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Abstract

Controlling chromatin state constitutes a major regulatory step in gene expression regulation 

across eukaryotes. While global cellular features or processes are naturally impacted by chromatin 

state alterations, little is known about how chromatin regulatory genes interact in networks to 

dictate downstream phenotypes. Using the activity of the canonical galactose network in yeast as a 

model, here, we measured the impact of the disruption of key chromatin regulatory genes on 

downstream gene expression, genetic noise and fitness. Using Trichostatin A and Nicotinamide, 

we characterized how drug-based modulation of global histone deacetylase activity affected these 

phenotypes. Performing epistasis analysis, we discovered phenotype-specific genetic interaction 

networks of chromatin regulators. Our work provides comprehensive insights into how the 

galactose network activity is affected by protein interaction networks formed by chromatin 

regulators.
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Introduction

Regulation of chromatin state for initiation and progression of gene expression is a major 

mechanism for eukaryotic transcriptional control (Wu 1997; Luo and Dean 1999; Li et al. 
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2007). The nucleosome, composed by a histone octamer and 147bp of DNA wrapped around 

them, forms the basic units of the chromatin (Richmond and Davey 2003). Special protein 

complexes, known as chromatin regulators, can alter chromatin state by chemically 

modifying histone tails, relocating nucleosomes along the DNA and tuning the histone 

turnover (Rando and Winston 2012). These actions can be exerted locally or globally; for 

example, a high level of chromatin condensation is achieved during mitosis (Vas et al. 2007), 

while only certain gene clusters’ expression are regulated by the state of their chromatin in 

response to external stress (Shivaswamy and Iyer 2008).

The most common chemical modifications to alter chromatin state are acetylation and 

methylation of the histone tails (Millar and Grunstein 2006; Bannister and Kouzarides 

2011). Acetylation keeps the chromatin in a more open state, as it neutralizes the positive 

charges of the lysine residues and disrupts the electrostatic interactions of the histones with 

the DNA and usually facilitates gene expression (Bannister and Kouzarides 2011). These 

modifications are exerted by Histone Acetyl Transferase (HAT) and Histone DeACetylase 

(HDAC) enzymes, that have certain specificities for the residues they act on (Kurdistani and 

Grunstein 2003). The methylation reactions are relatively more complex as the modifications 

may occur on lysine or arginine residues, and they do not neutralize the residue’s charge 

(Bannister and Kouzarides 2011). Arginine residues can be mono- or di-methylated, while 

lysine residues can be mono-, bi- or tri-methylated, producing different expression outcomes 

depending on the residue and its methylation load (Zhang 2001; Bannister et al. 2002); it has 

been shown that methylation outcomes can change during ageing (Cruz et al. 2018). Histone 

methylation loads are regulated by Histone Methyl Transferase (HMT) and Histone 

DeMethylase (HDM) enzymes (Zhang 2001; Bannister et al. 2002).

Recruitment of chromatin remodelers or transcription factors to histone modification sites 

leads to protein interaction hubs (Bannister and Kouzarides 2011), which can effectively be 

considered as intricate protein interaction networks (Lenstra et al. 2011). Nucleosome 

removal or relocation is performed by specific chromatin remodeling complexes upon their 

binding to certain histone modification marks. For example, the SWI/SNF complex 

displaces SAGA-acetylated histones (Chandy et al. 2006), while the INO80 complex binds 

DNA in the nucleosome-free regions of the transcription start sites (Yen et al. 2013).

Due to the complexity of interactions between chromatin regulators, limited information 

exists about how local and global phenotypes are affected by protein interaction networks 

formed by chromatin regulators. We have selected protein subunits belonging to key 

chromatin regulatory complexes and systematically studied the phenotypic consequences of 

their removal from the cell. As the quantitative phenotypes, we used activity and noise (as a 

measure of the variability in gene expression levels among isogenic cells) of the canonical 

GAL1 promoter as well as vegetative growth. Despite the well-characterized nature of the 

GAL1 promoter, a comprehensive characterization of its activity across different chromatin-

regulatory genetic backgrounds have been missing; our work aims to address this need. We 

also used HDAC-inhibiting drugs to understand how these phenotypes are altered at the 

single-cell level. Finally, we unraveled novel genetic interactions between the regulatory 

components by performing epistasis analysis on data obtained from strains systematically 

deleted in two genes coding for the selected regulatory components.
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Results

Design and construction of a single-cell level reporter system to measure gene expression 
and noise in selected chromatin-regulatory backgrounds

We selected six genes representing key chromatin regulators and constructed six strains by 

deleting these genes one at a time. The selected genes included two HMTs (SET1 (Krogan et 

al. 2002), SET2 (Strahl et al. 2002)) and one HDM (JHD2 (Liang et al. 2007)) acting on 

H3K4 (SET1, JHD2) or H3K36 (SET2), a structural component of the SWI/SNF complex 

(SNF6 (Cairns et al. 1994; Yoon et al. 2003)), a DNA sensor of the INO80 complex (ARP8 

(Brahma et al. 2018)) and the HAT of the SAGA complex (GCN5) which acts on several 

lysine residues in H2B and H3 tails (Suka et al. 2001; Cieniewicz et al. 2014). The selection 

criteria for these genes was their being non-essential and involved in GAL network 

regulation (Murray et al. 2015; Lenstra et al. 2015), or their being part of major chromatin 

modification complexes. The base strain on which these deletions were made carried one 

copy of the PGAL1-YFP construct integrated in the yeast genome (Acar et al. 2005, 2010; 

Peng et al. 2015, 2016; Elison et al. 2018; Luo et al. 2018) so that we could measure the 

impact of the gene deletions on gene expression and noise; flow cytometric measurement of 

single-cell YFP fluorescence levels led to the quantification of PGAL1-YFP levels and noise 

(Materials and methods). To simplify the interpretation of our results, we further deleted the 

GAL80 gene so that the GAL1 promoter was constitutively active without upstream 

regulation or the need for galactose (Torchia et al. 1984) (Fig 1).

After constructing the strains that are deleted in chromatin regulatory genes, we first 

measured their vegetative growth characteristics and confirmed that the set1Δ, snf6Δ, gcn5Δ 
and arp8Δ had a growth defect while the jhd2Δ strain grew slightly better than the wildtype 

(Fig 2a–b), as previously described (Nislow et al. 1997; Breslow et al. 2008; Yoshikawa et 

al. 2011; Qian et al. 2012). However, our experimental setup allowed sufficient growth time 

for all strains to reach their steady state prior to further analysis.

Next, we measured PGAL1-YFP expression levels in single cells and calculated gene 

expression noise using coefficient of variation (CV) as the metric (Fig 2c–d). We saw that 

the snf6Δ strain exhibited a major reduction (~50%) in gene expression, while it almost 

doubled in expression noise. Following a similar trend in expression and noise, the arp8Δ 
and gcn5Δ strains also exhibited a decrease in gene expression and an increase in expression 

noise, but in a milder fashion. On the other hand, the jhd2Δ strain showed a small but 

significant increase in gene expression with no change in noise. Finally, the set1Δ strain 

displayed a small increase in noise with no significant change in PGAL1-YFP expression, 

while the set2Δ strain did not display differential phenotype compared to the wild-type.

Combining the functional roles of these chromatin regulators with the gene expression 

changes exerted by their absence (Fig. 2c, 2e), we propose the following model summarizing 

the action of these regulators on GAL1 promoter activity. Our gene expression data support 

a chromatin-silencing role for Jhd2, agreeing with the previous literature (Ingvarsdottir et al. 

2007). On the other hand, our data indicate that Gcn5, Snf6 and Arp8 regulators enhance 

PGAL1-YFP expression due to a more active local chromatin state by acetylation and 

nucleosome displacement, as the absence of these regulators led to a decrease in reporter 
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expression (Fig 2e). The need for acetylation before SWI/SNF nucleosome-remodeling has 

been extensively studied before (Chandy et al. 2006; Chatterjee et al. 2011). SWI/SNF and 

INO80 (as well as RSC) share the Taf14 subunit which has high affinity to acetylated H3 

and H4 nucleosomes (Shanle et al. 2015). Previous work challenged the requirement of 

SAGA acetylation for full GAL1 activation (Lemieux and Gaudreau 2004; Kundu et al. 

2007). We note that our experimental reporter system lacks the Gal80 inhibitor; Gal80 

proteins interacting with the DNA-bound Gal4 activators may have an effect on the 

modifications occurring on the local chromatin, potentially regulating promoter activity in 

the wild-type genetic background, but that is not the case in our experimental setup.

Trichostatin A decreases GAL1 gene expression through Hos2 inhibition and improves 
fitness in snf6Δ genetic background

To obtain a deeper understanding of how chromatin regulatory proteins affect downstream 

gene expression and noise, we sought to quantify these phenotypes in our strains in the 

presence of the HDAC-inhibiting drug Trichostatin A (TSA) (Bernstein et al. 2000). To 

choose a sufficiently high TSA concentration not causing fitness defects due to toxicity, we 

measured the vegetative growth characteristics of our strains in a wide range of TSA levels. 

For this, we spotted serial dilutions of each strain on plates containing various TSA 

concentrations up to 50 μM (Fig 3a, FigS1a). We observed fitness changes for the snf6Δ and 

set1Δ strains, whose performance improved upon TSA treatment; for the arp8Δ strain, the 

fitness was slightly impaired by the TSA action. These phenotypes did not change much 

beyond the 10 μM TSA treatment (Fig 3a,3B, FigS1a). Therefore, we chose 10 μM TSA as 

our working concentration, which has also been the treatment concentration selected by 

previous studies (Bernstein et al. 2000; Wan et al. 2011).

We measured PGAL1-YFP expression and noise in the wild-type and gene-deleted 

backgrounds after growing cells for a day in the presence of 10 μM TSA. We uniformly saw 

a reduction in expression, up to ~30%, in the TSA-treated strains compared to the untreated 

samples (Fig 3c). There was also a slight but significant increase in gene expression noise in 

all but the wild-type and snf6Δ strains; the snf6Δ strain likely operates in a “noise-ceiling” 

territory as it displayed the highest noise level across all tested strains in the absence of TSA 

(Fig S1b). Given the role of TSA as an HDAC inhibitor, most of the changes it elicits on 

cells lead to upregulated gene expression (Wan et al. 2011). Contrarily, we observed a 

reduction in our reporter expression, although it is known that Hos2 HDAC activity is 

needed for proper expression of stress-responsive and highly expressed genes such as GAL1 
(Wang et al. 2002). To rule out the possibility that the observed expression reduction upon 

TSA treatment was due to Hos2 activity inhibition, we deleted HOS2 and saw a reduction in 

PGAL1-YFP expression close to the level of wild-type TSA-treated cells. However, the TSA 

treatment is affecting other HDAC activities beyond Hos2, as the TSA-treated hos2Δ 
exhibited further reduction in YFP expression, even though the reduction was milder 

compared to the one exhibited by the wild-type strain (Fig 3d). Gene expression noise on the 

hos2A strain was not altered compared to wild-type levels, either TSA-treated or not (Fig 

S1c).
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Next, we sought to understand if the activity of the SET2, SET1, JHD2, SNF6, ARP8, 
GCN5 promoters would be altered by the 10 μM TSA treatment. For this, we integrated one 

copy of each Promoter-YFP construct in six separate wild-type strains, with the exception of 

PJHD2-YFP for which we integrated two copies of the construct to improve signal intensity. 

Measuring gene expression and noise levels after the TSA treatment, we did not observe any 

changes in reporter expression or noise compared to the untreated samples (Fig S3a, S3b). 

These results suggest that the TSA-caused changes in PGAL1-YFP expression and noise in 

specific gene-deletion backgrounds (Fig 3c, 3d) are not mediated by changes in the 

expression or noise of the chromatin regulatory proteins used in our study.

To see how higher concentrations of TSA affect PGAL1-YFP expression, we treated wild-

type and gene-deleted strains with 25 μM and 50 μM of TSA (Fig S1d). The expression 

levels stabilized beyond 10 μM TSA treatment for most of the strains, except for the arp8Δ 
strain, where a dose-dependent decrease was observed. This strain has an incomplete 

INO80C nucleosome remodeling complex that would be expected to perform suboptimal, 

which may lead to a chromatin remodeling rate-limiting step in increasing TSA 

concentrations.

We propose the following mechanism to explain the TSA-induced gene expression reduction 

achieved through Hos2 inhibition (Fig 3e). While the exact mechanism causing Hos2-

dependent transcriptional regulation is not known, it is known that the HDAC activity is 

needed for the TATA-binding protein to bind to the chromatin and also essential for RNA pol 

II recruitment (Sharma et al. 2007). Given the different specificities of the different HDAC 

enzymes, the main target sites essential to control this mechanism are the H4 tails. It is 

thought that Hos2 has a role in coordinating multiple rounds of transcription, which is 

needed for strongly inducible promoters, by resetting the chromatin acetylation balance after 

each passage of the RNApol II through the coding sequence (Sharma et al. 2007). Since 

TSA inhibits many other proteins with HDAC activities in addition to Hos2, our current 

work and published literature (Wang et al. 2002) indicate that Hos2 has a major role in 

controlling GAL1 promoter activity.

Sirtuin inhibition by nicotinamide increases GAL1 gene expression in an Arp8-dependent 
manner

Nicotinamide (NAM) acts as a potent inhibitor of the sirtuin family of NAD+-dependent 

HDAC enzymes (Landry et al. 2000; Bitterman et al. 2002). To obtain further insights into 

how chromatin regulatory proteins affect gene expression and noise, we chose to treat wild-

type and the gene-deleted strains with NAM. Using vegetative growth as a fitness indicator, 

we first tested the fitness of our strains in a wide range of NAM concentrations up to 50 mM 

(Fig 4a, Fig S2a). With the exception of the set1Δ mutant, we did not observe significant 

fitness defects as a result of the NAM treatments up to 5mM; the fitness of the set1Δ mutant 

was reduced by ~60% (Fig 4b). However, higher NAM concentrations affected the fitness of 

most strains (Fig 4a). We chose 5 mM NAM as our working concentration which has also 

been the treatment concentration selected by previous studies (Bitterman et al. 2002; 

Anderson et al. 2003).
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We measured PGAL1 expression and noise in the wild-type and gene-deleted backgrounds 

after growing cells for a day in the presence of 5mM NAM. As expected from the role of 

NAM as an HDAC inhibitor, we observed a significant increase in YFP expression (despite 

being a small increase) in all strains except the arp8Δ strain (Fig. 4c). Gene expression noise 

stayed unchanged in all strains except in the gcn5Δ strain which displayed a small but 

significant noise reduction upon NAM treatment (Fig. 4d), which supports a model that 

Gcn5 proteins contribute to decreased expression heterogeneity in NAM-treated wild-type 

cells.

Next, we probed the activity of the SET2, SET1, JHD2, SNF6, ARP8, GCN5 promoters 

under the 5mM NAM treatment to see if NAM causes any changes in promoter activity. For 

this characterization, we used six separate strains each carrying 1-copy integration of each 

Promoter-YFP cassette in the wild-type strain background; PJHD2-YFP was present in two 

copies to increase signal intensity. We then measured gene expression and noise levels after 

the NAM treatment, but did not observe any changes in reporter expression or noise levels 

compared to the untreated samples (Fig S3a, 3b). We, therefore, propose that the NAM-

caused changes in PGAL1-YFP expression and noise observed in certain gene-deletion 

backgrounds (Fig 4c, 4d) are not mediated by changes in the expression or noise of the 

chromatin regulatory proteins tested.

We wanted to see how a lower NAM concentration, with less detriment on fitness especially 

for the set1Δ strain (Fig 4a), would affect PGAL1-YFP expression. For this exploration, we 

treated wild-type and gene-deleted strains with 2mM of NAM and compared the results to 

the ones obtained at 5mM NAM (Fig S2b). We saw that the two NAM concentrations made 

similar impacts on the expression levels across the different genetic backgrounds tested.

Sirtuins are NAD+-dependent HDAC enzymes that silence chromatin, mainly by removing 

acetyl groups from H3K9 and H4K16 which are hallmark facilitators of chromatin 

compaction (Martínez-Redondo and Vaquero 2013). Considering the inhibitory role of NAM 

on sirtuins, our observation of an increase in the PGAL1-YFP expression after the NAM 

treatment (Fig 4c) fits into a straightforward mechanistic framework. Interestingly, the 

NAM-caused PGAL1-YFP expression we measured in the arp8Δ background did not fit into 

this framework. Our results indicate a need for Arp8 as a component of the INO80 

chromatin-remodeling complex to efficiently displace the acetylated nucleosomes to 

promote higher gene expression levels when cells are treated with NAM (Fig 4e).

Discovery of phenotype-specific genetic interaction networks of chromatin regulators

As chromatin regulator activity can be expected to require multiple enzymes or protein 

complexes, it is plausible to hypothesize for the presence of an interaction network among 

the chromatin regulators we selected. To uncover the interaction type and strength between 

each regulator pair, we combinatorically deleted two of five genes in the same strain, 

measured the resulting phenotypes of growth, expression and noise, and compared them to 

the phenotypic levels obtained from the strains missing only one of the two genes in a single 

strain. As the set2Δ strain did not show major phenotypic differences in comparison to the 

wild type in our previous characterizations (Fig. 2), set2Δ was not included in our network 

discovery efforts and a total of ten double-deletion strains were constructed out of the five 
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chromatin regulator genes. We measured genetic interaction type and strength by 

considering a product-based epistasis model as the neutral model (see Materials and 

Methods). Most genetic interaction screens (Boone et al. 2007; Costanzo et al. 2016; van 

Leeuwen et al. 2017) published previously extract interaction maps based on the use of 

global phenotypes such as growth or fitness; in this work, in addition to using probes such as 

growth, we use locus-specific gene expression and noise to dissect the local downstream 

impact of key chromatin regulatory proteins over the GAL1 promoter activity.

We measured vegetative growth of our double-deletion strains using a spotting assay on 

solid media (Fig 5a, Fig S4b), and detected major growth defects, compared to the wild type 

growth, especially in the set1Δsnf6Δ, set1Δarp8Δ, arp8Δgcn5Δ, gcn5Δset1Δ and 

gcn5Δsnf6Δ genetic backgrounds; however, the jhd2Δarp8Δ strain outperformed the wild-

type. A majority of the double gene-deleted strains performed significantly worse than their 

single gene-deleted counterpart strains, except in the jhd2Δsnf6Δ and jhd2Δarp8Δ strains 

where JHD2 deletion improved the fitness of snf6Δ and arp8Δ strains (Table S2). When we 

performed an epitasis analysis on our results, we detected interactions, either positive or 

negative, between all nodes of our network, except between SET1 & ARP8 and GCN5 & 

SNF6 (Fig 5b, Table S5), which had not been detected in previous genome-wide screening 

studies (Collins et al. 2007; Costanzo et al. 2016).

Comparing PGAL1-YFP expression in the five double gene-deleted strains with the one in the 

wild type strain, we detected a mild increase in expression in the jhd2Δarp8Δ strain but a 

massive reduction in expression in the gcn5Δsnf6Δ strain which was even stronger than the 

reductions we observed in the strain’s single gene-deleted counterparts (Fig 5c, Table S3). 

Performing epistasis analysis, we detected significant positive and negative interactions 

between all genetic nodes composing the chromatin regulatory network dictating PGAL1-

YFP expression, including the gain of function detected when jhd2Δ and arp8Δ deletions 

were combined, the loss of function detected when gcn5Δ and snf6Δ deletions were 

combined, and the partial gain of function effect of the arp8Δ deletion over the snf6Δ 
deletion (Fig 5d, Table S5).

For noise in gene expression, compared to the wild-type, the largest synergistic increases 

were detected when the noisiest single gene-deleted strains snf6Δ, arp8Δ and gcn5Δ were 

combined in a single strain. On the other hand, deleting any of those genes in jhd2Δ 
background led to significant noise reduction compared to the strains carrying the single 

gene deletions with a functional JHD2 gene (Fig 5e, Table S4). With respect to the genetic 

noise interactions discovered (Fig 5f, Table S5), we uncovered positive interactions between 

GCN5 & ARP8, GCN5 & SNF6 and SET1 & JHD2. On the other hand, we have found 

significant negative interactions between most of the other gene pairs analyzed, especially 

between ARP8 and SNF6. There was no significant interaction between SET1 and GCN5.

We were interested in identifying potential interconnections between the phenotypes we 

have measured. For our single- and double-mutant strain sets, we computed the deviations 

from the wild-type phenotypes (after normalization with respect to the wild type), and 

calculated the correlations between the resulting phenotypic values (Fig. 6a–c). We found 

significant negative correlations between reporter expression and expression noise and 
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between vegetative growth and expression noise (Fig. 6a, 6c). On the other hand, there was a 

positive correlation between vegetative growth and reporter expression (Fig. 6b). The 

correlations between phenotypes measured in the single gene-deleted strains were stronger 

than the ones measured in the double gene-deleted strains; this may be because the removal 

of multiple components of the network leads to a diminished control over the chromatin 

regulation function compared to when just one component is removed. The negative 

correlation between reporter expression and noise suggests that the same mechanism 

ensuring high GAL1 expression also keeps the expression levels less heterogeneous. The 

positive correlation detected between reporter expression and vegetative growth suggest that 

the mutants displaying reduced reporter expression also experienced an expression reduction 

on genes related to the growth processes, leading to a growth defect.

Using Gene Set Enrichment Analysis (GSEA) on the expression profiles obtained from a 

previously published microarray transcriptome dataset comprising deletion mutants of most 

of the chromatin modifier genes (Lenstra et al. 2011), we found that the most upregulated 

gene set in the jdh2Δ background was the category of ‘ribonucleoprotein complex 

biogenesis’; in our study, the jdh2Δ background displayed the highest reporter expression 

and vegetative growth. At the same time, the same gene set was identified as the most 

downregulated gene set in the snf6Δ genetic background (Fig 6d, 6e, Table S6). The jdh2Δ 
and snf6Δ strains constitute the extreme points of the growth vs. expression correlation. The 

published dataset did not include the GAL network genes and their experiments were not 

done in GAL network-inducing conditions; nevertheless, coupled with our data, GSEA 

results indicate that the GAL network and the ribosome biogenesis network are coordinately 

regulated.

Discussion

Overall, our results describe how the lack of key chromatin regulator agents affects galactose 

network activity and noise, as well as global fitness in the yeast Saccharomyces cerevisiae. 
Also, our work sheds light on the phenotypic consequences of treating yeast cells with two 

frequently-used HDAC inhibiting drugs, followed by mechanistic explanations of their 

effects. Finally, by combining gene deletions in single strains, we unravel genetic 

interactions between the key chromatin regulators with respect to the phenotypes assayed.

Our results highlight the importance of the chromatin regulation and histone modification in 

tuning the GAL network activity, even in conditions where the amount of well-positioned 

nucleosomes in the assayed promoter region is minimal, as it is the case on the PGAL1 region 

when the strain lacks the GAL80 inhibitor (Bryant et al. 2008). A strong expression defect 

was detected when the SWI/SNF complex was disrupted, likely due to the fact that the 

nucleosome occupancy of the GAL1 promoter is not fully cleared in inducing conditions 

(Bryant et al. 2008). This was accompanied by a major increase in cell-to-cell expression 

heterogeneity, as the defective SWI/SNF complex is not expected to respond as precisely 

and consistently as the full complex across the cell population.

The product of the enzymatic reaction catalyzed by the Gal1 galactokinase is toxic to yeast 

cells unless it is processed by the Gal7 and Gal10 enzymes (Mumma et al. 2008). Therefore, 
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there is an evolutionary pressure for establishing a regulatory mechanism facilitating similar 

GAL1 and GAL10 expression. GAL10 gene codes for a UDP-glucose-4-epimerase. 

Separated by a common intergenic region, GAL1 and GAL10 are encoded in opposite 

directions and it is known that they are expressed at similar levels in the wild-type genetic 

background (Elison et al. 2018). The definitive answer to the question of whether or not the 

GAL1-GAL10 expression balance would still hold in the gal80Δ background would need 

further experiments. Since the chromatin over the GAL10 region is trimethylated by Set1 in 

GAL network-repressive conditions (Houseley et al. 2008), the use of glucose might affect 

the GAL1–GAL10 expression balance in the set1Δ strain; however, this is not relevant to us 

as a way to cause imbalance between GAL1 and GAL10 expression because we do not use 

glucose in this study.

The observed TSA-induced expression downregulation we measured across all our strains is 

likely specific to the Hos2-activated promoters (e.g. stress-related promoters or strongly-

inducible promoters such as PGAL1), as the TSA treatment upregulates gene expression 

across the genome by inhibiting HDAC activities (Wan et al. 2011). Hos2-mediated 

expression activation is thought to be accomplished by deacetylation of the H4 tails, as a 

mechanism to recruit RNApol II to these promoters and reset the chromatin state after a 

RNApol II passage to enable multiple and coordinated transcription rounds (Sharma et al. 

2007).

The NAM-mediated increase in gene expression due to the extra acetylation caused by the 

sirtuin HDAC inhibition was dependent of the INO80 complex component Arp8, suggesting 

that this chromatin remodeler needs the sirtuin-controlled H3K9 and H4K16 in the 

acetylated state to be remodeled towards promoting more efficient gene expression. Arp8 

has a critical role for the initial formation of INO80-to-chromatin interactions (Zhang et al. 

2019), and it has been shown by ChIP experiments that there was a significant correlation 

between many histone acetylation marks and Arp5 genome occupancy, with Arp5 being 

another INO80 component (Beckwith et al. 2018). On the other hand, the high sensitivity 

towards the treatment concentration, as observed in the set1Δ strain, may be due to a 

synergistic effect between the extra NAM-induced acetylation and the lack of H3K4me3-

dependent activity of the Rpd3L complex, leading to a hyperacetylated state as in cells in a 

stationary culture (Weinert et al. 2014).

The genetic interactions we have found, except for the SET1-JHD2 pair (Soloveychik et al. 

2016), had not been previously reported, although interactions between other components of 

the same complexes have been known (Hassan et al. 2002; Barbaric et al. 2007; Costanzo et 

al. 2016). Also, rather than drawing conclusions based on global fitness changes affected by 

genetic perturbations, we have discovered the new interactions based on changes in local 

reporter expression phenotypes, which gives more direct insights into the chromatin 

regulator factors’ effect on downstream phenotypes. Moreover, we have observed 

correlations among vegetative growth, reporter expression and expression noise, showing the 

effect of chromatin regulators on the interplay between these phenotypes.

Our previous work has shown that cells undergo a decrease in cell-intrinsic PGAL1 noise 

during aging, and the absence of the Rpd3 HDAC protein modifies this noise trend by also 
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increasing replicative lifespan (Liu et al. 2017). Building on the results from our previous 

and current work, systematically deleting from the yeast genome additional chromatin-

regulatory factors and tracking their impact on gene expression, cell-intrinsic noise and 

replicative lifespan will provide a broader understanding on why there are cell-to-cell 

variations in ageing speeds and single-cell lifespans despite the isogenic nature of the 

starting cellular states.

Materials and methods

Construction of plasmids and yeast strains

All S. cerevisiae strains used in this study are Matα haploids which are related to the BY 

genetic background. Detailed descriptions of strain genotypes can be found in Table S1. The 

WP190 strain, in which the GAL80 gene is deleted, carries a PGAL1-YFP reporter integrated 

in the ho locus (Liu et al. 2017). We generated yeast strains deleted in SET2, SET1, JHD2, 
SNF6, ARP8, GCN5, or HOS2 open reading frames (ORFs) by PCR-amplifying the 

ScURA3 marker from pRS306 plasmid with primers containing 60bp sequences 

homologous to the regions flanking the targeted ORF and transforming the PCR products 

into the WP190 strain; the transformed colonies were selected on SCD-Ura plates and 

confirmed by PCR (the HOS2 ORF was deleted with the ScLEU2 marker, amplified from 

pRS305 plasmid, and colonies were selected on SCD-Leu plates). The double gene-deleted 

strains were constructed similarly, this time PCR-amplifying the ScLEU2 marker from 

pRS305 plasmid with primers containing 60bp sequences homologous to the regions 

flanking the targeted ORF and transforming a single gene-deleted strain with the PCR 

product; the transformed colonies were selected on SCD-Ura-Leu plates and confirmed by 

PCR.

Using as backbone a plasmid carrying a SpHis5 marker and PGAL1-YFP followed by a CYC 

terminator (Liu et al. 2017), we cloned PSET2, PSET1, PJHD2, PSNF6, PARP8 or PGCN5 in 

place of the PGAL1 by PCR-amplifying the whole upstream intergenic region before each 

corresponding gene; Kpnl and BamHI sites were present on both sides of the PGAL1 and 

they were also added in the PCR primers to amplify the various promoters mentioned above. 

Then, we PCR-amplified the whole above-mentioned plasmid except the PGAL1 region, 

digested the PCR product with BamHI, Kpnl and Dpnl (to digest the template) and ligated 

the digested product to the BamHI-Kpnl-digested promoters using the T4 DNA ligase. After 

the ligation, DNA was transformed into E. coll and the recombinant plasmids were checked 

by PCR and confirmed by sequencing. These new plasmids were used as template to PCR-

amplify SpHis5-Pxxx-YFP-CYCt and integrate these products into the ho locus of the AL002 

strain; during the PCR-amplification, we used primers containing 60bp sequences 

homologous to the ho locus. A second copy of PJDH2-YFP was needed to increase the 

signal, so we integrated it into the ura3 locus of the strain already bearing one copy of the 

PJHD2-YFP reporter at the ho locus. For this, we substituted the SpHIS5 marker from the 

original plasmid with a ScURA3 marker. We amplified the whole PJHD2-YFP-containing 

plasmid except the SpHIS5 marker (adding a HindIII site and containing a Kpnl site at the 

other end); the ScURA3 marker was amplified from pRS306 plasmid with primers 

containing the same restriction sites. Both PCR products were digested with Kpnl, Hindlll 
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and Dpnl (to digest the template) and T4-ligated. Afterthe ligation, DNA was transformed 

into E. coli and the recombinant plasmids were checked by PCR and confirmed by 

sequencing. This plasmid was used as a template for ScURA3-PJHD2-YFP-CYCt 

amplification and the resulting PCR product was integrated into the ura3 locus of the strain 

already bearing one copy of the PJDH2-YFP reporter in the ho locus; during the PCR-

amplification, we used primers containing 60bp sequences homologous to the ura3 locus.

Growth conditions and media

For vegetative growth measurements, cells were grown in a shaker incubator (30°C, 225rpm) 

in synthetic complete media with 2% glucose (SCD) until exponential phase was reached in 

5ml (OD600~0.2–0.3). After measuring the cell densities, all cultures were adjusted to 

OD600=0.2 and 200μl from the cultures were transferred to a well in a 96-well plate. Serial 

dilutions (1:10) were made on neighboring wells of the same plate and they were spotted 

onto SCD agar plates with a 6×8 replica plater (Sigma). To prepare the drug-containing 

plates (with TSA or NAM), proper volumes from the stock solutions (for TSA at 10mM in 

ethanol, for NAM at 2M in H2O) were added to the agar plate media when it cooled down 

to~60´C, and then it was mixed and poured. After spotting, the plates were incubated for 2 

days at 30°C and photographed afterwards.

For cytometry-based measurements, by always keeping the OD600 below 0.2 to prevent 

nutrient depletion, cells were grown overnight in a shaker incubator (30°C, 225 rpm) in 

synthetic complete media with 0.1% mannose (SCM) in 5ml volume, then they were diluted 

and grown for 23 h in the same media (overnight growth phase). Then, the cells were again 

diluted and grown in the same media (plus drug if needed) for another 23 h (induction 

phase). Subsequently, cells were washed and suspended in 500 μl of PBS and kept on ice 

prior to measurement.

Single-colony area measurement

Single-colony areas were quantified from plate pictures using ImageJ (Wayne Rasband, 

NIH). First, a section of the image corresponding to a particular strain was cropped; then, it 

was thresholded to highlight the area containing colonies and binarized. Then, single 

colonies were resolved from their neighbors by a watershed algorithm, and filtered by 

criteria based on size and circularity. This process was semi-automated by the use of an 

ImageJ macro (see Supplementary Information) and refined by visual inspection. When 

comparing different strains grown on SCD media, we normalized all phenotypic values to 

the wild-type strain’s mean value for each phenotype, and then calculated the Log2 of this 

ratio. In the drug treatment experiments, all values were normalized to each strain’s mean 

colony size value measured on SCD plates not containing the drug. We combined 

measurements from 2 to 4 plates in order to calculate mean values for each of our 

independent biological replicates. 3–5 biological replicates were made, leading to the 

calculation of the mean of means and the SEM (for error bars). For statistical analysis, we 

made pairwise t test comparisons between the wild-type and the gene-deleted strains’ 

phenotypic values, or between conditions with and without drug treatment.
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Flow cytometry

Flow cytometry measurements were performed using a FACSVerse (Beckton Dickinson). 

We measured 10000 events for each strain and condition (except for the Δgcn5Δsnf6, where 

30000 events were measured). Raw data were converted to CSV files with FCSExtract 1.02 

(Earl F. Glynn, Stowers Institute), and followed by custom analyses performed on 

spreadsheets. For YFP fluorescence measurements, a small FSC-SSC gate was consistently 

placed on the densest region (corresponding to ~20% of all events) to avoid cell-size-based 

variations. A threshold for ON state was established by choosing a YFP signal level greater 

than the mean+4SD of the autofluorescence measured from the control strain not carrying 

any reporter proteins. Using the ON-gated cells, we calculated the mean YFP expression and 

its noise (measured as the CV of the single-cell YFP expression levels) for each biological 

replicate. When comparing different strains grown in SCM media, we normalized the 

measured phenotypic values to the wild-type strain’s mean value for each phenotype, and 

then calculated the Log2 of this ratio. When comparing gene expression between drug-

treated conditions, we used the non-normalized values. 2–5 biological replicates were 

obtained, from which we calculated the mean of means and the SEM (for error bars). For 

statistical analysis, we made pairwise t test comparisons between the wild-type and the 

gene-deleted strains’ phenotypic values, or between conditions with and without drug 

treatment.

Identification of genetic interactions

We scored a genetic interaction between a pair of genes (x,y) for a specific phenotype when 

the phenotype (Wxy) measured from the double gene-deleted strain diverged significantly 

from the product of the phenotypes (Wx*Wy) measured from each of the single gene-deleted 

strains, with the equality between (Wxy) and (Wxy indicating that the genes are not 

interacting based on the product-based epistasis model. Computations were performed as 

described previously (Onge et al. 2007). Briefly, we normalized the phenotypic values by the 

wild-type phenotypes, calculated the Wx*Wy mean and SD approximated by the delta 

method, and tested for the significance of the difference between the Wxy and the Wx*Wy 

using a Z test. Interactions were scored if the resulting p-value was less than 0.01. 

Depending on the sign of the subtraction (Wxy - Wx*Wy), we defined the interactions as 

positive if the subtraction was positive or negative if it was negative (Fig S4a).

Gene set enrichment analysis (GSEA) using microarray data

Gene expression ratio data (Log2 of fold-change ratio between gene-deleted and wild-type 

strain) was obtained from a previously published study (www.holstegelab.nl/publications/

chromatin_regulators; Lenstra et al. 2011). Data were visualized with JavaTreeView 

(Saldanha 2004) by following the authors’ instructions, from which we extracted and 

exported the fold-change expression data related to our six gene-deleted strains of interest. 

We used the [Gene_Name – Fold Change] output list as input for performing GSEA using 

WebGestalt (Liao et al. 2019, www.webgestalt.org/), selected Saccharomyces cerevisiae as 

organism of interest, selected GSEA as analysis method and ‘geneontology / Biological 

Process’ as functional database, keeping the rest of the advanced parameters at their default 

levels (except using False Discovery Rate (FDR)<0.05 to determine the significance 
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threshold to select the gene sets displayed). From the [Gene_Name – Fold Change] output 

list, we manually deleted the row representing the deleted gene, which expectedly had the 

largest negative score that could affect the downstream outcome. Afterwards, similar gene 

sets were clustered by selecting the ‘Affinity Propagation’ option for the display of the final 

tables and bar plots.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. The galactose utilization network.
Network architecture built by the regulatory genes. The galactose-bound state of Gal3p is 

denoted by Gal3p*. Pointed blue arrows reflect activation and blunt red arrows reflect 

inhibition. Deletion of the GAL80 gene leads to a constitutively active transcriptional 

network. YFP reports the activity of the network.
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Fig 2. Variations in gene expression and vegetative growth in the chromatin regulator deleted 
strains.
a Representative image of the spotting growth assay of the indicated strains in SCD solid 

media after growth for 2 days at 30°C. b Quantification of the spotting-based growth assay 

based on measuring the area of single yeast colonies, c Relative YFP expression for each of 

the indicated strains over the wild type grown in SC media containing 0.1% mannose, d CV 

of pGAL1-YFP expression of the indicated strains grown in SC media containing 0.1% 

mannose, e Model summarizing the roles of the chromatin regulators over the PGAL1-YFP 

reporter system: green arrows represent processes favoring gene expression, red arrows 

represent processes inhibiting it. Error bars represent SEM (N=3-4). Statistical analysis was 

performed by a two-tailed t-test pairwise comparison between the wild type and each 

mutant’s phenotype; *: p<5·10−2, **: p<1·10−3, ***: p<1·10−5.
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Fig 3. Effects of the chromatin regulator-deleted strains on gene expression and vegetative 
growth under Trichostatin A treatment.
a Drug effects on vegetative growth of constructed strains across a TSA concentration range 

(1, 5, 10, 20 and 50μM) in SCD solid media; all values were normalized to each strain’s 

growth value measured in SCD solid media condition without drug, b Vegetative growth 

comparisons among the indicated strains with or without 10μM TSA treatment while grown 

on solid SCD media for 2 days at 30°C. c-d Mean YFP expression measured from each of 

the indicated strains treated with or without 10μM TSA. e Proposed mechanistic model to 

explain the gene expression reduction caused by the TSA treatment through Hos 2 

inhibition: green arrows represent processes favoring gene expression, red arrows represent 

processes inhibiting it. Error bars represent SEM (N=3-4). Statistical analysis was performed 
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using a two-tailed t-test pairwise comparison of the phenotype measured with and without 

drug treatment for each strain, ns: not significant, *: p<5·10−2, **: p<1·10−3, ***: p<1·10−5.
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Fig 4. Effects of the chromatin regulator-deleted strains on gene expression and vegetative 
growth under Nicotinamide treatment.
a Drug effects on vegetative growth of constructed strains across a NAM concentration 

range (1, 2, 5, 10, 20 and 50mM) in SCD solid media; all values were normalized to each 

strain’s growth value measured in SCD solid media condition without drug, b Vegetative 

growth comparisons among the indicated strains with or without 5mM NAM treatment 

while grown on solid SCD media for 2 days at 30°C. c Mean YFP expression measured 

from each of the indicated strains treated with or without 5mM NAM. d CV of YFP 

expression of each of the indicated strains with or without a 5mM NAM treatment, e 
Proposed mechanistic model to explain the gene expression increase caused by the NAM 

treatment through the inhibition of the silencing activity by sirtuins: green arrows represent 

processes favoring gene expression, red arrows represent processes inhibiting it. Error bars 

represent SEM (N=3-4). Statistical analysis was performed using a two-tailed t-test pairwise 
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comparison of the phenotype measured with and without drug treatment for each strain, ns: 

not significant, *: p<5·10−2, **: p<1·10−3, ***: p<1·10−5.

Moreno and Acar Page 22

Curr Genet. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 5. Genetic interactions between chromatin regulators in gene expression, noise and vegetative 
growth domains.
a Growth measurement by the spotting assay quantified by the mean colony area, b 
Computed as a function of vegetative growth, interaction network among the genes of 

interest, c Relative YFP expression for each of the indicated strains over the wild type grown 

in SC media containing 0.1% mannose, d Computed as a function of gene expression, 

interaction network among the genes of interest, e Mean CV of PGAL1-driven YFP 

expression of the indicated strains growing in SC+0.1% mannose. f Computed as a function 
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of gene expression noise, interaction network among the genes of interest. In the interaction 

networks, the genes compose the network nodes and the detected interactions are 

represented by the lines; the color denotes the nature of the interaction (magenta: negative 

interaction, green: positive interaction). For differences from the multiplicative model and 

significance analysis with p-values, see Table S5. In the bar plots, error bars represent SEM 

(N=3-4). The statistical analysis was performed using a two-tailed t-test pairwise 

comparison between the wild type and each mutant’s phenotype; *: p<5·10−2, **: p<1·10−3, 

***: p<1·10−5.
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Fig 6. Correlations across phenotypes and enriched biological processes in mutant strains.
a-c Correlations of the deviations from the wild type strain for the indicated phenotypes 

measured from the single gene-deleted strains (black) and the double gene-deleted strains 

(red); Pearson’s correlation coefficients (r) are shown in their corresponding color. * 

indicates significance of a correlation (α<0.05), based on the t-test. In b, the significance of 

the double-mutant strains’ correlation is heavily influenced by an outlier data point, 

corresponding to the jhd2Δarp8Δ strain, d-e Normalized enrichment scores for gene sets 

from the Biological Process domain of the Gene Ontology after performing a GSEA on the 
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transcriptomic data of the indicated gene-deleted strains. Only gene sets with a False 

Discovery Rate (FDR)<0.05 are shown, after clustering gene sets by affinity propagation. 

Gene sets upregulated in gene-deleted strain are shown in blue, while downregulated gene 

sets are shown in orange.
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