Lessons from yeast: synergistic effects of damage formation, repair, retention
and resilience in the context of cellular rejuvenation and health span

cvijoviclab.org
@CyvijoviclLab




Becoming a systems biologist

Associate professor (2015), Department of Mathematical Sciences, University of Gothenburg
PhD Mathematics (2008) Systems Biology Assistant professor (2011), Department of Mathematical Sciences, University of Gothenburg
Max Planck Institute for Molecular Genetics

Berlin Germany
Postdoc (2008-2010), Metabolic Engineering, Chalmers

University of Bordeaux, Franc
Virgina Tech (VT), USA MSc Bioinformatics (2005), Chalmers

BSc Mathematics (2003)
Belgrade University, Serbia

-




Systems Biology
ageing (damage accumulation
d polarization) branch

dry wet

George

PK/PD modelling
E

4
eraunmiorer cavens AStrazeneca o

Lasse Ray Cell-to-cell

heterogeneity in the
aging process

Cvijovic Lab

Methods for parameter Jacob Leander Barbara Schnitzer

estimation in mixed—effect/(

models TO BREAK THE RULES, [ [ Theoretical
YOU MUST FIRST GOTHENBURG aspects
of ageing and
cellular

£y
Julia Larsson

\

\ / rejuvenation

Systems Biology \
signalling branch

STIFTELSEN fir Vetenskapsradet
Stratecisy Forskmme

Osmotic stress and Johannes Borgquist
metabolic imbalance 4

(sensing and adaptation) Mapping metabolic
alterations during ageing
to age-related
syndromes and diseases

Dynamic regulation of central
metabolism and cell signalling

\_

Sebastian Persson




ageing
/'e1d3in/ ©

1. the process of growing old.
"the external signs of ageing"”

adjective

1. (of a person) growing old; elderly.

"an ageing population”

You know you are getting old when the candles cost more

What is Ageing? than the cake.

Mathematical definition:
The likelihood of death of individuals within a population increases

exponentially with age.

Biological definition:
Ageing is simply the age - or time -dependent changes that occur
to biological entities.

Bob Hope



How and why we age?

The role of damage formation, repair and retention

Microfluidics + optical tweeZs



Single cell model of replicative ageing
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Borgqvist et al Sci Rep 10, 1556 (2020)
Schnitzer et al bioRxive https://doi.org/10.1101/2020.03.24.005116 (2020)
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Nondimensilonalisation of the model

Rescaling of parameters and variables

»  Simplify the system without model
changing the qualitative P(t)
behaviour
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Damage repair (r(D))
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Resilience to damage (Q)
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Damage resilience corresponds to the increase in
size of an old cell compared to a young cell
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Cell size (s) and damage retention (re)
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Savghter Cell size: Yeast divides asymmetrically where mother is

HC\ CQD approx. 3 times larger then its daughter

. H’_\iﬁ l‘%p I Damage retention: active mechanism; age-related damage retained

i - within the mother cell at each division
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Synergy between repair and retention
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Interplay between Retention, Resilience, Damage and Celle size

Assumption:
Minimal amount of intact proteins that a cell is required to have after cell division
PD,rnin — (1 — 3)
: size
retention

resilience

(1) How much damage can a mother cell retain?

(2) How does the capacity to retain change with age?

(3) What factors limit the amount of damage a mother cell can retain at cell division?

(4) How does the degree of asymmetry in the cell division affect the capacity to retain damage?



Asymmetric division allows for retention of damage which comes at the price
of a lower resilience to damage

(1) The capacity to retain damage decreases as the amount of damage increases re & 1/D

(2) Investing resources in the capacity to retain damage comes at the cost of a lower degree of resilience to damage
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“Triangle of Ageing”

Given enough food, the cells should
grow and as a consequence of cell
growth damage should accumulate

Every cell has a finite replicative life span
and should therefore die after a finite
amount of cell divisions
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Replicative lifespan can be altered either by increased damage repair rate
or by slowing damage fo(Lmation rate
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How ageing of the individual cell contributes to the ageing of the
whole population: Towards the whole population model

Challenge:
Biology: traditional experiments do not provide means to systematically assess the whole population
Modelling: computationally very expensive to efficiently simulate linages
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From single-cell to a whole population model of replicative ageing

o ~ mother
. P(t) = cell growth — damage + damage . h daughte
formation  repair Laemm el 4
D(t) ; 8 (1—3s)
= P(t)(g — D(t)) — k1P(t) + k2RQsin ! = -
| R ! E[=re(1 = s)QDF> +re(1-5)QD
. D(t) = + damage — damage \ *i +re(l—s)D €< —re(l—s)D|
fomatt’on repair -
Q P(t) — ko Rsin [ (t)]
N /

OG-

Individuality of cells in the
population by introducing
non-linear mixed effects
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Non-linear mixed effects model accounts for individuality of cells
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The model captures age distribution
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Retention leads to bigger populations with lower damage levels at birth
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Dissecting population

For each cell x in the population, we define:

Lineage position (i, j):
Cell x is the i*" daughter of its mother m,,

which is the jth daughter

of its mother m, (cell’s x grandmother)

position (1, 24)




Measurable properties of individual cell and the whole population

protein content

retention

population size

fraction and degree of rejuvenation
health of cells

doubling time

complete time evolution of intact (P) and
damaged proteins (D)

exact position and relationship with all cells
in the lineage

generation times and growth

replicative lifespan
rejuvenation index
health span

repair strategy



. retention no retention
Properties of [ wotimitea st || unlimied
repair capacity repair capacity repair capacity repair capacity
° — S — - — e — — 26
the population 4 | ™HEn | | | .3
wh i, L . 1 I =
x| HHHI e | | i’ii' _ 1 | w3
¥ i T ﬂﬂl’" | i IE‘ 85 | , | L . =
20 !I § § i" s 3 23 l.i §=i' 1 I-_ s i - 2 =
Ve | | | | [ L B
o i !E iliig oot f Ii mlm;g;;: | R ... | | P e
5 1 | T i g 1} sl 16 %
L i | i dL ] LEHER S e L Hilith . L
5 1 15 20 B W 3 0 5 10 15 20 25 30 35 ¢ 5 0 15 20 25 30 35 G 5 1 15 20 25 30 35 '
» 1T 1 r 1 7 1.75
" 17 1t 1t T oY
i‘ 5 1 | ] | 1 L " 17 %%
E :: " | " L P ; : 1.65 % B_,
1 1 { [ fie 1 b i 1hedtd —
10 |t 1ot ] < e R
"""" 3 Tt it 3 T2 E = sfpusrpantftrrnprpdtrroar e r eyt iuie ik "tJ ie '!"" ~— R e = """"':‘"‘!:"' :"." = mETES '1'-55"""""'
9 = o . L S —— it P 15
G 5 10 15 20 25 0 35 0 3 W 15 20 25 30 35 0 5 10 15 20 25 30 35
TE ] T T 025

0.2

]

Hezzggees 3 1 {4 X ‘!g ,
e o 1 E SERRIIY

ﬂ $3E8reer] : £ FONE | 222%esese Bii

015

T
FEENERITTTEIPE Al s

LI ITEEC IR DI ISNOES MRS PRl

mether j

0.1

JU————

0.05

I e aFeurep

|

TASSSARREL B M SR AT

aan

e s it |- ]
| H %’ﬂﬁﬂﬂ?:xt“’. i firist....

35 0 5 W 15 20 2% I I o0 5 10 15 20 25 30 35 0 5 W 1 20 25 30 35

; L T T T T T T T T T T T T T T 1.2
35| } e S : 1t 18 11
30 R e A SRR 5:-_ ---------- < F ---------------- '-—-.--.---------1 -------------------------------------------- Z b et e Lk ek S gk -i -----
% | i i Fiiih . 1t y
20 1 4t .

=
e 2
.
i)

=
(5]
=
=
-
o
-
[*]
&
8

o
e

s L]

mother j
*

++

£
+

0.8

1M ] i .
: I L H 2 v
. { 41 ' - ; ®

'F i
i |
it | H

0 5 10 15 20 25 30 35 5 10 15 20 25 30 35 0 5 10 15 20 25 30 3 o 5 10 15 20 25 30 35
daughter i daughter i daughter i daughter i

0.7

I Je oz

-
-

0.6

FES-2-30- 5o 4 0 e hateies
BB B L R

-
LU = ]

T T T T

-u-luuu.a aue
eeiries

s

AR ED FOE TR R

Asnenneiezadeds

&
L]

0.5



Retention decreases the variability across the lineage
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rejuvenate

/rT' d3u:vanert/ 4 “It is now possible for the first time ever to

e control of aging and indeed health at the

verb
make (someone or something) look or feel better,

L Jarrow FORMULAS' |

revive revitalize renew. regenerate

(1)Which cells are especially prone to rejuvenation?
(2)What makes them different from others?
(3)How does retention affect the cell populations,
—— especially in terms of rejuvenation?
| B © (4)How can repair mechanism influence ageing and
__ rejuvenation?

(5)How can repair and retention together promote

health span?

$S,

10 years younger in 28 days. Doctor EnQ®
11 of the most powerful Anti-Aging and NueroFe

telomere - a part of your DNA structure. It's 5 how ity

telomeres get shorter. The shorter they get, the m®
Rejuvenation Cream helps maintain telomeres and stop
tissue... extending the youth span of the skin to reduce all v
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Measuring rejuvenation in the populations

For each cell x in the population, we define:

Rejuvenation index: rls(z) — rls(my)

ris

where rejuvenated cell has a positive rejuvenation index

position (1, 24)

rejuvenation index > 0




Your grandma determines your ability to rejuvenate
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Measuring health span: pinpin korori in yeast

damaged proteins

Dy

For each cell in the population, we define:

te
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Health span: HSC

Having a long health span means :
» low damage levels as long as possible
» many divisions when damage levels are low

k- —-—-——
o

te td ta
time
retention no retention
unlimited decline in unlimited decline in
repair capacity repair capacity repair capacity repair capacity
1 | ]
30 3% ol | il i
e 153
E 25 FHHHH T lu L - st . '
an t ':E 1143 ::E!”: 23 1L JE s | 1k "
- rr' :0 'l' $ ..-
S 15 1ff i o I W
10 | "li! r“'i s - T
11 L S .'@m-;: o LE (Stianeatlalsiare,
10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

daughter i

0.8

0.6

0.4

0.2

health span



health span

generation time

Decline in repair capacity prolongs the health span by increasing
generation time and lowering damage levels
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Towards healthy ageing : lessons learned from yeast

investing in yourself

investing in repair
early in life

!

fast divisions with low
damage levels

!

when damage takes over
and repair deteriorates,
cell stops dividing and dies

» longer health span

hitps://balancecreative ca

investing in your progeny

retention of
damaged proteins

!

homogenous populations
with rejuvenation
distributed across whole
population

» larger population size



What did we learn

The capacity to retain damage deteriorates with high age

Asymmetrical division allows for an optimal trade-off between damage resilience and damage retention (A high
resilience to damage corresponds to a cell that can obtain a high age and retention corresponds to a sacrifice of
fitness for the individual cell for the sake of its offspring)

Rejuvenation occurs to a greater extent when retention is present

Retention leads to more homogenous populations which are larger and have lower damage levels

Rejuvenation is always present in asymmetrically dividing cells but only together with retention it can be fully
exploited

Investing in repair early in life compensates the decline of repair during ageing and at the same time prolongs
the health span of the cell

The repair mechanism does not influence rejuvenation
Healthy ageing is promoted by investment in repair in early life together with retention of damage
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