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SUMMARY

Position effect, the influence of the chromosomal
location of a gene on its activity, is a fundamental
property of the genome. By placing a GFP gene
cassette at 482 different locations across all chromo-
somes in budding yeast, we quantified the position
effects on protein expression level and noise at the
genomic scale. The position effects are significant,
altering the mean protein expression level by up to
15 times and expression noise by up to 20 times.
DNA replication timing, 3D chromosomal conforma-
tion, and several histone modifications are major
covariates of position effects. Essential genes are
enriched in genomic regions with inherently low
expression noise, supporting the hypothesis that
chromosomal clustering of essential genes results
from selection against their expressional stochastic-
ity. Position effects exhibit significant interactions
with promoters. Together, our results suggest that
position effects have shaped the evolution of chro-
mosome organization and should inform future
genome engineering efforts.

INTRODUCTION

Position effect, a term coined more than 90 years ago (Sturte-

vant, 1925), refers to the influence of the chromosomal location

of a gene on its activity. Position effect is most famously known

in a mutant fruit fly (Drosophila melanogaster), whose eyes

exhibit a mottled appearance of white and red sectors, in

contrast to solid red in the wild-type, because of the transloca-

tion of the X-linked white gene that controls the production of

normal red eye pigment to a region near heterochromatin. Posi-

tion effect is implicated in a number of genetic diseases (Milot

et al., 1996; Kleinjan and van Heyningen, 1998), affects the

success of genetic engineering (Wilson et al., 1990; Milot

et al., 1996), and has been hypothesized to underlie eukaryotic

genome organization (Hurst et al., 2004; Gierman et al., 2007;Mi-

chalak, 2008). Although heterochromatin-induced position effect

such as that ofwhite has been extensively investigated (Henikoff,

1990; Weiler and Wakimoto, 1995; Ottaviani et al., 2008; Elgin

and Reuter, 2013), the landscape of position effect across entire

chromosomes and the underlying mechanisms are poorly

understood.
Two groups recently studied variations in the mRNA concen-

tration of a transgene integrated at multiple genomic positions

in yeast and mouse cells, respectively, and reported relatively

small position effects in yeast (Chen et al., 2013) but large effects

in mouse (Akhtar et al., 2013). However, because variation in

mRNA concentration appears to diminish at the protein level

(Khan et al., 2013; Artieri and Fraser, 2014; McManus et al.,

2014), it is important to examine the functionally more relevant

position effect on protein concentration. Gierman et al. (2007)

were the first to address this question systematically, but their

study investigated relatively few positions and cannot be easily

scaled up. Very recently, Dey et al. (2015) also addressed this

question by examining the position effects on mRNA and protein

concentrations at 227 genomic positions in a human cell line, but

because they did not determine the genomic positions where

their reporter was placed, they could not study the mechanisms

underlying the observed position effects.

Another aspect of position effect that is of significant interest is

on gene expression noise, which refers to the variation in mRNA

or protein concentration among isogenic individuals under the

same environment (Kaern et al., 2005). It was discovered in yeast

that essential genes, which cause lethality when deleted, tend to

be chromosomally clustered (Pál and Hurst, 2003). To explain

the origin of this nonrandom genome organization, Batada and

Hurst (2007) hypothesized that genomic regions with inherently

low expression noise are sinks of essential genes, because of

the fitness advantage of reducing the expression noise of essen-

tial genes (Batada and Hurst, 2007; Lehner, 2008; Wang and

Zhang, 2011). They explored this idea using the expression noise

of yeast endogenous genes (Newman et al., 2006). However, in

Newman et al.’s (2006) study, the expressions of the endoge-

nous genes were driven by their endogenous promoters. This

prevented Batada and Hurst (2007) from isolating the individual

contributions of chromosomal position and promoter to a gene’s

noise level. Although Dey et al. (2015) alsomeasured the position

effect on mRNA and protein expression noise, the lack of infor-

mation on the genomic positions examined renders their data

set unsuitable for testing Batada and Hurst’s (2007) hypothesis

or studying the mechanisms underlying the position effect on

expression noise.

In this study, we built a library of strains that allowed us tomea-

sure the position effects on protein expression level and noise at

a large number of genomic loci in the budding yeast Saccharo-

myces cerevisiae. The position effects are significant, altering

the mean protein expression level by up to 15 times and expres-

sion noise by up to 20 times. We explored contributors to the

position effects, including DNA replication timing, chromatin

state, and chromosome conformation, and used our data to
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Figure 1. Position Effects on GFP Level and

Noise Examined Using Four Different Pro-

moters at the Same Set of Six Genomic Loci

(A) Schematic drawing of strain construction and

protein expression quantification. Diploid yeast

cells are shown. On each pair of homologous

chromosomes, the green rectangle represents the

GFP cassette, the gray rectangle represents the

endogenous gene, and the black dots indicate

the centromeres. The GFP level of each cell is

measured by FACS, and the mean (m) and SD (s)

among isogenic cells are computed.

(B–D) Position effects on m (B), s (C), and CV (D).

Error bars show 1 SE, estimated from at least five

replicate populations of cells. All values are ratios

to the corresponding values of the reference strain

in which the pRPL5-GFP cassette is placed at the

native RPL5 locus.

(E–G) Frequency distributions of the mean be-

tween-promoter correlation in m (E), s (F), and CV

(G) in 1,000 sets of data generated by randomly

relabeling the six loci. An arrow indicates the cor-

responding value observed in the original data. The

p value is the probability that the mean correlation

from a randomized data set exceeds the observed

value.

See also Figure S1 and Table S1.
test Batada and Hurst’s (2007) hypothesis. Our analysis demon-

strates that essential genes do cluster in regions of low noise and

supports the hypothesis that position effect shapes the evolution

of genome organization.

RESULTS

Experimental Design
Protein expression level and noise can be influenced by many

factors, such as the genomic position, promoter, and sequence

of the gene. To specifically study the position effect, we placed

the same promoter driving the expression of the same protein-

coding gene at different genomic positions in a panel of yeast

strains. To construct the panel, we took advantage of the yeast

heterozygous gene deletion collection. Each strain in the collec-

tion has one allele of an endogenous gene replaced with the

kanMX module consisting of kanR and its promoter (Winzeler

et al., 1999), allowing the same reporter gene cassette to be

placed at many different genomic positions via homologous

recombination using the same set of primers. Specifically, we

systematically replaced in the heterozygous deletion strains

the kanMX module with a GFP cassette that comprises a GFP

gene with a promoter and the marker gene URA3 (Figures
348 Cell Systems 2, 347–354, May 25, 2016
S1A–S1C; Table S1). The loss of one allele

of an endogenous gene in each of the

constructed strains (referred to as GFP

strains) presumably has minimal impacts

on the position effects concerned (see

below), because the vast majority of

yeast genes are haplosufficient (Deutsch-

bauer et al., 2005). The GFP strains were

grown to mid-log phase in yeast extract-
peptone-dextrose medium, and GFP fluorescence intensities

of �10,000 isogenic cells were measured by fluorescence-acti-

vated cell sorting (FACS) in a 96-well plate format. After the con-

trol of cell size and shape, the GFP intensity for each cell in each

well was divided by themean GFP intensity of the corresponding

well in control plates containing the reference strain, in which

the RPL5 promoter-driven GFP (pRPL5-GFP) was placed at

the endogenous RPL5 locus, to eliminate systematic bias and

to standardize the measurements. The average GFP intensity

(m), SD (s), and coefficient of variation (CV; s/m) were then calcu-

lated for each GFP strain and averaged among at least five

biological replicates. We present both s and CV as measures

of expression noise, because they have different scaling rela-

tions with m and can reveal different causes of expression noise

(Kaern et al., 2005).

Promoter Effects, Position Effects, and
Promoter-Position Interaction
To examine if position effect is promoter specific, we first chose

four different promoters to construct four different GFP cas-

settes and placed each of them at the same six randomly picked

loci (Figure 1A). These promoters vary in a number of properties,

including the strength and noise when driving their respective



Figure 2. Position Effects on GFP Level and Noise across 63 Posi-

tions along Chromosome 1

(A) Schematic drawing of the strains used for examining position effects. In

each strain, the pRPL5-GFP cassette replaces one allele of an endogenous

gene.

(B–D) The m (B), s (C), and CV (D) of GFP levels in the 63GFP strains. Error bars

show 1 SE, estimated from at least five replicate populations of cells. Red dots

show significant deviations from the average of the 63 dots, which is indicated

by the horizontal dashed line. The centromere and telomere regions are

shaded gray.

(E) Schematic drawing of the HO-replaced strains used for examining the

impact of heterozygous gene deletion on the study of position effects. The

pRPL5-GFP cassette replaces one allele of the HO pseudogene in each of

the 63 heterozygous gene deletion strains.

(F–H) The m (F), s (G), and CV (H) of the GFP levels in the 63 HO-replaced

strains. Error bars show 1 SE, estimated from at least five replicate populations
endogenous genes at native genomic loci and the presence or

absence of a TATA box (Figure S1D). We found that regardless

of where the GFP cassette is placed, the GFP strains with the

strongest promoter always have the highest expression mean

and SD (Figures 1B and 1C) and the lowest CV (Figure 1D).

This demonstrates that the promoter effect is stronger than the

position effect on mean expression (p < 1 3 10�99, ANOVA),

SD (p < 1 3 10�99), and CV (p < 3 3 10�37). Nevertheless, posi-

tion effect is significant on expression mean (p < 2 3 10�7) and

SD (p < 9 3 10�8), although promoter-position interaction also

exists for expression mean (p < 2 3 10�7) and SD (p < 3 3

10�8). Furthermore, the mean between-promoter correlations

in expression mean, SD, and CV across positions are all signifi-

cantly greater than expected by chance (p % 0.05, randomiza-

tion test; Figures 1E–1G). This analysis demonstrates that even

using just one promoter can provide useful information about

position effects on expression level and noise.

Position Effects across Chromosome 1
We chose to use pRPL5 in our main experiment for two reasons.

First, it is a strong promoter, ranked at the top 2.5th percentile

among >2,000 yeast promoters examined (Newman et al., 2006);

estimation of GFP concentration is more accurate when its con-

centration is higher. Second, on the basis of the expression noise

of the endogenousRPL5, pRPL5 is close to themedian noise level

in yeast, ranked at the top 61st percentile (Newman et al., 2006).

This suggests that pRPL5may provide amore representative pic-

ture of position effect on expression noise thanwhen a particularly

noisy or quiet promoter is used. We constructed 63 strains by

respectively placing the pRPL5-GFP cassette at 63 loci on chro-

mosome1 (Figure 2A). Sixteen of themexhibitedmeanexpression

values significantly different from the average across the 63strains

(Q < 0.05, two-tailed t test followed by false discovery rate [FDR]

correction of multiple testing; Figure 2B). Similarly, we found 18

and 13 strains that significantly differ from the average SD and

CV of the 63 strains, respectively (Figures 2C and 2D). These find-

ings reveal the presence of significant position effects on protein

expression level and noise in yeast chromosome 1.

Nevertheless, the above interpretation is basedon theassump-

tion that the loss of one allele of different endogenousgenes in the

63 strains had either no effect or the same effect on the quantities

measured. To verify this assumption,we replaced oneallele of the

HO pseudogene with the pRPL5-GFP cassette in the same 63

heterozygous gene deletion strains (Figure 2E). Indeed, no strain

showed significantly different mean or SD of GFP expression

from their respective averages across the 63HO-replaced strains

(Figures 2F and 2G), validating our assumption. Four strains ex-

hibited significantly higher CVs in GFP level than the average CV
of cells. Red dots show significant deviations from the average of the 63 dots,

which is indicated by the horizontal dashed line. The centromere and telomere

regions are shaded gray. In (B)–(D) and (F)–(H), all values are ratios to the

corresponding values of the reference strain in which the pRPL5-GFP cassette

is placed at the native RPL5 locus.

(I) Comparison between the m in mRNA levels and protein levels ofGFP across

the 63 GFP strains in (A). Values for the x and y axes are ratios to the average

mRNA and protein levels of the 63 strains, respectively. Error bars show 1 SE

estimated from biological replicates. Spearman’s correlation coefficient and

p value are shown.
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Figure 3. Position Effects on GFP Expression Level and Noise

across 482 Loci on All Chromosomes and Covariates of the Position

Effects

(A–C) The m (A), s (B), and CV (C) of GFP levels in the 482 strains ordered by the

quantity concerned. Red dots show significant deviations from the average of

the 482 strains.

(D) Correlations among mRNA expressions driven by native promoters (native

mRNA), protein expressions driven by native promoters (native protein), and

GFP expressions driven by pRPL5 (GFP) at the same set of loci. Spearman’s

correlation coefficients and p values are shown. Solid lines indicate statistical

significance (p < 0.05), and dashed lines indicate nonsignificance.

(E) Mean relative m, s, and CV of GFP expression when the GFP cassette is

placed at centromeres (yellow), telomeres (blue), or other chromosomal re-

gions (red). Error bars indicate 1 SE. Twenty-three and 11 examined loci are in

centromeres and telomeres, respectively. The p values are from one-tailed

t tests.

(F) Correlation between replication timing and mean GFP level.

(G) Correlation between replication timing and GFP expression noise.

(H) Correlation between H3K36me3 intensity and mean GFP level. Histone

modification intensity is averaged for the 250 bp window starting at 100 bp

downstream the start codon of the endogenous gene. In (F)–(H), circles show

medians, and error bars extend to the 10th and 90th percentiles of the data.

Horizontal dashed line indicates the median for the middle bin. Spearman’s

correlation coefficients and p values are shown. In (A)–(C) and (F)–(H), all values
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of the 63 strains (Figure 2H). But the CV for each of the four corre-

sponding GFP strains is not significantly higher than the average

(Figure 2D), suggesting that the loss of one allele at each of these

loci did not lead to overestimation of position effect on expression

noise. Furthermore, there is no significant correlation inmean,SD,

or CV between the 63 GFP strains and corresponding HO-re-

placed strains (p> 0.26). Hence, the loss of one allele of an endog-

enous gene in each GFP strain has effectively no impact on our

position effect analysis.

As mentioned, position effect on protein expression could be

smaller than that on mRNA expression. To test this hypothesis,

we used quantitative RT-PCR (qRT-PCR) to measure the GFP

mRNA concentration in each of the 63 GFP strains. As expected

(Ghaemmaghami et al., 2003), the mRNA and protein concentra-

tions across the 63 strains are moderately correlated (r = 0.34,

p < 5 3 10�3; Figure 2I). The coefficient of variation among rep-

licates is significantly smaller for GFP protein concentrations

than for mRNA concentrations (p < 7 3 10�5, Mann-Whitney U

test), indicating more precise measurements of the former than

the latter. The coefficient of variation across the 63 strains is

significantly smaller for mean GFP protein concentration than

mRNA concentration (p < 3 3 10�17, two-tailed F test). This dif-

ference is not fully explainable by the disparity in measurement

error between protein and mRNA levels, because the same

pattern is observed (p < 2 3 10�9) even when pseudo protein

levels are generated on the basis of the among-replicate coeffi-

cient of variation of mRNA levels. Thus, the position effect on

protein concentration is indeed smaller than that on mRNA con-

centration, potentially because of some compensatory mecha-

nisms at translational or posttranslational levels (Khan et al.,

2013; Artieri and Fraser, 2014; McManus et al., 2014). Because

fluorescence-based protein level measurement is more precise

than qRT-PCR-based mRNA level measurement and because

position effect on protein concentration is different from and bio-

logically more relevant than that on mRNA concentration, it is

valuable to examine protein-level position effects.

Position Effects across the Genome
In addition to the 63 loci on chromosome 1, we placed the

pRPL5-GFP cassette at selected loci on the other 15 chromo-

somes, creating a total of 482 GFP strains that are suitable for

analysis. Biological replicates of GFPmeasurements were highly

correlated (Figures S2A–S2C). The coefficient of variation of

mean expression level across all examined loci is 0.11. The

largest mean expression level is 15 times the smallest (Data

S1). There are 109 loci exhibiting significantly different mean

expression levels when compared with the average of all 482

loci (Q < 0.05, two-tailed t test followed by FDR correction ofmul-

tiple testing; Figure 3A). A comparison of the average variance of

mean expression level among replicates of each strain (0.01)

with the variance among all mean expression level measure-

ments of all strains (0.11) indicates that position effect accounts

for 90% of the observed variation in mean expression level mea-

surements (p < 1 3 10�99, ANOVA). This observation stands in
are ratios to the corresponding values of the reference strain in which the

pRPL5-GFP cassette is placed at the native RPL5 locus.

See also Figure S2 and Data S1.



contrast to a previous yeast study in which position effect ac-

counts for only 35% of the observed variation (Chen et al.,

2013), most likely because qRT-PCR-based mRNA level mea-

surement is less precise than fluorescence-based protein-level

measurement (Figure 2I).

The coefficient of variation of expression noise s across all

examined loci is 0.27, and the highest s is 13 times the lowest

(Data S1). There are 176 loci showing significantly different s

values from the average of all 482 loci (Figure 3B). In total,

88% of the variation in smeasurements is explained by position

effect (p < 1 3 10�99). The coefficient of variation of expression

noise across all examined loci is 0.62, and the largest CV is 20

times the smallest (Data S1). There are 43 loci showing signifi-

cantly different CV values from the average (Figure 3C). In total,

86%of observed variation in CVmeasurements is explainable by

position effect (p < 1 3 10�99).

Newmanetal. (2006)measuredendogenousproteinexpression

level and noise in a collection of yeast strains in which each gene

is expressed as a carboxy-terminal GFP fusion protein from its

endogenous promoter and native chromosomal position. As

expected, these GFP levels are positively correlated with the

mRNA concentrations of the tagged genes (r = 0.59, p < 1 3

10�99; Figure 3D). However, no significant correlation exists be-

tween the GFP level (m) expressed from our GFP cassette placed

at a locus and either the mRNA or protein concentration of the

endogenous gene at the locus (Figure 3D). The same is true for

the correlation in expression noise between Newman et al.’s

(2006) and our GFP levels (Figure 3D). These results confirm that

the variations in expression level and noise among yeast endoge-

nous proteins (i.e., Newman et al.’s [2006] data) are uninformative

in the study of position effect such as what was hypothesized by

Batada and Hurst (2007). They also demonstrate that the GFP

expression in our experiment is not influencedby the endogenous

promoter at the locus where the GFP cassette is placed.

Factors Associated with Position Effects
We examined a number of factors potentially affecting the posi-

tion effects on expression level and noise. We observed reduced

expression mean (p = 0.03, one-tailed t test; Figure 3E) and SD

(p < 0.01) in centromeres when compared with the rest of

the genome. The mean GFP transcript level, however, is not

significantly different between positions near the centromere

(<1 kb) and the rest of positions examined on chromosome 1

(p = 0.18), as was reported previously (Chen et al., 2013). Both

mean and SD of the GFP level are moderately lower in telomeres

than the rest of the genome, but the difference is not significant,

likely because of the small number of telomeric positions exam-

ined (Figure 3E). Because genomic regions subject to early DNA

replication in a cell cycle have higher copy numbers per cell than

late-replication regions, we predict that mean expression is

higher in early than late replication regions. This is indeed the

case (r = �0.11, p = 0.01; Figure 3F). Having more gene copies

should reduce expression noise (Wang and Zhang, 2011), a pre-

diction supported by lower CV in early than late replication re-

gions (r = 0.13, p < 0.01; Figure 3G). A previous study showed

that a transgene inherits the chromatin landscape of its genomic

position and reported that the mRNA level of the transgene is

negatively affected by H3K36me3 modification in the promoter

(Chen et al., 2013). This impact of chromatin state on position ef-
fect is also evident for mean GFP concentration (r = �0.24, p <

6 3 10�6; Figures 3H and S2D). Several other histone modifica-

tions, such as H3K4me1, also correlate significantly with mean

GFP expression or noise (nominal p < 0.05) (Figures S2D–S2F).

Essential Genes Are Enriched in Genomic Regions with
Low Expression Noise
As mentioned in the Introduction, to explain the origin of the

chromosomal clustering of essential genes in yeast, Batada

and Hurst (2007) hypothesized that genomic regions with inher-

ently low expression noise are characterized by low nucleosome

occupancies and are sinks of essential genes. We used our GFP

noise data to test their hypothesis directly.

To that end, we first estimated, for each GFP strain, the dis-

tance of its noise (CV) to the median noise (CV) of the strains

with comparable mean expression (m) (Data S1). This distance,

termed DM, is a measure of mean-controlled noise suitable for

among-locus comparison (Newman et al., 2006; Batada and

Hurst, 2007). Following Batada and Hurst (2007), we divided

the yeast genome into overlapping windows of nine consecutive

genes with step size equal to one. We examined the variance in

the number of essential genes per window. If essential gene clus-

tering is common, this variance is expected to be high, with some

windows having many essential genes and others lacking any.

Indeed, the observed variance exceeds that in each of 1,000

randomly shuffled genomes (p < 1 3 10�3, randomization test;

Figure 4A). Similar results were obtained for other window sizes

examined (3, 5, 7,., and 41), confirming significant clustering of

essential genes (Figure 4A).

In support of Batada and Hurst’s (2007) hypothesis, positions

occupied by essential genes have inherently lower noise (DM)

than those occupied by nonessential genes (p < 4 3 10�3,

Mann-Whitney U test; Figure 4B). Because of this trend and

the chromosomal clustering of positions with similar DM (Fig-

ure 4A), essential genes are expected to be clustered at low-

DM regions. We defined window DM as mean available DM

values of the nine positions in a window and indeed observed

a significant negative correlation between essential gene density

(number of essential genes per window) and window DM

(r = �0.93, p < 7 3 10�3; Figure 4C). This result is robust to

different window sizes considered (Table S2).

Nonetheless, contrary to Batada and Hurst’s (2007) hypothe-

sis, nucleosome occupancy is not positively correlated with

DM in either of two chromatin data sets (Lee et al., 2004; Pokho-

lok et al., 2005) analyzed (r = �0.01, p = 0.84, Figure S3A;

r = �0.10, p = 0.03, Figure S3B), despite significant chromo-

somal clustering of nucleosome occupancy (Figure 4A) and a

negative correlation between the mean nucleosome occupancy

of a window and essential gene density in at least one of the data

sets (Figures S3C and S3D). Instead, we found window DM to

be significantly positively associated with H3K4me1 and nega-

tively associated with H3K4me3 and H3K79me3 modifications

of the window (Figures 4D and S4A–S4D). The finding on

H3K4me3 echoes a recent report in human and mouse that

H3K4me3 breadth negatively affects expression noise quanti-

fied by single-cell mRNA sequencing (Benayoun et al., 2014).

Concordantly, essential gene density is negatively associated

with H3K4me1 and positively associated with H3K4me3

and H3K79me3 modifications (Figures 4E and S4E). These
Cell Systems 2, 347–354, May 25, 2016 351



Figure 4. Essential Genes Are Clustered

at Genomic Regions with Inherently Low

Expression Noise

(A) Chromosomal clustering of essential genes,

inherent protein expression noise (DM), nucleo-

some occupancy, and three histone modifications.

Presented is the fraction of times when a ran-

domized genome exhibits a higher among-window

variance in the mean within-window value of the

property concerned than that observed in the

actual genome. The genome is randomized by

shuffling the positions where the relevant data are

available. Window sizes examined are 3, 5, 7,.,

and 41 genes. Invisible dots all have a y axis value

of 0. The dashed horizontal line shows the fraction

of 0.05.

(B) Essential genes tend to be located at positions

with inherently low noise when compared with

nonessential genes. The p value is from a Mann-

Whitney U test. Dots showmedians, and error bars

extend to the 10th and 90th percentiles of the data.

(C) Correlation between essential gene density

(number of essential genes in a nine-gene window)

and the mean inherent expression noise (DM) of

the window. Error bars indicate 1 SE.

(D) Rank correlations between mean histone

modification intensity in a window and mean DM

of the window for three histone modifications.

(E) Rank correlations between mean histone

modification intensity in a window and essential

gene density of the window for three histone

modifications.

(F) Reduced dissimilarities in essential gene den-

sity, three histone modifications, and expression

noise (DM) between two inter-chromosomal win-

dows when their central genes interact in the 3D

chromosome architecture, compared with those

when their central genes do not interact. The

p values are based on two-tailed t tests. Error bars

indicate SE. For all relevant panels, histone modi-

fication intensity is averaged for the 250 bpwindow

starting 250 bp upstream the start codon of the

endogenous gene.

See also Figures S3 and S4 and Table S2.
observations suggest the scenario that the presence and

absence of specific histone modifications create a chromatin

state of low noise, which attracts essential genes.

3D Chromosomal Conformation and Position Effects
Given that epigenetic markers reflect and possibly outline phys-

ical domains, which are fundamental units of chromosome 3D

folding (Sextonet al., 2012),we hypothesize that loci physically in-

teracting in the 3D chromosome architecture tend to have similar

position effects, analogous to adjacency on a linear chromosome

(Figure 4A). We compared inter-chromosomal pairs of nine-gene

windows whose central loci interact in three dimensions and

those whose central loci do not interact in three dimensions, on

the basis of a yeast 3D chromosome conformation model (Duan

et al., 2010).We found that interacting windows have significantly

lower dissimilarity than noninteracting windows in essential gene

density (p < 1 3 10�99; Figure 4F), H3K4me1, H3K4me3, and

H3K79me3modifications (p < 13 10�99; Figure 4F), and window

DM (p < 8 3 10�3; Figure 4F), revealing previously unrecognized
352 Cell Systems 2, 347–354, May 25, 2016
associations that 3Dchromosomeconformationhaswithposition

effect and genome organization.

DISCUSSION

The present study describes the genomic landscape of position

effects on protein expression level and noise in yeast. We found

that relocating a gene from one genomic position to another can

alter the mean protein expression level by up to 15 times and

expression noise by up to 20 times. This observation suggests

that in genetic engineering, in which the high expression of a

foreign gene in a host cell is often critical, choosing the right

genomic position to place the foreign gene should be an impor-

tant consideration. We identified several factors, such as DNA

replication timing and histone modifications, that are associated

with position effects. Position effects on expression noise are

similar not only between loci adjacent on the linear chromosome

but also those adjacent in the 3D chromosome conformation.

We found evidence for the role of noise reduction in the formation



of essential gene clusters and identified multiple histone modifi-

cations as potential determinants of the noise level of chromatin

domains, supporting the hypothesis that position effect shapes

the evolution of genome organization.

We also observed that the magnitude of position effect on

expression level we detected in yeast is much smaller than

that in a previous report in mouse cells (Akhtar et al., 2013).

This discrepancymay be due to both study design and biological

differences between the two systems. There are two important

experimental design differences between our study and the

earlier work in mouse. First, we measured protein concentration,

whereas the previous studymeasuredmRNA concentration. Our

observations demonstrate that position effect on protein expres-

sion is significantly smaller than that onmRNA expression for the

same positions examined. Second, the transgene is inserted at

existing gene loci in our study, whereas in the previous study it

was inserted at both gene loci and intergenic regions. It is prob-

able that many intergenic regions, especially gene deserts, have

strong negative position effects on gene expression. It is notable

that yeast andmammals have key differences in genome organi-

zation, with the latter containing substantially larger fractions

of intergenic regions than the former. Thus, when intergenic re-

gions are considered, the landscape of position effect is ex-

pected to differ between yeast and mammals. These differences

imply potentially large deleterious consequences of human mu-

tations that translocate a gene from its native genomic position

to another (Milot et al., 1996; Kleinjan and van Heyningen,

1998). It is important to note that our conclusions are based

largely on gene expressions driven by one promoter. As shown

in Figure 1, although position effect independent of promoter ef-

fect exists, promoter-position interactions abound. In the future,

it will be valuable to expand our study to multiple promoters to

uncover promoter-dependent and promoter-independent pat-

terns and mechanisms of position effects.

EXPERIMENTAL PROCEDURES

Strain Construction

Strains were constructed on the genetic background of S. cerevisiae strain

BY4743. Details of the experimental procedure are provided in Supplemental

Experimental Procedures. All primer sequences are supplied in Table S1.

FACS

The GFP protein concentration of each cell was estimated using FACS,

following a recent study (Duveau et al., 2014), with experimental details

provided in Supplemental Experimental Procedures.

qRT-PCR

qRT-PCRwas used tomeasure theGFP transcript concentration, with detailed

experimental procedures provided in Supplemental Experimental Procedures.

Replication Timing, Histone Modification, and Nucleosome

Occupancy Data

We analyzed DNA replication timing data (Koren et al., 2010), high-resolution

genome-wide chromatin immunoprecipitation (ChIP)-chip data for histone

acetylation and methylation (Pokholok et al., 2005), and ChIP-chip data of

Myc-tagged histone H4 (Lee et al., 2004). Detailed analysis protocols are

provided in Supplemental Experimental Procedures.

Loci Interacting in 3D Chromosome Architecture

We used the haploid yeast 3D chromosome architecture inferred by

chromosome conformation capture-on-chip coupled with massively parallel
sequencing (Duan et al., 2010). Analysis protocols are provided in Supple-

mental Experimental Procedures.

Statistical Analyses

Many statistical analyses were conducted in this study, and they are detailed in

Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, two tables, and one data file and can be found with this article

online at http://dx.doi.org/10.1016/j.cels.2016.03.009.
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