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ABSTRACT

The Saccharomyces cerevisiae gene deletion collec-
tion is widely used for functional gene annotation and
genetic interaction analyses. However, the standard
G418-resistance cassette used to produce knockout
mutants delivers strong regulatory elements into the
target genetic loci. To date, its side effects on the ex-
pression of neighboring genes have never been sys-
tematically assessed. Here, using ribosome profiling
data, RT-gPCR, and reporter expression, we investi-
gated perturbations induced by the KanMX module.
Our analysis revealed significant alterations in the
transcription efficiency of neighboring genes and,
more importantly, severe impairment of their mRNA
translation, leading to changes in protein abundance.
In the ‘head-to-head’ orientation of the deleted and
neighboring genes, knockout often led to a shift of
the transcription start site of the latter, introducing
new UAUG codon(s) into the expanded 5 untrans-
lated region (5’ UTR). In the ‘tail-to-tail’ arrangement,
knockout led to activation of alternative polyadeny-
lation signals in the neighboring gene, thus altering
its 3’ UTR. These events may explain the so-called
neighboring gene effect (NGE), i.e. false genetic in-
teractions of the deleted genes. We estimate that in
as much as ~1/5 of knockout strains the expression
of neighboring genes may be substantially (>2-fold)
deregulated at the level of translation.

INTRODUCTION

The haploid genome of the budding yeast Saccharomyces
cerevisiae contains approximately 6000 genes (1). Almost
two decades ago, the complete gene knockout library
was produced by the Saccharomyces Genome Deletion
Project (SGDP) (2,3) to assign a function to each ORF
through phenotypic analysis of the mutants. For this, a
PCR-based gene deletion strategy was used (4) to generate
a complete start-to-stop-codon deletion of every ORF in
the yeast genome. The ORF was replaced with a KanMX4
cassette (http://www-sequence.stanford.edu/group/
yeast_deletion_project/project_desc.html#cassettes, (%)
harboring the G418 resistance gene under control of the
strong eEF1A promoter. The eEF1A terminator, adjacent
vector-derived sequences, as well as additional artificial
barcodes, were inserted along with the gene (Figure 1A).

The creation of the SGDP yeast deletion collection revo-
lutionized the field of eukaryotic molecular genetics. Since
then, a huge amount of information was generated using the
knockout strains. In particular, many genes have been func-
tionally characterized according to the analysis of pheno-
type and genetic interactions of the corresponding deletion
strains (6-8).

However, the target genetic loci were substantially mod-
ified during the procedure of knockout strain produc-
tion. As S. cerevisiae has a compact genome with very
short intergenic regions, the introduction of a highly ex-
pressed gene module could, in principle, significantly al-
ter transcription within the loci, affecting the expression
of neighboring genes. There were a few studies of the
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Figure 1. KanMX cassette used to generate gene deletions is excessively
expressed within the mutated locus. (A) A schematic representation of the
KanMX cassette replacing the knockout target gene. The cassette harbors
the G418 resistance gene under the control of the strong 4. gossypii cEF1A
promoter and eEFIA terminator, as well as adjacent vector-derived se-
quences and barcodes. (B, C) Excessive kan gene expression in the mutant
strain, as compared to other genes in the vicinity. RNA-Seq data for the
TRM]I0 locus (including 15 genes in the vicinity) in wz (B) and trmI0A (C)
strains are shown as normalized total read coverage, positive and negative
values correspond to the direct and reverse complementary DNA strands,
respectively. Pink highlighting indicates the TRM10 CDS (wt strain) and
the KanMX module (rrml0A strain). RNA-Seq coverage of the neighbor-
ing genes, RFC4 (YOL094C) and YPQI (YOL092W), is indicated by ar-
rows. (D) Differential expression of genes within the +100 kb region from
the KanMX module at the transcriptional level, rm/0A compared to wt.
FDR: false discovery rate.
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neighboring gene effects (NGE) in genetic interactions (9—
11) but the mechanisms of such effects have never been
analyzed.

Here, using RNA-Seq and ribosome profiling (Ribo-Seq)
data available for a number of knockout strains, we re-
vealed drastic changes of gene expression at many loci
in which the target gene and its neighbor are in close
proximity. Among the observed side-effects, there were
major alterations in transcription start sites (TSS) and
polyadenylation site (PAS) usage of neighboring genes.
These changes led to dramatic deregulation of the neigh-
boring gene expression mainly at the level of mRNA trans-
lation that was further confirmed by analysis of protein
abundance. Based on several dozen cases analyzed in this
study, we roughly estimate that in as much as 10-20% of
knockout strains in the yeast deletion library, the pres-
ence of the KanMX cassette substantially (>2-fold) dereg-
ulates expression of neighboring genes at the translational
level.

MATERIALS AND METHODS
Data sources

Ribosome profiling (Ribo-Seq) and RNA-Seq data for
knockout and wild-type S. cerevisiae strains (12,13)
were downloaded from GEO [GSE100626, GSE122039].
Genome reference annotation and sequence for the BY4741
wt strain (version R64-1-1) were downloaded from Ensembl
(14). Coordinates of alternative polyadenylation sites were
taken from (15).

Data processing

Knockout strain genome reference annotations and se-
quences were obtained with reform (https://github.com/
gencorefacility/reform, (16)) through modification of the
Ensembl (R64-1-1) annotation and sequences. SRA data
were downloaded and transformed into fastq with SRA
toolkit v2.9.4 (17). The adapters were trimmed with cu-
tadapt v1.18 (18).

Read counting and mapping to the original and modi-
fied genome annotations were performed with STAR v2.7.0
(19). BedGraph profiles were produced from SAM data
with samtools (20) and bedtools v2.27.1 (21). Coverage pro-
files were normalized using normalization factor and li-
brary size estimates from differential expression analysis
(see below) separately for each bedGraph profile. Genomic
signal tracks were visualized with svistdget (22).

Ribo-Seq and RNA-Seq differential expression analysis

Raw gene counts processing and statistical analysis were
performed in R using edgeR Bioconductor package (23).
Genes not reaching 2 read counts per million (CPM) in at
least 3 RNA-Seq and 4 Ribo-Seq libraries were excluded
from the analysis. To detect differentially expressed genes
(for RNA-Seq, Ribo-Seq, and ribosome occupancy), we
used the generalized linear model (glmQLFit, glmQLFTest
of the edgeR package) with the strain as a categorical vari-
able.
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Yeast strains

Yeast strains producing proteins tagged with C- and N-
terminal Green Fluorescent Protein (GFP) were taken from
systematic collections (24,25) and modified in order to
delete genes adjacent to the gene of interest using the same
strategy as in the original SGDP, except that the deletion
cassette was obtained via one round of PCR with long
primers. A list of the strains and primers used for the gene
deletions is presented in Supplementary Tables S1 and S2,
respectively. The gene deletion was verified by PCR of yeast
genomic DNA using the primers listed in Supplementary
Table S2.

qPCR-based quantification of normal and extended tran-
scripts

Yeast strains with deletions of particular genes were grown
in 100 ml of YPD to ODygy 0.5 at 30°C, collected, and
frozen in liquid nitrogen. Total RNA was extracted accord-
ing to Collart et al. (26) using the hot acid phenol method.
RNA samples were treated with RQ1 DNase (Promega). 1
mcg of total RNA was used for reverse transcription with
MMLV-RT kit (Evrogen) according to the recommended
protocol with oligo(dT);s and random (dN);¢ primers at a
ratio of 1:3. Real-time PCR for detection of normal length
and extended transcripts was performed with Eva Green I,
kit NeR-441 (Syntol), with primers listed in Supplementary
Table S2. PCR protocol: 95°C — 5 min [95°C — 155, 64°C —
15s, 72°C — 30 s, signal detection] x 43 cycles. Expression
levels were calculated using the comparative Ct method.

Flow cytometric analysis of the GFP-fusion protein abun-
dance

Cytometric analysis was performed with 12 sets of three
yeast strains (encoding a GFP-tagged protein (WT-GFP),
the same strain containing a deletion of the adjacent gene
(KO-GFP), and a strain harboring only the adjacent gene
deletion (KO)), plus a wild-type strain as a control (WT).
The strains were grown in complete synthetic medium
(0.67% (w/v) Yeast Nitrogen Base (Difco), 2% (w/v) glu-
cose, complete amino acid supplementation) overnight in
96-well flat bottom plates (Eppendorf), diluted into fresh
medium with a dilution factor of 200, and grown for an-
other 4 hours. After that they were analyzed using a Beck-
man Cytoflex S (488 nm laser, 525/40 bandpass emission
filter) or a MACS Quant Analyzer, Miltenyi Biotech (488
nm laser, FITC emission filter), both equipped with an au-
tosampler. Data on GFP fluorescence (FITC-A) were col-
lected for ~30 000 cells in six independent cultures of each
sample, which were analyzed on two distinct days (three in
1 day, three during another).

The raw data were extracted from *.fcs files with the
FlowJo v.10 software. The FITC-A replicates of each strain
were merged, the resulting distributions were compared
between WT-GFP and KO-GFP strains with the Mann-
Whitney U test. Additionally, we estimated the differ-
ence in medians Amed_KO and Amed_WT (by separately
comparing wt and knockout fluorescence data against the
matched autofluorescence data). Next, we computed the
Amed_KO/Amed _WT ratio as the effect size estimate. To

visualize distribution with the kernel density estimates we
used the ggplot2 R package.

RESULTS

KanMX cassette expression is excessive in comparison to
neighboring genes

Ribosome profiling combined with RNA-Seq provides ex-
pression data at the transcriptional and translational levels
on a transcriptome-wide scale (27). A number of ribosome
profiling studies were performed on yeast deletion strains.
For our analysis, we took the unique dataset produced by
Chou et al. (12), where Ribo-Seq and RNA-Seq were per-
formed for 57 yeast knockout strains, and our own ribo-
some profiling data (13). Both datasets were obtained from
BY4741-based S. cerevisiae strains using the classical ribo-
some profiling protocol with cycloheximide (27). Although
this drug may affect ribosome footprint distribution at the
beginning of CDS (28) and at particular codons (29), it is
nevertheless applicable for the analysis of overall ribosome
coverage and differential expression (28).

First, we examined the transcriptional changes within a
modified genomic locus, in which a target gene is replaced
with the KanMX module (Figure 1A). To this end, we re-
constructed the complete genome annotation for the knock-
out strains and mapped RNA-Seq reads to these genomes
(KO datasets) and the original genome of the wt BY4741
strain (wt¢ dataset), respectively. Figure 1B-C illustrate the
results of such mapping for trmi0A and wt strains. We ob-
served disproportionally high kan gene expression in the
mutant strain, as compared to the transcription efficiency of
other genes within the same locus (including at least a dozen
upstream and downstream genes). Considering the whole
transcriptome, kan is among the top 1% most highly ex-
pressed genes in the trmi0A strain (Supplementary Figure
S1A). The same effect is exhibited in Ribo-Seq data (Sup-
plementary Figures S1A, B), illustrating a high load of the
kan transcript on the cellular translational machinery.

The excessive transcription could skew the overall ac-
tivity of the entire locus at the epigenetic level. Anal-
ysis of differential expression of the genes adjacent to
TRM10/YOLO93W showed that mRNA abundance of
RFC4/YOL094C was reduced almost 4-fold, while the level
of other mRNAs encoded in this locus did not experi-
ence observable changes (Figure 1D, Supplementary Figure
S1B).

Similar analysis of RNA-Seq data for the other 57 strains
in the dataset showed pervasive changes in the transcrip-
tion levels of neighboring genes (Supplementary Figure S2).
Such alterations were unexpected and could potentially af-
fect the abundance of encoded proteins and phenotype of
the mutant strains.

KanMX cassette shifts TSSs of the neighboring genes gener-
ating new uORFs and inducing translational silencing

To further characterize unintended changes within mutated
loci, we examined particular cases of the immediately adja-
cent genes in more detail. In the case of the deg/ A strain,
we observed a ~3-fold decrease of the neighboring SPB4
gene expression at the translational level. Ribo-Seq tracks



of wt and degl A strains are presented in Figure 2A. Quan-
tifications of Ribo-Seq and ribosome occupancy (RO) are
shown in Figure 2B. Hereafter, we use RO as Ribo-Seq
coverage of a CDS normalized to its RNA-Seq coverage
that serves as a proxy for translation efficiency of the tran-
script. The two genes were located in the 5'-to-5' orientation
(hereafter called ‘head-to-head’), with only 196 bp between
their ATGs. Although overall SPB4 mRNA level changed
only slightly (Figure 2A, cf. RNA-Seq tracks, quantifica-
tion is shown in Figure 2B), we observed a clear shift of the
SPB4 TSS toward the KanMX cassette in the case of the
degl A strain. Due to the shift, an upstream AUG codon
was included in the new 5’ UTR, thus forming an inhibitory
uORF (Figure 2C). This inhibited translation of the SPB4
main coding region (Figure 2B, right panel), as uORFs usu-
ally dramatically decrease mRNA translation in yeast and
are relatively rare in S. cerevisiae mRNAs (30-32). In the
case of the altered SPB4 transcript, the acquired uAUG
was in the optimal nucleotide context (AggAUGA) and
thus should be effectively recognized by the ribosome (33).
Indeed, we observed ribosome coverage of a region cor-
responding to the uORF (Figure 2A). In this regard, the
slightly decreased abundance of the SPB4 mRNA (Figure
2A and B, RNA-Seq tracks) could be related to its reduced
stability (34), as uORF-containing transcripts are subject to
nonsense-mediated decay in yeast (35,36).

The TSS shift of the SPB4 gene in the degl A strain was
confirmed experimentally by RT-qPCR with two primer
pairs (Supplementary Table S2, schematically shown by ar-
rows in Figure 2A). A forward primer from the first pair
corresponded to the extended part of the presumptive ex-
tended SP B4 transcript, while that from the other pair an-
nealed to both the extended and original (normal length)
mRNAs. In the strain with deleted DEGI, we observed a
substantially elevated amount of the extended variant, while
the total abundance of both SPB4 transcripts was reduced
(Figure 2D).

An even more dramatic effect was observed in the case
of TM A64 gene knockout (13), which led to the deregula-
tion of the neighboring essential gene 4 PC4, located in the
‘head-to-head’ orientation (Figure 2E). In tma64A we ob-
served a ~8-fold decrease of the APC4 CDS expression at
the translational level (Figure 2F). The region upstream of
the original A PC4 TSS contained two ATG codons (Figure
2QG). Replacing TM A64 with the KanMX module shifted
the APC4 TSS upstream, thus forming two uORFs covered
by ribosome footprints in the Ribo-Seq track in Figure 2E.
The RT-qPCR analysis confirmed that the abundance of the
extended 4 PC4 transcript was dramatically increased in the
tma64 A strain (Figure 2H).

APC4 encodes a subunit of the Anaphase-Promoting
Complex/Cyclosome (APC/C), involved in the control
of cell cycle (37), while the TMA64 gene product is a
non-essential translation factor involved in ribosome recy-
cling and reinitiation (38). Curiously, previous analyses of
tma64 A knockout strains revealed strong negative genetic
interactions of TMA64 with genes involved in APC/C-
mediated anaphase checkpoint (39,40), as well as cell cy-
cle abnormalities (41). Indeed, 7 out of 10 TM A64 genetic
interactions listed in SGD (https://www.yeastgenome.org,
(42)) and documented in at least 2 data sources, involve
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genes encoding either APC/C subunits (APC5, CDC20,
CDC23, CDC27) or other components of the mitotic check-
point (Supplementary Figure S3). Our data suggest that
these interactions are false positives caused by the defect
of the APC4 mRNA translation in the tma64A knockout
strain that we found in our analysis.

KanMX cassette alters 3’ end processing of the neighboring
gene transcripts and deregulates their translation

The above cases exemplified the ‘head-to-head’ arrange-
ment of a target gene with its affected neighbor. However,
the KanMX module could also disturb proper termina-
tion and correct formation of the 3’ end of the transcript
in the case of the 3'-to-3’ (‘tail-to-tail’) arrangement. To
investigate this, we analyzed several such cases from the
same study (12), and indeed found shifts of cleavage and
polyadenylation sites (PASs).

Specifically, the PAS shift happens in the TRM 12 knock-
out, with a dramatic alteration in the PAS position of the
neighboring GLO! gene (Figure 3A). In this particular case,
the alteration was probably unavoidable, as the original
GLOI transcript extends into the TRM12 coding region,
where its PAS is located normally. In the trmi2A strain,
however, this region is replaced by the KanMX cassette.
Mapping of the RNA-Seq reads onto the trml2A genome
revealed the formation of an alternative 3’ terminus, which
probably was the result of activation of the cryptic pre-
mature PAS located in this locus (15) (Figure 3A and C).
The resulting 3’ UTR is ~2-fold shorter than the origi-
nal one. Surprisingly, the dramatic changes in the GLOI 3’
UTR length did not lead to prominent perturbations in ei-
ther abundance of the transcript or its RO (Figure 3B), at
least under the conditions tested. However, in other cases,
such alterations could affect gene expression, as 3’ UTRs
play important roles in translation regulation and control
of mRNA stability (43,44). Indeed, in the case of another
‘tail-to-tail’ oriented gene pair, SET3 and SAP190, we ob-
served a substantial (~3-fold) reduction in RO of the SET3
coding region in the strain where SA4 P90 was replaced with
the KanMX cassette (Figure 3D and E), as expected from
the dramatic shortening of the SE73 3’ UTR (Figure 3D
and F).

Transcriptional and translational deregulation of neighboring
genes caused by TSS shifts and alternative PAS activation are
pervasive in yeast knockout strains

To systematize TSS shifting and alternative PAS activation,
we estimated alterations of 5 UTR and 3" UTR lengths of
neighboring genes observed in the analyzed datasets, de-
pending on the mutual orientation of the knockout target
and the nearest neighboring gene (Figures 4A). The anal-
ysis showed that ‘head-to-head’ orientation often leads to
TSS shifting: 5 UTRs were extended by the TSS shifts in
11 of the 12 cases when the distance between the ORFs
of the neighboring genes was less than 1 kb. In the case
of the ‘tail-to-tail’ orientation, we found a trend towards
3’ UTRs shortening as a result of alternative PAS activa-
tion, but this effect was less pronounced in comparison with
the TSS shift. In the case of ‘head-to-tail” and ‘tail-to-head’
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Figure 3. KanMX cassette deregulates expression of the neighboring gene transcripts at the translational level by altering 3" end processing. (A) Normalized
RNA-Seq coverage of the GLOI-TRM12 locus in wt (left subpanel) and trmi2 A (right subpanel) strains. The GLO! 3’ UTR (highlighted in pink) is shorter
in the mutant strain. (B) Differential expression of genes within the £100 kb region from the KanMX module at the level of transcription (RNA-Seq, left
subpanel), translation (Ribo-Seq, middle subpanel), and translation efficiency (RO, right subpanel), trm/2A compared to wz. (C) Nucleotide sequence
of the GLOI downstream region. The putative major PASs of GLO! in both strains are indicated by arrows. Putative PASs from (15) are shown in the
additional track, Y-axis in the log, scale. (D-F) The same for the SET3-SAP190 locus, in (D) the SET3 3’ UTR is highlighted in pink.
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Figure 4. KanMX cassette alters 5’ and 3’ UTRs of neighboring genes,
affecting transcript abundances and translation efficiencies. (A) Swarm-
plots illustrating alterations of 5 UTR and 3’ UTR lengths of neighboring
genes induced by the KanM X module depending on their orientation rel-
ative to the cassette. Labels indicate particular genes that were discussed in
the text and, additionally, those with the UTR’s length extension of more
than 150 nt. (B) Swarmplots and underlying violin plots illustrating differ-
ential expression of the neighboring genes in the 58 knockout strains ana-
lyzed in this study, at the level of transcription (RNA-Seq), as compared to
wt. (C) Swarmplots and underlying violin plots illustrating changes in the
translation efficiency (RO) of mRNAs encoded by the neighboring genes
in knockout strains compared to wt. Labels indicate particular genes that
were discussed in the text and, additionally, those with the absolute value
of log fold change >1 and FDR <0.05.

orientations, no significant alterations were observed, al-
though particular changes are harder to track in such cases,
as RNA sequences of the neighboring and knockout genes
are located on the same DNA strand in close proximity.

We then calculated expression changes in the closest
neighboring genes in all datasets at both transcriptional
and translational levels and grouped the results with re-
spect to the neighboring gene orientation to the deleted
genes. Analysis of the RNA-Seq coverage (Figure 4B)
showed strong transcriptional deregulation of many ‘head-
to-head’-oriented neighboring genes, with either decreased
or increased expression; for other mutual orientations, there
was a tendency to observe the reduced mRNA level. A
similar analysis of RO, which reflects translation efficiency
(Figure 4C), revealed a prominent effect of translational
downregulation for a substantial proportion of neighboring
genes, leading to more than a 2-fold drop (FDR < 0.05) in
at least six cases (Figure 4C), four of which can be explained
by the above-described effect from novel uORFs (see Sup-
plementary Figure S2).

As much as 1/5 of knockout strains may have substantially
(>2-fold) deregulated expression of neighboring genes that
can result in changed protein abundance

Since ribosome coverage of a transcript can be used as a
proxy for the gene product abundance, we analyzed Ribo-
Seq data to calculate a proportion of cases in the analyzed
datasets, where the protein synthesis from neighboring gene
transcripts was deregulated (Figure SA). Among the 58 an-
alyzed strains, ribosome footprint coverage of neighboring
gene transcripts was altered more than 2-fold (FDR < 0.05)
in 11 (19%), >3-fold in 7 (12%) and >4-fold in 5 cases (8%).
Weaker effects (from 1.5- to 2-fold) were observed in 20
(34%) of the analyzed strains. This gives a rough estimate
of the number of affected strains across the complete yeast
deletion library.

However, protein abundance is determined not only by
synthesis but also degradation. Thus, it was important to
experimentally verify the changes in the abundance of pro-
teins encoded by the genes neighboring the KanMX mod-
ule in knockout strains. We selected several strains express-
ing GFP-tagged proteins from the GFP-tagged systematic
collections (24,25) and replaced the adjacent genes with the
standard KanMX cassette. Wt and deletion strains having
no GFP tag were used for autofluorescence background
correction.

We assayed five strains with ‘head-to-head’ orientation of
genes, four strains with ‘tail-to-tail’ orientation and three
with ‘head-to-tail’ or ‘tail-to-head’ orientation, in which
we could reliably detect GFP fluorescence using flow cy-
tometry. The set included GFP-tagged SPB4 protein corre-
sponding to the DEGI-SPB4 gene analyzed earlier (Figures
2A and 5B) and two complementing pairs of genes: BOP2|
SEC22-GFP /| GFP-BOP2ISEC22 and RRDIIIMP2'-GFP
/IMP2'IRRDI-GFP). Importantly, half of the deleted genes
(IMP2',IRC6, RRD1, SEC22, SFAI, VIPI) were unrelated
to translation, thus avoiding a bias of the Ribo-Seq analysis
where most of the target genes were encoding tRNA modi-
fication enzymes (12).
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Figure 5. A substantial fraction of analyzed knockout strains has dereg-
ulated expression of neighboring genes that can result in correspond-
ing changes of protein abundance. (A) Swarmplot and underlying violin
plots illustrating differential expression of the neighboring genes in the 58
knockout strains analyzed in this study at the level of translation (Ribo-
Seq) depending on neighboring gene orientation relative to the kan gene
(knockout strains compared to wt). Labels indicate genes that were men-
tioned in the text and, additionally, those with the absolute value of log,
fold change >1 and the FDR <0.05. (B-E) Gene replacement with the
KanMX module induces changes in the abundance of the GFP-tagged pro-
teins encoded by neighboring genes. Four cases with different mutual gene
orientations (schematically shown in upper subpanels) were analyzed. For
each case, four yeast strains were assayed by flow cytometry: two strains
with the GFP-tagged neighboring gene (as shown in the schemes) and two
corresponding strains without the GFP-tag (to take into account possi-
ble autofluorescence changes between the KO strains and wt). The density
plots show distribution of the GFP fluorescence (logjo scale, combined re-
sults from at least three independent experiments). Effect size estimates
(Amed ratios) are shown on the plots, see Materials and Methods for de-
tails. Combined results from at least three independent experiments are
shown, *one-sided U-test P-value <1072,
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A statistically significant decrease in the level of GFP
fluorescence was observed in 6 out of the tested 12 cases
(Figure 5B, C and Supplementary Figure S4), including the
GFP-tagged SPB4. For four proteins we were unable to de-
tect any significant changes in the protein level, while in one
case the reporter level was increased (Supplementary Figure
S4D). To sum up, KanMX-mediated deregulation of the ex-
pression of adjacent genes can affect their protein levels in
the cell and, consequently, influence the phenotype of the
knockout strains.

DISCUSSION

The SGDP yeast deletion library is a powerful and indis-
pensable instrument to study eukaryotic gene function (2,6).
However, due to the compact nature of the yeast genome,
the replacement of every individual gene with the highly ex-
pressed KanMX cassette can potentially perturb the expres-
sion of the neighboring genes. Importantly, the undesirable
effects of the cassette could extend beyond the transcrip-
tional level, affecting also the translation of mRNAs syn-
thesized from neighboring genes. Such changes may cause
inappropriate attribution of the side effects to the absence
of the target gene, while in reality they are caused by pertur-
bation of neighboring gene expression. This phenomenon is
known as the neighboring gene effect, NGE (10,11). NGE
should be taken into account during high-throughput stud-
ies of functional gene annotation and genetic interaction
analyses. A few systematic studies devoted to this impor-
tant issue revealed that NGE may be involved in as much as
7-15% of the identified gene-gene interactions (9-11). How-
ever, no mechanistic explanations of these effects have been
proposed.

In this study, we took advantage of ribosome profiling
(45,46) to investigate the molecular mechanisms behind
NGE. Although this powerful method was originally devel-
oped for S. cerevisiae (27,47), to date only a limited number
of Ribo-Seq studies have been performed in knockout yeast
strains. We used one of the most comprehensive datasets
containing ribosome profiling and RNA-Seq data for 57
mutant strains (12), as well as our own data (13), to charac-
terize the transcriptional and translational changes that oc-
cur in genomic regions adjacent to the introduced KanMX
cassette. We documented several types of changes, including
(1) transcriptional repression of the neighboring genes (Fig-
ures 1 and 4B); (ii) shifts of TSSs toward the cassette, caus-
ing the appearance of UAUG(s) in the extended 5" UTRs,
reduction of translation efficiency and likely mRNA stabil-
ity (Figures 2 and 4A) and (iii) triggering alternative pre-
mRNA cleavage and polyadenylation events, in some cases
also leading to deregulation of mRNA expression at the
translational level (Figures 3 and 4A). Finally, using GFP
reporters, we showed that such perturbations can result in
changes in protein abundance (Figure 5B and C).

Although our study was restrained by the limited amount
of published yeast Ribo-Seq datasets, the available exam-
ples clearly show that replacement of a gene by the KanMX
cassette often significantly affects expression of the neigh-
boring genes via both transcriptional and translational
mechanisms.
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Figure 6. A model explaining NGE in knockout strains arising from per-
turbation of neighboring gene expression at the translational level. As
GENEQD is replaced by the KanMX cassette, its strong regulatory elements
(P-TEF and T-TEF) perturb transcription of the neighboring genes, al-
tering PAS and TSS of GENE-1 and GENE + 1, respectively. This de-
creases their mRNA translation due to the GENE-1 3’ UTR shortening
and uORF(s) appearance in the GENE + 1 5 UTR.

One could argue that all datasets that we initially ana-
lyzed were obtained for strains with mutations of transla-
tion machinery components. Indeed, ribosome profiling is
usually applied to mutants or conditions where translation
is expected to be altered. However, in a large portion of these
strains, no phenotype associated with compromised overall
translation was observed (12). We also showed that only the
adjacent genes were typically exhibiting differential expres-
sion at the level of transcription or translation (see Supple-
mentary Figure S2). Moreover, our GFP-based validation
assay was also applied to genes not involved in translation.
Thus, the observed phenomenon is likely general and not
limited to translation-related genes. Extrapolating our re-
sults, we estimate that changes in the levels of transcription
and translation of neighboring genes of 2-fold and higher
may be observed in up to one-fifth of knockout strains in
the yeast deletion library.

The revealed TSS shifts (in the case of ‘head-to-head’
gene arrangement) and alternative PAS activation (in ‘tail-
to-tail” orientation of the genes), leading to mRNA trans-
lation decline, were the most striking observations of our
study (Figure 4A, overviewed in Figure 6). The effects of
the TSS shifts and PAS changes in knockout strains may be
even more important under different growth conditions, cell
stress, or sporulation, when numerous alternative TSSs and
PASs are activated (48.49).

Taking into account the pervasiveness of such effects,
we compiled a complete list of potentially affected genes
(Supplementary Table S3) where one can find a qualitative
estimation of the potential effect that replacement by the
KanMX module may induce on the nearest adjacent gene.
The estimation is based on a set of empirical rules revealed
in this study: mutual gene orientation, the distance between
the genes, and, in the case of ‘head-to-head’ orientation, the

presence of AUG codon in the spacer located near the TSS
of the neighboring gene.

The identified patterns of expression changes of neigh-
boring genes could explain the false genetic interactions of
the deleted genes, the so-called NGE phenomenon (Figure
6), both in the cases we examined here and in many other
cases. For example, almost half of the neighboring gene
pairs with the distance between the genes less than 200 bp
and with a genetic interaction profile similarity of PCC >0.1
(according to the TheCellMap.org (9,40)) have at least one
ATG codon within 50 bp upstream of a TSS of the neigh-
boring gene, while the same is true for only a quarter of pairs
with such arrangement of genes and with PCC < 0.01 (see
Supplementary Table S3). This could explain the observed
NGE in some of the former gene pairs, with clearer criteria
to be formulated when more high-throughput data become
available for systematic analysis.

All in all, we propose that in many cases NGE in knock-
out strains is caused by KanMX-induced defects at the
translational level, as revealed in this study. This should be
taken into account when using the yeast knockout collec-
tion for functional gene annotation and genetic interaction
analysis, as well as when interpreting results based on sim-
ilar methods of targeted gene manipulation in any other
model eukaryotic organism.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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