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Abstract

Alterations in epigenetic silencing have been associated with ageing and tumour formation.

Although substantial efforts have been made towards understanding the mechanisms of

gene silencing, novel regulators in this process remain to be identified. To systematically

search for components governing epigenetic silencing, we developed a genome-wide

silencing screen for yeast (Saccharomyces cerevisiae) silent mating type locus HMR. Unex-

pectedly, the screen identified the mismatch repair (MMR) components Pms1, Mlh1, and

Msh2 as being required for silencing at this locus. We further found that the identified genes

were also required for proper silencing in telomeres. More intriguingly, the MMR mutants

caused a redistribution of Sir2 deacetylase, from silent mating type loci and telomeres to

rDNA regions. As a consequence, acetylation levels at histone positions H3K14, H3K56,

and H4K16 were increased at silent mating type loci and telomeres but were decreased in

rDNA regions. Moreover, knockdown of MMR components in human HEK293T cells

increased subtelomeric DUX4 gene expression. Our work reveals that MMR components

are required for stable inheritance of gene silencing patterns and establishes a link between

the MMR machinery and the control of epigenetic silencing.

Author summary

During aging, gene silencing also decreases and it has been hypothesized that the collapse

of epigenetic control networks may in part explain age-related diseases. For example,

changes in epigenetic silencing are linked with different stages of tumor formation and

progression. Great efforts have been made on investigating the mechanisms of establish-

ment and maintenance silencing at silent mating cassettes in yeast. In this work, by apply-

ing a genome-wide silencing screening approach, we identified the conserved subunits of

the mismatch repair (MMR) machinery (Pms1, Mlh1 and Msh2) as new components of

the epigenetic silencing regulation machinery in yeast. We also found that depletion of

PLOS GENETICS

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008798 May 29, 2020 1 / 29

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Liu Q, Zhu X, Lindström M, Shi Y, Zheng

J, Hao X, et al. (2020) Yeast mismatch repair

components are required for stable inheritance of

gene silencing. PLoS Genet 16(5): e1008798.

https://doi.org/10.1371/journal.pgen.1008798

Editor: Jingyuan Fu, University Medical Centre

Groningen and University of Groningen,

NETHERLANDS

Received: September 2, 2019

Accepted: April 26, 2020

Published: May 29, 2020

Copyright: © 2020 Liu et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: This work was supported by the Swedish

Cancer Society [CAN 2012/601, CAN 2015/406,

CAN 2017/643 and 19 0069, to BL, and CAN 2013/

855, to CMG]; the Swedish Natural Research

Council (Vetenskapsrådet, www.vr.se)[VR 2011-

5923, VR 2015-04984, and VR 2019-03604 to BL;

VR 2012-2583, to CMG], the Carl Trygger

Foundation [CTS 14: 295, to BL], Knut and Alice

http://orcid.org/0000-0002-4759-4446
http://orcid.org/0000-0002-6526-7051
http://orcid.org/0000-0002-4703-1192
http://orcid.org/0000-0001-5758-6290
http://orcid.org/0000-0003-3531-8468
http://orcid.org/0000-0001-6052-8411
https://doi.org/10.1371/journal.pgen.1008798
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008798&domain=pdf&date_stamp=2020-06-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008798&domain=pdf&date_stamp=2020-06-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008798&domain=pdf&date_stamp=2020-06-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008798&domain=pdf&date_stamp=2020-06-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008798&domain=pdf&date_stamp=2020-06-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1008798&domain=pdf&date_stamp=2020-06-10
https://doi.org/10.1371/journal.pgen.1008798
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.vr.se


mismatch repair subunits (Mlh1 and Msh2) led to impaired telomere-length related

expression in mammalian cells. This indicates that these components probably have an

evolutionarily conserved role on influencing gene silencing from yeast to humans. Further

studies the functional roles of these MMR components on epigenetic silencing in mam-

malian model systems or relevant cancer patient samples will increase our understanding

of MMR-related oncogenesis.

Introduction

Chromatin structure alterations help to establish gene silencing, which in part explains herita-

ble gene expression patterns. Changes in epigenetic silencing are associated with different

stages of tumour formation and progression [1, 2]. Gene silencing decreases during ageing,

and researchers have hypothesized that cancer may, in part, result from an age-related collapse

of epigenetic control networks [1, 3]. The mechanisms on establishment and maintenance of

gene silencing have been studied in detail in budding yeast silent mating cassettes, HML
(homothallic mating left) andHMR (homothallic mating right) (for reviews, see [4]). Estab-

lishment of silencing at these sites is dependent on the DNA sequences E-silencer and I-

silencer, which flankHML andHMR and contain binding sites for Rap1, Abf1, and the origin

recognition complex (ORC). The silencer-binding proteins in turn recruit Sir (Silent Informa-

tion Regulator) proteins that form heterochromatin and prevent transcription of the silent

mating cassettes (for reviews, see [5]). Sir3 and Sir4 were found to interact with Rap1 at these

loci[6]. Sir2 (a histone deacetylase) and Sir4 can form a stable complex, which recruits Sir3

when positioned at the silencer. The assembled Sir complex spreads via a network of multiva-

lent interactions between Sir3 and Sir4 and de-acetylated lysines in the N-terminal tails of his-

tones H3 and H4 [7]. Mechanistically similar (but less robust) silencing occurs at the

telomeres, Sir3 and Sir4 were also found to associate with RAP1 at the telomeres, and Rap1

and yKu70 proteins recruit the Sir2, Sir3 andSir4 complex to establish the chromatin-mediated

gene repression at yeast telomeric regions [8, 9]. Thus, silencing at these loci requires the

recruitment of Sir2 to the correct genomic locations [10–12]. The Sir proteins are essential for

establishing and maintenance silencing atHML andHMR, and mutations in SIR2, SIR3, or

SIR4 cause a complete loss of mating ability due to a loss of HM repression [13, 14]. Other

genes required to establish silencing at mating cassettes, including ABF1, ORC2, and ORC5,
have been identified using a sensitized genetic screen [15]. The complete loss of silencing phe-

notype of such strains cannot be detected with a synthetic genetic array (SGA) based approach

[16, 17], due to the requirement of proper mating ability for constructing the final output

strains carrying both the silencing marker and the corresponding gene deletion. In yeast (S.
cerevisiae),MATa or alpha mating type information are normally present atHMR orHML
respectively. These two loci are differently regulated. The yeast SIR1 gene was identified from

the observation that sir1-1 partially loss the silencing at the silent mating type loci[13]. Sir1 was

found to be required for the establishment of silencing atHML and sir1Δ cells can form two

mitotically stable states atHML. Importantly, the mating and non-mating states of SIR1-defi-

cient cells are mitotically stable and thus heritable through successive cell divisions in geneti-

cally identical cells [18]. The mating-type cassette silencing phenotype of SIR1mutants is

therefore a classical example of epigenetically inherited gene silencing, and this kind of silenc-

ing phenotype can be used as a readout for an SGA-based screening (which acquires strain’s

proper mating ability) for identifying new genes affecting this process.

PLOS GENETICS Mismatch repair components are involved in gene silencing

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008798 May 29, 2020 2 / 29

Wallenbergs foundation (to CMG), China

Scholarship Council (to JZ); and the People

Programme (Marie Curie Actions) of the European

Union’s Seventh Framework Programme [FP7/

2007-2013] under REA grant agreement n˚608743

to BL. The funders had no role in study design,

data collection and analysis, decision to publish, or

preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pgen.1008798


The mismatch repair (MMR) pathway corrects base-base mispairs and insertion/deletion

mispairs that accumulate during normal DNA replication. Key components of the MMR in

yeast are the Pms1, Mlh1, and Msh2 proteins [19]. In eukaryotic cells, mispairs are primarily

recognized by the Msh2-Msh6 heterodimer, which further recruits the Pms1-Mlh1 complexes

to mispairs. The Pms1-Mlh1 complex functions as a DNA endonuclease that nicks the double-

stranded DNA, which is followed by excision of the strand with the incorrect base. Mutation

of MMR genes cause increased DNA mutation rates and are observed in many types of cancers

[20–22]. Whether the MMR pathway has a functional role in maintaining proper gene silenc-

ing is currently unknown.

In the current work, we established a genome-wide screening approach to identify genes

that exhibit partial loss of silencing due to changes in the epigenetically controlled repression

state of the silentHMR locus. Our screen identified that the genes PMS1,MLH1, andMSH2,
which encode crucial components of MMR, as required for transcriptional repression at silent

mating-type loci and telomeres. We observed that MMR deletions affect the occupancy of the

silent complex recruiting components on the silent mating-type loci and telomeres, and

altered localization of Sir2. Eventually, these changes influence the epigenetic silencing at these

loci.

Results

Genome-wide genetic screening identifies MMR complex components as

required for epigenetic silencing at mating-type cassettes

Yeast synthetic genetic array (SGA) is widely used for genome-wide identification of compo-

nents involved in biological pathways [23]. The use of SGA to search for novel epigenetic

silencing regulators is hindered because the selection markers tagged to the query genes must

be properly expressed to enable a series of selection steps in the procedure. In screening for

components that are required for epigenetic silencing, the selection marker must be inserted

into the silent loci on the genome. This makes SGA inapplicable for this type of study. To

achieve our goal of identifying epigenetic silencing regulation components in a genome-wide

fashion, we had to overcome two challenges. First, we had to construct a query strain that car-

ries markers in the silent mating-type loci. Second, we had to make the silencing markers

selectable in the SGA selection steps, including the selection of diploids and of the final regula-

tory components.

Usually, the gene expression in the silent mating-type loci is almost completely repressed

under the control of Sir2, which makes it almost impossible to insert any markers or select pos-

itive transformants on selection plates. To efficiently introduce the URA3 marker into the

silentHMR locus and theHphR (hygromycin B phosphotransferase gene, its expression con-

fers hygromycin resistance toHphR transformed cells) marker into theHML locus, we began

by inserting the markers in SIR2-deletion background, in which genes at the silent loci are

expressed due to loss of silencing as described in our previous work [24]. This makes it possible

to insert markers into these loci using the regular PCR knockout approach and enables the

selection of positive clones on the corresponding selection plates. After acquiring the positive

transformants with the URA3 andHphRmarkers in these loci, we transferred the wild-type

(WT) SIR2 sequence (without any selection markers) back into its original locus. Positive

transformants were selected from plates containing 5-fluoro-orotic acid (5-FOA), a fluorinated

derivative of the pyrimidine precursor orotic acid. Yeast cells with an active URA3 gene con-

vert 5-FOA to fluorodeoxyuridine, which is toxic to cells. This enables the selection of strains

that do not express URA3 by using plates with 5-FOA. We designed this indirect selection

method because positive transformants in which a wild-type SIR2 sequence is successfully
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inserted and properly expressed can fully restore silencing at theHMR locus. This means that

the expression of the URA3marker inserted in the HMR locus will be fully repressed, render-

ing the strains resistant to 5-FOA.

The query strain was crossed with an ordered array of about 4261 viable yeast deletion

mutants (SGA-v2)[16, 17]. In diploid and final triple selection steps, it was necessary to select

diploid orMATa single-deletion strains that carry the silent URA3 andHphRmarker in the

HMR andHML loci. Because genes within these loci are completely silent, it was necessary to

temporarily release the repression on these loci by adding nicotinamide (5 mM) to the

medium. Nicotinamide is an inhibitor of Sir2 [25]. As a by-product of the Sir2 histone deacety-

lation reaction, it can generate a negative feedback inhibition on Sir2 activity when reaches a

high local concentration in the cell [26].

Using this approach, we facilitated the selection of the diploid and the target triple mutants

carrying the silencing markers (URA3 andHphR) and the yeast single-gene deletion marker

(KanMX4). After the final triple mutants were acquired, the cells were brought back to their

normal silent state from the previous triple selection plates by not including nicotinamide in

the medium of the next step. In the last step of the screen, the effect of yeast gene deletion on

epigenetic silencing at theHMR locus was tested on a medium lacking uracil (SD-Ura) (to sim-

plify the screening procedure, the silencing at theHML locus was not measured). We aimed to

isolate yeast gene-deletion strains that could grow on the Ura dropout plates; because the wild-

type strain cannot grow at all on this selection medium, any strains with colonies larger than

those of the WT were selected as potential loss-of-silencing hits. The increased-growth pheno-

type indicated a decreased silencing at the locus (with a higher expression level of the URA3
marker than in the WT) due to deletion of the corresponding genes. The SGA based crossing

procedure is illustrated in Fig 1A and a complete flow diagram of the overall screening proce-

dure is shown in S1A Fig. Mutants with decreased mating silence were scored based on differ-

ences in colony size between deletion mutants and the WT on the selection plates. The screen

was performed in duplicate in a 1536-spot format with four replicates for each deletion strain.

A total of 413 candidate genes showed a decreased silencing phenotype in the genome-wide

silencing screen (S3 Table).

We confirmed that 179 mutants that showed a decreased-silencing phenotype in SD-Ura

liquid medium using the Bioscreen mini-liquid culture approach (S4 Table). We further veri-

fied 45 hits with decreased-silencing phenotypes that could be clearly observed using conven-

tional spot tests on SD-Ura agar plates (S1B Fig and S5 Table). The SIR1mutant was identified

as one of the strongest hits. The identification of the SIR1mutant served as a positive control

and showed that our screening approach could isolate components involved in the regulation

of epigenetic silencing. A Gene Ontology (GO) analysis of the 45 hits showed that the meiotic

mismatch repair bioprocess category, the mismatched-DNA binding and heteroduplex DNA-

loop binding functional categories, and mismatch-repair complex and MutLalpha complex

cellular component were significantly enriched (Fig 1C). We found that three of four MMR

complex components (i.e., Pms1, Mlh1, and Msh2, but not Msh6) were identified as the stron-

gest hits (Fig 1B and S1B and S2A Figs). We further analysed the physical interaction among

these 45 hits, the physical interactions between hits were extracted from the BioGRID interac-

tion database [27], and genes whose products physically interacted are indicated in Fig 1D.

The MMR components were found to be tightly linked and to physically interact with one

another. Overall, the genome-wide screening results suggested that the MMR complex may

have a previously unknown function in the regulation of epigenetic silencing at mating-type

cassettes.
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Fig 1. Genome-wide silencing screen identifies MMR complex components as novel candidates of mating-type epigenetic silencing

regulation. (A) Schematic of the genome-wide silencing screen procedure. Relevant genes or markers are indicated as colour bars with their gene

names. Silent or repressed gene names are shown as grey bars and indicated in light blue font. Marker genes, which were selected in each selection

step, are indicated using underlined font. (B) Deletion of MMR component genes PMS1,MLH1, andMSH2 resulted in decreased silencing

phenotypes on the agar-based Ura dropout screening plates; sir1Δ, which served as a positive control, was also isolated from the screen. (C) The

MMR pathway-related genes were enriched according to a Gene Ontology (GO) analysis. Biological process, molecular function, and cellular

component ontology groups were analysed. (D) Physical interaction analysis of the identified hits revealed that Pms1, Mlh1, and Msh2 physically

interact with one another. Physical interactions between hits were extracted from the BioGRID interaction database.

https://doi.org/10.1371/journal.pgen.1008798.g001

PLOS GENETICS Mismatch repair components are involved in gene silencing

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008798 May 29, 2020 5 / 29

https://doi.org/10.1371/journal.pgen.1008798.g001
https://doi.org/10.1371/journal.pgen.1008798


MMR components affect silencing at both mating-type cassettes and

telomere loci, and the loss of mating-type silencing was not dependent on

the increased mutation rate in the MMR mutants

We manually validated the mating-type silencing effect of MMR complex mutants (Fig 2A)

and reconstructed the deletion strains using a different selection marker (natMX4) using the

PCR knockout approach (S2B Fig). We have also tested the deletion mutant of MSH6 using

the same marker, andmsh6Δ did not show the same decrease of silencing phenotype as in the

other MMR mutants (S2C Fig). This could be due to that the function of Msh6 is partially

redundant with Msh3 in theMSH2-dependent mismatch repair process[28]. Deletion of SIR1
disrupted epigenetic silencing at mating type loci and presented metastable silencing pheno-

type. We also tested MMR mutants on–URA and +FOA plates and found that MMR mutants

also lead to metastable silencing phenotype (S2D Fig). Because deletion of MMR proteins

Fig 2. MMR components affect the silencing at both mating-type and telomere loci. (A) MMR deletion strains (WT(his3Δ),

pms1Δ,mlh1Δ, andmsh2Δ) showed decreased mating-type cassette silencing. Ten-fold dilutions of the deletion mutants were

plated on minimal selective medium lacking uracil (SD-Ura, right panel). Cells grown on minimal complete medium (SC) served

as a control (left panel). sir1Δ was used as a positive loss-of-silencing control. (B) Unlike MMR mutants, mutants with increased

DNA mutation rates (clb5Δ, rad27Δ, tsa1Δ, and pol32Δ) do not exhibit a loss-of-silencing phenotype;msh2Δ and sir1Δ served as

positive controls. (C) Loss of PMS1,MLH1, andMSH2 leads to decreased silencing at telomeres. WT(UCC3505) and the

corresponding MMR deletion mutants in the UCC3505 background were constructed and tested. Five-fold dilutions of the strains

(WT(UCC3505), pms1Δ,mlh1Δ, andmsh2Δ) were plated on SD-Ura agar medium (right) and SC medium (left). (D) Relative

URA3-HMRmRNA expression levels in WT(his3Δ), pms1Δ,mlh1Δ, andmsh2Δ. (E) Relative URA3(Tel VII-L) and YFR057W
mRNA expression levels in WT(UCC3505) and pms1Δ,mlh1Δ, andmsh2Δ in the UCC3505 background. Fold changes were

calculated by normalization to the expression of actin. Experiments were performed in triplicate, and statistical significance was

determined using two-tailed Student’s t-tests; �, ��, and ��� indicate significance at P< 0.05,< 0.01, and< 0.001, respectively.

https://doi.org/10.1371/journal.pgen.1008798.g002
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increases DNA mutation rates and consequently leads to generate suppressors [29, 30], the

growth phenotype observed on the silencing marker selection plates may have been simply

due to suppressors produced by increased mutation rates in the MMR mutant strains. To test

this possibility, we selected four other deletion mutants (clb5Δ, rad27Δ, tsa1Δ, and pol32Δ)

that are also known to have increased DNA mutation rates [31]. None of the four mutants

exhibited a loss-of-silencing phenotype similar to that of the MMR mutants (Fig 2B), indicat-

ing that the loss of mating-type silencing phenotype observed in the MMR mutant strains was

not linked to an increase in the number of suppressors.

Because the maintenance of silencing involves some similar components at silent mating-

type loci and telomeres [11, 32, 33], we investigated whether loss of PMS1,MLH1, andMSH2
also affected silencing at telomeres. Indeed, we observed a moderate increase in the expression

of the URA3marker, which was inserted next to the (TG1–3)n repeat region of telomere 7L

(Fig 2C). We also measured URA3 transcription levels at mating-type and telomere loci[34,

35]. The transcript levels were significantly increased at both the mating-type and telomere

loci (Fig 2D and 2E). To confirm whether MMR mutants affect endogenous telomere silenc-

ing, we measured the transcription level of sub-telomeric YFR057W gene[36, 37] and observed

significant increase in the mutants (Fig 2E). Beside URA3marker, there existed an ADE2 telo-

meric reporter in the UCC3505 strain. We therefore also monitored red/red or white sectored

colonies formation and the MMR deletion strains (pms1Δ,mlh1Δ, andmsh2Δ) displayed white

with sectors colonies formation as compared to WT, indicating a loss of gene silencing at the

telomere ADE2 reporter. (S2E Fig). Finally, we overexpressed exogenousMSH2 to comple-

ment the telomere and mating type loss of silencing phenotype in theMSH2 deletion strains.

As we expected, overexpression of exogenousMSH2 partially restore the silencing at both telo-

mere and mating type loci (S2F Fig). In summary, our results suggested that MMR compo-

nents affected silencing at both mating-type and telomere loci and that the loss of mating type

silencing was not dependent on the increased mutation rate in the MMR mutant strains.

MMR deletions affect the occupancy of the silent complex recruiting

components on the HMR and HML loci and telomeres

Silent-complex recruiting proteins Orc1, Abf1, Rap1, yKu70, and Sir1 initially bind to the

silent mating-type loci or telomeres and then recruit the silent-complex Sir2, Sir4, and Sir3 to

these loci. Orc1, Abf1, Rap1, and Sir1 are needed for establishing silencing at theHMR and

HML loci, but Sir1 and Abf1 are not required for the establishment of silencing at telomere

regions [38–41] (Fig 3A). Deficiency in the MMR process is known to cause accumulation of

double-strand breaks in the cell [42–47]. Because the formation of double-strand breaks can

cause Sir-recruiting proteins to be released from the silent loci, and because some of these pro-

teins including yKu, Sir3, and Sir4 relocate to the damaged sites [48, 49], we determined

whether MMR components influence silencing/chromatin structure by affecting the associa-

tion of the silent-complex recruiting proteins. We first constructed the WT control strain and

MMR deletion strains carrying the Sir1, Rap1, Abf1, or yKu70 proteins tagged with enhanced

green fluorescent protein (EGFP). Primer positions corresponding to theHMR-E,HML-E
locus, rDNA region, and the sub-telomeric region (YFR057W) are shown in S2G Fig. ChIP

analysis indicated that Sir1, Rap1, Abf1, and yKu70 occupancies were significantly reduced at

the silent mating-type loci in the MMR deletion strains (Fig 3B–3E). Previous reports showed

that Rap1 and yKu70 are also enriched at telomeres, but that Sir1 and Abf1 are absent from

telomere [50, 51]. We therefore checked the occupancy of Rap1 and yKu70 at the telomeres of

the MMR mutant. No significant changes were observed in the occupancy of Rap1 at telomeres

(Fig 3C), but the occupancy of yKu70 was significantly decreased at telomeres (Fig 3E). In the
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rDNA region, the occupancy level of all four proteins was very low, (Fig 3B–3E), which is con-

sistent with the fact that the establishment of silencing at rDNA regions is controlled by

another complex, the regulator of nucleolar silencing and telophase exit (RENT) complex [52–

Fig 3. MMR deletions affect the occupancy of the silent complex recruiting components on the HMR and HML loci and

telomeres. (A) Schematic showing the components of silent complex recruiting components (yellow) and the silent complex (Sir2,

Sir3 and Sir4) at silent mating-type and telomere loci. (B–E) The occupancies of EGFP C terminal tagged Sir1, Rap1, Abf1, or

yKu70 at mating-type, telomere, and rDNA regions were determined in the WT, pms1Δ,mlh1Δ, andmsh2Δ. Experiments were

performed in triplicate, and values are means ± SD. Statistical significance was determined using two-tailed Student’s t-tests; �, ��,

and ��� indicate significance at P< 0.05,< 0.01, and< 0.001, respectively. F. Western blot analysis shows no significant changes in

the expression level of Sir1-EGFP in the WT, pms1Δ,mlh1Δ, ormsh2Δ using GFP antibody; actin was used as the loading control.

https://doi.org/10.1371/journal.pgen.1008798.g003
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54]. Moreover, western blot analysis revealed no significant changes in the protein levels of the

silent complex recruiting components (Sir1, Rap1, yKu70, and Abf1) in the MMR deletion

strains, which ruled out the possibility that the observed occupancy changes were due to

decreased protein levels (Fig 3F and S3 Fig). To exclude the potential effect of mutations on

the binding sites of these proteins, we have also sequenced the DNA at mating type and sub-

telomeric region in the MMR mutants. No rearrangements or mutations can be observed at

the corresponding binding sites (S4 Fig). These results suggested that the deletion of MMR

might lead to the disassociation of silent complex recruiting components from theHMR and

HML loci and telomeres.

Deletions of MMR components alter Sir2 localization and histone

acetylation levels

The silent complex (Sir2, Sir4, and Sir3) is recruited by Orc1, Abf1, Rap1, yKu70, and Sir1 to

the silent mating-type loci or by Rap1 and yKu70 to telomeres in the cell [38, 55]. We next

wanted to determine whether such a disassociation of the silent complex recruiting compo-

nents from the HMR and HML loci changed the distribution of the silent complex. To investi-

gate this possibility, we assessed the subcellular localization of the key silent complex

component Sir2 by using Sir2-EGFP as a marker. Intriguingly, we observed that the Sir2-EGFP

signal, which is distributed throughout the nuclear region in WT cells [56], accumulated in a

defined area within the nucleus in the mutants (Fig 4A). This observation suggested that Sir2

proteins might have disassociated from the mating-type and telomere loci in the MMR

mutants, as occurs in the WT cells, but accumulated in other regions of the mutants. The asso-

ciation and distribution of SIR complex in the yeast cell depends on the cell cycle stage [57–

59]. We then calculated the number of cells with accumulated Sir2 proteins at the G1, S, and

G2/M stages (cells were grouped into cell cycle stages based on yeast cell morphology as previ-

ously described [60]), and the results demonstrated that the numbers of cells with accumulated

Sir2 were independent of cell cycle stage and showed a significant increase at all cell cycle

stages, i.e., at G1 (Fig 4B), S (Fig 4C), and G2/M (Fig 4D), in the MMR deletion mutants. To

rule out the possibility that the observed Sir2 localization changes were caused by cell cycle

arrest in the MMR mutants, we also quantified the number of cells at different cell cycle stages

for WT and the MMR mutants. We found no significant differences between the WT and

mutants (Fig 4E) in number of cells at different cell cycle stages, which indicated that the accu-

mulated Sir2 proteins in the MMR mutants was not due to these mutations causing cells to be

arrested at certain cell cycle stages. Previous studies reported that when other SIR proteins are

absent (such as in sir3Δ or sir4Δ), Sir2 accumulates in the nucleolus/ rDNA regions [54, 61].

To investigate whether Sir2 accumulates in the nucleolus/rDNA regions in the MMR mutants,

we performed a co-localization assay of Sir2 with a well-characterized nucleolus marker,

Nop56 [62, 63]. Three-dimensional structure illumination microscopy (3D-SIM) clearly indi-

cated that Sir2-EGFP co-localized with Nop56-RFP in the MMR deletion mutants (Fig 5A and

5B). 3D-SIM also revealed that Sir2-EGFP formed punctate foci that were distributed over the

entire area of the nucleus (both the DAPI stained and Nop56-RFP regions) in WT cells. In the

MMR deletion mutants, in contrast, Sir2-EGFP formed concentrated foci that were mainly

localized in the nucleolus (Fig 5A and 5B and S1–S4 Movies). These observations indicate that

MMR deficiency could cause Sir2 accumulation in the nucleolus/rDNA regions.

Because Sir2a is a histone deacetylase, its disassociation from silent mating-type loci and

telomeres in MMR mutants could potentially change patterns of histone acetylation at these

loci. To investigate this possibility, we performed ChIP analysis in order to monitor three acet-

ylation sites known to be targets of the Sir2 protein: H4K16 [64, 65], H3K56 [66, 67], and
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H3K14 [68]. In the MMR deletion mutants, levels of H3K14, H4K16, and H3K56 acetylation

were significantly increased at the silent mating-type and telomere loci (Fig 6A, 6B and 6C),

but were significantly decreased in the rDNA region (except for H3K56 acetylation levels in

themsh2Δmutants). Thus, these patterns of histone acetylation were consistent with the

observed localization changes of Sir2 (Fig 5) and the silencing phenotype changes (Fig 2A) in

the MMR mutants.

Fig 4. Deletion of MMR components alters the localization of Sir2 protein in the cell. (A) Conventional

fluorescence microscopy shows that the Sir2 protein (green channel, labelled with Sir2-EGFP) is distributed

throughout the nuclear region in the WT (Sir2-EGFP) but accumulates in a defined area in the nucleus (DAPI

channel) in pms1Δ,mlh1Δ, andmsh2Δ mutants carrying Sir2-EGFP. Scale bar = 5 μm. (B), (C), and (D) The ratios of

cells with accumulated Sir2 signal in the deletion mutants and WT were quantified in the (B) G1 stage, (C) S stage, and

(D) G2/M stage. The red colour indicates the cells in which Sir2 proteins were dispersed—the Sir2-EGFP signal is

distributed throughout the nuclear region as showed in the WT cell in (A), and the green colour indicates the cells in

which Sir2 proteins were accumulated—the Sir2-EGFP signal accumulates in a defined area in the nucleus. Values are

means ± SD. (E) The distribution of cells among cell cycle stages in WT and the MMR mutants. Experiments were

performed in triplicate. A total 459 (Sir2-EGFP WT), 385 (pms1Δ), 549 (mlh1Δ), and 531 (msh2Δ) cells were counted.

In B-D, statistical significance was determined using two-tailed Mann-Whitney U tests; �, ��, and ��� indicate

significance at P< 0.05,< 0.01, and< 0.001, respectively.

https://doi.org/10.1371/journal.pgen.1008798.g004
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Fig 5. Sir2 co-localizes with the nucleolus marker Nop56 in MMR deletion mutants. (A) Sir2-EGFP co-localizes

with Nop56-RFP in the MMR deletion mutants (SIR2-EGFP pNop56-mRFP-LEU2WT and corresponded pms1Δ,

mlh1Δ, andmsh2Δmutants) as revealed by super-resolution three-dimensional structured illumination microscopy

(3D-SIM). Scale bar = 2 μm in the upper panel and 0.5 μm in the lower panel. (B) 3D-surface reconstructed images

showing the subcellular localization of Sir2 (in green) in the indicated strains; fluorescence signals were reconstructed

with 3D-surface using Imaris 7.2.3 software. Green, Sir2; Red, Nop56; Blue, DAPI. Scale bar is 0.5 μm.

https://doi.org/10.1371/journal.pgen.1008798.g005

Fig 6. Deletion of MMR components alters histone acetylation levels at silent loci. The acetylation levels of H3K14

(A), H4K16 (B), and H3K56 (C) at mating-type silencer, telomere, and rDNA regions were assessed by ChIP-qPCR

assay in WT (his3Δ), pms1Δ,mlh1Δ, andmsh2Δ cells. In these deletion mutants, levels of H3K14, H4K16, and H3K56

acetylation were increased at the silent mating-type and telomere regions and were decreased in the rDNA regions

(except for the H3K56 acetylation levels in the rDNA region ofmsh2Δ). Experiments were performed in triplicate, and

values are means ± SD. Statistical significance was determined using two-tailed Student’s t-tests; �, ��, and ��� indicate

significance at P< 0.05,< 0.01, and< 0.001, respectively.

https://doi.org/10.1371/journal.pgen.1008798.g006
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Finally, we determined whether depletion of MMR components affects gene silencing in

mammalian cells. The expression of the double homeobox 4 (DUX4) gene, which is adjacent

to the end of chromosome 4q, is regulated by telomere silencing [69]. We knocked down the

expression of two MMR components,MLH1 andMSH2, using siRNA in HEK293T cells (Fig

7A and 7C). The expression of full-length DUX4 was significantly upregulated approximately

7 fold with the knockdown ofMLH1 and 28 fold with the knockdown ofMSH2, respectively

(Fig 7B and 7D). We also found that siRNA-mediated knockdown of endogenous MSH2

elvated DUX4 protein level (Fig 7E). Introduction of siRNA resistant, wild type MSH2 could

restore MSH2 protein level and lead to reduced DUX4 protein expression (Fig 7E)[70]. Our

results therefore demonstrated that MMR components are also involved in telomere-length

related expression changes in human cells.

In summary, our study revealed that the mismatch repair componentsMLH1,MSH2, and

PMS1 are required for inheritance of gene silencing at silent mating-type loci and telomeres.

Deletions of these genes caused the redistribution of the Sir2 deacetylase from silent mating-

type loci and telomeres to rDNA regions. This increased acetylation levels at histone positions

H3K14, H3K56, and H4K16 in silent mating-type loci and telomeres, but decreased acetylation

levels in rDNA regions. These changes ultimately lead to the altered chromatin structures and

silencing levels in the MMR mutants (Fig 8).

Fig 7. Knockdown of MMR components in HEK293T cells increases DUX4 gene expression. (A and C) Western blots showing the

protein level of MSH2 (A) and MLH1 (C) in siRNA-treated HEK293T cells. Non-treated (WT) and scrambled siRNA served as controls.

Actin was used as a loading control. (B and D) RT-PCR analysis of DUX4 gene expression in MSH2 (B) and MLH1 (D) knockdown cells.

Experiments were performed in triplicate, and values are means ± SD. Statistical significance was determined using two-tailed Student’s t-
tests. ��� indicates significance at P<0.001. (E) Western blots showing the protein level of DUX4 in siRNA targeted to MSH2 treated

HEK293T cells. siRNA resistant MSH2-His plasmid was transfected in siRNA treated cell simultaneously. The siRNA-mediated knock-

down of endogenous MSH2 is shown by Western blotting using antibodies to MSH2 and the RGS-His-tag on the recombinant (siRNA-

resistant) MSH2. Non-treated (WT) and scrambled siRNA served as controls. Actin was used as a loading control.

https://doi.org/10.1371/journal.pgen.1008798.g007
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Discussion

The main objectives of this study were to identify novel components involved in epigenetic

silencing and to investigate the functional roles of these components in regulating epigenetic

silencing. To achieve these objectives, we developed an SGA-based genome-wide silencing

screen. Yeast SGA analysis has not been considered suitable for investigation of components

affecting mating-type silencing, because mutants that affect mating-type silencing have nor-

mally lost the ability to mate. Proper mating ability is essential for the strain crossing required

for homozygous diploid construction, which is the first step in the SGA method. This limita-

tion hinders the isolation of deletion mutants, which lead to a complete loss of silencing at the

mating-type loci. Fortunately, strong silencing regulators, such as yKu70, Sir2, Sir3, and Sir4,

were previously identified from haploid sterility screens [13, 14]. Our work focused on identi-

fying novel genes involved in epigenetic silencing at theHMR locus. We expected that the dele-

tion of certain genes would cause a fraction of the cells to lose silencing at the locus tested but

that the deletion strains would still retain their mating ability. It should be noted that this proj-

ect only screened for components that alter theHMR silencing, the differences among the

silencers ofHMR fromHML and telomeres may produce differing effects at the latter two loci.

Fig 8. A hypothetical model of MMR-mediated epigenetic silencing. In WT cells (left panel), the silent complexes are normally

established at the silent loci. Deletion of MMR components (right panel) significantly reduces the occupancy of Abf1, Rap1,

yKu70, Sir1, and Sir2 proteins at the mating type and telomere silent regions, and lead toSir2 proteins are enriched at the rDNA

regions; Accordingly, the acetylation levels are increased at the silent mating-type and telomere loci but decreased at rDNA

regions. This potentially due to that yKu70, Sir3, and Sir4 are recruited to the increased DNA damage sites in the MMR mutants.

https://doi.org/10.1371/journal.pgen.1008798.g008
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The potential role of MMR components in the control of epigenetic silencing has not been

specifically addressed before. But a previous genome-wide study found that deletion of one of

the MMR componentsMSH2 can enhance silencing defects of a yeast proliferating cell nuclear

antigen mutant [71]. In line with this, we found that deletion ofMSH2 caused a significant

decrease of silencing at the silent mating-type loci. These results indicate that Msh2 might

have a role in controlling epigenetic silencing at the mating-type loci.

In S. cerevisiae, studies have shown that the passage of cells through S phase and a func-

tional autonomous replication sequence (ARS) component of the cis-acting silencer element

linked to theHMRa locus are essential for the establishment of silencing at theHMRa locus

[72, 73]. Other researchers have also shown that mutations in the genes encoding the ORC

subunits at the ARS elements causing mating-type silencing defect in S. cerevisiae[74–78].

Moreover, mutations affecting DNA polymerase and helicase components can disrupt silenc-

ing [79]. These results established a clear link between the DNA replication machinery and

mating-type silencing in yeast. Moreover, MMR components physically interact with the DNA

replication machinery [19] and co-localize with the DNA replication machinery during the S

phase in a manner that is independent of the mismatched DNA repair function [80]. These

previous data and our results seems to indicate that MMR components might potentially influ-

ence silencing during DNA replication process.

It is known that MMR mutants can cause the accumulation of double-strand breaks in the

cell during DNA replication [42–46], which lead to further relocation of Sir3 and Sir4 from the

silent mating-type loci and telomeres to the damaged sites [48, 49]. And Sir2 is found to accu-

mulate in the nucleolus when Sir3 or Sir4 are absent [54, 61]. Our results extend these studies

by showing that deletion of MMR components alters the occupancy of the silent complex

recruiting proteins at the silent mating-type loci and telomeres. Deletion of these genes proba-

bly led to an open chromatin structure at silent mating-type cassettes and telomere loci and a

more compact structure at rDNA loci. Moreover, our results indicated that such changes in

chromatin structure in the MMR mutants were probably caused by an altered Sir2 localization

and modified histone acetylation levels at these loci. Taking together these previous results

with our data we generate a hypothetical model on how MMR components influence silencing.

That is the absence of MMR components can lead to the accumulation of double-strand breaks

[42–46], such accumulation could further lead to the relocation of yKu70, Sir3, and Sir4 from

the silent mating-type and telomere loci to the DNA damage sites. This eventually causes the

accumulation of Sir2 at the rDNA regions observed in the MMR mutants in our work; the Sir2

relocation and accumulation then changes the epigenetic silencing patterns at these loci. There

are multiple ways could be used to further test this hypothetical model, first of all a γ-H2AX

immunofluorescence microscopy analysis could provide evidence for increased levels of global

DNA damage in the MMR mutant cells. Whether the DNA damage foci co-localize with any

reduced silencing-complex recruiting proteins can be tested also by using this method. More-

over, a yKu70 ChIP-Seq assay to visualize the genome-wide patterns of yKu70 occupancy in

the MMR mutants could be used for further verifying this hypothesis. Furthermore, it will be

informative and to interesting test whether overexpression of the relocated factors such as

yKu70, Sir3, and Sir4 (or even Sir2) might be enough to rescue the decreased silencing pheno-

type observed in the MMR mutants.

A possible explanation of the observed decreased Abf1 association in the MMR mutants

could be due to that the MMR complex is also known to be involved in the correction of mis-

matches that arise during the formation of heteroduplex DNA between two homologous chro-

mosomes during meiotic recombination [81]. Thus deletion of the MMR components could

lead to an increased single strands of heteroduplexes, which may trigger nucleotide excision

repair pathway [82]. Abf1 is a key component of the nucleotide excision repair pathway
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through interacting with Rad7-Rad16 complex[83, 84]. Thus more Abf1 could be potentially

recruited to these single strand of heteroduplexes in the MMR mutants (Fig 8). MMR mutants

lead to high rate of DNA mutations. It could be interesting to determine whether DNA muta-

tions might also contribute to gene silencing status in the MMR mutants, which might provide

a potential new oncogenesis mechanism. Thus future studies on characterizing the contribu-

tion of DNA mutations on gene silencing status may provide important insight into MMR

oncogenesis.

The MMR components identified in this study are highly conserved from yeast to human.

Mutations in MMR components have been associated with cancer development in humans.

MMR deficiency leads to microsatellite instabilities (MSI), which are observed in most cancers,

including colorectal, uterine, stomach, ovary, and small intestine cancers [85–88]. Researchers

have found a perfect association between MMR immune-histochemical analysis and MSI in

most cases of hereditary nonpolyposis colorectal cancer (HNPCC) and in 15–20% of cases of

sporadic colorectal cancer [89, 90]. Furthermore, mutations in Mlh1 can affect MMR tumour

suppressor functions in a tissue-specific manner [22]. The increased expression level of Dux4
has been confirmed as one causal factor of facioscapulohumeral muscular dystrophy (FSHD)

[91–93], which is one of the most prevalent myopathies. The elevated expression of full-length

DUX4 produces muscle toxicity and leads to cell death. Our results suggest the MMR compo-

nent depletion or mutations leads to dysregulated gene silencing and may thereby contribute to

disease pathogenesis. Indeed, correlations between FSHD and cancers have been reported [94,

95]. These and other results have established a strong connection between deficient MMR and

cancer development. The current findings strengthen the evidence for correlation by revealing

that MMR components function in regulating epigenetic silencing. Our results may also prove

relevant for understanding the mechanism of oncogenesis caused by MMR deficiency. Further

evaluation of the silencing regulation effects of the MMR components in mammalian model

systems may provide more direct evidence of their role in epigenetic silencing regulation.

In summary, our study has revealed that MMR proteins are required for epigenetic silenc-

ing at mating-type and telomere loci. Deletions of PMS1,MLH1, andMSH2 altered chromatin

structure. Interestingly, we also found that Sir2 protein accumulated at rDNA regions in the

MMR deletion mutants; this accumulation increased histone acetylation levels at mating-type

and telomere loci and decreased histone acetylation at the rDNA loci. We identified a novel

link between MMR and epigenetic silencing (Fig 8). Further studies of regulation of epigenetic

silencing by these MMR components in relevant cancer patient samples will increase our

understanding of MMR-related oncogenesis.

Materials and methods

Strains, plasmids, and primers

The yeast strains, plasmids, and primers used in this study are listed in S1 and S2 Tables. All

yeast strains are in BY4741 background, except for the strains (UCC3505) that were used for

telomere silencing assays. Since we do not have a BY4741 strain that carrying the telomere

silencing markers, we acquired the UCC3505 strain from Prof. Daniel Gottschling lab for the

silencing assays at telomere locus. The standard lithium acetate/PEG method was used for

yeast transformation, and constructed strains were verified by PCR and immunoblotting anal-

ysis. Yeast single gene deletion collection is a kindly gift from Prof. Charlie Boone.

Genome-wide silencing screening procedure

The developed screening approach was generally based on the standard SGA approach [16].

The major difference is that, instead of working with markers that are normally expressed, this
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screen works with markers inserted into the silent mating-type loci, in which genes are sup-

posed to be highly silenced. Thus, nicotinamide was added to the medium to remove the

silencing effect at those steps that required the selection of progeny that harbor these markers

at the silent mating-type loci.

The genome-wide silencing screen crossing procedure was performed in seven steps as fol-

lows: 1. AMATα query strain Ywrl13 was crossed to the yeast single-deletion collection SGA-
v2. 2. Heterozygous diploids was selected on Ura dropout medium containing hygromycin B

and G418 with nicotinamide (5 mM). 3. Sporulation was induced using standard SGA sporu-

lation medium. 4 & 5.MATa haploid and Kan selection. 6. Final triple-selection (-Ura,

+ G418, + hygromycin B and +nicotinamide (5 mM)). 7. HMR locus silencing phenotype

measurement. See below for detailed information regarding each steps (All the pinning steps

were performed using a Singer RoTor HAD pinning robot (Singer Instruments)).

1. Mating: AMATα query strain Ywrl13 carrying hmra1-a2Δ::URA3 and hmlα1-α2Δ::HphR
(See S1 Table for genotype details) was used. The query strain was constructed from previ-

ous work in our group [24]. This query strain was crossed to an ordered array ofMATa
yeast single-deletion mutants (SGA-v2) each carrying a gene deletion with a kanMX4
marker. The mating was performed on Yeast extract-peptone-dextrose growth medium

(YEPD) using the pinning robot. Plates were then incubated at 22˚C for 1 day.

2. Diploid selection: To select for diploids, pin the resulting MAT a /α diploid zygotes to dip-

loid selection medium (described below and in the Genome-wide silencing screening

media section). Incubate at 30˚C, 2 days. Growth of resultant heterozygous diploids was

selected on Ura dropout medium containing hygromycin B and G418 together with nico-

tinamide (5 mM), which inhibits the enzymatic activity of Sir2 and releases the repression

of the URA3 and HphRmarkers at the silent mating-type loci.

3. Sporulation: Heterozygous diploids were transferred to an SGA sporulation medium with

reduced levels of carbon and nitrogen to induce sporulation. Incubate at 22˚C, 7 days.

4. MATa meiotic progeny selection: Spores were transferred to a standard SGA haploid

selection medium lacking histidine, arginine, and lysine, and containing canavanine and

thialysine forMATa haploid selection. Incubate at 30˚C, 2 days. Canavanine is a toxic ana-

log for arginine and thialysine is a toxic analog for lysine. The query strain carrys can1Δ
and lyp1Δ, this means thatMATa/alpha diploid cells can be killed by canavanine and thialy-

sine because they carry a wild-type copy of the CAN1 and LYP1 genes.

5. MATa kanR selection: TheMATameiotic progeny were then transferred to a Kan selec-

tion medium (haploid selection medium + G418). Incubate at 30˚C, 1–2 days. This step

only aims to selectMATa haploid cells carrying the single-gene deletions.

6. Final triple selection: The haploidMATa single deletions carrying the silencing markers

URA3 andHphR were selected on a final triple-selection medium, a medium lacking uracil

but containing G418, hygromycin B, and nicotinamide (5 mM). Plates were incubated at

30˚C for 2 days. The nicotinamide was used here again to switch on the expression of the

URA3 andHphRmarkers at the silent mating-type loci and enable the growth of cells carry-

ing these markers on the selection medium.

7. HMR locus silencing phenotype measurement: After acquisition of cells carrying the sin-

gle deletions together with URA3 and HphRmarkers at the silent mating-type loci in the

previous step, only the silencing phenotype at theHMR locus was chosen as a read out for

this screen (the expression ofHphR at theHML locus was not measured). The strains were
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transferred onto SD medium lacking uracil. To bring the cells back to their normal silent

state from the previous triple-selection plates, nicotinamide was not added to the medium

for this step. As a consequence, most of the strains (including WT cells or any mutants that

do not influence the silencing at theHMR locus) could not grow on this Ura dropout

medium. This resulted in a non-growth phenotype on the selection medium for these strains

due to the silencing of the URAmarker at the locus as shown in Fig 1B (WT panel and the

colonies around pms1Δ,msh2Δ,mlh1Δ, and sir1Δmutants). This selection can reveal gene

mutations that lead to a loss of silencing at theHMR locus, as indicated by a better growth

phenotype as shown in Fig 1B (panels showing pms1Δ,msh2Δ,mlh1Δ, and sir1Δmutants,

the four colonies in the middle that showed growth on the Ura dropout medium). For the

screen, the growth of all mutants (measured as colony size) from the deletion collection on

the Ura dropout medium was compared with a set of plates containing only WT cells (which

cannot grow on the Ura dropout medium and appear as small colonies that resulted from

the small number of cells transferred from the previous selection plates). Mutants with larger

colonies than the WT were considered candidates for lost silencing. The screen was per-

formed in duplicate in a 1536-spot format, and every deletion strain was represented in qua-

druplicate on each plate. The selection plates were incubated at 30˚C for 2 days for each step,

except that the plates were incubated at 22˚C for 7 days for the sporulation step.

Genome-wide silencing screening media

1. Mating: Yeast extract-peptone-dextrose growth medium (YEPD)

2. Diploid selection: Synthetic Defined (SD)—Ura + G418 + hygromycin B + nicotinamide (5

mM)

3. Sporulation: SGA enriched sporulation medium [16]

4. MATameiotic progeny selection: SD—His/Arg/Lys + canavanine + thialysine

5. MATa kanR selection: SD—His/Arg/Lys +canavanine + thialysine + G418

6. Final triple selection: SD—His/Arg/Lys/Ura +canavanine + thialysine + G418 + hygromycin

B + nicotinamide (5 mM)

7. HMR locus silencing phenotype measurement: SD—Ura

Scoring of silencing screening using SGAtools software

For scoring of statistically significant changes in the silencing phenotype at theHMR locus on

plates, we used a web-based analysis system: SGAtools (http://sgatools.ccbr.utoronto.ca). SGA-

tools provides a platform that can automatically quantify colony sizes from images of agar

plates, correct for systematic biases, and calculate a growth score relative to the colony sizes

from a control set of plates [96]. The steps are as follows: 1, Plates were imaged with a regular

digital camera and images were uploaded onto the SGAtools website. 2, Colonies were isolated

based on the signal intensity difference between the colonies and the plate background. 3, Size

of the colonies were measured and normalized. 4, The size difference was scored based on sta-

tistical analysis of the values generated from the four colonies for each strain.

Bioscreen assay for hits confirmation

After the scoring, potential hits that had the highest statistical probability of being true silenc-

ing modifiers were tested by a Bioscreen assay. The cells of mutants that had a significantly
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increased colony size on the SD-Ura medium were transferred to SD-Ura liquid medium in a

honeycomb microplate pre-culture at 30˚C (without shaking) for 2 days, and 5 μL of cells will

transferred into a new honeycomb microplate with 345 μL of fresh SD-Ura liquid medium.

Then the growth rate of each mutant was measured using a Bioscreen C mini-liquid culture

machine (Oy Growth Curves AB) [24]. The optical density (OD600) was measured every 30

minutes for 48 hours at 30˚C with shaking. Data was processed using the Excel program

(Microsoft Office). Experiments were performed in triplicate, and statistical analysis was per-

formed using unpaired two-tailed Student’s t-tests by comparing growth rates between

mutants and WT cells in SD-Ura medium.

Yeast spot test

Yeast spot tests were performed and analysed according to the standard protocol on SD-Ura

medium. For the adenine (red pigment formation) assay the telomere loci strains (UCC3505)

and corresponding MMR mutants were spotted (OD 0.6 in first column) onto YPD plates and

incubated for 2 days at 30˚C followed by storage in 4˚C until clear red pigment formation

could be seen (15 days)[97]. Mating-type URA3 reporter strain (WT (his3Δmsh2Δ)) and telo-

mere URA3 reporter strain (UCC3505msh2Δ) were transformed with two plasmids (pRS425
and pRS425-GAL10-MSH2). The GAL10-MSH2 fragment was digested (BamHI and KpnI)

from pEAE86 (GAL10-MSH2 2μm TRP1) plasmid [98], a kind gift from Prof. E. Alani. Cells

were precultured in SD-LEU + 2% Raffinose media before being serially diluted and spotted

(OD 0.6 in the first column) onto SD-ura-leu + 2% glucose or SD-ura-leu + 2% galactose agar

plates. The plates were incubated at 30˚C for 2–3 days.

Functional enrichment analysis

The functional enrichment analysis was performed using Gene Ontology Term Finder [99].

The list of confirmed hits from the spot test assay were uploaded on the Gene Ontology Term

Finder website (https://www.yeastgenome.org/goTermFinder). The background list of the

SGA-V2 array (contains 4261 genes) was also uploaded. The hits were analysed for the enrich-

ment of GO bio-processes groups by comparison with the background list; Three ontology

groups were analysed respectively, they are biological process, molecular function, and cellular

component ontologies (see Boyle et al (2004) [99] for detailed information regarding these

groups). P-values were calculated by using a hypergeometric distribution with multiple

hypothesis correction, and the cut-off was set to P < 0.01.

Interaction network analysis

The physical interaction network diagrams were extracted from the interaction analysis by

using Ospery 1. 2.0 [100]. First, the confirmed hits list from the spot test was used as an input

gene list. And then the software extracted the physical interactions between these hits from the

BioGRID interaction database [27]. The software represented genes as nodes and interactions

as edges between nodes. Lastly, the network layout was adjusted manually and images of the

network was exported in portable network graphics (PNG), and scalable vector graphics

(SVG) format for final processing.

qRT-PCR

After the yeast cells were cultured to an OD600 value of 0.6 to 0.8, they were centrifuged for 5

min at 3000 rpm. The pellets were washed twice in cold phosphate-buffered saline (PBS) and

re-suspended in 400 μl of TRIzol reagent (Ambion). The suspended cells were lysed with
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400 μl of glass beads (Sigma-Aldrich) in a FastPrep-24 (MP Biomedicals) machine (run 20”

stop 1 min for 5 cycles with power 6.5). The yeast cell lysates were collected in the Eppendorf

tube and followed by the Chloroform:isoamyl-alcohol (25:1) extraction. RNA was precipitated

with sodium acetate (NaAc 3M, pH 5.2) and ethanol (99%, -20˚C), left at -20˚C for at least 2 h,

and centrifuged for 20 min at 15000 rpm at 4˚C. RNA pellets were washed with cold 75% etha-

nol and then dissolved in 60 μl of sterile Rnase-free water. RNA samples were treated with

RNase-free DNase I (New England BioLabs, M0303S), and cDNAs were made with the iScript

cDNA Synthesis Kit (BIO-RAD,170–8890). Real-time qPCR was performed on a CFX96 Real-

time system using iQ SYBR Green supermix (BIO-RAD).

Mating-type silencing assay

Identified strains were picked up from the Final-Ura selection plates and re-streaked on

SD-Ura plates. Colonies for each strain were picked from the latter plates, and spot tests were

performed based on the standard protocol on SD-Ura media using 5-fold or 10-fold dilutions.

Fluorescence microscopy

Fluorescence imaging was performed with a Carl Zeiss axiovert 200M wide-field fluorescence

microscope with a 100× (NA = 1.4), oil, plan apochromatic correction Zeiss objective. Image

quantification was performed using Image J (https://imagej.nih.gov/ij/index.html). For quanti-

fication of the Sir2 subnuclear localization in each cell cycle phase, cells were grouped into dif-

ferent cell cycle stages based on their morphology as previously described [60]. Experiments

were performed in triplicate, and a total of 385–549 cells were counted for each sample.

Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed as described previously [101]. Mid-log phase yeast cells were

crosslinked by 1% paraformaldehyde, and 0.125 M glycine was used to quench fixation. Lysis

buffer (50 mM Hepes-KOH, pH 7.5, 0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate,

1 mM EDTA, 150 mM NaCl, and protease inhibitor) and glass beads were used to break the

cells on a FastPrep-24 machine (ZYMO RESEARCH). After sonication and centrifugation,

supernatants containing 25 μg DNA were incubated with 1 μg of antibodies or without anti-

body overnight at 4˚C. Protein A beads were added, and the samples were incubated for 2 h.

After washing and eluting steps, samples were incubated at 65˚C overnight to reverse cross-

link. RNA contaminants were removed by treatment with 0.2 μl of 20 mg/ml RNase A for 30

min at room temperature. Proteins were removed by treatment with 20 μg of Proteinase K for

2 h at 55˚C. DNA was purified with the ChIP DNA Clean and Concentrator Kit (ZYMO

RESEARCH). The purified DNA was used for real-time PCR analysis (Bio-Rad). Quantifica-

tions were performed using real-time PCR software (Bio-Rad) and Excel (Microsoft); the

enrichment values were normalized to the input DNA values. SEN1 primers were used as a

negative control in ChIP-qPCR experiments [102]. GFP antibody (ab290), H3K56ac antibody

(ab71956), H3K14ac antibody (ab52946), and H4K16ac antibody (ab109463) were acquired

from Abcam.

Immunoblotting

Freshly prepared yeast cells were re-suspended in 0.2 M NaOH and incubated on ice for 20

min. After a brief centrifugation, the pellets were re-suspended in HU buffer (200 mM phos-

phate buffer, pH 6.8, 8 M urea, 5% SDS, 1 mM EDTA, bromophenol blue, and 1% β-mercap-

toethanol) and were incubated at 70˚C for 10 min. After centrifugation for 5 min at 11,200 g, a
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10-μl volume of each supernatant was subjected to Bis-Tris protein gels (NuPAGE, NP0326,

ThermoFisher SCIENTIFIC) electrophoresis, and the transferred nitrocellulose membranes

were immunoblotted with GFP primary antibody (ab290, Abcam) and β-Actin primary anti-

body (ab8227, Abcam). HEK293T cells were lysed in cell lysis buffer (50 mMTris-Cl, pH 7.5,

150 mM NaCl, 1% Triton X-100 and 1x protease inhibitors (Roche)). Protein concentration

was measured using the BCA assay (Thermo Scientific), and equal amounts of proteins were

diluted in SDS-sample buffer (Bio-Rad), heated to 95˚C for 5 min before SDS-PAGE. The

transferred nitrocellulose membranes were immunoblotted with MSH2 (Santa cruz, sc-

376384) or MLH1 (Santa cruz, sc-271978) and Actin (ab8227, Abcam).

Super-resolution three-dimensional structured illumination microscopy

(3D-SIM)

WT and mutant cells carrying Sir2-EGFP and Nop56-mRFP were incubated in SD-Ura-Leu

medium at 30˚C overnight. Cells were diluted in the same selective medium to an OD600 value

of 0.2 and were then incubated at 30˚C until the OD600 value increased to 0.5. The cells were

then fixed with 3.7% formaldehyde and washed three times with PBS (pH 7.4) before they

were stained for 1 h with 1 μg/ml of 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich)

in the dark and at room temperature. The cells were again washed three times with PBS (pH

7.4). 3D-SIM was performed using previously described settings[103]. Excitation light wave-

lengths of 405 nm (DAPI), 488 nm (GFP), and 561 nm (mRFP) were used. Image acquisition,

super-resolution processing, and calculation were performed with ZEN black2-1SP1 (Carl

Zeiss, Jena Germany). 3D images were reconstructed and animated using Imaris 7.2.3 software

(Bitplane, Zurich, Switzerland).

siRNA knockdown

About 200,000 HEK293T cells were plated in each well of a 6-well plate. After 24 h, siRNAs (20

nM, Qiagen) were transfected into the cells using Lipofectamine RNAiMAX (Invitrogen,

13778075) according to the manufacturer’s instructions. Cells transfected with scramble-control

siRNA (Qiagen, 1022076) were used as controls. Cells were harvested at 72 h after transfection

for RNA and protein analysis. The sequences of the siRNA target MLH1 were GTGGCTCAT

GTTACTATTACA and AACCATCGTCTGGTAGAATCA. The sequences for the siRNA tar-

get MSH2 were TCCAGGCATGCTTGTGT TGAA and CCCATGGGCTATCAACTTAAT.

Hela cells were reverse transfected with 20 nM On-target Smart Pool siRNA to MSH2

(Dharmacon) using Lipofectamine RNAiMAX (Invitrogen). Plasmid DNA(pcDNA--

DEST40-RGSHis-MSH2)[70] were transfected with FugeneHD (Promega) at a DNA:Fugen-

eHD ratio of 1:3, according to the manufacturer’s instructions. For transfection in 6-well

plates, 1 μg of plasmid DNA per well was used. The mix of siRNA and plasmid was then added

to newly-seeded cells and medium replaced with complete DMEM after 24 hours. Experiments

were performed at 72 hours after transfection.

DNA sequencing

Genomic DNA was extracted from one clone per strain using the MasterPure Yeast DNA

Purification Kit from Epicentre. The region of interest was PCR amplified and sent to Eurofins

Genomics for Sanger sequencing. The primers used for sequencing can be found in S2 Table.

The Align Multiple DNA Sequences tool in SnapGene was used for displaying sequence

alignments.
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Statistical analysis

All experiments were performed three times, and values shown are means ± SD of three repli-

cates. Differences between means were assessed with unpaired two-tailed Student’s t-tests; �,
��, and ��� indicate statistical significance at P< 0.05, < 0.01, and< 0.001, respectively. For

analysis of data in Fig 4E, a two-tailed Mann-Whitney U test was used.

Supporting information

S1 Fig. A flow diagram of the overall silencing screening procedure (A) and Spot tests con-

firmed the decreased mating-type silencing phenotypes of the deletion mutants identified

from the silencing screen (B). Cells were 10-fold serially diluted and then spotted onto SC

(left) and SD-Ura (right) agar plates; the sir1Δmutant served as a positive control.

(TIF)

S2 Fig. MMR mutants show decreased mating-type silencing. (A) MMR mutants have

increased growth rates in SD-Ura liquid medium. The growth rates were measured using the

Bioscreen mini-liquid culture approach. (B) Confirmation of pms1Δ,mlh1Δ, andmsh2Δ
decreased mating-type silencing phenotype by PCR knockout using the natMX4marker. The

sir1Δmutant obtained from the silencing screen was used as a positive control. (C) Deletion of

MMR component geneMSH6 didn’t affect mating type silencing. sir1Δmutant was used as a

positive control. (D) Cells of indicated strains were 10-fold serially diluted and then spotted

onto SC (left), SD-Ura (middle) and SC+FOA(right) agar plates, the sir1Δmutant served as a

positive control. (E) Loss of silencing at telomere ADE2 reporter visualized by red color forma-

tion. WT (UCC3505) and the corresponding MMR mutants were grown on YPD medium.

MMR deletion strains (pms1Δ,mlh1Δ, andmsh2Δ) displayed white with sectors colonies as

compared to WT, indicating a loss of gene silencing at the telomere ADE2 reporter. Cells were

five-fold serially diluted and grown at 30˚C followed by storage in 4˚C until clear red pigment

formation could be seen (15 days). (F) Decreased telomere silencing in theMSH2mutants

were rescued by overexpressedMSH2. The plasmids (pRS425 and pRS425-Gal10-MSH2) were

transformed tomsh2Δ mutants in both WT (his3Δ) and UCC3505 backgrounds. Cells were

five-fold serially diluted and then spotted onto SD-ura-leu + 2% glucose (left) or SD-ura-leu

+ 2% galactose (right) agar plates. OverexpressedMSH2 (OEMSH2) in themsh2Δ mutants

partially restore telomere and mating type silencing, as compared to overexpressed empty vec-

tor (EV). (G) Schematic diagram showing the position of primers corresponding to:HMR
(HMR-E) andHML (HML-E) loci on chromosome III, the rDNA (NTS1/2) on chromosome

VII, and the TEL (YFR057W) on the right arm of chromosome VI. These primers were used in

chromatin immunoprecipitation (ChIP) experiments and gene expression (YFR057W).

(TIF)

S3 Fig. Western blot analysis using GFP antibody revealed no significant changes in the protein

levels of Rap1 (A), yKu70 (B), or Abf1 (C) in the MMR deletion mutants compared to the WT.

(TIF)

S4 Fig. Sequence alignments display no mutations in the regions of interest for the MMR

mutants. Multiple sequence alignments of the MMR mutants (pms1Δ, msh2Δ and mlh1Δ)

compared to WT strain using the Align Multiple DNA Sequences tool in SnapGene. A.

Sequencing results of the binding sites of Abf1 (top) and Rap1 (bottom) in the HML locus. B.

Sequencing results of the HMR locus with the binding sites of Rap1 and Abf1 highlighted. C.

Sequencing results of the Tel6R region. Yellow color indicates matching bases.

(TIF)
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S1 Table. Strains used in this study.

(XLSX)

S2 Table. Primers used in this study.

(XLSX)

S3 Table. Candidate list generated from the genome-wide silencing screen of mutants

showing a decreased silencing phenotype.

(XLSX)

S4 Table. Bioscreen mini-liquid culture approach confirmed the decreased silencing phe-

notype of mutants isolated from the genome-wide silencing screening.

(XLSX)

S5 Table. Drop test confirmed mutants with decreased silencing phenotypes.

(XLSX)

S1 Movie. 3D-SIM revealed that Sir2-EGFP formed punctate foci that were distributed

over the entire area of the nucleus in WT cells.

(MOV)

S2 Movie. 3D-SIM revealed that Sir2-EGFP formed foci mostly localized in the nucleolus

in PMS1 deletion mutants.

(MOV)

S3 Movie. 3D-SIM revealed that Sir2-EGFP formed foci mostly localized in the nucleolus

in MLH1 deletion mutants.

(MOV)

S4 Movie. 3D-SIM revealed that Sir2-EGFP formed foci mostly localized in the nucleolus

in MSH2 deletion mutants.

(MOV)
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47. Sugawara N, Pâques F, Colaiácovo M, Haber JE. Role of Saccharomyces cerevisiae Msh2 and Msh3

repair proteins in double-strand break-induced recombination. Proceedings of the National Academy

of Sciences. 1997; 94(17):9214–9. https://doi.org/10.1073/pnas.94.17.9214 PMID: 9256462

48. Martin SG, Laroche T, Suka N, Grunstein M, Gasser SM. Relocalization of telomeric Ku and SIR pro-

teins in response to DNA strand breaks in yeast. Cell. 1999; 97(5):621–33. https://doi.org/10.1016/

s0092-8674(00)80773-4 PMID: 10367891.

49. McAinsh AD, Scott-Drew S, Murray JA, Jackson SP. DNA damage triggers disruption of telomeric

silencing and Mec1p-dependent relocation of Sir3p. Curr Biol. 1999; 9(17):963–6. https://doi.org/10.

1016/s0960-9822(99)80424-2 PMID: 10508591.

50. Larcher MV, Pasquier E, MacDonald RS, Wellinger RJ. Ku Binding on Telomeres Occurs at Sites Dis-

tal from the Physical Chromosome Ends. PLoS Genet. 2016; 12(12):e1006479. https://doi.org/10.

1371/journal.pgen.1006479 PMID: 27930670; PubMed Central PMCID: PMC5145143.

51. Kitada T, Kuryan BG, Tran NN, Song C, Xue Y, Carey M, et al. Mechanism for epigenetic variegation

of gene expression at yeast telomeric heterochromatin. Genes Dev. 2012; 26(21):2443–55. https://

doi.org/10.1101/gad.201095.112 PMID: 23124068; PubMed Central PMCID: PMC3490002.

52. Huang J, Moazed D. Association of the RENT complex with nontranscribed and coding regions of

rDNA and a regional requirement for the replication fork block protein Fob1 in rDNA silencing. Genes

PLOS GENETICS Mismatch repair components are involved in gene silencing

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008798 May 29, 2020 26 / 29

https://doi.org/10.1073/pnas.0503525102
https://doi.org/10.1073/pnas.0503525102
http://www.ncbi.nlm.nih.gov/pubmed/15932939
https://doi.org/10.1016/0092-8674(90)90141-z
https://doi.org/10.1016/0092-8674(90)90141-z
http://www.ncbi.nlm.nih.gov/pubmed/2225075
https://doi.org/10.1038/emboj.2009.185
http://www.ncbi.nlm.nih.gov/pubmed/19629038
https://doi.org/10.1038/sj.onc.1205078
http://www.ncbi.nlm.nih.gov/pubmed/11850776
https://doi.org/10.1534/genetics.107.079806
https://doi.org/10.1534/genetics.107.079806
http://www.ncbi.nlm.nih.gov/pubmed/18073447
https://doi.org/10.1016/0092-8674(93)90387-6
https://doi.org/10.1016/0092-8674(93)90387-6
http://www.ncbi.nlm.nih.gov/pubmed/8221892
https://doi.org/10.1091/mbc.e02-03-0175
http://www.ncbi.nlm.nih.gov/pubmed/12134062
https://doi.org/10.1038/381251a0
http://www.ncbi.nlm.nih.gov/pubmed/8622770
https://doi.org/10.1038/embor.2011.73
http://www.ncbi.nlm.nih.gov/pubmed/21525956
https://doi.org/10.1128/MCB.00455-07
https://doi.org/10.1128/MCB.00455-07
http://www.ncbi.nlm.nih.gov/pubmed/17846123
https://doi.org/10.1016/j.dnarep.2007.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17827074
https://doi.org/10.1016/j.jmb.2006.05.032
http://www.ncbi.nlm.nih.gov/pubmed/16781730
https://doi.org/10.1128/MCB.21.8.2671-2682.2001
https://doi.org/10.1128/MCB.21.8.2671-2682.2001
http://www.ncbi.nlm.nih.gov/pubmed/11283247
https://doi.org/10.1038/sj.onc.1206893
http://www.ncbi.nlm.nih.gov/pubmed/12955088
https://doi.org/10.1073/pnas.94.17.9214
http://www.ncbi.nlm.nih.gov/pubmed/9256462
https://doi.org/10.1016/s0092-8674(00)80773-4
https://doi.org/10.1016/s0092-8674(00)80773-4
http://www.ncbi.nlm.nih.gov/pubmed/10367891
https://doi.org/10.1016/s0960-9822(99)80424-2
https://doi.org/10.1016/s0960-9822(99)80424-2
http://www.ncbi.nlm.nih.gov/pubmed/10508591
https://doi.org/10.1371/journal.pgen.1006479
https://doi.org/10.1371/journal.pgen.1006479
http://www.ncbi.nlm.nih.gov/pubmed/27930670
https://doi.org/10.1101/gad.201095.112
https://doi.org/10.1101/gad.201095.112
http://www.ncbi.nlm.nih.gov/pubmed/23124068
https://doi.org/10.1371/journal.pgen.1008798


Dev. 2003; 17(17):2162–76. https://doi.org/10.1101/gad.1108403 PMID: 12923057; PubMed Central

PMCID: PMC196457.

53. Machin F, Paschos K, Jarmuz A, Torres-Rosell J, Pade C, Aragon L. Condensin regulates rDNA

silencing by modulating nucleolar Sir2p. Curr Biol. 2004; 14(2):125–30. PMID: 14738734.

54. Straight AF, Shou W, Dowd GJ, Turck CW, Deshaies RJ, Johnson AD, et al. Net1, a Sir2-associated

nucleolar protein required for rDNA silencing and nucleolar integrity. Cell. 1999; 97(2):245–56. https://

doi.org/10.1016/s0092-8674(00)80734-5 PMID: 10219245.

55. Li YC, Cheng TH, Gartenberg MR. Establishment of transcriptional silencing in the absence of DNA

replication. Science. 2001; 291(5504):650–3. https://doi.org/10.1126/science.291.5504.650 PMID:

11158677.

56. Straatman KR, Louis EJ. Localization of telomeres and telomere-associated proteins in telomerase-

negative Saccharomyces cerevisiae. Chromosome Research. 2007; 15(8):1033. https://doi.org/10.

1007/s10577-007-1178-2 PMID: 18075778

57. Matecic M, Martins-Taylor K, Hickman M, Tanny J, Moazed D, Holmes SG. New alleles of SIR2 define

cell-cycle-specific silencing functions. Genetics. 2006; 173(4):1939–50. https://doi.org/10.1534/

genetics.106.055491 PMID: 16783021; PubMed Central PMCID: PMC1569706.

58. Lau A, Blitzblau H, Bell SP. Cell-cycle control of the establishment of mating-type silencing in S. cerevi-

siae. Genes Dev. 2002; 16(22):2935–45. https://doi.org/10.1101/gad.764102 PMID: 12435634;

PubMed Central PMCID: PMC187485.

59. Kirchmaier AL, Rine J. Cell cycle requirements in assembling silent chromatin in Saccharomyces cere-

visiae. Mol Cell Biol. 2006; 26(3):852–62. https://doi.org/10.1128/MCB.26.3.852-862.2006 PMID:

16428441; PubMed Central PMCID: PMC1347038.

60. Simon I, Barnett J, Hannett N, Harbison CT, Rinaldi NJ, Volkert TL, et al. Serial regulation of transcrip-

tional regulators in the yeast cell cycle. Cell. 2001; 106(6):697–708. https://doi.org/10.1016/s0092-

8674(01)00494-9 PMID: 11572776.

61. Gotta M, Strahl-Bolsinger S, Renauld H, Laroche T, Kennedy BK, Grunstein M, et al. Localization of

Sir2p: the nucleolus as a compartment for silent information regulators. EMBO J. 1997; 16(11):3243–

55. https://doi.org/10.1093/emboj/16.11.3243 PMID: 9214640; PubMed Central PMCID:

PMC1169941.

62. Huh WK, Falvo JV, Gerke LC, Carroll AS, Howson RW, Weissman JS, et al. Global analysis of protein

localization in budding yeast. Nature. 2003; 425(6959):686–91. https://doi.org/10.1038/nature02026

PMID: 14562095.

63. Ha CW, Huh WK. Rapamycin increases rDNA stability by enhancing association of Sir2 with rDNA in

Saccharomyces cerevisiae. Nucleic Acids Res. 2011; 39(4):1336–50. https://doi.org/10.1093/nar/

gkq895 PMID: 20947565; PubMed Central PMCID: PMC3045593.

64. Oppikofer M, Kueng S, Martino F, Soeroes S, Hancock SM, Chin JW, et al. A dual role of H4K16 acety-

lation in the establishment of yeast silent chromatin. EMBO J. 2011; 30(13):2610–21. https://doi.org/

10.1038/emboj.2011.170 PMID: 21666601; PubMed Central PMCID: PMC3155304.

65. Johnson A, Li G, Sikorski TW, Buratowski S, Woodcock CL, Moazed D. Reconstitution of heterochro-

matin-dependent transcriptional gene silencing. Mol Cell. 2009; 35(6):769–81. https://doi.org/10.1016/

j.molcel.2009.07.030 PMID: 19782027; PubMed Central PMCID: PMC2842978.

66. Das C, Lucia MS, Hansen KC, Tyler JK. CBP/p300-mediated acetylation of histone H3 on lysine 56.

Nature. 2009; 459(7243):113–7. https://doi.org/10.1038/nature07861 PMID: 19270680; PubMed Cen-

tral PMCID: PMC2756583.

67. Schwer B, Schumacher B, Lombard DB, Xiao C, Kurtev MV, Gao J, et al. Neural sirtuin 6 (Sirt6) abla-

tion attenuates somatic growth and causes obesity. Proc Natl Acad Sci U S A. 2010; 107(50):21790–

4. https://doi.org/10.1073/pnas.1016306107 PMID: 21098266; PubMed Central PMCID:

PMC3003110.

68. Alper BJ, Job G, Yadav RK, Shanker S, Lowe BR, Partridge JF. Sir2 is required for Clr4 to initiate cen-

tromeric heterochromatin assembly in fission yeast. EMBO J. 2013; 32(17):2321–35. https://doi.org/

10.1038/emboj.2013.143 PMID: 23771057; PubMed Central PMCID: PMC3770337.

69. Stadler G, Rahimov F, King OD, Chen JC, Robin JD, Wagner KR, et al. Telomere position effect regu-

lates DUX4 in human facioscapulohumeral muscular dystrophy. Nat Struct Mol Biol. 2013; 20(6):671–

8. https://doi.org/10.1038/nsmb.2571 PMID: 23644600; PubMed Central PMCID: PMC3711615.

70. Nielsen SV, Stein A, Dinitzen AB, Papaleo E, Tatham MH, Poulsen EG, et al. Predicting the impact of

Lynch syndrome-causing missense mutations from structural calculations. PLOS Genetics. 2017; 13

(4):e1006739. https://doi.org/10.1371/journal.pgen.1006739 PMID: 28422960

71. Huang S, Zhou H, Katzmann D, Hochstrasser M, Atanasova E, Zhang Z. Rtt106p is a histone chaper-

one involved in heterochromatin-mediated silencing. Proceedings of the National Academy of

PLOS GENETICS Mismatch repair components are involved in gene silencing

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008798 May 29, 2020 27 / 29

https://doi.org/10.1101/gad.1108403
http://www.ncbi.nlm.nih.gov/pubmed/12923057
http://www.ncbi.nlm.nih.gov/pubmed/14738734
https://doi.org/10.1016/s0092-8674(00)80734-5
https://doi.org/10.1016/s0092-8674(00)80734-5
http://www.ncbi.nlm.nih.gov/pubmed/10219245
https://doi.org/10.1126/science.291.5504.650
http://www.ncbi.nlm.nih.gov/pubmed/11158677
https://doi.org/10.1007/s10577-007-1178-2
https://doi.org/10.1007/s10577-007-1178-2
http://www.ncbi.nlm.nih.gov/pubmed/18075778
https://doi.org/10.1534/genetics.106.055491
https://doi.org/10.1534/genetics.106.055491
http://www.ncbi.nlm.nih.gov/pubmed/16783021
https://doi.org/10.1101/gad.764102
http://www.ncbi.nlm.nih.gov/pubmed/12435634
https://doi.org/10.1128/MCB.26.3.852-862.2006
http://www.ncbi.nlm.nih.gov/pubmed/16428441
https://doi.org/10.1016/s0092-8674(01)00494-9
https://doi.org/10.1016/s0092-8674(01)00494-9
http://www.ncbi.nlm.nih.gov/pubmed/11572776
https://doi.org/10.1093/emboj/16.11.3243
http://www.ncbi.nlm.nih.gov/pubmed/9214640
https://doi.org/10.1038/nature02026
http://www.ncbi.nlm.nih.gov/pubmed/14562095
https://doi.org/10.1093/nar/gkq895
https://doi.org/10.1093/nar/gkq895
http://www.ncbi.nlm.nih.gov/pubmed/20947565
https://doi.org/10.1038/emboj.2011.170
https://doi.org/10.1038/emboj.2011.170
http://www.ncbi.nlm.nih.gov/pubmed/21666601
https://doi.org/10.1016/j.molcel.2009.07.030
https://doi.org/10.1016/j.molcel.2009.07.030
http://www.ncbi.nlm.nih.gov/pubmed/19782027
https://doi.org/10.1038/nature07861
http://www.ncbi.nlm.nih.gov/pubmed/19270680
https://doi.org/10.1073/pnas.1016306107
http://www.ncbi.nlm.nih.gov/pubmed/21098266
https://doi.org/10.1038/emboj.2013.143
https://doi.org/10.1038/emboj.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/23771057
https://doi.org/10.1038/nsmb.2571
http://www.ncbi.nlm.nih.gov/pubmed/23644600
https://doi.org/10.1371/journal.pgen.1006739
http://www.ncbi.nlm.nih.gov/pubmed/28422960
https://doi.org/10.1371/journal.pgen.1008798


Sciences of the United States of America. 2005; 102(38):13410–5. https://doi.org/10.1073/pnas.

0506176102 PMID: 16157874

72. Miller AM, Nasmyth KA. Role of DNA replication in the repression of silent mating type loci in yeast.

Nature. 1984; 312(5991):247–51. https://doi.org/10.1038/312247a0 PMID: 6390211.

73. Rivier DH, Rine J. An origin of DNA replication and a transcription silencer require a common element.

Science. 1992; 256(5057):659–63. https://doi.org/10.1126/science.1585179 PMID: 1585179.

74. Bell SP, Kobayashi R, Stillman B. Yeast origin recognition complex functions in transcription silencing

and DNA replication. Science. 1993; 262(5141):1844–9. https://doi.org/10.1126/science.8266072

PMID: 8266072.

75. Foss M, McNally FJ, Laurenson P, Rine J. Origin recognition complex (ORC) in transcriptional silenc-

ing and DNA replication in S. cerevisiae. Science. 1993; 262(5141):1838–44. https://doi.org/10.1126/

science.8266071 PMID: 8266071.

76. Li JJ, Herskowitz I. Isolation of ORC6, a component of the yeast origin recognition complex by a one-

hybrid system. Science. 1993; 262(5141):1870–4. https://doi.org/10.1126/science.8266075 PMID:

8266075.

77. Douglas NL, Dozier SK, Donato JJ. Dual roles for Mcm10 in DNA replication initiation and silencing at

the mating-type loci. Mol Biol Rep. 2005; 32(4):197–204. https://doi.org/10.1007/s11033-005-2312-x

PMID: 16328881.

78. Singh J, Goel V, Klar AJ. A novel function of the DNA repair gene rhp6 in mating-type silencing by

chromatin remodeling in fission yeast. Mol Cell Biol. 1998; 18(9):5511–22. https://doi.org/10.1128/

mcb.18.9.5511 PMID: 9710635; PubMed Central PMCID: PMC109136.

79. Liu J, Ren X, Yin H, Wang Y, Xia R, Wang Y, et al. Mutation in the catalytic subunit of DNA polymerase

alpha influences transcriptional gene silencing and homologous recombination in Arabidopsis. Plant J.

2010; 61(1):36–45. https://doi.org/10.1111/j.1365-313X.2009.04026.x PMID: 19769574.

80. Hombauer H, Campbell CS, Smith CE, Desai A, Kolodner RD. Visualization of eukaryotic DNA mis-

match repair reveals distinct recognition and repair intermediates. Cell. 2011; 147(5):1040–53. https://

doi.org/10.1016/j.cell.2011.10.025 PMID: 22118461; PubMed Central PMCID: PMC3478091.

81. Bishop DK, Williamson MS, Fogel S, Kolodner RD. The role of heteroduplex correction in gene conver-

sion in Saccharomyces cerevisiae. Nature. 1987; 328(6128):362–4. https://doi.org/10.1038/328362a0

PMID: 3299108

82. Kunkel TA, Erie DA. DNA MISMATCH REPAIR. Annual Review of Biochemistry. 2005; 74(1):681–

710. https://doi.org/10.1146/annurev.biochem.74.082803.133243 PMID: 15952900.

83. Yu S, Owen-Hughes T, Friedberg EC, Waters R, Reed SH. The yeast Rad7/Rad16/Abf1 complex gen-

erates superhelical torsion in DNA that is required for nucleotide excision repair. DNA Repair. 2004; 3

(3):277–87. https://doi.org/10.1016/j.dnarep.2003.11.004 PMID: 15177043

84. Reed SH, Akiyama M, Stillman B, Friedberg EC. Yeast autonomously replicating sequence binding

factor is involved in nucleotide excision repair. Genes & development. 1999; 13(23):3052–8. https://

doi.org/10.1101/gad.13.23.3052 PMID: 10601031.

85. Berera S, Koru-Sengul T, Miao F, Carrasquillo O, Nadji M, Zhang Y, et al. Colorectal Tumors From Dif-

ferent Racial and Ethnic Minorities Have Similar Rates of Mismatch Repair Deficiency. Clin Gastroen-

terol Hepatol. 2016; 14(8):1163–71. https://doi.org/10.1016/j.cgh.2016.03.037 PMID: 27046481.

86. Lamba AR, Moore AY, Moore T, Rhees J, Arnold MA, Boland CR. Defective DNA mismatch repair

activity is common in sebaceous neoplasms, and may be an ineffective approach to screen for Lynch

syndrome. Fam Cancer. 2015; 14(2):259–64. https://doi.org/10.1007/s10689-015-9782-3 PMID:

25637498.

87. Nguyen A, Bougeard G, Koob M, Chenard MP, Schneider A, Maugard C, et al. MSI detection and its

pitfalls in CMMRD syndrome in a family with a bi-allelic MLH1 mutation. Fam Cancer. 2016. https://doi.

org/10.1007/s10689-016-9894-4 PMID: 27017609.

88. Murphy MA, Wentzensen N. Frequency of mismatch repair deficiency in ovarian cancer: a systematic

review This article is a US Government work and, as such, is in the public domain of the United States

of America. Int J Cancer. 2011; 129(8):1914–22. https://doi.org/10.1002/ijc.25835 PMID: 21140452;

PubMed Central PMCID: PMC3107885.

89. Carethers JM, Stoffel EM. Lynch syndrome and Lynch syndrome mimics: The growing complex land-

scape of hereditary colon cancer. World J Gastroenterol. 2015; 21(31):9253–61. https://doi.org/10.

3748/wjg.v21.i31.9253 PMID: 26309352; PubMed Central PMCID: PMC4541378.

90. Kucherlapati M, Nguyen A, Kuraguchi M, Yang K, Fan K, Bronson R, et al. Tumor progression in Apc

(1638N) mice with Exo1 and Fen1 deficiencies. Oncogene. 2007; 26(43):6297–306. https://doi.org/10.

1038/sj.onc.1210453 PMID: 17452984.

PLOS GENETICS Mismatch repair components are involved in gene silencing

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008798 May 29, 2020 28 / 29

https://doi.org/10.1073/pnas.0506176102
https://doi.org/10.1073/pnas.0506176102
http://www.ncbi.nlm.nih.gov/pubmed/16157874
https://doi.org/10.1038/312247a0
http://www.ncbi.nlm.nih.gov/pubmed/6390211
https://doi.org/10.1126/science.1585179
http://www.ncbi.nlm.nih.gov/pubmed/1585179
https://doi.org/10.1126/science.8266072
http://www.ncbi.nlm.nih.gov/pubmed/8266072
https://doi.org/10.1126/science.8266071
https://doi.org/10.1126/science.8266071
http://www.ncbi.nlm.nih.gov/pubmed/8266071
https://doi.org/10.1126/science.8266075
http://www.ncbi.nlm.nih.gov/pubmed/8266075
https://doi.org/10.1007/s11033-005-2312-x
http://www.ncbi.nlm.nih.gov/pubmed/16328881
https://doi.org/10.1128/mcb.18.9.5511
https://doi.org/10.1128/mcb.18.9.5511
http://www.ncbi.nlm.nih.gov/pubmed/9710635
https://doi.org/10.1111/j.1365-313X.2009.04026.x
http://www.ncbi.nlm.nih.gov/pubmed/19769574
https://doi.org/10.1016/j.cell.2011.10.025
https://doi.org/10.1016/j.cell.2011.10.025
http://www.ncbi.nlm.nih.gov/pubmed/22118461
https://doi.org/10.1038/328362a0
http://www.ncbi.nlm.nih.gov/pubmed/3299108
https://doi.org/10.1146/annurev.biochem.74.082803.133243
http://www.ncbi.nlm.nih.gov/pubmed/15952900
https://doi.org/10.1016/j.dnarep.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15177043
https://doi.org/10.1101/gad.13.23.3052
https://doi.org/10.1101/gad.13.23.3052
http://www.ncbi.nlm.nih.gov/pubmed/10601031
https://doi.org/10.1016/j.cgh.2016.03.037
http://www.ncbi.nlm.nih.gov/pubmed/27046481
https://doi.org/10.1007/s10689-015-9782-3
http://www.ncbi.nlm.nih.gov/pubmed/25637498
https://doi.org/10.1007/s10689-016-9894-4
https://doi.org/10.1007/s10689-016-9894-4
http://www.ncbi.nlm.nih.gov/pubmed/27017609
https://doi.org/10.1002/ijc.25835
http://www.ncbi.nlm.nih.gov/pubmed/21140452
https://doi.org/10.3748/wjg.v21.i31.9253
https://doi.org/10.3748/wjg.v21.i31.9253
http://www.ncbi.nlm.nih.gov/pubmed/26309352
https://doi.org/10.1038/sj.onc.1210453
https://doi.org/10.1038/sj.onc.1210453
http://www.ncbi.nlm.nih.gov/pubmed/17452984
https://doi.org/10.1371/journal.pgen.1008798


91. Dixit M, Ansseau E, Tassin A, Winokur S, Shi R, Qian H, et al. DUX4, a candidate gene of facioscapu-

lohumeral muscular dystrophy, encodes a transcriptional activator of PITX1. Proc Natl Acad Sci U S A.

2007; 104(46):18157–62. https://doi.org/10.1073/pnas.0708659104 PMID: 17984056; PubMed Cen-

tral PMCID: PMC2084313.

92. Snider L, Asawachaicharn A, Tyler AE, Geng LN, Petek LM, Maves L, et al. RNA transcripts, miRNA-

sized fragments and proteins produced from D4Z4 units: new candidates for the pathophysiology of

facioscapulohumeral dystrophy. Hum Mol Genet. 2009; 18(13):2414–30. https://doi.org/10.1093/hmg/

ddp180 PMID: 19359275; PubMed Central PMCID: PMC2694690.

93. Lemmers RJ, van der Vliet PJ, Klooster R, Sacconi S, Camano P, Dauwerse JG, et al. A unifying

genetic model for facioscapulohumeral muscular dystrophy. Science. 2010; 329(5999):1650–3.

https://doi.org/10.1126/science.1189044 PMID: 20724583; PubMed Central PMCID: PMC4677822.

94. Kazakov V, Rudenko D, Schulev J, Pozdnyakov A. Unusual association of FSHD and extramedullary

thoracic tumour in the same patient: a case report. Acta Myol. 2009; 28(2):76–9. PMID: 20128141;

PubMed Central PMCID: PMC2858950.

95. Yazici O, Aksoy S, Ozdemir N, Sendur MA, Dogan M, Zengin N. A rare coincidence: facioscapulohum-

eral muscular dystrophy and breast cancer. Exp Oncol. 2013; 35(4):311–2. PMID: 24382443.

96. Wagih O, Usaj M, Baryshnikova A, VanderSluis B, Kuzmin E, Costanzo M, et al. SGAtools: one-stop

analysis and visualization of array-based genetic interaction screens. Nucleic Acids Res. 2013; 41

(Web Server issue):W591–6. https://doi.org/10.1093/nar/gkt400 PMID: 23677617; PubMed Central

PMCID: PMC3692131.

97. Ugolini S, Bruschi CV. The red/white colony color assay in the yeast Saccharomyces cerevisiae: epi-

static growth advantage of white ade8-18, ade2 cells over red ade2 cells. Current Genetics. 1996; 30

(6):485–92. https://doi.org/10.1007/s002940050160 PMID: 8939809

98. Studamire B, Price G, Sugawara N, Haber JE, Alani E. Separation-of-function mutations in Saccharo-

myces cerevisiae MSH2 that confer mismatch repair defects but do not affect nonhomologous-tail

removal during recombination. Molecular and cellular biology. 1999; 19(11):7558–67. https://doi.org/

10.1128/mcb.19.11.7558 PMID: 10523644.

99. Boyle EI, Weng S, Gollub J, Jin H, Botstein D, Cherry JM, et al. GO::TermFinder—open source soft-

ware for accessing Gene Ontology information and finding significantly enriched Gene Ontology terms

associated with a list of genes. Bioinformatics. 2004; 20(18):3710–5. https://doi.org/10.1093/

bioinformatics/bth456 PMID: 15297299

100. Breitkreutz B-J, Stark C, Tyers M. Osprey: a network visualization system. Genome Biology. 2003; 4

(3):R22. https://doi.org/10.1186/gb-2003-4-3-r22 PMID: 12620107

101. Zhu X, Wiren M, Sinha I, Rasmussen NN, Linder T, Holmberg S, et al. Genome-wide occupancy pro-

file of mediator and the Srb8-11 module reveals interactions with coding regions. Mol Cell. 2006; 22

(2):169–78. https://doi.org/10.1016/j.molcel.2006.03.032 PMID: 16630887.

102. Teytelman L, Osborne Nishimura EA, Ozaydin B, Eisen MB, Rine J. The enigmatic conservation of a

Rap1 binding site in the Saccharomyces cerevisiae HMR-E silencer. G3 (Bethesda). 2012; 2

(12):1555–62. https://doi.org/10.1534/g3.112.004077 PMID: 23275878; PubMed Central PMCID:

PMC3516477.

103. Song J, Yang Q, Yang J, Larsson L, Hao X, Zhu X, et al. Essential Genetic Interactors of SIR2

Required for Spatial Sequestration and Asymmetrical Inheritance of Protein Aggregates. PLoS genet-

ics. 2014; 10(7):e1004539. https://doi.org/10.1371/journal.pgen.1004539 PMID: 25079602

PLOS GENETICS Mismatch repair components are involved in gene silencing

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008798 May 29, 2020 29 / 29

https://doi.org/10.1073/pnas.0708659104
http://www.ncbi.nlm.nih.gov/pubmed/17984056
https://doi.org/10.1093/hmg/ddp180
https://doi.org/10.1093/hmg/ddp180
http://www.ncbi.nlm.nih.gov/pubmed/19359275
https://doi.org/10.1126/science.1189044
http://www.ncbi.nlm.nih.gov/pubmed/20724583
http://www.ncbi.nlm.nih.gov/pubmed/20128141
http://www.ncbi.nlm.nih.gov/pubmed/24382443
https://doi.org/10.1093/nar/gkt400
http://www.ncbi.nlm.nih.gov/pubmed/23677617
https://doi.org/10.1007/s002940050160
http://www.ncbi.nlm.nih.gov/pubmed/8939809
https://doi.org/10.1128/mcb.19.11.7558
https://doi.org/10.1128/mcb.19.11.7558
http://www.ncbi.nlm.nih.gov/pubmed/10523644
https://doi.org/10.1093/bioinformatics/bth456
https://doi.org/10.1093/bioinformatics/bth456
http://www.ncbi.nlm.nih.gov/pubmed/15297299
https://doi.org/10.1186/gb-2003-4-3-r22
http://www.ncbi.nlm.nih.gov/pubmed/12620107
https://doi.org/10.1016/j.molcel.2006.03.032
http://www.ncbi.nlm.nih.gov/pubmed/16630887
https://doi.org/10.1534/g3.112.004077
http://www.ncbi.nlm.nih.gov/pubmed/23275878
https://doi.org/10.1371/journal.pgen.1004539
http://www.ncbi.nlm.nih.gov/pubmed/25079602
https://doi.org/10.1371/journal.pgen.1008798

