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Telomeres in most eukaryotes are composed of heterochromatin
structure. Genes adjacent to the telomeres undergo the telomere
position effect (TPE) due to the spreading of telomeric hetero-
chromatin. Saccharomyces cerevisiae is a good model organism
for the study of heterochromatin and TPE. In particular, a yeast
strain at which a uracil biosynthetic gene (URA3) is inserted in
the subtelomere of ChrVII-L has been widely used as for a
screening tool for TPE regulators. However, there is much
inconvenience because a lot of time and labor are required for
construction of yeast strains and further validation of reporter
assay results. In this study, we introduce at least six marker
genes definitely undergoing transcriptional silencing by TPE.
We expect that qRT-PCR analyses targeting our subtelomere
marker genes will clarify whether some potential TPE regulators
are really modulating the subtelomeric gene silencing.

Keywords: Saccharomyces cerevisiae, marker gene, telomere
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and Jia, 2007; Kueng et al., 2013). Heterochromatin /-5
N g -§SE o]V wite] L Ao fHAEo] 9tk
transcription factors-2] o] AJgtE] Al el o] A o] =] ok
+ position effectE WA FtH Grewal and Jia, 2007; Kueng et
al.,2013). Position effect variegation (PEV)+= &3] Drosophila
oA 7H o] ATtE of £hom S/d - SHepigenetics) A
9] % Q9 %Fmodel = 32 AREE] Y tH Grewal and Jia, 2007;
Kueng et al., 2013). AA| 2 Zof H3K9 methyltransferase = &
H A A & SuVar(3-9)E | &3 15093 7} 2] chromatin 24
Wl 21 5-0] Drosophila®l| 4] PEV ] suppressor -2 enhancerS
Zh= screening2 Z3l 913 th(Reuter and Wolff, 1981;
Schotta et al., 2002).

Saccharomyces cerevisiae=heterochromatin 2] &2
gl HEA o] telomere= T} 3% 2] 2] heterochromatin 2] <]
o|th(Kueng et al., 2013). Saccharomyces cerevisiae2) telomere
position effect (TPE)+= Sir complex (Sir2, Sir3, Sir4)of 2]3f
& A ]+= telomeric heterochromatin®]] 2]&} L}EFATHKueng
etal.,2013; Bi, 2014; Oh et al., 2022). Telomere T4 2] &2
nucleation site 59| A] Sir complex 2] 27 o] A|Z+E] 11, Sir
complex+=telomereof| 4| H £ HlgF O 2 12 L7t Hoppe et
al.,2002; Rudner et al., 2005; Johnson ef al., 2009). Telomere
ZEE 9 A g7} Hol A4 Sir complex 2] spreading 7+ =7}
Ok} X, telomere +-*] o] )= - A-=(subtelomeric gene)
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2 TPEE Hto}A] gene silencing-2 Z+=THGottschling et al.,
1990; Kueng et al., 2013; Bi, 2014; Oh et al., 2022).

Saccharomyces cerevisiae )| 4| 7FEgt growth assay & =3
TPEQ] ZAAES 2= v o] 219E I th(Gottschling er
al., 1990). 5-FOA = uracil A gHA]of| QR 3t URA3 J-A#}9]
rhEe] o8l S E = AEE 7] wizoll URA3 S| o] ¢
A= #F9F 5-FOA (Fluoroorotic acid) B Z|of| A AF 4= Q)
(Boeke et al., 1987). ChrVII-L2) telomere o X3t ADH4 3
Z A} promoter F]of| URA3 ORFE- 41 A 7] yeast 7+55+=TPE
of| &Jsf URA3 9| thAtitzo] S-4-8] Hra =] %] 34| 5-FOA
"] o) A AF 4= ITH Gottschling ef al., 1990). 51A] 9k telomeric
silencing®) 2871 S2] EeiHo] o4 URA3S] uhglo] o]
A= 2] H517] wizol] o] uiA] ol A 4k 4= $Th Gottschling e
al., 1990). o] -2 0]-8-3]| 4] N-terminal acetyltransferase A
(NatA)2] Ard1, H3K79 methylase Dot1, H3K4 methylase Setl,
H2BK 123 ubiquitinase Rad6 5 T} %3t telomeric silencing =
A A S-S AT 4= 919t Aparicio ef al., 1991; Huang
et al., 1997; Nislow et al., 1997; Singer et al., 1998; Miller et
al., 2001; Krogan et al., 2002).

3} A"k o] growth assayE 53] telomeric silencing2] %
AR 2 ol AR A7 Sloh AR =,
ChrVII-L-URA3 reporter7} 3= wildtype 50| 4] telomere
silencing 0] A2 94 &&= G H X552 knockout A 71
5 NE5A ARl okl A Z-2-0] It Gottschling ez al.,
1990). T3}, URA3= 22 locus7} ot} Q191 & © & ChrVII-L
ofl A1) &) 21 7] W& o]l telomeric silencing 2] Z A} 2 2] 4] &
= GAAZF AR A 91 telomere locus 2] silencing & 24 3=
A 712191 A3 o] I Q3K Gottschling et al., 1990). 1A
B}O 2, URA3 A7} 7185 0 2 kb ol Thofsh §
Hakol7] ol thAbt ol Tolsh fAASe] Boiu
o] #FE2 AA| 2 telomeric silencing of] o] 5}A] P2-0f| =
FOA vl %] o] A 2] A#}of| HF}E 3=7] = $teHRossmann ef al.,
2011; Takahashi ef al., 2011).

whebA], ©f w231 414 Sir complex©f 2]3t subtelomeric
gene silencing @] ZATWMAE 2| sl|& ®H o] I Qsirt
Yeastof]+= single gene deletion strains2] library 7} d 2] 2
Ho g1, o] EAHo] 52 mRNAE F&5} subtelomere
F 2] G HARE 2] gene silencing©]] Z23to] AJ7]+=%] qRT-PCR
2 3Rl5l= -2 o= 7S ti(Giaever and Nislow, 2014).
thal, subtelomere©] =AM 429] G- A R=0] Sir complex
ol 2]3}) gene silencing©] ¥ 4] kAL, H e ete F-2Ju]gh A
3= W57 |= o H7] diizoll Sir complex o]l o3 -4 3]

=32l A A|s8d Al4%

silencing®] &1L Q1= 3#A-F- RS AXsH= Alo] Fa5ith
(Ellahi et al., 2015; Yeom et al., 2022).

Saccharomyces cerevisiae || 4] subtelomere -3 A= 5 Sir
complexo]| 23] 413] silencing == FEA-FHAAEE A4l
3}7] £)3l Sir complex 2] HAITENZ o] Sir2 £ deletionA] 71
5= (dsir2) ol 4] RNA sequencing St A3}E 243111 19711 9]
A AR T RS AHPAKH Yeom er al., 2022). )& &
ARt 4] A= AAISE] 918, qRT-PCRE 3
Asir20| A 71 f-2lu)skA 2 o] 5715t 671 €] subtelomere
SHRE(YBL113C, YILI77C, YEL077C, COS12, YLLO66C,
YRFI-6) 2F3)tt. 0] 67112 S-HAE-L Sir complexS 43
3l= U2 = oA 59l Sir3, Sird 7} 212 AAIE S o)
Zro|| A I B 5HA| WhE o] 27180 1, Sir complex 7} telomere
of & 4 A= Eol= = T Ql yKu70, yKu807} Zzf
A E ol A = 2 5] o] F7Fsh it Moretti et al.,
1994; Mishra and Shore, 1999; Moretti and Shore, 2001; Kueng
et al., 2013). Wt oj® FHXFo] FHH o] S0l 4] o] 6712
marker S-AA=-2] Wl o] Z71ithH 11 S ARR=S. cerevisiae
of| 4] telomere position effect2} gene silencing ] 22291 24
A A o3k = Qi o] oA of 2] A A A 9] subtelomeric
region©]] 2014 Ql= o] F-AAES TPE 2EAE 217 913t
Mz oA S22 AIbeE 4 Sk

a
T U
Saccharomyces cerevisiae 3=

o] Aol ARE-H #3352 Table 30 A= o] 9lct.

RNA sequencing H|0|E{ £

Gene Expression Omnibus (GEO) database©]] GSE190545
2 AA)E Yeast wild-type 75(FM391)2} Asir2 572 RNA
sequencing dataE- 0]-23}0] A4t Yeom et al., 2022). Yeom
et al (2022) 2] Ao} 5Lt HFA] © & raw dataE processing
slgl=t], 7hcks] A akAH QC (FastQC) — Trimming (Trimmo-
matic) — QC (FastQC) — Alignments of reads to reference
genome (Tophat2)& A2 3 HKim et al., 2013;
Bolger et al., 2014). 0]Z SamtoolsE- ©]-8-5}¢] bam file5-=
bed format© 2 H3W 31, TDF commandE %3} sorting®l
dataS-2 TDF format2] file2 #3519t TDF file2 IGV

(Integrative genomics viewer)E Z3f] A|ZS15F3 thRobinson
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etal.,2011). DESEQ2 software S E-3|| Asir2 w50l A -2 1]
1A W& o] M3SlE -3 HA-S(DEGs; Differentially expressed
genes) =2 AE AU Love et al., 2014).

RNA preparation from S, cerevisiae cells and cDNA
synthesis

ODggo = 1.0, 10 m1 9] yeast cell 52 71X 2L MN (Macherey-
nagel) Nucleospin® RNA II kit (740955.5)2] A4 xjo]| u}z}
RNAE 3235}9it}. Thermo Scientific™ NanoDrop™2000/2000c
Spectrophotometers . 2 RNA S A3t &, 500 ng2] RNAE
TOPscript™ cDNA Synthesis Kit (Enzynomics EZ005S)2] 4
WA o] whe} oligodT primerE o]-&-dl| 4] cDNAE AT

Quantative RT PCR (qRT-PCR)Z} £/ &M
1/100 2 3]43F cDNA 2.5 pl + 1 uM5 %= 2] Forward2}

Reverse primer 212} 2.5 pl& + 7.5 pl 2] Enzynomics Topreal
qPCR 2X premix (SYBR green with low ROX) (Cat. RT500M)
2 3HA A 15 pl @] Rxn mixture & Y= 3 Applied Biosystems
7500 Real-Time PCR InstrumentE ©]-&3}¢] qPCR premix
o] 77 A Aol whet qRT-PCR A% & 5851 9(th 4
o] YA Ql qRT-PCRAY F ACTIHAA}Fo] HAGo =
normalization©] ¢ 52] W} FEHAE 3o g
J =5 Ok A 24 8l F-38E E8l Sabol
AR AL, S B o] A MY AR RO T-H
92 &3l L2 p-valueo] whe} A& 7HO] WSk} -oJm| 7]

sl 9.

o

oy

e

PCR

Thermo fisherA}2] Dream Taq polymerase 2] H#A} 4™ A
ol Wt 10 plo] rxn mixture S YHE1 2, o] W} 1/1002 3] A3k
c¢DNA 1 pl& template 2 AR8-3} 91t} Dream Taq polymerase
o] 717 41w Aol e} PCR cycle S 30w, ACTIS] 59
27 cycles, U™ A] subtelomere marker gene5-2 30 cycles 2

st

2

o)F 2] ALE E3| S. cerevisiae2) 327] telomere ends of| 4]
20 kb ool ¥x]|5tar 9= 2427]9] 8- A Subtelomeric
genes = 242) 52 QI L, Adsir2++52] mRNA sequencing

data 245 53l dsir2ol| A 'd o] f-of | ahA| MRt -F- Ak

= o XWatglth(Yeom et al., 2022). 7L Az}, Sir2¢] o3 1
o] AA =31 U AT 447 9] 5 A= (Increased genes at
Asir2 strain, n =44, p-value < 0.05) 2} 2r& o] Z7131H 4711 2]
7 A=(Decreased genes at Asir2 strain, n = 4, p-value <
0.05)2 B 13}t Yeom et al., 2022) (Table 1). =, subtelomere
o] S-S0 t}h42(198/242; OF 82%)7} Sir2-dependent3t
gene silencing 2 Z A &AL, HH A Q1 HIH © & silencing ©|
B3 Qlrh= 2E gIsh] o "k Alojth

Sir2¢]| 2J3l 71 g 8HA silencing H+= F-8 2SS 37|
fI8h Sir2of ol o] AA|=IL AU 447 9] F-HA =
(Increased genes at Asir2 strain, n = 44, p-value < 0.05) < (1)
7153t ok telomereo] 12| 8l 1L, (2) dsir2ol| A W& F7F
‘(log2Foldchange)o] =L, (3) Asir2o]| A 2] 2H& FH(Reads
per million; RPM)©] =17, (4) RT-PCR = qRT-PCR¢]| 2|3}
TH=014 ampliconof| B3} 71300 bp ©]4+2] 197] A=
A HATHFig. 1 and Table 2). RNA sequencing A3/} -G-& 3t
A ghelstr] 918l dsir20l| A 3253 RNAS cDNA & g gt
3 19719] 4] §AR S0 ZESk=primer set ©.Z qRT-PCR
B} THFigs. 12] IGV track U] 2] ®7F Bk~ 2A and Table 4).
HHE2] Q1 A 5ol A & Sir2of] 93] silencingo] & 2 .2 AY
ZVEl= 2 R4 55 AASEH ] §18l, p-valueo] whet 71
Solujst 6719 S-HRVS(YBLII3C, YILI77C, YELO77C,
COS12, YLLO66C, YRF1-6)< A8 TtHFigs. 1, 2A and 2B).
qRT-PCR ZA}0] §-75HE gk ¥t gls7] 9J3), cDNAE
7}A| 21 RT-PCR-S St &, agarose gelof] 21 tFig. 2C). &
ol o] 7)) 1| G AR S| dsir2l 4 M) B3] 27}
shohs 218 7 9 o Shalah 4= 9l ickFig. 20).

Sir2+= Sir3, Sird2} HA| Sir complex& ©] 511, telomere
heterochromatin-2- ©] Sir complex 2] spreading | 23| &A=
th(Kueng et al., 2013). ©W2hA], o] 4] G A}=9] Sir complex
of| 9] 8] silencing®] ¥+ -F-AA=0]2}H Sir3 T2 Sird7| A
2 Elo] Fo M = waio] 25| Z7lalor e 67))
2 SR 2 COS12= 7] 2] URA3 reporter 3R 7144
0] Q= ChrVII-Lof| YA 3t -g- A &}o|H A, o] reporter assay
£ Z3] telomeric silencing AN A 2 A A ARDI, DOTI,
SWi2] A4 Selvio] ol A silencing®] o]
A7) M 2}o]cH(Takahashi ef al., 2011). ¥HH, ERR3 =
subtelomere ] Q) ATk Sir2 7} A A Aol A Aol {-2j]
S o] S 78R ke 0.2 Mol fRfo|ch(Fig.
1,2A and 2B). COS12%} ERR3, ©] & A= Sir complex

of| 93k silencing 2] positive2} negative control 2 443t & 5

LS
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Fig. 1. Expression levels of 19 candidates of subtelomere marker genes in 4sir2 strain and their loci within S. cerevisiae genome. Thirty two subtelomere
regions (within 20 kb from each telomere end) from 16 chromosomes in S. cerevisiae genome are depicted in the schematic diagram. Subtelomere genes and
selected 19 candidates of marker genes are highlighted as gray and black boxes, respectively. IGV tracks show the mapped reads of RNA sequencing from
Wild-type (orange color) and 4sir2 (blue color) strains. Amplicon of qPCR primer set is highlighted as red box in each IGV track.
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(B) Significance Genes
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YEL077C YJL225C-TELXL YRFI-6
-TELVL - -TELXIVL

Fig. 2. Six marker genes are selected from 19 candidates of marker genes for subtelomere gene silencing. (A) qRT-PCR results show the expression of each of 19
candidate genes in Wild-type and 4sir2 strain. Expression level of each gene was normalized with that of ACT'/. Bar graph shows the average and standard deviation
of four independent experiments. To verify the significance of differential expression, student’s t-test was performed and (B) six marker genes with highest
significance were selected as the marker genes (ns: not significant; *p < 0.05; **p < 0.01; ***p < 0.001). (C) RT-PCR of cDNA templates and agarose gel
electrophoresis were performed for further validation of the qRT-PCR results. This Figure shows the representative data of four independent RT-PCR experiments.
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Fig. 3. Six marker genes are definitely silenced by Sir complex. qRT-PCR results show the expression of marker genes, YBLI13C, YIL177C, YEL0O77C,
YLLOG66C, and YRF1-6 in (A) 4sir3 and Asir4 strains or (B) Avku70 and Ayku80 strains. COS12 was not only selected as the marker gene, but also as the
positive control due to its localization in TELO7L, the telomere for conventional reporter assay. ERR3 had been among the 19 marker candidates, but was used
as the negative control since expression was not significantly changed at validation experiments.

Mol 2 §HRS(YBLI33C, YIL177C, YEL0O77C, YLLO66C,
YRFI-6)°] A& Sir complex o] 2]3}] E-413] silencing T+
AR A Zelst= AES YTk dsir3, Asird w+59]
qRT-PCR-Z 35 wf 57] 9] 324 §-HA=1 COS129] o]
W5 83| 7ok AL ERIFItHFig. 3A). §HH, SIR27}
A = ole o) I o] Mt} QiAW 2382 a3 ERR3
L SIRa7E 92w folulat W Wk B okt
(Fig. 3A).

Telomere:=TG1-3 telomere repeat .2 o] F0] & )11, o]
cis-element5°]| Rap1 ¢] 'HA] A¢ls5}a, Sir complex 2] component
= Sird7} Rapl o] ]3] telomereo] A7 EthKyrion et

al., 1993; Moretti et al., 1994; Moretti and Shore, 2001; Luo et al.,
2002; Kueng ef al., 2013). o] o}, Rif1/27} Rap1 ¢] C-terminal
domaing 517 Sir4 2} A 5}=1], chromosome ends©o A3}
3}+= heterodimer 2l yKu70/80 complex 7} o] 7 2 3-A| o) A]
Rapl3} Sird ] A%H-S =9+ TtHKyrion ef al., 1993; Mishra
and Shore, 1999). A=+, yKu70, yKu80, Rap1-5-2 Sir complex
(Sir2,3,4)7} telomere o) Agdl= A2 = 9F5EH, Sir complex
of 9]t telomere heterochromatin 3 AJ-S- =9} CH Moretti et
al., 1994; Mishra and Shore, 1999; Moretti and Shore, 2001;
Kueng et al., 2013). Rap1-2 essential geneo| 24 24 &<
Ho| #529] A 2] B71s3}7] w&oll(Shore and Nasmyth,
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Table 2. Information about 19 candidates of subtelomere marker genes

Log2 Adjusted Normalized values of mapped reads
Telomere Product Length
FoldChange p-value WT1 WT2 Asir2-1 Asir2-2
TELII-L YBLI113C 2379 1.220287 0.013331 625.06 632.5435 1065.964 1859.707
TELIII-R AAD3 1092 1.239363 0.005548 220.1848 254.1793 489.2608 627.9674
TELIII-L VBA3 1377 3.277489 6.27E-09 11.43036 22.51303 154.0651 171.5638
TELIX-L YIL177C 5665 1.358174 0.001483 1523.245 1473.514 2964.712 4713.605
TELV-L YEL077C 3834 1.356004 0.009462 234.6231 207.7008 405.9824 722.5475
TELVI-R YFRO57W 456 7.836721 4.26E-10 0.601598 0.726227 145.7373 155.0673
TELVII-L COS12 1143 2.705257 1.97E-09 77.6061 85.69475 691.211 377.2204
TELVII-L ARN2 1863 2.166007 8.46E-12 434.3535 429.2 1898.748 1976.283
TELVIII-R YHR219W 1875 1.990529 0.014746 16.24314 21.7868 52.04902 96.77957
TELX-L YJL225C 5665 2.232986 0.000957 45.72142 63.18172 126.9996 380.5197
TELX-L IMA4 1770 1.576794 0.003574 62.56616 56.64568 154.0651 200.1577
TELXII-L YLL066C 3717 2.024473 0.003145 34.89267 42.84738 91.60628 221.0533
TELXIII-R ERR3 1314 4.994489 2.90E-07 1.804793 2.904907 41.63922 104.4779
TELXIV-R COS10 1125 1.342867 0.038346 232.8183 244.7384 345.6055 861.1182
TELXIV-L YRF1-6 5728 1.454701 0.006881 87.83326 105.3029 206.1141 320.0324
TELXV-L AADI5 432 3.298207 3.47E-07 7.82077 14.52453 95.7702 120.9745
TELXV-L YOL163W 510 1.93748 0.026982 12.63355 18.88189 49.96706 69.28537
TELXVI-L YRF1-7 5728 1.665458 0.002313 83.02048 96.58815 201.9502 364.0232
TELXVI-R YPR204W 3099 1.698954 0.017627 52.9406 55.19323 97.85216 249.6473
Table 3. Yeast strains used in this study
Strains Genotype Source
FM391 FM391 MATa his3A0 leu2A0 met15A0 ura3A0 BY4741
Asir2 JL400 MATa his3A0 leu2A0 met15A0 ura3A0 sir2::KanMX Yeast KO library
Asir3 JL1188 MATa his3A0 leu2A0 met15A0 ura3A0 sir3::KanMX Yeast KO library
Asird JL1189 MATa his3A0 leu2A0 met15A0 ura3A0 sird::KanMX Yeast KO library
Ayku70 JL1205 MATa his3A0 leu2A0 met15A0 ura3A0 yku70::KanMX Yeast KO library
Ayku80 JL1206 MATa his3A0 leu2A0 met15A0 ura3A0 yku80::KanMX Yeast KO library
1987), Rap! & A 213t yKu70 5- yKug07} A4 E Eeiwio] o =

Fol| A 67]9] A A A=0] Sir complex©f 2]3] silencing

=X] &ls}7] 918l qRT-PCR-S $th(Fig. 3B). 5711 ¢] %4]
QAAETCOSI2E yKuT0 52 yKug0 ] S elo] Fo]
A Wrd o] e 5] S7FIAINE ERR3 9] 74-9-Wd o] S716A] &
AUtt AEA o=, 9] o] A5-E5 53] subtelomereo]| =2
L §HA= 2= Sir complex©]| 2]35]] 241 35] gene silencingS 2
=679 FHAE(YBLI33C, YIL177C, YELO77C, YLLOG66C,
YRF 1-6)2 A A3t} Subtelomere geneS(n = 242)% U H-7}
SHAISHA Sir complex©f| 2]3] silencing©] %] 7] wj&o]|, o] 67
9O & FHAAELS. cerevisiaeol| 4] Sir complex 2]&%] Q]
gene silencing©] 2 A Th A& A=t o3 LT

Ao 7=,

=32l A A|s8d Al4%

o] & W& ¢ Lof| A= telomeric silencing 2] 2 4G HA S
S screeningd}7| 915+ i ol reporter §-FZHURA3)
£ telomereo|| A5t 55 AL 3G 57} FOA i
2] 0| A A Z5}=%] BF2l )] telomeric silencing o 52 Tt
3}t Gottschling et al., 1990; Aparicio et al., 1991; Huang et
al., 1997; Nislow et al., 1997; Singer et al., 1998). o] -2
high-throughput sequencing & annotationo| ¥-3}7] o] o]
1S subtelomeric silencing @] ZHAE 2H| st 314
Tk o5 A= H] WAL, telomere o] ) A=
o B o2 7 locusel G Al okl 7] whe] AHel
telomere”} ©] telomeric silencing =8 X}2] 21 o] 25 silencing
o] &= A gRRIsk=F7F4 ¢l o] F a5}tk E3E 5-FOA]
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Table 4. Primers used in this study

Primer name
F-ACT1-1120-RT
R-ACT1-1264-RT
YBL113C-F-RT
YBL113C-R-RT
AAD3-F-RT
AAD3-R-RT
VBA3-F-RT
VBA3-R-RT
YIL177C-F-RT
YIL177C-R-RT
YELO77C-F-RT
YELO77C-R-RT
YFRO57W-F-RT
YFRO57W-R-RT
COS12-F-RT
COS12-R-RT
ARN2-F-RT
ARN2-R-RT
YHR219W-F-RT
YHR219W-R-RT
YJL225C-F-RT
YJL225C-R-RT
IMA4-F-RT
IMA4-R-RT
YLLO66C-F-RT
YLLO66C-R-RT
ERR3-F-RT
ERR3-R-RT
COS10-F-RT
COS10-R-RT
YRF1-6-F-RT
YRF1-6-R-RT
AADI15-F-RT
AADI15-R-RT
YOL163W-F-RT
YOL163W-R-RT

Sequence
CTGCCGGTATTGACCAAACT
CGGTGATTTCCTTTTGCATT
CGCTCGAGAAAGTTGGAGTT
CTGTCGATGATGCCTGCTAAA
CCAAGGTAAATGGAACGTGTTG
AAATCTTCCACCTCCCATGAC
AGCGACTCCATTAAGAACGTATT
TATCTTCTGGTGTCTCGTCCT
GACAGTTGAGGAGCAGATATGAA
CCTATCAGCATCGAGAGGAATG
CTAGGAATGCACTTGCGAGAT
GTAGAACAGCCCTATCAGCATC
CCTTTCTTTGCGTGGCAATATAC
CTGAGACGAAGTCGTTGCTAAA
GCTTACTTAAACGGTCTCCTTACT
ACCTGAATTTGTCGATCCCTATT
AGCATATGGCTCACCACTAAC
GAAGGAACATAGGCGCTGAA
TGGTAGCGGTTCACAAAGAG
CCAACTTCTCTGCTCGAATCT
CGGTTCACAAAGAGCTGGATAG
TCTCTGCTCGAATCCCTACATAA
GGAAGGAGGCCTTGAGATTTAG

TGTGAAGCTGAACAGTTTCTTATTG

TGGTAGCGGTTCACAAAGAG
CCAACTTCTCTGCTCGAATCT
GTCCAGCTCAGTTAGCAGAATA
CCACGAGGACCAATCATCTIT
GCCAGTAGTTCAAATACAGTACA
CGTCCCAATCAGCAGAGTAT
TGGTAGCGGTTCACAAAGAG
CCAACTTCTCTGCTCGAATCT
CCGAACAAACAGATGCAGAAAT
CCTTAGAGCGAACATAGGCAATA
GAAAGGATGGTTCACTGAGAGG
AGTGACATACCTTGCCTATTGTT

YRF1-7-F-RT TGGTAGCGGTTCACAAAGAG
YRFI-7-R-RT CCAACTTCTCTGCTCGAATCT
YPR204W-F-RT TGGTAGCGGTTCACAAAGAG
YPR204W-R-RT CCAACTTCTCTGCTCGAATCT
A FFE7F S A ERIEE 1 Y]lo] silencing 2] Aol 9]

o PR 23

0] 8- 2}7} nucleotide, amino acid %
v}

A71 Aolx] Ads5]7] o] F T Rossmann

et al.,2011; Takahashi ez al., 2011).

olggt EAAEE FE37] {3l $El= S. cerevisiae
genome database S ©]-8-3}o4 327} 9] 3jd5}= = telomere
Eo]| A} 2427} ] annotation sl subtelomere geneS-2 A1H 3}
1, Sir complex THR(Sir2, Sir3, Sird) o] A= Ho| F&
9] RNA sequencing2 -2 o] =HA %= Sir complexof €3t
silencing©] G -2 R UEhdth= 22 2QlekTh 44/
242; F 18%) (Yeom et al., 2022) (Table 1), A Z|0] E2] G422
AR 197]2] F-4AS 5 ERR3 5-°] Sir complex ]| 23|
silencing ¥ X| ¢kl Ql= A 0 7 Ko}, A13] Sir complex ]|
O3l silencing &= F-AAHE0] 48] Al ol eh= A& o
T UK (Figs. 2, 3). wHEbA] TPES] 2 THRZ] S HG-50] 4
12 TPES Z A 31= 2] &7] 98] A4<= o] d+-9] subtelomere
AAE 5 23] Sir complex 2} TPE || 23] gene silencing
A FAAES A Al sl
E 2] = telomere S 712] ]2 A(heterogeneity)-2 112
7Fs31H thE telomere o) 32 84=marker R -F-2R}=
HcHFig. 1 and Table 1). A A S. cerevisiae 2] telomere
&Ju)| 74 & K1 327} 2] telomere” | B712] foci 2 clustering
o] il Aol TAE K Gotta ef al., 1996; Taddei et al.,
2004). =31, telomere 7ol = TPEO] 231 Qs 248 dk
A o} 2}t Z} telomeren}t} Sir complex 2] spreading©| 23} &
) E] = heterochromatin domain®] 4 8|7} o} 2 7| wj Zof o]
| o9 TPE =4 chf o] £4] telomere T 24 7Hs-4]
£ 98 Ao Wolw, o2 Zelely] $13) THs ol B
telomere 52 & 4= ¢+ marker -F-AAES AEIATHYeom
etal.,2022). A2 02 o] marker FAAES &-835}0] ¢
2= o w231 A Sir complex o] 23t TPEL} telomeric

silencing®] Z AT E-& 29 4 919 Ao 2 ||},

o mi A

n oo St o
> 2
e
o

s
)

~
a

0]

-2 A HAY=2] telomere+ heterochromatin 222 0] 0]
A Q)11 telomere 23] 2] -G A}=-2 telomeric heterochromatin
9] 1 F](spreading)o]] 2]3} W& o] & A =)= telomere position
effect (TPE) S Z =L} Saccharomyces cerevisiae’= 0| 2 G2
I TPE A-tof| S Wl A=A = AR-E| Sleh 53], ChrVII-L
9] telomere?] uracil Y3 FHAHURAIE A3 H+FE
3] TPE 2 AN A -8 screeningdl= Hi o] G| ALL-5]
oItk sHANL 5 A = Aok 311, o] reporter assay ©
AL GEEA 27120 2 Blsjofshs So] WA R Lol
91T} o] Q172 F ) 9.2 = TPES] %J3E0. 2 8413 silencing
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e 2 okt G2 9] subtelomere FE-of] EA 5= 6712
ol G AAES 275}, 7)ol AT ChrVILe
subtelomeric region®]| AF¢1 %l URA3 u}A Qv m gL ), 0] 6
e oA RS o3 FAA 9] subtelomeric region ]|
EA3}7] wjiel, AAIZFPCRE a4 A% Q] TPES] %
Z il 2 o] subtelomere gene silencing S 2 & sH=X| & W&+

s siE Aotk

A &

O] =52 S AT AITE] X YU(NRF-2020R111A3072234,
2020R1A6A3A 13077356, NRF-2022R1A6A3A01087657)2

o} 43w gict.
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