucleus of different images. This step is also
called ‘cell tracking’. It is achieved by optimizing the contour position and cell size globally
by using Hungarian algorithm calculation. This step of cell ‘mapping’ allows to numerate the

same cell from frame ‘a’ (birth) to frame ‘2’ (death) and along with manual correction. This
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step facilitates the quantification of consequent dynamic of a single cell during the ageing

process (Fehrmann et al., 2013; Paoletti, 2014).

Based on the above described image processing pipeline, the functions ‘cellfluo’ and
‘incellfluc’ can be used to quantify the total, average fluorescence signal and contour

parameters within both cellular and nuclear contours.

4. Microfluidic time-lapse experiments and data analysis (a.

experiment b. analysis)

4.1 Common section for all the equipment:

Cells were imaged using an inverted Nikon Ti-E microscope. Fluorescence illumination was
achieved using LED light (Lumencor) and emitted light was collected using a 60X N.A. 1.4
objective and a CMOS camera Hamamatsu Orca Flash 4.0. An automated stage was used to
follow different fields of view over the course of the experiment. Focus was maintained using
the Nikon Perfect Focus System. A constant temperature of 30°C was maintained on the chip
using a custom sample holder with thermoelectric modules, an objective heater with heating

resistors, and a PID controller (5C7-195, Oven Industries).

Table 7.3 Table of microfluidic experiments and time-lapse microscopic settings

Secti | Microfluidic experiments & Strain Phase | GFP | DA | min/f | duration (h)

on settings Pl | rame

4.2 | Ageing experiment Htb2-sfGFP X X 10 >140h

4.4 | DAPI staining experiment Htb2-sfGFP X X x |1 2min

4.5 | CCP quantification (Htb2- Htb2-sfGFP X X 3 50h
sfGFP)

4.6 | CCP quantification (Whi5-GFP) | Whi5-GFP X X 3 50h

4.7 | DNA damage positive control | Ddc2-GFP X X 10 10h (24h-
test incubation)
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4.7 | DNA damage positive control | Rnr3-GFP 10 10h (24h-
test incubation)
4.2 | Ageing experiment Rnr3-GFP 10 >140h
4.2 | Ageing experiment fob1A; 10 >140h
4.2 | Ageing experiment fob1A. 10 >140h
Htb2-sfGFP
4.2 | Ageing experiment sgf73A 15 >140h
4.2 | Ageing experiment sgf73A. 10 >140h
Htb2-sfGFP
4.2 | Ageing experiment ubp8A 15 >140h
4.2 | Ageing experiment ubp8A. 10 >140h
Htb2-sfGFP
4.2 | Ageing experiment bud6A 15 >140h
4.3 | H202 hormetic ageing Htb2-sfGFP 10 >140h
experiment
4.7 | H202 0.4mM oxidative stress | Tsal-GFP 10 12h (24h-
activation experiment incubation)
4.7 | H202 0.4mM oxidative stress | Yap1-GFP 10 12h (24h-
activation experiment incubation)
4.7 | H202 0.4mM oxidative stress | Srx1-GFP 10 12h (24h-
activation experiment incubation)
4.2 | Ageing experiment TSA10E 10 >140h
4.2 | Ageing experiment tsalA 10 >140h
4.2 | Ageing experiment Tsal mutant 10 >140h
variants
4.2 | Ageing experiment Srx1-GFP 10 >70h
4.2 | Ageing experiment Tsal-GFP 10 >140h
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4.2a. ageing time-lapse experiment

The ageing time-lapse experiment is by monitoring the whole replicative ageing process of
the strain to analyze its RLS, cell cycle duration for SEP determination and in the case of
fluorescence measurement, the fluorescence levels are also quantified throughout the
replicative lifespan. The acquisition starts just after the cell loading; therefore, the birth

event will not be missed.

2 channels are mainly used for ageing time-lapse experiment: phase contrast: 20ms
exposure time, no binning; GFP channel is optional depending on the strain used: 5% laser
excitation for Htb2-sfGFP reporter strains and 7% for Rnr3-GFP strain (wavelength 470nm):

50ms exposure time and binning 2*2.

4.2b. analysis of ageing time-lapse experiment

4.2b.1 RLS analysis

The RLS is measured by counting successive daughter cells generated from single mother
yeast from birth to death (till cell lysis). The time-lapse ageing experiment images are
transformed to video by using custom MATLAB function ‘exportmontage’ code. The Nikon
format images (nd2) are converted into Matlab jpeg and then into avi movie. This code
belongs to the ‘autotrack’ function that has been developed by Dr. Gilles CHARVIN. These
videos are opened in Imagel and analyzed by directly counting the number of daughters
generated from one single mother yeast. After analyzing enough number of mother cells
(usually N>50), survival curves can be generated using ‘ecdf’ MATLAB function. Alternatively,
using ‘NotBoxPlot’ function, the RLS distribution can also be shown by box with the median

and standard error. The code ‘notBoxPlot’ function was published by Rob Campbell.

4.2b.2 Cell cycle duration trajectory analysis

The cell cycle duration is quantified by counting the number of frames between each cell
division directly by Imagel. After collecting all the cell cycle duration trajectory of a single
mother cell, the trajectory can be represented by color-code bar using ‘Tabtrajiso_lJia’
function which is customized based on the original ‘Tabtrajiso’ function developed by Dr.

Gilles CHARVIN. The new function can add the color bar agenda.
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4.2b.3 SEP determination based on cell cycle duration

The SEP is determined based on the breaking point determined by cell cycle duration
extension. The sudden cell cycle extension corresponding to a decrease of cells dividing
frequency. Using ‘findSEP_Jia’ customized function which was originally developed by Dr.
Gilles CHARVIN, the piece-wise linear regression can detect the most abrupt cell cycle
extension, the SEP. Compare to conventional ‘findSEP’ function, the customized function
limit the SEP by a slightly more abrupt cell cycle extension and reject the SEP when the last

cell cycle duration is less than 120 minutes.

4.2b.4 Fluorescence analysis

The nuclear Htb2-sfGFP fluorescence is measured by firstly nuclear segmentation threshold
at ‘600’ fluorescence density. A round of manual correction for the contour segmentation is
necessary for the data precision. After segmenting the nuclear contour, the mother cells
monitored from birth to death are analyzed using ‘incellfluo’ function for collecting the

nuclear data.

The cellular Rnr3-GFP fluorescence is measured after the cellular contour segmentation.
After a round of manual contour segmentation correction, the mother cells monitored from
birth to death are analyzed using ‘cellfluo’ function for analyzing the cellular fluorescence

data.

4.2b.5 SEP determination based on Htb2-sfGFP fluorescence signal

The SEP can also be determined based on the breaking point of fluorescence increment for
sgf73A mutant. Firstly, use the customized ‘findPEAKbyflu’ function to locate the
fluorescence basal level after each cell division based on ‘findpeaks’ function. Then a round
of manual correction is required to locate the fluorescence signal and verify the cell division
event. Lastly, based on the piece-wise linear regression principle, the increasing point where
fluorescence starts to increase can be determined and defined as SEP. The function is called

“findSEP_flonly’.
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4.3a. H202 hormetic ageing time-lapse experiment

The H202 hormetic ageing time-lapse experiment is the ageing experiment performed under
the media containing various H202 mild concentration. The cells are cultured in SC+2%
dextrose condition before injecting into the microfluidic chip. The frame interval is 10
minutes and the total time-lapse experiment lasts for more than 140hrs. However, these
cells are not included for ageing analysis, the cells analyzed are born in the H202 media

without an induction of oxidative stress.

The parameters of 2 channels are identical to the ageing time-lapse experiment: phase
contrast: 20ms exposure time, no binning; GFP channel is optional depending on the strain

used: 5% laser excitation (wavelength 470nm): 50ms exposure time and binning 2*2.

4.3b. RLS and SEP determination analysis (refer to part 4.2b)

4.4a. DAPI staining for DNA quantification at the end of time-lapse experiment

The DAPI staining time-lapse an additional experiment is by performing the DAPI staining at
the end of ageing time-lapse experiment. The ageing time-lapse experiment allows to
monitor the replicative ages of the mother cells in the microfluidic device. The DAPI
fluorescence allows to measure the DNA quantity in both pre-SEP and post-SEP mother cells.
The freshly prepared DAPI solution 2.5ug/mL is used for cell incubation in microfluidic
system for 35 minutes under the flow rate 5ulL/min right after the ageing time-lapse
experiment. Then the cells are washed 10 minutes with SC+2%Dextrose medium at 5uL/min
and 20-minute at 10uL/min. 2 rounds of images are taken for each position continuously, 5
stacks are taken to ensure the total DAPI fluorescence signal (Figure 7.4). The five stacks are
determined according to the middle plane, then equally distributed 4 extra planes so that
the highest and lowest planes show a range of 3um height. The DNA is not homogeneously
distributed in the nucleus region, therefore, by constructing max projection of 5 stacks, the

signal of DNA within the nucleus can be better quantified.
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Figure 7.4 Five stacks are taken for DAPI fluorescence max-projection quantification

The cell trapped in the cavity show a nuclear volume containing DNA. The green indicates
the nuclear volume of a mother cell. The blue incites the DAPI stained DNA both in nucleus
and mitochondrion. Five stacks are taken for DAPI fluorescence signal precise quantification.
Using the perfect focus system of NIS, based on the middle plane 4 extra planes equally
distributed so that the highest and lowest planes show the range of 3um height. In total, five
planes are taken for DAPI maxi-projection quantification. The DAPI fluorescence is
collectively projected to a single plane and analyzed.

Three channels are used for this experiment: phase contrast: 20ms exposure time, no
binning; GFP: 7% laser excitation (wavelength 470nm): 50ms exposure time and binning 2*2;
DAPI: 50% laser excitation (wavelength 350nm): 100ms exposure time and binning 2*2. Two

frames are taken continuously for each position.

4.4b. DAPI fluorescence/ DNA quantification analyses

The images of Nikon (nd2) format is firstly converted to Matlab jpeg format, the DAPI
fluorescence channel is collectively analyzed by projecting the five stacks using the
‘tiffToMatlabProject’ function. Secondly, the nuclear contour is automatically segmented by
‘720" Htb2-sfGFP fluorescence density threshold. A round of manual correction for the

contour segmentation is necessary for the data precision. Thirdly, using the ‘analysedapi’
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function, both Htb2-sfGFP and DAPI fluorescence within the nuclear contour of each cell can

be quantified.

Based on the video of ageing experiment, the age and the SEP status of each mother cell can
be analyzed. Lastly, the DAPI and Htb2-sfGFP fluorescence data are analyzed and compared

between pre-SEP and post-SEP mother cells.

4.5a. Htb2-sfGFP CCP quantification time-lapse experiment

To quantify the CCP duration, the fluorescence of H2b protein is measured each 3 minutes
for a precise temporal precision compare to ageing time-lapse experiment. To avoid large
file stockage and the photo-toxicity induced above 50hrs under such high laser excitation
frequency, the number of frames taken within each time-lapse experiment is usually limited
within 1000 frames. Therefore, a total of 50-hour cell ageing process can be monitored for
each time-lapse experiment. It takes about 24hrs for the microfluidic chip to be filled with
budding yeast and yeast cells may be trapped in the cavity. The acquisition starts after 1 days

of cell growth in microfluidic chip when most cavities are filled with cells.

Two channels are used for time-lapse experiment: phase contrast: 20ms exposure time, no

binning; GFP: 7% laser excitation (wavelength 470nm): 50ms exposure time and binning 2*2.

4.5b. Htb2-sfGFP CCP quantification analyses

4.5b.1 Cell cycle duration, SEP determination for CCP quantification analysis

(automated)

Firstly, the sequence of Nikon images (nd2) are converted into Matlab jpeg project and video.
This code belongs to the ‘autotrack’ function that was developed by Dr. Gilles CHARVIN.
Secondly, the cellular and nuclear contours are automatically detected by phase contrast
and green fluorescence threshold at ‘1000’. A round of manual correction for the contour
segmentation is necessary for the data precision. Thirdly, the Htb2-sfGFP nuclear
fluorescence data can be quantified by ‘incellfluo’ function. Then two different approaches

of analyses are used in the thesis report.

Automated cell cycle duration and SEP determination is performed using ‘plotFLuo’ function.

This approach is based on Htb2-sfGFP fluorescence signal exclusively (Figure 7.5A). The cell
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cycle duration is determined based on the anaphase nuclear separation by automated
fluorescence signal using ‘findpeaks’ function, the detected fluorescence peaks are
represented by yellow arrows. The SEP is thus calculated based on the cell cycle duration by
conventional ‘findSEP’ custom function (more detail for SEP determination confer 4.2b
section). However, as shown from the figure 7.5A, the detected fluorescence peaks could be
erratic due to irregular fluorescence signal at the end of cell cycle. The good detection is
shown in yellow arrow, whereas the erratic detection is circled by dashed red circles.
Therefore, without a round of manual correction, the cell cycle duration result may be not

precise already.
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Figure 7.5 CCP quantification exclusively based on fluorescence and piece-wise linear
regression

A: The Htb2-sfGFP fluorescence oscillatory signal showing 5 divisions before and after SEP.
The SEP is indicated by the black line. The yellow arrow corresponding to the potential
automated detection of fluorescence peaks by ‘findpeaks’ function. The yellow arrows
correspond to the correct anaphases and the incorrect anaphases are circled by red dashed
line.

B: The quantification of CCP based on the fluorescence detected anaphase. The
corresponding linear pattern for each phase is shown in blue dashed line. Each phase is
segmented by the red dashed line.

Next step, the cell cycles are cut into single cell cycles according to the previous detection
and the CCPs are measured based on piece-wise linear regression using ‘BFSK’ function. As
shown in the figure 7.5B, the fluorescence signal is fitted into the different ‘shape’ pattern
corresponding to different phases as shown in blue dashed line. The yellow arrow indicates
the nuclear separation determined at anaphase, the duration between anaphase and
cytokinesis has been measured using the Cdc10-mCherry reporter strain (unpublished data)
which is on average 2.4 minutes. Therefore, the cell cycle starts from the determined
fluorescence peak (yellow arrow) + 2.4 minutes, then followed by the piece-wise linear
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regression corresponding to the horizontal G1 phase, increasing kinetic S phase, horizontal
G2/M phase and lastly anaphase and the cytokinesis (decreasing kinetic + 2.4 minutes). Each

CCP can be thus quantified.

The CCP duration corresponding to the 5 divisions before and after SEP are compared and
analyzed (Figure 7.6). The kinetic of each CCP can is represented. This approach shows less
precise cell cycle duration which is shorter than previous result (Garmendia-Torres, Tassy et
al. 2018). The mother cells die five divisions after SEP on average, the number of divisions
post-SEP is much less than pre-SEP cell cycles. In addition, after ruling out irregular
fluorescence pattern of certain post-SEP cell cycles, the result is measured based on much

less effective for post-SEP mothers.

+ +
Figure 7.6 CCP quantification using automated fluorescence-based approach

Five divisions before and after SEP are analyzed for CCP comparison. The dynamic of each
CCP evolution from SEP-5 division to SEP+5 division is measured, respectively.

4.5b.2 Cell cycle duration, SEP determination for CCP quantification analysis (manual)

To increase the precision and improve the measurement, an alternative approach is applied
for CCP quantification using manual analysis for cell cycle determination. Using ImageJ, the

cell division is determined at the end of mitosis which is represented by nuclear detachment
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(Figure 7.7). This morphological signature allows to delimitate the cytokinesis closer than the

fluorescence peak (anaphase) determined by automated approach.

Time

Htb2-sfGFP fluorescence

Figure 7.7 Cell cycle determination using manual determination in ImageJ

The cell division is defined by nuclear detachment morphology between mother and
daughter cell (indicated by blue dashed line) analyzed by ImagelJ. The Htb2-sfGFP fluorescent
signal is cut according to the cell division as shown in green. The fluorescence-determined
cell division is indicated by yellow arrow and dashed line.

The SEP is then analyzed using ‘findSEP” function as previously described in section 4.2b.
Then each cell cycle can be separated and analyzed for CCP quantification. As shown in the
figure 7.8A, the cell division can be defined by blue arrow. As for single cell cycle, similar
piece-wise linear regression method is applied for CCP quantification based on fluorescence
signal pattern. The cell cycle starts as determined manually, then followed by the horizontal
G1 phase, increasing kinetic S phase, then the horizontal G2/M phase, lastly the anaphase
before next cell cycle, this mitosis and cytokinesis is quantified by the duration between the
G2/M phase and next cell cycle. As shown in the figure 7.8B, each CCP is delimitated by red

dashed line.
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Figure 7.8 CCP quantification based on piece-wise linear regression

A: The blue arrows indicate the cell division determined by Imagel) manual analysis based
on nuclear detachment between mother and daughter cells. The SEP is defined based on the
cell cycle duration.

B: Each cell division is cut based on the blue arrow, each CCP is quantified using ‘BFSK’
function based on piece-wise linear regression. The linear regression fitting is shown in black
dashed line, each phase is separated by red dashed line. The G1 and G2/M phases
correspond to the horizontal duration, the increasing line for S phase and the rest is the
anaphase until early cytokinesis (nuclear detachment after mitosis).

rFigure 7.7 LOrrNparisori pewweerl pre-ocr drid post-ocr ceiis

The cell cycles before and after SEP are compared by pooling two group of data. More cell
cycles allowing a more accurate quantification between each CCP.
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The comparison of CCP is performed between pre-SEP and post-SEP cells as shown in figure

7.9.

4.6a. Whi5-GFP CCP quantification time-lapse experiment

This time-lapse experiment with Whi5-GFP is for comparing the G1 phase duration before
and after SEP by using Whi5-GFP reporter strain. To quantify the CCP duration, the images
are taken for each 3 minutes. A total of 50-hour cell ageing process is monitored for each

time-lapse experiment (1000 frames).

FmN N ( ~ (\ T
W A W A ': - . ‘ A ‘ 4
Qmin , §min, 6min 9min' 12min 15min  18min

Figure 7.10 Whi5-GFP nuclear residence analysis in ImageJ

The G1 phase measured by Whi5-GFP protein nuclear residence is analysed directly by eye
in ImagelJ. The duration corresponds to the number of frames showing Whi5-GFP nuclear
fluorescence accumulation which indicated by red arrow.

Two channels are used for time-lapse experiment:
phase contrast: 20ms exposure time, no binning. Due to the weak Whi5-GFP signal and
meanwhile avoid the photo-damage, the GFP channel is set to 8% laser excitation

(wavelength 470nm): 80ms exposure time, binning 2*2.

4.6b. Whi5-GFP nuclear residence CCP quantification

The images (nd2) are converted to Matlab jpeg format and avi video. The Manual cell cycle
duration and SEP determination is performed using Imagel) as previously described by
counting the number of frames between each cell division the video clip. The SEP is

determined using ‘findSEP_Jia’ function as described in section 4.2b.

The Whi5-GFP nuclear residence state is analyzed by eyes on Imagel directly (Figure 7.10).

The number of frames showing significant nuclear fluorescence accumulation correspond to
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the relative-G1 phase duration. To increase the precision of CCP quantification, the pre-SEP
and post-SEP cell cycles are pooled to quantify the average CCP duration in Whi5-GFP

reporter strain.

4.7a. DNA damage positive control time-lapse experiment

This time-lapse experiment is performed in microfluidic chip for testing the DNA damage
reporter for 10hrs. The Rnr3-GFP and Ddc2-GFP are the strains tested (7.11A). 24hrs after
injecting cells into the microfluidic device, the cells are filled in the cavities. The time-lapse
experiment is set to take each image every 10 minutes, identical to the ageing experiment.
For the first 5hrs, the growth of cells is monitored under normal SC+2% dextrose media as
the control. Then the cells are incubated under DNA damaging agents such as H202 0.4mM
(which induce most various cell fates according to Goulev et al., 2017) and 1000ug/mL zeocin

antibiotic for up to 5hrs.

Another DNA damage positive control is performed by H202 0.2mM (which induce maximal
magnitude of Yapl-regulated oxidative stress defense activation from Goulev et al., 2017)
for testing the oxidative stress response in microfluidic device. The Srx1-GFP and Tsal-GFP
are firstly injected into microfluidic chip and grow under SC+2% dextrose media for 24hrs.
Then the time-lapse acquisition is set to take each image every 10 minutes, identical to the
ageing experiment. For the first 2hrs, the cells are monitored for control condition, then
incubated under H202 0.2mM for more than 10 hrs (to monitor the stable state under

oxidative stress).

2 channels are used throughout this experiment, the parameters for each channel were set
as below: phase contrast: 20ms exposure time, no binning; GFP: 7% laser excitation

(wavelength 470nm): 50ms exposure time and binning 2*2.
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4.7b. DNA damage response (DDR) activation analysis and fluorescence analysis

Firstly, the images (nd2) of both strains are converted into Matlab jpeg format and avi video
using the code developed by Dr. Gilles CHARVIN in ‘autotrack’. Secondly the cellular contour
is segmented by phase contrast threshold. A round of manual correction for the contour
segmentation is necessary for the data precision. Thirdly, the fluorescence signal of
interested mother cells are analyzed by eye for Ddc2-GFP reporter strain or using ‘cellfluo’

function for Rnr3-GFP reporter strain.

A

Ddc2-GFP Rnr3-GFP
B
50 min 80min 100min Omin 150min  300min

(ct f

y

’ R %, Sum. - LN
Ddc2-GFP under Rnr3-GFP under
0.4mM H202 treatment 0.4mM H202 treatment
Omin 150min 300min Omin 150min 300min

Ddc2-GFP uncer Rnr3-GFP uncer
1000pug/mL zeocin antibiotic treatment 1000pg/mL zeocin antibiotic treatment

Figure 11 DDR activation induced in Ddc2-GFP and Rnr3-GFP reporter strains by DNA
damaging agents

A: Schematic DDR activation fluorescence evolution in both reporter strains.

B: Two strains are treated under both 0.4mM H202 media and 1000ug/mL zeocin antibiotic
for 5hrs. The images show representative fluorescence evolution in both strains. The
interested mother cells are indicated by violet arrows. The nuclear foci may be observed in
Ddc2-GFP strain under both condition yet the nuclear foci (indicated by white arrow) is not
stable and can be lost easily from the view. The fluorescence burst can be observed mostly
in Rnr3-GFP under zeocin antibiotic treated condition.
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The persistence of nuclear foci cannot be observed in Ddc2-GFP reporter strain after the DNA
damaging agent-treatment (7.11B). In addition, to avoid the photo-damage, the excitation
fluorescence signal cannot be increased, which lead to weak fluorescence signal. Therefore,
this reporter strain is not suitable for monitoring the DDR activation in microfluidic ageing

experiment.

The Rnr3-GFP reporter strain under zeocin antibiotic treatment show most significant
fluorescence burst which last more than 1hr (Figure 7.11B). Rnr3-GFP is therefore used for

studying the DDR activation during ageing process in microfluidic device in the next step.

However, the cellular Rnr3-GFP fluorescence show heterogeneous basal level without stress
due to its oscillatory expression pattern involved in DNA synthesis. The Rnr3-GFP strain also
shows a large variety of DDR activation kinetic under zeocin antibiotic treatment. Therefore,
the basal zeocin fluorescence level is compared with 5-hour-treated Rnr3-GFP fluorescence
for deterring the DDR activation threshold (Figure 7.12A). The threshold of DDR activation in
Rnr3-GFP reporter strain is set by DNA damage maximum fluorescence level minus the

median basal level, which equals to 26 a.u. (Figure 7.12B).
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Figure 7. 12 Threshold determination for Rnr3-GFP DDR activation under zeocin antibiotic
treatment

A: The smoothed density distribution of control (in blue) and positive control (in orange)
(5h under zeocin treatment) comparison.

B: The threshold for DDR activation is set to 26 a.u. measured by maximum minus median
control fluorescence signal.
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Table 7.4 Summary table of image processing analyses and Matlab functions

Summary | nd2/tiffto | jpeg to avivideo cellular & fluorescence
of analysis | jpeg Matlab | and ImagelJ analysis | nuclear guantification
procedure | project segmentation
and cell tracking
Function | nd2ToMatl | exportMontage/ autotrack phyloCell_mainGUI/
abProject4/ (at_batch) cellfluo/ incellfluo/
tiffToMatla ecdf/NotBoxPlot/ analysedapi/ plotFLuo
bProject Tabtrajiso(_Jia)/ (findpeaks/BFSK)/
findSEP (_Jia) findPEAKbyflu/
findSEP_flonly’
Analysis RLS analysis/ cellular & Manual correction by
survival curve/ nuclear GUI; cellular and

boxplot of RLS/

cell cycle duration
trajectory/

SEP determination/
CCP quantification
(in Whi5-GFPO/

segmentation

and cell tracking

nuclear contour-
measurement/ DAPI
fluorescence
quantification/ CCP
quantification/ SEP
determination (for
sgf73 A)

170




5. Code Annex

5.1 Online published resources

‘Phylocell” and ‘autotrack’ functions has been developed by Dr. Gilles CHARVIN (Fehrmann

et al,, 2013), the code can be found from the link: https://github.com/gcharvin/autotrack.

‘ecdf’ function belongs to the Matlab code (see link: https://www.mathworks.com/help/st

ats/ecdf.html).

‘NotBoxPlot’ function has been published by Rob Campbell (see link: https://www.mathwor

ks.com/matlabcentral/fileexchange/26508-notboxplot).

5.2 unpublished code that has been developed by other authors (request the
lab for more information)

‘nd2ToMatlabProject’, ‘exportMontage’, ‘cellfluo’ and ‘incellfluo’, ‘Tabtrajiso’,’ findSEP’, ‘fin
dPEAK (findPEAKbyflu)’, ‘tiffToMatlabProject’, ‘analysedapi’, ‘plotFLuo’ and ‘plotFLuo_noSE

P’, functions were developed by the lab members.

5.3 customized code in this work
‘Tabtrajiso_Jia":

function tabtrajiso_Jia(tab)
%tab=matrix, each line corresponds to a cell with successive values of cell
%cycle duration in min

ytick=[];

h=figure;

map=zeros(256,3);

% map(1,:)=[0,1,0];

% map(256,:)=[1,0,0];
ROto256=linspace(0,1,256);

GOto256=1-R0to256;
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map(:,1)=R0to256;
map(:,2)=G0to256;
col2=colormap(map);
cc2=1;
for i=1:size(tab,1)
tabtemp1(i,:)=[length(tab(i,:))-sum(isnan(tab(i,:))) tab(i,:)];
end
% tabtemp2=tabtempl’;
% [values,order]=sort(tabtemp2(:,1));
% tabsort=tabtemp2(order);
% tabsort=tabsort'
[values,order]=sort(tabtemp1(:,1));
tabsort=tabtemp1(order,:);
for i=1:size(tabsort,1)
startY=i;
ytick=[ytick startY];
cindex=ones(1,length(tabsort(i,:))-1-sum(isnan(tabsort(i,:))));
T=numel(cindex);
R=ones(T,1);
for j=1:(length(tabsort(i,:))-2-sum(isnan(tabsort(i,:))))
t=uint8(round(255*(tabsort(i,j+1))/250));
cindex(j)=max(1,t);
R(+1)=R(j)+R(j+1);
end
tf=uint8(round(255*(tabsort(i,length(tabsort(i,:))-sum(isnan(tabsort(i,:))))/250)));
cindex(length(tabsort(i,:))-1-sum(isnan(tabsort(i,:))))= max(1,tf) ;

temp2=[0;R];

172



R1=temp2(1:(size(R)));
rec=[R1 R];

Traj(rec,'Color',col2,'colorindex’,cindex, 'tag',['Cell ' ],h,'width',0.95,'startX',0,'startY',start
Y,'sepColor',[0.1 0.1 0.1],'sepwidth’',0.07,'gradientwidth’',0);

end
set(gca,'YTick',ytick);
axis tight;
hold on
% colorbar('Units','pixels',...

%  'Ticks',[0 0.0625 0.125 0.1875 0.25 0.3125 0.375 0.4375 0.5 0.5625 0.625 0.6875 0.75
0.8125 0.875 0.9375 1],...

% 'TickLabels',{'<=0','16','32','48','64','80'",'96','112",'128','144','160','176','192",'208','224",
'240','>=256'});

caxis([0,1])

colorbar('southoutside’,'Units','pixels',...

‘findSEP_Jia":

function [t1 t2 mid x y tdiv fdiv]=findSEP_Jia(tab,|,display)
%dau=[tcells(cellindex).daughterList];
t1=[];

t2=[];

x=[];

y=[I;

tdiv=[];

fdiv=[];

% if numel(dau)==0

% return;

% end

tdiv=tab(l,:);
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tdiv=tdiv(tdiv>0);

if numel(tdiv)==0
return;

end
fdiv=1./tdiv;
test=fdiv;
%test(end+1)=0.001;

[t1 12 levell level2 curve]=fitSenescenceModel(test,0,0);

% [sp v] = spaps(1:length(fdiv),fdiv,0.002);
%
% t1,t2,levell,level2
%
if level2<=0.08 %0.09
% senesence case
%mid=(t1+t2)/2
mid=find(curve<level1-0.0,1, first'); % 0.03
mid=t1;
if numel(mid)==0
mid=round((t1+t2)/2);
end
mid=min(length(fdiv),mid);
%mid=t1;
%mid=t1;
x=1:1:length(fdiv);
X=X-mid;

% x=x-length(x);
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y=1./fdiv(1:end);
% mid
% plot(x,y,'Color',col(i,:)); hold on;
else
%continue
x=1:1:length(fdiv);
mid=length(x)+1;
x=x-length(x);
y=1./fdiv(1:end);
t2=mid; t1=mid-1;
%if length(fdiv
%figure(h3); plot(x,1./y,'Color',col(i,:));
%hold on;
% plotFit(fdiv,t1,t2)
end
%plot(x,1./y,'Color',col(i,:));
%%% plotFit(x,fdiv,t1,t2)
% return;
if nargin==3
h= plotFit(x,fdiv*6,t1,t2); %plot(x,v,'Color','g");
end
function [t1 t2 levell level2 curve]=fitSenescenceModel(fdiv,thrl,thr2)
chi2=zeros(size(fdiv));
fdiv(fdiv>0.2)=0.15;
for i=1:length(fdiv)-1
for j=i+1:length(fdiv)

%chi2=0;
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levell=mean(fdiv(1:i));
level2=mean(fdiv(j:end));
chi2(i,j)= sum((fdiv(1:i)-levell).A2)+sum((fdiv(j:end)-level2).72);
if j>i+1
arrx=i:1:j;
arry=(levell-level2)/(i-j)*arrx+(level2*i-level 1*j)/(i-j);
chi2(i,j)= chi2(i,j) + sum( (fdiv(i+1:j-1)- arry(2:end-1)).72 );
end
% if i>8
% plotFit(1:1:length(fdiv),fdiv,i,j);

% a=chi2(i,j),i,]

% pause

% close

% end
end

end

pix=find(chi2==0);
chi2(pix)=max(max(chi2));

[m pix]=min(chi2(:));

%figure, plot(chi2(:));

[i jl=ind2sub(size(chi2),pix);

tl=i;

t2=j;
%plotFit(1:1:length(fdiv),fdiv,i,j);
levell=mean(fdiv(1:i));
level2=mean(fdiv(j:end));

curve(1:i)=levell*ones(1,i);
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%length(fdiv)-j
curve(j:length(fdiv))=level2*ones(1,length(fdiv)-j+1);
arrx=i:1:j;
arry=(levell-level2)/(i-j)*arrx+(level2*i-level1*j)/(i-j);
curve(i+1:j-1)=arry(2:end-1);
function h=plotFit(x,fdiv,i,j)
h=figure;
% h=subplot(2,1,1);
levell=mean(fdiv(1:i));
level2=mean(fdiv(j:end));
linelx=1:i; linely=levell*ones(1,length(linelx));
line2x=j:length(fdiv); line2y=level2*ones(1,length(line2x));
if j>=i+1

arrx=i:1:j;

arry=(levell-level2)/(i-j) *arrx+(level2*i-level1*})/(i-j);
end
plot(x,fdiv,'Marker','.",'LineStyle','none’,'MarkerSize',20); hold on;
plot(linelx+x(1)-1,linely,'Color','r','LineStyle','--'); hold on;
plot(line2x+x(1)-1,line2y,'Color','r','LineStyle','--'); hold on;
if j>=i+1

plot(arrx+x(1)-1,arry,'Color','r','LineStyle','--'); hold on;
end
k =arry(2)-levell
if k <=-0.0025;
elseif k > -0.0025

disp('no SEP was found due to k > -0.0025')

return
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end

if fdiv(j-1) < 1/120 && fdiv(j) < 1/120;
disp( 'no SEP was found due to 120 min cell cycle')
return

end

“findSEP_fluonly’:

function findSEP_flonly(Min,flu,ibf);%find out the SEP moment by fluorescence

%based on the peaks of fluorescence valeys, find out the increasing point

%where fluorescence starts to increase

%Min is the result of findPEAK containing two vectors corresponding to

%peaks and their locations

%ibf is the minutes in between frame

[~,n] = size(Min);

pks=(Min(1,:)) ;

dd=diff(pks); %diff of peaks

cc=diff(Min(2,:)*ibf);

% figure; findchangepts(pks,'Statistic','std')

% count=findchangepts(pks,'Statistic','std'); %Find potential SEP by std variation

% %Generally, the result is later than the real SEP.

% count

if cc(n-2)<120 && cc(n-1)<120;  %the last 2 cell cycles are less than 120 minutes.
display 'no SEP is found'

elseif cc(n-2)>=120 && cc(n-1)>=120;

end

% for j=count;

% if dd(j)>=m_ddpre+err_ddpre; %if the fluo level is excluded of the mean domain, then
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% %SEP could be the previous cell cycle; else if the

% %fluo level is included in the mean domain, then SEP
% %could be the current cell cycle.

%

% count=count-1;

% elseif m_ddpre-err_ddpre<dd(j)<sm_ddpre+err_ddpre;

% end
% end

%

% i=count;

% if dd(i)<=dd(i-1);

% count=count-1;

%

% elseif dd(i)>dd(i-1);%if the fluo level is greater than previous, then
% %SEP could be the current cell cycle.

% end

%

% for k=count;

% if cc(k)>m_ccpre+err_ccpre; %if current cell cycle duration is larger than the

% %previous one, the SEP could be the previous
% %cell cycle; else if current cell cyce duratio

% %is less than the previous one, the SEP could
% %be the next cell cycle.

% count = count -1;

% elseif cc(k)< m_ccpre-err_ccpre;
% count = count+1;

% elseif m_ccpre-err_ccpre<=cc(k)<=m_ccpre+err_ccpre; %if the cell cycle
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% %duration is within

% %normal range then

% %compare with next

% %cell cycle

% if cc(k)>=cc(k+1); %cell cycle duration is increased at
% %SEP+1 moment,so next cell cycle

% %duration of SEP must be longer.

% count =count+1;

% elseif cc(k)<cc(k+1);
% end
%
% end
% end
X=Min(2,:);
plot(X,pks,'Marker',".",'LineStyle','none','MarkerSize',20); hold on;
nknots = 2;
fixknots = [];
k=2;
clear shape
% function horizonal
lo(1) = 0; up(1) =0;
lo(2) = 0; up(2) = +inf;
% Function forced to have follownh values
% s(0)=1, s(3/2)=1, s(2)=2
% s'(0)=1s'(3)=1
% pntcon(1) = struct('p’, O, 'x', [0 1.5 3], 'v', [0 1 2]);

% pntcon(2) = struct('p’, 1, 'x', [0 3], 'V', 1);
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shape = struct('p',1,'l0",lo,'up’,up);

% options = struct(‘animation’, 1, ...

% 'figure', 1, ...

% 'waitbar', 1, ...

% 'display’, 1, ...

% 'd', 1, 'lambda’, Oe-3, 'regmethod’, 'c’, ...
% 'qpengine’, "', ...

% 'sigma’, [], ...

% 'shape’, shape);

pp = BSFK(X, pks, k, nknots, fixknots) %piecewise linear fit (2 knots)
[ d, ix ] =min(abs(X- pp.breaks(2) ) ); ix %the nearest index of X(cc)
linely=ones*mean(pks(1:ix)); %mean fluo before SEP

plot([X(1) X(ix)],[linely linely],'Color','r','LineStyle','--'); hold on;
plot([X(ix) X(n)],[linely pks(n)],'Color','r','LineStyle','--'); hold on;
%plot((flu(1,:)*6),flu(3,:),'Color','g','LineStyle",'-');
plot(flu,'Color','g','LineStyle','-');

% Create xlabel

xlabel('Frame');

% Create ylabel

ylabel('Fluorescence (A.U.)'); hold off
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SUMMARY

Budding yeast cells undergo a limited number of
divi-sions before they enter senescence and die.
Despite recent mechanistic advances, whether
and how molecular events are temporally and
causally linked during the transition to
senescence remain elusive. Here, using real-time
observation  of the  accumulation  of
extrachromosomal rDNA circles (ERCs) in single
cells, we provide evidence that ERCs build up
rapidly with exponential kinetics well before any
physiolog-ical decline. We then show that ERCs
fuel a massive increase in ribosomal RNA (rRNA)
levels in the nucle-olus, which do not mature into
functional ribosomes. This breakdown in
nucleolar coordination is followed by a loss of
nuclear homeostasis, thus defining a chronology
of causally related events leading to cell death. A
computational analysis supports a model in
which a series of age-independent processes lead
to an age-dependent increase in cell mortality,
hence explaining the emergence of aging in
budding yeast.

INTRODUCTION

Budding yeast cells undergo a limited number of asymmetrical divisions
before entering senescence and dying, a phenomenon known as
replicative aging (Mortimer and Johnston, 1959). Although the replicative
age of mother cells increases at each di-vision, the newborn daughter cells
are ‘“rejuvenated,” meaning that they have full replicative potential
(Kennedy et al., 1994). To explain this phenomenon, it has long been
proposed that ag-ing cells accumulate detrimental factors that are lethal
to the mother but are not inherited by daughter cells (Egilmez and Jaz-
winski, 1989). Since that hypothesis was first proposed, a large body of
literature has established that yeast cell aging is accom-panied by
breakdown of many cellular functions, resulting in the loss of proteostasis
(Erjavec et al., 2007), sterility (Smeal et al.,
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1996), genomic instability (McMurray and Gottschling, 2003),
impairment in mitochondrial function (Veatch et al., 2009), cell cycle
dysregulation (Neurohr et al., 2018), and nucleolar enlarge-ment and
fragmentation (Sinclair et al., 1997), among other defects.

Based on these observations, a consensus has emerged in which cellular
aging is viewed as a progressive phenomenon involving gradual
deterioration of physiological functions, lead-ing to cell death. In contrast
to this classical view, which is largely based on observations of cells in bulk
culture, longitudinal tracking of individual cells from birth to death
revealed the exis-tence of a well-defined time point in cellular lifespan
beyond which the cell cycle duration rapidly increases before cell death,
which is a time point previously referred to as the senescence entry point
(SEP) (Fehrmann et al., 2013). The origin of the discrepancy between
single-cell versus population measure-ments originates from cell-cell
variability in the time of death. Indeed, even if the appearance of a given
hallmark of age is abrupt during cellular lifespan, it was shown that pooling
of data from individual cells with heterogeneous lifespans consid-erably
attenuate the average dynamics of this marker (Fig-ure S1A) (Fehrmann

408 Cell Reports 28, 408—422, July 9, 2019 2 2019 The Authors.

etal., 2013). Hence, bulk measurements do not faithfully capture the true
kinetics of aging markers during the entry into senescence, and this may
lead to misleading inter-pretations. Similarly, an analysis of bulk
populations of cells with heterogeneous lifespans would limit our ability
to temporally order the onset of aging marks, thus precluding the
identification of their causal relationships (Figure S1B). This explains in
part why, despite numerous correlations between age and accumu-lation
of diverse factors (for example, protein aggregates [Erja-vec et al., 2007],
mitochondrial defects [Veatch et al, 2009], and genomic instability
[McMurray and Gottschling, 2003]) in Saccharomyces cerevisiae and
other model organisms, a clear and causal chain of events explaining entry
into senescence re-mains to be unraveled.

In yeast, one factor proposed to regulate aging is the accumu-lation of
extrachromosomal rDNA circles (ERCs) within mother cells (Sinclair and
Guarente, 1997) that are asymmetrically apportioned and retained in the
mother upon cell division

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Denoth Lippuner et al., 2014b; Shcheprova et al., 2008). ERCs are self-
replicating sequences formed by the excision of repeats from the rDNA
cluster, a genomic region located on chromo-some Xl that contains about
150-200 repeats of rRNA genes. Formation of ERCs is favored by these
repeated sequences and by the presence of a replication fork barrier
mediated by Fob1, which prevents collision between the DNA replication
and rDNA transcription machineries, thereby favoring double-strand
breaks and recombination events (Brewer and Fangman, 1988; Kobayashi,
2003). However, it is not yet known whether and how ERC accumulation
is detrimental to cells (Ganley et al., 2009) or whether ERC excision, a
potentially stochastic event, is temporally and mechanistically related to
the onset of cell cycle slowdown (SEP) observed in aging mothers.

To address these questions, we monitored the replicative life-span
(RLS) of individual yeast cells by using a microfluidics-based imaging
system (Goulev et al, 2017). We quantitatively analyzed the
sequence of events driving both the entry into senescence in mother
and the rejuvenation in daughter cells. Importantly, our experimental
data support a model in which a series of age-independent processes
lead to an age-dependent increase in cell mortality, hence explaining
the emergence of aging in a simple unicellular organism.

RESULTS

ERCs Accumulate into

Senescence

Exponentially before Entry

To test the hypothesis that ERCs may be involved in driving the abrupt
onset of SEP in aging mother cells, we measured the total number of rRNA
gene copies (i.e., chromosomal and ERC rRNA gene repeats) in single yeast
cells over their entire lifespans. To this end, we used a previously
described microfluidics device in which individual mother cells are
trapped in cavities and imaged at the single-cell level from birth to death
(Goulev et al.,, 2017). To track rDNA copy number, we used a strain in
which 50 repeats of the LacO sequence are inserted into each repeat of
the nucleolar rRNA gene cluster (Miyazaki and Kobaya-shi, 2011). Thus, by
co-expressing a GFP-Lacl fusion protein and the nucleolar marker Net1-
mCherry, the total size of the rDNA loci can be quantified (Figure 1A).
Fluorescence imaging of these cells showed the presence of nucleolar-
localized GFP throughout the cell lifespan, as expected (Figure 1B; Video
S1), with a marked increase in GFP toward the end of the lifespan that was
concomitant with the SEP (Figure 1C). We calculated the time of onset of
SEP for each trajectory based on piecewise linear fitting to the dynamics
of the individual cell cycle durations (as previously reported [Fehrmann et
al., 2013] see also STAR Methods and Figure S2), which enabled alignment
of the nucle-olar GFP-Lacl fluorescence signal and confirmed the marked
accumulation of rDNA copies preceding the SEP (Figure 1D). This analysis
revealed an almost 10-fold increase in the number of rRNA gene copies in
post-SEP compared with pre-SEP cells (Figure 1E), which was paralleled by
alargeincrease in total Net1-mCherry fluorescence (Figures S3A and S3B).

By further quantifying the dynamics of the average GFP-Lacl fluorescence
signal over time, we found an excellent agreement to an exponential fit
with a doubling time t of 1.6 + 0.5 genera-

tions, providing direct evidence that a rapid multiplicative pro-cessjiN\ @@ mere]
governs the accumulation of the rDNA copy number (see Figure 1E Cell

and STAR Methods for details). Instead, when we analyzed average
data after alignment of single-cell trajectories from birth (Figures S3E
and S3F) or death (Figures S3G and S3H), rather than at the SEP, we
obtained markedly slower esti-mates of the dynamics of rDNA copies
(8.6+2.2and3.4+0.5 generation doubling time, respectively). Fitting
single-cell GFP-Lacl data, rather than the average signal displayed in
Figure 2E, confirmed a median 1.5 + 0.2 doubling time (Figures S3C
and S3D). Thus, alignment of trajectories from birth or death lead to
a strong and systematic underestimate of the true kinetics of the
amplification of rDNA copies.

Because the chromosomal rDNA copy number is known to be tightly
regulated at 200 throughout the cell cycle (Ide et al., 2013; Mansisidor
et al., 2018), we assumed that the baseline level of GFP-Lacl
fluorescence in the early part of the lifespan (i.e., well ahead of the
SEP) is likely to correspond to chromo-somal rDNA repeats, and the
exponential increase in GFP-Lacl fluorescence coincident with the SEP
is likely due to the self-replication of ERCs. In strong support of this,
the GFP signal above baseline segregates asymmetrically between
mother and daughter cells, which would be inconsistent with the
equal partitioning of chromosomal rDNA (see below, Figures 5A and
5B). Along these lines, it is interesting to note that GFP-Lacl fluo-
rescence appeared in aging cells as a diffuse signal rather than as a
single foci in the nucleolus (Figure 1B), which is more consis-tent with
GFP-Lacl binding to multiple ERCs throughout the nucleolus than with
binding to a discrete cluster of rRNA genes in the chromosomal DNA.

To better characterize the specific kinetics of ERC accumula-tion in mother
cells, we subtracted the baseline GFP-Lacl fluo-rescence signal (assuming
it corresponded to 200 chromosomal rDNA copies), calculated the
number of gene copies represented by the remaining GFP-Lacl signal, and
plotted the data in semi-log scale (Figure 1E, inset). This analysis
confirmed the striking exponential increase in ERCs over about 15
generations, fol-lowed by a plateau representing saturation of the
amplification process at 1,500 ERC copies/cell, which is an order of magni-
tude higher than the chromosomal rDNA copy number and could be
underestimated due to the potential titration of GFP-Lacl. Importantly,
extrapolating the exponential fit allowed us to esti-mate that the first ERC
excision (defined by ERC copy number equal to 1; Figure 1E, inset)
occurred an average of about 13 divisions before the SEP, i.e., long before
any decline in physio-logical function is manifest. In addition, the number
of ERCs at the SEP was 360, indicating that aging cells can tolerate a large
increase in extra rDNA copies before cell division is perturbed (Figure 1E,
inset). Taken together, these results provide direct evidence for the
exponential accumulation of ERCs in the mother cell and demonstrate
that it is an early event that precedes by far the onset of SEP that
characterizes entry into replicative senescence.

ERC Accumulation Leads to a Massive Increase in Pre-rRNA

Levels Prior to Entry into Senescence

ERCs have long been speculated to be toxic to aging cells by titrating
the DNA replication machinery and/or rDNA-specific
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Figure 1. rDNA Copy Numbers (ERCs) Increase Exponentially before Entry into Senescence

(A) Schematic showing LacO insertion into each rDNA repeat in TMY8-BY4B strain also co-expressing GFP-Lacl and Net1-mCherry.

(B) Phase contrast (top), GFP-Lacl fluorescence (middle), and Net1-mCherry fluorescence (bottom) images of a mother cell trapped in a cavity of the microfluidic
device from birth to death. The mother cell is delimited by yellow contours. Scale bars: 5 mm.

(C) Schematic showing trajectory of cell cycle duration (gray scale) and GFP-Lacl signal (green scale). Black and green density is proportional to the cell cycle duration
and nucleolar GFP-Lacl fluorescence (rDNA copy number), respectively, for the cell shown in (B).

(D) Single-cell trajectories of cell cycle duration (left) and nucleolar GFP-Lacl fluorescence (right) shown as a function of age. Trajectories are aligned to the SEP (black
vertical bar).

(E) Cell cycle duration (left) and nucleolar GFP-Lacl fluorescence (right) in SEP-aligned cells as a function of age. Inset: Number of presumptive extrachromosomal rDNA
(ERCs) as a function of age, calculated from the GFP-Lacl signal. The plot shows the exponential rise in ERC number preceding the SEP. N = 64 mother cells. Data are
represented as mean + SEM.
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Figure 2. Pre-rRNAs Accumulate Concomitantly with ERCs before Entry into Senescence
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(A) Phase contrast and GFP fluorescence micrographs of an Rpal90-GFP-expressing mother cell. The mother cell is delimited by yellow contours.

(B) Total Rpal90-GFP fluorescence (N = 61 cells) and nucleolar GFP-Lacl fluorescence (N = 64 cells) in SEP-aligned cells as a function of age.

(C) FISH-on-CHIP. Left: Three examples of Rpal90-GFP-expressing cells tracked for different generation times before RNA FISH labeling. The number of di-visions and
their durations are represented in trajectories (gray scale) below the corresponding images for each cell tracked. Right: Cells shown on the left were subjected to FISH

with a Cy3-tagged probe detecting all pre-rRNAs.

(D) Rpal90-GFP fluorescence as a function of FISH-Cy3 fluorescence for early pre-SEP (N =45, light blue), late pre-SEP (N = 68, dark blue), and post-SEP (N = 123,

magenta) cells.

(E) Rpal90-GFP and FISH-Cy3 fluorescence for the cells shown in (D).

(F) Cell area calculated from SEP-aligned Rpa190-GFP-expressing mother cells as a function of age (N =61).

(G) Total Rpal90-GFP fluorescence (green) and nucleolar GFP-Lacl (gray) normalized to the cell area of SEP-aligned cells plotted as a function of age.

Scale bars: 5 mm for all images. Data are represented as mean + SEM except in (E), which are medians. ****p < 0.0001, t-test.

RNA polymerase 1 (Pol I) (Defossez et al., 1998; Denoth Lippuner et
al., 2014a); however, the latter has never been experimentally
verified. Here, we tested this hypothesis by examining Pol | and rDNA
transcription levels.

To assess Pol | levels throughout the cell lifespan, we moni-tored cells
expressing a fusion protein of GFP and Rpa190, the largest subunit of
Pol I. Unexpectedly, we observed a large

Cell Reports 28,

411

408-422,

increase in total Rpal90-GFP fluorescence levels, starting before the SEP
and continuing to death (Figures 2A and 2B; Video S2). By the end of the
lifespan, the average Rpal90-GFP fluorescence reached a level
approximately 10-fold higher than that in young cells, which paralleled the
dynamics of ERC accu-mulation (Figure 2B). This finding suggests that, in
contrast to the titration hypothesis, Pol | level may not be a limiting factor

of
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Figure 3. Early and Late Steps of Ribosome Biogenesis Are Uncoupled before Entry into Senescence

(A) Schematic of the steps involved in ribosome biogenesis.

(B) Phase contrast and fluorescence micrographs of an Ssf1-GFP-expressing mother cell at early and late pre-SEP and post-SEP stages.

(legend continued on next page)
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rDNA transcription in aging cells because it increases alongside ERCs
in a stoichiometric manner.

To directly assess rDNA transcription, we developed a fluores-cence in situ
hybridization protocol to measure total pre-rRNA levels in cells growing in
the microfluidic chip cavities (fluores-cence in situ hybridization [FISH]-on-
CHIP). After monitoring Rpal90-GFP-expressing mother cells for 65 h,
RNA FISH was performed using a 35S RNA-targeting probe sequence that
labels all nucleolar pre-rRNAs from 35S to 20S. Because mother cell birth
was not synchronized in all cavities, we used the history of cell division to
classify the cells as in pre-SEP or post-SEP stages when RNA FISH was
performed (Figure 2C). Using this methodology, we found that the RNA
FISH and Rpal90-GFP fluorescence signals were not only colocalized
(Figure 2C) but also correlated quantitatively (Figure 2D), albeit less
strongly in post-SEP compared with pre-SEP cells (Pearson correlation
coefficients = 0.5 and 0.8, respectively; Figure 2D). This result clearly
indicated that the high amount of Pol | is functional and effectively
produces increased levels of pre-rRNA. Moreover, based on the
assumption that pre-SEP cells that achieved a larger number of
generations are more likely to be close to the SEP, we further
discriminated between early pre-SEP cells (<5 generations from birth) and
late pre-SEP cells (>10 genera-tions). Using this distinction, we confirmed
that the increase in pre-rRNA levels preceded the SEP and coincided with
the in-crease in Pol | levels (Figure 2E) and, thus, with the timing of ERC

accumulation (Figure 2B).

To rule out the possibility that the observed upregulation in pre-rRNA
levels simply reflected the characteristic increase in cell size over the
lifespan (Figure 2F), we normalized Rpal90-GFP signal to cell area.
The kinetics of Pol | accumulation were comparable with or without
normalization to cell area (Figure 2B versus Figure 2G), confirming
that pre-rRNA levels accumulate before senescence independently of
cell growth. Therefore, un-less specified otherwise, all of the
following fluorescence data were normalized by cell area.

To sum up, the comparable scale and timings of increase in ERC and
pre-RNA levels suggest that the large excess in rDNA transcription is
fueled by ERC accumulation.

Increased rDNA Transcription Prior to Entry into Senescence Is
Uncoupled from Ribosome Production and Compromises Growth
Homeostasis

Given the striking increase in pre-rRNAs before the SEP, we next asked
whether ribosome biogenesis was also elevated in these cells and its
consequence for the cellular growth rate. Therefore, we used a series of
fluorescent reporter proteins to investigate whether successive steps
from pre-rRNA processing to ribo-

some assembly were coordinated with the increase in pre-rRNA levels
(Figure 3A).

To quantify pre-rRNA processing, we expressed a GFP fusion protein
with Ssf1, which is a component of 66S pre-ribo-somal particles that
contain functionally processed rRNAs (Fatica et al., 2002). Monitoring
of Ssf1-GFP fluorescence throughout the lifespan revealed similar
dynamics to that of GFP-Lacl (Figures 3B and 3C; Video S3). As a
second pre-rRNA processing proxy, we monitored Mtr4, which is a
compo-nent of the nuclear exosome required for RNA degradation
during pre-rRNA processing (de la Cruz et al., 1998). Interest-ingly,
Mtr4-GFP fluorescence also increased when the cells went through
the SEP transition (Figures 3D and 3E). These data, therefore, indicate
that components of the pre-rRNA maturation machinery were
concomitantly upregulated with Pol |, suggesting that the increase in
pre-rRNA levels was due to increased rDNA transcription rather than
a defect in pre-rRNA processing.

To monitor the later steps associated with pre-ribosome nuclear
export, we used a Nog2-GFP fusion protein. Nog2 is required for the
nucleoplasmic steps of pre-60S maturation (BaRler et al., 2001;
Saveanu et al., 2001), and its expression level is assumed to mirror
the export rate. However, in contrast to the dynamics of Rpa190, Ssf1,
and Mtr4, we found that the total nuclear Nog2-GFP signal
(normalized to cell area) was remark-ably stable throughout the
cellular lifespan (Figures 3F and 3G; Video S4). Moreover, the average
total ribosome content (normalized to cell area), monitored using
GFP-fused Rpl13a, a component of the 60S ribosomal subunit, was
also maintained at a near constant level until cell death (Figures 3H
and 3l; Video S5). Taken together, these data indicate that the
abundance of components of the late nuclear steps of ribosome
biogenesis was relatively unaffected by cell age, suggesting that the
pre-SEP excess in rDNA transcription does not lead to more ribo-some
assembly. Because ribosome biogenesis is finely tuned to support cell
growth under physiological conditions, we hypothesized that the lack
of coordination between ribosome
biogenesis might be detrimental to growth in the post-SEP part of the
cellular lifespan. Consistent with this, the cell growth rate actually
declined in post-SEP (Fig-ures 3J and 3K), confirming that the failure
to coordinate rDNA transcription and ribosome assembly could be
deleterious to cell growth.

rDNA  tran-scription and

A Loss of Nuclear Homeostasis Drives the Decline in Cellular
Physiology in Post-SEP Cells

The observation of a dramaticincrease in nucleolar size, which is likely
to originate from the accumulation of pre-RNAs prior to

(C) Ratios of Ssf1-GFP fluorescence (green, N = 56 cells) and GFP-Lacl fluorescence (gray, N = 64 cells) to cell area in SEP-aligned cells as a function of age. (D and E)

Same as (B) and (C), respectively, for Mtr4-GFP-expressing cells (N = 40 cells).

(F and G) Same as (B) and (C), respectively, except for pre-SEP and post-SEP Nog2-GFP-expressing cells (N = 33 cells). (H and 1)

Same as (B) and (C), respectively, except for Rpl13a-GFP-expressing cells (N = 32 cells).
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(J) Schematic showing calculation of growth rate based on segmented contouring of the mother cells before (light blue) and after (dark blue) division and the newborn
daughter (orange).

(K) Growth rate (green, measured as in J, N = 36 cells) and ratio of GFP-Lacl fluorescence to cell area (gray, N = 64 cells) of SEP-aligned mother cells as a function of
age.

Scale bars: 5 mm for all images. Data are represented as mean + SEM.
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Figure 4. Loss of Nuclear Homeostasis Occurs Concomitantly with Entry into Senescence

(A) Phase contrast and fluorescence micrographs of a mother cell expressing the nuclear marker Htb2-sfGFP.

(B) Total Htb2-sfGFP fluorescence in SEP-aligned cells as a function of age. (N = 23 cells).

(C) Nuclear area (left axis [blue]) and cellular area (right axis [red]) of SEP-aligned cells as a function of age. (N = 23 cells).

(D) Ratio of the nuclear to cell area (left axis [green]) and cell cycle duration (right axis [gray]) of SEP-aligned cells as a function of age. (N = 23 cells).

(E) Phase contrast and fluorescence micrographs of a mother cell expressing NLS-sfGFP.

(F) Fraction of NLS-sfGFP fluorescence localized to the nucleus (left axis [green]) and cell cycle duration (right axis [gray]) in SEP-aligned cells as a function of age (N =

24 cells).

Scale bar: 5 mm for all images. Data are represented as mean + SEM.

the SEP, prompted us to investigate how it may be linked to the
subsequent decline in cell division rate. To this end, we wondered
whether the overall nuclear size scales with that of the nucleolus in aging
mothers. We used the histone 2B reporter Htb2-sfGFP as a nuclear
reporter (Figure 4A; Video S6). Strik-ingly, this analysis revealed an
important increase in total histone levels, the onset of which was
concomitant with the SEP. Simi-larly, the cells underwent a dramatic
increase in nuclear area (the nuclear contours were delineated using the
Htb2-sfGFP marker), which could not be attributed to the age-dependent
in-crease in cell size (Figure 4C). Indeed, the nucleus-to-cell area ratio (N/C
ratio), which was remarkably stable before the SEP despite a progressive
increase in cellular size, went up by about 150% in post-SEP cells (Figure
4D; Video S6) (Rempel et al., 2019). This result was unexpected knowing
that the N/C ratio is tightly regulated and is relatively unaffected by
mutations that perturb either cell cycle progression or cell size (Jorgensen
et al., 2007; Kume et al., 2017; Neumann and Nurse, 2007). In addition,
we noticed the increase in N/C ratio was clearly poste-rior to pre-SEP
increase in rDNA transcription and ERC accumu-

414  Cell Reports 28, 408-422, July 9, 2019

lation and, yet, was strikingly identical to the evolution of the cell cycle
duration (Figure 4D). This suggests a direct relationship be-tween
dysregulation of nuclear size and the onset of physiolog-ical decline.

To check whether other proteins targeted to the nucleus would tend to
undergo an increased accumulation in the nucleus after the SEP, we
investigated the localization of sfGFP proteins fused with a nuclear
localization signal (NLS-sfGFP) (Figure 4E). The fraction of NLS-sfGFP
localized to the nucleus increased consid-erably as the cells passed the
SEP (from 14% to 40%; Figure 4F). This increase was not due to an
upregulation of NLS-sfGFP expression with age, as the total cellular
fluorescence of sfGFP was almost identical throughout cellular lifespan
with or without NLS (Figures S4A and S4B). These results suggested that
nu-clear transport was dramatically affected by age, in agreement with a
recent study (Rempel et al., 2019). Altogether, these re-sults clearly
unravel a loss in nuclear homeostasis in post-SEP cells characterized by an
enlargement of the nucleoplasm and the accumulation of nuclear
proteins, which quantitatively coin-cides with the decline in cellular
function.

225



Asymmetrical Nuclear and Nucleolar Division Enables the

Rejuvenation of Daughters of Senescent Mother Cells

It has long been observed that ERCs are primarily inherited by mother
cells upon nuclear division (Sinclair and Guarente, 1997), and this
asymmetrical inheritance is thought to drive daughter -cell
rejuvenation (Kennedy et al., 1994). However, neither asymmetrical
partitioning of ERCs nor rejuvenation of daughter cells has been

demonstrated by live single-cell tracking.

To address this, we examined the fate of the GFP-Lacl fluores-cence
signal in aging mother cells upon nuclear division. Although GFP-Lacl
was equally partitioned into the daughter cells of young (i.e., pre-SEP)
mothers, the fluorescence signal was disproportionately retained by
older (i.e., post-SEP) mothers, and the daughters exhibited only basal
GFP-Lacl levels, consistent with asymmetrical segregation of ERCs
(Fig-ures 5A and 5B) (Shcheprova et al., 2008). This further confirms
that the increase in rDNA copies observed in aged mothers is due to
an accumulation of ERCs rather than to an expansion of the
chromosomal rDNA array, which would be inherited by daughters.

To determine whether the recovery of basal ERC levels was associated
with a recovery of physiological function in daugh-ters, we examined
their cell cycle duration. The first division time of yeast cells is highly
dependent on cell volume (Hartwell and Unger, 1977), which varies
considerably with age (Figure 2F); therefore, we began monitoring
from the second cell division (i.e., the first division of the daughter cell
as a mother; Figure 5C). We observed that the cell cycle duration of
daughter cells was comparable to that of pre-SEP mother cells (Figure
5D), suggest-ing that the deleterious hallmarks of aging are not
inherited by the daughter cells.

Therefore, to further investigate whether daughters were born clear of
the other aging markers identified in this study, we exam-ined the
nucleolar size (Figure 5E), Pol | levels (Rpal90-GFP; Fig-ures 5F and 5G),
N/C ratio (Figures 5H and 5I), and Ssf1-GFP fluorescence levels (Figures
S4C-S4E) of daughters born to mothers of young and old replicative ages
(from 10 generations pre-SEP to 10 generations post-SEP). Notably,
monitoring of each of these phenotypes over multiple generations
indicated that the daughter cells displayed a rejuvenated phenotype,
regardless of the age of the mother (Figures 5E-5I). These data suggest
that asymmetrical partitioning of the entire nucleolus and nuclear content
is involved in the rejuvenation process, thus freeing the daughters from
the effects of dysregulated rDNA transcription and pre-ribosomal
assembly and increased N/C ratio observed in aged mother cells.

A previous study found that daughters of very old mothers (i.e., more than
90% of the lifespan) display a very short RLS (Ken-nedy et al., 1994),
suggesting the existence of mechanisms that limit the efficiency of the
rejuvenation process, which is in contradiction with the daughter
clearance of aging markers re-ported here. Technical limitations preclude
tracking of the RLS of daughters born from post-SEP mothers within the
microflui-dics device. However, we observed the appearance of a multi-
nucleated cell phenotype, a reflection of whole-genome instability, the
frequency of which linearly increased with replica-

tive age after the SEP (Figures 5J and 5K) (Neurohr et al., 2018),
Importantly, we found that this phenotype, which is likely to be
detrimental to cellular function, was faithfully inherited by daughter cells
(about 60% exhibiting the multi-nucleated pheno-type; Figures 5Jand 5L).
This observation suggests that, despite efficient epigenetic segregation of
aging markers by asymmet-rical nucleolar and nuclear division, mother
cells are likely to un-dergo genetic alterations following the loss in nuclear
homeosta-sis, which ultimately compromise daughter cell rejuvenation.
Collectively, the results shown here contribute to explain the mechanism,
the chronology, and the limitations associated with daughter cell
rejuvenation in aging mothers.

A Probabilistic the Transition into

Replicative Senescence

Event Drives

Previous work proposing that accumulation of ERCs is asso-ciated
with entry into senescence is supported by the fact that fob1D
mutants, which show defects in ERC excision (De-fossez et al., 1999;
Kobayashi, 2003; Mansisidor et al., 2018) and, hence, have lower ERC
levels than wild-type (WT) cells, also have much longer lifespans
(Defossez et al., 1999). Conversely, sir2D mutants, which accumulate
high levels of ERCs, are relatively short-lived (Kaeberlein et al., 1999).
Therefore, we asked whether and how the reduced and elevated
levels of ERCs in fob1D and sir2D mutants, respec-tively, modified the
scenario of entry into senescence described in this study.

We observed that the median lifespans of fob1D and sir2D mutants
were indeed much longer and shorter, respectively, than that of WT
cells (36, 13, and 29 generations, respectively; Figure 6A). Most (87%)
of sir2D cells experienced a SEP prior to cell death, similarly to WT
(Figures S5B and S5C). However, a detailed analysis of the trajectory
of individual fob1D cells revealed that the majority (68.3%) did not
undergo a slow-down in the cell cycle before death (referred to as No-
SEP cells; Figures 6C and 6D) compared with only 7% of WT cells
(Figure 1D). We also did not observe accumulation of GFP-Lacl
fluorescence during cellular lifespans of the No-SEP foblD
subpopulation (Figures 6E and 6F), which is in contrast to the
remaining fob1D population that did experience the SEP (referred to
as With-SEP), which displayed a similar in-crease in GFP-Lacl (Figures
6E and 6F) and Net1-mCherry fluorescence signals (Figures S6A-S6C)
as observed in WT cells.

This observation suggested that ERCs do not accumulate in No-SEP
fob1D cells; therefore, they must die through an ERC-independent
mechanism. To investigate this further and to establish the precise
relationship between ERC levels and concomitant or downstream
events, we monitored Pol | levels (using Rpa190-GFP), the N/C ratio
(Htb2-GFP), and the growth rate in the No-SEP and With-SEP fob1D
sub-populations. Notably, the Pol | content (Figures 6B and 6G; Video
S7), N/C ratio (Figure 6H; Figure S6D), and growth rate (Figure S6F) of
the No-SEP subpopulation were nearly constant throughout the
lifespan, the phenotypes of the With-SEP fob1D
subpopulation and WT cells were virtually indistinguishable (Figures
6B, 6G, and 6H; Figures S6E and S6F; Video S8). A recent study
suggested that excessive
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Figure 5. Rejuvenated Daughter Cells of Aging Mothers Show Basal Levels of ERCs and Pre-rRNA Synthesis
(A) Phase contrast and fluorescence micrographs of a dividing GFP-Lacl-expressing mother cell at a young age (8 divisions before SEP, left, pink star) and at an old age
(4 divisions after SEP, right, blue star).

(B) Nucleolar GFP-Lacl fluorescence in SEP-aligned mother (green) and daughter (orange) cells as a function of age (N = 23—64 cells). Pink and blue stars indicate the
stages corresponding to the cells shown in (A).

(C) Schematic showing calculation of the cell cycle duration for the daughter cell shown in orange.
(D) Cell cycle duration of SEP-aligned mother (green) and daughter (orange) cells as a function of age (N = 29 cells).

(E) Nucleolar area in SEP-aligned mother (green) and daughter (orange) cells as a function of age (N = 23-64 cells).

(Fand G) Same as (A) and (B), respectively, except showing Rpal190-GFP fluorescence (N = 21-61 cells).

(H) Same as (A) except showing Htb2-sfGFP-expressing cells.

(1) Nuclear to cellular area (N/C) ratio in SEP-aligned mother (green) and daughter (orange) cells as a function of age (N = 42 cells).
(J) Phase-contrast and fluorescence micrographs of a multi-nucleated mother cell transmitting two nuclei to its daughter.

(K) Fraction of multi-nucleated mothers as a function of age.

(L) Fraction of daughters inheriting nuclear defects (31 of 46 cells).

Scale bars: 5 mm for all images. Data are represented as mean + SEM.
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cell growth could contribute to senescence by diluting cyto-plasm
(Neurohr et al., 2019). Although it is not excluded that this process
could impair cell survival at very late stages of lifespan, cytoplasm
dilution does not seem to be involved in ERC accumulation and to
trigger the SEP, as cell size increased very similarly throughout the
lifespan in fob1D cells (Figure S6G) despite different cell fates (With-
SEP or No-SEP).

In contrast to fobl1D, sir2D cells presented a shorter lifespan than WT
(Figure 6A) and an early entry into senescence (Fig-ure S5B), which is
consistent with ERC accumulation being the driver of SEP. However, GFP-
Lacl fluorescence signal aligned at SEP exhibited very similar trends in WT
and sir2D populations (Figures S5A, S5D, and S5E), suggesting that the

process of exponential accumulation of ERCs is identical in sir2D and WT

Figure 6. Senescence Entry Is Controlled by a FOB1-Dependent Stochastic|
Process That Dysregulates Nucleolar Activity

(A) Survival curves of WT cells (black, RLS = 29, N =
61), fob1D cells (cyan, RLS =36, N = 126), and sir2D cells (red, RLS = 13, N =55 cells).

(B) Phase-contrast and fluorescence micrographs of
two Rpal90-GFP-expressing fob1D mother cells: one that never experiences a SEP
(RLS = 42 generations; top) and one that experiences a SEP after 33 divisions (RLS =
37 generations; bottom). Scale bars: 5 mm.

(@] Trajectories of cell cycle durations for fob1D No-
SEP (top) and With-SEP (bottom) sub-populations.

(D) Cell cycle duration of SEP-aligned WT cells (green,
N = 57), With-SEP fob1D cells (blue, N = 40), and No-SEP fob1D cells (magenta, N =
84).

(E) Trajectories of GFP-Lacl fluorescence for the
same cells represented in (C).

(F-H) GFP-Lacl (F), Rpal90-GFP (G), and Htb2-sfGFP (H) fluorescence in SEP-aligned WT
cells (green), With-SEP fob1D cells (blue), and No-SEP fob1D cells (magenta). No-SEP cells
were aligned from birth with generation O set at the median SEP of the corresponding With-
SEP fob1D cells (30 for D, 25 for F, 21 for G, and 27 for H) (N = 20-61 cells). Data are

represented as mean + SEM.

(doubling time, 1.9 + 1.4 generations). Thus, the early entry into
senescence observed in sir2D is likely due to a higher rate of ERC
excision rather than to a faster accumulation of ERCs.

These data further support the hy-pothesis that ERC accumulation
may contribute, at least in part, to the loss of nuclear homeostasis in
aging cells. In addition, the heterogeneity in cell fate observed in the
foblD mutant sug-gests that the ERC-dependent entry into
senescence is a stochastic pro-cess, the probability of which is greatly
reduced by the fob1D mutation and increased by the sir2D mutation,
and

that an ERC-independent mechanism sets the subsequent limit of
replicative longevity.

A Quantitative Model of Entry
Senescence in Budding Yeast

into Replicative

Our results thus far support a clear order of events in the transi-tion
to replicative senescence in yeast. The probabilistic excision of an ERC
leads to the exponential accumulation of rDNA copies over a multi-
generation timescale and precedes the onset of SEP and loss of
nuclear homeostasis that likely causes cell death (Figure 7A).

Because this interpretation derives from quantitative experi-mental
(ERC
measurements), we sought to build a computational model

results accumulation, cell cycle duration, and life-span
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Figure 7. Biological and Computational Model of Entry into Senescence

(A) Schematic showing the three steps involved in ERC-dependent senescence (ERC excision, ERC self-replication, and post-SEP interval).

(B) Cumulative probability (black lines) associated with each step shown in (A), as defined by the computational model (see STAR Methods), by using experi-

mentally determined parameter values (indicated in red; see Table S1). Left: Cumulative distribution of times from birth to the first ERC excision. Middle: Cumulative

distribution of the duration of accumulation of ERCs from 1 to ERC" copies. The median (red dashed line) corresponds to the experimentally measured value reported
in Figure 2E. Right: Cumulative distribution of times from SEP to cell death. The red line represents the experimentally measured distribution in WT.

(C) Top: Experimentally determined RLS of WT cells (solid line) and the influence of the excision rate ke on RLS, as predicted by the computational model (gray dashed

lines). The dark red line indicates the numerical RLS obtained by adding an ERC-independent cause of death (referred to as the “full model,” see A Quantitative Model
of Entry into Replicative Senescence in Budding Yeast). Bottom: Mortality rate (i.e., probability of live cells to die per generation) as a function of age calculated for both

experimental (solid red line) and full model (red dashed line).

(D) Experimentally determined (solid lines) and computationally predicted (dashed lines) RLS for WT cells and the indicated mutants.

(E) Experimentally determined (light bars) and computationally predicted (dark bars) median RLS (top), fractions of cells experiencing a SEP (middle) and Fano factor

(bottom) obtained for WT cells and each indicated mutant.

N =200 cells for all computationally determined curves.

based on this scenario to determine whether it could recapitulate the
distribution of lifespans and the fraction of cells experiencing the SEP
in WT cells as well as in the mutant strains in which the ERC excision
rate is perturbed.
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We designed a stochastic numerical model with continuous time—
inspired from a previous study (Gillespie et al., 2004)— whereby the
cellular lifespan is the convolution of three steps (see Figure S7A and
STAR Methods for details): the stochastic
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excision of the first ERC (rate ke; Figure 7B, left); the self-replica-tion
of ERCs (with a doubling time t; Figure 7B, middle) until a threshold
number ERC"" is reached that corresponds tothe SEP; and aninterval
between SEP and cell death, which is asso-ciated with the loss of
nuclear homeostasis (rate ks; Figure 7B, right).

Most parameter values could be estimated experimentally from single-
cell measurements: the number of generations achieved by the cells in
the post-SEP interval was close to an exponential distribution with a mean
post-SEP around 5 genera-tions (Figure 7B), in agreement with a random

death rate ks =

1/(post-SEP) = 0.2 generation (gen) 1 (Figure 7B). The ERC doubling

time t = 1.5 gen and the threshold number ErCt" =
360 were measured from the exponential in  GFP-Lacl

fluorescence signal (Figure 1D). These two parameters set the timescale

increase

of the ERC self-replication phase, i.e., Iogz(ERCthr) 3t 13 generations
(Figure 7B). ke was the only free parameter to fit the model to the data.

Interestingly, ke = 0.1 gen 1 provided good agreement with the
experimental RLS in WT cells (Fig-ure 7C, top panel), except for the
prolongation of survival observed at advanced ages. Importantly, this
indicates that the increased mortality with age (which is the formal
definition of ag-ing, see bottom panel on Figure 7C) can be well accounted
for by the sequence of three age-independent kinetic steps. In this sce-
nario, replicative aging appears to derive from a stochastic trig-gering
event related to rDNA instability, the outcome of which is protracted due
to the long period over which ERC amplification occurs as well as
substantial cellular buffering against the dele-terious consequences of
ERCaccumulation occurring in post-SEP. This result differs from the model
of Gillespie et al. (2004), in which a quadratic increase of the probability
of ERC excision with age was required to obtain a good fit to the data. The
differ-ence comes from the fact that a substantial part of the variability in
survival is due to the post-SEP interval (Figure S7), which could not be
taken into account in the Gillespie et al. model.

Based on this model, lowering the rate of ERC excision ke should
recapitulate the lifespan extension observed in fob1D cells. However, it is
much less clear how a refined model could quantitatively capture the
partitioning of individual fob1D life-spans into ERC-dependent versus ERC-
independent cell fates. To investigate this, we included in the model the
possibility that cell death could also occur due to a competing ERC-
independent cause following a standard Gompertz law (i.e., dictated by a

mor-tality rate | given by I[age] = Io 3 exp[m 3 age], where lp and m are
constant parameters). Assuming that the parameters associated with the
Gompertz law (lp and m) were identical in the fob1D mutant and WT,
fitting ke, lo, and m to the data provided reason-able agreement with the

RLS curves for WT cells (ke = 0.1 gen l) and fob1D cells (ke = 0.02 gen 1)
(Figure 7D), suggesting that the mutant has a 5-fold lower ERC excision
rate than WT cells. Most importantly, the model also accurately captured
the fraction of cells experiencing an ERC-dependent SEP in both WT and
fob1D cells (Figure 7E; Figures S7B and S7C). In addition, intro-ducing the
Gompertz law improved the agreement of the model to the experimental
RLS curve for WT cells by cutting the long tail in the survival curve (Figure
7C, top panel).

Conversely, we wondered under which assumption this model could
capture the lifespan reduction observed in the sir2D back-

ground, which prematurely accumulates ERCs to high levels
(Kaeberlein et al., 1999). A decent fit to the data required both a 20-
fold higher ERC excision rate (ke = 2 gen Yin sir2D versus 0.1 gen Lin

WT) and a 3-fold larger basal mortality rate (lp =

0.03 gen Yin sir2D versus lo=0.01 gen Yin WT) than in WT, showing
that the premature death in this mutant has multiple origins (i.e., not
only ERC-dependent), as suggested previously (Kaeberlein et al.,
1999). The consequence of a high rate of ERC excision was to
considerably reduce the influence of the interval time between the
birth and ERC excision on the total lifespan, hence reducing the cell-
cell variability therein. Using the Fano factor (Fano, 1947), which
provides a mean-indepen-dent measurement of heterogeneity in a
distribution, we found

a 3-fold reduction in lifespan variability in the sir2D strain
compared to WT, which was successfully accounted for by the model
(Figure 7E; Figure S7C). Conversely, the fob1D strain dis-played a
marked increase in lifespan variability compared to WT (Figure 7E).

In contrast to sir2D, the experimental RLS of the fob1D sir2D double
mutant was slightly higher than that of WT cells (Fig-ure 7D), which is
in agreement with previous studies (Kaeberlein et al., 1999, 2004). As
with the fob1D strain, only a minority of double mutant cells (18%)
experienced a SEP, suggesting that the ERC excision rate was similar
to that of the single fob1D mutant and that the sir2 mutation only
governed the ERC-inde-pendent death Indeed,
agreement with experi-

rate. a good

mental data in the double mutant was found when using a low ERC
excision rate (ke = 0.02 gen 1) with a high ERC-independent mortality
rate, as in the sir2D mutant (Ig = 0.03 gen 1) (Fig-ure S7C). Altogether,
this computational model provides support for a probabilistic
scenario of entry into senescence, which quantitatively explains the
origin of cell-cell variability in cellular lifespan. Furthermore, it
suggests that a stochastic age-inde-pendent crisis associated with
rDNA instability sets the first repli-cative limit and that a different
mechanism may set subsequent replicative limits.

DISCUSSION

Heterogeneity in cellular lifespan within a population has long been a
major impediment to understanding the mechanisms governing entry into
senescence by blurring the chain of causal-ity. In this study, we used
longitudinal tracking of individual cells coupled with quantitative analysis
and computational methods to propose a comprehensive description of
the sequence of events leading to replicative arrest in budding yeast. Our
sin-gle-cell approach strongly suggests a temporal distinction between
early and later hallmarks of senescence, thereby ques-tioning the classical
view of a multifactorial aging process in which the causes and
consequences of events are often re-ported to be tightly intertwined.
Instead, our analysis establishes that ERC accumulation may drive an
upregulation of rDNA tran-scription prior to the SEP and that entry into
senescence is accompanied by a breakdown in nuclear homeostasis that
is likely to trigger cell death. In this context, it appears that studies
focusing on the last division preceding cell death are more likely to refine
our understanding of cellular “necrology’’ than to explain the mechanisms
that trigger replicative senescence.
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Excision and accumulation of ERCs in mother cells are well-established
events proposed to limit yeast lifespan (Sinclair and Guarente, 1997). A
recently published study examined the cell cycle impairment during the
last divisions before cell death by using the nucleolar marker Netl-
mCherry as an indirect proxy for ERCs (Neurohr et al., 2018). By directly
monitoring and quan-tifying the dynamics of rDNA copy number in living
cells, throughout their whole lifespan, our study further reveals that ERCs
follow a multiplicative self-replicative process with high ef-ficiency, finally
providing evidence for a long-standing but previ-ously unverified
hypothesis (Sinclair and Guarente, 1997). Then, we provide reliable
estimates of the maximum number of ERCs ( 360) that can be tolerated
by the cell before detrimental effects ensue. The large number of ERCs
accumulated by the time of death ( 1,500) reveals the magnitude of the
increase in rDNA content, which is comparable to the size of the entire
genome (Neurohr et al., 2018; Sinclair and Guarente, 1997). The inability
of cells to sustain exponential expansion of ERCs beyond the SEP might
also be a hallmark of impairment of the DNA replica-tion machinery, a
hypothesis that remains to be evaluated in future studies. Finally, we show
that ERC accumulation is a lengthy process initiated long before the
detection of any known hallmarks of senescence (with the exception of
the loss in vacu-olar acidity [Hughes and Gottschling, 2012]) and the
triggering signal is likely to occur about 10-15 generations before the

onset of SEP, very early in life.

In addition to the hypothesis that ERCs limit RLS, it has also been
proposed that rDNA instability, not ERCs themselves, drive entry into
senescence (Ganley et al.,, 2009; Saka et al., 2013). Because we
observed increased Pol | and pre-rRNA levels concomitant with the
exponential accumulation of ERCs, we cannot exclude a scenario in
rDNA
transcription initiates nucleolar stress, which then triggers ERC

which an unknown event that regulates chromosomal

excision. However, in this case, it would be difficult to explain why the
range of nucleolar markers examined here would all display sustained
exponential kinetics of accumulation over close to 20 generations.
Instead, this phenomenon seems easier to conceive if it is being
driven by accumulation of self-replicating ERCs. In addition, a stochas-
tic event, like ERC excision, can better explain the two subpop-
ulations No-SEP and With-SEP emerging from an isogenic population
growing in a well-controlled environment.

Under physiological conditions, the rate of rDNA transcription is buffered
against variations in rDNA copy numbers (Dammann et al., 1993; French
etal., 2003; Takeuchi et al., 2003). Based on this, it is usually assumed that
increasing rDNA copies beyond physiological numbers (as in the case of
ERCs here) should not impact on rDNA transcription rates. In that case,
accumulating ERCs should not be transcribed. In contrast to this
reasoning, we show that levels of pre-rRNAs and components of the rDNA
transcription machinery are massively increased in cells about to enter
senescence. This invalidates the assumption that rDNA transcription is
under precise homeostatic regulation around the SEP and suggests that
ERCs fuel excessive rDNA transcription in a mechanism that remains to be
determined. Our study demonstrates that, despite a large increase in pre-
rRNA synthesis and processing, senescent cells are unable to scale up
ribosome production. This lack of coordination between

RNA synthesis and ribosome biogenesis is consistent with a pre-vious
study showing that transcription and translation of genes involved in
protein biogenesis are uncoupled in aging cells (Jans-sens et al.,
2015).

Recent studies have uncovered mechanistic links between aging and a
number of physiological defects in nuclear pro-cesses, including the
accumulation of nuclear pores (Denoth Lip-puner et al., 2014b), their
functional decline (Rempel et al., 2019), and the dysregulation of cell cycle
controllers such as the tran-scriptional repressor Whi5 (Neurohr et al.,
2018). Our study re-vealed that entry into senescence is associated with a
large increase in the N/C ratio and an overall accumulation of proteins
targeted to the nucleus, thus raising the possibility of defective protein
shuttling across the nucleus (Kume et al., 2017). The finding that nucleolar
stress precedes the defects in protein shut-tling suggests a possible causal
relationship; for example, nu-clear pores may become clogged by a
buildup of pre-RNAs or ERCs, as proposed previously (Denoth Lippuner et
al., 2014b).

Our study provides insights into the mechanism of daughter cell
rejuvenation by demonstrating, in single cells, that asymmet-rical
nucleolar and nucleoplasmic partitioning in post-SEP mother cells
correlates with the rejuvenation of daughter cells. This observation
provides further support to the model in which asymmetrical inheritance
of ERCs accumulating in the nucleolus is a driver of the rejuvenation
process. Similarly to autonomously replicating DNA circles, the
asymmetrical nucleolar and nuclear division could be due to the diffusion
barrier at the bud neck (Shcheprova et al., 2008). However, our results
also reveal that genomic defects present in post-SEP mothers are largely
inherit-able and are likely to prevent full recovery of the RLS in daughter
of very old mothers, which has been reported long ago (Kennedy et al.,
1994). Therefore, our study reconciles the epigenetic para-digm of
daughter rejuvenation (i.e., daughters do not inherit the age of their
mother) with the long-standing observation that old cells accumulate
genomic alterations that must be inherited by the progeny (McMurray
and Gottschling, 2003).

The nucleolar stress described in this study is likely conserved across
species because similar observations have been re-ported in several
studies in metazoans. In mouse embryonic fibroblasts, oncogenic stress
induces rRNA transcription and triggers cellular senescence (Nishimura et
al., 2015). Human fibroblasts were shown to accumulate rRNA precursors
in the nucleolus and display defective ribosome biogenesis after in-
duction of senescence by oncogenic Ras (Lessard et al., 2018). More
recently, maintenance of nucleolar homeostasis was shown to alleviate
senescence in human mesenchymal stem cells (Ren et al., 2019). Similarly,
small nucleoli in post-mitotic cells were found to be a hallmark of
extended longevity in Caenorhabditis elegans, Drosophila, mice, and
human muscle tissue (Tiku et al., 2017). These results, together with the
findings here, uncover a crucial role for the nucleolus in both replicative
and chronological aging, suggesting that mechanisms ensuring rDNA
stability are key regulators of longevity.

Finally, our computational model proposes a simple yet quantitative
description of the steps leading to entry into senes-cence. Based on
the main assumptions that excision and amplification of ERCs control
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the onset of SEP, we can recapit-ulate the RLS in WT cells and in a
number of mutants in which
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the rate of ERC excision is affected. Most importantly, this ki-netic
model of cellular lifespan is based on age-independent steps and fully
supports a model in which senescence in budding yeast is driven by a
rDNA instability, the
physiological consequences of which are protracted due to the
kinetics of ERC accumulation. Further experiments could further
challenge this model. For example, inducing ERCs in the NO-SEP
fob1D population should be suf-ficient to trigger the whole cascade
of events (accumulation of pre-rRNAs, SEP, and loss of nuclear
homeostasis). This sce-nario reveals how the process of aging—which

purely stochastic event associated with

manifests as an increase in the mortality rate—might be seen as an
emerging property driven by a series of age-independent bio-logical
processes.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins
Sylgard! 184 silicone polymer World Precision Cat#SYLG184

Paraformaldehyde (PFA)16% ultra-pure methanol free

Sorbitol

Zymolyase 20T

Phenylmethylsulfonyl fluoride (PMSF)
Vanadyl Ribonucleoside Complex (Vanadium)
Mercaptoethanol-2 98% (bME)

Formamide

Bovine Serum Albumin (BSA)

tRNA from E. coli

Triton X-100

Experimental Models: Organisms/Strains

Instruments LTD

Electron Microscopy
Sciences

Sigma

Euromedex

Fischer Scientific
Sigma

Sigma

Sigma

MP Biomedicals
Roche Diagnostics

Sigma

Cat#50-980-487

Cat#51876

Cat#UZ1000

Cat#10485015

Cat#R3380

Cat#M3148

Cat#F-5786

Cat#841033

Cat# 10109541001

Cat#T18787

S. cerevisiae: strain TMY8: MATa; ade2::pAFS144-wtGFP(ADE2);

rDNA::pTM-lacO50 (URA3) amplified 150 copies NET1-mCherry-

spHISS, leu2-3,112 trp1-1 can1-100 ura3-1
ade2-1 his3-11,1

S. cerevisiae: strain TMY8-BY4B: MATa; ade2::pAFS144-
WtGFP(ADE2); rDNA::pTM-lacO50 (URA3) amplified 150 copies

NET1-mCherry-spHIS5; leu2DO0; LYS2; MET15; TRP1

S. cerevisiae: strain RPA190-GFP: from S288C, MATa; RPA190-

GFP-HIS3MX; ADE2; leu2DO0; LYS2; met15D0; ura3DO; TRP1

S. cerevisiae: strain SSF1-GFP: from S288C, MATa; SSF1-GFP-
HIS3MX; ADE2; leu2DO0; LYS2; met15D0; ura3DO; TRP1

S. cerevisiae: strain NOG2-GFP: from S288C, MATa; NOG2-GFP-

HIS3MX; ADE2; leu2D0; LYS2; met15D0; ura3DO; TRP1

S. cerevisiae: strain RPL13A-GFP: from S288C, MATa; RPL13A-
GFP-HIS3MX; ADE2; leu2DO0; LYS2; met15D0; ura3DO; TRP1

S. cerevisiae: strain YCGO1: from S288C, MATa; ADE2; his3D1;

245

(Miyazaki and Kobayashi,

2011)

This study

Thermo Fischer scientific

Thermo Fischer scientific

Thermo Fischer scientific

Thermo Fischer scientific

(Garmendia-Torres et al.,

N/A

N/A

Yeast GFP Clone Collection

Yeast GFP Clone Collection

Yeast GFP Clone Collection

Yeast GFP Clone Collection

N/A




leu2D0; lys2D0; met15D0; ura3DO; TRP1; HTB2-sfGFP-KANMX 2018)

S. cerevisiae: strain SJ164: from S288C, MATa; ADE2; his3D1; This study N/A

leu2DO0; lys2DO; MET15; ura3DO; TRP1SP25::SP25-Act1p-NLS-

sfGFP-STOP-Adh1t-NatMX

S. cerevisiae: strain YAP160-1: from S288C, MATa; ADE2; his3D1; This study N/A

leu2DO0; LYS2; met15D0; ura3DO; TRP1; SP25::SP25-Act1p-sfGFP-

STOP-Adh1t-NatMX

S. cerevisiae: strain SRP1-GFP: from S288C, MATa; SRP1-GFP- Thermo Fischer scientific Yeast GFP Clone Collection

HIS3MX; ADE2; leu2DO0; LYS2; met15D0; ura3DO; TRP1

S. cerevisiae: strain BY4742: from S288C, MATa; ADE2; his3D1; Euroscarf Cat#Y10000

leu2D0; lys2D0; MET15; ura3DO; TRP1
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S. cerevisiae: strain YCG02: from S288C, MATa; ADE2; his3D1;

leu2DO0; lys2D0; MET15; ura3D0; TRP1; HTB2-sfGFP-KANMX

N/A  (Garmendia-Torres et al.,

S. cerevisiae: strain fob1D: from S288C, MATa; ADE2; his3D1;
leu2DO; lys2D0; MET15; ura3DO0; TRP1; fobl::kanMX4

S. cerevisiae: strain sir2D: from S288C, MATa; ADE2; his3D1;
leu2D0; lys2D0; MET15; ura3DO; TRP1; sir2::kanMX4

Cell Reports 28,

2018)
cattvizgRzCart
Euroscarf Cat#Y13738
(Continued on next page)
408-422.el-e4, July 9, 2019
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

S. cerevisiae: strain SM627: same as TMY8-BY4B except MATa; This study N/A
lys2D0; fob1::KANMX

S. cerevisiae: strain SM546: from $288C, MATa; RPA190-GFP- This study N/A
HIS3MX; fob1::KANMX; ADE2; leu2DO; LYS2; MET15; ura3DO0; TRP1

S. cerevisiae: strain SM345: from S288C, MATa; HTB2-sfGFP-KANMX; This study N/A
fob1::KANMX; ADE2; leu2DO0; lys2D0; met15D0; ura3DO0; TRP1

S. cerevisiae: strain SM550: from S288C, MATa; ADE2; his3D1; leu2D0; This study N/A

lys2D0; MET15; ura3DO; TRP1; sir2::kanMX4; fob1::kanMX4
S. cerevisiae: strain SM613: same as TMY8-BY4B except sir2::KANMX This study N/A

Oligonucleotides

ITS1 FISH probe: GCACAGAAATCTCTCACCGTTTGGAATAGCAAG This study N/A

AAAGAAACTTACAAGC + 50 Cy3

Recombinant DNA

pDM402: SIR2 in pRS315 backbone (CEN LEU2 AmpR) From Moazed N/A
laboratory.

Provided by  Paola

Fabrizio
Software and Algorithms
NIS Element AR Nikon N/A
MATLAB R2016a MathWorks N/A
Phylocell (Goulev et al., 2017) https://www.github.com/gcharvin
Autotrack (Goulev et al., 2017) https://www.github.com/gcharvin
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Gilles Charvin
(charvin@igbmc.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Saccharomyces cerevisiae is the experimental model used in this study. All strains are congenic to S288C, except TMY8 and TMY8-BY4B,
and listed in the Key Resources Table.

METHOD DETAILS

Yeast strains, plasmids, and media

TMY8-BY4B was obtained from backcrossing four times with BY4742/BY4741 the strain TMY8 provided by Prof. Takehiko Kobaya-shi. All GFP-labeled
strains were from the Yeast GFP Clone Collection provided by Michael Knop (Huh et al., 2003). fob1D and sir2D strains were purchased from
Euroscarf, crossed with strains containing the relevant GFP markers, and genotyped by PCR. As sir2D strain is sterile and in order to cross it, this
strain was transformed with pDM402, a non-integrative plasmid containing SIR2 gene. After crossing, strains of interest were counter-selected for
pDM402 plasmid loss by checking their inability to grow in synthetic dextrose (SD) medium without leucine. The Htb2 -sfGFP (Garmendia-Torres et
al., 2018), Act1pr-sfGFP (sfGFP), and Act1pr-NLS-sfGFP (NLS-sfGFP) strains were generated using DNA editing and yeast genetics classical techniques.

Prior to loading into microfluidic chips, freshly thawed cells were grown overnight in synthetic complete medium with 2% dextrose and
then diluted in the morning to allow several divisions in exponential growth.

Microfluidics
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The microfluidic master mold was made using standard soft-lithography techniques in the FEMTO-ST nanotechnology platform of the
French Renatech network (Besanc, on, France). Prototypic molds were replicated in epoxy to ensure long-term preserva-tion. The micro-
channels were cast by curing PDMS (Sylgard 184, 10:1 mixing ratio) and then covalently bound to a 24 3 50 mm coverslip using plasma
surface activation (Diener, Germany). The assembled chip was then baked for 1 h at 60 C to consolidate bonding between the glass and
PDMS and then perfused with media using Tygon tubing and a peristaltic pump (Ismatec, Switzerland) at a 10 ml/min flow rate. After 2 h
of PDMS rehydration, yeast cells were loaded into the chip with a 1 mL syringe and a 23G needle.

e2 Cell Reports 28, 408-422.e1—e4, July 9, 2019
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RNA FISH-on-a-CHIP

Time-lapse imaging was stopped after 65 h acquisition and the chip was perfused with 4% paraformaldehyde for 30 min at room
temperature (RT) and then washed for 20 min with buffer B (1.2 M sorbitol, 0.1 M potassium phosphate, pH 7.5). The cell walls were
digested by flowing a zymolyase mix (0.2mg/ml Zymolyase 20T, 0.2mM PMSF, 2mM Vanadium, 29mM bME) through the chip for 20 min
at RT followed by a 20 min wash with buffer B. The chip was then rinsed with cold 70% ethanol for 5 min, with 2xSSC (saline-sodium citrate)
for 15 min, and with 10% formamide in 2xSSC for 20 min. A hybridization mix containing 1 ng/ml FISH probe (in 2xSSC, 10% formamide,
10mM Vanadium, 0.5mg/ml BSA, 0.5mg/ml tRNA) was injected into the chip and the cells were incubated at 37 C for 3 h, protected from
light. The cells were then rinsed with warm (37 C) 10% formamide in 2xSSC for 30 min, 1% Triton X-100 in 2xSSC for 20 min, and 1xSSC for
30 min. The cells were then imaged on a Nikon Ti-Eclipse with an mCherry filter to acquire the FISH probe signal (50% LED power, 300 ms
exposure time, binning 2 3 2) and a GFP filter to acquire the Rpal90-GFP (20% led power, 100 ms exposure time, binning 2 3 2) as well as

in phase contrast. The FISH probe (with a 50 Cy3 dye) targets the ITS1 region between the A2 cleavage site and the 18S coding region.

Time-lapse microscopy

Cells were imaged using an inverted Nikon Ti-E microscope. Fluorescence illumination was achieved using LED light (Lumencor) and emitted light
was collected using a 60 3 N.A. 1.4 objective and a CMOS camera Hamamatsu Orca Flash 4.0. An automated stage was used to follow up to 60
different fields of view in parallel over the course of the experiment. Images were acquired every 10 or 15 min for a total duration of 140 h (full
lifespan experiments) or 65 h (RNA FISH experiments) using NIS software. Focus was maintained using the Nikon Perfect Focus System. A constant
temperature of 30 C was maintained on the chip using a custom sample holder with thermoelectric modules, an objective heater with heating

resistors, and a PID controller (5C7-195, Oven Industries).

Image analysis

After acquisition, NIS raw data were analyzed using the custom MATLAB software phylocell and autotrack, available on https://www.
github.com/gcharvin. Cell contours and fluorescent markers were segmented using a modified watershed algorithm and tracking was
achieved with the Hungarian method, as previously described (Goulev et al., 2017). Cell area was measured from the segmen-tation of the
phase contrast images (Figure 2F). Nuclear and nucleolar areas were measured from the segmentation of Htb2-sfGFP signal (Figures 4C,
4D, and 51) and Net1-mCherry signal (Figure 5C) respectively.

Data analysis

As birth alignment blurs the dynamics of aging (Figure S1), we aligned single-cell trajectories from the onset of cell cycle slowdown (or SEP).
To determine the SEP, we calculated the frequency of division for each individual cellular lifespan and we used piecewise linear model to
determine the time beyond which the frequency of division rapidly declines (see Figure S2). Therefore, cells that have passed the SEP are
not strictly in a senescent state, yet, they have started to undergo an irreversible physiological decline leading to cell death. The
determination of the SEP is then systematically used as a reference of time to assess the average dynamics of specific markers throughout
the manuscript, unless specified otherwise (e.g., Figures S3E-S3H).

A least-square minimization technique was used to fit GFP-Lacl data to an exponential model (Figure 1E), excluding data points associated
with late senescence (i.e., > SEP + 3 divisions), during which the GFP-Lacl saturates.

Computational simulations of replicative lifespan

We designed a stochastic numerical model to describe the replicative lifespan of individual cells in which ERCs are excised and allowed to
amplify, as previously described (Gillespie et al., 2004). For convenience, instead of discrete probability distributions, we used an analogy
to a biochemical system with continuous time based on the following assumptions: 1) an ERC is randomly excised from the genome with a
rate ke per generation; Multiple ERC excisions are allowed during the course of the simulation, yet this does not much influence the
exponential dynamics of ERCs, which is set by the first excision event; 2) Following a mechanism of self-replication, ERCs accumulate
exponentially within the mother cell, with a doubling-time t (per generation), the value of which is measured experimentally. Hence, in the
case of t > 1 generations, this rule assumes that the efficiency of replication may be lower than 100% or, alternatively, that some ERCs may
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be inherited by daughter cells; 3) Once the number of ERCs within a mother cell overcomes a threshold ERC™ ", the cell division cycle starts

to be impaired (SEP) and cell death occurs randomly with a rate ks per generation, as observed experimentally (Figure 6).

We used the Gillespie algorithm (Gillespie, 1977) to generate 200 single cell trajectories according to this set of rules, in which the number
of ERCs copies was simulated over time. Then, we extracted the numerical distribution of timings associated with the three main events
that compose the lifespan of cells, i.e., the excision of the first ERC, the onset of entry into senescence (SEP), and cell death (Figure 7).

To account for the fact that a large fraction of fob1D cells die without any observable ERC accumulation, we used a Gompertz law to model
an ERC-independent path to senescence, with a hazard rate | defined as:

|Gageb = lpe™ 8¢

Cell Reports 28, 408-422.el-e4, July 9, 2019
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where g is the initial mortality rate and m is the rate of increase of the mortality rate with age. Therefore, the cells died either following
excision and accumulation of ERC or from an alternative cause that did not lead to a cell cycle slow down (SEP), and the fraction of cells
with SEP was calculated within the population of simulated cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments have been replicated at least twice. Data are presented in Results and Figures as the mean + SEM (curves) or median

(boxplots). Boxplots show the median, the notch (95% confidence interval of the median), the 25th quantile, the 75t quantile, extreme
data points and outliers. ****p <0.0001, t test. Group means were compared using Two-sample t test. A P value of < 0.05 was considered
significant.

DATA AND CODE AVAILABILITY

The custom MATLAB software phylocell and autotrack, used to analyze imaging data are available on https://www.github.com/ gcharvin.
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Characterization of Senescence Entry Point
using long-lived mutants and intervention
related to ageing factors ERC and ROS

Résumé en francais

Mon projet de thése est d'étudier le processus de vieillissement réplicatif chez la levure. La levure en tant
gu'organisme modeéle conventionnel a été utilisée pour les études sur le vieillissement cellulaire. Elle se
produise par bourgeonnement, cette division asymétrique implique une ségrégation asymétrique entre lamere
et la fille. Des facteurs de vieillissement ont été découverts lors d'une division asymétrique. Son accumulation
chez la mére induit un phénomene de vieillissement, tandis que les filles naissent sans dommages (facteurs de
vieillissement) et sont rajeunies.

L'un des facteurs de vieillissement est les cercles extra-chromosomiques d'ADNr (ERC), qui proviennent de la
région répétitive d'ADNr par recombinaison homologue. Cet ERC possede des genes d'ADNr qui peuvent étre
utilisés comme matrice pour la syntheése d'ARNr et la ribogenése. Il contient également une région auto-
réplicative qui peut initier la réplication avec la progression du cycle cellulaire. Par conséquent, comme I'ERC
se double et s'accumule chez la mere aprés chaque cycle, les cellules méres présentent une accumulation
exponentielle d'ERC qui induit un phénotype vieillissant. Alors que les filles naissent sans ERC et sont rajeunies.
L'oxygene réactif (ROS) est proposé comme facteur de vieillissement a accumuler pendant le processus de
vieillissement.

Une étude antérieure du laboratoire a révélé un ralentissement brutal et irréversible du cycle cellulaire pendant
la durée de vie réplicative (RLS). Ce point de rupture de I'extension du cycle cellulaire est défini comme le point
d'entrée de la sénescence (SEP). Nous cherchons a comprendre le mécanisme sous-jacent au SEP et les facteurs
de vieillissement potentiels liés a la régulation du SEP.

Pour étudier le processus de vieillissement chez la levure, j'utilise le systeme micro-fluidique pour capturer la
levure meére unique et suivre ses divisions successives sous microscope time-lapse. En surveillant la dynamique
des mécanismes moléculaires et I'évolution phénotypique a l'aide de mutants et d'interventions a longévité
étendue, j'essaie de comprendre le SEP, ses mécanismes de régulation potentiels et ses conséquences sur le
vieillissement.

En utilisant des mutants a longue durée de vie, je montre qu'un nouveau mécanisme de mort dont les cellules
meurent sans ERC. Cette sous-population meurt sans accumulation d'ERC et SEP (ralentissement du cycle
cellulaire). Finalement, ces mutants a longue durée de vie présentent une extension de la longévité grace a un
mécanisme d'induction d'un événement probabiliste SEP en perturbant I'accumulation du nombre de copies
ERC (probablement par le taux d'excision ERC).

En utilisant une intervention a longue durée de vie sous une dose faible (50 uM) de H202 (ROS), le SEP est
retardé, ce qui suggere que |'effet hormésis par le ROS peut retarder le SEP induit par I'ERC. L'extension de la
longévité est obtenue grace a un SEP retardé général qui est différent de I'ensemble des mutants précédents.
Selon les résultats préliminaires, la cellule vit plus longtemps sous un léger stress de ROS en maintenant la
stabilité de I'ADNr et déclenche moins de formation d'ERC. La stabilité du génome et la croissance cellulaire
peuvent étre impliquées dans le mécanisme. Ce résultat établit un lien entre le ROS stress (oxydant) et la
formation de I'ERC (stabilité de I'ADNTr).

Ce projet de thése sert a fournir une compréhension complémentaire sur les mécanismes de régulation
potentiels pour induire la SEP a travers la caractérisation du comportement phénotypique chez les mutants a
longue durée de vie et l'intervention. Une relation entre ROS, ERC et SEP conduit a de nouvelles orientations
de recherche.
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Summary in English

My thesis project is to study replicative ageing process in budding yeast. Budding yeast as a conventional ageing
model organism has been used for cellular ageing studies. Its asymmetric division budding pattern implies an
asymmetric segregation between mother and daughter. Ageing factors have been uncovered during
asymmetric division. Its accumulation in mother induce ageing phenomenon, while daughters are born free of
damage (ageing factors) and are rejuvenated.

One of the ageing factors is the Extrachromosomal rDNA Circles (ERC), which arises from rDNA repetitive region
by homologous recombination. This ERC has rDNA genes which can be used as template for rRNA and ribosome
synthesis. It contains also auto-replicative region which can initiate replication along with cell cycle progression.
Therefore, as ERC duplicate and accumulate in mother following each round of duplication, the mother cells
shows exponential ERC accumulation which result in an ageing phenotype. Whereas the daughters are born
ERC-free.

Reactive Oxygen Species (ROS) is proposed as an ageing factor to be accumulated during ageing process.
Previous study of the host laboratory has uncovered an abrupt irreversible cell cycle slowdown during
Replicative Lifespan (RLS). This breaking point of cell cycle extension is defined as Senescence Entry Point (SEP).
We seek to understand the mechanism underlying the SEP and potential ageing factors linking to the regulation
of SEP.

To study the ageing process in budding yeast, | use the microfluidic system to capture single mother yeast and
follow its successive divisions under time-lapse microscope. By monitoring the dynamic of molecular
mechanisms and phenotypic evolution using longevity extended mutants and interventions, | try to understand
the SEP, its potential regulatory mechanisms and consequences to ageing.

Using long-lived mutants, | show that a new mechanism of death which cells die in a ERC-free manner is
uncovered. This subpopulation dies without ERC accumulation and SEP (cell cycle slowdown). Eventually, these
long-lived mutants show longevity extension through a mechanism of inducing probabilistic SEP event by
perturbing the ERC copy number accumulation (probably through ERC excision rate).

Using long-lived intervention under mild dose (50uM) of H202 (ROS) treatment, the SEP is delayed, suggesting
hormetic effect by ROS can delay ERC induced SEP. Longevity extension is achieved through a general SEP
elongation which is different from previous set of mutants. According to preliminary result, the cell lives longer
under mild stress of ROS by maintenance of rDNA stability and trigger less ERC formation. Genome stability
and cell growth maybe involved in the mechanism. This result establishes a link between (oxidative) stress and
ERC formation (rDNA stability).

This thesis project serves to provide a complementary understanding on the potential regulatory mechanisms
for inducing SEP through characterization the phenotypic behavior in long-lived mutants and intervention. A
relationship between ROS, ERC and SEP leads to new research orientations.

257




