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Letter

Epigenetics of human T cells during

the Go— G transition

Alexander E. Smith,""* Constantinos Chronis,'* Manolis Christodoulakis,?°
Stephen |. Orr,' Nicholas C. Lea,' Natalie A. Twine,' Akshay Bhinge,?
Ghulam J. Mufti," and N. Shaun B. Thomas'-®

"King’s College London, Department of Haematological Medicine, Leukaemia Sciences Laboratories, Rayne Institute,
London SE5 9NU, United Kingdom; 2King’s College London, Department of Computer Science, London WC2R 2L,
United Kingdom; 3University of Texas at Austin, Department of Chemistry and Biochemistry, Institute for Cellular and

Molecular Biology, Austin, Texas 78712-0159, USA

We investigated functional epigenetic changes that occur in primary human T lymphocytes during entry into the cell
cycle and mapped these at the single-nucleosome level by ChIP-chip on tiling arrays for chromosomes 1 and é. We show
that nucleosome loss and flanking active histone marks define active transcriptional start sites (TSSs). Moreover, these
signatures are already set at many inducible genes in quiescent cells prior to cell stimulation. In contrast, there is a dearth
of the inactive histone mark H3K9me3 at the TSS, and under-representation of H3K9me2 and H3K9me3 defines the body
of active genes. At the DNA level, cytosine methylation (meC) is enriched for nucleosomes that remain at the TSS,
whereas in general there is a dearth of meC at TSSs. Furthermore, a drop in meC also marks 3’ transcription termination,
and a peak of meC occurs at stop codons. This mimics the 3’ nucleosomal distribution in yeast, which we show does not

occur in human T cells.

[Supplemental material is available online at www.genome.org. The array data from this study have been submitted to
ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae/) under accession no. E-MEXP-2188.]

Mature T lymphocytes can remain in a quiescent (Go) state in the
peripheral blood for many years before entering the cell cycle and
proliferating in response to an antigenic stimulus. Costimulation
via CD3 and CD28 induces signal transduction pathways that
result in commitment and entry into the cell cycle, the growth
cycle, and expression of T cell effector (activation) functions
(Acuto and Michel 2003). Many of the transcription factors that
regulate expression of genes involved in these pathways have been
characterized in some detail (Diehn et al. 2002). For example,
RUNX3 is required for CD8 development and silencing of the CD4
locus (Woolf et al. 2003; Taniuchi and Littman 2004; Grueter et al.
2005), and IRF4 regulates T cell activation and cytokine pro-
duction (Hu et al. 2002; Pernis 2002).

Alterations in chromatin compaction need to occur in order
to allow access by proteins that regulate transcription or DNA
replication (for reviews, see Mellor 2006; Rando and Ahmad 2007).
Changes in chromatin structure can occur as a result of post-
translational modifications of histones such as methylation,
acetylation, sumoylation, phosphorylation, and ubiquitination (for
reviews, see Bernstein et al. 2007; Kouzarides 2007). DNA cytosine
methylation (meC) is also implicated in maintaining a generally
inactive heterochromatic state and gene silencing (Jones and Baylin
2002). Recently, we demonstrated that CpG methylation experi-
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mentally targeted to a promoter inserted into the genome of
mammalian cells directly caused gene repression and led to herita-
ble changes in the histone code that persisted through many cell
divisions (Smith et al. 2008). Under normal conditions, epigenetic
changes are often associated with chromatin reprogramming that
is laid down during DNA replication (Bird 2002). A handful of
examples also exist for active demethylation/methylation in so-
matic cells, such as demethylation of specific CpGs in the promoter
of the IL2 gene (Murayama et al. 2006) and strand-specific CpG
demethylation and methylation (Kangaspeska et al. 2008; Metivier
et al. 2008). Histone changes can also be replication-dependent
(Sarma and Reinberg 2005); however, such epigenetic marks often
change without cells entering S phase (Chow et al. 2005).
Genome-wide analyses of histone modifications by chroma-
tin immunoprecipitation (ChIP) have resulted in a series of high-
content publications from the ENCODE Consortium (Genome Res,
June 2007) as well as from individual labs (Roh et al. 2004, 2005,
2006; Bernstein et al. 2006, 2007; Barski et al. 2007). Structural
features of chromatin have also been classified by mapping DNase
I hypersensitive sites and cytosine methylation (Crawford et al.
2006; Eckhardt et al. 2006). In genome-wide studies on T cells,
active genes are shown to be associated with mono-, di-, and tri-
methylated histone H3 lysine 4 (H3K4mel, 2, and 3), H3K9mel,
and acetylated H3 (H3Ac) near the transcriptional start site
(TSS), and H2BK5mel, H3K9me2/3, H3K36me3, H3K27mel, and
H4K20mel throughout actively transcribed regions (Bernstein
et al. 2005; Liu et al. 2005; Vakoc et al. 2005; Barski et al. 2007;
Wang et al. 2008). In contrast, inactive genes are associated with
high levels of H3K27me3, H3K79me3, and historically H3K9 mono-
and dimethylation (Bannister et al. 2001; Roopra et al. 2004;
Vakoc et al. 2006; Barski et al. 2007) and low levels of H3K27mel,
H3K36me3, H3K9mel, H4K20mel, and H3K4 methylation (Barski
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et al. 2007). There are also genes in ES cells that carry marks as-
sociated with both activation and repression (“bivalent” marks),
such as H3K4me3 and H3K27me3 (Azuara et al. 2006; Bernstein
et al. 2006; Roh et al. 2006; Barski et al. 2007; Jorgensen et al. 2007;
Cui et al. 2009).

Although a lot is known about the distribution of epigenetic
marks throughout the genome, relatively little is known about
how they change, for example, during entry into the cell cycle
(Go—G1). We investigated active and repressive histone marks at
the single-nucleosome level, as well as CpG DNA methylation,
across two chromosomes (chr 1 and chr 6) in primary human T
cells during the Go—G; transition. Epigenetics was related to ex-
pression data derived from both conventional expression arrays
and tiling arrays.

Results

Epigenetic analyses of human T cells during Go—G,

We wished to analyze nucleosome positioning and investigate
epigenetic marks at single-nucleosome resolution in primary hu-
man T cells during entry into the first cell cycle from a quiescent
(Go) state. Micrococcal nuclease (MNase) digests DNA that is not
protected by tightly bound protein complexes. A genome-wide
analysis of MNase and histone H3 ChIP samples showed that
MNase predominantly releases nucleosomes rather than non-
histone complexes and is a more accurate way of determining
nucleosome positioning (Schones et al. 2008). Thus, we isolated
nuclei from T cells in Gy and 72 h post-stimulation with PMA/
ionomycin. At this point a significant number of cells are in the
first cell cycle (Supplemental Fig. S1A; Lea et al. 2003). Mainly
mononucleosomes were then released by digestion with MNase
(Supplmental Fig. S1B), and native ChIP was carried out with
antibodies to activated (H3K4me3, H3Ac [H3K9/K14Ac]) and re-
pressive (H3K9me2, H3K9me3) histone marks. Analysis of DNA
from each ChIP showed that the predominant length of DNA is
consistent with ChIP isolation from mononucleosomes for H3Ac
and H3K4me3, whereas H3K9me2 and H3K9me3 isolated both
mono- and dinucleosome-length DNA (Supplemental Fig. S1C).
We also carried out immunoprecipitations for meC using purified
nucleosomal DNA from the same samples as well as randomly
sheared (sonicated) nucleosome-free DNA. We assessed nucleoso-
mal occupancy at promoters directly by comparing input nucle-
osomal DNA with total sonicated DNA. The enrichment obtained
in each ChIP experiment was validated by qPCR for known active
and inactive genes, or known methylated and nonmethylated
regions (Supplemental Fig. S2A-D). Enrichment was also con-
firmed for anti-meC immunoprecipitations using methylated oli-
godeoxynucleotides (Supplemental Fig. S2E). The selected DNA
was then used to probe high-resolution tiling arrays that cover
chromosomes 1 and 6. Enrichment data were visualized on the
IGB software suite (Affymetrix, Inc.) and were based on statisti-
cally significant signal values processed using the MAT software
package, which normalized for specific probe behavior based
on sequence (Fig. 1A; Johnson et al. 2006). Where indicated, the
Affymetrix TAS software package was used instead of MAT. Each
ChIP experiment was normalized against “input” nucleosomal
DNA by subtracting log input signal values from log ChIP signal
values. P-value cut-offs with an enrichment value <10~° or <107*
were also applied (raw data files available on request). Gene-
specific epigenetic patterns (P-value < 10~* or where enrichment
peaks identified manually were consistent in quiescent and stim-

ulated cells) were subsequently verified by ChIP-qPCR or bisulfite
sequencing to confirm the validity of the data (Supplemental Figs.
S2F-1, S3). Files containing complete chromosome signal values
were extracted from IGB in SGR format. These were used in global
analyses where values were binned and averaged every 50 bp or
400 bp around fixed positions in all genes, such as the TSS (see
below). Data are typically shown for chr 1, but similar analyses for
chr 6 agree, and examples are shown in the Supplemental Results
(Supplemental Fig. SR1).

Nucleosome deposition and active histone modifications mark
the TSS of T cell genes

The most striking enrichment associated with the TSS was for
active histone marks. A strong enrichment of H3Ac (H3AcK9/K14)
and H3K4me3 occurs from —2000 to +2000 bp across the TSS
(Fig. 1B). A slight drop in enrichment 150-300 bp 5’ of the TSS
also occurs, which could be due to “bimodal” deposition of H3Ac
and H3K4me3 or as an indirect consequence of lower nucleo-
some levels in this region (see below). A similar distribution
of these marks was observed across CpG islands and E2F1 bind-
ing sites (Fig. 1C,D), as would be expected since both are asso-
ciated with large numbers of TSSs. A bimodal distribution was not
seen on these occasions, as the database coordinates of such ele-
ments do not specify the direction of transcription. Specific
examples of genes with active histone marks are shown in Figure
1, Eand E

We assessed histone occupancy across the TSS directly by
comparing the single-nucleosome input with total sonicated
DNA. There is a relative drop in nucleosomal levels 150-300 bp
5" of the TSS, bisecting peaks of enrichment ~500 bp up- and
downstream (Fig. 1G). Nucleosomal enrichment is thus highly
correlated with the position of active histone marks in T cell
promoters.

Repressive histone marks in T cell genes

The “repressive” histone modification H3K9me?2 was significantly
underrepresented through the body of genes but not at promoters,
although enrichment levels of H3K9me2 were generally low on
average in these regions (Fig. 2A). A second “repressive” mark,
H3K9me3, was also underrepresented through the body of genes.
However, unlike H3K9me2 deposition, H3K9me3 was significantly
underrepresented at the TSS (Fig. 2B). Furthermore, H3K9me2 but
not H3K9me3 exhibits a small relative peak of enrichment —800
to —1200 bp upstream of the TSS, which partially overlaps with the
active histone signature. The complete H3K9me2 TSS profile is
unchanged when mapped against the top 50% of genes enriched
for H3Ac or H3K4me3, indicating that these opposing histone
marks are indeed found at the same genes in many instances
(Supplemental Fig. S4A). When the top 100 genes enriched for
H3K9me?2 were assessed on an individual basis, significant overlap
of active and inactive marks were seen in 30% of cases. In contrast,
overlap of the two active histone marks occurred in all cases when
the top 100 genes enriched for each active histone mark were
assessed (Supplemental Table S1). Gene-specific examples are
shown in Figure 2, E-H, which highlights the global averages
while also demonstrating the presence of high H3K9me2 and
H3K9me3 outside known genes.

The significance of the underrepresentation of these marks
throughout the gene body is further highlighted when the average
distribution of H3K9me2 across known genes is compared with

1326 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 20, 2026 . Published by Cold Spring Harbor Laboratory Press

Epigenetics during cell cycle entry

Chr1

B
16 c
4

o 3 f'\ ihhe "
g oy e
E HY ':

* 4
ﬁ 2 .:' . 08

.

i
k4 H
= ¢

6000 4000 2000 0 200 4000 6000

TSS. Known genes

4 CpG Island (centre)

G
02
o 015 -:\ Nucleosome levels
5 o
5 a
= o1 "
£ ;
o ] w0,
> 005 *, o
il .« 40 .
o - . . .
> e e
< o0f—y R R
<3000« J2D00%s,"-1000 0 1000  ‘P000 3000
’ .
-0.05 v i
.
.
01 TSS

3 !
A H3Ac &

H3Ac

0
S0 40 200 0 A0 A0 600
E2F binding sites

0 2000 4000 6000

E MCM3

[T, €)= PP S SR WP S u_..l“h...,.

H3Ac PIREV TG WP TN | I S U PN .dmuﬂm-.

‘_
[ BN e | I [ RARNE | S R ]
50 220000 22600 225000 2250 22
F cocr

H3K4me3 . ,.“.,., Vo - mnpyr et g prmghe s et puthprsinibin

H3Ac ;..A,-m.. M.%m.w«,. VP
>
'( H - 1 o

2000 s S

Figure 1. Activated histone marks and nucleosome positioning in quiescent T cells. (A) Relative enrichment of H3K4me3 across chr 1 following
chromatin immunoprecipitation experiments. All analyses of microarray signal intensity were performed using the MAT program (output: log signal
values). (B) Average relative enrichment based on average MAT scores (y-axis) of active histone marks H3Ac (H3K9/14Ac) and H3K4me3 across a 10-kb
region centered on the TSS (x-axis) for 2104 unique TSSs, corresponding to 1935 known chr 1 genes. Values were binned at 50-bp intervals for all
analyses unless stated otherwise. (C) Average MAT score for H3Ac for 2463 CpG islands on chr 1 aligned to the center of each CpG island. (D) Average
MAT score for H3Ac centered on a set of 1000 E2F binding sites on chr 1 identified by The ENCODE Project Consortium (2007). (E,F) Relative enrichment
(MAT score) of H3Ac and H3K4me3 for the genes encoding DNA replication and cell cycle proteins MCM3 and CDC7. (x-axis) Genomic structure and
relative size of these genes, (y-axis) normalized signal values of the modifications present. (Horizontal arrow) Direction of transcription. (G) Average

relative nucleosome levels at the TSS for 1935 chr 1 genes.

that of pseudogenes. In pseudogenes, relatively strong enrichment
of H3K9me2 occurs throughout the element body that is re-
ciprocal to the deposition of the active histone mark H3Ac (Fig.
2C). However, unlike H3K9me2, H3K9me3 is not enriched in
pseudogenes (Fig. 2D). The relationship between H3K9me2 (Fig.
2A) and nucleosomal occupancy (Fig. 1G) around the TSS is less
obvious than for active histone marks. There is a partial overlap of
the H3K9me2 upstream peak and nucleosome occupancy, but the
dearth of H3K9me3 at the TSS maps one nucleosome downstream
of the position of nucleosome loss. In addition, underrepresen-
tation of H3K9me2 and H3K9me3 at the start of the gene body are
reciprocal to nucleosomal occupancy adjacent to the TSS. Thus,
underrepresentation of H3K9me3 at the TSS and both inactive

marks 3’ of the TSS are active events and not just a passive result of
nucleosomal loss.

meC at promoters is low on average, but nucleosomes that
remain at the TSS are associated with relatively high meC levels

Next, we determined the distribution of cytosine methylation
across TSS. Analysis of meC using sonicated DNA showed a dearth
of meC at the TSS (Fig. 3A), in agreement with previously pub-
lished bisulfite sequencing data (Eckhardt et al. 2006). However,
a peak of meC enrichment was observed at the TSS when DNA
from nucleosomal preparations was analyzed (Fig. 3B). These data
suggest that there is a subpopulation of genes or cells where
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Figure 2. H3K9me2 and H3K9me3 patterns in quiescent T cells. (A, B) Average MAT score for the repressive histone marks H3K9me2 (A) and H3K9me3
(B) (y-axis) across a 20-kb region centered on the TSS of 1935 chr 1 genes (x-axis). (C) Average MAT score for the H3K9me2 modification in all known and
predicted pseudogenes (pink line; 2229 loci) and known protein-encoding genes (black line) on chr 1. (Orange) H3Ac enrichment for the same group of
pseudogenes. (D) Average MAT score for H3K9me3 modification in all known and predicted chr 1 pseudogenes (blue line; 2229 loci). (E-H) Examples of
relative enrichment of H3K9me2, HeK9me3, and H3K4me3 modifications for the genes DMAPT (E), UBR4 and KIAA0090 (F), KCNA3 (G), and EDN2 (H).
Peaks of enrichment for H3K9me2 and H3K4me3 modifications around the TSS are seen for DMAP1. For UBR4 and KIAA0090, under-representation of the
H3K9me2 and HeK9me3 marks occur throughout the gene body. Under-representation of H3K9me2 and contrasting high levels of H3K4me3 occur
throughout the body of KCNA3. (G,H) An example of an intergenic H3K9me2 peak 25 kb downstream of KCNA3 (G) and an intergenic H3K9me3 peak 20

kb downstream of EDN2 (H).

a nucleosome remains at the TSS, which contains DNA with a
relatively high level of meC. Hypermethylation of CpG dinu-
cleotides at the TSS was confirmed by bisulfite sequencing of
enriched promoters, and hypomethylation was shown in un-
derrepresented promoters (Fig. 3D-F; Supplemental Fig. S3). We
did not observe evidence of allelic imbalance in methylation for
any of the genes tested, which would manifest as a 1:1 hyper:
hypo-methylated ratio of bisulfite-sequenced clones. The false-
positive rate was one in 15 for regions apparently enriched for

meC on the array that were subsequently shown to be hypo-
methylated by bisulfite sequencing.

CG content at the TSS is high relative to flanking regions (Fig.
3C), further highlighting how such low meC levels must be ac-
tively maintained by the cell. The drop in average meC enrich-
ment at CpG islands was not as pronounced as at the TSS.
Moreover, meC enrichment at CpG island nucleosomal DNA was
significantly higher than at the TSS. As CpG islands contain pro-
moters as well as other CG-rich sequences, our data therefore
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Figure 3. Cytosine methylation in quiescent T cells. (A, B) Average MAT score for meC in randomly sonicated DNA (A) and nucleosomal DNA (B) (y-axis)
across a 20-kb region centered on the TSS (x-axis), corresponding to 1935 chr 1 genes. (C) Frequency of the CG dinucleotide (y-axis) relative to the TSS
for 615 sense-strand genes. (D—F) Relative enrichment (MAT score) of meC in sonicated and nucleosomal DNA samples, as well as H3K4me3 for the genes
CDCP2, HIST2H2BF, and ZNF436. The presence of DNA methylation at these loci was verified by bisulfite genomic sequencing. (Black boxes) Methylated
CpG; (white boxes) unmethylated CpG; (gray boxes) low level CpG methylation (<15%). (G) Average MAT score for nucleosomal meC for 2463 CpG
islands on chr 1 (black line) and for meC in randomly sonicated DNA (gray line) aligned to the center of each CpG island. (H) An example of a putative
CpG island on chr 1 (shaded box) with high levels of meC and H3K9me2. The presence of methylation at the peaks identified was verified by bisulfite
genomic sequencing. (Black boxes) Methylated CpG; (white boxes) unmethylated CpG.

concur with there being higher methylation levels at non-
promoter CpG islands (Fig. 3G,H).

Active histone marks in inducible genes are laid down in Go
prior to their induction

On average, no significant differences in the deposition of histone
marks were observed when comparing T cells in Gy with cells
stimulated to enter the cell cycle (Fig. 4A; data not shown). This
was unexpected, as many genes are induced and some are re-
pressed in T cells in response to stimulation with PMA/ionomycin
(NC Lea, §J Orr, and NSB Thomas, unpubl.; Diehn et al. 2002).
Moreover, when looked at individually, it was clear that epigenetic
changes occurred at a number of the induced genes (Fig. 4B).
Therefore, we subdivided our analyses of genes on the basis of their
expression profiles during the Go—Gj transition (see Methods).
Analyses of the epigenetic state of genes that are on or off in
Go and at serial time-points during entry into G, show that the

active histone marks H3Ac and H3K4me3 display the same overall
pattern, with a bimodal enrichment peak over the TSS (Fig. 4D,E).
However, expressed genes (always on) are significantly more
enriched (two to three times MAT score) for these histone mod-
ifications on average than nonexpressed (always off) genes. Sig-
nificantly, the enrichment of both modifications corresponding to
the top 20% most highly expressed “always on” genes and bottom
20% least expressed “always off” genes was the same as that for all
the “always on” and “always off” genes, respectively (Fig. 4D). This
again points to a less fluid and more set chromatin structure.

We then analyzed genes that are induced during cell cycle
entry. The fraction of genes that were either induced or repressed
was 17% (greater than a twofold change); these data suggested that
corresponding epigenetic changes may indeed be hidden within
the general trend. An example of epigenetic induction is shown
in Figure 4B, but a number of transcriptionally induced genes
remained unchanged at the epigenetic level after cell stimulation
(e.g., Fig. 4C). Moreover, analyses of all genes that are off in Go and
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Figure4. Epigenetic state and nucleosome positioning in G and G- for active vs. inactive genes. (A) Average MAT score (y-axis) for H3Ac across a 10-kb
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Analyses were carried out on quiescent T cells.
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that are then induced by 24 h or 48 h post-stimulation (induced
gene sets 1 and 2) have a signature of H3Ac and H3K4me3 across
the TSS in Gy that is the same as that for genes that are on at all
time points (Fig. 4C,F; Supplemental Fig. S4B). These signatures
were the same in quiescent cells, where these mRNAs where not
significantly expressed, as in proliferating cells, when these mRNA
are expressed, again suggesting that such marks may “prime”
genes in quiescent cells in preparation for induction by new
transcription factor input. This profile was similar for genes that
displayed any pattern of induction (Supplemental Fig. S4B; data
not shown). Additionally, for induced genes, H3Ac deposition was
not confined to the TSS region, but rather was also found much
further downstream of the promoter, forming a novel motif of
smaller peaks of enrichment at around +6000 and +8000 bp from
the TSS (Fig. 4C,F; Supplemental Fig. S4B). Enrichment of active
histone marks at such downstream positions is also seen for
H3K4me3 on an individual gene basis, but not when averaged
across all genes (data not shown). This H3Ac distal motif is again
the same in quiescent and proliferating cells and is therefore also
established in G before these genes are induced.

Nucleosome loss 5’ of the TSS defines gene activity

Next, we determined whether nucleosome positioning across the
TSS was dependent on gene activity. Absence of nucleosomes ad-
jacent to the TSS (—150 bp) is specific to active “always on” genes
(Fig. 4G). In contrast, the nucleosomal profile for inactive “always
oft” genes shows a general spread of enrichment through promoters
with little nucleosomal loss immediately

5’ of the TSS. Surprisingly, this was in di-

rect contrast to the pattern seen for active A
histone marks, where a drop in enrich-
ment levels adjacent to the TSS occurs in
both active and inactive genes (cf. Fig.

04

levels of control for active chromatin. In contrast, H3K9me3 has
a different pattern (Fig. 41), with a dearth at the TSS of both active
and inactive genes.

Gene-specific epigenetic patterns

In addition to global averaging across all relevant genes on chr 1
and chr 6, we took a systematic approach to identify epigenetic
changes associated with induction of specific genes encoding T
cell proteins of functional importance (SJ Orr, R Wang, C Chronis,
NC Lea, G] Mufti, EM Marcotte, and NSB Thomas, in prep.). These
data agreed with the epigenetic patterns observed on average, but
there were also gene-specific epigenetic events not represented by
the average profiles. These include the induction and spread of
active histone marks throughout the body of the IRF4 gene ac-
companying induction of gene expression and are detailed in the
Supplemental Results (Supplemental Fig. SR2).

meC at the TSS shows no bias toward active or inactive genes

Next, we determined whether meCG-rich gene promoters were
associated with any particular gene transcriptional profile. Both
active (always on) and inactive (always off) genes had a dearth of
meC across the TSS when total genomic sonicated DNA
was studied (Fig. 5A,B). However, when residual nucleosomal DNA
was analyzed, a peak of meC was seen at the TSSs of both active
and inactive genes (Fig. 5C,D). However, the peak of meC enrich-
ment was spread more evenly across the TSS for inactive genes

Always on genes

Always on genes
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of the TSS (Fig. 4H), suggesting further = osomal DNA.

Figure 5. Cytosine methylation status of genes according to their expression profiles. (4,B) Average
MAT scores (y-axis) of meC in sonicated DNA across a 20-kb region centered on the TSS (x-axis) for
““always on” (black line) and “always off” (gray line) chr 1 genes. (C,D) As for A and B, but for nucle-
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(approximately —2000 to +2000), while expressed genes displayed
an increased level of nucleosome-associated cytosine methylation
precisely at the TSS (—100 to +50 bp). This apparent focusing of
meC at the core TSS nucleosomes for active genes was also seen
when methylation maps were made for the top 50% of H3Ac-
modified promoters (Supplemental Fig. S5A). Moreover, when the
top 200 meC-enriched TSSs in either nucleosomal or sonicated
DNA were categorized, no bias was found in favor of nonexpressed
genes. These results strongly indicate that when hypermethy-
lation is found at a TSS, it has no definitive association with gene
inactivation (Supplemental Table S3). Furthermore, it is not just
a passive result of differences in CG or cytosine content (Fig. 5B),
which is similar in both expressed and nonexpressed genes.
Interestingly, nucleosomal DNA methylation at promoters is
associated with small secondary peaks of enrichment at 6000-
7000 bp up- and downstream of the TSS, and this is seen partic-
ularly for inactive genes (Fig. 5D; Supplemental Fig. S5C). This
periodicity is not driven by CG distribution and was not observed
when sonicated DNA was analyzed (Fig. 5A,B), indicating that
such patterns again represent nucleosomes containing meC.

Cytosine methylation and H3K9 histone methylation
patterning denote the 3’ end of genes

Since the pattern of meC peaks precisely at the TSS where hnRNA
transcription initiates, we investigated whether DNA methylation
also defines the 3’ terminus of genes. The levels of meC reduce
significantly over a 2000-bp window immediately 5’ of 3" hnRNA
termini. There is also a peak of enrichment at stop codons (Fig. 6A-
D). A gene-specific example is shown in Figure 6E. The 3’-end
pattern weakly correlated with CG content, and a small increase in
cytosine and CG levels occurs at the stop codon (Supplemental
Fig. $6). The 3’ pattern of meC was not dependent on gene acti-
vation (Fig. 6F). As expected, the 3’ pattern of meC was different
from that of the active histone mark, H3Ac, which has no 3’-end
pattern (Fig. 6G). At first glance, the meC pattern seemed related
to the distribution of H3K9me2 at the 3’ end of inactive genes and
H3K9me3 at inactive and to a lesser extent active genes (Fig. 6H,I).
These H3Ac and H3K9me3 patterns are likely to represent to some
extent a dearth of these modifications in the body of genes, as seen
when analyses were performed from the TSS (Fig. 4H,I). The sig-
nificance of this is strengthened by the acute drop of H3K9me3
levels precisely at the 3" end of the gene.

We then determined whether the meC pattern at the 3’ end
of genes is due to nucleosome positioning. The patterns of meC at
the 3’ termini and stop codons were observed when either soni-
cated or nucleosomal DNA was analyzed, indicating that they
were not due to nucleosomal positioning (Fig. 6A,C). Furthermore,
nucleosome positioning did not exhibit any clear distribution
patterns at either 3’ position (Fig. 6]; data not shown). This is dif-
ferent from yeast, which have a 3’ nucleosome pattern as well as a
nucleosome positioned at the stop codon (Shivaswamy et al. 2008).

Discussion

There are three main conclusions from our work. First, an active
histone code occurs around the TSS of inducible genes in quiescent
human T cells prior to their induction, including a loss of core TSS
nuclesomes. Secondly, although in general there is a dearth of meC
at TSSs, meC is present at residual nucleosomal DNA at the TSS.
Thirdly, a drop in meC as well as H3K9me3 and H3K9me2 rather
than nucleosome positioning demarcates the 3’ end of genes.

An active histone code marks inducible genes prior
to induction

Our work verifies previous T cell analyses, indicating a high
correlation between H3Ac and H3K4me3 signals in active gene
promoters (Roh et al. 2005, 2006). However, by correlating epi-
genetics with detailed gene expression data, we find that active
histone modifications are often already set in quiescent T cells
prior to stimulation and induction of gene expression. Relatively
low nucleosome levels are also observed at the TSS (—150 to —300
bp) before cell stimulation and up-regulation of gene expression.
This is suggestive of a more open chromatin conformation that is
maintained in readiness for transcription factor (TF) regulation
and not simply due to an induction of TF binding leading to a
cycle of nucleosome remodeling, histone modification, and in-
creased transcription.

Our analyses show that marking a gene promoter with active
histone modifications before gene induction is a more general
phenomenon in T cells that may prime genes in Gy for induction
in G;. The T cells that we analyzed were predominantly memory
T cells (Lea et al. 2003), and such genes may have been active in
these T cells when they proliferated in the body during prior ex-
posure to antigen. Thus, T cells that can remain quiescent in the
peripheral blood for months or years may maintain the epigenetic
state of sets of genes that were previously induced. Additionally,
genes involved in both Th; and Th, responses are thought to be
available for induction and only become epigenetically fixed once
Th,/Th, switching has occurred (Martins et al. 2005).

For the subset of genes in T cells that are induced at the level
of transcription and epigenetic modification, such as CDC20 and
IRF4, we observed an increase in the levels of active histone marks
at the TSS and sometimes throughout the body of the gene. This
spread of active histone marks also occurs in genes that were
classified here as always on and adds to previous data that indicate
clusters of active histone marks toward the 3’ end of genes (Roh
et al. 2005). Perhaps such a trend favors more efficient transcrip-
tional elongation across a whole gene or region, as has been ob-
served previously in yeast (Kristjuhan and Svejstrup 2004). This
may be through a more open chromatin structure associated
with H4Ac and correlates with predicted charged protein effects
(Wade et al. 1997; Shogren-Knaak et al. 2006). Interestingly, the
deposition of H3Ac in the body of genes is thought to be desta-
bilizing and leads to internal aberrant transcription events (Kaplan
et al. 2003; Carrozza et al. 2005). In addition, short, capped tran-
scripts adjacent to TSSs within annotated genes and elsewhere in
the genome are very common, and some have been shown to be
regulatory (Affymetrix/Cold Spring Harbor Laboratory ENCODE
Transcriptome Project 2009). It is possible that some genes require
an unstable local chromatin structure for appropriate transcrip-
tion to override “repressive” local conditions, or that certain
transcription complexes favor a more open structure, and aberrant
internal starts may be suppressed by properly coordinated 5’
transcription events.

Additionally, our data indicate that the distribution of active
marks downstream of the TSS is more specific and localizes to
peaks of enrichment occurring +6000 and +8000 bp that are par-
ticular to H3Ac. These secondary peaks were again present both in
quiescent cells, where genes associated with this motif were off,
and in cycling cells in which transcription of this gene set is in-
duced. This has not been reported previously and may correspond
to downstream enhancer regions for induced genes. Active his-
tone marks were also enriched in a number of specific genes that
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Figure 6. Epigenetic patterns at the 3’ end of genes. (4,B) Average MAT score (y-axis) for meC in sonicated DNA, mapped across a 20-kb region
centered on the 3’end (A) and stop codon (B) (x-axis) of 1935 chr 1 genes. (C,D) As for Aand B, but for nucleosomal DNA. (E) An example of 3’ end meC
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are “always off” in T cells (Supplemental Fig. S7), and significant
but relatively low levels were noted when values for “always
off” genes were averaged. This raises the question, “What is on
or off?” A more robust model for inactive genes or regions is per-
haps that for pseudogenes, where underrepresentation of active
histone marks occurs at the 5’ end and throughout the body of
such “inactive” elements.

In contrast to active histone marks at the TSS, the pattern
of nucleosome positioning for active “always on” and inactive
“always off” genes is distinct. Active but not inactive genes are
associated with a clear dearth of nucleosomes immediately up-
stream of the TSS (—150 bp), which is consistent with previous
findings in yeast and for studies of DNase I hypersensitive sites and
histone occupancy in humans (Han and Grunstein 1988; Bernstein
et al. 2004; Yuan et al. 2005; Dion et al. 2007; Boyle et al. 2008;
Shivaswamy et al. 2008). Importantly, a dip in enrichment levels of
active histone marks adjacent to the TSS is seen in both active and
inactive genes to a similar extent, whereas nucleosomal loss is much
higher for active than inactive genes. This is suggestive of an active
process that regulates the placement of histone modifications at the
TSS and indicates that a dip in enrichment levels of such marks is
not just the passive result of nucleosomal loss.

A dearth of inactive histone marks in the body of genes

There is a relative dearth of the inactive histone marks H3K9me2
and H3K9me3 throughout the body of active “always on” genes,
and a relative enrichment of the H3K9me?2 mark specifically in
“inactive” pseudogenes. This is consistent with previous findings
for enrichment of H3K9me2 at inactive genes and heterochro-
matic regions but not at active genes (Bannister et al. 2001; Heard
et al. 2001; Fuks 2005). This clearly develops the idea that epi-
genetics of the gene body are of fundamental importance, such as
that for H3K36me3 (Barski et al. 2007; Bell et al. 2007; Mikkelsen
etal. 2007). The trend toward underrepresentation of H3K9me2 in
the body of genes is seen in supplemental data presented else-
where, but the significance of this is unclear (Barski et al. 2007).
We also found that H3K9me2 but not H3K9me3 was relatively
enriched upstream of the TSS specifically for active genes, thus
again highlighting a different functional repertoire for different
H3K9 methylation marks. Previous findings show that the mam-
malian EHMT2 (also known as G9a) H3K9 mono- and dimethyl-
transferase mainly localizes at (active) euchromatin and has been
shown to be enriched 2000 bp away from the TSS (Tachibana et al.
2001, 2002; Peters et al. 2003; Rice et al. 2003). In our study,
colocalization of H3K9me2 with active histone marks on the same
nucleosome occurred in 30% of cases; thus, this “inactive” mark is
not always placed in an inactive context.

meC is present in nucleosomal DNA at the TSS

We first analyzed DNA cytosine methylation patterns in the same
nucleosomal samples that we used to investigate histone marks.
There was a peak of meC at the TSS, although “hypermethylation”
(very high cytosine methylation levels that often mean most CG
sites are methylated) occurs only at a minority of promoters, and
relatively low meC:CG levels were largely responsible for the TSS
peak observed. In contrast to this, an underrepresentation of meC
was observed when randomly sonicated DNA was used rather than
nucleosomal DNA. As there is a drop in nucleosomal levels at the
TSS, this represents an analysis of the residual nucleosomes left at
this position. These data therefore indicate that meC is present in

residual nucleosomal DNA at the TSS and is likely to represent a
subpopulation of cells or certain genes where nucleosomes are not
lost at the TSS. As we show “always on” genes exhibiting at least as
much TSS nucleosomal meC as “always off” genes, this clearly is
not the consequence of simply analyzing inactive genes.

meC does not correlate with gene activity

Although inactive genes are historically associated with higher
meC levels, we show here that this is not the case. We also present
evidence that when DNA methylation is present at the TSS it has
little correlation with transcriptional activity. However, individual
CpG islands at promoters and elsewhere were often associated
with consistently low cytosine methylation levels for both nu-
cleosomal and sonicated DNA, which were reciprocal to levels of
active histone marks and vice versa (Supplemental Fig. S8), thus
highlighting the importance of studying individual examples as
well as general trends.

It is widely held that CpGs found in promoter CpG islands
are generally unmethylated, while CpG island promoter methyl-
ation correlates with transcriptional inactivation. This occurs in
normal cells, and aberrant promoter hypermethylation correlates
with gene silencing in cancers (Walsh and Bestor 1999; Bird 2002;
Jones and Baylin 2007). Furthermore, we have shown that tar-
geting cytosine methylation to specific genomic loci can induce
gene silencing in mammalian cells (Smith et al. 2008). However,
data exist that complicate this paradigm. For instance, in studies of
chromosomes 6, 20, and 22 (Eckhardt et al. 2006), only 37% of
methylated 5’ untranslated regions inversely correlated with
mRNA expression levels for 43 genes studied. In previous studies
from the same group, the data were consistent with DNA meth-
ylation being indicative of lower expression levels; however, this
was not the case for one of the tissue types tested, and the number
of promoter regions studied was low. Moreover, others indicate
that DNA methylation flanking active histone marks is not nec-
essarily repressive (Brinkman et al. 2007), and a more recent study
indicates that the methyl cytosine binding protein MECP?2 is re-
quired for promoter activity in some cases (Chahrour et al. 2008).
We therefore add to the growing body of evidence for significant
methylation at a subset of promoters and indicate that where
methylation exists at the TSS there is no bias toward transcrip-
tional inactivity or activity. Furthermore, we suggest that any re-
ciprocal relationship between cytosine methylation and active
histone marks is highly gene- or region-specific. Thus, much is still
left to be resolved as to the extent and functional relevance of meC
at gene promoters.

Cytosine methylation and H3K9 histone methylation marks
the 3’ end of genes

A more surprising finding was a drop in cytosine methylation
levels at the 3’ end of genes and a peak of meC enrichment at stop
codons. These patterns were observed when we analyzed soni-
cated DNA as well as nucleosomal DNA, indicating that the pat-
terns are not dependent on nucleosome positioning. In yeast,
a “fixed” nucleosome denotes the 3’ end of genes at the stop co-
don (Shivaswamy et al. 2008). Our analyses and those of others
(Boyle et al. 2008) indicate that humans and yeast exhibit the
same general pattern of nucleosome structure at the TSS. However,
we found that no definite nucleosome patterning occurs at the 3’
end of genes in human T cells, either centered around the 3’ end or
at the stop codon. The pattern of meC enrichment at the 3’ end of
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genes was instead similar to the yeast nucleosomal patterning,
being associated with a drop in levels around the point of tran-
scription termination and a peak of enrichment at the stop codon.
Such meC patterning was not dependent on gene expression and
was not just a passive by-product of higher CG content. Relatively
high levels of meC at the 3’ end of genes has previously been
observed in plants (Zhang et al. 2006), but the landmark 3’ de-
position of meC shown in our studies has not been reported pre-
viously. A recent study of imprinting in mice shows that cytosine
methylation can orchestrate allele-specific transcription termination
at the HM13 gene by regulating the activity of an internal pro-
moter and second polyadenlyation site (Wood et al. 2008). In
addition, previous studies have shown that splicing of the final 3’
exon and polyadenylation are coordinated and dependent reac-
tions (Berget 1995; Cooke et al. 1999). We suggest that 3’ cytosine
methylation is a relatively common phenomenon that demarcates
the 3’ end of genes in human cells and may be required for normal
transcription termination. We also speculate that 3’ cytosine
methylation substitutes for the 3’ fixed nucleosome observed in
yeast.

Significantly, H3K9 methylation also dropped to its lowest
levels at the gene terminus, albeit in a more gradual manner. For
H3K9me2, this pattern was specific for active genes. In contrast,
for H3K9me3 the same pattern occurred in both active and in-
active genes, albeit with a less pronounced 3’ dip for the inactive
gene set. These findings are likely to represent a dearth of H3K9
methylation in the body of genes, agreeing with data for these
marks when mapped from the TSS, but the data also indicate that
the methylation state of H3K9 at the 3’ end of genes is tightly
regulated.

Gene-specific examples

Examination of individual genes verified the average epigenetic
profiles at the TSS and 3’ end of genes described above, as well as
providing information on possible new exons and use of alterna-
tive promoters. Importantly, additional novel epigenetic motifs
were also observed on a gene-by-gene basis and highlight the va-
riety of strategies employed by the cell to regulate chromatin
structure and gene expression at the DNA level.

In conclusion, by categorizing epigenetic changes according
to detailed gene expression data and combining empirical global
analyses with more qualitative gene-specific assessments, we have
generated novel data on gene regulation as T cells are stimulated to
come out of quiescence and enter the first cell cycle. We suggest
that many genes are “primed” with an active chromatin structure
in quiescent T cells in readiness for regulatory transcription factor
activation following stimulation to enter the cell cycle. In other
cases, gene induction also results in epigenetic changes and fits
the model whereby transcription factor input drives chromatin
remodeling and allows transcription to commence. The “inactive”
chromatin mark H3K9me?2 is also found upstream in gene pro-
moters, but in this case it is specific for active genes and points to
a hitherto unknown level of regulation. Instead of an expected
absence of this mark consistently in gene promoters, a dearth of
H3K9me2 in the gene body defines active genes. We propose that
cytosine methylation is a landmark defining the 3’ terminus of
genes and stop codons. We show also that meC is often present
where nucleosomes remain at the TSS, and this is the case for both
active and inactive genes. Moreover, the meC profile at the TSS,
stop codon, and 3’ end of genes is not affected by their expression
status, adding to the growing body of evidence that indicates

that meC is not necessarily a repressive mark. We suggest that the
meC pattern at the 3’ end of genes is an epigenetic mark defining
a genetic boundary for transcriptional termination.

Methods

Routine methods

Human primary T cells were isolated from buffy coats by nega-
tive selection and stimulated with PMA/ionomycin or CD3/CD28
as we described previously (Lea et al. 2003). Preparation of nuclei
and ChIP were carried out essentially according to Wagschal
et al. (2007) with anti-H3Ac (H3K9/K14Ac) (Upstate Inc), anti-
H3K4me3 (b8580), anti-H3K9me2 (ab7312 or 1220-25, Abcam),
and anti-H3K9me3 (Upstate Inc). Extraction of DNA and RNA and
bisulfite sequencing were as described previously (Smith et al.
2008), and MeDIP was carried out essentially according to Weber
et al. (2005). Gene expression (U133A) and tiling (GeneChip Human
Tiling 2.0R A) arrays were probed as per the manufacturer’s pro-
tocols (Affymetrix). Methods are described in more detail in the
Supplemental Methods.

Analysis of ChIP and RNA expression and global averaging
of tiling array data

Raw array data were analyzed using the Model-based Analysis of
Tiling arrays (MAT) tool (Johnson et al. 2006) and/or the Tiling
Array analysis Software (TAS; Affymetrix). The MAT score results
were visualized in the Integrated Genome Browser (IGB; Affyme-
trix). Perl scripts were used to perform global averaging of the data
with respect to genome features such as TSS, 3’ termini, and CpG
islands. See Supplemental Methods for full details.
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