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Methyltransferase Set2-mediated methylation of histone H3 lysine 36
(H3K36), which involves the addition of up to three methyl groups at this
site, has been demonstrated to function in many chromatin-coupled events.
The methylation of H3K36 is known to recruit different chromatin effector
proteins, affecting transcription, mRNA splicing and DNA repair. In this
study, we engineered two yeast set2 mutants that lack H3K36 mono/
dimethylation (H3K36mel/2) and trimethylation (H3K36me3), respectively,
and characterized their roles in the production of antisense transcripts
under nutrient-rich conditions. Using our new bioinformatics identification
pipeline analysis, we are able to identify a larger number of antisense tran-
scripts in ser2A cells than has been published previously. We further show
that H3K36mel/2 or H3K36me3 redundantly repressed the production of
antisense transcripts. Moreover, gene ontology (GO) analysis implies that
H3K36me3-mediated antisense transcription might play a role in DNA
replication and DNA damage repair, which is independent of regulation of
the corresponding sense gene expression. Overall, our results validate a
coregulatory mechanism of different H3K36 methylation states, particu-
larly in the repression of antisense transcription.

Antisense transcripts are a class of long noncoding
RNAs that originate from the opposite strand of the
sense transcripts of protein-coding genes or non-
protein-coding genes. Antisense transcripts were discov-
ered in both bacteria [1] and eukaryotes [2]. In the
human genome, more than 30% of annotated mRNAs
produce antisense transcripts [3]. However, the abun-
dance of antisense transcripts is much lower than that

Abbreviations

of sense genes due to extensive RNA degradation
pathways, which makes them hard to detect. The geno-
mic methods widely developed over the years have
allowed researchers to identify numerous novel antisense
transcripts and to understand that they generally appear
throughout the entire genome of various species [4-6].

In Saccharomyces cerevisiae, antisense transcripts
are usually associated with cryptic transcription from

ATE, antisense transcripts enriched; CISs, cryptic initiation sites; CUTs, cryptic unstable transcripts; GO, gene ontology; H3K4, histone H3
lysine 4; H3K36, histone H3 lysine 36; H3K36me1/2, H3K36 mono/dimethylation; H3K36me3, H3K36 trimethylation; NET-seq, native
elongating transcript sequencing; polyA, polyadenylated; RNA-Seq, RNA sequencing; SET, Su(var)3-9, enhancer of zeste and trithorax;
SRATs, Set2-repressed antisense transcripts; SUTs, stable unannotated transcripts; WT, wild-type; XUTs, Xrn1-sensitive unstable

transcripts.
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cryptic promoters [7]. A large number of cryptic tran-
scription events occur when the transcription complex
makes any errors during the transcription process [8—
11]. It has been demonstrated that Set2-mediated his-
tone H3K36 methylation plays an important role in
this process involving mechanisms such as suppressing
increased histone acetylation and regulating histone
mislocalization, which can inhibit the production of
antisense transcripts [12]. Some recent studies have
shown that mutations in core proteins associated with
transcription processes or chromatin remodelling lead
to a change in chromatin structure, and thus, cryptic
transcription occurs. For example, a lack of ISW1I or
10C4 will cause nucleosome incorrect positioning,
making the Rpd3S complex unable to bind to nucleo-
somes normally, and lead to increase the level of his-
tone acetylation and cryptic transcription [12-14].
These results imply that Set2-mediated H3K36 methy-
lation plays an important role in cryptic transcription.
Indeed, a novel group of Set2-repressed antisense tran-
scripts has been identified upon deletion of SET2 [15].
Recently, DiFiore et al. further revealed roles of differ-
ent H3K36 methylation states on antisense transcrip-
tion upon nutrient deprivation [16]. Whether different
H3K36 methylation states will impact on the produc-
tion of antisense transcription genome-wide under
nutrient-rich conditions remains unclear.

Here, we established two set2 mutations that specifi-
cally lack H3K36mel/2 and H3K36me3. These
mutants provide a useful tool to analyse the effect of
different methylation states on the production of anti-
sense transcripts, and lead to the identification of a
large amount of antisense transcripts repressed by the
Set2 protein. Gene expression and GO analyses
showed that the expression of these antisense tran-
scripts did not affect the expression of the correspond-
ing sense genes. Moreover, we illustrated that
H3K36mel/2 and H3K36me3 methylation showed
strong consistency in the expression of antisense tran-
scripts, indicating that a redundant regulatory mecha-
nism occurs. Our study provides further evidence that
H3K36 methylation redundantly functions in the pro-
duction of antisense transcripts under nutrient-rich
conditions.

Materials and methods

Yeast strains and plasmids

BY4741 background yeast strains used in this study include
wild-type, set2A expressing pRS415 empty vector (with
Leu-selective  marker), set2A  expressing set2-Y149F
(pRS415 vector) and set2A expressing set2-Y236F (pRS415
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vector). Yeast cells were grown at 30 °C in YPD medium
(1% yeast extract, 2% peptone and 2% dextrose) or SD
medium (0.67% yeast nitrogen base without amino acids,
supplemented with appropriate amino acids and 2% glu-
cose). Set2 mutations were generated by the site-directed
mutagenesis method from Invitrogen.

Western blotting

Western blot analysis was carried out following the protocol
as described previously [17]. The following antibodies were
used: anti-Set2 (homemade 1 : 2000), anti-G6PDH (Sigma,
St. Louis, MO, USA, A9521, 1: 20 000), anti-H3 (active
motif, 39163, 1 : 10 000), anti-H3K36mel (ABclonal, Wuhan,
China, A2364, 1 : 1000), anti-H3K36me2 (ABclonal, A2365,
1 : 5000) and anti-H3K36me3 (ABclonal, A2366, 1 : 3000).

mRNA extraction and strand-specific RNA
sequencing

Yeast cells were grown overnight in YPD or SD medium at
30 °C, diluted to an ODgoo of 0.2 and collected when the
ODgqo reached 0.8. Cells were harvested by spinning down
at 3000 r.p.m. for 5 min, and then, the cell pellets were
washed with 10 mL sterile water twice. Total RNA was
extracted with HiPure Yeast RNA Kit (Magen, Guangz-
hou, China, R4182-02). The purity and yield of RNAs were
examined by NanoDrop One Spectrophotometer (Gene
Company). RNA integrity was examined by agarose elec-
trophoresis.

For preparation of mRNA, 20 pg of total RNA was
diluted into 50 uL of DEPC water and incubated with
50 uL. of mRNA capture beads as described in the product
manual (Vazyme, Nanjing, China, N401-01). Then, the
enriched mRNA was used for strand-specific library con-
struction by the KAPA Stranded RNA Sequencing (RNA-
Seq) Library Preparation Kit (KAPA, KK8401) through
the dUTP method. The libraries were used to generate a
total of ~ 6 GB sequencing data from 75-bp length single-
end reads using a NextSeq CN500 equipment.

Identification of antisense transcripts

The reads obtained from each sample were mapped to the
yeast genome SacCer3 (https://www.yeastgenome.org/) with
TOPHAT (version 2.1.1). For each sample, a BAM file was
used for subsequent processing. In SET2 deletion mutants,
the BAM file was divided into forward and reverse strands
by BEDTOOLS (version 2.29.2). The file contained both the
reads of the existing annotated transcripts and the antisense
reads in the opposite direction. samTooLs (version 1.10) was
used to filter antisense reads of both forward and reverse
strands by SAM flags. The BEDTOOLS software was used to
obtain the reads of intergenic regions. Finally, the antisense
reads from the forward strand, the reverse strand and the
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intergenic region were merged together to obtain an inte-
grated BAM file. Antisense reads were assembled without
reference genome annotation in CUFFLINKS (version 2.2.1).
The expression levels of antisense transcripts with a P-
value < 0.05 were analysed using the gene annotation file
of antisense transcripts by Cuffdiff.

Differentially expressed genes and gene ontology
analysis

Data were analysed in the R (version 3.5.0). Differential
expression analysis was done in EDGER (version 3.30.3).
Gene ontology analysis was performed by CLUSTERPROFILER
(version 3.16.0). Adjusted P-value < 0.05 was used for term
ranking and selection. All plots and graph were created
using ggplot2 in R.

Structural remodelling

Set2 protein structure was modelled by I-TASSER (https://
zhanglab.ccmb.med.umich.edu/I- TASSER/) [18] using the
SETD2 crystal structure in Protein Data Bank (PDB,
SJLB) as a template [19]. MODELLER was used to model dif-
ferent mutations of Set2, and they were visualized in pymoL
(version 2.4.1) [16].

Northern blotting

Northern blot was carried out using stranded-specific DIG-
labelled probes as described previously [20]. Briefly, pairs
of DNA primers were designed, which contain T7 pro-
moter on either the sense strand or the antisense strand,
and were utilized for PCR amplification to produce about
500-bp length DNA templates. An amount of 200 ng DNA
template was used to generate DIG-labelled RNA probe in
an in vitro transcription reaction with HiScribe T7 High
Yield RNA Synthesis Kit (NEB, #E2040S) and
digoxigenin-11  labelled UTP  (Roche, Cat. No.
12039672910). The primers used to prepare the riboprobes
are listed below: PSP2-F: 5-TAATACGACTCACTAT
AGGA GGTGGCGACGATAAAGCTC-3’; PSP2-R:
5-CAAGGAACCCACTTGCTGGT-3’; PPNI-F: 5-TAATA
CGACTCACTATAGGGATTGCCATCCTGTCGACCT-3’;
PPNI-R: 5-TCCGGTCATGTATCTGA-3’; SCRI-F: 5-
TAATACGACTCACTAT AGATGGTTTCGGTGGTGG
-3’; and SCRI-R: 5-CGCCAAATTAAACCGCCGAA-3".
Strand-specific DIG-labelled northern blot was carried
with 30 pg total RNA. Briefly, the RNA mixed with an
equal volume of 2 x RNA loading was denatured at 65 °C
for 10 min and allowed to stand on ice for 1 min. Then, it
was separated on a 1.2% agarose/formaldehyde (2.2 m) gel
running in 1 x MOPS buffer (20 mm MOPS, pH 7.0,
5 mm sodium acetate and 2 mm EDTA in DEPC-treated
water). After separating the RNA, the gel was visualized
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with ultraviolet light and washed thrice with distilled water
to remove formaldehyde. The gel was then rinsed in
20 x SSC (3 m NaCl and 300 mm sodium citrate, pH 7.0)
for 15 min twice and transferred to a positive charged
nylon membrane. The bolt was cross-linked under UV for
5 min and prehybridized with 2 mL DIG Easy Hyb Gran-
ules (Roche, Roche, Switzerland, Cat. No. 11 796 895 001)
at 68 °C for 1 h. The DIG-labelled RNA probe was added
to the buffer after heating at 100 °C for 5 min and incu-
bated at 68 °C overnight. The blots were then washed twice
in 2 x SSC and 0.1 x SSC for 15 min. After hybridization
and stringency washes, membrane was rinsed briefly for 1-
5 min in washing buffer (0.1 m maleic acid, 0.15 m NaCl,
pH 7.5, and 0.3% Tween-20). The blot was then incubated
for 30 min in 10 mL blocking solution and 30 min in
10 mL antibody solution (anti-digoxigenin-AP, 1 : 10 000;
Roche, Cat. No. 12039672910). After washing twice for
2 x 15 min in washing buffer, the blot was equilibrated in
detection buffer (0.1 m Tris/HCI and 0.1 m NaCl, pH 9.5)
and CDP-Star was used to expose the blots in imaging
device for 1000 s.

Results

Phe/Tyr switch mutations in Set2 generate a tool
to distinguish different H3K36me states

In 2003, Xiao et al. demonstrated that the mutation of
tyrosine at position 245 to alanine or phenylalanine in
SET7/9 would convert the ability of SET7/9 to catalyse
the monomethylation of histone H3K4 into dimethyla-
tion or trimethylation activity [21]. Protein structural
analysis showed that the Phe/Tyr transition at certain
sites on some methyltransferases could affect their enzy-
matic activities [22,23]. Recently, DiFiore et al. found
that the Phe/Tyr switch located in the SET domain of
Set2 separates H3K36me states both in vivo and in vitro
[16]. The SET domain, approximately 130 amino acids
in length, was named after three Drosophila proteins,
namely Su(var)3-9, enhancer of zeste and trithorax,
which are characterized by an evolutionarily conserved
domain in all eukaryotes [24]. Of note, the SET domain
is responsible for the catalytic activity of the SET
domain-containing proteins [24].

Our group independently discovered that engineered
Set2 mutants could produce different methylation
states of H3K36, which allows us to explore their
unique or shared functions. It is noted that the pri-
mary sequences of the SET domains between yeast
Set2 and human SETD?2 proteins are relatively con-
served (Fig. S1A). Structural remodelling indicated
that the SET domain of yeast Set2 protein is very simi-
lar to that of the human SETD2 protein (Fig. S1B).
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Therefore, the SET domain structure of yeast Set2 pro-
tein was utilized to execute structural prediction.
Through structural analysis described previously [23],
two tyrosine residues (Y149 and Y236) located in the
SET domain emerged as key residues impacting H3K36
methylation by altering the SET domain lysine-binding
pocket (Fig. 1A-B). We mutated Y149 and Y236 to
phenylalanine, named set2-Y149F and set2-Y236F,
respectively, and their catalytic activities were examined
in vivo. Consistent with previous results [16], the sez2-
Y 149F mutation showed loss of H3K36 dimethylation
and decreased H3K36 monomethylation but maintained
H3K36me3, whereas the set2-Y236F mutation showed
loss of H3K36me3 but maintained H3K36mel/2
(Fig. 1C). Thus, these two Tyr/Phe amino acid switch
mutations provide us with a good tool to study the
roles of different H3K36 methylation levels in produc-
ing antisense transcription.

Identification of antisense transcripts repressed
by Set2

To identify the antisense transcripts produced upon
deletion of SET2, set2-Y149F or set2-Y236F mutations,
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total RNA was extracted from the wild-type (WT) yeast
strain and the mutant strains grown in nutrient-rich
medium, and enriched mRNA with polyadenylated
(polyA) tails was used to prepare a strand-specific
library. Strand-specific RNA-seq was performed. Using
our new pipeline, we were able to identify more anti-
sense transcripts than a previous study [15]. It has been
shown that 6670 antisense transcripts (GEO:
GSE167338) were generated in total 3663 corresponding
sense genes upon deletion of SET2 in our dataset,
whereas 1179 antisense transcripts (SRA: SRP089706)
were found from total 1001 corresponding sense genes
published previously [15] (Fig. 2A). The antisense tran-
scripts enriched (ATE) genes shown in our experiment
covered 85.9% of Set2-repressed candidate antisense
transcript (SRAT) genes that were found previously [15]
(Fig. 2A). By using our experimental pipeline to reanal-
yse the previous published dataset (SRP089706) [15], we
were able to identify 2476 SRAT-associated sense genes
in set24 cells, which is 2.4-fold more than the 1001
SRAT-associated sense genes that were identified using
their pipeline (Fig. 2B). Since the previous study set a
selected threshold with twofold changes and a P-value
less than 0.05 as parameters to pare down polyA SRAT

B
BwT

Fig. 1. Phe/Tyr switch mutations in Set2 generate a tool to distinguish between different H3K36me states. A, Diagram of the Set2 protein
structure with the Y149 and Y236 residues highlighted. AWS, associated with SET, SET, catalytic SET domain; PS, post-SET; AID, the
autoinhibitory domain; CC, coiled-coiled; SRI, Set2-Rpb1-interacting domain. B, Structural comparison of the SET domain of WT Set2 protein
(green) with that of the set2-Y149F (pink) or set2-Y236F mutant (purple). The local conformations of Y149 and Y236 that form the Phe/Tyr
switch in each structure are highlighted. C, Western blot analysis of the different H3K36 methylation levels in the indicated strains.
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(panel D); antisense_up, the upregulated
antisense transcripts upon loss of Set2
(panel E); downregulated: antisense
transcripts identified from the published
dataset by our experimental pipeline (panel F).

genes, we decided to use the same parameters to further
analyse the ATE genes in our dataset. Based on these
criteria, we eventually identified 777 upregulated anti-
sense transcripts and 582 downregulated antisense tran-
scripts (Fig. 2C). In contrast, they found a list of 501
polyA SRAT-enriched sense genes that are only associ-
ated with upregulated antisense transcripts upon loss of
Set2 [15]. Among these selected antisense transcripts,
there was only 2% overlap of corresponding sense
genes between the downregulated antisense transcripts
in our data and polyA SRATS reported previously [15]
(Fig. 2D), whereas approximately 58% upregulated
antisense polyA SRAT-associated sense genes were
found in our data, suggesting the suppressive role of
the Set2 protein (Fig. 2E). Intriguingly, 457 downregu-
lated antisense transcripts were identified in the pub-
lished dataset using our experimental pipeline, in which
only 27% overlaps with our results showing 582 down-
regulated antisense transcripts (Fig. 2F). The divergence
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between those two sets of data needs to be further
explored. We assume that downregulation of antisense
transcripts is unlikely a direct effect by Set2, based on
our results and previous studies [15,16].

Antisense transcripts do not affect the
expression of the corresponding sense
transcripts

Previous studies have shown that certain antisense
transcripts affect the transcription events of the corre-
sponding sense genes [25]. Therefore, we wanted to
explore whether SRATSs could affect the expression of
their corresponding sense genes. We noticed that 290
upregulated genes and 150 downregulated genes were
identified in sez2A cells relative to the WT (Fig. 3A).
The gene density map showed that the gene expression
patterns from sense transcripts were very similar
between each indicated strain (Fig. 3B). Nevertheless,

2229


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE167338
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE167338

H3K36 methylation in transcription regulation

Y.-C. Mei et al.

Sense transcripts

O WT

O set2A

O set2-Y149F
[0 set2-Y236F

Fig. 3. Antisense transcripts do not affect
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the altered expression changes of sense genes were not
due to the production of corresponding antisense tran-
scripts, as the majority of 687 genes with upregulated
SRATSs showed very few changes in sense gene expres-
sion (8 genes upregulated and 6 genes downregulated)
in the set2A strain (Fig. 3C). These data indicated that
the expression of SRATs from the antisense strand
generally does not affect sense transcription under
nutrient-rich conditions.

We observed the expression levels of a few genes
affected by the production of antisense transcripts, in
which six corresponding sense genes were upregulated
accompanied by upregulation of the antisense transcript
(Table 1). Interestingly, the proteins encoded by these
genes are related to cell division, cell flocculation and
energy metabolism. For example, Fig 2 protein is
responsible for maintaining the integrity of the cell wall
during cell mating to ensure high mating efficiency [26].
As a cell wall protein, Flol0 directly participates in
adhesive cell—cell interactions in the process of floccula-
tion [27]. Sfll is involved in cell surface assembly and
the regulation of the flocculation process [28]. In addi-
tion, 8 corresponding sense genes were downregulated
by the upregulated expression of antisense transcripts
(Table 2). Proteins encoded by these genes are related
to the process of cell mitosis and energy metabolism.
For example, Clb6 can interact with Cdc28 to regulate
the G1/S process during mitosis [29]. Glucose trans-
porter encoded by HXT2 plays an important role in
energy metabolism [30]. These results suggested that
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10 1 pattern of sense genes upon deletion of
SET2. Red dots represent significantly
upregulated genes, and blue dots
represent significantly downregulated
genes. B, Density map showing the gene
expression distribution in different mutant
strains. Counts per million (CPM) were
calculated in the ebger software and used
to measure gene expression. C, Venn
diagram comparison between differentially
expressed sense genes and antisense
transcripts suppressed by Set2.

antisense transcripts might cross talk with the sense
strand to regulate gene expression through some
unknown mechanism, which is of particular interest to
be explored in the near future.

Different H3K36 methylation states showed
shared roles in repressing antisense transcription

Next, we attempted to determine the expression differ-
ences of antisense transcripts in the ser2-Y149F and
set2-Y236F mutants. Applying the same cut-off as
described earlier, we obtained 553 upregulated anti-
sense transcripts in set2-Y149F, which represents
H3K36me3, and 517 upregulated antisense transcripts
in  set2-Y236F, which represents H3K36mel/2
(Fig. 4A). A total of 476 antisense transcripts were
upregulated in both mutant strains, and the overlap
between them reached over 90% (Fig. 4A). Genome
browser profiles indicated that the antisense transcripts
produced at the loci of YDR452W and YMLOI7TW
showed robust enrichment in the ser24 strain and
moderate abundance in the ser2-Y149F and ser2-
Y236F mutants, while very low antisense expression
was observed in coding regions of the WT strain
(Fig. 4B). We validated the strand-specific RNA-seq
experiments by northern blotting, which showed a sim-
ilar result, underlining the reproducible production of
the SRATs in different mutants (Fig. 4C). Pearson’s
correlation analysis of the antisense transcript expres-
sion in replicated samples indicated a stronger
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Fig. 4. Shared roles of H3K36 methylation in the production of antisense transcripts. A, Venn diagram showing the overlap of statistically
significant upregulated antisense transcripts produced upon set2? deletion or the indicated Set2 mutants. B, Genome browser profile
showing the distribution of transcripts produced in WT, set24, set2-Y149F and set2-Y236F mutants over the PPN1/YDR452\V and PSP2/
YMLO17W. ChrlV (1362195-1364695) and ChrXIIl (236801-239149) represent the antisense transcripts. The sense strand (S) on top runs
from left to right, and the antisense strand (AS) on bottom runs from right to left. C, Strand-specific northern blot probing for PPN71-AS or
PSP2-AS using total RNA in the indicated strains. Probed SCR17 and total RNA staining were used as loading controls. Asterisk represents
nonspecific signals. The sizes of nucleotides were present. D, Heatmap showing the expression of antisense transcripts in different Set2
mutants over WT. E, Boxplot showing the abundance of the different classes of transcripts in the indicated strains. Expression levels of
different classes of antisense transcripts were compared from 3 independent experiments (n = 3), and significance was calculated using the
Wilcoxon test, ‘'n.s.’, not significant; ***P < 0.001. F, GO analysis of specifically upregulated antisense transcripts ranking in the top 6 in
set2-Y236F mutants. An adjusted P-value (< 0.05) was used for term ranking and selection.
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Table 1. Upregulated sense genes with the upregulation of antisense transcripts.

Gene name log,FC P-value Antisense transcripts log,FC P-value
FIG2 1.22 6.47E-34 chrlll_268287_269650 6.08 1.25E—-54
FLOT0 1.26 2.11E-22 chrX|_646150_649088 4.35 4.98E—-191
GTT2 1.08 1.94E-17 chrXI1_21160_21867 2.33 1.90E-14
HEF3 1.37 1.66E—35 chrXIV_607466_608421 3.70 6.04E—36
SFL1 1.03 2.06E-14 chrXV_587861_589241 2.19 1.84E—-24
PCAT 1.48 6.05E—51 chrll_792527_796498 4.41 1.33E-140
Table 2. Downregulated sense genes with the upregulation of antisense transcripts.

Gene name log,FC P-value Antisense transcripts log,FC P-value
AVT2 -1.03 2.63E-14 chrV_30251_31501 2.97 2.74E-30
ADES5,7 -1.23 5.40E-37 chrVII_56171_57183 1.96 3.14E-10
CLB6 —1.04 6.77E—05 chrVII_706126_706667 2.60 8.40E-12
CLB6 —1.04 6.77E—05 chrVI1_705368_706105 2.50 6.52E—15
YJL213W -1.20 1.67E-28 chrX_31954_33105 2.25 8.46E—12
SRY1 -1.91 1.18E—67 chrXI_17659_18490 1.87 1.22E-14
YLR124W -3.34 7.80E—-07 chrX11_391411_393246 1.60 5.78E—-27
HXT2 -1.07 1.81E-08 chrXI11_288228_289458 1.98 2.45E-14
INP2 -1.17 4.04E-17 chrXIl1_584350_585354 2.83 6.67E—25

correlation of the two mutants than that of the ser2A
or WT strain (Fig. S2). Moreover, each individual
upregulated antisense transcript identified in the two
mutant strains displayed a comparable expression
level, which was much lower than the expression level
of the ser24 mutants (Fig. 4D). All of these data sug-
gest that different H3K36 methylation states redun-
dantly contribute to the repression of antisense
transcripts.

Previous studies have identified different classes of
cryptic transcripts, such as cryptic unstable transcripts
(CUTs) [4], Xrnl-sensitive unstable transcripts (XUTs)
[6] and stable unannotated transcripts (SUTs) [6], by
NET-seq in Saccharomyces cerevisiae. We wanted to
further investigate whether different H3K36 methyla-
tion states exert unique regulation of such cryptic tran-
scripts. However, we found that deletion of SET2 or
H3K36 methyl-deficient mutants did not affect the
production of either sense transcripts or these cryptic
transcripts (Fig. 4E). Once again, we observed that the
loss of a specific methylation state caused upregulated
expression of antisense transcripts, but deletion of
SET?2 resulted in a higher level of antisense transcrip-
tion, which reinforced the coordinated roles of
H3K36mel/me2 and H3K36me3 in the repression of
antisense transcripts (Fig. 4E).

To explore the potential regulatory roles of upregu-
lated antisense transcripts upon loss of Set2 or H3K 36
dimethylation or trimethylation, GO analysis was uti-
lized. The antisense transcripts upon loss of Set2 were
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mainly correlated with cell vacuoles, cell division and
budding positions (Fig. S3). Interestingly, the top 10
sense genes in both cellular component enrichment
and biological function processes were consistent
(Fig. S3). However, the results demonstrated that
H3K36me3 might mediate unique biological roles. We
found that the 77 upregulated antisense transcripts
uniquely identified in the sez2-Y149F strain were not
enriched in any biological process or cellular compo-
nent, whereas the 41 upregulated antisense transcripts
uniquely identified in the sez2-Y236F strain predomi-
nantly participated in various kinase activities that are
required for DNA replication and DNA damage
repair (Fig. 4F). Altogether, these results implied that
such antisense transcripts may directly or indirectly
participate in these biological processes, and the real
functions need to be verified in future studies.

Discussion

In this study, we took advantage of a different bioinfor-
matics method to explore a class of antisense transcripts
suppressed by H3K36 in different methylation states.
Using this method to filter antisense reads in the whole
genome, we were able to identify more antisense tran-
scripts in the Set2 null mutant than in a previous study
[15]. Moreover, we showed that H3K36mel/2 mediated
by the set2-Y236F mutant or H3K36me3 mediated by
the sez2-Y149F mutant is not unique for regulating the
expression of antisense transcripts, which illustrates a
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coregulatory mechanism of different H3K36 methylation
states under nutrient-rich conditions. A recent study by
DiFiore et al. also showed a shared role of different
H3K36 methylation states on antisense transcription
upon nutrient starvation [16]. Using a published data
obtained from the same laboratory, in which there are
439 genes with bidirectional cryptic transcripts in set2A
cells upon nutrient deprivation, they re-evaluated the
location with cryptic initiation sites (CISs) in set2
mutants bearing H3K36mel/2 or H3K36me3 alone[31].
Different from that they validated production of the CIS
position in these mutants using a yeast reporter system
[31], our genome-wide analysis provided much larger
numbers of antisense transcripts (3663 ATE genes) than
those from their data (Fig. 2A). Moreover, we also
focused on the final production of antisense transcripts
and compared the different expression levels of antisense
transcripts in different H3K36 methylation states directly
by strand-specific northern blot analysis (Fig. 4C).
Therefore, we argue that our analysis provides an incre-
mental contribution towards antisense transcription.
Meanwhile, we devoted more attention to the func-
tions of the sense genes corresponding to these anti-
sense transcripts under nutrient-rich conditions. It has
long been reported that Set2-mediated H3K36 methy-
lation is involved in numerous DNA damage repair
processes, development and ageing. Interestingly, we
found that the antisense transcripts regulated by
H3K36 methylation were also enriched in the process
of DNA replication, mitosis or cell budding (Tables 1
and 2). GO enrichment analysis showed that the corre-
sponding sense genes with upregulated antisense tran-
scripts in cells lacking H3K36me3 were mainly
enriched with endodeoxyribonucleases or exonucleases.
These enzymes are often involved in DNA replication
or DNA damage repair pathways [32]. Given that
upregulated antisense transcripts do not affect the
expression of the corresponding sense transcripts
(Fig. 2), it is intriguing that how these antisense tran-
scripts exert biological functions? A line of evidence
suggests that antisense transcripts might regulate the
sense genes during the post-transcriptional process
[33]. For example, antisense expression controls trans-
lational efficiency by affecting the produced transcript
isoform of the zinc-finger E-box-binding homeobox 2
gene (ZEB2), which encodes a transcriptional repressor
of E-cadherin [34]. In addition, an antisense transcript
regulates the translational efficiency of the ubiquitin
carboxy-terminal hydrolase L1 gene (Uchll) [35]. In
bacteria, the antisense transcript SymR can directly
bind to the 5’ end of the SymFE transcript, which inhi-
bits SymE translation [36]. Alternatively, antisense
transcription may affect sense gene expression during

H3K36 methylation in transcription regulation

transcriptional and cotranscriptional processes under
certain stress conditions [33]. For instance, accumu-
lated antisense transcripts in old yeast cells were exhib-
ited in a subset of genes and are detrimental to life
span, which suggests that ageing-related genes might
be affected under a stress condition [37]. It would be
interesting to examine the biological relevance of anti-
sense transcription with corresponding sense expres-
sion using those set2 mutants under various stimulus
conditions. Although the information we obtained here
is only the tip of the iceberg for the mechanism by
which H3K36 methylation inhibits antisense tran-
scripts, we believe that this evidence may provide a
new tool for characterizing other unique biological
functions of different H3K36 methylation states.
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Fig. S1. Comparison of the SET domains between
yeast Set2 protein and human SETD2 protein. A,
Sequence alignment of the SET domains of yeast Set2
protein (a.a. 1-300) and human SETD2 protein (a.a.
1447-1701). The secondary structures were displayed
using ESPript 3.0 software. al, o2: a-helices. n1-n3:
310-helices; B1-P8: B-sheet; TT: B-turns: TTT: o-turns.
B, Structural comparison of the SET domains between
human SETD2 (green) and Set2 protein (red).

Fig. S2. Heatmap showing the correlation of antisense
expression between WT and the indicated Set2 strains.
The numbers show the Pearson correlation coefficient
between each pair of samples.

Fig. S3. GO analysis of the enriched sense genes rank-
ing in the tops of biological function processes shown
in (A) or cellular component enrichment shown in (B)
regulated by upregulated antisense transcripts upon
deletion of SET2.
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