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Abstract Methylation of cytosines (5™C) is a widespread heritable DNA modification. During
mammalian development, two global demethylation events are followed by waves of de novo DNA
methylation. In vivo mechanisms of DNA methylation establishment are largely uncharacterized.
Here, we use Saccharomyces cerevisiae as a system lacking DNA methylation to define the chromatin
features influencing the activity of the murine DNMT3B. Our data demonstrate that DNMT3B and
H3K4 methylation are mutually exclusive and that DNMT3B is co-localized with H3K36 methylated
regions. In support of this observation, DNA methylation analysis in yeast strains without Set1 and
Set2 shows an increase of relative 5™°C levels at the transcription start site and a decrease in the
gene-body, respectively. We extend our observation to the murine male germline, where H3K4me3
is strongly anti-correlated while H3K36me3 correlates with accelerated DNA methylation. These
results show the importance of H3K36 methylation for gene-body DNA methylation in vivo.

DOI: 10.7554/eLife.06205.001

Introduction
In multicellular organisms, every cell type possesses the same genetic information, but manifests
a different phenotype. Chromatin plays a fundamental role in both the establishment and
maintenance of each cell’s state. Many players contribute to chromatin states, including nucleosome
organization, histone post-translational modifications, and non-coding RNAs (Chen and Dent, 2014,
Maze et al., 2014; Quinodoz and Guttman, 2014). Another mechanism for maintaining the state of
a cell through cell division is the methylation of cytosines at position 5 (5™°C), a widespread heritable
DNA modification found in prokaryotes, plants, several fungi, and animals (lyer et al., 2011).
In mammals, DNA methylation plays a fundamental role in processes such as imprinting, X-chromosome
inactivation, transposon inactivation, and gene expression regulation (Smith and Meissner, 2013).
Dysregulation of DNA methylation is a common feature in cancer (Eden et al., 2003; You and Jones,
2012) and a variety of human diseases are caused by defective imprinting (Peters, 2014).
Methylation is mainly found at symmetric CpG dinucleotides, where it is introduced by the de novo
DNA methyltransferases (DNMT3a and DNMT3b) and can be copied faithfully during DNA replication
by the activity of a ‘maintenance’ DNA methyltransferase, DNMT1 (Law and Jacobsen, 2010).
However, DNA methylation is not static throughout mammalian development. In fact, 5™°C can either
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elLife digest In animals and other multicellular organisms, there are many different types of cells
that each perform particular roles in the body. This is possible because the genetic information—
which is the same in all cells—is controlled so that only a subset of all the genes within an individual
cell are ‘switched on’ at a particular time.

Genetic information is contained within molecules of DNA, which are wrapped around proteins
called histones. The genes in regions of DNA where these histones are packed tightly together tend
to be switched off, while genes in regions of DNA that are loosely packed tend to be switched on.
The level of packaging is controlled by the addition of ‘methyl’ tags to the histone proteins.

These tags can also be added directly to the DNA in a process called DNA methylation. Enzymes
called methyltransferases add the tags to the DNA, which tends to switch off the gene. The locations
of the methyl tags can be copied when the DNA replicates before the cell divides so that the pattern
of DNA methylation can be passed on to its daughter cells. However, it is not clear how the
methyltransferases are able to target particular regions for methylation.

To address this question, Morselli et al. introduced a methyltransferase called DNMT3b into
yeast, a single-celled organism that does not normally add methyl tags to its DNA. The experiments
show that the activity of the enzyme is affected by the presence of methyl tags on certain histone
proteins. For example, a methyl tag at one particular site on a histone, called H3K4, prevents the
DNMT3b enzyme from adding methyl tags to DNA. However, a methyl tag at another site called
H3K36 promotes DNA methylation.

Morselli et al. found that these two histone sites had similar effects on DNA methylation in mouse
sperm cells. Morselli et al.’s findings may be useful in the future development of treatments for
cancer and other diseases that are caused by defects in DNA methylation.

DOI: 10.7554/elife.06205.002

be lost by a passive mechanism, such as the failure to maintain DNA methylation through cell division
or by an active mechanism such as the removal of methylcytosine, typically via an oxidized
intermediate (Pastor et al., 2013).

Demethylation and de novo methylation can occur in a locus-specific manner, typically in concert
with the activation or silencing of promoters or enhancers. However, global demethylation and de
novo methylation events can also occur during development (Pastor et al., 2013; Seisenberger et al.,
2013). For example, most DNA methylation is progressively lost between fertilization and the
formation of the blastula and global de novo DNA methylation then occurs coincidently with
implantation of the embryo. This de novo methylation event largely shapes the methylation pattern of
the animal, with additional changes occurring in somatic tissues, which contribute to cellular identity.
In the germline however, a second reprogramming event occurs. After specification of the germ cells,
most DNA methylation is lost during early primordial germ cell (PGCs) development. Unlike in early
embryogenesis, imprints are erased during this period. Genome-wide de novo methylation then
occurs before birth in the male germline and upon oocyte maturation in females (Smallwood et al.,
2011). This de novo methylation event establishes the imprints that are inherited in the next
generation.

Considering the importance of local and global de novo methylation events in imprinting, gene
regulation and cellular identity, it is important to understand how the de novo DNA methyltrans-
ferases are targeted to the correct genomic regions. DNMT3 proteins do not have strong sequence
preferences beyond CpG dinucleotides (Dodge et al., 2002). We therefore sought to determine
which factors are critical for the targeting of de novo DNA methyltransferases.

Active de novo DNA methyltransferases possess three different domains: the catalytic domain,
found at the C-terminus of the protein, an ADD domain and a PWWP domain (Figure 1A) (Law and
Jacobsen, 2010). In contrast, the inactive DNMT3L possesses only a functional ADD domain.
The ADD domains of all three DNMTs have been shown to preferentially bind histone 3 tails that lack
methylation at lysine 4 (H3K4meO) (Ooi et al., 2007; Zhang et al., 2010), and this binding has been
recently shown to relieve DNMT3a auto-inhibition (Guo et al., 2015). This is consistent with the
observation that genomic regions bearing H3K4 methylation are generally depleted of 5™°C
(Singh et al., 2013). The PWWP domain of several proteins has been shown to bind H3K36
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Figure 1. Distribution of induced DNA methylation in Saccharomyces cerevisiae. (A) Murine DNMT3 proteins with known domains: PWWP, ADD
(ATRX-DNMT3-DNMT3L), and C-5 methyltransferase domain (not functional in DNMT3L). Accession numbers: DNMT3a = O88508; DNMT3b = 0O88509;
DNMT3L = Q9CWR8. (B) Constructs used in this study. The empty vector (EV) is pYES2 (Life Technologies). DNMT3b expression is controlled by the GAL1
promoter. (C) Levels of 5meC in different dinucleotide contexts. The gray dotted line represents the unconversion rate. (D) Metagene plot of CpG
methylation in cells expressing DNMT3b during logarithmic and stationary phase. EV (strain not expressing DNMT3b). Exponential and stationary strains
1-6 are derived from the W303 strain, while stationary strains 7 and 8 are in a BY4741 background.

DOI: 10.7554/elife.06205.003

The following figure supplements are available for figure 1:

Figure supplement 1. Chromosome-wide view of DNA methylation and genomic features.
DOI: 10.7554/eLife.06205.004

Figure supplement 2. Distribution of 5meC around TSS and TTS.
DOI: 10.7554/elife.06205.005

methylation (Vermeulen et al., 2010), and indeed the DNMT3a-PWWP domain has also been shown
to interact with the tri-methylated lysine 36 of histone H3 (H3K36me3) in vitro (Dhayalan et al., 2010).
The importance of these histone-binding domains in targeting DNA methyltransferase activity in vivo
is still unclear. It is also possible that the PWWP domain’s primary function is to bind DNA and not
nucleosomes (Dhayalan et al., 2010). Recently, it has been reported that the PWWP domain is
important in specifying the localization of DNMT3b in mouse embryonic stem cells (Baubec et al.,
2015).
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While there has been extensive characterization of DNMT3 in vitro, a comprehensive analysis of the
mechanisms guiding the activity of a de novo DNMT in vivo is still incomplete. To address this
question, we introduced DNMT3b into an organism that has no endogenous DNA methylation
machinery, the budding yeast Saccharomyces cerevisiae, to study the chromatin components
affecting the activity of a mammalian de novo DNA methyltransferase. This system has several
advantages over the study of DNA methylation in mammalian cells. Yeast has conserved histone
sequences and many residues are modified at the same sites as those found in higher eukaryotes.
However, unlike mammalian cells, yeast cells can be easily manipulated and the small size of their
genome reduces costs associated with next-generation sequencing-based approaches. Moreover,
yeast has already been used to show the importance of the N-terminus of histone H3 in targeting the
DNA methylation complex (Hu et al., 2009).

Our data show that the chromatin template guides the activity of DNMT3b. DNMT3b preferentially
deposits methylation in linker DNA compared to nucleosomal DNA. Also, DNMT3b activity correlates
positively with H3K36me3 and negatively with H3K4me3. In fact, mutation of the H3K36
methyltransferase Set2 decreases DNA methylation over regions that would normally contain
H3K36me3. Thus the marks themselves, as opposed to genomic features that correlate with these
marks, are responsible for targeting DNA methylation. We also demonstrate that the pattern of H3K4
and H3K36 methylation in embryonic male germ cells accurately predicts which regions undergo de
novo methylation, indicating that the mechanism observed in yeast is conserved in mammals.

Results

Ectopically expressed DNMT3b methylates yeast genomic DNA

S. cerevisiae does not have any endogenous cytosine DNA methyltransferases, and its DNA is
therefore unmethylated. To study the activity of a de novo methyltransferase in this organism, we
introduced the murine DNMT3b under the control of the inducible GAL1 promoter (Figure 1B). We
measured the levels of 5-methylcytosine (5™°C) in these strains using whole genome bisulfite
sequencing (WGBS) (Supplementary file 1A). We observed significant levels of 5™°C of DNA
extracted from the exponentially growing and stationary phases of the same strain culture (Figure 1C
and Supplementary file 2A), with higher methylation levels observed in stationary phase. CpG
dinucleotides were preferentially methylated, as expected from the previously characterized activity
of mammalian DNMT3. The methylation levels of CpG dinucleotides range from 3.3 to 7.7%,
depending on the yeast strain analyzed. These levels are about 10-20 times higher than the average
of other dinucleotides levels (Supplementary file 2A), and well above the bisulfite non-conversion
rate of 0.27%, as estimated from an unmethylated lambda DNA spike-in.

Despite some level of variability, we observe methylation across the entire yeast genome
(Figure 1—figure supplement 1A,B). When mapping reads to the genome we only retain those that
map to a single position. As a result we do not obtain methylation estimates for regions that contain
repetitive sequences, such as the rRNA containing regions in chromosome XIl.

We also observed a striking methylation distribution within genes (Figure 1D), with low levels at
the transcription start site (TSS) and increasing methylation in the gene body, reaching a maximum
close to the transcription termination site (TTS). The same pattern is found in mammals (Lister et al.,
2009; Chodavarapu et al., 2010), suggesting that equivalent mechanisms regulating DNMT3 activity
in mammalian genes might also be present in yeast.

DNMT3b preferentially methylates linker DNA
In yeast, nucleosomes are well positioned at the beginning of a gene, with nucleosome-free regions
(NFRs) immediately upstream of the TSS and downstream of the TTS (Brogaard et al., 2012). When
average levels of 5™C are calculated around the TSS, we observed a periodicity of about 170 bp
(Figure 1—figure supplement 2). A similar periodicity is also observed at the TTS. This suggested
that nucleosomes might influence the activity of de novo DNMTs.

To address this question, we measured nucleosome positioning genome-wide using micrococcal
nuclease-digested chromatin and deep-sequencing (MNase-seq) (Supplementary file 1B and
Supplementary file 3A,B). We profiled the distribution of methylated cytosines at the TSS
(Figure 2A), TTS (Figure 2B), and around each nucleosome center (Figure 2C).
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Figure 2. Influence of nucleosome positioning on DNA methylation. Average distribution of nucleosomes and DNA methylation (CpG context) around
(A) Transcriptional Start Site (TSS), (B) Transcriptional Termination Site (TTS), and (C) nucleosome centers. (D) Meta-nucleosome plot of CpG methylation.

a.u. = Arbitrary units.
DOI: 10.7554/eLife.06205.006

The following figure supplement is available for figure 2:

Figure supplement 1. Differences in nucleosome occupancy between DNMT3b-expressing and non-expressing yeast strains.

DOI: 10.7554/elife.06205.007

From these analyses, it is evident that DNMT3b preferentially methylates non-nucleosomal DNA.
We observe a 50% increase in the methylation of linker DNA compared to nucleosome bound DNA
(Figure 2C). We also observe a slight 10 bp periodicity of methylated CpG (Figure 2D), another
feature shown in higher eukaryotes that reflects the periodicity of the DNA helix (Klug and Lutter,
1981).

Impact of DNA methylation on yeast nucleosome position and gene
expression
We considered the possibility that introducing 5™°C would alter nucleosome distribution or gene
expression in yeast. However, a comparison of DNMT3b-expressing and non-expressing strains
showed no detectable change in nucleosome positioning by MNase treatment near the TSS, TTS
(Figure 2—figure supplement 1A,B and Supplementary file 3C), or elsewhere in the genome.
RNA-seq analysis identified some differentially expressed genes (about 5% of the total number of
genes, with an equal number of up- and down-regulated transcripts) between the strain expressing
and non-expressing DNMT3b grown to stationary phase (Figure 3 and Supplementary file 1C and
Supplementary file 4A). The down-regulated genes showed enrichment for branched-chain
aminoacid biosynthesis genes, while the up-regulated ones were enriched in ribosomal biogenesis
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Figure 3. Differences in RNA expression between DNMT3b-expressing and non-expressing yeast strains.
The expression difference in RNA expression between DNMT3b and EV strains is plotted on the x axis, and false
discovery rate (FDR)-adjusted significance is plotted on the y-axis (~log2 scale). Upregulated and downregulated
RNAs shown in red and green, respectively. Significantly expressed RNAs have a fold change bigger than two with
a FDR smaller than 0.1.

DOI: 10.7554/eLife.06205.008

The following figure supplements are available for figure 3:

Figure supplement 1. DNA Methylation in up- and down-regulated genes.
DOI: 10.7554/eLife.06205.009

Figure supplement 2. DNA Methylation in ribosomal biogenesis genes.
DOI: 10.7554/eLife.06205.010

genes (Supplementary file 4B-F). However, these changes are likely due to stress response pathways
that are triggered by the overexpression of MmMDNMT3b, rather than by the changes in DNA
methylation itself. In support of this view, when the levels of CpG, CpHpG, and CpHpH methylation in
the up- and down-regulated genes were compared, no significant difference was evident
(Figure 3—figure supplement 1). Moreover, the methylation levels of the differentially transcribed
genes were not different from that of other members of the same Gene Ontology (GO) term
(Figure 3—figure supplement 2). Since DNA methylation machinery is not native in yeast, it is likely
that proteins able to recognize and mediate 5™°C effects are also absent.

DNMT3b activity is associated with specific histone tail modifications
We next sought to test whether the observed levels of 5™C could be explained by the underlying
distribution of specific histone tail modifications. To address this, we mapped the distribution of
DNMT3b and of specific histone residue modifications via ChIP-seq in both the DNMT3b-expressing
and wild type (wt) (non-expressing) strains (Supplementary file 1D).

We found that, as expected, DNMT3b co-localizes with methylated regions (Figure 4A). The
distribution of DNMT3b is also consistent with the distribution of DNA methylation across the gene
body (Figure 4—figure supplement 1). We also observed that DNMT3b and 5™¢C are strongly anti-
correlated with H3K4me3 and positively correlated with H3K36me3 (Figure 4B and Figure 4—figure
supplements 2-4). By examining the distribution of histone marks across gene bodies, we found that
H3K4me3 is concentrated at the promoter while H3K36me3 levels peak near the 3’ end of the gene
(Figure 4—figure supplement 1). These observations suggest that the ADD and PWWP domains of
DNMT3B play a role in targeting the activity of the enzyme. H3K4me1 shows a weak positive
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Figure 4. Correlation between histone marks and DNA methylation. (A) Genome-wide distribution of nucleosome, 5meC, DNMT3b, H3K36me3,
H3K4me1, H3K4me3, and RNA polymerase Il. (B) Spearman correlation coefficients between 5meC, histone marks, RNA polymerase I, DNMT3b

and mRNA average levels for protein coding genes. (C) Prediction of DNMT3b levels using DNA methylation, H3K4 and H3K36 trimethylation,

RNA polymerase Il and nucleosome distribution as predictors. The y-axis shows the adjusted R? value between the predicted linear model and
observed values.

DOI: 10.7554/elife.06205.011

The following figure supplements are available for figure 4:

Figure supplement 1. Metagene plot of ChIP sequencing in a DNMT3b-expressing strain.
DOI: 10.7554/elife.06205.012

Figure supplement 2. Relationship between transcription and 5meC or histone marks levels.
DOI: 10.7554/eLife.06205.013

Figure supplement 3. Relationship between DNA methylation and histone marks levels.
DOI: 10.7554/elife.06205.014

Figure 4. continued on next page
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Figure 4. Continued

Figure supplement 4. Relationship between H3K4me3 and 5meC or histone marks levels.
DOI: 10.7554/elife.06205.015

Figure supplement 5. 5meC levels prediction using chromatin marks.
DOI: 10.7554/elife.06205.016

correlation with both 5™C levels and DNMT3b. This might be due to the specific distribution of
H3K4me1 within the gene body, partially overlapping to the H3K36me3 modification (Figure 4A and
Figure 4—figure supplement 1).

5mC and DNMT3b distribution are also inversely correlated with gene transcription and Pol I
abundance (Figure 4B, Figure 4—figure supplements 2E-F, 3A). Both H3K4me3 and H3K36me3
correlate positively with transcription (Figure 4B, Figure 4—figure supplement 2C-D). Since yeast
genes are very small relative to mammalian genes, H3K4 methylation can spread well into the gene
body (Figure 4—figure supplement 2B-C) and limit the deposition of 5™C in highly transcribed
genes. In support of this observation, we find that a higher level of H3K4me3 in the last third of the
gene, is associated with a lower level of DNMT3b or 5™C (Figure 4—figure supplement 4).

To determine whether the methylation of H3K4 and H3K36 is sufficient to explain the observed
DNA methylation of our DNMT3b strains, we constructed a simple linear model of DNA methylation
based on our ChIP-seq data. We used linear multivariate regression to model whether the distribution
of one or a few histone marks, nucleosome positioning or RNA polymerase Il occupancy could predict
the levels of DNMT3b or 5™C (Figure 4C and Figure 4—figure supplement 5). Strikingly, we found
that H3K4me3 and H3K36me3 levels are sufficient to predict the distribution of both DNMT3b and
5meC with very high accuracy. The prediction could only be slightly improved by using additional data,
suggesting that H3K4me3 and H3K36me3 are the key factors in determining the targeting of DNA
methylation (Supplementary file 5).

Deletion of histone lysine methyltransferases affect DNA methylation
distribution

To determine whether H3K36me3 has a direct role in the recruitment/activity of DNMT3b in vivo, we
measured the DNA methylation distribution in three mutant strains: set1A, set2A, and dot1A
(Supplementary file 1E). In yeast, Set1 is responsible for the methylation of H3K4, Set2 is the
methyltransferase for H3K36, and Dot1 catalyzes the methylation of H3K79. We included the dot14
strain as a control, since we do not expect its activity to influence the binding of DNMT3b. If the
modification of H3K36 plays a role in DNMT3b activity we would expect a reduction in DNA
methylation levels in gene bodies, which are the primary H3K36me3 positive regions.

Due to an impact of the set mutations on global transcription, the levels of the induced DNMT3b
and the resulting DNA methylation were lower in deletion strains than the wt. Nonetheless, the
resulting 5™C levels were still significantly higher than background levels found in the wt strains
(Figure 5A and Supplementary file 2B). To account for the variations in global methylation levels we
adopted two types of normalization: the first normalized by the total amount of DNA methylation in
the sample and the second was based on the expression of DNMT3b measured via RT-gPCR
(Figure 5B and Figure 5—figure supplement 1). Both strategies gave similar results (data not shown).

As expected, we see no significant differences in 5™C distribution in dot14 strains compared to wt
(Figure 5B). In contrast, in the setlA strain, we found that regions close to the TSS, with high
H3K4me3 and low DNA methylation in a wt strain, contain methylation levels that are not significantly
different from other regions outside of the gene (Figure 5B,C). This suggests that H3K4 methylation
plays an active role in suppressing DNA methylation in the wt, and that this effect disappears in the
set14 strain (Figure 5D).

In a set2A strain, 5™°C levels are reduced over gene bodies compared to wt strains (Figure 5C).
Moreover, in this strain maximum levels of DNA methylation peak outside of the gene, where
H3K36me3 is not present (Figure 5B). Thus, in this mutant strain DNA methylation is redistributed
from gene bodies (H3K36me3-rich regions) to intergenic regions compared to the wt, suggesting that
H3K36me3 is responsible for recruitment of DNMT3B (Figure 5C,E).
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Figure 5. Effect of histone lysine methyltransferase deletions on the distribution of DNA methylation. (A) Metagene plot of CpG methylation in set14 and
set2A cells expressing DNMT3b. Differently from Figure 5B, 5meC levels are not normalized. Replicates of the same strain are represented as dotted
lines. Data from BY4741-derived strains. BY4741 = Wild type (wt); EV = Empty vector. (B) Metagene plot of CpG methylation in setl4, set2A, and dot14
cells expressing DNMT3b. set14, set2A are in a BY4741 background, while dot14 is in a W303 background. 5meC levels are normalized by DNMT3b
Figure 5. continued on next page
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expression measured by RT-gPCR. Two replicates for each strain are shown (solid and dotted line). (C) Metagene plots of CpG methylation ratio between

the mutant and its wt counterpart. Two replicates for each mutant strain are shown (solid and dotted line). Wt ratios (=1) are represented by the horizontal
dashed line (green or blue). (D) Boxplots showing levels of DNA methylation in the wt (left) and set14 strain (right) of 200-bp genome bins sorted into
deciles by H3K4me3 level. (E) Boxplots showing levels of DNA methylation in the wt (left) and set24 strain (right) of 200-bp genome bins sorted into
deciles by H3K36me3 level. The dashed red line represents background levels of DNA methylation due to incomplete bisulfite conversion (>99.7%).

DOI: 10.7554/elife.06205.017

The following figure supplement is available for figure 5:

Figure supplement 1. DNMT3b transcript levels in different yeast strains.

DOI: 10.7554/eLife.06205.018

Correspondence between H3K36me3 and early DNA methylation in
mammalian cells

To extend our findings in yeast, we sought evidence to determine whether H3K36me3 also promotes
de novo DNA methylation in mammals. The mouse germline is an excellent model for such studies. The
mouse germline is specified from the epiblast at E7.25 and then progressively loses DNA methylation
through subsequent rounds of cell division. By E13.5, almost all DNA methylation has been lost (Popp
et al., 2010; Seisenberger et al., 2012). In male germ cells, cell division halts, and the de novo
methyltransferases and their co-factor DNMT3L are expressed between E13.5 and birth, when the
genome undergoes global de novo DNA methylation (Seisenberger et al., 2012; Kobayashi et al.,
2013). Thus in this setting, DNA methyltransferases are introduced into hypomethylated cells, and are
therefore an ideal model to study the targeting of de novo DNA methylation.

We mapped DNA methylation in the male germline at E16.5, P2.5, and P10.5 (Supplementary file
1F) (Pastor et al., 2014), and obtained E13.5 DNA methylation data from published sources
(Seisenberger et al., 2012). Consistent with previous observations about the timing of de novo DNA
methylation in the developing mouse germline, global CpG methylation rises from 7% at E13.5 to 55%
at E16.5 and reaches at 75% by P2.5 (Figure 6A). Previous studies have shown that the entire male
germline genome is methylated by default, except for regions of H3K4 methylation such as TSSs which
antagonize de novo DNA methylation (Singh et al., 2013). However, charting the progression of DNA
methylation over time, it is apparent that there exist ‘early methylating’ regions that reach their final
methylation state by E16.5 and ‘late methylating’ regions that undergo substantial DNA methylation
between E16.5 and P2.5. We observed that heavily transcribed regions of chromosomes showed much
higher DNA methylation at E16.5 than less transcribed regions (Figure 6B). Furthermore, while the TSS
of active genes was unmethylated, gene bodies of actively transcribed genes were typically early-
methylators (Figure 6B,D). Thus, transcriptional initiation correlates negatively with de novo DNA
methylation while transcriptional elongation correlates positively with de novo methylation.

In light of the data from yeast, we considered that the trends noted above could be caused by the
underlying chromatin environment, with H3K4me3 antagonizing and H3K36me3 promoting de novo
DNA methylation. Since transcriptional elongation causes H3K36me3 deposition, we asked whether
the association of transcriptional read-through with DNA methylation could explain the observed
phenomenon. To test this hypothesis, we analyzed published H3K4me3 ChlIP-seq data (Lesch et al.,
2013) and performed H3K36me3 ChlP-seq on sorted germ cells of pooled E13.5 testis
(Supplementary file 1G). H3K4me3 at E13.5 correlates with low DNA methylation at all subsequent
time points (Figure 6D,E). Genes with high H3K36me3 levels at E13.5 showed significantly elevated
gene-body DNA methylation at E16.5, consistent with H3K36me3 accelerating DNA methylation
(Figure 6B,C,D,F). This trend was still apparent at P2.5 (Figure 6F). Thus, H3K36me3 appears to
direct DNA methylation in mammalian cells.

Discussion

Our study aimed to identify chromatin features that affect the activity of mammalian de novo DNMTs
in the establishment of DNA methylation. The expression of the murine DNMT3b in a host with no
detectable levels of 5°C led to the methylation of CpG dinucleotides at different levels depending on
the specific chromatin context. The presence of the H3K4me3 mark inhibits the activity of DNMT3b,
while H3K36me3 promotes DNA methylation. This suggests that the activity of DNMT3B is guided by
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Figure 6. H3K4me3 and H3K36me3 distribution predicts de novo DNA methylation pattern in male germline. (A) Genome-wide CG methylation levels
during murine development as measured by bisulfite sequencing. (B) RNA-seq, and ChIP read abundance and relative DNA methylation levels are plotted
across chromosome 14. Note the correspondence between RNA-seq and H3K36me3 ChIP levels and rapid DNA methylation between E13.5 and E16.5.
(C) Boxplots showing the difference of DNA methylation levels between E13.5 and E16.5 of 1 Mb genome bins sorted into deciles by H3K36me3 level.
(D) RNA-seq and ChlP read abundance and DNA methylation levels are plotted relative to transcriptionally active genes. The gene promoters contain
high H3K4me3 and are not methylated, while the gene bodies contain high H3K36me3 and are methylated rapidly. (E) Metaplots showing DNA
methylation level £1000 bp relative to the TSS of genes sorted into deciles by H3K4me3 level. (F) Metagene plots showing DNA methylation across gene
bodies sorted into deciles by H3K36me3 level.
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the interactions of the ADD and PWWP domains with histone tails. It has been recently shown (Baubec
et al., 2015) that in embryonic stem cells the PWWP domain is responsible for the targeting of DNMT3b
to regions enriched for the H3K36me3. Similarly to our finding in yeast, the reintroduction of DNMT3b
into methylation deficient DNMT1/DNMT3A/DNMT3B triple KO (TKO) ES cells partially restores 5mC
levels. Methylation levels are higher at H3K36me3 sites, a trend eliminated by the ablation of the
H3K36me3 methyltransferase Setd2 (Baubec et al., 2015). Our findings are in agreement with the
Baubec et al. observations, both in a system where other factors guiding DNA methylation are absent
(yeast), and during a period of biologically important de novo DNA methylation (germ cells).

In our yeast system, we detected an anti-correlation between transcript levels and DNA
methylation, while we found a positive correlation in germ cells as was shown in ES cells (Baubec
et al., 2015). According to our findings, the levels of DNA methylation are guided by the presence of
two transcription-dependent marks: H3K4 and H3K36 methylation. The discrepancy between the
findings in yeast and germ cells can be explained by the difference in the length of their genes. Yeast
genes are relatively small compared to genes in higher eukaryotes so, H3K4 methylation can spread
within the body of the gene, thus preventing the binding of the DNMT3-ADD domain to the
N-terminus of histone H3 and reducing its activity. In contrast, in mammals, H3K4me is localized to the
start of the gene, and does not spread significantly within the gene body. Hence, highly transcribed
genes in mammals show a strong enrichment of H3K4me3 around the TSS and H3K36me3 into the
gene-body, shaping their intragenic DNA methylation distribution.

The observation that transcriptional elongation is linked to DNA methylation has been noted in many
contexts in addition to male germ cells. In mature oocytes, which have intermediate global levels of CpG
methylation (~50%), similar to male E16.5 PGCs, actively transcribed gene bodies have far higher levels
of DNA methylation than less transcribed genes and intergenic regions (Smallwood et al., 2011;
Kobayashi et al., 2012). Also, in oocytes, intragenic CpG islands show far higher DNA methylation than
other CpG islands (Smallwood et al., 2011). Transcriptional read-through is a common feature of
maternally imprinted loci (Weaver and Bartolomei, 2014) and ablation of an upstream promoter
prevents proper methylation of the imprinted Gnas locus (Chotalia et al., 2009). In mammalian soma,
inactive X-chromosome shows higher promoter methylation, consistent with its silent state, but
markedly lower intragenic methylation (Hellman and Chess, 2007). Transcriptional elongation is also
correlated with DNA methylation in tumor cells (Jin et al., 2012). It has been suggested that
transcriptional read-through could ‘open’ chromatin for DNMTs, or that heterochromatin is physically
inaccessible to DNMTs. We suggest however that direct recruitment of DNMTs by H3K36me3 is the
most likely mechanism for the correlation between transcriptional read-through and DNA methylation.

H3K36me3 functions both to suppress intragenic transcriptional initiation through recruitment of
histone deacetylases, and to promote DNA methylation. These marks likely cooperate to induce
lasting silencing of transcriptional initiation at target loci (Figure 7, Figure 7—figure supplement 1).
Intragenic TSSs originating at transposons have the potential to generate truncated or transposon/
gene hybrid transcripts that could be deleterious to cell survival. H3K36me3 and DNA methylation
could cooperate to silence these transposons in the germline and other periods of de novo
methylation, and to maintain silencing through development. Moreover, where multiple TSSs exist for
a gene, as in many imprinted loci, H3K36me3-mediated DNA methylation may serve to ensure the
dominance of one promoter in a given cell type.

A number of H3K36 methyltransferases exist in mammals but only one, SETD2, can catalyze the
conversion of H3K36me2 to me3 (Wagner and Carpenter, 2012). Setd2~~ mice exhibit profound
vascular defects and die at E10.5-E11.5 (Hu et al., 2010), while Setd2~ are defective for
differentiation toward endoderm (Zhang et al., 2014). Setd2 is also a tumor suppressor mutated
frequently in leukemia (Zhu et al., 2014). It will be important to determine how loss of Setd2 affects
the distribution of DNA methylation in the germline and soma, and whether loss of Setd2 contributes
to aberrant methylation in cancer.

More broadly, targeting of DNMT enzymes by association with H3K36me3 could explain
methylation distribution across plants and animals. All catalytically active DNMT3-family methyl-
transferases in animals contain PWWP domains, and accordingly, gene body DNA methylation is
observed in all animals that have retained DNMT3 enzymes. Preferential methylation of gene bodies
over intergenic regions is observed for invertebrates such as honey bees (Apis mellifera), sea squirts
(Ciona intestinalis), sea anemones (Nematostella vectensis) (Zemach and Grafi, 2003; Feng et al.,
2010). While the relationship between relative gene expression and gene-body methylation varies
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Figure 7. Proposed model for de novo DNA methylation establishment. Model proposed for the targeting of DNMT3 during events of de novo 5meC
establishment after genome-wide erasure of DNA methylation. Our model suggests that the presence of transcription-dependent histone modifications,
such as H3K4me3 and H3K36me3, determines the activity of DNMT3b in vivo.

DOI: 10.7554/eLife.06205.020

The following figure supplement is available for figure 7:

Figure supplement 1. Factors affecting DNA methylation deposition.

DOI: 10.7554/eLife.06205.021

across these species, there is a strong correlation between gene-body H3K36me3 in Drosophila
melanogaster genes and DNA methylation of homologous gene bodies in other invertebrates (Nanty
et al., 2011). DNA methylation is also associated with gene bodies in zebrafish (Danio rerio) (Zemach
and Grafi, 2003) and in mammalian contexts as discussed above. Finally, some chlorophyte algae
have a ’‘chlorophyte-type cytosine methylase’, which evolved independently of DNMT3-family
methyltransferases, which is fused to two PWWP domains (lyer et al., 2011). Thus, H3K36me3 could
be relevant to DNA methylation targeting throughout the plant and animal kingdoms.

Materials and methods

Experimental methods

Yeast strains, plasmids, media and culture Conditions
All the plasmids, primers, and strains used in this study are listed in Supplementary file 6A,B. Murine
DNMT3b isoform 1 was amplified from the plasmid pCR-Blunt II-TOPO and subcloned into pYES2 (Life
Technologies, Carlsbad, CA) using Hindlll and BamHI. All the plasmids were introduced in yeast using the
standard Lithium Acetate Procedure (Gietz and Schiestl, 2007). Mutant yeast strains set1A and set2A were
kindly donated by the Kurdistani Lab (UCLA), while the dotTA strain (W303 background) was prepared
via PCR-mediated gene disruption (Wach, 1996) using primers listed in Supplementary file 6C.

All the yeast strains were grown at 30°C in SC + Galactose 2% without uracil (Sunrise Science, San
Diego, CA, cat 1652 and 1485-100) overnight. The next morning, cells were diluted to 0.3 ODggo/ml
and grown to mid-log phase (0.8—-1 ODggo/ml) or to stationary phase (5-6 ODggo/ml or for 24-30 hr).
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Yeast WGBS libraries preparation

DNA was collected from yeast cells according to Hoffman (2001) with minor changes. Briefly, about 5
ODygo of yeast cells were disrupted by vortexing for 6 min in a Disruptor Genie (Scientific Industries,
Inc., Bohemia, NY) in the presence of an equal volume of breaking buffer, acid-washed glass beads and
phenol:chloroform (1:1). After the addition of TE buffer, aqueous phase is transferred into a new tube
and precipitated with ethanol. The nucleic acid pellet is resuspended in TE buffer and treated for 1 hr at
37°C with RNaseA, followed by incubation for 1 hr with 2 mg/ml proteinase K in the presence of 1% SDS
at 60°C. The resulting solution is treated twice with phenol:chloroform (1:1), once with chloroform and
ethanol precipitated. The DNA pellet is resuspended in EB buffer (Qiagen, Valencia, CA). Between 500
and 1000 ng of extracted yeast DNA is added to 2 ng of A unmethylated DNA (Promega, Madison, WI,
D1521) and the mixture is sonicated with a Covaris S-2 to obtain fragments in the 200-300 bp range
(Total time: 6 min; Duty cycle: 10%,; Intensity: 5; Cycles/Burst: 200; Mode: Frequency sweeping). The
reagents used in the library preparation are from the lllumina TruSeq DNA Sample Prep kit v2 (lllumina,
San Diego, CA). End-Repair, purification and dA-tailing steps are performed according to
manufacturer’s instructions. Ligation is performed according to the protocol except that 1 ul of
lllumina TruSeq Adapters is used in the final reaction. The ligation reaction is purified using 1.2 vol of
AMPure XP beads (Beckman Coulter Inc. Indianapolis, IN,) and DNA fragments with a 170-350 bp
range are enriched using 0.7 and 0.3 vol of AMPure XP beads in the first and second size-selection step,
respectively. Samples are treated with bisulfite (EpiTect kit, QIAGEN) according to manufacturer’s
protocol, except that two consecutive rounds of conversion are performed, for a total of 10 hr of
incubation. Half of the converted DNA is amplified using MyTaqg Mix (Bioline, Taunton, MA,) and
lllumina TruSeq PCR Primer Cocktail according to the following protocol: initial denaturation at 98°C for
30's; 12 cycles of 98°C for 15 s, 60°C for 30 s, 72°C for 30 s; final extension at 72°C for 5 min. The final
product is purified using AMPure XP beads before being submitted for sequencing. Libraries were
sequenced with an lllumina HiSeq 2000 system using 50 bp or 100 bp single-end reads.

Yeast MNase-seq libraries preparation

Nucleosome mapping has been performed according to Rando (2010) with minor modifications.
Stationary phase yeast culture (6 OD/ml) is cross-linked with 1% formaldehyde for 20 min with
occasional rotation at room temperature. The reaction is quenched with glycine for 5 min at room
temperature. About 60 OD of yeast cells are washed twice with PBS buffer and then resuspended in
2 ml of Z buffer (1 M sorbitol, 50 mM Tris-HCI pH 7.4 with freshly added 10 mM B-mercaptoethanol)
containing 3.6 mg of Zymolyase-20T (from Arthrobacter luteus, AMS Biotechnology, Cambridge,
MA,) and incubated at 37°C in agitation. After 45 min the same amount of Zymolyase is added and
each sample which is incubated for an additional 45 min at 37°C in agitation. Spheroplasts are then
pelleted by centrifugation for 5 min at 4°C at 1500 g. The pellet is washed once with NP-buffer, then
resuspended in 1.6 ml of NP-buffer and divided in three tubes. An increasing amount of MNase
(Sigma, N3755, St. Louis, MO,) is added to each tube: 0.25 U, 0.5 U, and 1 U. After incubation for 20
min at 37°C, each reaction is stopped by the addition of SDS and EDTA to a final concentration of 1%
and 10 mM, respectively. The reaction is then treated with 0.2 mg/mg of proteinase K (NEB, Ipswich,
MA\) at 65°C overnight. The sample is then purified with two rounds of phenol:chloroform (1:1) and the
aqueous solution precipitated. The resuspended DNA pellet is treated for 1 hr with RNase A at 37°C.
For the naked DNA digestion, 200 ng of extracted DNA is incubated at 37°C with 0.01 U of MNase.
After 7 min the reaction is stopped as described before. Both naked and RNaseA-treated nucleosomal
DNAs are then purified using 1.8 vol of AMPure XP beads and the libraries prepared using NEBNext
DNA Library Prep Master Mix Set for lllumina (NEB, E6040S) with few modifications of the
manufacturer’s protocol. Only the digestion pattern obtained with 0.5 U of MNase was used for the
library preparation. The DNA is end-repaired (in half of the suggested volume), dA-tailed, and 1 pl of
lllumina TruSeq Adapters is added to a 40 pl ligation reaction. Purification after each step is
performed using AMPure XP beads according to the protocol. The size selection step is carried out
with 0.8x of AMPure beads in the first step and 0.2x of AMPure XP beads in the second step. Half of
the DNA is amplified using lllumina PCR Master Mix and Illumina TruSeq PCR Primer Cocktail (TruSeq
DNA Sample Prep kit v2) with the following protocol: initial denaturation at 98°C for 30's; 12 cycles of
98°C for 15's, 60°C for 30 s, 72°C for 30 s; final extension at 72°C for 5 min. The final product is purified
using AMPure XP beads before being submitted for sequencing. Libraries were sequenced with an
lllumina HiSeq 2000 system using 50 bp single-end reads.
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Yeast RNA-seq libraries preparation

RNA was collected from 5 OD of yeast cells (Collart and Oliviero, 2001). Approximately 500-1000 ng
of extracted yeast RNA are used to prepare RNA-seq libraries using lllumina TruSeq mRNA Library
Prep Kit v2 according to manufacturer’s instructions. Libraries were sequenced with an Illlumina HiSeq
2000 system using 50 bp single-end reads.

RT-gPCR

Quantitative RT-PCR was used to determine the relative expression of DNMT3b in wild-type and
mutant yeast strains. Briefly, 1 pg of total RNA was subject to polyA enrichment using TruSeq
oligo-dT magnetic beads (part # 15026778, lllumina) and reverse transcribed using SuperScript Il|
(cat # 18080-044, Life Technologies) according to manufacturer’s instruction. An equal amount
of ¢cDNA was used for each gqPCR reaction, using primers listed in Supplementary file 6C.
Murine DNMT3b expression levels were normalized to TDH1 levels and the relative expression
between the wild-type and each mutant was calculated using the AACt method (Schmittgen and
Livak, 2008).

Yeast ChlIP-seq libraries preparation

Chromatin immunoprecipitation experiments were conducted according to Kitada et al. (2012), with
minor modifications. Briefly, 50 OD of yeast cells are crosslinked using 1% formaldehyde for 15 min at
room temperature and quenched with glycine 125 mM for 5 min at room temperature. After two washes
with ice-cold PBS, the cells are resuspended in yeast lysis buffer (with 140 mM NaCl for DNMT3b and
RNApolll or 500 mM NaCl for histone post-translational modifications) and the same volume of acid-
washed glass beads. We disrupted the cells by vortexing for 5 min in a Disruptor Genie at 4°C and
incubating in iced-water for 2 min. We repeated the cycle for an additional 5 times. We collected the
lysate by centrifugation after creating a hole on the bottom of the tube with a 25-G needle. We
transferred a fraction of the lysate into a microTube (AFA filter—Covaris, Woburn, MA) and proceeded
with the sonication using the Covaris S2 system according to the following parameters: 14 cycles of 30 s
ON, 30 s OFF; Duty cycle = 5%; Intensity = 5%; Cycles/Burst = 200. The sonicated lysate is clarified via
centrifugation and 50 ul of the supernatant is incubated overnight at 4°C with a specific antibody
(Supplementary file 6D). 10 pl of the clarified lysate is used as input control. The next day,
immunoprecipitations are incubated 2 hr at 4°C with Protein A Dynabeads (Life Technologies). Each wash
is performed twice in the following order: low-salt buffer (50 mM HEPES pH 7.5, SDS 0.1%, 1% Triton
X-100, 0.1% Deoxycholate, 1 mM EDTA, 140 mM NaCl), high salt buffer (50 mM HEPES pH 7.5, SDS
0.1%, 1% Triton X-100, 0.1% Deoxycholate, 1 mM EDTA, 500 mM NaCl), LiCl buffer (10 mM Tris-HCI pH
8, 250 mM LiCl, 5 mM EDTA, 1% Triton-X, 0.5% NP-40), TE buffer (100 mM Tris-HCl pH 8, 10 mM EDTA).
Elution is performed at 65°C with TE/SDS buffer (100 mM Tris-HCI pH 8, 10 mM EDTA, 1% SDS). Tubes
containing the eluted immunoprecipitations and input controls (additioned of TE/SDS buffer) are
incubated overnight at 65°C to reverse the cross-links. RNase treatment is performed at 37°C for 1 hr,
followed by a proteinase K treatment for 1 hr at 60°C. Each reaction is then purified using 1.8 vol of
AMPure XP beads according to manufacturer’s instructions. Libraries were prepared with Ovation
Ultralow DR kit (Nugen Technologies, San Carlos, CA) starting from 1 ng of purified DNA according to
the protocol. Libraries were sequenced with an lllumina HiSeq 2000 system using 50 bp single-end reads.

Mice

Mice homozygous for a characterized Oct4-IRES-GFP allele (Wernig et al., 2007) were used for
murine H3K36me3 ChIP. Embryonic male germ cells express the GFP marker and can be sorted
efficiently (Vincent et al., 2011; Pastor et al., 2014).

Bisulfite sequencing and RNA-seq data (mouse)
Whole genome bisulfite sequencing data from sorted E16.5, P2.5, and P10.5 germ cells was
generated as part of a parallel project studying the transposon silencer Morc1 (Pastor et al., 2014),
with the data from the phenotypically normal Morc1*~ controls from that study serving as
methylomes in this study. Briefly, germ cells from between three to five male mice at each time
point were harvested and libraries generated, and reads from these libraries were pooled. E13.5
bisulfite sequencing data were taken from replicate two of (Seisenberger et al., 2012). Genome-wide
bisulfite sequencing average coverage was 5.36 (E13.5), 14.57 (E16.5), and 8.52 (P2.5).

RNA-seq data from two E16.5 Morc1*~ controls from (Pastor et al., 2014) were also used in this study.
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Mouse germ cells purification for ChIP

Collection of embryonic testes was performed following institutional approval for appropriate care
and use of laboratory animals, according to published protocols (Pastor et al., 2014). Pregnant
females were euthanized using CO; and the embryos removed from the womb and stored on a 10 cm
dish filled with chilled 1x PBS. Testicles were removed from the embryos, placed in an individual 15 ml
falcon tube with 3 ml of 0.25% Trypsin with 3 pl of DNAse | 1 U/1 pl (Life Technologies). Testes were
incubated for 15 min at 37°C. After incubation the cells were agitated into suspension gently by
pipetting. The trypsin was then quenched using 5 ml DMEM/10% FBS (Life Technologies). The cells
were centrifuged at 278 g for 5 min and resuspended in 500 pl FACS buffer (1x PBS 1% BSA). 7-AAD
was added at a 1:50 dilution (BD Biosciences, San Jose, CA) and the cells strained through BD FACS
tubes (Corning, Union City, CA) before analysis. GFP positive cells were sorted for ChlP.

Mouse ChlP-seq
The ChIP-seq protocol was adapted from published sources (Ng et al., 2013; Pastor et al., 2014).

FACS sorted cells from four male, E13.5 embryos were diluted to 292 ul with room temperature 1x
PBS. 8.11 pl 37% Formaldehyde (Sigma) was added and the sample was incubated 10 min at room
temperature with rocking. 48.8 pl of 1 M glycine was then added to yield a final concentration of
0.14 M and the samples were quenched 30 min with rocking. Cells were then spun 425 g for 10 min at
RT. The cell pellet was flash frozen.

After thawing, the cells were resuspended in 300 pl Lysis buffer (50 mM Tris-Cl pH 8.0, 20 mM
EDTA pH 8.0, 0.1% SDS, 1x Complete Protease Inhibitor [Roche]) and incubated on ice 10 min.
Samples were then sonicated by Covaris S2 (Intensity 5, cycles/burst = 200, duty cycle = 5%, 10 x 30 s
on 30 s off sonication). Samples were spun 14000 g 10 min to remove insoluble material. The soluble
sample was diluted to 600 pl with dilution buffer (16.7 mM Tris pH 8, 0.01% SDS, 1.1% Triton X-100,
1.2 mM EDTA, 167 mM NaCl) and 10% of material was saved as input. Sample was precleared with
30 pl Protein A Dynabeads (Life Technologies) and preincubated 1 hr. The cleared material was
incubated with 1 pl L anti-H3K36me3 antibody (Abcam Ab9050) overnight.

The samples were incubated with 30 pl Protein A Dynabeads and the precipitated material was
recovered with a magnet. The beads were washed 2 x 4 min with Buffer A (50 mM HEPES pH 7.9, 1%
Triton X-100, 0.1% Deoxycholate, 1 mM EDTA, 140 mM NaCl), 2 x 4 min with Buffer B (50 mM HEPES
pH 7.9, 0.1% SDS, 1% Triton X-100, 0.1% Deoxycholate, T mM EDTA, 500 mM NaCl) and 2 x 4 min
with 10 mM Tris/1T mM EDTA. Bound material was eluted with 100 pl Elution buffer (50 mM Tris pH
8.0, 1 mM EDTA, 1% SDS) at 65°C for 10 min and then eluted a second time with 150 pl elution buffer.

The input samples were thawed and diluted with 200 pl buffer. Crosslinking of ChIP and input samples
was reversed by incubating 16 hr at 65°C. Samples were cooled and treated with 1.5 pl of 10 mg/ml RNaseA
(PureLink RNAse A, Invitrogen #12091-021) for 30 min at 37°C. 100 pg of Proteinase K was then added and
the samples treated for 2 hr at 56°C. The samples were then purified using a Qiagen MinElute kit.

Samples were amplified by a SeqPlex DNA Amplification kit (Sigma) and then converted to libraries
using an Ovation Rapid Library kit.

Data processing and analysis

Bisulfite sequencing

Reads from bisulfite-treated yeast and mouse genomic DNA (Seisenberger et al., 2012, Pastor et al.,
2014) were aligned using BS-Seeker2 v2.0.3 (Guo et al., 2013) against the sacCer3 and mm9 genome
assembilies, respectively. Up to four mismatches were allowed and bowtie (v0.12.8) was specified as
the aligner. Methylation was called using default parameters of BS-Seeker2.

MNase-sequencing

Reads from both naked and nucleosomal DNA sequencing were aligned using bowtie v0.12.8 (Langmead
et al., 2009) against the sacCer3 genome assembly, allowing up to two mismatches. Nucleosome calling
was performed using DANPOS v2.1.3 (Chen et al., 2013) subtracting the naked DNA-derived reads from
the nucleosomal reads and using the ‘-k1 -e1’ parameters (Supplementary files 1B, 4).

RNA sequencing

RNAseq reads from mouse germ cells (Pastor et al., 2014) and yeast were aligned against the mm9
and sacCer3 genome assemblies using STAR v2.3.1 (Dobin et al., 2013) with the following
parameters: —outFilterMismatchNoverLmax 0.04 —outFilterMultimapNmax 1.
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Differential expression was performed using the DEseq package (Anders and Huber, 2010) in
R-Bioconductor. Differentially expressed genes are defined as having more than twofold difference in
the level of the corresponding RNA and a false discovery rate (p-adj) smaller than 0.1.

GO term enrichment for upregulated and dowregulated genes in the DNMT3b-expressing
compared to the EV was performed using the Gene Ontology Term Finder tool on the Sccharomyces
Genome Database website (http://www.yeastgenome.org/cgi-bin/GO/goTermFinder.pl). RPKM
values were calculated using rpkmforgenes.py (available at http://sandberg.cmb.ki.se/media/data/
rnaseq/rpkmforgenes.py) specifying the following options: -fulltranscript -nocollapse -rmnameoverlap
—allmapnorm (Supplementary file 4).

ChIP sequencing

Reads from yeast and mouse (this study and [Lesch et al., 2013]) were first mapped against the yeast
(sacCer3) and mouse (mm9) genome, respectively, using bowtie v0.12.8 (Langmead et al., 2009),
then aligned reads were processed according to Ferrari et al. (2012).

Linear model of methylation

The yeast genome was divided in 200-bp bins and log-transformed average levels of each feature calculated
for each bin. The model was built using simple linear regression Im() function in R and the resulting
prediction correlated (Pearson) with the observed values for both 5™C levels and DNMT3b occupancy.

Data access
Data can be accessed at GEO (Gene Expression Omnibus) under the accession GSE6691.
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reprogramming in mouse Archive (ERP001953).

primordial germ cells

Pastor W, et al., 2014 MORCT1 represses

transposable elements in
the mouse male germline

http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?
acc=GSE63048

Publicly available at the
NCBI Gene Expression
Omnibus (GSE63048).

References

Anders S, Huber W. 2010. Differential expression analysis for sequence count data. Genome Biology 11:R106.
doi: 10.1186/gb-2010-11-10-r106.

Baubec T, Colombo DF, Wirbelauer C, Schmidt J, Burger L, Krebs AR, Akalin A, Schiibeler D. 2015. Genomic
profiling of DNA methyltransferases reveals a role for DNMT3B in genic methylation. Nature 520:243-247.
doi: 10.1038/nature14176.

Morselli et al. eLife 2015;4:e06205. DOI: 10.7554/¢eLife.06205 18 of 21


http://dx.doi.org/10.7554/eLife.06205.022
http://dx.doi.org/10.7554/eLife.06205.023
http://dx.doi.org/10.7554/eLife.06205.024
http://dx.doi.org/10.7554/eLife.06205.025
http://dx.doi.org/10.7554/eLife.06205.026
http://dx.doi.org/10.7554/eLife.06205.027
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=anmpigiuppmnfeh&acc=GSE66911
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=anmpigiuppmnfeh&acc=GSE66911
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=anmpigiuppmnfeh&acc=GSE66911
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=anmpigiuppmnfeh&acc=GSE66911
http://www.ebi.ac.uk/ena/data/view/ERP001953
http://www.ebi.ac.uk/ena/data/view/ERP001953
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63048
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63048
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63048
http://dx.doi.org/10.1186/gb-2010-11-10-r106
http://dx.doi.org/10.1038/nature14176
http://dx.doi.org/10.7554/eLife.06205

LI FE Research article Developmental biology and stem cells | Genomics and evolutionary biology

Brogaard K, Xi L, Wang JP, Widom J. 2012. A map of nucleosome positions in yeast at base-pair resolution. Nature
486:496-501. doi: 10.1038/nature11142.

Chen K, XiY, Pan X, Li Z, Kaestner K, Tyler J, Dent S, He X, Li W. 2013. DANPOS: dynamic analysis of nucleosome
position and occupancy by sequencing. Genome Research 23:341-351. doi: 10.1101/gr.142067.112.

Chen T, Dent SY. 2014. Chromatin modifiers and remodellers: regulators of cellular differentiation. Nature Reviews
Genetics 15:93-106. doi: 10.1038/nrg3607.

Chodavarapu RK, Feng S, Bernatavichute YV, Chen PY, Stroud H, Yu Y, Hetzel JA, Kuo F, Kim J, Cokus SJ, Casero D,
Bernal M, Huijser P, Clark AT, Kramer U, Merchant SS, Zhang X, Jacobsen SE, Pellegrini M. 2010. Relationship
between nucleosome positioning and DNA methylation. Nature 466:388-392. doi: 10.1038/nature09147.

Chotalia M, Smallwood SA, Ruf N, Dawson C, Lucifero D, Frontera M, James K, Dean W, Kelsey G. 2009.
Transcription is required for establishment of germline methylation marks at imprinted genes. Genes &
Development 23:105-117. doi: 10.1101/gad.495809.

Collart MA, Oliviero S. 2001. Preparation of yeast RNA. Current Protocols in Molecular Biology. Chapter 13,
Unit13.12. doi: 10.1002/0471142727.mb1312s23.

Dhayalan A, Rajavelu A, Rathert P, Tamas R, Jurkowska RZ, Ragozin S, Jeltsch A. 2010. The Dnmt3a PWWP domain
reads histone 3 lysine 36 trimethylation and guides DNA methylation. The Journal of Biological Chemistry 285:
26114-26120. doi: 10.1074/jbc.M109.089433.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR. 2013. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics 29:15-21. doi: 10.1093/bioinformatics/bts635.

Dodge JE, Ramsahoye BH, Wo ZG, Okano M, Li E. 2002. De novo methylation of MMLV provirus in embryonic
stem cells: CpG versus non-CpG methylation. Gene 289:41-48. doi: 10.1016/50378-1119(02)00469-9.

Eden A, Gaudet F, Waghmare A, Jaenisch R. 2003. Chromosomal instability and tumors promoted by DNA
hypomethylation. Science 300:455. doi: 10.1126/science.1083557.

Feng S, Cokus SJ, Zhang X, Chen PY, Bostick M, Goll MG, Hetzel J, Jain J, Strauss SH, Halpern ME, Ukomadu C,
Sadler KC, Pradhan S, Pellegrini M, Jacobsen SE. 2010. Conservation and divergence of methylation patterning
in plants and animals. Proceedings of the National Academy of Sciences of USA 107:8689-8694. doi: 10.1073/
pnas.1002720107.

Ferrari R, Su T, Li B, Bonora G, Oberai A, Chan Y, Sasidharan R, Berk AJ, Pellegrini M, Kurdistani SK. 2012.
Reorganization of the host epigenome by a viral oncogene. Genome Research 22:1212-1221. doi: 10.1101/gr.
132308.111.

Gietz RD, Schiestl RH. 2007. High-efficiency yeast transformation using the LiAc/SS carrier DNA/PEG method.
Nature Protocols 2:31-34. doi: 10.1038/nprot.2007.13.

Guo W, Fiziev P, Yan W, Cokus S, Sun X, Zhang MQ, Chen PY, Pellegrini M. 2013. BS-Seeker2: a versatile aligning
pipeline for bisulfite sequencing data. BMC Genomics 14:774. doi: 10.1186/1471-2164-14-774.

Guo X, Wang L, Li J, Ding Z, Xiao J, Yin X, He S, Shi P, Dong L, Li G, Tian C, Wang J, Cong Y, Xu Y. 2015. Structural
insight into autoinhibition and histone H3-induced activation of DNMT3A. Nature 517:640-644. doi: 10.1038/
nature13899.

Hellman A, Chess A. 2007. Gene body-specific methylation on the active X chromosome. Science 315:1141-1143.
doi: 10.1126/science.1136352.

Hoffman CS. 2001. Preparation of yeast DNA. Current Protocols in Molecular Biology. Chapter 13, Unit13.11.
doi: 10.1002/0471142727.mb1311s39.

Hu JL, Zhou BO, Zhang RR, Zhang KL, Zhou JQ, Xu GL. 2009. The N-terminus of histone H3 is required for de novo
DNA methylation in chromatin. Proceedings of the National Academy of Sciences of USA 106:22187-22192.
doi: 10.1073/pnas.0905767106.

Hu M, Sun XJ, Zhang YL, Kuang Y, Hu CQ, Wu WL, Shen SH, Du TT, Li H, He F, Xiao HS, Wang ZG, Liu TX, Lu H,
Huang QH, Chen SJ, Chen Z. 2010. Histone H3 lysine 36 methyltransferase Hypb/Setd2 is required for embryonic
vascular remodeling. Proceedings of the National Academy of Sciences of USA 107:2956-2961. doi: 10.1073/
pnas.0915033107.

lyer LM, Abhiman S, Aravind L. 2011. Natural history of eukaryotic DNA methylation systems. Progress in
Molecular Biology and Translational Science 101:25-104. doi: 10.1016/B978-0-12-387685-0.00002-0.

Jin B, Ernst J, Tiedemann RL, Xu H, Sureshchandra S, Kellis M, Dalton S, Liu C, Choi JH, Robertson KD. 2012.
Linking DNA methyltransferases to epigenetic marks and nucleosome structure genome-wide in human tumor
cells. Cell Reports 2:1411-1424. doi: 10.1016/j.celrep.2012.10.017.

Kitada T, Kuryan BG, Tran NN, Song C, Xue Y, Carey M, Grunstein M. 2012. Mechanism for epigenetic variegation
of gene expression at yeast telomeric heterochromatin. Genes & Development 26:2443-2455. doi: 10.1101/gad.
201095.112.

Klug A, Lutter LC. 1981. The helical periodicity of DNA on the nucleosome. Nucleic Acids Research 9:4267-4283.
doi: 10.1093/nar/9.17.4267.

Kobayashi H, Sakurai T, Imai M, Takahashi N, Fukuda A, Yayoi O, Sato S, Nakabayashi K, Hata K, Sotomaru
Y, Suzuki 'Y, Kono T. 2012. Contribution of intragenic DNA methylation in mouse gametic DNA methylomes
to establish oocyte-specific heritable marks. PLOS Genetics 8:1002440. doi: 10.1371/journal.pgen.
1002440.

Kobayashi H, Sakurai T, Miura F, Imai M, Mochiduki K, Yanagisawa E, Sakashita A, Wakai T, Suzuki Y, Ito T,
Matsui Y, Kono T. 2013. High-resolution DNA methylome analysis of primordial germ cells identifies gender-
specific reprogramming in mice. Genome Research 23:616-627. doi: 10.1101/gr.148023.112.

Langmead B, Trapnell C, Pop M, Salzberg SL. 2009. Ultrafast and memory-efficient alignment of short DNA
sequences to the human genome. Genome Biology 10:R25. doi: 10.1186/gb-2009-10-3-r25.

Morselli et al. eLife 2015;4:e06205. DOI: 10.7554/¢eLife.06205 19 of 21


http://dx.doi.org/10.1038/nature11142
http://dx.doi.org/10.1101/gr.142067.112
http://dx.doi.org/10.1038/nrg3607
http://dx.doi.org/10.1038/nature09147
http://dx.doi.org/10.1101/gad.495809
http://dx.doi.org/10.1002/0471142727.mb1312s23
http://dx.doi.org/10.1074/jbc.M109.089433
http://dx.doi.org/10.1093/bioinformatics/bts635
http://dx.doi.org/10.1016/S0378-1119(02)00469-9
http://dx.doi.org/10.1126/science.1083557
http://dx.doi.org/10.1073/pnas.1002720107
http://dx.doi.org/10.1073/pnas.1002720107
http://dx.doi.org/10.1101/gr.132308.111
http://dx.doi.org/10.1101/gr.132308.111
http://dx.doi.org/10.1038/nprot.2007.13
http://dx.doi.org/10.1186/1471-2164-14-774
http://dx.doi.org/10.1038/nature13899
http://dx.doi.org/10.1038/nature13899
http://dx.doi.org/10.1126/science.1136352
http://dx.doi.org/10.1002/0471142727.mb1311s39
http://dx.doi.org/10.1073/pnas.0905767106
http://dx.doi.org/10.1073/pnas.0915033107
http://dx.doi.org/10.1073/pnas.0915033107
http://dx.doi.org/10.1016/B978-0-12-387685-0.00002-0
http://dx.doi.org/10.1016/j.celrep.2012.10.017
http://dx.doi.org/10.1101/gad.201095.112
http://dx.doi.org/10.1101/gad.201095.112
http://dx.doi.org/10.1093/nar/9.17.4267
http://dx.doi.org/10.1371/journal.pgen.1002440
http://dx.doi.org/10.1371/journal.pgen.1002440
http://dx.doi.org/10.1101/gr.148023.112
http://dx.doi.org/10.1186/gb-2009-10-3-r25
http://dx.doi.org/10.7554/eLife.06205

LI FE Research article Developmental biology and stem cells | Genomics and evolutionary biology

Law JA, Jacobsen SE. 2010. Establishing, maintaining and modifying DNA methylation patterns in plants and
animals. Nature Reviews Genetics 11:204-220. doi: 10.1038/nrg2719.

Lesch BJ, Dokshin GA, Young RA, Mccarrey JR, Page DC. 2013. A set of genes critical to development is
epigenetically poised in mouse germ cells from fetal stages through completion of meiosis. Proceedings of the
National Academy of Sciences of USA 110:16061-16066. doi: 10.1073/pnas.1315204110.

Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery JR, Lee L, Ye Z, Ngo QM, Edsall L,
Antosiewicz-Bourget J, Stewart R, Ruotti V, Millar AH, Thomson JA, Ren B, Ecker JR. 2009. Human DNA
methylomes at base resolution show widespread epigenomic differences. Nature 462:315-322. doi: 10.1038/
nature08514.

Maze |, Noh KM, Soshnev AA, Allis CD. 2014. Every amino acid matters: essential contributions of histone variants
to mammalian development and disease. Nature Reviews Genetics 15:259-271. doi: 10.1038/nrg3673.

Nanty L, Carbajosa G, Heap GA, Ratnieks F, van Heel DA, Down TA, Rakyan VK. 2011. Comparative methylomics
reveals gene-body H3K36me3 in Drosophila predicts DNA methylation and CpG landscapes in other
invertebrates. Genome Research 21:1841-1850. doi: 10.1101/gr.121640.111.

Ng JH, Kumar V, Muratani M, Kraus P, Yeo JC, Yaw LP, Xue K, Lufkin T, Prabhakar S, Ng HH. 2013. In vivo
epigenomic profiling of germ cells reveals germ cell molecular signatures. Developmental Cell 24:324-333.
doi: 10.1016/j.devcel.2012.12.011.

Ooi SK, Qiu C, Bernstein E, Li K, Jia D, Yang Z, Erdjument-Bromage H, Tempst P, Lin SP, Allis CD, Cheng X, Bestor
TH. 2007. DNMT3L connects unmethylated lysine 4 of histone H3 to de novo methylation of DNA. Nature 448:
714-717. doi: 10.1038/nature05987.

Pastor WA, Aravind L, Rao A. 2013. TETonic shift: biological roles of TET proteins in DNA demethylation and
transcription. Nature Reviews Molecular Cell Biology 14:341-356. doi: 10.1038/nrm3589.

Pastor WA, Stroud H, Nee K, Liu W, Pezic D, Manakov S, Lee SA, Moissiard G, Zamudio N, Bourc'his D, Aravin AA,
Clark AT, Jacobsen SE. 2014. MORC1 represses transposable elements in the mouse male germline. Nature
Communications 5:5795. doi: 10.1038/ncomms6795.

Peters J. 2014. The role of genomic imprinting in biology and disease: an expanding view. Nature Reviews
Genetics 15:517-530. doi: 10.1038/nrg3766.

Popp C, Dean W, Feng S, Cokus SJ, Andrews S, Pellegrini M, Jacobsen SE, Reik W. 2010. Genome-wide erasure of
DNA methylation in mouse primordial germ cells is affected by AID deficiency. Nature 463:1101-1105. doi: 10.
1038/nature08829.

Quinodoz S, Guttman M. 2014. Long noncoding RNAs: an emerging link between gene regulation and nuclear
organization. Trends in Cell Biology 24:651-663. doi: 10.1016/j.tcb.2014.08.009.

Rando OJ. 2010. Genome-wide mapping of nucleosomes in yeast. Methods in Enzymology 470:105-118. doi: 10.
1016/50076-6879(10)70005-7.

Schmittgen TD, Livak KJ. 2008. Analyzing real-time PCR data by the comparative C(T) method. Nature Protocols 3:
1101-1108. doi: 10.1038/nprot.2008.73.

Seisenberger S, Andrews S, Krueger F, Arand J, Walter J, Santos F, Popp C, Thienpont B, Dean W, Reik W. 2012.
The dynamics of genome-wide DNA methylation reprogramming in mouse primordial germ cells. Molecular Cell
48:849-862. doi: 10.1016/j.molcel.2012.11.001.

Seisenberger S, Peat JR, Hore TA, Santos F, Dean W, Reik W. 2013. Reprogramming DNA methylation in the
mammalian life cycle: building and breaking epigenetic barriers. Philosophical Transactions of the Royal Society
of London Series B, Biological Sciences 368:20110330. doi: 10.1098/rstb.2011.0330.

Singh P, Li AX, Tran DA, Oates N, Kang ER, Wu X, Szabé PE. 2013. De novo DNA methylation in the male germ line
occurs by default but is excluded at sites of H3K4 methylation. Cell Reports 4:205-219. doi: 10.1016/j.celrep.
2013.06.004.

Smallwood SA, Tomizawa S, Krueger F, Ruf N, Carli N, Segonds-Pichon A, Sato S, Hata K, Andrews SR, Kelsey G.
2011. Dynamic CpG island methylation landscape in oocytes and preimplantation embryos. Nature Genetics 43:
811-814. doi: 10.1038/ng.864.

Smith ZD, Meissner A. 2013. DNA methylation: roles in mammalian development. Nature Reviews Genetics 14:
204-220. doi: 10.1038/nrg3354.

Vermeulen M, Eberl HC, Matarese F, Marks H, Denissov S, Butter F, Lee KK, Olsen JV, Hyman AA, Stunnenberg HG,
Mann M. 2010. Quantitative interaction proteomics and genome-wide profiling of epigenetic histone marks and
their readers. Cell 142:967-980. doi: 10.1016/j.cell.2010.08.020.

Vincent JJ, Li Z, Lee SA, Liu X, Etter MO, Diaz-Perez SV, Taylor SK, Gkountela S, Lindgren AG, Clark AT. 2011.
Single cell analysis facilitates staging of Blimp1-dependent primordial germ cells derived from mouse embryonic
stem cells. PLOS ONE 6:€28960. doi: 10.1371/journal.pone.0028960.

Wach A. 1996. PCR-synthesis of marker cassettes with long flanking homology regions for gene disruptions in
S. cerevisiae. Yeast 12:259-265. doi: 10.1002/(SICI)1097-0061(19960315)12:3<259::AID-YEA901>3.0.CO;2-C.
Wagner EJ, Carpenter PB. 2012. Understanding the language of Lys36 methylation at histone H3. Nature Reviews

Molecular Cell Biology 13:115-126. doi: 10.1038/nrm3274.

Weaver JR, Bartolomei MS. 2014. Chromatin regulators of genomic imprinting. Biochimica Et Biophysica Acta
1839:169-177. doi: 10.1016/j.bbagrm.2013.12.002.

Wernig M, Meissner A, Foreman R, Brambrink T, Ku M, Hochedlinger K, Bernstein BE, Jaenisch R. 2007. In vitro
reprogramming of fibroblasts into a pluripotent ES-cell-like state. Nature 448:318-324. doi: 10.1038/
nature05944.

You JS, Jones PA. 2012. Cancer genetics and epigenetics: two sides of the same coin? Cancer Cell 22:9-20.
doi: 10.1016/j.ccr.2012.06.008.

Morselli et al. eLife 2015;4:e06205. DOI: 10.7554/¢eLife.06205 20 of 21


http://dx.doi.org/10.1038/nrg2719
http://dx.doi.org/10.1073/pnas.1315204110
http://dx.doi.org/10.1038/nature08514
http://dx.doi.org/10.1038/nature08514
http://dx.doi.org/10.1038/nrg3673
http://dx.doi.org/10.1101/gr.121640.111
http://dx.doi.org/10.1016/j.devcel.2012.12.011
http://dx.doi.org/10.1038/nature05987
http://dx.doi.org/10.1038/nrm3589
http://dx.doi.org/10.1038/ncomms6795
http://dx.doi.org/10.1038/nrg3766
http://dx.doi.org/10.1038/nature08829
http://dx.doi.org/10.1038/nature08829
http://dx.doi.org/10.1016/j.tcb.2014.08.009
http://dx.doi.org/10.1016/S0076-6879(10)70005-7
http://dx.doi.org/10.1016/S0076-6879(10)70005-7
http://dx.doi.org/10.1038/nprot.2008.73
http://dx.doi.org/10.1016/j.molcel.2012.11.001
http://dx.doi.org/10.1098/rstb.2011.0330
http://dx.doi.org/10.1016/j.celrep.2013.06.004
http://dx.doi.org/10.1016/j.celrep.2013.06.004
http://dx.doi.org/10.1038/ng.864
http://dx.doi.org/10.1038/nrg3354
http://dx.doi.org/10.1016/j.cell.2010.08.020
http://dx.doi.org/10.1371/journal.pone.0028960
http://dx.doi.org/10.1002/(SICI)1097-0061(19960315)12:3<259::AID-YEA901>3.0.CO;2-C
http://dx.doi.org/10.1038/nrm3274
http://dx.doi.org/10.1016/j.bbagrm.2013.12.002
http://dx.doi.org/10.1038/nature05944
http://dx.doi.org/10.1038/nature05944
http://dx.doi.org/10.1016/j.ccr.2012.06.008
http://dx.doi.org/10.7554/eLife.06205

e LI FE Research article Developmental biology and stem cells | Genomics and evolutionary biology

Zemach A, Grafi G. 2003. Characterization of Arabidopsis thaliana methyl-CpG-binding domain (MBD) proteins.
The Plant journal : for cell and molecular biology 34:565-572. doi: 10.1046/j.1365-313X.2003.01756.x.

Zhang Y, Jurkowska R, Soeroes S, Rajavelu A, Dhayalan A, Bock |, Rathert P, Brandt O, Reinhardt R, Fischle W,
Jeltsch A. 2010. Chromatin methylation activity of Dnmt3a and Dnmt3a/3L is guided by interaction of the ADD
domain with the histone H3 tail. Nucleic Acids Research 38:4246-4253. doi: 10.1093/nar/gkq147.

Zhang Y, Xie S, Zhou Y, Xie Y, Liu P, Sun M, Xiao H, Jin Y, Sun X, Chen Z, Huang Q, Chen S. 2014. H3K36 histone
methyltransferase Setd2 is required for murine embryonic stem cell differentiation toward endoderm. Cell
Reports 8:1989-2002. doi: 10.1016/j.celrep.2014.08.031.

Zhu X, He F, Zeng H, Ling S, Chen A, Wang Y, Yan X, Wei W, Pang Y, Cheng H, Hua C, Zhang Y, Yang X, Lu X,
Cao L, Hao L, Dong L, Zou W, Wu J, Li X, Zheng S, Yan J, Zhou J, Zhang L, Mi S, Wang X, Zhang L, Zou Y,
Chen Y, Geng Z, Wang J, Zhou J, Liu X, Wang J, Yuan W, Huang G, Cheng T, Wang QF. 2014. Identification
of functional cooperative mutations of SETD2 in human acute leukemia. Nature Genetics 46:287-293.
doi: 10.1038/ng.2894.

Morselli et al. eLife 2015;4:06205. DOI: 10.7554/eLife.06205 21 of 21


http://dx.doi.org/10.1046/j.1365-313X.2003.01756.x
http://dx.doi.org/10.1093/nar/gkq147
http://dx.doi.org/10.1016/j.celrep.2014.08.031
http://dx.doi.org/10.1038/ng.2894
http://dx.doi.org/10.7554/eLife.06205


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'eLife'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


