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Epigenetic mechanisms, including histone post-translational modifications, control longevity in diverse organisms.
Relatedly, loss of proper transcriptional regulation on a global scale is an emerging phenomenon of shortened
life span, but the specific mechanisms linking these observations remain to be uncovered. Here, we describe
a life span screen in Saccharomyces cerevisiae that is designed to identify amino acid residues of histones that
regulate yeast replicative aging. Our results reveal that lack of sustained histone H3K36 methylation is commen-
surate with increased cryptic transcription in a subset of genes in old cells and with shorter life span. In contrast,
deletion of the K36me2/3 demethylase Rph1 increases H3K36me3 within these genes, suppresses cryptic transcript
initiation, and extends life span. We show that this aging phenomenon is conserved, as cryptic transcription also
increases in old worms. We propose that epigenetic misregulation in aging cells leads to loss of transcriptional
precision that is detrimental to life span, and, importantly, this acceleration in aging can be reversed by restoring
transcriptional fidelity.
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The use of yeast as an aging model has become more pop-
ular because of the conservation of several fundamen-
tal aging pathways also found in higher eukaryotes and
its readily available genetic tools (Wasko and Kaeberlein
2013). Aging yeast cells have features that are distinct
from young cells, including a fragmented nucleolus, slow
growth, sterility, accumulation of extrachromosomal
rDNA circles (ERCs), and loss of heterozygosity (Sinclair
et al. 1998). Such outcomes are reflective of epigenetic
changes driving chromatin reorganization and reprogram-
ming of gene expression.

Several distinctmechanisms underlying aging-associat-
ed epigenetic alterations have been reported. In yeast, the
NAD+-dependent deacetylases Sir2 and Hst2 maintain
genome stability by suppressing the formation of ERCs

(Blander et al. 2004). However, during replicative aging,
Sir2 levels decline, and the remaining protein relocalizes
to the nucleolus, leading to elevated H4K16 acetylation
in subtelomeric loci, causing gene derepression (Kennedy
et al. 1995; Dang et al. 2009). Furthermore, Sir2 relocal-
ization to the nucleolus is accompanied by a loss of silenc-
ing at the MAT (mating type) locus, resulting in sterility
(Smeal et al. 1996). Sir2 orthologs in worms, flies, and
mammals (sirtuins) are also reported to promote longevity
and/or delay age-related pathologies (Giblin et al. 2014).
Additionally, the appropriate dynamics of H3K56 acetyla-
tion via the action of Asf1/Rtt109 and deacetylases Hst3/
Hst4 are important formaintaining proper histone protein
expression. Histone loss is a hallmark of old yeast cells,
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and deletion of Asf1/Rtt019 or Hst3/4 shortens life span
(Dang et al. 2009; Feser et al. 2010). Also, aging yeast cells
show a global loss of histones from the genome, and inac-
tivation of the Hir complex or overexpression of histones
extends life span (Feser et al. 2010; Hu et al. 2014). Similar
depletion of histone levels has been reported in aged hu-
man cells (O’Sullivan et al. 2010; Adams et al. 2013). Oth-
er factors include chromatin remodelers that function in
calorie restriction pathways to promote life span. In yeast,
nutrient depletion deactivates the ISW2 complex con-
ferring life span extension by up-regulating the stress re-
sponse pathway (Dang et al. 2014). In worms, nutrient
depletion reduces insulin-like signaling allowing for nu-
clear localization of DAF16/FOXO transcription factors
that cooperate with SWI/SNF to promote stress response
and longevity (Riedel et al. 2013). Finally, observations
in worms reveal that mutations in the ASH2 complex
that decrease H3K4me3 levels extend life span through
three generations (Greer et al. 2011). Conversely, muta-
tions in the H3K4me3 demethylase RBR2 shorten life
span (Han and Brunet 2012). There is significant evidence
of epigenetic changes with mammalian aging as well (Das
and Tyler 2012; Adams et al. 2013; Shah et al. 2013; Wood
and Helfand 2013).
Despite the body of evidence in support of the epigenet-

ic model of aging, there has been no systematic screen for
other modifications or chromatin pathways in the pro-
cess. In this study, we report the results of a population-
based high-throughput life span screen using a large-scale
histone H3/H4 mutant library and identify H3K36 as an
important residue modulating life span.
H3K36 ismethylated by Set2 in yeast, which can add up

to three methyl groups on the lysine side chain (Strahl
et al. 2002). K36 dimethylation and trimethylation states
are recognized by the Rpd3S complex that deacetylates
H3/H4 N-terminal tails and thereby suppresses initiation
of transcripts from intragenic cryptic promoters (Smolle
and Workman 2013). Trimethylated K36 residues also
interact with chromatin remodelers ISW1b and Chd1
while inhibiting the binding of Asf1 that exchanges his-
tones over gene bodies (Smolle et al. 2012; Venkatesh
et al. 2012). Collectively, H3K36 methylation is critical
to restoring chromatin structure after RNA polymerase
II (Pol II) passage and prevents spurious cryptic transcrip-
tion (Butler andDent 2012). Furthermore, there are two ly-
sine demethylases in the JmjC-domain family that act on
H3K36. These are the monomethyl and dimethyl deme-
thylase Jhd1 and the dimethyl and trimethyl demethylase
Rph1 (Kim and Buratowski 2007; Klose et al. 2007; Kwon
and Ahn 2011).
In this study,weshowthat the loss ofH3K36me3 in aged

yeast cells results in the production of intragenic short
transcripts and a shorter life span. Deletion of the Rph1
demethylase can reverse the aging phenotype by preserv-
ing H3K36me3 levels and suppressing the production
of these spurious transcripts. We detected these shorter
cryptic transcripts in the aged nematode Caenorhabditis
elegans, suggesting a conserved role for this pathway in
aging. Overall, we present a model in which H3K36me3
promotes longevity by enhancing transcription fidelity.

Results

A high-throughput screen for histone mutations
altering life span

Several histone post-translational modifications have
been shown to change with age in model systems from
yeast to mammalian cells and tissues (Feser and Tyler
2011). More importantly, several of these marks have
been shown to play causal roles in life span modulation.
However, these studies were based on a few well-char-
acterized marksmonitored by specific antibodies. We rea-
soned that a systematic longevity screen assessing a large
set of histone marks might provide more insight into the
causative relationship between histone modifications
and aging.
Thanks to the tractability of yeast genetics, systematic

histone mutant libraries have been made available (Dai
et al. 2008; Nakanishi et al. 2008). We used the histone
H3/H4 systematic mutant library developed in the Boeke
laboratory (Dai et al. 2008) to carry out a longevity screen
for the following reasons. First, allmutations in this library
are integrated into the yeast genome; therefore, compli-
cations caused by variations in natural loss rates of the
histone plasmid during aging are avoided. Second, each
mutant carries two unique barcodes that can be used
for identification and quantification; hence, the library is
compatible with high-throughput screening. Third, all
modifiable residues are mutated into both similarly and
oppositely charged residues, thereby providing greater in-
sight into potential roles of corresponding modifications.
The yeast replicative life span assay is time-consuming

and labor-intensive and is notwell-suited for screening ap-
proaches. Based on our experience with the old mother
cell sorting assay (Dang et al. 2009), we developed a novel
high-throughput method for life span screening (Fig. 1A).
Briefly, a pool of all mutants from the library was labeled
with biotin, aged, and sorted multiple times to purify
young and old fractions. Mutants with a longer life span
are expected to be enriched in old fractions, while mu-
tants with shorter life spans will be depleted. To quantify
the relative enrichment for each mutant in young and old
fractions, genomic DNA was extracted from each frac-
tion and subjected to either barcodemicroarray or barcode
sequencing analysis. As a control for the life span screen,
we included uniquely barcoded wild-type, sir2Δ, and
SIR2-overexpressing (SIR2-OE) strains in the histone mu-
tant pool. The sir2Δ and SIR2-OE strains are known to
have shorter and longer life spans, respectively (Kaeber-
lein et al. 1999).
The histone mutant screen was performed in four

biological replicates, and the biotin labeling, aging, and af-
finity purification of labeled mother cells (sorting) were
performed for four consecutive rounds for progressively
aged fractions. The young cell fraction from the first,
second, third, and fourth round of sorting and old cell
fractions from the second, third, and fourth rounds of sort-
ing were saved for analysis. Genomic DNA was prepared
from all samples, and the relative abundance of each bar-
coded strain was determined by yeast barcode microarray
analysis.
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The results showed general consistency among the four
replicates, with 85% of mutants (337 out of 443) having
good correlations (correlation coefficient >0.6) (Supple-
mental Fig. S1). Changes in relative enrichments for

histone mutants were obvious between the oldest frac-
tion and the young (Fig. 1B, left), and the changes were
much smaller between the oldest and intermediate frac-
tions (Fig. 1B, middle and right), indicating gradual and
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Figure 1. A high-throughput screen for histone mutations altering life span. (A) Illustration of screening strategy. (B) Scatter plots show-
ing changes in relative abundance of each histone mutant in the oldest population (four rounds of old cell sorting) compared with the
young and intermediate old cell fractions. Values in parentheses represent mean bud scar counts. (C) Performances of internal reference
strains in the screen. Six short-lived sir2Δ strains and four long-lived SIR2-OE strains were depleted and enriched, respectively, in the old-
est population compared with six wild-type strains. All reference strains carry distinct barcodes. Error bars are standard error of the mean
among strains bearing different barcodes. Values in parentheses are mean bud scar counts. (D ) Sequence display of histones H3 and H4,
with mutations showing differential enrichment in the oldest fraction highlighted in color as indicated. The α helices of the histone pro-
teins are indicated above the sequence.
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progressive changes in themutant enrichment in the pool
during aging. The built-in controls (uniquely barcoded
wild type, sir2Δ, and SIR2-OE) showed the predicted en-
richment changes; i.e., sir2Δ strains became depleted,
and SIR2-OE strains became enriched in the oldest frac-
tion (Fig. 1C; Supplemental Fig. S2). These data suggest
that this screen approach is able to distinguish strains
that have different replicative life spans.

Histone mutations that alter replicative life span

Differential enrichments for histone mutants were obvi-
ous when comparing between the young and old samples
(Fig. 1B, left). Histone mutants depleted from the old cell
fraction were predicted to have a shorter life span, and
those enriched in the old cell fraction were predicted to
have a longer life span. It should be noted that changes
in cell doubling time may also affect relative abundance
in old cell fractions, and differences in doubling times
can be inferred by the relative abundance of each mutant
in the young fractions. Therefore, we first identified mu-
tants showing changes in doubling time >20% based on
their changes in relative abundance in the young frac-
tions, and then life span predictions were made for each
mutant based on their growth rate-corrected relative en-
richments in old cells compared with young cells. An
overview of predicted life span changes for each mutant
is shown in Figure 1D.
To confirm the screen prediction based on the barcode

microarray analysis, we carried out another biological rep-
licate of the screen with three rounds of old cell sorting
and quantified the barcodes by next-generation sequenc-
ing. The results generally agreed, with a correlation co-
efficient of 0.78 between the two sets of experiments
(Supplemental Fig. S3).
To verify the life span screen predictions, we selected

mutants predicted to be long-lived, normal (like wild
type), and short-lived to determine their replicative life
span in the dissection-based yeast life span assay. Among
all of the 92 mutants tested, 33 showed life spans match-
ing the screen predictions (35.9% replication rate). Al-
though seemingly lower than expected, this is a success
rate comparablewith a previously published yeast chrono-
logical life span screen using the same histone mutant
library (Matecic et al. 2010). However, we do emphasize
that the results from the screen need to be validated by
independent life span assays before proceeding to mecha-
nistic studies. Nevertheless, it has generated interesting
hypotheses that need to be further tested. Mutants pre-
dicted to be short-lived and normal-lived have higher rates
of validation by life span assays—44.8% and 46.9%,
respectively, as shown in Figure 2A—whereas a large ma-
jority of long-lived predictions are false positives, as deter-
mined by standard dissection-based life span assays. One
cause of false positives for long-lived predictions is that
many of them showed a moderate to severe slow growth
phenotype. Despite the relatively low prediction success
rate, the screen results are valuable because they narrow
the search for mutants with a truly longer or shorter life
span. For example, among the 437 histonemutant strains,

we called 38 short-lived, representing 8.7% of the mu-
tants; hence, a 44.8% validation rate would represent a
more than fivefold increase in short-lived mutant discov-
ery probability.
All 13 validated short-livedmutants are listed and high-

lighted in the structure of the nucleosome core particle
(Fig. 2B,C). Short-lived histone mutants tended to cluster
at certain areas in the nucleosome core particle. One
group of short-lived mutants is the LRS (loss of rDNA si-
lencing) mutants, including H3E73, K79, T80, and L82
(Park et al. 2002; Fry et al. 2006). This is consistent with
the previous findings that rDNA silencing and stability
are critical for longevity and that accumulation of ERCs
is a dominant factor for yeast aging (Sinclair and Guarente
1997; Stumpferl et al. 2012). Another cluster of short-lived
mutants is located near the histone H4 tail, ranging from
K16 to R36 (Fig. 2C). This region has been shown to medi-
ate internucleosomal interactions initially observed in
the first high-resolution crystal structure of the nucleo-
some core particle and later verified in the crystal struc-
ture of tetranucleosomes (Luger et al. 1997; Schalch
et al. 2005). The short-lived mutants located in this patch
very likely interfere with internucleosomal interactions
and hence may prohibit the formation or maintenance
of higher-order chromatin structure. This is consistent
with the observations that open and dysregulated chroma-
tin structures are associatedwith old cells (Feser andTyler
2011). These results suggest that the high-throughput
screen method can not only verify predictable effects of
histone mutations on life span but also provide critical in-
sights into how chromatin and epigenetic changes influ-
ence replicative aging.

Perturbing H3K36me3 levels alters life span

Several lines of evidence indicate an important role for
H3K36—and particularly its trimethylation—in regu-
lating yeast life span. First, results from the histone
mutant screen revealed two H3K36 mutants (H3K36R
and K3K36E) to be significantly depleted in the old cell
fractions and predicted to have a life span among the
shortest 16%of all screenedmutants. Two othermutants,
H3K36A and H3K36Q, were also depleted but to a lesser
extent (Fig. 2D). Second, to further explore this path-
way in aging, the K36 demethylase mutant rph1Δ was
found to extend replicative life span by ∼30%, whereas
the corresponding methyltransferase mutant, set2Δ,
shortened life span by 15% (Fig. 2F,G). Rph1 removes
methyl groups from dimethylated and trimethylated
H3K36, whereas Jhd1 does so from dimethyl and mono-
methyl states. Deletion of only RPH1, and not JHD1
(Supplemental Fig. S4), extends life span, suggesting
that trimethylated H3K36 specifically may regulate lon-
gevity. Supporting the high-throughput histone mutant
screen data, all of the H3K36 substitution mutants
showed significantly shorter life spans (Fig. 2E). Consis-
tent with predictions that it is these methylation sites
that are critical to life span extension by rph1Δ, these mu-
tants were refractory to life span extension by deletion
of RPH1 (Fig. 2H–K). Therefore, we ascertained that the
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life span extension by rph1Δ required its demethylase
action on H3K36.

Life span extension in an rph1Δ strain is not due
to suppression of ERC production or desilencing
of subtelomeric loci

The rDNA locus in yeast is a highly repetitive region
in chromosome XII made up of ∼150 copies of a 9.1-kb
rDNA unit. The repetitive nature of this region makes
it particularly susceptible to recombination events that
increase in frequency as cells age. The accumulation of

ERCs in old cells, formed by recombination events within
the rDNA locus, has been directly implicated in limiting
life span (Sinclair andGuarente 1997). To test whether the
rph1Δ strain was long-lived due to suppression of ERC
formation, we performed quantitative PCR (qPCR) at
the three rDNA genes RDN18, RDN58, and NTS2. The
qPCR validated the increased rDNA content in wild-
type aged cells and showed similar levels in the rph1Δ
aged cells in two independent biological replicates (Sup-
plemental Fig. S5A). We also detected increased transcrip-
tion from the NTS2 locus in old cells; however, deletion
of RPH1 did not suppress formation of these transcripts
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Figure 2. Histone mutations that alter replicative life span. (A) Table listing the number of histone mutants selected from the life span
screen and the validation results showing the success rate of the screen. (B) Table listing all validated short-livedmutants, their locations
(histone and mutation), relative enrichments in the screen, life span (LS), number of cells used for life span assay (LS N), experimentally
matched wild-type life span (LS WT), number of wild-type cells used for life span assay (LS WTN), Wilcoxon rank sum P-value (P-value),
and percent change in life span of themutant (change). (C ) Location of the life span-shortening histone residues on the nucleosome crystal
structure. (D) Performance of the H3K36mutants in the screen. The relative intensity of a particular mutant in the population was traced
over the cell sorting assay. Values in parentheses aremean bud scar counts. (E) Replicative life span assayswithwild type (blue) andH3K36
mutants. (F,G) Replicative life span assaywith wild-type (blue), rph1Δ (red), and set2Δ (green). (H–K ) Replicative life span assayswith wild
type (blue), rph1Δ (red), H3K36mutants (black), and H3K36mutant with rph1Δ (yellow). Mean life spans are indicated in parentheses. All
life span P-values are listed in Supplemental Table S3.
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(Supplemental Fig. S5B). Thus, the life span extension by
rph1Δ does not seem to occur through suppression of
ERC formation or transcription regulation at the rDNA
locus.
The loss of Rph1 itself or the consequent increase in

H3K36me3 in subtelomeric regionsmay deregulate the si-
lencing of genes located at those sites. Misregulation of
subtelomeric gene silencing is a hallmark of aging cells
and is one of the consequences of the loss of Sir2 with
age (Dang et al. 2009). We compared the ability of wild-
type, set2Δ, and rph1Δ strains to silence a URA3 reporter
inserted at various locations near TEL11L29 (Supplemen-
tal Fig. S6). URA3 insertions close to the telomere at or
near the X core (XC) and X repeat (XR) elements (positions
#1, #2, and #5) showed effective silencing in all three
strains. This is in contrast to a control sir2Δ strain con-
taining a URA3 insertion at the XC element (position
#1) that is known to affect silencing (Supplemental Fig.
S6, bottom right). Insertions further away from the telo-
mere (positions #3 and #4) showed silencing defects as ex-
pected. Importantly, however, there was no difference in
the ability of the wild-type, set2Δ, and rph1Δ strains to
silence the URA3 reporter at positions #3 and #4. These
results suggest that the loss of Set2 or Rph1 does not affect
silencing of subtelomeric genes and thus is unlikely to
affect life span through this mechanism.

Cryptic transcription increases in old cells

In yeast, the presence of H3K36me3 over gene bodies
plays a vital role in closing chromatin structure after the
passage of Pol II. H3K36me3 does so by preventing histone
exchange and hyperacetylation, spacing nucleosomes
over the gene body, and inhibiting spurious transcript
initiation at intragenic cryptic promoters (Smolle and
Workman 2013). Since deletion of the demethylase
Rph1 extends life span, we hypothesized that, in wild-
type yeast, the H3K36me3 levels are likely lowered as
cells age and that rph1Δ mitigates this effect. However,
we could not reproducibly detect this loss by Western
blot in aging yeast cells before the general depletion of his-
tones in older cells that we and others have previously ob-
served (Dang et al. 2009; Feser et al. 2010; data not shown).
It is therefore likely that there are local rather than global
losses in this mark, as further investigated below.
We noted that H3K36me3 levels have been anti-corre-

lated with the production of cryptic transcripts (Smolle
and Workman 2013). We sought to address whether cryp-
tic transcription increased in old cells genome-wide by
next-generation sequencing. We did not use Northern
blot because: (1) the overall yield of total RNA and
mRNA from old cells is very limited, (2) the isolation of
old cells is not easily scaled up, (3) Northern blotting is
low-throughput, and (4) the identities of potentially age-
specific cryptic transcripts are unknown. We thus pre-
pared strand-specific libraries from polyA-selected RNA
from young and old cells. Since yeast genes are general-
ly short, we modified the traditional RNA sequencing
(RNA-seq) protocol by randomly fragmenting the RNA
into 40- to 50-base-pair (bp) fragments rather than 200-

to 300-bp fragments (Nagalakshmi et al. 2008). This pro-
vides higher-resolution analysis over gene bodies to
enable detection and mapping of shorter transcripts. In-
deed, short intragenic transcripts at the 3′ ends of genes
were detected by specifically using this higher-resolution
protocol (short fragment) (Supplemental Table S4, data
sets E1–E5) but not the traditional protocol (long frag-
ment) (Supplemental Table S5 [data sets E7–E9]; Sup-
plemental Fig. S7). Metagene plots of RNA-seq reads
over gene bodies (pooled from five independent RNA-
seq data sets) (Supplemental Tables S4 [E1–E5], S5 [align-
ment and reproducibility parameters for each data set]) in-
dicated high levels of transcripts from 3′ ends of genes in
old cells after correcting for gene length (Fig. 3A). In addi-
tion, the effect was more pronounced for genes ranking in
the top 10% in length than for those in the bottom 10%
(Fig. 3B).
Genes were identified as having age-related cryptic

transcription if (1) the tag counts at the 3′ ends of genes
were at least twofold higher than those at the 5′ ends, (2)
the 3′/5′ ratio of tag counts in old cells was at least 1.5-
fold higher than in young cells, and (3) the area under
the curve of the gene (total transcripts from the gene) in
old cells exceeded five percentile of all expressed genes
(to exclude lowly expressed genes that may be affected
by background noise). Using these parameters, we identi-
fied 1300 genes in E1, 1118 genes in E2, 2759 genes in E3,
2931 genes in E4, and 1454 genes in E5. Genes identified
as cryptic in any one experiment often showed age-related
increases in cryptic transcript levels in the other experi-
ments as well, even if they failed to meet our strict defini-
tion of cryptic transcription (Supplemental Fig. S8). We
were able to consistently identify 244 genes with age-re-
lated intragenic transcript up-regulation from the five in-
dependent RNA-seq data sets (Fig. 3C,D; Supplemental
Fig. S9, see the Supplemental Material for the gene list).
Although cryptic transcript up-regulation with age is like-
ly a genome-wide phenomenon, at least for the 244 genes,
we noted that they tend to be longer and infrequently tran-
scribed compared with a randomly selected set of genes
(Fig. 3E,F; the transcription rates were acquired from Pele-
chano et al. 2010). Note that, due to lack of transcription
rate information on 56 of the 244 cryptic genes, only 188
genes were included in the analysis. It is likely that we de-
tected these correlations because cryptic transcripts are
more easily detected in long and infrequently transcribed
genes (Li et al. 2007b,c).
A confounding question is whether the cryptic tran-

scripts in old cells accumulate due to increased internal
RNA initiation or decreased degradation. We took two
approaches to answer this question. First, we performed
Northern blotting for a known cryptic gene, STE11, in
cells harboring a deletion in the major subunits of the
nuclear exosome complex or cytoplasmic mRNA degra-
dation machineries. None of these strains generated a
shorter stable cryptic transcript, and this was in stark
contrast to the deletion of SET2, EAF3, RCO1, and other
genes encoding elongation complexes like SPT6 and
SPT21 published by others (Supplemental Fig. S10; Li
et al. 2007b; Cheung et al. 2008). Thus, generation of
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cryptic transcripts does not involve the nuclear exosome
RNA degradation complex. Second, we found strong evi-
dence of promoter-like sequences such as TATA and Initi-
ator in the bodies of these age-associated cryptic genes

(Fig. 3G). Scanning from the start to the stop codon,
∼140 TATA-like motifs [TATA(A/T)A(A/T)(A/G)] were
found within the ORFs of 107 of the 244 cryptic genes,
and 410 Initiator-like sequences [A-(A-rich)5NYA(A/T)

Figure 3. Cryptic transcription increases in old cells, and suppression of cryptic transcripts extends life span. (A,B) Metagene plots and
heatmaps of normalized tag counts over all genes (A) and the top 10% longest and shortest genes (672 genes each) (B) in young and oldwild-
type cells; values in parentheses are mean bud scar counts. Shaded error bands represent standard error of the mean. (C ) Five-way Venn
diagram of genes with age-related cryptic transcription in five RNA-seq data sets (Supplemental Table S4, E1–E5). (D) Metagene plots and
heatmaps of normalized tag counts over gene bodies of 244 cryptic genes. (E,F ) Box plots showing that the gene length distribution (E) and
transcription frequency (F ) of the 244 cryptic genes are higher and lower, respectively, than those of a background set of noncryptic genes.
(G) WebLogo outputs of regular expression pattern searches for TATA (top) and Initiator (bottom) sequences in the cryptic genes. P-values
for the number of motifs are indicated. (H) Metagene plots of normalized tag counts over cryptic gene bodies plotted as a log ratio of old
versus young. (I,J) Box plot showing progressive cryptic transcription suppression measured as the difference (I ) or log2 (old/young) differ-
ence (J) between wild-type and rph1Δ tag counts at the 3′ end of the cryptic genes after normalizing to the 5′ half. P-values are indicated
at the top.
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NN(A-rich)6] were found in 171 of the 244 cryptic genes.
Both the number of cryptic geneswith internal TATAmo-
tifs and the total number of motifs in cryptic genes were
significant when compared with randomly sampled non-
cryptic genes (P-values were based on a permutation test
running 1000 iterations) (Supplemental Table S6; see the
Supplemental Material). Collectively, these lines of evi-
dence suggest that the internal transcripts are primarily
regulated at the level of increased initiation rather than
degradation.

Suppression of cryptic transcripts is associated
with longer life span

Since there is an increase of intragenic spurious tran-
scripts in aged wild-type yeast, we investigated whether
the generation of these transcripts was partially sup-
pressed in the old rph1Δ mutants, given the reciprocal
association between H3K36me3 levels and cryptic tran-
scripts. Genome-wide suppression of cryptic transcription
in old cells harboring a deletion of RPH1 was not obvious
(data not shown). However, the transcription profiles in
the core group of 244 cryptic genes showed significant
suppression of cryptic transcription at the 3′ ends of
gene bodies in the old rph1Δ cells (Fig. 3H–J). This implies
that the deletion of RPH1maintains transcriptional fidel-
ity by suppressing intragenic cryptic transcripts, poten-
tially extending life span.

Genes showing cryptic transcript up-regulation
with age lose H3K36me3 over gene bodies

We then returned to the question of local changes in
H3K36me3. To determine whether cryptic genes identi-
fied in old cells show appreciable changes in H3K36me3
status in their retained histones over gene bodies, we per-
formed chromatin immunoprecipitation (ChIP) sequenc-
ing (ChIP-seq) of H3K36me3 and H3 in sorted wild-type
and mutant cells. Two independent biological replicates
were processed and sequenced (Supplemental Tables S4
[F1 and F2], S5 [alignment parameters for each data set]).
The reads were normalized to H3, averaged across the
two samples, and plotted across all protein-coding genes
and over the 244 cryptic gene list. We noted that, ge-
nome-wide, the H3K36me3 levels were stablymaintained
across all ages after normalizing to H3 levels (Fig. 4A,
bottom; data not shown). However, the 244 cryptic genes
lost themodification with age in wild type, most obvious-
ly in the gene bodies (Fig. 4A, top). Strikingly, they re-
tained H3K36me3 in rph1Δ old cells (Fig. 4A, top). This
retention was apparent by directly examining the ChIP-
seq signal across gene bodies between young and old
in rph1Δ compared with wild-type old cells (Fig. 4A, top)
or in the H3K36me3 signal ratio of old to young in
rph1Δ compared with wild type (Fig. 4B, top). No such
H3K36me3 retention was observed for randomly sampled
background genes (Fig. 4A,B, bottom). A simpler andmore
quantitative view is to compare the H3K36me3 signal
summed across the 3′ half of old cell-associated cryptic
genes in the rph1Δwithwild-type strains, which similarly

shows increased H3K36me3 old/young in rph1Δ com-
pared with wild-type (Fig. 4C). We then validated the
ChIP-seq observations by H3K36me3 ChIP-qPCR on
two independent sorted populations of old cells. We ob-
served that H3K36me3 was reduced in wild-type old cells
at three cryptic genes (SEC63, TRP5, and SEC27) but was
retained or was even higher in old cells harboring rph1Δ
(Fig. 4D–F). Taken together, there is a clear increase in
H3K36me3 at the 3′ end of cryptic genes in the rph1Δ
strain in old cells.
H3K36me3 recruits the deacetylase complex Rpd3S as

well as the chromatin remodeling enzymes ISW1b and
Chd1 (Smolle et al. 2012). We reasoned that if the short
life span effect of H3K36me3 loss is mediated through
one of these pathways, disruption of the recruited enzyme
should phenocopy the aging phenotype of the set2Δ and
H3K36 mutants. Since deletion of ISW1 or CHD1 does
not shorten life span (Dang et al. 2014), we focused on
the Rpd3S complex. The loss of H3K36me3 over the
gene bodies of the cryptic genes likely causes inefficient
recruitment of the Rpd3S complex and hyperacetyla-
tion, leading to spurious initiation of internal transcripts
(Carrozza et al. 2005). Eaf3 and Rco1 are subunits specific
to the Rpd3S complex that is recruited to gene bodies to
remove acetyl groups laid down by histone acetyltransfer-
ases, and specific recruitment domains in the Rpd3S com-
plex have been shown to bind directly to H3K36me3 (Li
et al. 2007b). Hence, to evaluate the role of this pathway
in regulating life span, we tested three strains for life
span defects: one containing a deletion in the chromodo-
main of the Eaf3 subunit (eaf3-CHDΔ), another containing
a deletion of the plant homeodomain (PHD) finger in the
the Rco1 subunit (rco1-PHDΔ), and a third strain harbor-
ing deletions in both domains (eaf3-CHDΔ rco1-PHDΔ).
Loss of the CHD and/or PHD shortened life span, sug-
gesting that the association between the Rpd3S complex
and H3K36me3 is important for proper longevity (Fig.
5A,B; Li et al. 2007b). Interestingly, the eaf3-CHDΔ had
a stronger effect on life span compared with the rco1-
PHDΔ, mirroring the relative levels of cryptic transcrip-
tion previously observed in thesemutants (Li et al. 2007b).
Overall, we propose that, during aging, the loss of

H3K36me3 leads to “open” chromatin formation at in-
tragenic regions, exposing cryptic promoters and hence
generating cryptic transcripts. Deletion of RPH1 retains
H3K36me3 over the same set of genes in old cells, thus
restoring “closed” chromatin, suppressing spurious ini-
tiation within gene bodies, and enhancing longevity
(Fig. 5C).

Cryptic transcript up-regulation in old age
is conserved in higher eukaryotes

In order to investigate whether transcription fidelity is
lost with age in higher eukaryotes as well, we monitored
age-related cryptic transcript up-regulation in the soil
nematode C. elegans (Supplemental Tables S4 [E6], S5
[alignment parameters]). Much like yeast, C. elegans
serves as a suitable model for whole-organism aging in
addition to having a rapid life span (mean life span of 14
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d), small genome size, powerful genetics, conserved epige-
netic pathways, and known singlemutations that alter life
span. Therefore, we performed RNA-seq in young (day 1),
middle aged (day 8), and old (day 12) worms following the
same short fragment protocol as used in yeast (see Supple-
mental Tables S4, S5). To simplify the collection ofworms
of different ages, they were grown in the presence of 5-flu-
oro-2′-deoxyuridine (FUdR), which suppresses the devel-
opment of eggs and hence the birth of progeny. In
contrast to our observations in yeast (Fig. 3A), metagene
plots of normalized tag counts over all gene bodies did
not show evident cryptic transcription genome-wide
(data not shown). However, using the same parameters
to define cryptic transcripts in yeast (see above), we dis-
covered that 443 worm genes had higher accumulation
of cryptic transcripts at the 3′ end of genes in middle-
aged and old worms (Fig. 6A,B). The use of FUdR did not

seem to have any obvious effect on the RNA-seq profiles.
Similar to yeast (Fig. 3E), these genes also tended to be lon-
ger than an equal-numbered, randomly selected back-
ground set of genes from the worm genome (Fig. 6C). In
keeping with our hypothesis that age-specific intragenic
transcripts accumulate due to increased production and
not degradation, we noted that there are 145 TATA-like
sequences in 110 of the 414 cryptic genes with proper an-
notation (Fig. 6D; Supplemental Table S6), and this intra-
genic TATA-like motif is very similar to the canonical C.
elegans TATA motif [(GC)TATA(AT)(AT)AG], missing
only the leading (G/C) (Grishkevich et al. 2011). Both
the number of cryptic genes with internal TATA-like
motifs and the total number of motifs in cryptic genes
were significant (Supplemental Table S6) when compared
with randomly sampled noncryptic genes. These observa-
tions suggested that, like old yeast, old worms also suffer
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Figure 4. Genes showing up-regulation of cryptic
transcriptionwith age loseH3K36me3 over gene bod-
ies. (A) Metagene plots of H3K36me3 tag counts nor-
malized to H3 over the gene bodies of 244 cryptic
genes (top) and all noncryptic genes designated as
background (bottom). (B) Same as in A except that
the tag counts are expressed as a ratio of old to young.
P-values were calculated from the 3′ half of gene
bodies. (C ) Box plots depicting the significant reduc-
tion of H3K36me3 signal over the 3′ half of the gene.
Tag counts are expressed as a ratio of old to young.
(D–F ) qPCR of H3K36me3 ChIP plotted relative to
H3 at the 5′ and 3′ ends of three cryptic genes:
SEC63, TRP5, and SEC27. Error bars are standard er-
ror of themean of two independent biological repeats
of cell sorting. Values in parenthesis are mean bud
scar counts.
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a loss of proper regulation of transcription in intragenic re-
gions. Interestingly, loss of the Set2 homologmet-1 short-
ens life span, while the knockdown of the Rph1 homolog
jmjd-2, which is also the only known H3K36me3 deme-
thylase in worms, extends worm life span in a germline-
dependent manner (Ni et al. 2012). Hence, it is likely
that a similar aging regulation mediated through cryptic
transcription and possibly involving H3K36me3 may be
conserved in worms.

Discussion

The study of epigenetic regulation of longevity has led to a
general model of aging in which old cells show increased
levels of active histone modifications and global loss of
histones leading to chromatin relaxation and misregula-
tion of gene expression (Feser et al. 2010; Das and Tyler
2012; Hu et al. 2014). These findings suggest that manip-
ulation of the enzymes regulating these modifications
could potentially stabilize chromatin structure by impact-
ing the retained histones and extending life span (Dang
et al. 2009; Greer et al. 2010, 2011; Han and Brunet 2012).
In this study, we performed a large-scale population-

based screen of histone H3 and H4 substitution mutants

that affect yeast replicative life span. We identified two
classes of histone mutants that shorten life span: those
disrupting chromatin compaction and those compromis-
ing rDNA silencing. This is consistent with recent ob-
servations that a pervasive open and active chromatin
conformation results in a shorter life span (Das and Tyler
2012). Moreover, our screen not only detects histone res-
idues known to affect life span but also identifies novel
residues that were previously not known to have effects
on longevity. This high-throughput approach, when com-
bined with various yeast genetic libraries, can expedite
mechanistic studies of aging, provided that life span as-
says can be validated by other established approaches.
We found that mutations to Lys36 on H3 resulted in

shorter life span. On the nucleosome structure, H3K36
is at the base of the long H3 N-terminal tail at the site
where it protrudes from the core. This site is modified
by the methyltransferase Set2 that can add up to three
methyl groups cotranscriptionally. Interestingly, only
one known methyltransferase is known to modify this
site across all eukaryotes, whereas methylation at other
sites is often carried out by more than one enzyme. Con-
sistent with enzyme nonredundancy and in support of
the histone substitution screen results, deletion of Set2
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deacetylation and closing down chromatin over intragenic cryptic promoters (marked by light-orange nucleosomes), resulting in suppres-
sion of cryptic transcription and life span extension.
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in yeast resulted in a shorter life span (Fig. 2G). In contrast,
we found that deletion of the only H3K36me3 demethy-
lase, Rph1, extended life span (Fig. 2F), suggesting that
this modification has longevity benefits. Our conclusions
are based on the fact that deletion of Jhd1 in thematα back-
ground did not have an effect on life span. However, pend-
ing life span data in the mata background, we cannot
completely rule out the impact of H3K36 monomethyla-
tion and dimethylation on life span. H3K36 methylation
is also influenced by Set2 recruitment regulatory factors
like Ctk1 and Bur1 kinases that phosphorylate Ser2 of
the Rpb1 C-terminal domain and the PAF complex (Bart-
kowiak et al. 2011). However, these factors have no report-
ed role in aging. H3K36me3 marks active genes, and the
modification is primarily spread over the gene body, peak-
ing at 3′ ends (Butler andDent 2012; Smolle andWorkman
2013). The modification provides a docking platform for
specific transcription cofactor complexes and blocks
access to others; the combined action of these factors re-
stores “closed” chromatin structure over gene bodies to

prevent cryptic transcription (Li et al. 2007a; Butler and
Dent 2012).

Thus, in young cells, this general mechanism to pre-
serve chromatin structure over gene bodies after Pol II
passage is likely to be crucial to maintain transcription-
al fidelity and precision. The gross change in chromatin
structure evident in old cells is caused by loss of histones
(Feser et al. 2010), local reductions in modifications such
as H3K36me3 that we observed here, and local increases
in activating modifications such as H4K16ac (Dang et al.
2009) and has a marked impact on transcription. Hu
et al. (2014) recently described global transcriptional
amplification in old yeast cells as a consequence of global
nucleosome loss. Our high-resolution RNA-seq method
has for the first time enabled us to see short cryptic intra-
genic transcripts that are normally undetectable by tradi-
tional RNA-seq methods. We showed the up-regulation
of these transcripts with age in two model organisms:
yeast and worms (Figs. 3D, 6A). Given these observations,
it is possible that similar up-regulation of intragenic short
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transcripts may also occur during mammalian aging and
cellular senescence. Single gene deletions in yeast (such
as set2Δ, eaf3-CHDΔ, and rco1-PHDΔ) or point mutations
in H3K36 that lead to accumulation of these transcripts
result in shorter life spans (Fig. 5A,B). Interestingly, there
is a significant overlap of genes that show age-dependent
cryptic transcript up-regulation and transcription elonga-
tion mutants (set2Δ, spt6, and spt16 mutants) that show
cryptic transcript up-regulation (Supplemental Fig. S11;
Cheung et al. 2008; Lickwar et al. 2009).
Very recently, Pu et al. (2015) reported that H3K36me3

patterns are correlated (1) directly with 3′ untranslated re-
gion (UTR) lengths, (2) inversely with age-dependent var-
iation in gene expression, and (3) indirectly with longevity
in worms. Although we did not focus on gene expression
variation, there were few similarities in our observation.
First, similar to Pu et al. (2015), we did not find an appre-
ciable change inH3K36me3with age in yeast. Second, the
variation in gene expression with age may be due to the
spurious initiation of cryptic transcription, as some genes
lose H3K36me3 with age. Third, loss of somatic methyl-
transferase met-1 resulted in a shorter life span, much
like a set2Δ strain in yeast (Pu et al. 2015).
The cause of accumulation of these transcripts with

age is due to either increased production, impaired degra-
dation, or both. Nascent RNA-seq techniques like NET-
seq and GRO-seq are challenging in old cells given (1)
limited quantities of RNA isolated from old cells and
(2) the disproportionate transcription from coding and
rDNA templates. Without this information, however,
it is not possible to completely eliminate the possibility
of RNA degradation. However, the degradation machin-
ery for these intragenic transcripts has not been unam-
biguously defined, and mutants of RNA degradation
machineries like the exosome complex do not lead to ac-
cumulation of this transcript class (Supplemental Fig. S10;
Smolle and Workman 2013). Additionally, our discovery
of promoter-like motifs within the age-specific cryptic
genes in yeast and worms (Figs. 3G, 6D) further argues
for an initiation mechanism rather than degradation.
It is important to note that we did not analyze nonpo-

lyadenylated sense or antisense transcripts in our data
sets. It is known thatH3K36me3 represses a number of an-
tisense transcripts regulated by Spt6 and Set2 (DeGennaro
et al. 2013). We focused on the analysis of sense polyade-
nylated cryptic transcripts for the following two reasons.
(1) We believe that polyadenylated stable transcripts
could have long term effects on aging, and (2) the level
of antisense transcription is much lower than sense tran-
scription. However, we do not rule out the role of these
transcripts in life span regulation.
Taken together, the current evidence supports an epi-

genetic aging model encompassing the breakdown of
chromatin structure via the accumulation of activating
modifications, loss of repressing modifications, and re-
duction of nucleosome numbers to initiate a cascade of
spurious transcriptional events (including gene-internal
cryptic transcription) that promote the aging process. Giv-
en that cryptic transcription increases with age and many
mutants in the Set2/Rpd3S pathway have short life spans,

as shown here, it is important to consider the impact of
cryptic transcription in limiting life span. Cryptic tran-
scripts may (1) increase the amount of “junk” transcripts
in the cell, thus engaging the translation machinery in
fruitless activities; (2) be translated or mistranslated into
proteins thatmight be toxic, includingmisfolded proteins
that would elicit an unfolded protein response; and/or (3)
titrate important transcription factors, including Pol II
and general transcription factors, away from more appro-
priate genomic locations. In support of the first model,
overloading the cell with templates for translation entails
production and consumption of overly large amounts of
ATP, increasing the generation of reactive oxygen species
that can be detrimental to life span (Balaban et al. 2005). In
general, reduced translation has proven beneficial for lon-
gevity in multiple model systems (Johnson et al. 2013).
Finally, we found that cells lacking Rph1 maintain

higher H3K36me3 levels and have reduced levels of spuri-
ous cryptic transcripts with age, commensurate with a
30% extension of mean replicative life span. Similar ef-
fects on longevity have also been reported in worms fol-
lowing knockdown of Rph1 homolog jmjd-2 (Ni et al.
2012). Although, in higher eukaryotes, the Rph1 homolog
targets both H3K9 and H3K36, it is exciting to envision
the design of specific small molecule or other inhibitors
targeting H3K36 demethylation activity to ameliorate
age-associated human disease.

Materials and methods

Yeast strains

The yeast strains used in this study are listed in Supplemental
Table S1. Standard YPD medium was used in all experiments.

Purification of old yeast mother cells

Up to 4 × 108 replicatively aged yeast mother cells (20–25 genera-
tions old on average) were purified as described (Dang et al. 2014)
for the life span screen, RNA-seq, or ChIP-seq.

Yeast replicative life span assay

Life span assays were done bymicromanipulation under a dissec-
tion scope as described (Kaeberlein et al. 1999). Statistical signifi-
cance of life span differences were calculated by Wilcoxon rank
sum test.

Total RNA extraction from yeast, real-time qPCR,
and Northern blotting

Total RNA was extracted from frozen cell pellets using the Qia-
genRNeasy kit following the instructions, except that after resus-
pending in QIAzol lysis reagent, cells were subjected to bead
beating. Bead beating was performed with 1.0-mm-diameter zir-
conia/silica beads (BioSpec) four times, 1 min each time, with
2-min pauses on ice. On-column DNase I digestion was per-
formed to remove residual genomic DNA. RNA purity and con-
centration were estimated by Nanodrop. For qPCR, 1 µg of total
RNA was converted to cDNA using the high-capacity RNA to
cDNA kit (Applied Biosystems). A 1:100 dilution of cDNA was
then subjected to real-time PCR with genomic DNA standards
using Fast SYBR Green master mix (Applied Biosystems).
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To estimate rDNA copy number, a 1:100 dilution of ChIP input
DNA was used against genomic DNA standards to do qPCR. All
qPCR quantitation was done using the absolute (standard curve)
method.
Northern blotting was performed using a NorthernMax kit

(Life Technologies). Briefly, 10 µg of total RNA was subjected to
polyA selection using theDynabeadsmRNADirect kit (Ambion)
and loaded on a 1% formaldehyde agarose gel, blotted on a posi-
tively charged nylon membrane (Hybond N+, GE Healthcare),
UV cross-linked, and then probed with radiolabeled PCR prod-
ucts designed against the 5′ end of STE11 and the 3′ end of
STE11 and ACT1.

Worm strains, media, and aging

N2 (C. elegans variant Bristol) obtained from theCaenorhabditis
Genetics Center was used in the aging experiment. Worms were
staged by bleaching gravid adults and synchronized to L1 in the
M9 buffer. L1 worms were grown on NGM plates seeded with
OP50 Escherichia coli until L4, which corresponds to day 0,
when they were transferred to NGM plates supplemented with
100 µMFUdR and seededwithOP50. At days 1, 8, and 12 of adult-
hood, 500–1000 worms and 10,000 worms were washed in the
M9 buffer and collected for RNA-seq and ChIP experiments,
respectively.

Total RNA extraction from worms

Worms were lysed in QIAzol (Qiagen) by bead beating with 1.0-
mm-diameter zirconia/silica beads (BioSpec) four times, 1 min
each time,with 2-min pauses on ice. Total RNAwas then extract-
ed and purified with miRNeasy minikit (Qiagen).

High-throughput life span screen with the histone
H3/H4 mutant library

All strains from the Boeke histone H3/H4 mutant library were
pooled together with additional uniquely barcoded wild-type,
sir2Δ, and SIR2-OE strains. The pool of mutants was cultured
and subjected to four successive rounds of old mother sorting to
save∼108 old cells after sorts 2, 3, and 4 (S2O, S3O, and S4O). Pro-
gressively aged cells were indicated by the increasing number of
bud scar counts. Equivalent amounts of young cells after each
round of sorting (S1Y, S2Y, S3Y, and S4Y) as well as an aliquot pri-
or to aging and sorting (USC) were also saved. GenomicDNAwas
extracted from young and old fractions using standard methods
(Current Protocols in Molecular Biology), and the barcodes
UPTAG and DNTAG were quantified by either yeast barcode
microarray (Agilent) as described (Matecic et al. 2010) or next-
generation sequencing. To prepare next-generation sequencing
libraries, primers U1h-F1 (CCCTACACGACGCTCTTCCGAT
CTATGTCCACGAGGTCTCT) and U2h-R1 (GTGACTGGAG
TTCAGACGTGTGCTCTTCCGATCTCCTCGACCTGCAGC
GTA) were used to amplify UPTAG, and primers D1h-F1 (CCC
TACACGACGCTCTTCCGATCTCCCAGCTCGAATTCATC)
and D2h-R1 (GTGACTGGAGTTCAGACGTGTGCTCTTCC
GATCTCGGTGTCGGTCTCGTAG) were used for DNTAG.
All next-generation sequencing libraries were indexed and se-
quenced in 1/10 of a lane in HiSeq 2000 (Illumina). All data
were converted to fold change compared with USC and designat-
ed as relative enrichment. All mutant strains were ranged by S4O
relative enrichment. Both doubling time and replicative life span
may affect S4O relative enrichment. However, relative enrich-
ment changes of young fractions comparedwith the fraction prior
to the overnight culturing were affected only by doubling time.
Therefore, S1Y/USC, S3Y/S2O, S4Y/S3O values were used to

estimate relative enrichment effects caused by doubling time dif-
ference. This growth effect on S4O relative enrichment was con-
sidered only for mutants with an estimated doubling time 20%
different from that of the wild type. S2O and S3O relative enrich-
ment datawere used to filter outmutants that showed significant
variations. Longevity calls were based on S4O relative enrich-
ment after correcting for difference in doubling time and filtered
for variation outliers, with a cutoff at a standard deviation from
the mean of the log (S4O relative enrichment) values.

RNA-seq library preparation for quantifying cryptic transcripts

To generate libraries for RNA-seq, mRNAwas purified from 5 µg
of total RNA using the Dynabeads mRNA Direct kit (Ambion).
Since yeast genes are relatively short (average gene size ∼1.3
kb), we chose to fragment the mRNA to ∼40–50 bp rather than
the conventional 200- to 300-bp size using RNA fragmentation
reagents from Ambion. We believe that this gives better resolu-
tion over gene bodies to quantify 5′ and 3′ reads for estimation
of cryptic transcripts. To do this, the fragmented RNAwas phos-
phorylated by T4 PNK (New England Biolabs) and then size-se-
lected on a 15% polyacrylamide gel-containing urea. Following
size selection, the entire RNA was used as input in the TruSeq
small RNA sample preparation protocol (Illumina). Final size
selection of the amplified library was done using 6% polyacryl-
amide gels. For the sake of consistency, RNA-seq libraries from
worms were prepared using the same protocol. The quantity
and quality of the librarieswere assessed by BioAnalyzer (Agilent)
and qPCR (Kapa Biosystems). Eight multiplexed libraries were
pooled and sequenced on a single lane on the Illumina HiSeq or
NextSeq 500 platform.

ChIP and preparation of ChIP-seq libraries

ChIP was performed as described previously from 4 × 108 cells
(Dang et al. 2009). Briefly, cross-linked cells were lysed by bead
beating in FA lysis buffer (50 mM HEPES-KOH at pH 7.5, 500
mMNaCl, 1 mM EDTA, 0.1% Triton X-100), and the chromatin
was sheared using a Diagenode Bioruptor or Covaris Ultrasonica-
tor to achieve an average size of <500 bp. Equal aliquots of soni-
cated chromatin were used per immunoprecipitation reaction
(H3K4me3 [Abcam, ab8580], H3K36me3 [Active Motif, 61101],
and H3 [Abcam, ab1791]), and 10% of the amount was saved as
input. Immunoprecipitation was performed using protein A
Dynabeads (Life Technologies). ChIP-qPCR was performed
against standards made from a dilution series of an input DNA
mix. Enrichment was ascertained by calculating signal over
IgG. To ensure that we were getting H3K4me3 and H3K36me3
enrichment at 5′ ends and 3′ ends, respectively, ChIP-qPCR vali-
dation was performed with 5′ and 3′ end primer sets over long
genes before library preparation for ChIP-seq. Primer sequences
are available on request.
For ChIP-seq, 1 ng of DNA from immunoprecipitation and

input was used to prepare libraries using the Microplex library
preparation kit (Diagenode). Twelve multiplexed libraries were
sequenced in a single lane on the Illumina HiSeq or NextSeq
500 platform.

List of RNA-seq and ChIP-seq data sets
and computational methods

For a list of RNA-seq and ChIP-seq data sets and computa-
tional methods, see the Supplemental Material. The raw data
are available at http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?token=yhylgoigxrwtfuh&acc=GSE65767.
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