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Abstract
Every year, nilions of people die due to cancer. This makes optimization of anticancer therapy and
underdanding the formation of cancehe interest of many researchers.

Cancer is defined by six hallmgriine of whichis limitless eplicative potential. This hallmark can be
obtained by the maintenance of telomeres. Cells can maintain the length of their telomeres by
activating telomerasga reverse transcriptasey alternative lengthening of telomeres (AL&)
recombinationlike medanism.

Saccharomyces cerevisigeidding yeasthaturally expresses telomerasbut when this is
inactivatedyeast is ndongerable to replicate unlimited and starts to senesce. Some of these
senescing cells overcome senescencahgaactivation of ALTafterwhichthe yeast cellsre called
survivors. However, it is not known yet what triggers this activation. Therefore, we iratestifthe
proteome changes during senescence and survivor formation. Funthrey we investigated if six
different chromatin remodeler genesASF1SWI3 SNF5SET2SIR2and IES, are involved in
senescence and survivor formation in budding yeast.

To quantify the changes in the proteome an arginine and lysine auxotrophic telomerase negative
strainwas generatedndwe found that these changes in the strain did not affect senescence and
survivor formation.

After the deletion ofselectedchromatin remodeler genes in telomerase negative budding y&ast
found thatswidn andsnfgn mutants cannot be obtained due &porulation problems. We also found
that the asfldeletion increases the senescence rate and survivor formation rate of telomerase
negative yeast-urthemore, we foundthat the deletion ofset2seems to prevenyeast from going
into senescenceAnd fnally,we foundthat the sir2andies4deletions do not seem to affect
senescence and survivor formation.
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Introduction

General information

Every year8.2 million people die due to cancer ahd.1 million rew cancer cases are reportedbta

till 2012) These numbers are increasing every YBaReducing cancer formation has been the main
interest in the cancer field these past few years, by foausim optimization of anticancer therapy

and on the understanding of cancer formation. To understand cancer diversity, six main hallmarks of
cancer have been report&d One of them is limitless replicative potential. Mesimatic cells have a
finite replicative potential, and because of this they stop growing after a certain number of divisions.
This process of reduced cell growth and cell division is termed senescence. However, cancer cells
seem to avoid this processes psevention of telomere attrition, which is a hallmark of agthg

Telomeres

Telomeres are nonprotein coding DNA sequences at the end of linear chromosomes in eukaryotic
cells. The highly repaive sequences of the telomeres differ between organisims. example, in
Saccharomyces cerevistae | f a2 (y26y | & 06dzRRAYy3a &SFad FyR .1
approximated to 300 + 75 bp and consists of the repetition of the sequepg@G).cT (2 (2 0 QO
Further, telomeres are surrounded by proteins that function as a cap to prevent the telomeres from
being recognized as double stranded breaks. When this cap isédistwill go into senescence or
undergo apoptosis, because the loss will be recognized as a double stranded break or because DNA
damage is registered due to chromosomes that are now able to fuse to another chromosome. It is
proposed that the loss of thesprotective capping proteins, and with that the increase of senescence
and apoptosis, occurs when telomeres become critically sfigft.

In eukaryotic somatic cells, telomeres shorten every cell divisiortaltiee endreplication process

problem. This problem arises due to the fact that DNA polymerase cannot synthesize a

complementary strand de novo or fromth€@3 502 RA NS Ol A 2y 2Yy.DNAKS GSYLX (S
L2f @YSNIrasS Oly 2yfe YI halrotyl goupRNA rilkdrsypiRvidE KB ¥ | F NEB
structure and therefore make it possible to copy the original template. However, when the RNA
LINAYSNB NS NBY2OSR RdAZNAYy3I GKS NBLI AOFGA2Y LINROS
end for the DNA polymase to bind. Therefore, the original strand cannot completely be replicated

and the chromosome becomes shorter every cell division, which endangers the important,

informative sequence of the chromosontiggure 1§
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Figure 1IDNA replication DNA replication starts when the two DNA strands are separated at an origin of replication by helicase. W
separating the strands, RNA primersd) bind to the template strandb{ue) and make the starting point f@NA polymeraségreen)to
NBLIE AOFGS GKS GSYLXFGS AGNYYR® 1 26SHSNE 5b! L2 &heréioig, theSstradd
GKIFG A& 2L8SYySR G2 Ada o0Q SyR ySSRa This ogu& antilihe templale Ktrerdl S tofdedely®
synthesized complementary. Hereafter, the RNA primers are removed and the arising gaps are closed by DNA pdymeass.
synthesized strand is completely complementary onrieevo Q  BgvBver, due to theemoval of the RNA primers and the absence
I 0Q KeéRNRE&f HMBMJISYR OAYyR20G2aS (KBS vekuitsSnios hedv stéaidythat fis Slightlyl soRkebth
the original stranf.




At first, this shortening of telomeres is not undesiralae,proteins binding to the telomere arlde
specific folding of the telomeric DNA prevents the DNA from beioggrized by the DNA damage
machinery as double strand bredhkowever, at a certain point, cells have proliferated so many times
(in budding yeast this occurs after-80 generations) that the telomeres become critically short. At
this point,the telomeresare not able anymore to properly fold and not all the needed proteins can
bindto the telomeric DNAThereforethe telomeres are not properly protected anymoaadare
recognized as damagdhis lead4o a DNA damage response and the cell dies or goes int
senescenceln the latter state, the cells stop growing and dividing to predamhage to the

important information containing pardf the DNA. This process protects the organism against
uncontrolled cell divisionsvhich are associated with cancer, libey also prevent theenewal and
repair of tissue antherefore contribute to aging and agelated disease$®*?.

Telomere elongation in cancer cells

Cancer cells avoid this apoptosis and senescence by Wyititart telomeres, by the activation of
telomere restoring mechanisms. Estimated is that 85% of the cancer cells prevent telomere
shortening by reactivation of telomerase and 15% use a recombinékiermechanism called
alternative lengthening of telonres or AL 1324

Telomerase ia reverse transcriptasen enzyme that generates cagoiementary DNA from IRA. The

enzyme consists of a catalytic subunit and a RNA subunit which contains a template that is
compdementary toli KS o0 Q seqriéhdéia buddingyeastthis template sequence is

LS v v vl 62 Ppodr 8 onb ! adzodzyAld o0AyRa& (G2 GKS o00Q
strand by addition of the5, 3(TG) 6T repeats.This addition of new nucleotide® the leading strand

makes it possible for RNA primersrabind to this strand and synthesize the complementary strand

just like during normal replicatiogiigure 2A) 7.

Alternativelengthening of telomeres ismechanism where cells lacking telomerase can elongate

their telomeres, this occasionally induces unlimitedly proliferation. It is thought that this occurs due

to a recombnation-mediated mechanism, which is based on the idea that a short telomere invades

into another telomere and uses this telomere as a template to elongate its own strand. Hereafter,

GKS Syt NABSR 0Q 2@SNKIy3 diguwe2s®3202 VYL SYSy il NB &ae@

Telomere elongation in Saccharomyces cerevisiae

Saccharomyces cerevisigean organism that naturally expresses telomerase. When the telomerase

is inactivated, they start to senesce similar to most sameglls. This senescing phenotype can be

obtained by the inactivation of one of the subunits of telomerase; the catalytic subunit EST2, the RNA
subunit TLC1, and additional subunits EST1 and EBTQubset of the population that can

overcome senescend®y a telomerasendependent mechanism (ALT) are called survividrs.

survivor population can be divided into two groups depending on #leingated sequences,

distinguishable by southern blot and their gene requirement. This is due to ¢aast yelomees

consist next to thesrich repeatsalsoofl y - St SYSy i FyR Iy (Bgudé A 2y | f Q

5

3AB). NBLISIGE YR ,Q NBLISHGa FNB (S8t2YSNB Faa20Al
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Figure2 Telomere etension Telomeres can belongated byA the ribonucleoprotein telomerase or i the homologous recombination (HR)ediated
mechanism called AET*"
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Figure3 telomere composition Saccharomyces cerevisiaas
different telomeric compositionswhich always consists of a X repeg
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During survivor formation, the quantity of one X element on every chromasdoes not alter.

| 26 SAGSNE GKSNB | NB adz2NBAG2NR (GKFG O2YLISyal S GKS
F34820AFGAYy3a GKS |, Q StSyYSyid NEIDULtypeiof sikbiisfare § KS  F 2 NJY
called type | survivors who have next to this amplification, alswt TG ; repeats andhey grow

poorly butappear more frequet than type Il survivordigure 3C)The formation of these survivors

depends on the presence of Pol32, Rad51, RaRa#A54, Rad55 and Rad57. Type Il survivors require

the MRX complex (Mrell, Rad50, Xrs2), Pol32, Rad52, Rad59 and Sgs1 for their formation. Further,

this second type of survivodoes not change their number of Q St SYSy G a odzi KI @S |
heterogeneous amlgication of TG repeats and have a similar growth rate as telomerase positive

wild type cellsfigure 3D, This second survivor type resembiles majority ofhuman cancer cells

that lengthen their telomeres by AI®T*® 1820

Research question

Nevertheless, the complete mechanism of how telomerase negative yeast and human cancer cells
trigger themselves to start using ALT to prevent senescence or death due to critically short telomeres
is not known yetTherefore, in thistudywe aim to find an answer to the questiodoes the

proteome’ of pre-senescence cellgells with wildtype length telomeres that have not yet been

through senescencajiffer from the proteome of cells with critically short telomearand from

survivor cells?

SILAC

To investigate this, we use a proteome quantification method called stable isotope labeling by amino
acids in cell culture (SILAGY@re 4). This is a method where lysine and/or arginine with a slightly
higher moleculawveight,are incorporated into the proteins of an organisiy the use of other

carbon and nitrogen isotope$’C/*°N instead of the naturally higher abundaA€/**N). With the use

of differentcombinatiors of the heavier and lighter lysine and arginities proteome of organisms

in different conditions can be measured at the same time. To investigate the differences, the samples
are pooled together early in the processreduces the variations between the samples that might
occur during preparation for masspectrometryMass spectrometers recognize the small differences

in size and thus the proteome of cells or organisms in different conditions or at different time points
can berelativelyquantified and comparef-?.

LAll the proteinsexpressed in a cell/tissue/organism at a certain time point.
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Light (ROKO) medium Medium (R8K(Q) medium Heavy (R8K8) medium

Culture for 10
population doublings

Collect 102 cells per
sample

Prepare and mix

samples
1:1:1 1:4:4 4:2:3
Mass spectrometry Rel. Rel. Rel.
int. int. int.
m/fz m/fz m/fz

Figure4 SILACAt different time points (e.g. preenesced, senescing and survivors), budding yeast is grown for 10 population doub
different growth media. These growth media contain normal lysine and arginine, one normal amianéadde heavietabeled amino
acid or the heavietabeled version of both amino acids. From all these media, an identical amount of cells is colletbedig),0
combined to one sample and analyzed with mass spectrometry. This provides informatiorttebabtindance of all the proteins and
possible alterations in abundance between the different time points.
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Chromatin remodeling genes

Even though less is known about ALT cells, a proper chromatin configuration of telomeres is thought
to be essential. iBce the deletion or a point mutation in some of the chromatin remodeling genes
are shown to be associated with the formation of the ALT phenotype. For exampkndbk down

of the geneasfla andasflbin human lung fibroblasts and HelLa cells is shawmsult in more APB
formation, elevated +SCEs and accumulation of ECPREhese are penotypes which are associated
with ALT positive cells. APBg)ich stands foALTFassociated promyelocytic leukemia (PMULlear
bodies (NBs), are PML proteins thatlooalize with telomeres, telomere binding proteins and factors
that are also essential for survivor formation (Rad51 and Rad52) in ALT positive cells. While in ALT
negative cells, PML NBs are part of the nucteatrix ®* 2> The phenotype of elevation ofSCEs,
telomeric sister chromatid exchanges, is due to the recombindti@mechanism, whereby the
telomeres are elongated by utilizing a sister chromatid agéhgplate. Hence, as survivors form
because of a recombinatiemediated mechanism, the amount 6SCEs will be elevated. At last
ECTRs, extrachromosomal telomeric repeats,ineat, doublestranded circular (Eircles) and
singlestranded circulatelomeric DNA (&ircles) which are not located in the chromosome.

Especially €ircles are associated with the ALT phenotype. This is becauseaiheear to be &50-

fold more Geircles in ALT positive cells than in ALT negativé'@ells

This leads to the idea that thaeletion ofachromatin remodeler geneouldaltersthe chromatin
configurationat telomeres.Which mightinfluence the senescence or survivor formation of
telomerase negative yeadn order to study the role of chromatin remodelers genes cherry
pickedsix chromatin remodelers gene&SF1SWI3 SNF5SET2SIR2and IES4 and investigated their
role in senescencand survivor formation.

ASF1 (AntBilencing Factor 1) is a histone chaperone that is involved in histone deposition and
exchange during the assembly and disassembly of the nucleosome. This involvement in histone
positioning can be replication depeent and independerit* °

SWI3 and SNF5 are subunits of the SWI/SNF complex (SWItch/Sucrose NonFermentable). Both SWI3
and SNF5 are involved in transcriptional activation. The complete complewligeidin the

remodeling of nucleosomes and the initiation an elongation of transcription in an ATP dependent
manner. Also, associations have been found between this complex and the formation of Eihtors

SET2 (SET domaiantaining protein 2) is a histon methyltransferase that is involved in the
transcriptional repression and elongatih")

SIR4Silent Information Regulator 2) encodes for a NAD+ depatiitistone deacetylase that

facilitates chromatin silencing in inter alia, telomeres. With this the gene expression is involved in
regulating recombination, telomeric silencing, genomic stability and aging. Absence of the encoded
protein can lead to lossfaranscriptional silencing, decreased chromosome stability and decreased
lifespan in budding yea§t **

12



IES4 (Ino Eighty Subunit 4) is part of the INO80 complex. Less is known about the subunit but it is
proposed that les4 is involved in the DNA damage signhaling pathway. The INO80 complex is involved
in transcription, replication, cell division and DNA repair. Further, it is shown that it remodels the
chromatin by moving the nucleosomes along the BfA

Research question

We aim to investigate the role of chromatin remodeler genes during senescence and survivor
formation in budding yeastTherefore we aim toanswer the question: does the deletion of the
chromdin remodeling geneASF1SWI3 SNF5SET2SIR2r IES4nfluence the senescence rate,
survivor formation rate or survivor formation type in telomerase negaaecharomyces cerevistae

13



Materials and methods

Strains

Multiple strainsare made taform a diploid that can generate the haploid strainsW88 G Hp f @ aHp
I NB(NWInXI and XV) strain and W33 ¢ 1 |- NeBfNilXII an&KVI), the process is also shown in

a pedigree in figure 5 and the full genotypes of all the possible strains are shown in table 1., Initially

the parental strains W9102D (13 and W910aL7D (Ib) are transformed with aarg4 deletion (11)

and crossed with aast2deletion containing haploid (IV) derived from the parental diploid strain

LSY1092 (lll). This generates a diploid strain (V) which is heterozygous for all thresteidtgemes

and is therefore sporulated and dissected to obtain the wanted haploid strains (VI and VII). The latter
haploid strain (VII) in both mating types are transformed with the Wyifte CAN1(VI1II) originated

from BY4742 and crossed with each otler-(0 @ ¢ KA & RALX 2AR A& GNI yaTz2Ny
generating a diploid (X) which is sporulated and dissected to obtain the wanted haploid strains (XI

and XII). Also, the parental strains W942ID (la) and W910Q7D (Ib) are transformed with ast2

deletion (XIII) and crossed with a haploid strain containind tlée &andh NXHdelption and the wild

type CANIgene(XIV). This diploid is sporulated and dissected to obtain the wanted haploid strains

(XV and XVI).

The KanMX cassette is switched intaMX cassette by the transformation of approximately 4 ug
of EcoRHigested pBL1 (a plasmid containing NatMX resistance ged@rovided by Brian Luke,
Boone Lab, University of Toronto) imdanMX cassette containing strain.

Thecanl100mutation is epaired by the amplification of this sequence in a wildtype BY4742 strain
and this construct is transformed into the recipient strain.

Thew303straing { ¢ Hk SaldHp! w! o O{CukSE&TmpYwYa- {bCpkayFpn
9{¢HkSaldup! w! o {UHKBANHMY W P9 ¢tHKkESUupY WY a-
{LwHkaANMPYEYaSalup! w! o areWnpide kykr&naforming la goastruct,

where the gene is replad by KanMX, into aW3®{ ¢ H kK S & OH{ pt!Hw!Sca G H pljade2 0 | RSH
1 leu23,112/leu23,112 his311/his3-11 trp1-1/trp1-1 ura31/ura3-1 RADYstrain by LiAc

transformation.

14



! W9100 n LSY1092

EST2 lys2A ARG4 canl-100 EST2/est2AURA3 LYS2/LYS2 ARGA/ARGA canl-100/can1-100
argd4
est2A
1] I\
EST2lys2A arg44 canl-100 est2ZALYS2 ARG4 can1-100

]
est2A lys2A ARG4 canl-100

EST2/est2A LYS2/lys24 ARG4/arg44 can1-100/can1-100

Ul Vil
est2A lys24 argdA canl-100 EST2lys2A argd4d canl-100

CAN1

il
EST2 lys2A arg4A CAN1

EST2/est2A lys2A/lys2A ARG4/argdA CAN1/can1-100 IX
EST2/EST2 lys2A/lys2A argdd/argd4h CAN1/CAN1
/\ est24
xN W1
est2A lys2A arg4A CAN1  EST2 lys2A arg44d CAN1 X

EST2/est2A lys2A/lys2A argdA/argdd CAN1/CAN1

Xl Xl
est2A lys24 arg4d CAN1 EST2 lys2A arg4d CAN1

Figure5. Pedigree of the formation of thé&& & (1t H n £ @andk9p{ ¢l HNH Bendgirain. AlllthBldaughter strains are made with
W91062D asa ! ¢ pakent, W910617D asMAT aparent or LSY1092 as! ¢ orMat aparent. Also, all the acquired haploid strains are
present in both mating types. Further, the strains are made wit an (URAZeplacement as well as with &ha 1 n Yepldcement
and with an NH n n Yréplagement as well as with anNB n n bréplacement.

Table 1The name, mating type, genotype and parental strainlio$teains that should be formed duririge strain brmationprocess|part
1/2]

Strain name | Strain name | Mating | Genotype Parental
(report) (database) | type strain
| a W91002D h f e 3APER leuB,112 his3l1,15ura3v ¢ wt m f € a-400 w! 5 p| Database
b W910017D a f e 3APER leuB,112 his3l1,15ura31¢ wt m f € a H KLOOwW! 5 p Database
1l a MBY1 h lys2h arg4nKanMX ADE2 let2,112 his311,15 ura3l TRP1 RAD5 caidd0 W91002D
[1a]
b MBY?2 a lys2h arg4nKanMX ADE2 let2,112 his311,15 ura3l TRP1 RAD5 caidd0 W910017D
[1b]
c MBY3 h lys2h arg4nNatMXADE?2 leu,112 his311,15 ura3l TRP1 RAD5 cafi00 W910062D
[1a]
d MBY4 a lys2h arg4nNatMX ADE2 leu3,112 his311,15 ura3l TRP1 RAD5 cafi00 W910017D
[1b]
1n LSY1092 h kI 9{¢nkSaildup!'w!' o [, { +100/caft00! wDn k ! wO Database
v | a nla h ealdHn!wl'o [,400 ! wDn Ol ywm LSY1092 [Il]
nla a Sadunp!wlo [ -0 ! wDn OFym LSY1092 [Il]
Y a nla h kI 9{¢HkSadup!wlo [, {Hkf@&HnplléeuwDnk |l N MBY1/2
3,112/leu23,112 his311,15/his311,15 ura3l/ura3-1 TRP1/trpil [lla/b] +
RADS5/RADS canll00/cant100 [IVa/b]
b n/a h K| 9{¢HkSadup!wlo [, {Hkf&&nupnlleuwvDnk | N MBY3/4
3,112/leu23,112 his311,15/his311,15 ura3l/ura3-1 TRP1/trpil [llc/d] +
RADS5/RAD5 canll00/cant100 [IVa/b]
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Growth media

Homemade minimal SD liquid meuaih without arginine and lysines made by 1.3 g droput mix, 6.7

g yeast nitrogen base without amino acitig)f a pellet NaOH 40 mL 50% glucose (Sigma) and 960 mL
dH,0. The droput mix consists of: 2.5 g adenine, 6.0-gghartic acid, 6.0 g-glutamic acid, 1.2 g-L
histidine, 3.6 gdleucine 1.2 g kmethionine, 3.0 g4phenylalanine, 22.5 gderine, 12.0 gL

threonine, 2.4 g #ryptophan, 1.8 g ityrosine, 9.0 gdvaline and 1.2 gracil (Acros Organics).

Heaver labeledarginine and lysine are added to the individual 50 mL cultures as 250 pL of 82.759
mg/mL arginine and 250 pL of 124.138 mg/mL lysine.

YPD meiim ismade with 10 g yeast extract (Oxoid), 20 g peptone, 40 mL 50% glucose (Sigma) and
960mL dHO.

Agar plates arenade by the same recipe as liquid growth media, with the exception that for every 1

L media, 20 g agar (Invitrogen) is added. SD plates contain all the 15 amino acids mentioned above,
except when mentioned otherwiseoFexample SDarginineconsists of all the mentioned amino

acids except arginine.

The antibiotic G418 (geneticin, Jena Bioscience) is added to the plates as 200 mg/L per plate. The
antibiotic NAT (cloNAT, nourseothricin, Jena Bioscience) is added to the plates as 100 mpigfle per

Minimal sporulation plates are made with 1(gtassium acetate (Sigm&ldrich), 1 g yeast extract
(Oxoid), 0.5 g glucose (Sigm@.1 g dropout mix, 20 g agar, 1 L ebland G418. The dreput mix
consists of 2 g histidine, 10 g leucine, 2 g lyaimé 2 g uracil (Sigma).

Plates that are used in this study are SD completear§Dine, SBysine, SRuracil, SDmin, YPD,
YPD+G418, YPD+NAT, YPD+G418+NAT, SPOmin.

Strain formation
DNA needed for transformation is retrieved by arfyitig the desired construct with PCR
(polymerase chain reaction). PCR is done by standard préfant used primes arelisted in table

2. DNA amplication is check on 1% agarose gels (MP agarose, Roche; 10x TBEHwoffeifeG
Technologiesbefore transformation.
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Table 1The name, mating type, genotype and parental strain dstediins that should be formeduring the strain formationprocess [part

2/2]
Strain name | Strain name | Mating | Genotype Parental
(report) (database) | type strain
\ a n/a h Sadwupn! ywharg4nkadvi ADE2 lev?112 his3l1,15 ura3l RADS5 canl| [V]
100
b n/a a S&0GHn! whargdnKarVi ADE2 lev?,112 hisd11,15 ura31l RADS canl| [V]
100
c n/a h S&0Hn! whrgdNa®¥ ADE2 leud, 112 his311,15 ura3l RAD5 canl| [V]
100
d n/a a S&0Hn! whargdNa®¥ ADE2 leud, 112 his311,15 ura3l RADS5 canl| [V]
100
VIl | a n/a h EST2 lygRargdnKanMX ADE2 le#2112 his311,15 ura3l RAD5 can100 V]
b n/a a EST2 lygRargdnKanMX ADE2 le#2112 his311,15 ura3l RAD5 can100 V]
c n/a h EST2 lygPargdnNatMX ADE2 leu3,112 his311,15 ura3l RAD5 canl100 V]
d n/a a EST2 lygPargdnNatMX ADE2 leu3,112 his311,15 ura3l RAD5 canl100 V]
Vil | a MBY9 h EST2 lygParg4nKanMX ADE?2 lee2112 his311,15 ura3l RAD5 CAN1 vi
b MBY8 a EST2 lygPargdnKanMX ADE2 let2112 his311,15 ura3l RAD5 CAN1 vi
c MBY7 h EST2 lygPargdnNatMX ADE2 leu2,112 his311,15 ura3l RAD5 CAN1 Vi
d MBY6 a EST2 lygPargdnNatMX ADE2 leu2,112 his311,15 ura3l RAD5 CAN1 vi
IX a n/a h k| EST2/EST2 lys2f e aHpY  yME® F NBnp Yl ya-- ! 59H [Vila] +Vlb]
3,112/leu23,112 his311,15/his311,15 ura31/ura3-1 RAD5/RAD5
CAN1/CAN1
b n/a h x| EST2/EST2lys2f @ & up [ iMBE® F NHnpbl Ga-- ! 59H [Vila]+[VIib]
3,112/leu23,112 his311,15/his311,15 ura31/ura3-1 RAD5/RAD5
CAN1/CAN1
X a n/a h okl 9{ ¢HKkSATHEEWRenYiIlEB K| NBEnpYlya-- ! | [IXa]
3,112/leu23,112 his3l1,15/his311,15 ura3l/ura3-1 RAD5/RAD5
CAN1/CAN1
b n/a h Kkl 9{ ¢Hk Sadimptievalngp IEEEHK | NBnpbl Ga-- | [IXb]
3,112/leu23,112 his311,15/his311,15 ura3l/ura3-1 RAD5/RAD5
CAN1/CAN1
c n/a h x| 9{ ¢nk SaltHpYERdam | ti&EKF NBnpbl da-- | [IXc]
3,112/leu23,112 his311,15/his311,15 ura3l/ura3-1 RD5/RAD5
CAN1/CAN1
Xl a n/a h S&0HNn! whargdnKaViK WDE2 lee® 112 his311,15 ura3l RAD5 CAN] [Xa]
b n/a a Sadnpn! yargdnkamvik ADE2 lee®112 his311,15 ura3l RADS CAN] [Xa]
c n/a h S& 0 Hpn! whrgdNa¥ ADE2 leu, 112 his311,15 ura3l RAD5 CAN] [Xb]
d n/a a S&0Hpn! whrgdNat¥ ADE2 leu,112 his311,15 ura3l RAD5 CAN] [Xb]
e n/a h S&0HNY FargdNatRAADE? leul, 112 his311,15 ura3l RAD5 [Xc]
CAN1
f n/a a S&0HN Y FagdNatRAADE? leul, 112 tis3-11,15 ura3l RAD5 [Xc]
CAN1
Xl a n/a h EST2 lygRargdnKanMX ADE2 let2,112 his311,15 ura3l RAD5 CAN1 [Xa]
b n/a a EST2 lygRargdnKanMX ADE2 let2,112 his311,15 ura3l RAD5 CAN1 [Xa]
c n/a h EST2 lygRarg4nNatMX ADE2 leu3,112 his311,15ura3-1 RAD5 CAN1 [Xb] or [Xc]
d n/a a EST2 lygRarg4dnNatMX ADE2 leu3,112 his311,15 ura3l RAD5 CAN1 [Xb] or [Xc]
Xl | a n/a h Sadun! w! o ADE2leup,112 hisBld,15ura3v ¢ wt m f & § W91002D
canl100 [1a]
b n/a a Saidnun! w! o4ADE2leupB, 112 hisBL1,15ura3v ¢ wt m f & § W910017D
canl100 [1b]
c n/a h SAGHnpYlya - ADRZEuZH112hisdigl5uradm ¢ wt m f & W91002D
canl100 [1a]
d n/a a SAGHpYl ya . ADERZud)112 hisdinls ura3l TRP1 lyd2RADS | W910017D
canl100 [1b]
XIvV MBY5 h Kl EST2/estgKanMX lysf/lys2n ARG4/argNatMX ADE2/ADE2 leu2 MBY7 [Vllic] +
3,112/leu23,112 his311,15/his311,15 ural/ura3-1 TRP1/TRP1 [X1nd]
RADS/RADS5 CAN1/cafD0
XV | a n/a h S&dHnYIl FagdNANXEME? leuRB,112 his3l1,15 ura3l RAD5 XIV]
CAN1
b n/a a S&0HNYI FagdNatREGADE?2 leul, 112 his311,15 ura3l RAD5 [XIV]
CAN1
XVI | a n/a h EST2 lygRarg4nNatMX ADE2 leu3,112 his311,15 ura31 RAD5 CAN1 [XIV]
b n/a a EST2 lygRarg4nNatMX AE2 leu23,112 his311,15 ura3l RAD5 CAN1 [XIV]
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Transformations are done by the LiAc (lithium acetate) method. For this, the recipient strain is grown
overnight while rotatingg6 rpm) in 5 mL YPD at 30 °C. In the morning, this cultueedduted to an
ODypo0f 0.1 in 20 mL YPD and grown while shaking (@61 at 30 °C to midbg phase culture. At

this point, the cells are pelleted (3K rpm for 5 minutes) aadhed with 1 mL di®. Next, the cells

are washed with 0.5 mL 1XTE/LiAc (10x108:mM TrisCl (pH 7.4), and 10mM EDTA,; 10x LiAc: 1 M
lithium acetatg and resuspnded in 150 uL 1xTE/LiAc. Per transformation, 50 uL of this cell
suspension, 15 pL P@Rduct, 5 pL of 10 mg/mL salmon sperm carrier DNA (Sigma) and 400 pL 40%
PEG4000 sdlion is mixed and incubated while rotating (§ém) for 30 minutes at 30 °C. Hereafter,

the cells are heat shocked at 42 °C for 15 minutes, collected by centrifugation (2.5K rpm for 1
minute) and incubated in 200 puL YPD while rotating at 30 °G4drduis. Last, the cells are
resuspended in 100 pL ¢B® and plated on appropriate selective media and grown for 2 days at 30°C.

The strains are check for deletion of the genes, by replacement by different cassettes, by the growth
on selective media plates. The used selective media plates are shaabig. Also, the strains are
checked by PCR. For this, genomic DNA is isolated with the Wizard g@ifjurification kit
(Promega) and is amplified with the PCR mix, PCR prqtoumtaling temperature 58 °C) and
LINAYSNBE YSyiAz2yBWw RN I6GR. AgaiiomatyNRanNiX répcBments

are checked by PCR with a primer (K&)Bhat binds to a sequence that is only present in the

KanMX cassette. Used primers are shown in tdble

Liquid senescence assay

¢KS 9{ ¢H straidisiigpoculatddin2imL SD complete(Sigkttich) and the cultured at 30
°C while rotating (56 rpm) for 24 hours. Hereafter, the;§Qi3 measured in order to get the cell
density of the culture and the culture dluted to 2.5-10cell/mL in 50 mL of complete media lacking
arginine and lysine (Sgarginineq lysine) and supplemented with labeled arginine and lysine. Cells
were grown at 30 °C at 20Ppm for 24 hours. From this culture the cell morpholag\at leas 300
cellsis checked and counted light microscopy (48 objective), 1.4-1Ccells are collected and

stored at-20 °C for southern blot, 1-16ells are collected, washed with MilliQ, snap frozen with
liquid nitrogen and stored irB0 °C for SILAC.

TheSadup FNBHnp fe@aup adGNIAY Aad Ay20dzZ SR Ay H
rotating (56 rpm) for 24 hours. Next, the @Fis measured and the culture is diluted to 2>t@ll/mL

in 100 mL SD complete and grown at 30 °C while rotatingr{@@pfor 24 hours. Dilution of the

culture and measurement are repeated evey 24h for 8 day. Aliquots are taken every day for
microscopy, southern blot and SILAC as described above. When culture reaches normal growth,
indicative as appearance of surviva20 cells are plated on a YPD plate and grown for 2 days at 30
°C. Grown colonies are inoculated in 2 mL SD complete and cultured at 30 °C while rotating (56 rpm)
for 24 hours. At last, the QRis measured and the culture is diluted to 2.5 &6ll/mL in50 mL SD

with labeled arginine and lysine and grown at 30 °C while rotating (200 rpm) for 24 hours. Also for
this culture southern blot, microscopy and SILAC samples are acquired.
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Table2. PCR primers for amplification of constructs for transformation.

Standard gene name Systematic gene hame¢ Forward primer Reverse primer

ARG4 YHRO018C ATCTGCCAAGGCTCCAT( GTCTCATGGCCATTTGCTT
EST2 YLR318W AACCATAACTAACACGC(C GAAGATGTGGGAGATGGA,
CAN1 YELO063C AGAGTGGTTGCGAACAG, TGATATAAGAGCGCCCACT
ASF1 YJL115W GATGGTAATGCCTTGGC( TAGGGCGTGTGGCGTAGT
SWI3 YJL176C ACCGCCGTGGTTACGAT( GAGAAGCCAAGTCAAGTG/
SNF5 YBR289W GTCCACAGGTGCTTGAA( GTCTCTAGTTCGTCCTGCC
SET2 YJL168C CCGCTTAGAATACCTCAC CGACGCTGACCCTTTATAT
SIR2 YDL042C CATCTAGCACTCCTTCCA GCTATACCACCACCTTCT
IES4 YOR189W CAGGGAAACAAACTGCA| AATCGTCGCCATTCCTGTC

Table3. Selective medias on which the absence of gemehe presence of cassettes is tested.

Selective media Deletion/replacement | Growth on selective media due to deletion/replacement
SD without arginine | F NEn n Ol a &S { No growth

SD without lysine teannOl aas{ Nogrowth

SD complete CAN1 Growth

YPD with G418* 3SySpYl ya- | Growth

YPD wittNAT** 3SySnpblt da- | Growth

SD without uracil I3SySnp! w!o Growth

* G418: geneticin, KanMX has geneticin resistance.
** NAT: nourseothricin, NatMX has nourseothricin resistance.

Table4. PCR primers for confirmation of KanMX insertion.

Standard gene name

Systematic gene name

Forward primer

ARG4 YHRO018C TCGGCGTCCCAATCTTTTT

EST2 YLR318W CGTTCCAACCCAAATACTCT]
ASF1 YJL11®%/ TCAACAACCGGGCGACTAG!
SWI3 YJL176C TGGCAAGTACGGCCACACA!
SNF5 YBR289W TTCACCCGCTTCGACGCAA(
SET2 YJL168C AGCTTACCGCCTGGAGTGT]
SIR2 YDL042C AGAGATTTGGCACCACGAG!
IES4 YOR189W GACCTCCACCTATGCGAGC;
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The strains are individually inoculated in 2 mL YPD and cultured at 30 °C while rotating (56 rpm) for
24 hours. Next, the Qi is measured and culture is diluted to 2°1@ll/mLin 5 mL YPD and grown

at 30 °C while rotating (200 rpm) for 24 hours. Hereafter, for 8 days, every 24 hours §fésOD
measured, the cells are4giluted to 2-10 cell/mL in 5 mL YPD and 1.4"&6lls are collected and

stored at-20 °C for southern blot.

Senescence assay on plate

The chromatin remodeling strains are also streaked for single colonies on YPD plates. Hereafter, they

are grown for 48 hours, (part of) a single colony is picked and is restreaked on a hew YPD plate. This

is repeated? times andscoredbased uporw A T 1 A Q& | YR [ dzy B°5Whb steréithed O2 NA y 3
severenes®f senescencef the strain based upon the number of colonies and the colony size

Southern blot

Genomic DNA is extracted with the Wizard genobWA purificatiorkit from Promega. Overnight,

37.5 uL genomic DNA is digested with 2.5 pL Xed(England Biolabs) and 5 puL Neb 4 buffer (New
England Biolabs) at 37 °C. Of the digested DNA, 10 ug is loaded on a 1% agab%&@eél The gel

is incubated in 0.25N H@ir 15 minutes for depurination and 30 minutes in 0.4N NaOH for
denaturation. Next, the DNA is transferred to a positively charged nylon membrane by the vacuum
transfer method (5 Hg for 90 minutes in 10xSSC, pH 7.0 (8N#5Q and 44.1g sodiumcitrate, i
dH,0)). Hereafter, the membrane is rocked for 1 hour at room temperature in denaturation solution
(2.5M NaCénd 0.5M NaOH) and twice for 10 minutes in neutralization solution, pH 7.2 (0.5M Tris
HCI, Serva, and 1MaCl). Next, the membrane is gngbridized in 20 mL prevarmed DIG easy hyb
buffer (Roche) for 1 hour at 39 °C while rotatiag (pm), thenovernight the membrane is incubated
iNSmMLTGDKSF 6 St SR LINRO6S o0flFo6St SR | OcadNRelingRIT,2g G KS 51
generation, Raee, and diluted 1:1000 in DIG easy hyb buffer) at 3@1i& rotating. Thereafter, the
membrane is washed twice with prgarmed 2x SSC + 0.1% SDS (10x SEnfautes at 39 °C

while rotating and twice with prevarmed 0.5x SSC + 0.1% SDS for 20 miat&3 °C while rotating.
Next, the membrane is rinsdd 5xDIG wash buffempH 7.5 (58/L maleic acid43.8gL NaCl and b

% Tween20 indH,0) and blocked in 1x blocking solution (10x blocking solution, Roche, diluted in
maleic acid buffer (11.67g/L mateacid and 8.76g/L NaCl infH for 30 minutes at room

temperature while rotating. Then, the membrane is incubated ircépled antiDIG FAB (Roche,
diluted 1:10.000 in blocking solution) for 30 minutes at room temperature while rotating. Next, the
memlrane is washed four times for 15 minutes at room temperature with 1x DIG wash buffer and
incubated with DIG detection buffer (15.8g THEl and 5.8g NaCl in 1 L,@jfor 5 minutes at room
temperature. Last, the membrane is incubated in 1 mL CSPD (Riilaheg 1:100 in DIG detection
buffer) in the dark for 5 minutes at room temperature and 15 minutes at 37 °C, whereatfter the
exposure is measured withe Biorad Chemi Doc MP Imaging System
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Results

SILAC strain

The first projecis based upon the idedat the proteome of yeasthanges during senescence and
survivor formation. Hence, the proteome of yeast with wijyghe length telomeres might be different
from the proteome of yeast with critically short telomeres and/or the proteome of survivor yeast.
These differences are characterized using liquid senescence assay method in combination with the
SILAC method.

SILAC is based on the incorporatiofatieledamino acid into newly synthesized proteii$ie use of
different labeled amino ads, single or in combination, made it possible to analyze multiple
conditions at one time. In order to allothie yeast to fully incorporate the labeled amino acids, we
created a strain that is deficient in the synthesis of two amino acids: arginine anel. [¥se inability

to synthesis these two essential amino acids itself (auxotrophic), obligates the yeast to incorporate
the amino acids (heavabeled or lighlabeled) from the media in all the newly synthesized proteins.
To obtain this arginine and lys auxotrophic strain, we made the gen®RG4ndLYS2

dysfunctional by replacing the genes with antibiotics resistance germssette. Th&ARG4yene

encodes for amrgininosuccinate lyase, which catalyzes the final step of arginine biosynthesis
pathwayandthe LYS2)ene encodes for an alpha aminoadipate reductase, which catalyzes the fifth
of seven steps of lysine synthesis pathway. Furthermore, we inactivated telomerase in this strain by
knocking outEST2hereby the cells will be able to senesce ananfgurvivors. However, to perform

our study on a clonal population with similar telomere lengths and no senescence before the start of
the experiments, we made the arginine and lysine auxotrophic strain also heterozyg@STar
Therefore, due to its ontunctional copy, all the cells can elongate their telomeres by telomerase
until the point of dissection for haploid, auxotrophic, telomerase negative cells at the start of an
experiment.

Initially, anESTR S&AGHp! w! o | wDn k I NEmimnwasggharated fo olftairant & & H p
Sadup! w! o | NBsirginy Disgextion of tBisidiplpid and selection on appropriate selective
media enables us to determine the genotype of each individual spore and atiggistrain. Based
dzL32y a Sy RSt Q& fdmakea charSof tiie@iNdBexpeddd Sporé genotypes, listed in
table 4, and the amount of times these genotypes appeatddweer, we were unable to obtaithe
Sadun! w! o I NBgirgny Wobther gehadypesFST2 argdkanMX LYSthdestnURA3
argdnKanMX LY S&ere also not able to be selected by this method. In contaS{T2 arggdkanMX

lys2n appeared more often than expected.
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Table 4. Distribution of genotypes in dissected tetrads{ ¢ Hk SalGHup! w! o

' wDnk | NBnpYl yaAl eight pésidle derogpesand the number of times they
are observed are listed. Together with the amountsafiateswith this genotype that are
expected to be found and an alternative expectance. The alternative expected number is
based upon the idea that NH n n Ypreyeats growth on Slys and SHira. Dissected
tetrads: 33.5 & (i H nis selected on Shra, NH n Y ks yetected on YPD+G418 and SD
arg,f & dstsglected on SBs.

Genotype n Expected n | Alternative expected n
EST2 ARG4 LYS2 23 16,5 16,5
ESTARG4 lyg? 17 16,5 16,5
ESTarg4nKanMX ¥ S2 0 16,5 0

EST2 argdkanMX lys@ 66 16,5 66
estnNURA3 ARG4 LYS2 9 16,5 16,5
estnURA3 ARGYsN 17 16,5 16,5
estnURA3 ag4nKanMX LYS2 | 0 16,5 0
estnURAS arggKanMX lysg 0 16,5 0

Total 132 132 132
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All eight possible genotypes should appeaa similarratio if the genes are not genetically linked
together, but this did not occurThe genetic link between all our deleted genes was unlikely to be the
cause, due to their different chromosomal positiornthe genome. We also observed that

surprisingly  NHmukants were growing on rich media, but not synthetic media. Strains containing
S a i H pdrySare respectively selected by growth on-BBA and SIys. Hence, no growth on
these media automatically suggests them toE®T2andf € &evgn thougthis might not be true.
Therefore, lased upon the idea thahe arg4 deletionmight inhibit growth on minimal media and
therefore prevent selection dESTandf € Zom gynthetic mediawe tried to investigate this
hypothesisThisprevention of growthwould result in no strains with the genotyST2
FNEnpYlFy,d8adap{w! o I NBnQavinpa  -w![o, {IHNA Alhthésegtamins f @ & H p
will appeara® { ¢ H | NH n n Yadhighadittind wéthiodrpbservations.

By searching through databases and fimneling that thel NBgtrgins are capable of growing on YPD
media but not on synthetic minimal growth media, we found tG@&Nlencodes for an arginine
permease and is required for the uptake of arginine from the growth media. However, originally
W303 ha acanl-100mutation in this gene. Therefore, W303 yeast is not capable of taking up
arginine from the media, and its growth depends on the synthesis of arginine by the organism itself.
Thus, because of tharg4 deletion, W303 yeast cannot acquire argimifor the synthesis of new
proteins and therefore the cell will not grow and replicate itself. Therefore, we restored the full
version of theCANIgene into our engineered strain and found that yeasts are able to grow again on
minimal media.

To obtainthe diploid strain, we have mated the haplo®i{ ¢ H | NH n kstrdindvihvakh /! b m
opposite mating typ® { ¢HNME n kK ésiainkHoweveb whentw® { ¢ H | NHnp fe€auHnp |/
strains are mated, no zygotes were able to form after four to six hours incubatien These strains

take approximately 24 hours to form zygotes. Hereafter, these diploids have been transformed with

anS & Gcangtructtofromar® { ¢ Hk S&adwupn F NHnpk I NHmstainf Rodengnk f @31/
these zygotes (nor the untransformed diploidsg not able to sporulate within eight days on normal
sporulation media, enriched sporulation media or minimal sporulation media.

(Thisapplies toESTZESTZ NBvnljw a - Kk I NBf1 @ & B F @QGAMNJCANL ESTEST2

I NBorkpia - kI NHng dk @@WICANLESTR Sa G H h N&EMgya- kF NBnnpYl ya -
f@&hm BGANJCANLIESTR S& (i v h NEOtgld a - k | NBn g & #& @ @MWICAN1and

ESTR S&a G HnIYNBbakpl a - k I NBf § & & @ GANICAN)

In contrast, the strain® { ¢ v | NEn p b | (aadS afl& vy D/ida!l- b dhawkopma@l y m
normallytoa® { ¢ Hk SAGdHup Yl ya- ! wDnk | NHn pif0siian. Thistdipldidi n k £ & a ¢
also sporulates normally, tetrads segregate in their expected ratios ivised by dissectioand

all possible genotypes appear in thepexted ratios table 5 For these reasons, we used this last

diploid strain to obtairthe haploid arginine and lysine auxotrophic, telomerase negative strain for

our survivor formation analysis.
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Table5. Distribution of genotypes indissected tetrais;
9{¢HkSadunpnyYlkya- ! wDnkl NEnN n HOOIAH -
eight possible genotypethe number of times they appeareghdthe
amount ofisolateswith this genotype that are expected to be fouate
listed. Dissected tetrads25. S a (KanmXis selectecbn YPD+G418,

I NHgtMXis selected on YPD+Nat and-&D,f & dstsglected on SB's,

CAN1is selected on SD complete.

* presence of theean1-100mutation can only be determined when the
strain isl NH When the strain i&RG4t will grow on minimal média,

independent of containinANJor can1-100.

Genotype n Expected n
EST2 ARGy¥s2h CAN1

EST2 ARG4 lys2an1-100 * 27 25
ESTarg4nNatMXlysh CAN1 13 12,5
EST2 argdNatMX lyss can1-100 10 12,5
esthKanMX ARG4 lysZAN1

estnKanMX ARG4 lyszan1-100* 23 25
estnKanMXarg4nNatMX lys2n CAN1 13 12,5
esthnKanMXargdnNatMX lys can1-100 14 12,5
Total 100 100
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Due to its resembles to human ALT cancer cells, we were mainly interested in type Il survivor
formation. This type is, because of its growth rate advantage, more abundant in liquid cultures than
type | survivors (as mentioned in the introduction). Therefore, we preformed a liquid senescence
assay to follow the daily change in population density, type-6enescence, senescence, survivor
type) and proteomics. We started the assay from a clonal population to avoid differences in
senescence rate and initial telomere length.

TwoesthKanMX argANatMX lysp CANlisolatesfroman9 { ¢ H k SaldHp Yl ya- | wDnkF N
f @annpkf @anI00tétradphmve Beenfaliowed through their senesand survivor

formation, figure 6 The population density of the firigtolate(#1® ) decreased with 4.1 cells/mL
every population doubling in the first four days, leading to a critical senescence point between day 4
and 5. Hereafter, the population restores itself in approximately one day to a population density
similar to the presenescing population density. The population from the sedsolate(#2m )

reduces 74-10 cells/mL every population doubling in the first four days, but the point of critical
senescence and recovery of the population density to original values chersgen clearly.

However, when looked at the compositions of the cultures, the change in morphology during the
assays is similar for the first and the second strifgguyre 7. Initially they have a comparable

composition as telomerase positive wild typals: high amounts of unbudded cells and cells with a
large bud, and 120% of the cells in the population are cells with a small bud. During the period
where the populatiordoublingsdecreases, the amount of cells with a small bud decreases and the
amountof dead cells increasewhile the amount of unbudded cells and cells with a large bud stays
unchanged. When the population doubling rate increases again, the amount of unbudded cells and
cells with a small bud increases, the amount of dead cells argiveigii a large bud in the population
decreases. When single cells are picked from the recovered culture and grown to a new population,
all these survivors show different morphological compositjdiggire 8. Howeveron average, all of

these populations stwed a high and similar amount of unbudded cells and cells with a small bud,
slightly less cells with a large bud, and nearly no dead cells.

8

= 7,5 - =0—estnKanMX argaNatMX

2 lysh CAN1 #1

2

2 —— esthKanMX arggNatMX

3 . lyszh CAN1 #2

S \,‘/ estURA3 ARG4 lys2
6,5 T T T T 1

30 40 50 60 70 80
Population doublings

Figure 6Liquid senescence assay curdavoesthKanMX argANatMX lysp CANlisolatesfrom different tetrads but the same diploid
strain, and aresthURA3ARG4ys2h canl-100isolate were grown and every 24 hoursdiuted to the same start density in new growth
media. The population originating frorhe first isolate, #1, has @sescence rate 60.028 (decrease of 11 cells/mLper population
doubling) and a survivor formation rate of 0.090 (increase of 3°&diB/mL per population doublingfhe population originated from the
second isolate, 2 has aenescence rate 60.012 (decrease of 7 40° cells/mLper population doubling) and a survivor formation rate of
0.011 (increase of 5.4-16ells/mL per population doubling) (based upon that the strain has its critical senescence point atTdey 4).
population originated from the third isolatesthURA3ARG4ys cant100, has a snescence rate 60.038 (decrease of 1 83°cells/mL
per population doubling) and a survivor formation rate of 0.078 (increase of 3.6ell6/mL per population dduling).
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Figure 7 Morphology of the population at every measuring time point during the senescence a$baypercatage of cells which are
unbudded, have a small bud, have a large bud odasdlat day0in9 { ¢ 1 | NHn n b | {aad of bbtBSEHipH /Y byva - |
f & & H p straids htday to day6.

45,0
40,0
35,0
S 300
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< 20,0
>
g
zZ 15,0
10,0
5,0
0,0 . " . . . .
#1 survivor A | #1 survivor B| #1 survivor C| #2 survivor A| #2 survivor B | #2 survivor C Average
munbudded 39,4 30,5 39,4 35,2 32,2 39,3 36,2
m small bud 31,6 42,1 38,6 36,7 36,2 35,7 36,8
m large bud 28,4 27,0 21,7 27,8 31,3 24,4 26,6
mdead 0,7 0,4 0,3 0,4 0,3 0,6 0,4

Figure 8 Morphology oflifferent survivor populations. The percentage of cells which are unbudded, have a small bud, have a large §
aredeadin a survivor population All survivor populations originate from one survivor cefhich is a different survivor for every culture.
From both strains, three survivors are grown to a population.
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Also arestnURA3ARG4ysn canl-100isolatefrom aEST2/ei$ HURAZ w D n k Kax#xn p

f € & H n eahld@eanl-100tetrad hasbeen followed througtits senesesand survivor
formation, figure 6. Thepopulation density of this third isolatéa ) decreased with.5-16 cellgmL
every population doubling in the firshree days, leading to a critical senescence point between
measuring day 3 and 4. Hereafter, the population restores itself in approximately one day to a
population density comparable to the pgEnescing population density.

To determinefithe telomeres truly shortergat what time pointsurvivors start to appear in the
population and what type of survivors are formed, a southern blot was preformed. For this, every
day during the senescence assay, a sample was collected and preparedcefdiotedf subtelomeres
and telomeres by southern blot from the thircblste, S& G H n ! w! o chnkDDA The & & H p
telomeres of the diploid with active telomeras@ { ¢ H KURATI wPpn Kk KaedA-n pf @aunkt @aun
canl10Q0/canl1-100) are longer than those of the @inerase negative strajiigure 9. Comparisoof
figure 6 and figure 9 showikat shortening of telomeres is correlated with the decrease in
population densityof the telomerase negative isdla However, when the critical senescence point is
passed gfter day3), a different pattern starts to appear. This pattesmassociated witelongated
telomeres by ALT of a type Il survivor. For all populations this pattern is identical, however, when
new populations are grown from one single survivor cell, all pamris have different

heterogeneous patterns, which is associated with the many TG repeats of a type |l survivor.

Via different and sometimes unsuccessful methods, we were ableto engte&ra G Hp F NBnp f &:
strain, with the restoration ofthe wildtype CANIgene, this strain was also capable to grow and
replicate on minimal media.

Further, although the three different followedolategive different senescence curves, their
morphology shows that they all senesce and restore their populati@similar manner. This
suggests that even though the populations have a different rate in senescence and survivor
formation, they senesce and recover by a similar process.

At last, the southern blot shows that correlated with the decrease in populatensity, the
telomere lengths also decrease. After their critical senescence point, the telomeres elongate again
and give a pattern that is associated with type Il survivors.
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Figure 9 Southern blot with daily sample of trestZnURA3 ARG4 lygZxanl-100senescence assafaily collected samples are digeste
with the digestion enzyme Xhol, run on an agarose gel, transferred to a blotting membrane and hybridized with a digakigledin |
probe.Due to problems during the collections of sampi¢day1, this day has samples from two different cultures.
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Chromatin remodeling genes strains

The second project is based on the rolebfomatin remodeling genes during senescence and
survivors formationSx chromatin remodeler gendsave been selected artheir role during
senescencand survivor formatiomave been characterized using thiguid senescence assay
method.

To explore the effect of the deletion tie selectedchromatin remodeling geneXKX in telomerase
negative yeast,te genes and telomerase are deleted in the strains. Telomerase is inactivated by
replacement of the EST2 gene by an URA3 cassette and the chromatin remodeling genes are deleted
by replacement with a KanMX cassetiée dissected th® { ¢ H k S & KXXuxinw'!l- o/ diploid
strainsand selectedor the haploidS & { H k ¥x#wKamMXstrains. Fromthe 6 mutants, 4 strains
segregated in the expected ratios, table 6. Howegfestrainsdid not segregate as expected

9{ ¢ HkSadWIEswign!Yd Xand9 { ¢ H k S a SNFBshfsa!Yd Y, table 7.Alsq we did

not observe haploid spores coréngthe swi3 or the snf5deletion. These observations led to the
ideathat the deletion of sfi5 and swidnight be lethal. Whickwould explain our observatiots shown

intable 7.

* XXXefersto all of the six chromatin remodeling gen@SXXASF1SWI3 SNF5SET2SIR2and IES4
xn Yl yRaFTvupnYdglaonYayRpnpYdSanp YayNLp etdySannpyYl yva -

All four acquired haploid strains froendiploid strain are followed during their senescence and
recovery phase in liquid growth media. Every genotype is follow twice with spores from different
tetrads. As expected, wildype and singleasfldeleted strains do not senescence and reach every
day the same populatio doubings figure 10A and supplementary figure IAowever, thenumber

of dailypopulation doubling®f this latter oneis slightlysmallerthan of a wildtype population EST2
ASF17.51+0.050 PD/241 { ¢ H | & ¥ %3620I040&D/24h). In the telomerasegative strains
the population density of & (i 1 n | w Hecreaskeg Witk 8: 17 cells/mL per population doubling
and the population doubles 7.2 times every 24 hours.&Fé&rii H p ! w! o Ilthis & sdpckehsy a -
of 52-1C cells/mL per population doubling and 6.8 population doublings every 24 hours. Hereafter
the double deletion population restores itself vaild-type density at a rate that is higher than normal
telomerase negative populations (an inase of 38-1¢ cells/mL per population doubling & G H p

I & Jimstead of 18-1C cells/mL per population doubling & ( H n)). Dug tE€tie inability to

collect the data points of th& & (i H n | w strain Untfl tBevend of the assay, these population
restoration results are based upon the average ofeddimerase negativstrains. These strains give,
because of the same genotype, similar data.
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Table6. Distribution of genotypes indissected tetrads! { CMK | A T{ ¥HKB-adGHn! w! o {9CHK?Z
9{ ¢nukSaildun! w! o dndo{HixkrakASNSHINYH ywalA & & Allfiodt pogsible genotypeshe number of
times they appearedndthe amount ofisolateswith this genotype that are expected to be fouatk listed Dissected
tetrads, respectively10, 15, 12, 95 a (URAGSs selected on SDra,3 S y SnMXis selected on YPD+G418.
ASF1 SET2 SIR2 IES4
Genotype n Expectedn| n Expectedn| n Expectedn| n Expected n
EST2 GENE 7 10 16 15 13 12 7 9
ESTZengrkanMX 13 10 14 15 11 12 11 9
esthURA3SGENE 13 10 14 15 11 12 11 9
esthURAenghKarMX | 7 10 16 15 13 12 7 9
Total 40 40 60 60 48 48 36 36
Table7. Distribution of genotypes indissected tetrads9 { ¢ Hk Sa G up! w! o {ahd9d K& SaAINY av-! o
{ b Cpk ay T pAhfyurpgsaible genotypeshe amount of not growisolatesand the number of thes they appeared are listed.
Together with the amount asolateswith this genotype that are expected to be found and the alternative expeateduntisolates
The alternative expected isased upon the ideathd¢ | L)t 2 AR a G NI Ay a O20 4+ AWARD YH yiasidsecrdi
tetrads, respectively19 and 23S & (URAGs selected on Shra,3 Sy S n Yis sélacted on YPD+G418.
SWI3 SNF5
Genotype n Expected n | Alternative expected n| n Expected n| Alternative expected n
EST2 GENE 19 19 19 14 20 20
EST2engrkanMX 0 19 0 0 20 0
estNhURA3SGENE 19 19 19 26 20 20
esthURAJengKarMX | O 19 0 1 20 0
Not grown 38 0 38 39 0 40
Total 76 76 76 80 80 80
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Also, wildtype and9 { ¢ 1 & S (sirgin¥ doybke themselves every day to a samgopulation

density as expectedigure 10B and supplementary figure 1B. The population densyzofi H n ! w! o
& S U H p Yecyeases less than a normal telomerasgative population, at critical senescence

point the population density after 24 hours islisti4-10 cells/mL in contrast to the average 5.5%10
cells/mL in a normal telomerase negative strain. Also, the survivor rate formation is lower than that
of a normal telomerase negative population and the population density is already restored after fou
days, which in mos$ a Upepulations takes six or seven days.

Expected as wellis, that{ ¢ H a A Mbuhples itsgliaevery day to a similar population density as

a normal wildtype population, figure 10@ndsupplementary figure 1C. Furthdrased upon the
average of bottspores the rate at whichth& a G H p ! w! o popuNitiors ¥ehegta seems to

be higher than theS & i H n ! wpopulatipris (@ decrease of 2:1¢F cells/mL per population

doubling instead of 5.0-f@ells/mL per population doubling). However, tfei Gwhéoé &ANHN Yl ya -
average is very influenced by the observed values of one abthatesbetween day 1 and 2. At this
point, the senescence ratei8.082 cell density [log]/PD while during the rest of the senescing period
this rate is-0.039 cell densityi¢g])/PD, which is comparable to the othisplateof this genotype,

which has a senescence rate-0f037 cell density [log]/PD over the whole senescing period. Also,
Sadun! whaee thissimiamsenescence rate during this peric8.032 and-0.038 cdl density
[log)/PD. Furthermore, the rate at which the population density is restored is similar for both
telomerase negative strains (an increase & 1 cells/mL per population doublin@ G H p ! w! o
SIR2and 14-1¢ cells/mL per population doublingg G H p! w! o 3HANHp Yl ya -

At last, both the wildype and thed { ¢ H A S &strain d ntasenesce and reach every day the
same population doublings, just as expectigure 10Dandsupplementary figure 1@nd in contrast

to the telomerase negative strains. €ell the two strains have a similar senescence rate and the
Sadun! w! o &tAia g arslightig smaller restoring rate (an increase of Z.6el8/mL

per population doubling§ & G 1 n ! w brol anlirgrgase of 2.0-%€ells/mL per population
doubingGadGHp! w! o X Hbowaver, Yhergia a big variation in senescence curves within the
strains. Separately, th8 A G H p ! w! o At@idshave & sgrescence rate®028 and-0.085

cell density [log]/PD, and th® & (i 1 n IES¥trains 0f-0.042 and-0.072 cell density [log])/PD
(respectively a decrease of771®, 1.5-16, 1.3-1¢ and 22-1¢ cells/mL per population doubling).

The first double mutants strain has its critical senescence points between day 3 and 4, for the other
strain this is baween day 5 and 6, for botf & { H p IES¥this is between day 3 and 4. Also, the

rate at which the populations are restored varies withinthe stra&. G H p ! w! o feSigtesp Y I y a -
in a rate of 0.111 or 0.140 cell density [log])/PD, and3h& (0 1 n IES¥h arate of 0.066 or 0.127

cell density [log]/PD (respectively an increase df Bf, 33-1(F, 2.0-1¢f and 4.6-18cells/mL per
population doubling).
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Figure 10 Liquid senescence assay curves of chromatin remodeling gaheseasuring points are based upon two sampteseptSa G Hp | w
ASFWwhich has only one measuring point at day 5 and dagsné measuring pointand9 { ¢ 1 | & TERSTYSER ¢ v & S G{BESTY |
{LwHZ 9/{ ¢ HandSRNIHNY wyihich afl haveronly one measuring point at dayg& @hese points we lost due to contaminationA.

S& G up! wHama sengsCamce rate-0£033 (decrease of 8.1F cells/mL per population doublingg & G v p ! w! o Ihas & sene¥cer a
rate of-0.050 (decrease of 8.00 cells/mL per population doubling) and a surviormationrate of 0.224 (increase of 3Hf cells/mL per
population doublingB.S & G H n ! whas a serstencate of-0.032 (decrease of 1.1¢ cells/mL per population doubling) and a survivor
formation rate of 0.078 (increase of®21¢ cells/mL r population doubling)S & G Hp ! w! o & & sene¥ckagfate of-0.010 (decrease of
4.2.10 cells/mL per population doubling) and a survivor formatiate of 0.029 (increase of 125 cells/mL per population doubling.

$4a i npn! whHaa sénkcenae rate 0f0.033 (decrease of 2.1¢° cells/mL per population doubling) and a survivor formatiate of 0.059
(increase of 1.2 cells/mL per population doublingh & i H n ! w! o Has Aderesténgeaate 6046 (decrease &.0-1C cells/mL er
population doubling) and a survivor formaticate of 0.058 (increase of 147 cells/mL per population doublingD.S & G 1 n | Wwdsa L 9 {
senescence rate 60.050 (decrease of 1.4-6ells/mL per population doubling) and a survivor formatiate 0f0.067 (increase of 2:6¢F cells/mL
per population doubling)5a G H ! w! o kaS & semedcenyede of-0.053 (decrease of 1.2¢ cells/mL per population doubling) and a
survivor formatiorrate of 0.042 (increase of 210F cells/mL per population dbling).
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To investigate the role dhe selectedchromatin remodeler genes on senescence rate and type |
survivor formation, we preformed senescence assays on plates. Type | survivors appear more
frequent than type Il survivorsherefore performing the assay on plates gives an advantage to select
for type | survivors and to investigate the effect of the genes on type | survivor formation.

All the spores of the chromatin remodeling strains chosen for the liquid senescenceassalgo

grown on YPD plates,streaked to a new plate every 48 howansd scored based on the amount of
colonies and colony growth in this time peridigjure 11. This is to follow their decrease in cell
density and their recovery back to original déynsAlmost all telomerase positive straifs3T2 GENE
and9 { ¢ H 3 S y)3emain gyowing normally as expected and do not have a score lower than a
four on any of the days, table 8 and supplementary figurdd2Anexceptioni® { ¢ H FaFfmnYl ya-
which mainly scored three or four. The telomerase negative senestecanver as expected. These
strains initially grow similar to telomerase positive strains, but after evestreak their ability to

grow and diide reduces, leading to less and smaller colonies. However, after the fourth streak they
start to grow again ad every streak the colonies start to look more like telomerase positive colonies.

Atthe firststre&,Sa G Hp! w! o Icdlofies alieady appear to look more senesced than
normal telomerase negative straindereafter, their ability to divde and grow reduces dramatically
to a point where the cells seemed to have died. However, the cells start growingdj\adishg again,
and restore to a growth rate and colony size similar to their initial appearance. Though, the cell
growth was not restored to normal wiltype growth (score 5).

Initially theSa G Hn ! w! o St@idsare ¥essyapable of growing uprtiiximal telomerase
positive growth (score 5). Their growth at the first time point is scored4si’d at the seand

streak it is dropped to 3n contrast to normal telomerase negative strains, their growth does not
reducefurther, their colony growth ad division rate stays at a rate that is scored as 3. However,
around the fith re-streaking time point, the spores slightly increase their growth and division rate,
therefore scored slightly higher during the last time points.

TheSaGHp! w! o andNHhat lyval- o Bti@idsmeaiée iy growth and recover
growth in a similar fashion as a telomerase negative strain.

No conclusions can be made for the influen€¢he deletionson survivor type formation. This is
because the data neked for this conclusion should be provided by southern blot analysis and due to
lack in time, these experiments have not been done. Howavercan conclude on theinfluence on
senescence rate and survivor formation rate.

As expected, the wiltlype andtelomerase positive single deletion strains do not senesce and at
every time point they grow to a densityhich issimilar aswild-type yeast However, thedeletion of
asfldoes not induce senescence but it seemsgatively influence the rate at Wwich cells divide
and grow. Therefore, leading to a similar but smaller density at every time point.
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Table 8 Scoring of senescenae platesin chromatin remodeling strainsAll strains are followed during
their senescence and survivor formation on Yies. Streaks are scored with numbers between 0 a
5: 0 dead, 1 severe senescence, 5 normal (wildtype) grds¥tbwn scorings are based on eight samplé
for EST28 samples fof & (i H pdndvdach 2 samplesfor{ ¢ H F AT ™Mp ¥k y'aw! o | &
Sadup! w! o ASRATHMY lwleo- aniN&ihdvt lyval-o AS&nnp Yl ya-
Time point

Genotype 1 2 3 4 5 6 7
EST2 4.9 5.0 4.9 4.8 5.0 4.3 4.9
9{¢H | aF¥Fmnpny 40 45 3.0 4.0 4.0 3.0 3.0
Sadup! w! o 4.0 2.8 1.0 1.9 2.9 3.1 3.9
Saidup! w!o | 30 3.0 1.0 0.0 1.0 2.0 2.5
S&dup! w! o & 35 3.0 3.0 3.0 35 35 4.0
Saddup! w! o & 40 2.0 1.5 1.5 3.0 3.0 3.0
Sadup! w! o A 40 2.5 1.5 2.0 35 35 45

Score4 Score5

Figure 11 Scoring of senescence assay on plé&gamples of colony growth and their scoring.
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Also the telomerase negative single deletion strains behave as expected. Initially they are able to
grow at a similar rate as witype cells. However, &dr the first time point they start to senesce until
they reach a critical senescence point around day 4 (liquid) and streak 3 (plates). Hereafter, their
ability to grow and divide increases again to a point where they behave atyp#d/east.

The doubt deleted strainsir2andies4 have a similar senescence curve. Even though the liquid
senescence assay data gives mixed signals. The senescence assay on plates shows that these two
strains senesce in a similar manner as single deleted telomerase reegatiins. Therefore, these
deletions do not seem to influence the senescence rate and survivor formation rate in
Saccharomyces cerevisiae

In contrast, the double deleted straiasflandset2do not behave as telomerase negative strains.

The telomerasaegativeasflstrain immediately grows and divides less than telomerase negative
strains. Further, also the senescence rate is higher, the critical senescence point is at a lower density
and the survivor formation rate is higher than telomerase negatiasiel he telomerase negative
set2strain also reaches a lower density at the first time point. However, the strain does not seem to
start senescing, during the whole assay the strain reaches a similar density at every time point. This
suggests that both detions are involved in the senescence of budding yeast.
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Discussion

Our results show thahe I NHdelption,f & &elgiion,and restoration othe CANIgenedo not

alter the senescence and survivor formatiofitelomerase negative yeadtlowever it seems to

affect the mating and sporulatiocapabilitiesof ESTR 9 { ¢ H I NAnnpk | NHnp &Gnelannpkf e
9{ ¢HkSaidupn | NHnp«k | NA diploids.aniiallyjtrvasdhaughthat'tHe arghk / | b m
deletion, in combination with thdys2deletion, influences the capability to mate and sporulaie

W303 strainsThough thisonly occus in this strain, whilén other Saccharomyces cerevigistrains

these problems are not detected.qg.in the strainsBF26415D,BY4742BY4743nd YMJ3§%4Y,

However,Chenet al. were able to producednNHn nY! b { & straipfrorh 2W303LA m

background without mentioning mating and sporulation efficiency probf&hhis suggesthat

this groupdid not obtain their haploid strainfromdn NEHn pk I NAnp f € & Hdjpleid é a v pn /!
and therefore did not encounter this complicatioih might also behat the doublearg4 deletionin

combination withTRP1ADE2SMLlor RAD53instead oftrpl-1, ade21, sml1:HIS3or point

mutations inRAD53 and possiblalso involvinghe lys2deletion, alter the mating aml sporulation

efficiency of W30%>. However this latter option seems unlikely as wilgbe genes normally dnot

dramatically inhibitessential mechanismniike reproduction

Further,the deletions and restoratiome madealsodo not seem to alter senescence and survivor
formation, regardless ofhe factthat the tested strains do not show similagsescence assay curves
However the strainsdo shav similar changes in morphologihe differencen the curvesarelikely
caused byhe use of sporethat are not clmal. Because of thighe length of the shortest telomere
andthe chromosomal location of this shortest telomere at the beginning of the assaydiffer
between the spored-urther, differences can occdue to telomeras and which telomeres this
enzyme has elongated when the spore was still part of the diploid sifaiese differences in the
spores calinfluencethe senescence rat¢he reduction inpopulation densityand the day of critical
senescencgherefore leadimy to slightly different curvesdowever, i oneclonalspore was followed
multiple times the initialtelomere lengths arenore or lessdentical andsimilarcurves are expected
to appear

In the end, althoughve were not able to prform SILAC, we were latxo form the strainthat can be
used in combination with heavabeled arginine and lysine to quantify the proteome at different
time pointsduring the senescence assaiheassayalsoindicateat which dayshe wantedtime
points occur: presenescenceells at thefirst collection daycells with critically short telomerest
the daythe curve is at the lowest pointd prevent too many death cells in the samjitlés collected
the day before this measured critical pojrand survivorcells at the dayhe cell dengy does not
increase further and reaches witgpe valuesWith this we hope to see differences in protein
abundance between the different stages. Howeveis possible that there anmeo (noticable
abundance changedecausdhe changes a too small to observe drecauseALT is initiatedby
another processfor example by changes in localizatiorook or multipleproteins.
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For the chromatin remodelegproject,we were able to analyze the effect the absence of four

chromatin remodeler gnes, & Ta1$ (& h Mkdp S & angenescence rat¥Ve were unable to

analyzea ¢ Aamgd Yy T g5 we were not able to generate haploid strains with these deletions.

However, aur inability to generateghesestrains is consistent with previous obsereatimade by
otherresearches. Theseresearches have mentionedor both mutants thatdiploidswith one of

these mutations fail to sporulate efficient!**®. Thisenlightenswhy we wereunable to acquire

these stainsg andit matches with the findings thathe proteins of the SWI/SNF complex ameolved

AY GKS GNIyAONRLIIAZ2YyIlf NBIGH P tnerafote, istikelythaytbe ISy Sa
inactivaion of subunits of the SWI/SNF complex affgrbcesses like mating and sporulation.

Of the four examined genethe sir2andies4mutantsdid not differ from strains that are only
telomerase negative, even though otherwise is expecldds is Bcause3R2is involved in inter alia
the reguation of recombinatiofi* ** Henceijt is hypothesizedhat the deletion of this gene, and
therefore the absence of its encoded protedmuldalter arecombinationmediated mechanism like
ALT. Tus, a strain containingjr2n couldlead to less recombinatigiess elongation of the shortest
telomeres andas a resultto less or even no formation of survivors. On the othand, the deletion
might positively affectecombindion, elongating telomeres when they are not yet critically short or
elongate more telomeres in more yeast cellsdbecause of that cause ararlier andor faster
recovery of the populatiorf-urther, the sir2 protein also facilitates transcriptional Stliewgat
telomeres®* 33 Hence, he absence of this protein mighicreasetranscriptionof genes located at or
near the telomeresnd influence thectivation of genes involved in thmitiation of ALT and sumnér
formation.

Less is known about the ies4 protein, but the protisisuggested to be involved in the DNA damage
signaling pathway. This pathway is initiated when telomeres become criticallyasitbere

recognized as double strands breaks. The pathmeagonds by inhibiting the cell cycle and initiating
senescence or apopto§is ** °% This implies thathe absence of this protein could affect this
pathway and thereforenightinfluencesenescence

Based upn these ideas, it was expected that the deletiorsin? andies4would change the
senescence ardr survivor formation of telomerase negative yeadbwever, nceffects on the
senescence ratgeduction in population densityime point of critical senesence or survivor
formation rate,have been seen. This suggebtat these two geneslo not influence he senescence
of telomerase negativ8accharomyces cerevigiddowever, evethoughit is not seen in the liquid
senescence assay and the senescenceyamsglates, the genes might still be involved in the
survivor formation, for example by changing thecurrenceof a survivor type.

In contrast, the deletiomf the two other chromatin remodeler genessflandset2in telomerase

null strain do causedifferences in thesenescenceate compared tothe single telomerasaull
strains.Theasfldeletionnegatively affects the growth rate of both telomerase positive and negative
strainsand leagto an increased senescence rate in the latter straitme effeciof the asfldeletion

on the growth of a populations also shown by other researchers ahdy found that this deletion
alsoreducesthe life span osingleyeastcellsby 65%*°9. Because of this, it seems neolikely that

the increased senescence rdtet is seen in the double mutaig caused byanadditionaldecrease

in cell growth next to the decrease caused by the absence of telometase thatASFlctually
influences senescencEurthe, ASFIerepresses genes that initiate tHBNA damage respon$e®?
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Hence due tothe deletion of ths genethe DNA damage response gemagjht continue to be
repressed when telomeres become critically shoregehcells nght not immediately go into cell

cycle arrest and accumulate DNA damage before thentuallyundergo apoptosis, senescence or
become cancerougonsequently, the population density decreases more than in single deleted
telomerase negative strains, whichfitting with our findingsAt last, the survivor formation rate
increases in the double mutants twice as much as in single mufginiss.the | a Ftelomerase
negative survivorgrow and divide twice as fast as hormal telomerase negative strains. Jdguests
that the asfldeletion, even though initially inhibiting cell growth, stimulates the growth of survjvors
and thatASFXeducesthis elevatedsurvivor growth.

In the end, we were able tcompletethe first phases of thenethodsto answer our quesons.With

this wecouldoptimized he protocols andve obtainedthe firstdata. However, the study has to be
finished to see if the proteomehanges between preenescence, senescence and survivor cells and
if the chromatin remodeler genes are (also) itwaal in survivor formationwWith these resultswe

might comeone step closer to understanding cancer formation. However, ntlesearch has to be
done to unravel the whole molecular mechanism behimel onset of cancer cells that appear due to
ALT. Mre krowledge might lead to a better screening, a treatment and/or cure for patiesitts

cancer that restores its telomeres via ALT.
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Supplementary figure 1 Liquid senescenagsay curveof chromatin remodeling genesAll used tetrads containeidolateswith four
different genotypes. All these genotypes are dilutec2t16 cells/mL in 5 mL YPD and cultured for 24 hours at 30 °C. Thereafter, the d
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