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SUMMARY
Set2 co-transcriptionally methylates lysine 36 of histone H3 (H3K36), producing mono-, di-, and trimethyla-
tion (H3K36me1/2/3). Thesemodifications recruit or repel chromatin effector proteins important for transcrip-
tional fidelity, mRNA splicing, and DNA repair. However, it was not known whether the different methylation
states of H3K36 have distinct biological functions. Here, we use engineered forms of Set2 that produce
different lysine methylation states to identify unique and shared functions for H3K36 modifications. Although
H3K36me1/2 and H3K36me3 are functionally redundant in many SET2 deletion phenotypes, we found that
H3K36me3 has a unique function related to Bur1 kinase activity and FACT (facilitates chromatin transcription)
complex function. Further, during nutrient stress, either H3K36me1/2 or H3K36me3 represses high levels of
histone acetylation and cryptic transcription that arises fromwithin genes. Our findings uncover the potential
for the regulation of diverse chromatin functions by different H3K36 methylation states.
INTRODUCTION

Histone post-translational modifications affect a great variety

of DNA-templated processes. Methylation, acetylation, and

other modifications are added to histones by chromatin-modi-

fying enzymes (Rothbart and Strahl, 2014; Soshnev et al.,

2016). These chemical modifications can alter histone-DNA con-

tacts and often serve as docking sites for effector proteins. In the

context of gene expression, the coordinated effort of histone

modifications, chromatin-modifying enzymes, and effector pro-

teins helps RNA polymerase II (RNAPII) to gain access to DNA

for transcription (Cramer, 2019; Roeder, 2019). A similar coordi-

nated effort is employed to make the genome unreachable by

RNAPII at appropriate times to prevent aberrant transcription.

Set2 is a chromatin-modifying enzyme that contributes to

the prevention of inappropriate transcription. Set2 methylates

histone H3 at lysine 36 (H3K36) (McDaniel and Strahl, 2017;

Strahl et al., 2002; Venkatesh andWorkman, 2013). In Saccharo-

myces cerevisiae (hereafter, budding yeast), Set2 is responsible

for all forms of H3K36 methylation (H3K36me), mono-, di-, and

trimethylation. Set2 binds to the C-terminal domain (CTD) of
This is an open access article under the CC BY-N
transcribing RNAPII and catalyzes H3K36me in actively tran-

scribed genes (Kizer et al., 2005; Xiao et al., 2003). H3K36me

provides docking sites for several proteins, such as Rpd3S,

a histone deacetylase complex, and Isw1b, a nucleosome re-

modeler. Rpd3S is recruited to chromatin by the plant homeodo-

main (PHD) fingers in Rco1, and the activity of Rpd3S is stimu-

lated by binding of the Eaf3 chromodomain to H3K36me2

(Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et al.,

2005; Li et al., 2007; McDaniel et al., 2016; Ruan et al., 2015).

Additionally, Isw1b associates with chromatin by way of the

Ioc4 PWWP domain binding to H3K36me3 (Maltby et al., 2012;

Smolle et al., 2012). Collectively, these processes ensure tran-

scriptional fidelity by preventing transcription initiation from

within gene bodies, a process known as cryptic transcription.

In the absence of Set2 and H3K36me, both sense and anti-

sense cryptic transcription occur across the genome. Cryptic

transcription tends to be a consequence of bi-directional tran-

scriptional events at cryptic promoters within gene bodies (Car-

rozza et al., 2005; Churchman and Weissman, 2011; Joshi and

Struhl, 2005; Lickwar et al., 2009; Neil et al., 2009; Xu et al.,

2009). Precisely how cryptic sites become accessible in SET2
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deletion mutants (set2D) is not fully understood; however, a lack

of Set2-mediated H3K36me results in increased histone ex-

change along with increased histone acetylation—both phe-

nomena that may promote the recruitment of RNAPII initiation

factors and chromatin remodelers such as RSC that promote

chromatin disruption (Li et al., 2007; Pattenden et al., 2010;

Smolle et al., 2012; Venkatesh et al., 2012). From a functional

standpoint, cryptic transcription in the absence of Set2 does

not result in significant growth defects when examined in a

nutrient-rich medium, although cell-cycle progression is partially

disrupted (Dronamraju et al., 2018; Kim et al., 2016; Lenstra

et al., 2011; McDaniel et al., 2017; Venkatesh et al., 2016). In

contrast, during nutrient deprivation or carbon source shifting,

cryptic antisense transcription can occur at a level sufficient to

impair normal transcription and lead to improper gene expres-

sion and poor cell growth (Kim et al., 2016;McDaniel et al., 2017).

Although the functions of Set2 and H3K36me have been stud-

ied intensely, there are no studies that have thoroughly interro-

gated which functions of Set2 are directed by the different

(mono-, di-, and tri-) H3K36me states. Previous reports suggest

that H3K36me3 is dispensable for suppression of cryptic tran-

scription (Hacker et al., 2016; Li et al., 2009; Youdell et al.,

2008). In contrast, set2 mutants that harbor only H3K36me1

exhibit cryptic transcription, suggesting that the main functions

of H3K36me occur through H3K36me2 (Hacker et al., 2016).

However, it is not known whether H3K36me3 function is unique

or overlapping with the other H3K36me states.

In this study, we engineered the SET domain of Set2 so that it

performed only H3K36me1, H3K36me1/2, or H3K36me3, thus

affording a unique opportunity to interrogate the functions of

different methylation states. We found that Set2 that generated

H3K36me3 and H3K36me1/2 can act redundantly to rescue

several canonical phenotypes associated with set2D (e.g.,

caffeine sensitivity and DNA damage response). In contrast,

Set2 that generated only low levels of H3K36me1 did not rescue

set2D phenotypes. However, only H3K36me3 rescued other

set2D phenotypes (e.g., bur1D or spt16-11 bypass). Intriguingly,

strains that produced either H3K36me1/2 or H3K36me3 could

largely suppress cryptic transcription during nutrient stress.

Approximately 60% of the identified cryptic transcript initiation

sites contained a degenerate TATA box motif, a fact that

suggested how those sites become susceptible to cryptic

transcription in the absence of H3K36me. Additionally,

H3K36me1/2 or H3K36me3 could function to ensure proper

levels of H3K27ac and H3K56ac in genes, pointing to a potential

mechanism for preventing inappropriate transcriptional initiation

by control of nucleosome remodeling and histone exchange.

In sum, our data provide key evidence for the independent

and overlapping functions of H3K36me1/2 and H3K36me3 in

chromatin biology and in transcriptional regulation.

RESULTS

Phe/Tyr Switch in Set2 Separates H3K36me States
in vitro

Although previous studies have assessed the effects of losing

or limiting H3K36me, no study has comprehensively examined

the individual functions of each H3K36me state produced by
2 Cell Reports 31, 107751, June 9, 2020
Set2. To create a system in which we could control the produc-

tion of H3K36me states, we employed a structural mutagenesis

approach for Set2 based on the Phe/Tyr switch phenomenon

that alters the SET domain lysine-binding pocket (Cheng et al.,

2005; Collins et al., 2005). Briefly, two well-positioned aromatic

residues within the SET domain (a phenylalanine [Phe, F] and a

tyrosine [Tyr, Y]) can be switched to the opposite aromatic

residue to control the size of the catalytic domain. An F to Y

mutation creates steric hindrance in the active site with lysine

trimethylation, thereby limiting the enzyme to only mono- and di-

methylation. However, a Y to F change creates more space and

promotes the catalysis of trimethylation. In Set2, Y149 and F234

were predicted to comprise the Phe/Tyr switch (Cheng et al.,

2005; Collins et al., 2005) (Figure 1A).

To determine whether Set2 Y149 and F234 can function as a

Phe/Tyr switch, we created a structural model of the Set2 SET

domain by using MODELLER and the crystal structure of

SETD2 (PDB: 5JLB) as the template (Webb and Sali, 2016;

Yang et al., 2016). The template and alignment were the top hit

generated by Iterative Threading ASSEmbly Refinement

(I-TASSER) (Zhang, 2008). The model confirmed that Y149 and

F234 are part of the lysine-binding pocket (Figure 1B, left panel)

and configured to enable Set2 to mono-, di-, and trimethylate

H3K36. We then investigated this model for the effect of deploy-

ing the Phe/Tyr switch. Modeling showed that the Y149F muta-

tion opened the SET domain binding pocket and eliminated

hydrogen bonding between the hydroxyl group of tyrosine and

H3K36me (Figure 1B, middle panel). These changes would

permit rapid rotation of the target lysine in the presence of S-ad-

enosylmethionine (SAM) and likely increase the potential for

higher methylation states on H3K36. Conversely, the F234Y

substitution created steric hindrance between the tyrosine hy-

droxyl group and the target lysine, thus suggesting that this

mutant would limit H3K36me3 (Figure 1B, right panel). These

findings are consistent with these residues encompassing a

working Phe/Tyr switch in Set2.

Lastly, we measured the effect of the Phe/Tyr switch on Set2

enzymatic activity. We performed histone methyltransferase

(HMT) activity assays with recombinant Set2 (wild-type [WT],

set2-Y149F, and set2-F234Y), SAM, and recombinant Xenopus

nucleosomes; methylation states were detected by western

blot analysis with antibodies specific to the three modifications

(Figures 1C and 1D). We found that set2-Y149F catalyzed pre-

dominately H3K36me3, whereas set2-F234Y catalyzed

H3K36me1 and H3K36me2 (Figure 1D). Overall, these results

demonstrated that the SET domain of Set2 contains a functional

Phe/Tyr switch that can be used to produce specific H3K36me

states.

Phe/Tyr Switch Mutations in Set2 are Tools to Separate
H3K36me States in vivo

To test the effect of the Set2 Phe/Tyr switch on H3K36me in vivo,

we generated yeast strains harboring endogenous set2-Y149F

or set2-F234Y mutations. For controls, we included a set2D

strain and a catalytic domain mutant strain (set2-H199L) that

was capable of producing only low levels of H3K36me1 in vivo

(Hacker et al., 2016; Jha and Strahl, 2014). The set2-Y149F mu-

tation predominately resulted in H3K36me3 and a low level of



Figure 1. Phe/Tyr Switch in Set2 Separates

H3K36 Methylation States in vitro

(A) Domain map of Set2 with the Y149 and F234

residues of the Phe/Tyr switch highlighted. The

catalytic region of Set2 is composed of the asso-

ciated with SET (AWS), catalytic SET domain, and

post-SET (PS). The autoinhibitory domain (AID)

regulates catalytic activity. The C-terminus of Set2

has protein-protein interaction domains, like the

coiled-coiled (CC), WW, and Set2-Rpb1 (SRI) pro-

tein-protein interaction domain.

(B) Model of Set2 SET domain (yellow) bound to H3

peptide (slate) and SAM (yellow, white, blue, and

red spheres) with locations of the F234 (light purple)

and Y149 (dark purple) that form the Phe/Tyr switch

highlighted. H3K36 is green with methylation

shown in white, light pink, and dark pink. Orange

spheres are zinc ions necessary for catalysis.

(C) Coomassie staining of recombinant Set2 and

Phe/Tyr switch mutant proteins. Lanes not shown

are other purified proteins not used in the following

experiments.

(D) Western blots of in vitro histone methyl-

transferase (HMT) assays using the indicated anti-

bodies. In vitro HMT assays were performed with

an equal amount of recombinant Set2 and Phe/Tyr

switch mutant proteins from insect cells, recom-

binant Xenopus nucleosomes, and co-factor SAM.

HeLa LONs (long oligonucleosomes) were used as

a positive control for western blotting.
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H3K36me1 (Figure 2A). In contrast, the set2-F234Y mutation

limited Set2 methylation to H3K36me1/2 (Figure 2A). As previ-

ously described, the absence of Set2 resulted in a complete

loss of H3K36me, and the catalytic domain mutant, set2-

H199L, showed only a low level of H3K36me1 (Figures 2A and

S1A). The SET domain mutations did not alter the amount of

Set2 protein (Figure 2B); however, global H3K36me differed

from the WT. The set2-Y149F mutant had an average of 56%

of the WT H3K36me3 (Figure 2C). set2-F234Y showed an

H3K36me2 signal similar to the WT (93%), but a 5-fold increase

in H3K36me1 (Figures 2D and 2E). set2-H199L had a reduced

H3K36me1 signal compared to the WT. Overall, these results

confirmed that the Phe/Tyr switch in Set2 functioned in vivo,

and, although global H3K36me levels varied from the WT, we

could largely control different methylation states.

Because some of our downstream genetic analyses would

require expression of SET2 from plasmids, we also examined

the effect of the set2 mutants in two exogenous expression

systems: expression of SET2 and the set2 mutants from their

native promoter and overexpression of the same genes from
the ADH1 promoter. Western blot ana-

lyses for H3K36me in these two systems

revealed two important findings. First,

the set2-Y149F and set2-F234Y mutants,

regardless of expression system, recapit-

ulated the initial in vivo findings that the

Phe/Tyr switch could control the methyl-

ation states of H3K36 (Figure S1B). Sec-

ond, and surprisingly, overexpression of
SET2 via the ADH1 promoter resulted in robust overexpression

of the Set2 protein compared to the expression from its endog-

enous promoter, yet global H3K36me levels in the WT or set2

mutants were similar to or lower than normal. Thus, although it

was possible to greatly overexpress Set2, the amount of methyl-

ation that Set2 can produce on chromatin must have a limit,

perhaps due to a finite number of Set2 binding sites on the

CTD of RNAPII, restricted histone accessibility, limited SAM

availability, or a combination of these factors.

Overall, these results were consistent with the in vitro data,

and they demonstrated that the Phe/Tyr switch mutants

were specific for performing predominately H3K36me3 or

H3K36me1/2. These set2 mutants provided tools to examine

in vivo the functions of different methylation states of H3K36.

Distinct Methylated Forms of H3K36 are Deposited
within or near Transcribed Regions of Genes
We next asked whether the set2 mutants still deposited

H3K36me within or near the coding regions of genes in a manner

consistent with its known localization and function (Pokholok
Cell Reports 31, 107751, June 9, 2020 3



Figure 2. Phe/Tyr Switch Mutations in Set2

are Tools to Separate H3K36 Methylation

States In Vivo

(A) Western blots of yeast strains probed with Set2

and different H3K36me antibodies. S, short expo-

sure; L, long exposure. G6PDH and H3 served as

loading controls.

(B) Quantification of Set2 normalized to G6PDH in

the indicated strains. Data for mutants were

normalized relative to BY4742.

(C–E) Quantification of H3K36me3 (C), H3K36me2

(D), and H3K36me1 (E) normalized to H3 in the

indicated strains. H3K36me1 was quantified using

the short exposure western blot. Measurement for

all mutants was normalized BY4742.

Each bar graph is representative of mean ± SEM of

two or more independent biological replicates with a

representative replicate shown in (A).
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et al., 2005; Rao et al., 2005; Weiner et al., 2015). We first

confirmed by co-immunoprecipitation that the set2 mutants

still associated normally with phosphorylated RNAPII (Fig-

ure S1C). Consistent with RNAPII association, chromatin

immunoprecipitation (ChIP)-qPCR of all H3K36me forms in the

set2 mutants confirmed that they were deposited within or

near the coding regions of several loci tested (STE11, PMA1,

and TDH3; see Figures 3A, 3E, and 3I). Additionally, the

H3K36me states detected by ChIP-qPCR were consistent with

the aforesaid in vitro HMT and western blot assays (Figures 1C

and 2A).

A closer comparison of the differently methylated H3K36

forms with the WT revealed several key observations. As shown

in Figures 3B, 3F, and 3J, there were no significant differences

in the H3K36me3 levels between the WT and set2-Y149F at all

loci tested. However, for H3K36me2, we observed differences

between the WT and set2-F234Y at STE11 and PMA1. A

significantly higher H3K36me2 level was detected in the

middle of STE11 in set2-F234Y (Figure 3C), whereas at PMA1,

a significantly higher H3K36me2 level was detected across the

entire gene body (Figure 3G). In contrast, we did not detect

any significant difference in H3K36me2 levels between set2-

F234Y and the WT at TDH3 (Figure 3K). As expected from
4 Cell Reports 31, 107751, June 9, 2020
the high H3K36me1 western blot signal,

set2-F234Y had significantly higher levels

of H3K36me1 in the 30 end of STE11 and

across the entirety of PMA1 and TDH3

compared to the WT (Figures 3D, 3H, and

3L). Finally, although global levels of

H3K36me1 were lower in set2-H199L, we

observed nearly WT levels of H3K36me1

in set2-H199L at the loci examined. At

STE11, we did not find significant differ-

ences in H3K36me1 between set2-H199L

and the WT (Figures 3D and S2B). Howev-

er, at PMA1, there was significantly more

H3K36me1 deposited by set2-H199L in

the gene body (Figures 3H and S2D). In

contrast, we detected less H3K36me1 at
the 50 end of TDH3 in set2-H199L compared to the WT, although

the rest of that locus did not show a significant difference be-

tween the mutant and WT. Overall, these results established

that the levels of H3K36me in the set2 mutants differed from

theWT at certain loci, but the results further confirmed the spec-

ificity of the set2mutants and indicated that differentially methyl-

ated forms of H3K36 were localized within or near the bodies of

transcribed genes.

H3K36me1/2 and H3K36me3 Function Redundantly in
Some Cellular Contexts
Todeterminewhether the different forms of H3K36me are respon-

sible for distinct biological outcomes, we examined the sensitivity

of set2methylationmutants to drugs that affect set2D cell growth.

Wetestedcaffeine (aTOR1CandMAPkinase inhibitor), rapamycin

(a TOR1C inhibitor), phleomycin (a double-strand break-inducing

agent), and 6-azauracil (6-AU; a transcriptional elongation inhibi-

tor) (Jha and Strahl, 2014; Kizer et al., 2005; McDaniel et al.,

2017). Like previous work, we found that set2D and set2-H199L

mutant cells were sensitive to caffeine, rapamycin, and phleomy-

cin, and they were resistant to 6-AU (Figures 4A and 4B; Table

S1). Intriguingly, similar to the WT, the set2-Y149F and set2-

F234Y mutants rescued the drug-induced growth defects from



Figure 3. Distinct Methylated Forms of H3K36 Are Deposited within or near Transcribed Regions of Genes

(A) Schematic of STE11 with amplicons indicated below.

(B–D) ChIP analysis of H3K36me3, H3K36me2, and H3K36me1 across STE11 in the indicated strains. The legend in (B) is representative for all the data presented

in the figure.

(E) Schematic of PMA1 with amplicons indicated below.

(F–H) ChIP analysis of H3K36me3, H3K36me2, and H3K36me1 across PMA1 in the indicated strains.

(I) Schematic of TDH3 with amplicons indicated below.

(J–L) ChIP analysis of H3K36me3, H3K36me2, and H3K36me1 across TDH3 in the indicated strains.

Data represented as mean ± SEM of three independent biological replicates. Student’s t test was used to obtain p values. Asterisks indicate significance (*p <

0.05; **p < 0.01); non-significant comparisons not shown. All qPCR primers are listed in Table S3.
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caffeine, rapamycin, and phleomycin (Figure 4A; Table S1). How-

ever, only set2-Y149F was as sensitive to 6-AU as the WT, with

set2-F234Y having an intermediary phenotype between the WT

and set2D (Figure 4B). Thus, in some cellular contexts, such as

TORC1 signaling and double-strand break repair, H3K36me3

and H3K36me1/2 were functionally redundant, and a low level of

H3K36me1 alone could not suffice.
Genetic Interactions of SET2 with BUR1 and SPT16

Reveal Unique Functions for H3K36me1/2 and
H3K36me3
In addition to phenotypes of set2D cells challenged with drugs,

the deletion of SET2 bypasses the lethal or slow growth

phenotypes associated with the inactivation or deletion of

members of the BUR kinase and FACT (facilitates chromatin
Cell Reports 31, 107751, June 9, 2020 5
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transcription) complexes (Biswas et al., 2006; Chu et al., 2006;

Keogh et al., 2003). Both complexes regulate aspects of tran-

scription; the BUR kinase complex promotes RNAPII elongation,

and the FACT complex is responsible for nucleosome disruption

and reassembly. Cells lacking BUR1 (bur1D) are not viable, but

they survive when SET2 is also deleted (bur1D set2D). Likewise,

cells harboring the FACT mutant allele spt16-11 grow extremely

slow at 34�C, and deletion of SET2 bypasses this phenotype.

Therefore, we examined our set2 methylation mutants to

determine whether the different H3K36me states would bypass

the bur1D and spt16-11 phenotypes. We confirmed that the

presence of set2D in the bur1D or spt16-11 cells rescued the le-

thal or slow growth phenotypes, whereas exogenously ex-

pressedWT SET2 did not rescue growth (Figures 4C and 4D; Ta-

ble S1). Surprisingly, cells containing the set2-Y149F allele that

catalyzed only H3K36me3 phenocopied WT Set2, whereas

the set2-F234Y and set2-H199L alleles that catalyzed

H3K36me1/2 or low levels of H3K36me1, respectively, phe-

nocopied the set2D cells (Figures 4C and 4D; Table S1). Thus,

these findings indicated that H3K36me3 has a function distinct

from H3K36me1/2 in relation to Bur1 kinase activity and FACT

complex function.

H3K36me1/2 and H3K36me3 Have Unique and Shared
Functions in Repressing Cryptic Transcription at
Reporter Loci
An extensively documented phenotype of set2D cells is the

appearance of sense and antisense cryptic transcripts that arise

from genic regions (McDaniel and Strahl, 2017). Although our

studies and others have revealed that H3K36me3 is dispensable

for preventing cryptic transcription (Hacker et al., 2016; Li et al.,

2009; Youdell et al., 2008), it was not known whether H3K36me3

alone can support the suppression of cryptic transcription in the

absence of H3K36me1/2. To answer this question, we used two

reporter genes, FLO8 and STE11, that each have internal cryptic

initiation sites (CISs) and the HIS3 gene integrated out-of-frame

and downstream of the CIS. When the FLO8 and STE11 loci are

transcribed from canonical promoters, HIS3 is not transcribed

in-frame, and the cells cannot survive on media lacking histidine

(Silva et al., 2012; Wang et al., 2015). However, when cryptic

transcription occurs at the CIS, HIS3 is transcribed in-frame,

and cells survive without histidine (Figures 4E and 4F). Thus,

we first confirmed that cells with WT SET2 suppressed cryptic

transcription and did not grow on media lacking histidine,

whereas set2D cells did not suppress cryptic transcription at

either locus (Figures 4G and 4H; Table S1). At the FLO8 locus,

whichwas under theGAL promoter and constitutively expressed
Figure 4. H3K36me1/2 and H3K36me3 Have Unique Phenotypes in Som

(A) Five-fold serial dilutions of BY4742, set2D, and set2 mutant strains plated on

(10 mg/mL).

(B) Five-fold serial dilutions of BY4742, set2D, and set2 mutant strains plated on

(C) Five-fold serial dilutions of BY4741, bur1D, and set2 mutant strains plated on

(D) Five-fold serial dilutions of W303, spt16-11, and set2 mutant strains plated o

(E) Schematic of FLO8-HIS3 fusion gene reporter to detect cryptic transcription.

(F) Schematic of STE11-HIS3 fusion gene reporter to detect cryptic transcription

(G) Five-fold serial dilutions of indicatedWT, set2D, and set2mutant strains plated

were repeated three times, and the images shown are representative of the data
in cells growing on galactose-containingmedia, both H3K36me3

and H3K36me1/2 were sufficient to suppress cryptic transcrip-

tion similar to WT SET2 (Figure 4G; Table S1). Surprisingly, at

the STE11 locus, expressed from its native promoter and at a

lower level than FLO8, only H3K36me3 prevented cryptic tran-

scription, whereas cells with H3K36me1/2 or a low level of

H3K36me1 did not suppress (Figure 4H; Table S1). Thus, at

STE11, H3K36me3 alone is sufficient to suppress cryptic tran-

scription. Additionally, these results suggested that H3K36me3

and H3K36me1/2 have different, but sometimes overlapping,

functions in preventing cryptic transcription. In particular, highly

and lowly expressed genes may have different requirements for

H3K36me.
During Nutrient Deprivation, H3K36me1/2 or
H3K36me3 Prevents Antisense Transcription
Having established that different forms of H3K36me are neces-

sary to repress cryptic transcription at specific loci, we exam-

ined this fact globally. Previous work from our lab demon-

strated that robust bidirectional cryptic transcription occurs

at 439 genes in set2D cells during nutrient deprivation (McDa-

niel et al., 2017). We used this system as a tool to learn the

genome-wide requirement of the different H3K36me states to

prevent cryptic transcription. We performed stranded RNA

sequencing (RNA-seq) at 0 and 60 min following nutrient depri-

vation in WT, set2D, set2-Y149F, set2-F234Y, and set2-H199L

cells. We examined sense and antisense transcriptional

signals in the genomic regions that surround the high- and in-

termediate-confidence cryptic initiation sites of the aforesaid

439 genes. After 60 min of nutrient deprivation, we observed

a global increase in sense and antisense transcription sur-

rounding the CIS in set2D and set2-H199L cells (Figure 5A).

Interestingly, cryptic transcription was not completely

repressed in set2-Y149F or set2-F234Y; both mutants showed

a slight increase in antisense transcription upstream of the CIS

compared to the WT (Figure 5A). When we separated the CIS-

containing genes based on gene expression levels, we

observed that set2-Y149F or set2-F234Y repressed sense

and antisense cryptic transcription similar to the WT in highly

and lowly expressed genes (Figure S3A). In contrast, set2D

and set2-H199L did not repress any form of cryptic transcrip-

tion in highly or lowly expressed genes (Figure S3A). Impor-

tantly, we verified that nutrient deprivation did not alter the

existence of the H3K36me states catalyzed by the set2

mutants (Figure 6A). These results revealed that H3K36me1/2

or H3K36me3 can function to prevent cryptic transcription
e Cellular Contexts

YPD or YPD containing caffeine (15 mM), rapamycin (25 nM), or phleomycin

SC-Ura containing DMSO or 200 mg/mL 6-AU.

SC-Ura-Leu or SC-Ura-Leu containing 5-fluoorotic (5-FOA).

n SC-Leu and incubated at 25�C or 34�C.

.

on SC-Ura, SC-Ura-His with 2% galactose, or SC-Ura-His. All spotting assays

.
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genome-wide, and low levels of H3K36me1 do not have a large

part in repressing cryptic transcription.

Next, we wanted to further characterize the antisense tran-

scription that occurred in the set2 mutants. We previously

showed that in set2D, 92 of 121 high-confidence CISs exhibited

robust antisense transcription that extended to the transcription

start site. Here, we found that relative to theWT, set2D and set2-

H199L cells exhibited increased antisense signal that extended

to the transcription start site, irrespective of gene length,

whereas this was rarely observed in set2-Y149F and set2-

F234Y cells or when comparing WT replicates (Figures 5B and

S3B). Previously, our lab and others had suggested that by ex-

tending into gene promoter regions, this antisense transcription

interfered with and reduced sense transcription (Huber et al.,

2016; McDaniel et al., 2017). To examine this idea for the set2

mutants, we compared the sense and antisense transcriptional

signals between the WT and each of the set2 mutants, focusing

specifically on the regions between the CIS and transcription

start sites. Any signal in these regions should reflect normal

sense transcription and cryptic antisense transcription, but not

cryptic sense transcription, because cryptic sense transcription

would occur downstream of the CIS. Indeed, we frequently

observed decreases in sense transcription and concomitant

increases in antisense transcription, with the strongest effects

on both strands occurring in set2D and set2-H199L cells (Fig-

ure 5C). The effects observed here were more pronounced

than the effects we observed between two WT replicates

compared as a control (Figure S3C). Moreover, many of the

same genes exhibited similar effects for all the set2 mutants,

particularly set2D, set2-H199L, and set2-F234Y cells (Figure 5D;

Table S5). Together, these data suggested that during nutrient

deprivation, cryptic antisense transcription downregulates

sense transcription from certain CIS-containing genes in the

absence of H3K36me1/2 or H3K36me3.

Lastly, we wondered whether the sequences surrounding

the CIS harbored any particular sequence motifs that may

explain why cryptic transcription initiates there and not else-

where. We searched the sequences ± 100 bp of the 439 high-

and intermediate-confidence CISs and found a significant

enrichment of a (T/C)AAT motif, which may represent a degen-

erate TATA box element (Figure 5E) (Basehoar et al., 2004; Lub-

liner et al., 2013). We did not observe this motif for a random
Figure 5. Function of H3K36 Methylation States in Cryptic Transcriptio

(A) Sense and antisense normalized transcriptional signal (reads per million mapp

sites (CISs) defined previously. Signal was averaged across three independent

nutrient deprivation for each genetic model. The minimum value for each line was

to focus on the position and range in magnitude of signal (see McDaniel et al., 2

(B) Heatmap of antisense transcription, plotted as the difference in antisense s

deprivation. Normalized signal is plotted for 92 genes shown previously to have a

indicates more antisense signal in mutant than in WT. Regions outside of the ge

(C) Scatterplot of sense and antisense signal differences (mutant–WT) in the mea

start site, for the 439 high- and intermediate-confidence CISs. Each point repre

indicate a decrease in sense transcription (relative to WT) and a concomitant inc

quadrant is supplied in the top left of each panel.

(D) UpSet plot showing overlaps for genes in the upper-left quadrants of (C). In

mutants.

(E) Significantly enriched sequence motifs discovered in the 100 bp surrounding

sequence.
sampling of 439 low-confidence CISs (Figure S3D). Therefore,

these data suggested that cryptic transcription may initiate

from TATA-like elements, but their suppression requires

H3K36me1/2 or H3K36me3. Mechanistically, H3K36me1/2 and

H3K36me3 may be capable of recruiting histone deacetylase

complexes (HDACs) and preventing histone exchange to main-

tain a repressive chromatin environment near these TATA-like

elements.

Alteration of Global H3K27ac and H3K56ac in set2

Methylation Mutants
Given the ability of H3K36me1/2 and H3K36me3 to suppress

antisense transcription during nutrient stress, we next sought

to determine whether these methylation states would also sup-

press the co-transcriptional histone acetylation associated with

the appearance of cryptic transcripts (Carrozza et al., 2005; Du

and Briggs, 2010; Joshi and Struhl, 2005). H3K36me limits co-

transcriptional histone acetylation in two main ways: by recruit-

ment and activation of the Rpd3S deacetylation complex that

removes H3 and H4 N-terminal tail acetylation (e.g., H3K27ac);

and by the ability of H3K36me to repel the histone exchange fac-

tor Asf1, which helps deposit the histone exchange-associated

mark H3K56ac (Merker et al., 2008; Venkatesh et al., 2012; Wil-

liams et al., 2008). Before evaluating the effects of the set2 mu-

tants on histone acetylation, we first examined whether nutrient

stress affected the amounts of Set2 protein or degrees of

H3K36me. The set2 mutants showed only a slight reduction in

Set2 protein levels after nutrient stress, but they maintained their

H3K36me specificity (Figures 6A and S4A–S4D). Interestingly,

global H3K36me1 levels were about equal under normal growth

conditions and nutrient stress, whereas H3K36me2 and

H3K36me3 increased after nutrient stress in set2-F234Y and

set2-Y149F, respectively.

Examination of global H3K27ac levels in the WT and our set2

mutants revealed several interesting observations. Under

normal growth conditions, H3K27ac levels were higher in

set2D and the set2 mutants compared to the WT (Figures 6A

and 6B). Global H3K27ac levels remained steady in WT cells af-

ter nutrient stress and H3K27ac level in set2-Y149F, set2-

F234Y, and set2-H199L decreased to that of the WT. In

contrast, H3K27ac levels remained high in set2D strains after

nutrient depletion. These results were consistent with the
n Regulation

ed) across 439 high- (blue) and intermediate- (red) confidence cryptic initiation

biological replicates and plotted for 0 min (top) and 60 min (bottom) following

adjusted to 0 (y axis) to adjust for subtle differences in baseline expression and

017).

ignal between set2 mutant and WT (mutant–WT) at 60 min following nutrient

ntisense transcription between the CIS and transcription start site. Darker gray

ne body are masked blue.

n per-base coverage over the gene regions between the CIS and transcription

sents the CIS of a given gene; points that extend into the upper-left quadrant

rease in antisense transcription. The percentage of all 439 genes falling in this

total, 143 genes exhibited this antisense skew relative to WT in all four set2

the 439 CISs, requiring at least 2-fold enrichment relative to local background
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known function of Set2-dependent H3K36me in recruiting and

stimulating the activity of the Rpd3S histone deacetylase

complex.

When looking at H3K56ac, most strains had similar levels in

normal growth conditions, with set2-F234Y showing a slightly

lower level (Figures 6A and 6C). Intriguingly, the WT and set2-

Y149F showed close to a 50% reduction in H3K56ac after

nutrient stress. However, set2D, set2-F234Y, and set2-H199L

did not show a similar reduction in H3K56ac. Thus, the data

suggest that during nutrient stress, H3K36me3 functions to

reduce global H3K56ac levels because only strains containing

H3K36me3 had reduced H3K56ac.

H3K36me1/2 and H3K36me3 Are Important for Proper
H3K27ac and H3K56ac Localization
After investigating the global effects on H3K27ac and H3K56ac

levels during nutrient stress, we next sought to determine how

the localization of these histone acetylation events would be

affected in the WT and our set2 mutants. Using ChIP-qPCR,

we examined H3K27ac and H3K56ac at STE11 and SPB4 in

WT, set2D, set2-Y149F, set2-F234Y, and set2-H199L strains

before and after nutrient stress. Both loci showed nutrient

stress-induced cryptic transcription in our RNA-seq dataset,

and both genes produced cryptic transcripts as assayed by

northern blot (Cheung et al., 2008; McDaniel et al., 2017). On

the basis of where the CIS was detected in the RNA-seq data,

we designed qPCR primers near the predicted CIS (for STE11,

primer set 4; for SPB4, primer set 5) and other locations

across the genes (Figures 7A, 7F, S5A, and S5F).

When examining H3K27ac localization, we found several dif-

ferences between the set2 mutants. In set2D, there were higher

H3K27ac levels compared to the WT near the CIS of STE11 and

SPB4 and in the 30 regions of STE11, particularly after nutrient

stress (Figures 7B and 7G). These data were consistent with

previous reports that in the absence of H3K36me, Rpd3S was

unable to deacetylate nucleosomes (Drouin et al., 2010; Govind

et al., 2010). In contrast, for set2-Y149F and set2-F234Y,

changes in H3K27ac were different at STE11 and SPB4. At

STE11 after nutrient stress, both set2-Y149F and set2-F234Y

had significantly higher H3K27ac compared to the WT near the

CIS and immediately 30 (Figures 7C and 7D). However, at

SPB4, H3K27ac levels in both mutants were nearly identical to

the WT before and after nutrient stress (Figures 7H and 7I).

One commonality in set2-Y149F and set2-F234Y was the signif-

icantly lower H3K27ac levels compared to the WT at the pro-

moter before nutrient stress. Similarly, set2-H199L had signifi-

cantly reduced H3K27ac at the promoter regions of STE11 and

SPB4 before nutrient stress (Figures 7E and 7J). However, the

changes in H3K27ac near the promoter may be due to Rpd3L

and Set3C recruitment, as those complexes localize to 50 ends
of genes (Kim et al., 2012; Shi et al., 2007; Wang et al., 2011).

Nonetheless, in set2-H199L, H3K27ac levels were higher near

the CIS of STE11 and 30 regions of both genes, particularly in

STE11. These results demonstrated that in certain contexts,

H3K36me1/2 or H3K36me3 can ensure proper H3K27ac levels

in gene bodies to repress cryptic transcription.

The set2 mutants also showed clear differences in H3K56ac

localization before and after nutrient stress. In set2D, there
10 Cell Reports 31, 107751, June 9, 2020
were significantly higher H3K56ac levels compared to the

WT near the CIS and in the 30 regions of STE11 and SPB4, partic-

ularly after nutrient stress (Figures S5B and S5G). Interestingly,

we also found higher levels of H3K56ac near the CIS of STE11

under normal growth conditions. This observation suggested

that in the absence of H3K36me, sites near TATA-like elements

are prone to histone exchange, and this exchange is exacer-

bated during nutrient stress. In contrast, set2-Y149F and set2-

F234Y generally showed similar levels of H3K56ac compared

to the WT near the CIS and in the 30 regions of STE11 and

SPB4 (Figures S5C, S5D, S5H, and S5I). However, there were

significant differences in each mutant in the upstream noncod-

ing, promoter, and promoter proximal regions; both set2-

Y149F and set2-F234Y had decreased H3K56ac signals

compared to the WT. Although set2-H199L showed robust

cryptic antisense transcription, there were no significant differ-

ences in H3K56ac compared to the WT near the CIS or in the

30 coding regions, suggesting that alteration of something other

than histone exchange was responsible for the appearance of

cryptic antisense transcription at these loci during nutrient stress

(Figures S5E, S5J, and S6). Together, these data supported a

model in which H3K36me1/2 or H3K36me3 can ensure proper

H3K56ac levels in gene bodies and repress histone exchange.

DISCUSSION

During transcriptional elongation, Set2 catalyzes H3K36me1,

H3K36me2, and H3K36me3 and suppresses cryptic transcrip-

tion (Kim et al., 2016; McDaniel and Strahl, 2017; Venkatesh

et al., 2016). However, it was unclear whether the three methyl-

ation states of H3K36 have distinct biological functions and

which methyl state(s) is important for the suppression of cryptic

transcription. We have demonstrated that H3K36me1/2 and

H3K36me3 have unique and shared functions, particularly

regarding the suppression of antisense transcription. By taking

advantage of a functional Phe/Tyr switch in the SET domain of

Set2, we controlled the methylation products generated by this

enzyme and established the in vivo functions of different

H3K36me states. We observed that in certain cellular contexts,

such as rescuing the set2D phenotype caused by the absence

of the Bur1 kinase or Spt16 of the FACT complex, H3K36me1/

2 and H3K36me3 had distinct activities. However, in other

contexts—such as sensitivity to caffeine, rapamycin, and phleo-

mycin—H3K36me1/2 and H3K36me3 were functionally equiva-

lent. Similarly, in nutrient stress, H3K36me1/2 or H3K36me3

suppressed antisense cryptic transcription from within gene

bodies at 439 genes with previously identified CISs. Without

H3K36me1/2 or H3K36me3, we observed antisense cryptic tran-

scription across the genome, and many loci also had decreases

in sense transcription, in agreement with previous findings

(McDaniel et al., 2017). We also found evidence of a degenerate

TATA box motif in loci with CISs, suggesting that DNA sequence

contributes to the sensitivity of these sites to cryptic transcrip-

tion. Mechanistically, H3K36me1/2 and H3K36me3 have an

important function in ensuring proper levels of H3K27ac and

H3K56ac in genes, particularly during nutrient stress. By main-

taining proper histone acetylation levels within genes, cells

prevent inappropriate nucleosome remodeling and histone



Figure 6. Alteration of Global H3K27ac and

H3K56ac in set2 Methylation Mutants

(A) Western blots of indicated strains probed with

Set2, H3K36me1, H3K36me2, H3K36me3,

H3K27ac, and H3K56ac antibodies. G6PDH and H3

served as loading controls.

(B and C) Quantification of H3K27ac (B) and

H3K56ac (C) normalized to H3. All measurements

are normalized relative to BY4742 at 0 min.

Each bar graph is representative of mean ± SEM of

two ormore independent biological replicates with a

representative replicate shown in (A).
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exchange that likely governs cryptic initiation events (Pattenden

et al., 2010). Overall, these findings reveal different functions of

the H3K36me states in a diverse set of transcriptional programs.

Our study shows that in certain cellular contexts,

H3K36me1/2 and H3K36me3 are interchangeable, thus

providing flexibility to dynamic processes. This equivalency

may exist partly because Eaf3 and Ioc4 bind to both

H3K36me2 and H3K36me3, as previously shown by in vitro

assays (Carrozza et al., 2005; Joshi and Struhl, 2005; Li

et al., 2009; Maltby et al., 2012). Additionally, both

H3K36me2 and H3K36me3 peptides are refractory to Asf1

binding (Venkatesh et al., 2012). The recruitment or repelling

of these effector proteins by sites with either H3K36me2 or

H3K36me3 maintains a proper transcriptional response in

certain contexts and at certain genes, even in the absence

of one of those marks. Future work examining other cellular

contexts and stresses will provide more insight into the roles

of H3K36me1/2 and H3K36me3. Although previous data sup-

ported a model wherein H3K36me3 was dispensable for

certain cellular processes, particularly suppression of cryptic

transcription, it was counterintuitive that the cell would use

energy to catalyze an unnecessary mark (Hacker et al.,

2016; Li et al., 2009; Youdell et al., 2008). Our findings suggest

that instead of H3K36me3 being dispensable, it often has a

redundant function with H3K36me1/2, thus affording the cell

flexibility, particularly in response to stress.
However, our study provides evidence

that in certain contexts, H3K36me3 has a

unique function for which the other

H3K36me forms cannot substitute. Partic-

ularly, H3K36me1/2, but not H3K36me3,

genetically interacted with Bur1 and

Spt16. With Bur1 acting upstream of Set2

during transcription, it is unclear how

Bur1 activity relates to specific H3K36me

states (Dronamraju and Strahl, 2014). For

the FACT complex, in vitro results indi-

cated that Spt16 can bind H3K36me2,

but not H3K36me3, peptides (Venkatesh

et al., 2012). Perhaps nucleosomes with

H3K36me3 are refractory to FACT binding,

which may have protected WT and set2-

Y149F cells from FACT-dependent nucleo-

some remodeling. Further work to ascer-
tain how H3K36me3 functions in the Bur1 pathway and in

FACT complex-mediated nucleosome exchange will further

highlight how specific histone modifications facilitate distinct

processes, as proposed by the histone code hypothesis (Strahl

and Allis, 2000).

We were unable to ascribe a function for H3K36me1 in any of

the Set2 phenotypes that we examined. This lack of functionality

may have been because the low levels of H3K36me1 observed in

set2-H199L were not enough to elicit an activity, or there simply

was no function for H3K36me1 in these phenotypes; we cannot

distinguish between these possibilities. Notably, all known

reader domains of H3K36me interact with H3K36me2 and

H3K36me3, not H3K36me1 (McDaniel and Strahl, 2017). Pryde

et al. (2009) suggested that H3K36me1 recruits the replication

factor Cdc45 to origins. We did not interrogate this particular ac-

tivity; thus, we cannot rule out that H3K36me1 may function in

replication. H3K36me1may be targeted by a yet-to-be-identified

reader that functions in origin activity.

Interestingly, we identified an enriched sequencemotif that re-

sembles a degenerate TATA box, within 100 bp of almost 60%of

high- and intermediate-scoring CISs. Although these sites were

identified previously, it was not knownwhat predisposed them to

cryptic initiation events, as many of the loci are neither linked

directly to nor highly transcribed during the nutrient stress

response (McDaniel et al., 2017). Possibly, the degenerate

TATA sequence motif, which is similar to A/T-rich promoter
Cell Reports 31, 107751, June 9, 2020 11
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sequences, contributes to the initiation of transcription at

these loci. In addition to the DNA sequence, our work suggests

that the chromatin architecture determines whether cryptic

transcription can initiate at these sites. We observed that

H3K36me1/2 and H3K36me3 are important in maintaining

proper H3K27ac and H3K56ac levels at two sites of cryptic tran-

scription. These results connect initiation of cryptic transcription

to known Set2 functions—Rpd3S recruitment and activation and

repelling Asf1—and provide mechanistic understanding of how

Set2-mediated H3K36me prevents cryptic transcription.

There is robust evidence that different methylation states at

other histone lysine residues—such as H3K4, H3K9, and

H3K27—have unique functions, but this information was lacking

for H3K36 (Hyun et al., 2017). We have investigated the functions

of different H3K36me states in vivo, particularly H3K36me3.

Many studies have examined the consequences of the complete

absence of H3K36me or the absence of one or more methylation

states; however, there has been no comprehensive analysis of

the function of each H3K36me state (Gopalakrishnan et al.,

2019; Leung et al., 2019;McDaniel and Strahl, 2017). The distinct

activities of H3K36me in certain contexts and interchangeable

functions in others presented in this study advances our under-

standing of how H3K36me contributes to transcriptional control,

particularly in repressing cryptic transcription during the nutrient

stress response. Our findings establish a foundation for eluci-

dating mechanisms for how the H3K36me states contribute to

a variety of cellular processes conserved across eukaryotes

that are important for gene expression, development, and

disease.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Set2 In House N/A

Anti-G6PDH antibody, polyclonal Sigma Cat#A9521-1VL

Anti-H3K36me1 Abcam ab9048

Anti-H3K36me2 In House N/A

Anti-H3K36me2 Active Motif Cata#39255

Anti-H3K36me2 Abcam ab9049

Anti-Histone H3K36me3 Abcam ab9050

Anti-H3K27ac Active Motif Cat#39133

Anti-H3K56ac Active Motif Cat#39281

Anti-histone H3 antibody, polyclonal EpiCypher 13-0001

Normal Rabbit IgG Cell Signaling Technology 2729

Anti-RNAPII CTD phospho Ser2, clone

3E10

Active Motif Cat#61083

Anti-HA Tag Bethyl Cat#A190-108A

HRP-conjugated anti-rabbit GE Healthcare Cat#NA934V

HRP-conjugated anti-mouse GE Healthcare Cat#NA931V

Chemicals, Peptides, and Recombinant Proteins

Caffeine Sigma-Aldrich Cat#C0750-100G

Rapamycin SIGMA (Roche) Cat#R8781

Phleomycin Sigma-Aldrich Cat#P9546-5MG

6-Azauracil SIGMA (Roche) Cat#A1757

5-FOA RPI F10501-10.0

Acid Phenol Chloroform Ambion/Thermo Fisher Scientific Cat#AM9722

iTaq Universal SYBR � Green Supermix Biorad Cat#172-5124

Protein A Agarose SIGMA (Roche) Cat #11134515001

FLAG_M2 Agarose beads Sigma-Aldrich A2220

Dynabeads Protein G Thermo Fisher Scientific Cat#10009D

SPRI Beads (Agencourt AMPure XP) Beckman Coulter Cat#A63881

ECL Prime GE Healthcare Cat#45002401

DNase Promega M610A

SAM Sigma-Aldrich Cat#A7007-25MG

Set2 This Study N/A

set2-Y149F This study N/A

set2-F234Y This study N/A

Xenopus nucleosomes This study N/A

Critical Commercial Assays

TruSeq Stranded Total RNA with RiboZero

Gold Library Prep Kit

Illumina Cat#RS-122-2301

RNeasy Mini Kit QIAGEN Cat#74106

QuikChange II Site-Directed Mutagenesis

Kit

Agilent 200523

ChIP DNA Clean and Concentrator Zymo Cat#D5205

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

RNA-seq Data This study GEO: GSE125684

Raw data for western blots and spotting

assays

This study Mendeley Data: https//doi.org/10.17632/

25fpx9dzsk.1 (https://data.mendeley.com/

datasets/25fpx9dzsk/1)

Experimental Models: S. cerevisiae Strains

Yeast Strains This study and other sources Table S2

Oligonucleotides

Oligos This study and other sources Table S3

Recombinant DNA

Plasmids This study and other sources Table S4

Software and Algorithms

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/

I-TASSER Zhang, 2008 https://zhanglab.ccmb.med.umich.edu/

I-TASSER/

PyMOL N/A https://pymol.org/2/

MODELLER Webb and Sali, 2016 https://salilab.org/modeller/

STAR Dobin et al., 2013 N/A

BEDtools Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/

HOMER Heinz et al., 2010 http://homer.ucsd.edu/homer/motif/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Brian

Strahl (brian_strahl@med.unc.edu).

Materials Availability
All reagents generated in this study are available from the Lead Contact without restriction.

Data Code Availability
The RNA-seq data generated during this study are available at GEO: GSE125684 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi).

Original data for Western blots and spotting assays have been deposited to Mendey Data: https//doi.org/10.17632/25fpx9dzsk.1

(https://data.mendeley.com/datasets/25fpx9dzsk/1).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast Strains and Plasmids
Yeast strains were created using Delitto Perfetto (Stuckey and Storici, 2013) or the PCR Toolbox (Janke et al., 2004). Yeast

strains used in this study are listed in Table S2 and were created using the primers in Table S3. To construct the FLAG-tagged

wild-type Set2 plasmid for the baculovirus system, the SET2 ORF was generated by standard PCR reaction from genomic DNA

and subcloned into XhoI/NotI digested pBL532 (a derivative of pBacPAK8 that contains an N-terminal HIS Tag and FLAG tag

separated by a TEV protease digestion site). All other plasmids were created using site-directed mutagenesis (Agilent) with the

primers in Table S3. Plasmids used in this study are listed in Table S4.

METHOD DETAILS

Alignment and Molecular Modeling
The SETD2 crystal structure (Yang et al., 2016) was isolated from the Protein Data Bank (PDB: 5JLB) and served as a template

for I-TASSER modeling of Set2 (Zhang, 2008). Set2 was visualized in PyMOL, and mutations were modeled with MODELLER

(Webb and Sali, 2016).
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Western Blotting
All strains were grown to saturation in YPD before being diluted to an OD600 of 0.2 and grown to OD600 ~1 in YPD at 30�C. For nutrient
deprivation experiments, cells were isolated, washed with water, and resuspended in SD media (2% glucose, 0.15% yeast nitrogen

base, 0.5% ammonium sulfate) (Cheung et al., 2008). Ten ODs of cells were collected at each time point and western blotting

was performed after extraction of proteins by TCA lysis (Keogh et al., 2006a, 2006b). Briefly, 10 ODs of cells were resuspended in

200 mL of TCA Lysis Buffer (10 mM Tris pH 8.0, 10% TCA, 25 nM NH4OAc, 1 mM Na2EDTA) and incubated on ice for 10 min before

centrifugation at max speed for 5 min. The supernatant was aspirated, the pellet resuspended in 100 mL of Resuspension Buffer

(0.1 M Tris pH 11 and 3% SDS) and heated at 95C for 5 min. Samples were then centrifuged at max speed for 1 min, 90 ul of super-

natant was moved to a fresh tube and quantified before diluting 2x with loading buffer and stored at 4C. Lysates were separated

by SDS-PAGE, transferred to PVDF membrane, and probed overnight at 4�C with Set2 (in-house), G6PDH (Sigma A9521-1VL),

H3K36me1 (abcam 9048), H2K36me2 (in-house), H3K36me3 (abcam 9050), H3K27ac (Active Motif, 39133), H3K56ac (Active Motif,

39281), H3 C-terminal (EpiCypher 13-0001), or RNAPII CTD phospho Ser2 (Active Motif 61083) primary antibodies (see Key Re-

sources Table). Membranes were washed in TBS (Tris-buffered saline)-Tween (50 mM Tris-HCl, 150 mM NaCl, and 0.5% Tween

20). Membranes were incubated with HRP-conjugated anti-rabbit (GE Healthcare NA934V; 1:10,000) or HRP-conjugated anti-rat

(Jackson ImmunoResearch 312-036-045; 1:10,000) antibody and probed with ECL Prime (GE Healthcare).

Recombinant Protein Purification from Baculovirus Expression System
TenmL of wild-type Set2, set2-Y149F, or set2-F234Y P2 virus was inoculated into 100mL freshly conditioned Sf21 cells (1x106 cells/

mL), supplemented with 10% FBS, 1% P/S, and cultured at 27�C for 48 h. Cells were collected by centrifugation at 3,000 rpm for

5 min in a table-top centrifuge and washed with 10 mL 1x PBS buffer. Cell pellets were lysed in 10 mL BV-lysis buffer (50 mM

HEPES pH 7.9, 500 mM NaCl, 10% glycerol, 2mM MgCl2 and 0.2% Triton) on ice for 30 min. The lysates were clarified by ultracen-

trifugation (Beckman 50.2 Ti 40,000 rpm) for 30 min. Flag beads (200 ml, Sigma) were added to the supernatant and incubated at 4�C
for at least 2 h. After incubation, beads were washed three times with 10 mL BV-lysis buffer and eluted with 600 mL of FLAG-elution

buffer (50 mM HEPES pH 7.9, 100 mM NaCl, 2 mM MgCl2, 0.02% NP40; 10% glycerol) containing 500 mg/mL of 3xFlag peptide.

Elutions were concentrated with a 10-kD cut-off concentrator (Amicon).

Histone Methyltransferase Assay
Standard HMT reactions were performed in a 40 ml system containing 1x HMT buffer (50 mM Tris-HCl pH 8.0, 50 mM NaCl, 1 mM

MgCl2, 2mMDTT, 5%glycerol), 4 mg or 3-fold serial dilution of recombinant Set2 protein, 4 mg of Xenopus recombinant nucleosomes

supplemented with 10 mM unlabeled S-adenosylmethionine (Sigma) (Li et al., 2003). Reactions were incubated at 30�C for 1 h. Im-

munoblots were performed with antibodies against H3K36me3 (abcam 9050), H3K36me2 (abcam 9049), and H3K36me1 (abcam

9048) to detect specific histone methylation states.

Co-immunoprecipitation
All strains were grown to saturation in SC-Leu before being diluted to an OD600 of 0.4 and grown to OD600 ~2.0 in 100mL of SC-Leu at

30�C. The cells were pelleted and washed with 30 mL of distilled H2O. The pellets were resuspended in 500 mL of Extraction Buffer

(50 mM Tris-HCl pH 8.0, 300 mM NaCl, 1 mM Mg(C2H3O2)2, 1 mM imidazole, 0.1% NP-40, 0.5 mM EDTA, and 10% glycerol) (Kizer

et al., 2005) and split equally into two tubes. Glass beads (BioSpec Products) were added to bring the total volume to 1 mL and

samples were vortexed for 10 min at 4�C. Lysates were collected into fresh tubes via centrifugation, and the lysates were cleared

at max speed for 15min at 4�C. Protein concentration wasmeasured via Bradford assay (Bio-Rad). A 25 mL aliquot was used for input

and 1mg/mL of protein was incubated overnight in 600 mL of Extraction Buffer at 4�Cwith 5 mL of HA antibody (Bethyl). Antibody was

conjugated to 40 mL Protein A Agarose beads (Roche) for 2 h at 4�C before being washed with Extraction Buffer and eluted with 50 mL

of 1x SDS buffer. Samples were heated at 95�C for 5 min and loaded onto an 8% SDS-PAGE gel. Data are representative of two

independent biological replicates.

Chromatin Immunoprecipitation and Real-Time PCR
Yeast strains were grown to saturation in YPD before being diluted to an OD600 of 0.2 and grown to an OD600 of ~1 at 30�C. For
nutrient deprivation experiments, cells were isolated, washed with water, and resuspended in SD media (2% glucose, 0.15% yeast

nitrogen base, 0.5% ammonium sulfate) (Cheung et al., 2008). Fifty ODs of cells were collected at each time point and ChIP was per-

formed as described with modifications (Ahn et al., 2009). For precipitation of proteins, 2 ul of H3K36me1 (abcam 9048), H2K36me2

(ActiveMotif 39255), H3K36me3 (abcam 9050), H3K27ac (Active Motif, 39133), H3K56ac (ActiveMotif, 39281), or H3 C-terminal (Epi-

Cypher, 13-0001) was used and IgG (Cell Signaling 2729) was the negative control. DNA was eluted in 30 mL of elution buffer (Zymo)

and diluted 1:20. Two ml of the diluted DNA was subjected to qPCR using SYBR Green (Bio-Rad) and primers described in Table S3.

Spotting Assays
Yeast strains were grown at 30�C to saturation and diluted to an OD600 of 0.5 prior to spotting 5-fold serial dilutions on plates at 30�C
or 34�C, as indicated, for 2-4 days. Plates contained the indicated concentrations of caffeine (Sigma-Aldrich), rapamycin (Roche),

phleomycin (Sigma-Aldrich), 6-azauracil (6AU) (Roche), or 5-fluoorotic (5-FOA) (RPI). For the Bur1 growth assay, BUR1 deletion
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shuffle strains were grown on media lacking uracil to maintain the wild-type BUR1 plasmid before plating on media containing the 5-

FOA. All experiments were performed at least three times.

RNA-seq Library Preparation and Sequencing
Yeast strains were grown to saturation in YPD before being diluted to an OD600 of 0.2 and grown to an OD600 of ~1 at 30�C. Cells
were isolated, washed with water, and resuspended in SDmedia (2% glucose, 0.15% yeast nitrogen base, 0.5% ammonium sulfate)

(Cheung et al., 2008). Ten ODs of cells were collected at each time point and RNA was isolated by acid phenol (Ambion/Thermo

Fisher Scientific) extraction. Five mg RNA was treated with DNase (Promega) and purified (RNeasy column, QIAGEN). Next, 2.5 mg

of the purified RNA was processed with yeast-specific rRNA depletion beads (Illumina). Strand-specific bar-coded sequencing

libraries were then prepared (TruSeq Stranded Total RNA Library Preparation Kit, Illumina and SPRI beads, Beckman Coulter).

Libraries were pooled and sequenced across two lanes (Hi-Seq 4000, Illumina). Data are representative of three independent

biological replicates.

Sequencing Alignment
Reads were trimmed and filtered of adaptor sequences using cutadapt, and required to have at least 90% of bases with quality

scores exceeding 20. Reads were aligned to the reference yeast genome (sacCer3) using STAR. Sense and anti-sense reads

were analyzed separately (Dobin et al., 2013). Coverage across genomic features was computed using BEDtools (Quinlan and

Hall, 2010).

QUANTIFICATION AND STATISTICAL ANALYSIS

Western Blotting
Western blots were quantified with ImageJ software for two or more independent biological replicates. Quantification of Set2

was normalized to G6PDH. Data for mutants were normalized relative to BY4742. Quantification of H3 PTMs was normalized to

H3. Measurement for all mutants were normalized BY4742 and in nutrient deprivation experiments, measurements were normalized

to BY4742 at 0 min. Each bar graph is representative of mean ± SEM of two or more independent biological replicates.

Chromatin Immunoprecipitation and Real-Time PCR
Data represented asmean ±SEMof two independent biological replicates. Student’s t test was used to obtain p-values and asterisks

indicate significance (* p < 0.05; ** p < 0.01).

Sequencing Analysis
Significantly enriched motifs were discovered using HOMER, with CIS ± 100bp as foreground and the 100 bp flanking sequence

on either side as background (Heinz et al., 2010). As a control, we randomly selected 439 low-confidence CIS and repeated the

motif analysis. Signal was normalized to total sequencing depth and biological replicates were averaged where appropriate.
Cell Reports 31, 107751, June 9, 2020 e4
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 Caffeine 
Sensitivity 

Rapamycin 
Sensitivity 

Phleomycin 
Sensitivity 

6AU 
Resistance 

bur1∆ 
Bypass 

spt16-
11 

Bypass 

Cryptic 
Initiation 

Wild-
type - - - - - - - 

set2∆ + + + + + + + 
set2-
Y149F  - - - - - - - 

set2-
F234Y  - - - +/- - - - 

set2-
H199L  + + + + + + + 

 

Table S1. Summary of set2 mutant phenotypes, Related to Figure 3 
A minus (-) indicates wild-type phenotype and a plus (+) indicates set2∆ phenotype. A 
plus/minus (+/-) indicates an intermediary phenotype. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S1. set2 Mutants Differentially Methylate H3K36 and Interact with RNAPII, Related 
to Figures 2 and 3 
A. Western blots of indicated strains probed with Set2 and different H3K36 methylation 
antibodies. H3 and G6PDH served as loading controls B. Western blots of indicated strains 
transformed with plasmids that expressed SET2 from its native promoter or overexpressed 
SET2 from the ADH1 promoter and probed with Set2 and different H3K36 methylation 
antibodies. Loading controls were H3 and G6PDH. C. Co-immunoprecipitation showing 
interaction of set2 mutants and serine 2 phosphorylated form of RNAPII. Set2 was 
immunoprecipitated by anti-HA antibody. G6PDH served as a loading control. 
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Figure S2. H3K36me1 is Deposited within or near Transcribed Regions of Genes, Related 
to Figure 3 
A. Schematic of STE11 with amplicons indicated below. B. ChIP analysis of H3K36me1 across 
STE11 in the indicated strains. C. Schematic of PMA1 with amplicons indicated below. D. ChIP 
analysis of H3K36me1 across PMA1 in the indicated strains. E. Schematic of TDH3 with 
amplicons indicated below. F. ChIP analysis of H3K36me1 across TDH3 in the indicated strains. 
Data represented as mean ± SEM of three independent biological replicates. Student’s t-test 
was used to obtain p-values. Asterisks indicate significance (* p<0.05); non-significant 
comparisons are not shown. All qPCR primers are listed in Table S3. 
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Figure S3. Activity of H3K36 Methylation States in Cryptic Transcription Regulation, 
Related to Figure 5  
A. Sense and antisense normalized transcriptional signal (reads per million mapped) across 439 
high- (blue) and intermediate- (red) confidence cryptic initiation sites (CIS) defined previously, 
separated by high (top) or low (bottom) gene expression. Signal was averaged across three 

A 

C 

D 

B 



independent biological replicates and plotted for 0 min (top) and 60 min (bottom) following 
nutrient deprivation for each genetic model. High or low expression was defined as the top or 
bottom 25% of genes based on their expression in wild-type. The minimum value for each line 
was adjusted to zero (y axis) to adjust for subtle differences in baseline expression and focus on 
the position and range in magnitude of signal, as in Mcdaniel et al., 2017. B. Heatmap of anti-
sense transcription, plotted as the difference in antisense signal between two wild-type 
replicates (WT rep3–WT rep1) at 60 min following nutrient deprivation.  Normalized signal is 
plotted for the 92 genes that were previously shown to have antisense transcription between the 
CIS and transcription start site. Darker gray indicates more anti-sense signal in WT rep3 
compared to WT rep1. Regions outside of the gene body are masked blue. C. Scatterplot of 
sense and antisense signal differences (WT replicate 1– WT replicate 3) in the gene regions 
between the CIS and transcription start site, for 439 high- and intermediate-confidence CIS. 
Each point represents the CIS of a given gene; points that extend into the upper-left quadrant 
indicate decrease in sense transcription (relative to wild-type) with a concomitant increase in 
antisense transcription. The percentage of all 439 genes falling in this quadrant is supplied in 
the top left. D. Significantly enriched sequence motifs discovered in the 100 bp surrounding 439 
randomly-selected low-confidence CIS, requiring at least 2-fold enrichment relative to local 
background sequence. 
 

 

 

 

 

 

 



 

Figure S4. Set2 and H3K36 Methylation Levels are Similar at 0 and 60 Minutes after 
Nutrient Deprivation, Related to Figure 6 
A. Quantification of Set2 normalized to G6PDH in indicated strains. All strains were quantified 
relative to BY4742 at 0 minutes. B-D. Quantification of H3K36me1 (B), H3K36me2 (C), and 
H3K36me3 (D) normalized to H3 in the indicated strains. H3K36me1 was quantified using the 
short exposure Western blot. All strains were quantified relative to BY4742 at 0 minutes. Each 
bar graph is representative of two or more independent biological replicates with a 
representative replicate shown in Figure 6. 
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Figure S5. H3K36me1/2 and H3K36me3 are Important for Proper H3K56ac Localization, 
Related to Figure 7 
A. Schematic of STE11 with amplicons indicated below. Predicted cryptic initiation site (CIS) 
located within primer set 4. B-E. ChIP analysis of H3K56ac across STE11 in the indicated 
strains and time points. F. Schematic of SPB4 with amplicons indicated below. Predicted cryptic 
initiation site (CIS) located within primer set 5. G-J. ChIP analysis of H3K56ac across SPB4 in 
the indicated strains and time points. Data represented as mean ± SEM of two independent 
biological replicates. Student’s t-test was used to obtain p-values. Asterisks indicate significance 
(* p<0.05; ** p<0.01); non-significant comparisons are not shown. All qPCR primers are listed in 
Table S3. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S6. H3K36me1/2 and H3K36me3 are Important for Repressing Cryptic Antisense 
Transcription at SPB4 after Nutrient Deprivation, Related to Figure 7 
A. Schematic of SPB4 and predicted cryptic initiation site (CIS). B. Genome browser tracks of 
wild-type replicates 1-3. C. Genome browser tracks of set2∆ replicates 1-3. D. Genome browser 
tracks of set2-Y149F replicates 1-3. E. Genome browser tracks of set2-F234Y replicates 1-3. F. 
Genome browser tracks of set2-H199L replicates 1-3. All data is from 60 minutes after nutrient 
deprivation, with black representing sense signal and red representing antisense signal. 

A 

B 

C 

D 

E 

F 


	CELREP107751_annotate_v31i10.pdf
	Unique and Shared Roles for Histone H3K36 Methylation States in Transcription Regulation Functions
	Introduction
	Results
	Phe/Tyr Switch in Set2 Separates H3K36me States in vitro
	Phe/Tyr Switch Mutations in Set2 are Tools to Separate H3K36me States in vivo
	Distinct Methylated Forms of H3K36 are Deposited within or near Transcribed Regions of Genes
	H3K36me1/2 and H3K36me3 Function Redundantly in Some Cellular Contexts
	Genetic Interactions of SET2 with BUR1 and SPT16 Reveal Unique Functions for H3K36me1/2 and H3K36me3
	H3K36me1/2 and H3K36me3 Have Unique and Shared Functions in Repressing Cryptic Transcription at Reporter Loci
	During Nutrient Deprivation, H3K36me1/2 or H3K36me3 Prevents Antisense Transcription
	Alteration of Global H3K27ac and H3K56ac in set2 Methylation Mutants
	H3K36me1/2 and H3K36me3 Are Important for Proper H3K27ac and H3K56ac Localization

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead Contact
	Materials Availability
	Data Code Availability

	Experimental Model and Subject Details
	Yeast Strains and Plasmids

	Method Details
	Alignment and Molecular Modeling
	Western Blotting
	Recombinant Protein Purification from Baculovirus Expression System
	Histone Methyltransferase Assay
	Co-immunoprecipitation
	Chromatin Immunoprecipitation and Real-Time PCR
	Spotting Assays
	RNA-seq Library Preparation and Sequencing
	Sequencing Alignment

	Quantification and Statistical Analysis
	Western Blotting
	Chromatin Immunoprecipitation and Real-Time PCR
	Sequencing Analysis





