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A complex interplay between multiple chromatin modifiers is critical for cells to regulate chromatin structure and
accessibility during essential DNA-templated processes such as transcription. However, the coordinated activities of
these chromatin modifiers in the regulation of gene expression are not fully understood. We previously determined
that the budding yeast histone H4 methyltransferase Set5 functions together with Set1, the H3K4 methyltransferase,
in specific cellular contexts. Here, we sought to understand the relationship between these evolutionarily conserved
enzymes in the regulation of gene expression. We generated a comprehensive genetic interaction map of the function-
ally uncharacterized Set5 methyltransferase and expanded the existing genetic interactome of the global chromatin
modifier Set1, revealing functional overlap of the two enzymes in chromatin-related networks, such as transcription.
Furthermore, gene expression profiling via RNA-Seq revealed an unexpected synergistic role of Set1 and Set5 in repress-
ing transcription of Ty transposable elements and genes located in subtelomeric regions. This study uncovers novel
pathways in which the methyltransferase Set5 participates and, more importantly, reveals a partnership between Set1
and Set5 in transcriptional repression near repetitive DNA elements in budding yeast. Together, our results define a new
functional relationship between histone H3 and H4 methyltransferases, whose combined activity may be implicated in

preserving genomic integrity.

Introduction

Eukaryotic genomes are packaged into discrete regions of
transcriptionally active genes (euchromatin) and transcription-
ally silenced genes (heterochromatin). The establishment and
maintenance of these chromatin regions is essential for virtually
all nuclear processes and requires the dynamic posttranslational
modification of histones.! In particular, distinct patterns of his-
tone lysine methylation are associated with the function and
structure of specific chromatin domains. For example, methyla-
tion of histone H3 at lysines 4 and 36 is abundant in euchromatic
regions, whereas these marks are reduced in heterochromatin.?

*Correspondence to: Ashby Morrison; Email: ashbym@stanford.edu

The most well-studied lysine methyltransferases (KMTs)
in budding yeast are Setl, Set2, and Dotl, which methylate
lysines 4, 36, and 79 on histone H3, respectively. Despite the
global presence of these marks in euchromatin, removal of any
one of these enzymes results in limited changes in gene expres-
sion.? However, it has been observed that combined depletion of
more than one chromatin-regulatory protein often leads to more
severe phenotypes,™® suggesting that chromatin regulators act in
concert with one another to exert their functions. For example,
maintenance of euchromatin-heterochromatin boundaries at
telomeres requires the cooperative activities of Dotl, Setl, Set2,
histone acetylation, and the histone variant Htz1.%”
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We recently identified Set5 as the first histone H4 methyl-
transferase in budding yeast.® Set5 is evolutionarily conserved
and targets the functionally important lysines 5, 8, and 12 of the
histone H4 tail, which have demonstrated roles in several aspects
of chromatin function, including transcription and DNA dam-
age responses. However, the role of Set5-mediated methylation in
regulating the genome remains unknown.®’ Our initial genetic
studies demonstrated a functional link between Set5 and Setl,
as cells lacking both methyltransferases show decreased fitness
when subjected to genotoxic and cellular stress. These results
indicate that Set5 and Setl might function in similar pathways.

Setl is a conserved lysine methyltransferase largely known to
contribute to the regulation of gene expression, participating in
both transcriptional activation and repression.”® Interestingly,
Setl has specifically been shown to influence gene expression at
specialized chromatin environments, including telomeres and Ty
retrotransposons. Deletion of SE77 results in defects in telomeric
silencing and derepression of subtelomeric genes.'* Although not
entirely clear, it is postulated that the derepression of telomere-
proximal genes in sezIA cells is caused by the titration of the Sir
silencing factors away from the telomere when the euchromatin-
heterochromatin boundary is disrupted,” or that Setl may have
a more direct effect on gene repression through the regulation of
antisense transcription.® In addition to its role at telomeres and
other silenced chromatin domains, Setl has been reported to be
required for silencing of Ty element transcription,' although the
mechanism for this remains largely undefined."”

Given the well-established and diverse roles for Setl in regulat-
ing transcriptional activity, we hypothesized that Set5 may func-
tion with Setl in the control of gene expression. Here, we provide
an analysis of the functional interplay between Setl and Set5
in S. cerevisine. We expand our genetic interaction studies and
present an extensive synthetic genetic interaction profile of SET]
and SETS5, revealing overlapping functions of these enzymes in
critical cellular processes such as transcription regulation and
telomere maintenance. RNA-Seq analysis in cells lacking both
SETI and SET5 uncovers a synergistic role for these enzymes
in transcriptional repression near telomeres and at transposable
elements. Thus, our findings define a cooperative relationship
between Set5 and Setl in transcriptional control through the
repression of genes associated with repetitive DNA elements.

Results

Set5 and Setl cooperate to negatively regulate gene expression

The majority of biological functions are accomplished by
the coordinated action of multiple proteins. Synthetic genetic
interaction maps provide an unbiased way to dissect the role of
newly identified proteins by revealing their functional connec-
tions with other complexes.!® The E-MAP (Epistatic Miniarray
Profile) approach has been particularly illuminating in defining
functional pathways for a number of chromatin-associated factors
in DNA-templated processes, especially transcription.'®" We pre-
viously demonstrated a negative (aggravating) synthetic genetic
interaction between Setl and the recently characterized methyl-
transferase Set5, illustrating a functional relationship between the
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two proteins.® Interestingly, it has been demonstrated that tran-
scription factors with negative genetic interactions often regulate
common gene sets."” To further understand how the function of
Set5 and Setl intersect in transcription and other cellular pro-
cesses, we generated a genetic interaction map of SE77 and SET5
using the E-MAP approach.?” We and others previously observed

1821 charac-

a limited genetic network using a sezIA query strain,
teristic of a ‘noisy” strain producing a high standard deviation of
fitness among mutants that precludes quantitative analyses.?’ As
such, we generated a query strain containing a hypomorphic allele
of SET1 using the Decrease Abundance by mRNA Perturbation
(DAmP) technique, which removes the 3’ terminator region of a
gene resulting in reduced mRNA stability and consequent pro-
tein abundance.”? The SET1-DAmP and set5A query strains were
crossed to a previously defined subset of 1536 deletion or DAmP
strains covering components of all major biological processes.?
The genetic interactome of our SETI-DAmP strain recapitulates,
and expands upon, the interactions previously described for other
members of the Setl-containing COMPASS complex.'® In agree-
ment with its role in both transcriptional activation and repres-
1018 we find that SE77 interacts with factors involved in
transcription regulation and chromatin modification or remodel-
ing (Fig. 1A). Analysis of the genetic interactome for Set5 indi-
cates a number of functional interactions with both nuclear and

sion,

cytoplasmic factors, likely owing to its varied subcellular localiza-
tion.®* Among the nuclear factors, Set5 shows functional links to
the transcriptional machinery (Fig. 1A). Interestingly, although
Setl and Set5 display largely distinct sets of genetic interactions,
they show overlapping functions with factors that influence telo-
mere maintenance, DNA recombination or repair, and a subset of
transcription-related genes (Fig. 1A).

Due to the established link between Setl and transcription
regulation, and the functional overlap uncovered by our quantita-
tive genetic analyses, we hypothesized that Setl and Set5 might
cooperate to regulate gene expression programs. We previously
observed only minor changes in gene expression in cells lacking
Set5,® whereas investigations of the role of Setl in gene expression
have revealed that it contributes to transcriptional activation and
repression.'® Recent genome-wide studies report that greater than
75% of Setl-dependent genes are upregulated in the sez/A mutant
compared with wild type, and these Setl-repressed genes are sig-
nificantly enriched near telomere proximal regions.*'%>%4

To investigate the combined role for Setl and Set5 in gene
expression, we performed whole-transcriptome sequencing (RNA-
Seq) and analyzed the differential expression profiles of mutants
lacking Setl, Set5, or both. Total mRNA from two independent
biological replicates of setIA, set5A, or setIA set5A cells were used
for single-end sequencing. Differential expression analysis of sezIA
mutants showed significant overlap with previous sez/A microar-
ray gene expression studies (data not shown).>"

Our results illustrate that Set5 and Setl cooperate in the
repression of transcription. Specifically, of the 183 genes display-
ing at least a 1.7-fold change in expression in the sezIA cells, the
vast majority (83%) are upregulated in the mutant compared with
wild type (Fig. 1B). Deletion of SET5 alone resulted in changes
in the expression of a small subset of genes (42 genes total).
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Figure 1. Set5 and Set1 synergistically repress transcription of genes enriched near repetitive elements. (A) Heatmap representation of E-MAP genetic
interaction scores (S-scores) of genes that show significant interactions with SETT and SET5. Genes were grouped into previously described manually-
curated categories.”® (B) Venn diagram of differentially regulated genes between wild type and indicated gene knockout strains with false discovery
rate (FDR) < 0.05 and fold change > 1.7 in RNA-Seq analysis. (C) Expression heatmap and hierarchical clustering of strains described in (B). Color intensity
represents fold-change (log2) in gene expression relative to wild type (WT). (D) Set5 and Set1 repress a subset of lowly expressed genes in WT cells.
Boxplots depict the gene expression distributions of all genes in WT (white; “All Genes”), Set5/Set1-repressed genes in WT (black, “Set5/Set1-repressed
genes [WT]"), and Set5/Set1-repressed genes in set5A setTA (gray; “Set5/Set1-repressed genes [mut]”). “Repressed” genes represent significantly differ-
entially upregulated genes in the double mutant compared with WT. Expression is shown as FPKM (Fragments Per Kilobase per Million mapped reads).
(E) Set5/Set1-repressed genes are enriched near transposable elements and telomeres. Indicated chromosomal features are shown according to Pvalue
of enrichment, described in Methods, for genes whose repression is dependent on Set5, Set1, or Set5/Set1. Dashed vertical line denotes P = 0.05. P values
represent the two-sided probability value from the Wilcoxon rank sum test, *P < 0.05, **P < 0.01, ***P < 0.001.

With the exception of two genes (one of which is SET5), all of
the Set5-regulated genes showed higher transcript levels in the
mutant compared with the wild type strain. A similar differential
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expression profile was observed in a strain harboring an inte-
grated point mutation of a conserved catalytic residue (Y402A)
in the SET5 gene that disrupts its methyltransferase activity.®
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Figure 2. Subtelomeric genes are transcriptionally upregulated in set5Aset1A double mutants. (A) Histograms show the fraction of genes in 10 kb intervals
plotted as a function of their distance to the nearest chromosome end. “SET5/SET1 all” refers to all genes that are upregulated in set5A set1A mutants
compared with wild type; “SET5” are genes upregulated in set5A; “SET1” are genes upregulated in set7A; “SET5/SET1 unique” are genes upregulated in the
set5A set1A strain but not in the single mutants. (B) RNA-Seq median FPKM expression of all genes within 0-5 kb, 5-10 kb, 10-20 kb, or 20+ kb of the near-
est chromosome end in the indicated wild type (WT) and mutant strains. (C and D) Quantitative RT-PCR measurements of mRNA levels of the indicated
ORFs on the left arm of chromosome VII (C) or the left arm of chromosome Il (D). Relative mRNA values were calculated according to a reference gene,
described in Methods. Data are represented as mean + SEM (standard error of the mean) for 3 biological replicates, *P < 0.05, **P < 0.01, ***P < 0.001.
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Specifically, the 37 genes upregulated in sez5A are also upregu-
lated in the SE75, , mutant (Fig. S1), indicating that Set5’s
catalytic activity is required for its function in gene repression.
Analysis of the transcriptome of the sezIA se£5A mutants revealed
a 40% increase in the number of genes significantly differentially
expressed in the double mutant compared with the sez/A mutant
alone (250 Set5/Setl-dependent genes compared with 183 Setl-
dependent genes) (Fig. 1B). Moreover, greater than 80% of the
genes significantly differentially expressed in the double mutant
are upregulated compared with wild type. Furthermore, of the
genes that are upregulated both in sezIA and setIA set5A cells,
we observe an additional 22% increase, on average, in transcript
levels in the double mutant (Fig. 1C). Unexpectedly, of the 40
genes that are upregulated in the sez5A mutant, 18 genes are either
downregulated (3 genes, 7.5%), or unchanged (15 genes, 37.5%)
in the double mutant compared with wild type. The small sample
size of this gene set precludes significant analysis, but suggests
that Set5’s unique role in gene repression requires functional Setl.
In summary, our results demonstrate that combined deletion
of SET1 and SET5 results in an exacerbation of the transcriptional
derepression observed upon deletion of SE77 alone, and therefore
prompted further analysis of the genes dependent on both Set5
and Setl for repression (this gene set is hereafter referred to as
“Set5/Setl-repressed genes”). Based on GO term analysis, there
is no significant enrichment for specific functional categories
or cellular processes within the Set5/Setl-repressed genes (data
not shown). To further explore the characteristics of this subset
of genes, we examined the relative transcript levels of the Set5/
Setl-repressed genes by comparing their median expression dis-
tribution to global gene expression. Set5/Setl-repressed genes
show significantly lower transcript levels in wild type cells com-
pared with the genome-wide average (Fig. 1D), suggesting that
Setl and Set5 might selectively control genes located in regions
of inherently low transcriptional activity. These observations
prompted us to analyze the specific chromosomal locations of the
Set5/Setl co-regulated genes. We examined the distribution of
the genes upregulated in setIA, sez5A, and setIA set5A cells with
respect to defined chromosomal features. Analysis of the single
mutants revealed that genes regulated by Set5 alone are enriched
near Ty elements and tRNAs, whereas genes regulated by Setl
alone are enriched near telomeres, as previously reported,'*” and
Ty elements. Interestingly, the Set5/Setl-repressed genes showed
a distinct enrichment proximal to both telomeres and Ty elements
(Fig. 1E), but were not enriched near other tested genomic fea-
tures, such as centromeres and the mating-type locus. Importantly,
the Set5 and Setl repressed genes near Ty elements are dispersed
genome-wide and not enriched near telomeric Ty elements, indi-
cating that these are distinct, non-overlapping genomic enrich-
ment patterns. Identical results were observed when analyzing the
subset of 72 genes uniquely repressed in sezA sez5A mutants—
excluding genes also repressed in either of the single mutants
(referred to as “Set5/Setl unique”). Specifically, the 72 “Set5/
Setl unique” genes show lower transcription in wild type cells
than global transcription levels (Fig. S2A), and significant enrich-
ment near telomeres and Ty elements (Fig. S2B). Overall, these
results indicate that Set5 and Setl are acting together to repress

www.landesbioscience.com

gene expression near repetitive regions of the genome, and war-
rant a more detailed exploration of the regulation of gene expres-
sion near these elements.

Telomere proximal genes are co-regulated by Setl and Set5

To gain insight into the cooperative role of Setl and Set5 in
regulating gene expression near telomeric regions, we analyzed the
distribution of genes upregulated in the sez/A sez5A strain rela-
tive to the distance from chromosome ends. For the Set5/Setl-
repressed genes, the largest fraction of genes is located within the
first 20 kb from the chromosome end (Fig. 2A, upper left panel).
The small number of genes repressed by Set5 alone shows a ran-
dom distribution throughout the chromosomes (Fig. 2A, upper
right panel), while Setl-repressed genes are found significantly
enriched near telomeric boundaries (Fig. 2A, lower left panel),
consistent with previous reports."* The distribution of the
Set5/Setl unique genes showed a striking pattern of enrichment
within 10 kb of the chromosome end (Fig. 2A, lower right panel).
Furthermore, median transcript levels of genes positioned closer
than 20 kb to the telomere are significantly higher in the double
mutant compared with single mutants or wild type (Fig. 2B).
Notably, the observed difference in transcription gradually dimin-
ishes in genes located beyond 10 kb from the end of the chromo-
some (Fig. 2B). Together, these results show that Set5 synergizes
with Setl to repress transcription of subtelomeric genes.

To further investigate the transcriptional derepression observed
in the setlA set5A mutants, we directly analyzed the regional tran-
scription profile of genes near the telomeres on the left arm of
chromosomes II and VII (abbreviated TELO2L and TELO7L,
respectively). At these particular telomeres, our transcriptome
analyses identified clusters of Set5/Setl-repressed genes. Similar
gene clusters were previously described in cells lacking Hezl, a
histone variant that localizes to euchromatin-heterochromatin
boundaries to prevent the spread of gene silencing factors. In line
with earlier studies,” reverse transcription coupled with quanti-
tative real-time PCR (qRT-PCR) confirmed a modest increase
in expression of TELO7L and TELO2L proximal genes in cells
lacking SET1 (Fig. 2C and D). As predicted by our RNA-Seq
analysis, this effect is exacerbated upon deletion of SET5 at the
genes closest to the chromosome ends, whereas genes located fur-
ther from the telomeres showed little transcriptional regulation by
Setl or Set5 (Fig. 2C and D).

To determine whether Set5 methyltransferase activity is
required for gene expression, we generated a sezIA strain har-
boring the integrated SE75,, . catalytic mutant and analyzed
the expression levels of the subtelomeric genes at TELO7L and
TELO2L in these cells (Fig. S3). Our qRT-PCR analyses show
similar or even enhanced transcriptional upregulation compared
with that of sez5A setIA cells, indicating that the cooperative role
of Setl and Set5 in transcription repression is dependent on the
catalytic activity of Set5 (Fig. S3).

In agreement with these observations, analysis of the shared
genetic interactions between SE77 and SET5 demonstrates a
common role in telomere maintenance (Fig. S4). In total, our
transcriptional and genetic results support the conclusion that
Setl and Set5 cooperatively maintain transcriptional repression at
telomere-proximal regions.
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Table 1. Yeast strains used in this study

Strain Genotype Background Reference
Wild type MATa his3A1 leu2A0 met15A0 ura3A0 BY4741 YKO
YGM6 MATa set5A:KANMX BY4741 YKO
YGM76 MATa set5A:NATMX BY4741 8
YGM2 MATa set1A:KANMX BY4741 YKO
YGM77 MATa set5A:NATMX set1A:KANMX BY4741 8
YGM167 MATa SET5::SET5 =:NATMX BY4741 8
YGM168 MATa SET5::SET5,, . :“NATMX BY4741 8
YGM169 MATa SET5::SET5, :NATMX set1A:KANMX BY4741 8
YGM170 MATa SET5::SET5,, . :“NATMX set1A:zKANMX BY4741 8
YEG113 MATa set5A::HIS3MX6 BY4741 8
YAM698 MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1can1-100 TY1(ML2)::URA3 W303 16
YAM700 MATa Ty1(ML2)::URA3 xrn1A:KANMX W303 16
YEG180 MATa Ty1(ML2)::URA3 set5A:KANMX W303 This study
YEG195 MATa Ty1(ML2)::URA3 set1A::NATMX W303 This study
YEG197 MATa Ty1(ML2)::URA3 set5A::KANMX set1A:NATMX W303 This study
E-MAP MATalpha his3A1 leu2A0 LYS2+ met15A0 ura3A0 can1A:MATaPr-HIS3 YMS196H 2
wild type lypT1A=:MATaPr-LEU2
YS550 MATalpha set5:NAT clone#1 YMS196H This study
YS551 MATalpha set5::NAT clone#2 YMS196H This study
YS553 MATalpha set5:NAT clone#3 YMS196H This study
YS455 MATalpha SET1 3'UTR:NAT YMS196H This study

Repression of Ty element transcription by Setl and Set5

In addition to an enrichment of Set5/Setl-repressed genes in
telomere proximal regions, analysis of our RNA-Seq results indi-
cates that Setl and Set5 are also influencing gene expression near
Ty elements. We therefore used qRT-PCR to directly analyze the
transcript levels of the genes surrounding two Ty elements as well
as the Ty elements themselves. As shown in Figure 3A and B, we
observe an increase in transcription of the genes proximal to Ty
elements in setA cells, with one of the adjacent genes (LYS14)
showing a greater dependence on both Setl and Set5 compared
with Setl alone. Interestingly, a stronger upregulation of the Ty
elements themselves was observed in the double mutant compared
with sezIA cells (YDRCTy2-1 in Fig. 3A and YPRCTyl-4 in
Fig. 3B). In addition, transcriptional upregulation at these Ty ret-
rotransposons and neighboring genes is also dependent on Set5's
catalytic activity in sezIA cells (Fig. S5).

To further investigate the role of Setl and Set5 in Ty element
transcription itself, we performed a comprehensive transcriptional

analysis of all the currently annotated Ty elements in budding
yeast.”® Expression levels of RNA intermediates (co-transcribed
GAG and POL genes) from individual retrotransposons were
quantified and grouped by family (Tyl-5) (Fig. S6A). Median
gene expression of Tyl, Ty2, and Ty3 families of retrotransposons
shows an increase in set/A set5A double mutants compared with
the single mutants or wild type (Fig. 3C). Furthermore, when
individually examining each Ty element of the yeast genome,
increased transcript levels were observed in cells lacking both Setl
and Set5 compared with Setl or Set5 alone (Fig. 3D; Fig. S6B).
Consistent with previous reports and our observations from
Figure 3A and B, there is an increase in transcript levels of a major-
ity of Ty retrotransposons in se£/A mutants,'® and an even greater
increase in setIA sez5A double mutants (Fig. 3D; Fig. S6B).

To directly validate the results from our RNA-Seq analysis,
we designed qRT-PCR probes to specifically quantify the tran-
script levels of several Tyl and Ty2 retrotransposons, including
the Ty elements also tested in Figure 3A and B. Due to the high

Figure 3 (See opposite page). Loss of SET5 and SETT results in increased transcription of transposable elements. (A and B) Quantitative RT-PCR mea-
surements of MRNA levels of the Ty element YDRCTy2-1 (gene YDR034C-D) and YPRCTy1-4 (genes YPR158C-D and YPR158C-C) and the indicated ORFs
located nearby on chromosome IV (A) and chromosome XVI (B) for wild type (WT) and mutant strains. Relative mRNA values were calculated relative
to a reference gene, as described in Methods. (C) RNA-Seq median FPKM expression of full-length yeast transposable (Ty) elements grouped by family
(color-coded) for wild type (WT) and indicated mutant cells. (D) Hierarchically clustered heatmap of full-length Ty element FPKM expression in indicated
strains. Color code on right represents each of the families depicted in (C). (E) gRT-PCR was used to measure the mRNA levels of the indicated Ty ele-
ments, calculated relative to the TFCT reference gene, in WT and mutant cells. Data are represented as mean + SEM for 3 biological replicates, *P < 0.05,
**P < 0.01, ***P < 0.001. (F) set1A set5A cells show increased expression of a reporter gene fused to the TY1(ML2) promoter. Serial dilutions of yeast con-
taining the Ty1(ML2)::URA3 reporter were spotted on plates with either synthetic complete media or synthetic media supplemented with 5-fluoroorotic
acid (5-FOA). Increased URA3 expression results in decreased growth on 5-FOA containing media.
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homology between Ty coding sequences, each of the selected
primer sets (labeled A~F) amplify more than one Tyl or Ty2 ele-
ment (see Table S1 for details on primer design). Deletion of SET’]
alone resulted in a modest upregulation of Ty elements compared
with wild type (Fig. 3E). In the absence of both Setl and Set5, at
least a 2-fold increase in GAG-POL transcript levels was observed
in all regions tested (Fig. 3E).

A number of reporter assays have been previously developed
to monitor Ty transposon expression levels in cells. A strain car-
rying the URA3 gene under the control of the highly expressed
Tyl(ML2) native promoter was used to assess Tyl transcription
in our mutants.'”® Cells expressing URA3 display slow growth
in media containing 5-fluoroorotic acid (5-FOA). Deletion of
the exoribonuclease Xrnl results in reduced Tyl mRNA levels
and thus, an x772/A strain is used as a control for low Tyl tran-
scription.'® We plated serial dilutions of wild type, setIA, sez5A,
setIA set5A, and xrnIA cells on synthetic complete and 5-FOA
plates and examined their growth. As expected, wild type cells
show impaired growth on 5-FOA, due to normal levels of the
Tyl(ML2)::URA3 transcript, while the xrn/A strain grew
robustly on 5-FOA, due to minimal URA3 expression (Fig. 3F).
Furthermore, set/A and set5A single mutant strains show similar
growth to that observed for wild type. Importantly, and consistent
with our gene expression results, sez/A set5A double mutant cells
display further growth impairment on 5-FOA compared with the
single mutants alone, indicating an increase in URA3 expression
levels and suggesting coordinated regulation of the Tyl promoter
by Setl and Set5. In addition, analysis of the genetic interactomes
indicates that Set5 and Setl have common genetic interactions
with factors involved in the regulation of Ty elements (Fig. S7).
Taken together, these data demonstrate that Setl and Set5 act
in concert to locally repress transcription at Ty retrotransposons.

Discussion

Our data show that Set5 and Setl cooperate to repress tran-
scription near telomeres and Ty elements. Loss of Setl was previ-
ously associated with abnormal spreading of the silencing factors
beyond heterochromatic boundaries, resulting in derepression of
subtelomeric genes.'" Although the mechanisms are unclear, sev-
eral chromatin modifying complexes and Setl are also involved
in regulating chromatin structure at Tyl elements.'®**® Both at
telomeres and Ty elements, transcriptional silencing requires the

target of Setl’s enzymatic activity, H3K4."'¢

The present study
suggests that Set5 (and its catalytic activity on histone H4 lysines
5, 8,and 12) and Setl cooperate to regulate transcription, perhaps
by establishing a specialized chromatin structure in subtelomeric
regions and Ty elements. A comprehensive characterization of
the chromatin marks that decorate subtelomeric regions and Ty
elements and proximal genes will be necessary to investigate this
model. Furthermore, generation of ChIP-grade antibodies will
be instrumental to directly test the presence of methylated H4 at
these genomic locations in the future.

The establishment of chromatin architecture at telomeres and
Ty elements is dependent on multiple histone modifiers, chro-
matin remodeling complexes, and non-coding transcription.>>*
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There are a number of possible mechanisms by which Setl and
Set5 might cooperatively regulate gene expression at these regions.
For example, hypoacetylation of histone H4 lysines 5, 8, and 12
is required for silencing at telomeres,? and although the mech-
anisms are still unclear, some evidence indicates that histone
acetylation plays a role in Tyl retrotransposon silencing.'® Since
acetylation and methylation at the same lysines are mutually
exclusive, perhaps H4 methylation by Set5 is dynamically regu-
lating the levels of H4 acetylation at lysines 5, 8, and 12. Set5 may
then work together with the Setl-dependent H3K4 methyl mark
at or near repetitive elements to maintain a repressive chromatin
environment.

Recent research suggests that noncoding RNA molecules play
a fundamental role in mediating heterochromatic gene silencing
at telomeres and can prevent the mobilization of transposable
elements (for a review see ref. 31). Interestingly, Setl and H3K4
methylation contribute to non-coding transcription at Ty ele-
ments and telomeres."*'%3 It is therefore possible that Set5 may
cooperate with Setl in the control of non-coding transcription
near repetitive DNA sequences.

Interestingly, deletion of SETT results in defects in telomere
length.!%*3 Tt is, however, unclear whether telomere shortening
causes transcriptional de-repression of subtelomeric genes, or is a
consequence of it.!** Regardless, the cooperative role of Set5 and
Setl in repressing transcription at telomeres suggests the possibil-
ity that telomere shortening may be exacerbated in sez5A sezIA
mutants. Future examination of the telomere length of sez5A sezIA
mutants will be needed to investigate the relationship between
transcription and telomere length in these cells.

Whether the mechanisms are direct or indirect, the coordi-
nated activity of Setl and Set5 brings a new level of regulation
to gene expression at telomeres and Ty elements. Our combined
genetic and gene expression data provide novel and important
insight into Set5's cooperative role with Setl in the regulation
of transcription near repetitive elements across the genome.
Future studies, including analysis of non-coding transcripts and
genome-wide mapping of histone modifications, will be needed
to characterize the cooperative effect of both Set5 and Setl on the
chromatin landscape.

Materials and Methods

Yeast strains and media

S. cerevisiae strains used in this study are listed in Table 1.
Deletion strains were obtained from the Yeast Knockout Collection
(Open Biosystems) or generated by standard PCR-mediated gene
disruption. The SET5,, and corresponding SET5 ,, strains and
derivatives are described in ref. 8. Strains YAM698 and YAM700
were kindly provided by A. Morillon (Institut Curie Paris)."
Standard YPD and SC growth media and plates were used. For
the Tyl(ML2):: URA3 assay, plates were supplemented with 1mg/
mL 5-FOA (Sigma; cat. no. F5013).

E-MAP experiments

Strain construction for the Epistatic Miniarray Profile
experiment was performed as previously described using a
Singer RoToR replica pinning robot (Singer Instruments).’**

Volume 9 Issue 4

©2014 Landes Bioscience. Do not distribute.



After photographing plates, colony sizes were measured using
HT Colony Grid Analyzer software, and genetic interaction
scores (S-scores) were quantified using the E-MAP toolbox for
MATLAB.* Significant genetic interactions were determined
using previously established thresholds, with S < -2.5 demarcat-
ing significant negative (synthetic sick or lethal) interactions and
S = 2.0 indicating significant positive (alleviating or epistatic)
interactions. Tables S1-3 include the complete list of E-MAP
processed scores and categories for Set5/Setl-significantly inter-
acting genes. Genes were manually curated into functional cat-
egories as previously described.'®

RNA-Seq library preparation

Total RNA was extracted and purified with the MasterPure™
Yeast RNA Purification Kit following the manufacturer’s instruc-
tions (Epicenter; cat. no. QER09015). RNA quantity and integrity
were determined on an Agilent Technologies 2100 Bioanalyzer
(RNA Integrity Number > 6.2 for each sample). Poly-A based
mRNA enrichment was performed via the Illumina TruSeq™
RNA Sample Preparation v2 Low-Throughput (LT) protocol
(Illumina; cat. no. RS-122-2001). Briefly, poly-A containing
mRNA molecules were purified from 8 pg of total RNA using
poly-T oligo-attached magnetic beads and two rounds of enrich-
ment were performed before thermal mRNA fragmentation.
Fragmented mRNA was subjected to cDNA synthesis per instruc-
tions in the LT protocol. Specifically, SuperScript II reverse tran-
scriptase and random primers were used for first strand cDNA
synthesis before converting to double stranded DNA via supplied
reagents. Ends were repaired and adenylated (3’) before subject-
ing the ds cDNA to multiple indexing adaptor ligation. DNA
fragments with ligated adapters were enriched via PCR and the
resulting library quality was verified on an Agilent Technologies
2100 Bioanalyzer.

RNA-Seq and analysis

Indexed libraries were sequenced on an Illumina HiSeq2000
platform according to the manufacturer’s protocols (Illumina).
Reads were processed using the Tuxedo software suite (Bowtie
v2.1.0, TopHat v2.0.5, and Cufflinks v2.0.2) following the
“Quantification of reference annotation only” protocol as
described in ref. 38. Briefly, single 101 bp reads were mapped to an
S. cerevisiae reference genome (Ensembl EF4) with TopHat, speci-
fying “-no-novel-juncs.” Expression and differential transcription
were determined using Cufflinks and results were accessed in
the R statistical computing environment using CummeRbund
(v2.0.0). All RNA-Seq data have been deposited in NCBI’s Gene
Expression Omnibus and are accessible through GEO Series
accession number GSE52086 (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc= GSE52086).

Statistical analysis

FPKM expression values represent Fragments Per Kilobase of
transcript per Million mapped reads.?’ Significantly differentially
expressed (SDE) genes were identified at a false discovery rate
(FDR)-adjusted P value of 0.05 and restricted to genes with fold-
change relative to WT greater than 1.7, to ensure only robust dif-
ferences were considered in the downstream analyses. Expression
values for SDE genes were hierarchically clustered and plotted
in R (v3.0.1) (Fig. 1C). The complete list of genes differentially
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expressed in each strain and their corresponding FPKM values is
listed in Tables S4—6. To assess gene set enrichment near certain
genomic regions, locations of chromosomal features were down-
loaded from the Saccharomyces Genome Database (SGD) using
YeastMine query builder, and distances from gene transcription
start sites (TSS) to each chromosomal feature were calculated.
Significance of enrichment near specific features was assessed
using the Wilcoxon rank sum (WRS) test in R. The WRS test is
a non-parametric analog to the ¢ test, and enables comparisons of
distribution location shift in FPKM expression values from two
populations of genes. The distribution of gene distances to nearest
feature of the indicated geneset was compared with the genome-
wide distribution of distances. Reported P values are from the
two-sided test, with the alternative hypothesis that the true loca-
tion shift is not equal to zero. For all reported significant P val-
ues in Figure 1E, the geneset distributions were shifted closer to
the indicated feature than would be expected by chance given the
genome-wide distribution.

RNA extraction for QRT-PCR analyses

The standard hot phenol extraction procedure was used to
extract total RNA from the indicated yeast strains.” Genomic
DNA was eliminated using the Ambion DNase I kit per manu-
facturer’s instructions (Ambion-Invitrogen; cat. no. AM1906).
cDNA was obtained using Superscript III first-strand synthesis
(Invitrogen; cat. no. 18080-051) with random primers starting
with 5 pg of total RNA. The Roche Universal Probe library (UPL)
system was used for the quantitative transcript analysis. Primer
pairs and their corresponding probe were designed using the
assay Design Center. gRT-PCR information including all primer
sequences used in this study is listed in Tables $7-9. Real-time
amplification was performed on the LightCycler 480 instrument
IT (Roche) using the Roche probes master mix. The comparative
threshold method was used for relative mRNA level quantifica-
tion with 7FCI as a normalizing control.
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