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Letter

Chromatin poises miRNA- and protein-coding

genes for expression

Artem Barski,'- Raja Jothi,' %> Suresh Cuddapah,'? Kairong Cui,' Tae-Young Roh,'*

Dustin E. Schones,' and Keji Zhao'~

7Laboral‘ory of Molecular Immunology, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda,

Maryland 20892, USA

Chromatin modifications have been implicated in the regulation of gene expression. While association of certain mod-
ifications with expressed or silent genes has been established, it remains unclear how changes in chromatin environment
relate to changes in gene expression. In this article, we used ChlP-seq (chromatin immunoprecipitation with massively
parallel sequencing) to analyze the genome-wide changes in chromatin modifications during activation of total human
CD4* T cells by T-cell receptor (TCR) signaling. Surprisingly, we found that the chromatin modification patterns at many
induced and silenced genes are relatively stable during the short-term activation of resting T cells. Active chromatin
modifications were already in place for a majority of inducible protein-coding genes, even while the genes were silent in
resting cells. Similarly, genes that were silenced upon T-cell activation retained positive chromatin modifications even after
being silenced. To investigate if these observations are also valid for miRNA-coding genes, we systematically identified
promoters for known miRNA genes using epigenetic marks and profiled their expression patterns using deep sequencing.
We found that chromatin modifications can poise miRNA-coding genes as well. Our data suggest that miRNA- and
protein-coding genes share similar mechanisms of regulation by chromatin modifications, which poise inducible genes for
activation in response to environmental stimuli.

[Supplemental material is available online at http:// www.genome.org. The raw and processed data from this study have
been submitted to NCBI Short Read Archive (http://ncbi.nlm.nih.gov/sites/sra) under accession nos. SRPO00201 and
SRPO00200 for resting cells, and to NCBI Gene Expression Omnibus (http:// ncbi/nlm.nih.gov/geo) under accession no.

GSE16657 for activated cells.]

Activation of T cells by T-cell receptor (TCR) signaling is a well-
studied physiological process (Kane et al. 2000). In living organ-
isms, T-cell activation is initiated by TCR encountering a specific
antigen presented by major histocompatibility complex (MHC) on
the surface of antigen presenting cells, which triggers a cascade of
signaling events leading to cell proliferation and expression of
certain cytokines ( Janeway 2001). The process is accompanied by
global chromatin decondensation and transcriptional activation
of numerous genes, which is mediated by TCR signaling-activated
kinases and transcription factors (Crabtree 1989; Chandok and
Farber 2004).

Initiation of transcription involves binding of transcription
factors to cis elements, followed by recruitment of coactivator
enzymes, chromatin remodeling factors, mediators, and RNA poly-
merase (Li et al. 2007). Histone modifications and substitution of
core histones by certain histone variants are believed to play an im-
portant role in this process (Weisbrod 1982; Jenuwein and Allis
2001; Stallcup 2001; Vermaak et al. 2003; Roh et al. 2005; Bernstein
et al. 2007; Kouzarides 2007). Indeed, recent large-scale analyses
indicate that specific chromatin modifications are enriched at ac-
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tive or silent promoters (Kim et al. 2005; Roh et al. 2006; Barski
et al. 2007; Guenther et al. 2007; Heintzman et al. 2007; Mikkelsen
et al. 2007; for review, see Bernstein et al. 2005, 2007; Schones
and Zhao 2008).

The patterns of histone modifications on protein-coding
genes in the human genome have been extensively characterized
(Bernstein et al. 2005; Kim et al. 2005; Roh et al. 2006; Barski et al.
2007; Guenther et al. 2007; Mikkelsen et al. 2007; Wang et al. 2008;
Kolasinska-Zwierz et al. 2009). However, very little is known re-
garding the regulation of miRNA genes, even though they have
been implicated in various important biological functions (Bartel
and Chen 2004; Pedersen and David 2008). While some miRNAs
were shown to be transcribed by RNA polymerase III (Pol III)
(Borchert et al. 2006), it is believed that a majority of miRNA genes
require Pol II for expression (Lee et al. 2004; Chuang and Jones
2007). Most of the transcription start sites (TSSs) of miRNA genes
were not known, although attempts have been made to identify
TSSs of some individual miRNAs (Woods et al. 2007). A recent
study suggests that histone modification patterns may be used to
predict TSSs of miRNA genes (Marson et al. 2008).

We recently mapped the genome-wide distribution of many
histone methylation (Barski et al. 2007) and acetylation marks
(Wang et al. 2008), as well as nucleosome positions (Schones et al.
2008) in resting human CD4" T cells. Among the 38 modifications
examined, five modifications (H3K9me2, H3K9me3, H3K27me2,
H3K27me3, and H4K20me3) were associated with gene repression,
whereas the others were associated with gene activation, or had
no clear association (Wang et al. 2008). Consequently, the for-
mer modifications are considered “repressive” and the latter are
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considered “active.” The specific association of histone mod-
ifications with transcriptional activity appears to confirm the no-
tion that chromatin modifications regulate gene expression.
However, even though the active modifications generally correlate
with gene transcription, some of them have also been found at
silent genes (Raisner et al. 2005; Roh et al. 2006; Barski et al. 2007;
Guenther et al. 2007; Mikkelsen et al. 2007). Studies in yeast sug-
gest that some histone modifications result from active transcrip-
tion (Li et al. 2002; Ng et al. 2003) and have been proposed to be
a memory of past transcriptional events (Ng et al. 2003). On the
other hand, experiments in mice have shown that changes in
chromatin modifications might precede changes in gene expres-
sion (Chambeyron and Bickmore 2004).

To test if similar mechanisms exist in the human genome, we
decided to examine changes in histone modifications in the genes
induced or repressed by TCR signaling during activation of human
CD4" T cells. Surprisingly, we found that the induced genes were
associated with the active modifications in resting T cells even
before TCR signaling and, little or no change in histone mod-
ifications was detected upon gene induction in the short-term
activation of T cells. This suggests that these inducible genes are
poised for activation by chromatin in the resting cells. Further-
more, we identified promoters of miRNA genes using chromatin
signatures and found that some silent miRNA genes in resting cells
are also poised for expression by chromatin.

Results

Changes in chromatin modifications and gene expression

To examine if dynamic changes in chromatin modifications are
associated with gene activation or repression, we combined gene
expression analysis with the mapping of several chromatin mod-
ifications in resting and activated human CD4" T cells. Total rest-
ing CD4" T cells were isolated from blood to 95%-98% purity, and
activated with anti-CD3/28 beads for 18 h resulting in the
activation of 85%-95% of the cells (Supplemental Fig. S1A,B). The
genome-wide distribution of eight histone methylation marks
(H3K4mel, H3K4me3, H3K9mel, H3K27mel, H3K27me3, H3K36
me3, H3K79me2, and H4K20mel), his-

tone variant H2A.Z, and RNA polymerase

II (Pol II) in activated cells were mapped A

using ChlIP-seq, as described previously
(Barski et al. 2007) and compared with
the distribution patterns of 29 histone
modifications in resting T cells (Barski
et al. 2007; Wang et al. 2008; Supple-
mental Table S1). At the same time, we
profiled the mRNA levels using micro-
array analysis and analyzed miRNA pro- -
files using deep sequencing. We found
that 3244 protein-coding genes were
constitutively expressed (see Methods) in
both resting and activated cells (hence-
forth, referred to as E—E), 5717 genes
were constitutively silent in both cell
states (S—S), 167 genes were silent in
resting cells, but expressed in activated
cells (S—E), and 271 genes were expressed
in resting cells, but silenced upon activa-
tion (E—S). The S—E subset was signifi-
cantly enriched in genes associated with
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immune response, response to stimuli, and cell proliferation
(Supplemental Table S2). Among the 541 known miRNAs in the
human genome, 194 miRs were detected (>5 tags, P < 10~'® based
on a Poisson background model) in resting and/or activated T cells
by deep sequencing (Supplemental Table S3).

Similar to our findings in resting T cells (Roh et al. 2006; Barski
et al. 2007; Wang et al. 2008), the promoters of expressed genes
in activated T cells were associated with high levels of Pol II and
“active” histone modifications such as H3K4mel/3, H3K9mel,
H3K27mel, H4K20mel, and histone variant H2A.Z. Many silent
genes were associated with the repressive H3K27me3 modification.

Examination of the induced genes (S—E set) revealed that
many of them already had active chromatin modifications at their
promoters, while silent in the resting state. For example, the E2F1
gene, whose expression was not detected in resting T cells, but
was induced upon T-cell activation, had peaks of active marks
H3K4me3, H2A.Z, and H3K9mel, but not repressive mark
H3K27me3 (Fig. 1A). Similar patterns were observed for LIF and
CISH genes, which were induced upon TCR signaling (Supple-
mental Fig. S2). Thus, although these genes were not expressed,
they had a chromatin environment resembling that of expressed
genes, suggesting that their genomic loci were prepared for ex-
pression. Such genes that are currently not expressed, but possess
“active” chromatin modifications will henceforth be referred to as
“poised” genes. We also observed silent, but poised genes in acti-
vated T cells, especially among genes that were silenced upon T-cell
activation. Many of these genes retained active chromatin mod-
ifications, even after being silenced. For example, the NKTR gene
retained H3K4me3, H3K27mel, and H4K20mel modifications,
and histone variant H2A.Z at the promoter, even though it was
silenced (Fig. 1B), suggesting that poising could be a result of pre-
vious transcription.

To investigate the poising of genes on a global scale, we cal-
culated the average tag density profiles (see Methods) of histone
modifications at promoter regions and in the gene bodies.
As expected, constitutively expressed (E—E) genes were en-
riched in active modifications, including H3K4me1/3, H3K9mel,
H3K27mel, H4K20mel, and H2A.Z at their promoters and/or in
the gene bodies in both resting and activated T cells, and had low
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Figure 1. E2F]1 and NKTR genes do not change their chromatin status upon induction or silencing,
respectively. The chromatin modification patterns of the E2FT gene (A) and the NKTR gene (B) are shown
in resting (top panel) and activated (bottom panel) T cells.
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levels of the repressive modification H3K27me3 (Fig. 2; Supple-
mental Figs. S3, S4). In contrast, constitutively silent (S—S) genes
had lower levels of active modifications and higher levels of
repressive H3K27me3. Interestingly, induced genes (S—E) had
high levels of active modifications not only in activated cells,
where they were expressed, but also in resting cells, where they
were silent. These genes had low levels of H3K27me3 in both cell

states. Similarly, repressed genes (E—S) possessed high levels of
active modifications in both resting and activated T cells and low
levels of H3K27me3. Pol II was present at a higher level in the
bodies (Fig. 2C, arrow; Supplemental Fig. S5) of expressed genes
compared to those of silent genes, thus confirming that the ab-
sence of mRNA product from silent genes was due to the absence
of transcription. However, high levels of Pol II were present at
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Figure 2. A majority of the genes do not change their chromatin status upon induction or silencing. Average ChlP-seq tag density for the four gene sets
are shown in resting (top panel) and activated (bottom panel) CD4™ T cells. The four gene sets: S—E (silent in resting and expressed in activated T cells), red
dashed line in density plot and light red in box plot; E—S, blue dashed line and light blue; E—E, red line and red; S—S, blue line and blue. The average tag
density values for resting and activated cells are not directly comparable as they have not been normalized across samples. Box plot summarizes the
distribution of the number of tags in the region of interest (highlighted in yellow) for each gene set. Box plot captures the median, the middle 50% of the
data points, and the outliers. The data points for each gene set are divided into quartiles, and the interquartile range (IQR) is calculated as the difference
between the first and the third quartiles. The filled box denotes the middle 50% of the data points, with the horizontal line in-between and the notch
representing the median and confidence intervals, respectively. Data points more than 1.5 times IQR lower or higher than first or third quartiles, re-
spectively, represent outliers and are shown as dots. The horizontal line connected by vertical dashed lines above and below the filled box (whiskers)
represents the largest and the smallest nonoutlier data points. The cluster of horizontal red and black lines below each box plot signifies whether or not the
difference between the medians of two gene sets are statistically significant, respectively (P < 0.01; two-tailed Wilcoxon rank-sum test). (A) H3K4me3, (B)
H3K27me3, (C) Pol Il, and (D) H3K79me2. Profiles for other modifications are presented in Supplemental Figures S3 and S4.
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induced gene (S—E) promoters in both resting and activated T
cells. In addition, Pol II did not disappear from the repressed gene
(E—S) promoters after the genes were silenced in activated T cells.

The methylation of histone H3K36 and H3K79 residues in the
gene body is considered to be associated with active transcription
(Li et al. 2002, 2007; Krogan et al. 2003; Steger et al. 2008). How-
ever, we detected increased levels of H3K36me3 in induced genes
(S—E) even in resting cells (Supplemental Fig. S3E), suggesting that
this modification might have remained from previous rounds
of transcription or be generated in a transcription-independent
manner. We found that only H3K79me2 was somewhat correlated
with the gene expression status in resting cells. Upon T-cell acti-
vation, H3K79me2 levels increased in induced genes, but repressed
genes (E—S) did not lose the methylation (Fig. 2D), suggesting that
longer times may be required to erase this modification. Our
observations remained the same even when we used alternative
gene sets defined using more stringent criteria (see Methods for
details).

To ensure that the observed global trends are not due to a few
genes with extremely high levels of histone modifications, we
examined promoter modifications on a gene-by-gene basis. For
each gene set, we calculated the percentage of genes possessing
statistically significant (P-value < 10~>) levels of H3K4me3, H2A.Z,
and Pol II tags at gene promoters (Methods). We found H3K4me3
at 83% and 81% of constitutively expressed gene (E—E) promoters
inresting and activated T cells, respectively (Fig. 3A). Interestingly,
68% and 64% of induced genes (S—E) had H3K4me3 in resting
and activated T cells, respectively. In fact, only three out of the
167 induced genes (S—E) actually became H3K4me3-positive
upon T-cell activation. Similarly, a ma-
jority of repressed genes (E—S) had
H3K4me3 in both resting (65%) and ac-
tivated (58%) cells. Only 18 of the 271
repressed (E—S) genes lost H3K4me3
upon T-cell activation. Two-thirds of the
constitutively silent genes (S—S) lacked

SRR 68
SRR 65

A H3K4me3 in Resting Cells

—83

ing given that the genes involved in basic cellular processes would
have to be prepared for expression in case certain contingencies
arise. When T cells receive a signal (TCR signaling being just one
example), some of these genes begin to be expressed. One would
expect the cell-type specific genes that are not needed in a given cell
type not to be poised. Indeed, H3K4me3 and Pol II tag density
profiles of silent genes involved in muscle or organ development,
which are not needed for T cells, showed no enrichment in
H3K4me3 or Pol II. Conversely, profiles for cell cycle or metabolism-
related silent genes showed high enrichment at the promoter
(Fig. 3D,E).

Systematic identification of miRNA gene promoters
using chromatin signatures

Our data above indicate that the majority of inducible protein-
coding genes are poised by chromatin for possible future expres-
sion. Next, we sought to find if the poising mechanism also applies
to miRNA-coding genes. Since most miRNAs are believed to be
transcribed by Pol II (Lee et al. 2004; Chuang and Jones 2007), we
hypothesized that their promoter structure and regulation may be
similar to that of protein-coding genes. Indeed, we found that
transcription of pri-miRNAs might be initiated from promoters
that bear chromatin modifications similar to that of protein-cod-
ing genes. For example, we detected peaks of chromatin mod-
ifications including H3K4me3, H3K9ac, and H2A.Z, as well as Pol II
upstream of a cluster of three highly expressed miRNA genes
MIRLET7A1, MIRLET7F2, and MIRLET7D located in an intergenic
region on chromosome 9 (Fig. 4A; Supplemental Table S3). High
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H3K4me3. We observed a largely similar
pattern for H2A.Z and Pol II (Fig. 3B,C).
While we found no changes in regard to
the presence or absence of chromatin
modifications and Pol II at promoters,
their levels at some individual genes
could have changed.

Nature of poised genes

Our data indicate that H3K4me3, as well
as histone variant H2A.Z and Pol II, occu-
pied promoters of 15%-30% of all silent
genes. This is consistent with recent ob-
servations that a large fraction of silent
genes had H3K4me3 at their promoters
(Barski et al. 2007; Guenther et al. 2007;
Mikkelsen et al. 2007). To better under-
stand the nature of the poised genes, we
performed Gene Ontology (GO) analysis
of the silent genes having significant lev-
els of Pol II at their promoters in resting
cells. This analysis revealed that this gene
set was enriched with functions related to
metabolic processes and cell cycle (Sup-
plemental Table S5). This was not surpris-

 —r

H3K4me3 in Activated Cells
|—— s

64

58

_24

0 20 409/60 80 100
o

F21

H2A.Z in Activated Cells

60
ﬁ 18

Pol Il in Activated Cells

— f— 3
CUNNNY 46 NSNSy 71
TR 40 TR 60

o 18 25

0 20 40_60 80 100
%

m E—-E S—E K E-S

0 20 40 60 80 100
%
B S-S

H3K4me3 in Resting Cells Pol 1l in Resting Cells
o 01 0.04
_8‘ : brgan developlmenl —_ J brgan develop‘mem —_—
= 0120 - Muscle —— | 0.040 f Muscle ——
o - Cell cycle | Cell cycle -
o Metabolic —— 0.035 - Metabolic —— 7
0.100 | g [

= | 0.030

g 0.080 | ‘ 0.025

@
0 0060 [ \ 0.020

)
8 oot | 0.015

- LA 0.010

D 0020 | ) P X N 0.005 1
< pooo =7 ‘ Mtheas 0.000

-5Kb -2.5Kb TsS 2.5Kb 5Kb -5Kb -2.5Kb Tss 2.5Kb 5Kb
Figure 3. Inducible genes are poised for expression. (A-C) A majority of inducible genes have

H3K4me3 (A), H2A.Z (B), and Pol Il (C) at their promoters. The percentage of genes that have significant
(P-value < 10~®) number of tags at the promoter for each set of genes is shown in resting (top panel) and
activated (bottom panel) T cells. (D,E) Silent genes associated with cell cycle and metabolism, but not
muscle or organ function and development, are poised in T cells. H3K4me3 (D) and Pol Il (E) tag density
profiles for silent genes taking part in specific biological processes.
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Figure 4. miRNA promoters have chromatin modification patterns similar to that of protein-coding genes. Chromatin modification patterns in the
region surrounding the intergenic MIRLET7 miRNA cluster (A), and intragenic MIR98 and MIRLET7F2 (B), and MIR491 (C) are shown. Putative promoters
are marked by H3K4me3, H2A.Z, and Pol Il peaks. The green bars extend from the predicted transcription start site to the 3’ end of the pre-miRNA.
H3K27mel, H3K9me1, H3K79me2, and H3K36me3 modifications, typically found within gene bodies of protein-coding genes, are seen within the

putative miRNA coding transcript.

levels of H3K27mel, H3K9mel, H3K79me2, and H3K36me3,
which are typically associated with actively transcribed regions of
protein-coding genes, were found immediately downstream from
these peaks. Presence of expressed sequence tags (ESTs) starting
near the peaks and extending past the miRNAs provides further
evidence of transcriptional initiation from the predicted TSS
regions for the miRNA genes.

Based on these observations, we designed an algorithm that
uses a kernel density estimation function (see Methods) to identify
putative promoters for all known miRNAs using H3K4me3, H2A.Z,
and Pol Il data in resting cells. The algorithm starts from the 5" end
of the pre-miRNA, and traverses upstream until it finds statistically
significant peaks for each of the three modifications. A promoter
for amiRNA-coding gene is predicted if the peaks of at least two out
of the three colocalize, a pattern typically observed at the pro-
moters of protein-coding genes (see Methods for details). When
this algorithm was tested to predict the promoters of 1000 highly
expressed genes, ~90% of the predicted promoters were within
a few hundred base pairs of the annotated TSSs (Supplemental Fig.
S6). Of the 541 human miRNAs in miRBase (Griffiths-Jones et al.
2006), we identified promoters for 234 miRNAs, 129 of which are
located within a gene, and 105 of which are intergenic (Supple-
mental Table S3). About 67% either shared the promoter with
a protein-coding gene that hosts the miRNA or had an EST initi-
ating at the predicted promoter and extending past the miRNA,
suggesting that the transcription of pri-miRNAs is indeed initiated
from the promoters. Another 15% had ESTs starting at the pro-
moter, extending toward the miRNA, but ending short of it. Of the
85 intergenic miRNAs that did not share a promoter with a protein-
coding gene, 36 had an EST starting at the predicted promoter and
extending past the miRNA, and 19 had an EST starting at the

promoter, but ending short of the miRNA (Fig. 4; Supplemental
Table S3).

To ensure that the predicted miRNA promoters are accurate,
we picked a few predicted promoters for which no EST support was
available and performed validation experiments. First, we per-
formed 5’ RACE experiments to detect pri-miRNA transcripts
downstream from predicted TSSs of seven clusters of miRNAs (16
miRNAs total) that were expressed in T cells (Supplemental Fig.
S7B; see Methods). We were able to detect the pri-miRNA tran-
scripts and their TSSs were within ~200 base pair (bp) of their
predicted promoters (Supplemental Fig. S7). This resolution is
similar to that achieved for a set of protein-coding genes (Supple-
mental Fig. $6), and is reasonable given that the resolution of the
chromatin modification data used to predict the promoters was
~150 bp. Second, we used a promoter reporter assay to test the
promoter activity at the predicted miRNA promoters. We cloned
~650 bp surrounding putative promoters of six miRNA genes that
were not expressed in T cells into a pGL3 enhancer luciferase re-
porter vector containing an V40 enhancer, but no promoter. Two
sequences that did not display Pol II binding and H3K4me3 en-
richment in ChIP-seq were used as controls. When transfected into
Jurkat cells, all six miRNA promoter constructs had significantly
higher activity than controls (P < 0.005), thus confirming that
predicted promoters indeed possess promoter activity (Fig. 5; see
Methods). A chromatin-based approach to promoter prediction
has also been used and validated by others (Marson et al. 2008;
Guttman et al. 2009). A comparison of the miRNA promoters
predicted by our approach with that predicted by Marson et al.
(2008), which used H3K4me3 mark and DNA sequence features,
revealed that a majority of our predictions are the same as that
reported in this other study.
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5.5&3

Firefly/Renilla

Figure 5. Promoter-reporter assay. Predicted miRNA promoters or
control sequences were cloned into pGL3 enhancer vector containing
SV40 enhancer, but no promoter. Plasmids were transfected into Jurkat
cells together with Renilla luciferase control. Luciferase activity was mea-
sured after two days. Ratio of firefly and Renilla luciferase signal + SD (n=3)
is shown. *P-value < 0.005 in Student t-tests vs. both controls 1 and 2.

We found examples of intragenic miRNAs having indepen-
dent promoters or sharing promoters with the protein-coding
genes. For example, MIR98 and MIRLET7F2 located within the
HUWEI] gene on chromosome X, had peak signals of Pol II,
H3K4me3, H2A.Z, and other modifications ~25 kb upstream of
the annotated HUWE1 promoter with H3K36me3 extending from
this putative promoter toward the miRNAs, suggesting that the
miRNA transcription actually starts upstream of the host gene.
ESTs were also found to start in this region (Fig. 4B). Another ex-
ample of an intragenic miRNA starting downstream from the host
gene’s TSS is shown in Figure 4C. However, most of the predicted
promoters for intragenic miRNAs were the same as those of the
host genes (Supplemental Fig. S8).

To investigate the chromatin environment at miRNA pro-
moters, we examined the average tag density profiles of chromatin
modifications at these loci (Supplemental Fig. S9). While H3K4
me3, H2A.Z, and Pol Il were used for promoter prediction and thus,
one can expect to see their peaks at the promoters, the rest of the
modifications were enriched at promoters independent of the
prediction algorithm. In particular, H3K9mel, H4K20mel, and
H3K36me3 were elevated downstream from the TSSs (Supple-
mental Fig. S9G,J,K). These results show that miRNA genes have
a chromatin environment similar to that of protein-coding genes.

Poising of miRNA genes by chromatin

Since peaks of Pol II, H3K4me3, and H2A.Z in resting cells were
used to predict miRNA promoters, the miRNAs (i.e., the pri-miRNAs
coding for these miRNAs) whose transcription starts at these pre-
dicted promoters must be either expressed or poised in resting
cells. To avoid a circular argument, instead of asking whether in-
duced miRNA genes were poised in resting cells, we asked how
many of the 234 predicted miRNA promoters (which, by defini-
tion, are associated with “active” modifications) were silent in
resting cells. To account for the fact that two or more miRNAs often
share the same promoter, we considered 175 promoters driving the
expression of 234 miRNAs (Supplemental Table S3). Our deep se-
quencing of miRNAs indicated that 42% of these promoters had
zero sequence reads mapped to their product miRNA(s), suggesting
that the miRNAs coded by these transcripts are silent in resting
cells. These silent miRNAs already contain active chromatin

modifications at their promoters suggesting that they might be
poised for future expression. Indeed, we found that several of these
miRNA genes were induced by TCR signaling. For example, there
were zero tags for intragenic MIR877 in resting T cells and 80 tags in
activated T cells; for intergenic MIR301B, the expression increased
from one to 11 tags. (Fig. 6; for more examples, see Supplemental
Fig. S10). This suggested that chromatin modifications poise some
miRNA genes for expression.

Discussion

We have provided evidence that the chromatin modification pat-
terns at a majority of induced and repressed genes are stable during
short-term activation of resting human CD4" T cells. This suggests
that changes in the chromatin environment of induced or re-
pressed genes take a relatively long time. Given that, according to
FRAP studies (Hager et al. 2006), chromatin states can be changed
relatively fast, the stability of chromatin modification patterns we
observe has to be purposefully maintained.

In general, as shown in this and other studies, active chro-
matin modifications were found to be associated with expressed
genes. As suggested by Ruthenburg et al. (2007), the association
between expressed genes and active modifications can be ex-
plained in four ways: histone modifying enzymes (e.g., histone
methyl transferases [HMTs]) are recruited (1) by TFs before tran-
scription initiation, which helps to recruit Pol Il machinery; (2) by
the polymerase machinery itself concurrently with or after initia-
tion; (3) by other histone modifications via effector proteins; or (4)
by RNA. However, we and others have found that some silent
genes are also associated with active modifications including
H3K4me3 (yeast [Ng et al. 2003], mouse [Mikkelsen et al. 2007],
and human [Barski et al. 2007; Guenther et al. 2007]), H2A.Z (yeast
[Raisner et al. 2005]) and human (this study), and other mod-
ifications (human [this study]). In this context, gene poising
or presence of active chromatin marks at silent genes can be
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Figure 6. Inducible miRNA genes are poised for expression. The chro-
matin modification patterns at the intragenic MIR877 (A) and intergenic
MIR301B (B) genes that are induced upon T-cell activation.
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explained by either de novo poising of silent genes for future ex-
pression (assuming recruitment mechanism 1 or 3), or as a mem-
ory of past transcription (mechanisms 2-4).

In yeast, the only known H3K4 HMT, Setl, is recruited to
active genes via Ser5 phosphorylated Pol II, suggesting that the
H3K4me3 mark remains at gene promoters mostly as a memory of
past transcription (Ng et al. 2003). However, more evolutionarily
advanced organisms, such as flies and mammals have several H3K4
HMTs. These are recruited not only by transcribing Pol I, but also
by sequence-specific transcription factors, via interaction with other
histone modifications, or even RNA (for review, see Ruthenburg
et al. 2007). We found evidence suggesting both de novo poising
and memory of past transcription in our experiments with human
cells. While only 15%-20% of all silent genes have active mod-
ifications, as many as 60%-70% of inducible silent genes are as-
sociated with active modifications and Pol II. This suggests that
active modifications are deposited to poise inducible genes for
future expression. At the same time, a majority of recently silenced
genes retained the active modifications, suggesting the “memory
of past transcription” principle. In this study, the only modifica-
tion that can be clearly explained in only one way seems to be
H3K79me2. We detected little enrichment of this modification at
inducible genes before gene induction, but significant levels at the
genes that were recently silenced, suggesting that this modifica-
tion is deposited only during active transcription and its presence
at silent genes is due to short-term “transcriptional memory.”

It is important to note that our experiments have been per-
formed using total CD4" T cells, including both naive and memory
T cells. Unlike naive T cells that have never met an antigen,
memory T cells have been activated by interaction with antigen,
but returned to a quiescent, resting state. Therefore, the chromatin
modifications at the inducible genes could reflect the TCR signal-
ing history of memory T cells. Indeed, IL2, IFNG, and IL4 pro-
moters are marked with H3K4me3 in our cells. Our analysis of
chromatin modifications in naive CD4" T cells in mouse (Wei et al.
2009) showed that several cytokine gene promoters, including 12,
114, and Ifng, were not marked by active modifications in naive
cells. This observation suggests that the poising we observed in
total human CD4* T cells could have come from memory cells,
which have experienced transcription of certain cytokine genes
due to TCR signaling in the past. On the other hand, poised genes
related to general cellular machinery and cell cycle (e.g., E2F1, SRF)
are poised in mouse even in naive T cells. These genes have obvi-
ously been expressed in the past during T-cell development. This
suggests that some genes expressed in the past can stay poised,
possibly, to facilitate transcription in the future. When naive CD4*
T cells were differentiated to various T-helper cell lineages, signif-
icant changes of histone modification at critical cytokine and
transcription factor genes were detected (Wei et al. 2009). Similarly,
dramatic chromatin changes were also detected when hemato-
poietic stem cells were differentiated to erythrocyte precursor cells
(Cui et al. 2009) and in other studies of cell differentiation
(Mikkelsen et al. 2007; Mohn et al. 2008). In contrast, even though
many genes were induced, the short-term TCR signaling of CD4* T
cells in this study did not cause dramatic changes in chromatin
modifications. Altogether this leads us to hypothesize that exe-
cution of cell function, such as quick production of cytokines
upon activation, is facilitated by preexisting chromatin mod-
ifications or, in other words, gene poising. At the same time long-
term cell state changes, such as naive to Th1/2 T-helper cell
differentiation are accompanied by changes in chromatin mod-
ifications that serve as a robust epigenetic mechanism stabiliz-

ing the changed cell states and supporting future execution of
cell function. However, further experiments are required to vali-
date this hypothesis.

In this work we analyzed only histone methylation and
acetylation modifications. It is possible that other histone mod-
ifications, both known and undiscovered, can play a significant
role in the regulation of gene expression. In addition to acetyla-
tions and methylations these might include phosphorylations,
ubiquitinations, and other modifications. These remain interest-
ing areas for future studies.

The poised genes are marked by active chromatin mod-
ifications and possess Pol II at their promoters, but are not tran-
scribed, suggesting that recruitment of Pol Il is not the final step in
the regulation of transcription for a significant percentage of
genes. The presence of paused Pol II at the promoters of silent
genes has been observed in both the Drosophila and human (Barski
et al. 2007; Guenther et al. 2007; Muse et al. 2007; Zeitlinger et al.
2007; Schones et al. 2008). While it is not clear what prevents Pol I
from transcribing after its recruitment to promoter, transition from
transcriptional initiation to elongation is known to be regulated by
a P-TEFb complex (Core and Lis 2008; Steger et al. 2008). However,
the manner of gene-specific recruitment of P-TEFb remains to be
studied.

Our data suggest that chromatin modifications poise genes,
which creates a chromatin environment that can accommodate
transcriptional activation by specific transcription factors induced
by TCR signaling or other environmental stimuli. We found that
a poising mechanism is employed in the regulation of not only
protein-coding, but also miRNA genes. This suggests that control of
miRNA expression works similarly to that of protein-coding genes.

Methods
Cells, antibodies, and ChlP-seq

Human CD4" T cells were prepared by negative selection as de-
scribed previously (Barski et al. 2007). Activation was performed by
addition of anti-CD3/anti-CD28 beads (Invitrogen) to cells for 18 h
according to manufacturer’s instructions. Chromatin was prepared
by formaldehyde cross-linking and sonication for H3K79me2 and
Pol II ChIPs and by micrococcal nuclease digestion for the rest of
the ChIP experiments. ChIP-seq was performed as described pre-
viously (Barski et al. 2007; Wang et al. 2008; see also Barski and
Zhao 2009; Cuddapah et al. 2009 for review and protocol, re-
spectively). Antibodies used for ChIP are listed in Supplemental
Table S1 and their specificity was assessed in a previous study
(Wang et al. 2008).

[llumina pipeline analysis

Sequenced tags were mapped to the human genome (hg18) using
the Illumina Analysis Pipeline. The mapped tags for each sample
were converted to a browser extensible data (BED) file, detailing
the genomic coordinate of each tag. Summary files, displaying the
number of tags in 200-bp windows, in BED format were used for
viewing in the UCSC Genome Browser, and to generate screen-
shots. The read numbers for each sample are listed in Supplemental
Table S1.

Gene Ontology analysis

GO analysis was performed using DAVID functional annotation
tool, using a P-value cutoff of 0.01 (http://david.abcc.ncifcrf.gov/)
(Huang da et al. 2007).
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Expression analysis and gene sets

Total RNA was prepared using an RNeasy kit (Qiagen) and analyzed
using Human Genome U133 Plus 2.0 array (Affymetrix). Data were
previously deposited to GEO as GSE10437.The Affymetrix Micro-
array Suite 5 (MASS.0) algorithm (Affymetrix 2002) was used on
the expression data to make absent/present calls. Probes that were
designated as present (or absent) across all replicates of a given
sample were considered expressed (or silent, respectively) in that
sample. Only those Affymetrix probe sets, which were un-
equivocally mapped to UCSC known genes (Hsu et al. 2006), were
considered for further analysis, leaving us with 9399 genes for
further analysis. Set E—E (or S—S) was defined as the set of genes
expressed (or silent) in both resting and activated T cells. Genes
that were silent in resting cells, but expressed in activated cells
were defined as set S—E, and those that were expressed in resting
cells and silent in activated cells were defined as set E—S.

To ensure that our observations do not hinge critically on the
definition of the gene sets, and that they will hold even if one uses
a more stringent definition for gene sets, we repeated the analyses
using alternative gene sets defined based on (1) P/A calls, (2) the
requirement that there is at least a twofold change in expression
for genes switching states from P to A and A to P in all replicates,
and (3) the requirement that the expression of genes in S—S are
below the median expression levels in both cell states in all repli-
cates, and that the expression of genes in E—E are above the me-
dian expression levels in both cell states. These restrictions reduced
the number of genes in E—E, S—E, E-S, and S—S sets from 3250,
168, 271, and 5729 to 2544, 45, 44, and 4941, respectively. The
average tag density plots for these strictly defined gene sets
revealed no changes in the observed trends (see Supplemental Fig.
S$11) compared to those plotted using gene sets defined using only
A/P calls (Fig. 2; Supplemental Figs. S3, $4).

For miRNA analysis, RNA was prepared using miRNeasy kit
(Qiagen). Cloning was performed by a protocol similar to that of
Lau et al. (2001) followed by deep sequencing on Illumina genetic
analyzer (A Barski, unpubl.). Read numbers corresponding to each
human miRNA are shown in Supplemental Table S3.

Chromatin modification profiles

To examine modification patterns near the TSSs of each gene set,
all genes in the set were aligned relative to their TSS coordinates.
Tag density was calculated in 100-bp windows relative to the TSS,
and the average tag density (used in the plots) denotes the average
number of tags per base pair. Modification patterns in the gene
bodies of each gene set were examined in a similar fashion, except
that the genes were aligned relative to their TSS and transcription
end site (TSS). The tag density within the gene body was calculated
using windows, whose length is 5% of the gene length.

It should be noted that tag densities have not been normal-
ized across cell states, and thus are not directly comparable be-
tween different cell states. Tag density depends on a number of
factors including total number of tags sequenced, background
modification levels of chromatin, and ChIP enrichment which are
different for different samples. For that reason we only compare tag
densities for various gene sets within the same sample.

Presence/absence of a chromatin modification

For each chromatin modification, a 500-bp region (either in the
promoter or within the gene body) with maximal difference in the
enrichment of modification between the constitutively expressed
(E—E) and constitutively silent (S—S) genes was identified (Sup-
plemental Table S1). A given chromatin modification is said to be
present at a gene if the number of tags mapped within the iden-

tified 500-bp window is statistically significant. To assess statistical
significance, we modeled the distribution of tags throughout the
genome as a Poisson process and calculated the number of reads
necessary in 500-bp windows for a P-value threshold of 10, Since
less than 80% of the genome length could be uniquely mapped
using 25 bp reads, the background model assumed the genome
size to be 2.46 Gb (80% of 3.08 Gb). The number of tags necessary
to satisfy the chosen P-value threshold is listed in Supplemental
Table S1.

Functional gene sets

Genes related to certain biological processes were selected using
MetaSearch software from the MetaCore package (Ekins et al. 2007)
from GeneGo, Inc. (www.genego.com). The following GO bi-
ological process terms were used to select the genes: muscle:
“muscle system process” or “muscle cell differentiation”; organ
development: “liver development,” “kidney development,” “di-
gestive tract morphogenesis,” or “digestion”; “cell cycle”; and
“metabolic process.”

MicroRNA promoter prediction

For each modification (Pol II, H3K4me3, and H2A.Z), the tag
density profile of tags at position i in the genome is approximated
using kernel density estimation (KDE) profiles. For Pol 1II, the tag
density profile at position i is given by

Sty=5 Y K(j—i/h).C(j+75),

i—3h
—i+3h

1
h.
where £ is the kernel density bandwidth (smoothing parameter,
set to 20),

K(x)= Le’f

is the standard Gaussian kernel density function, and C(x) is the
sum of the number of 5’ read ends at position x — 80 on the sense
strand and position x + 80 on the antisense strand. For H3K4me3
and H2A.Z, the tag density profiles at position i are given by

i-3h
Si)=1 ' K(j—i/h).C(j+125)
b T
and
L1 i3k . .
Si)=5 X K(j—i/h).C(j),
j=—i+3h
respectively.

Putative TSS for each miRNA is predicted using a trace-back
algorithm, which starts from the 5’ end of the pre-miRNA and
traces back upstream looking for statistically significant peaks of
Pol 1I, H3K4me3, and H2A.Z. Statistical significance of peaks was
assessed by modeling the distribution of tags throughout the ge-
nome as a Poisson process and calculating the number of reads
necessary in 400-bp windows for a P-value threshold of 10~°. For
each modification, the KDE profiles are used to keep track of the
tallest peak seen so far. The trace back stops if a peak has been
found for all three modifications or 250 kb has been explored,
whichever happens first. If a peak has been identified for all three
modifications, the TSS for the miRNA is predicted as follows: If the
Pol II peak colocalizes with peaks of H3K4me3 and/or H2A.Z, then
the coordinate marking the Pol II peak is the TSS. Or else, if the
H3K4me3 peak colocalizes with the H2A.Z peak, then the co-
ordinate marking the H3K4me3 peak is the TSS. If neither of the
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above conditions holds, or if peaks for all three modifications have
not been identified, then a prediction is not made. The region
surrounding the predicted miRNA TSS is defined as the promoter.
Predicted TSSs are expected to be within 500 bp of the actual TSSs
based on the TSS predictions of 1000 highly expressed genes in
resting T cells (Supplemental Fig. S6). Predicted TSSs were manually
inspected to filter out obvious false-positives by taking into ac-
count the three modifications used for prediction, as well as
H3K36me3, H3K79me2, and the coordinates of known genes.

5'-RACE

Total RNA from resting and activated CD4+ T cell was prepared
using RNeasy kit (Qiagen). Human placenta RNA was obtained
from Clontech. Reverse transcription was performed using 1 pg of
RNA and a mixture of RT primers (Supplemental Fig. S7A; Sup-
plemental Table S6) using a Smart RACE cDNA amplification kit
(Clontech). PCR was performed using Universal primer (anneals to
Clontech Smart Oligo) and individual RT primer. If no product was
obtained, nested primer was used (Supplemental Table S6).

Promoter reporter assay

Approximately 650 bp fragments surrounding putative promoters
were amplified by PCR using high fidelity Phusion DNA poly-
merase (NEB) and cloned into Kpnl/ BgllI sites of pGL3 enhancer
vector (Promega). Primers are listed in Supplemental Table S7.
Jurkat cells were plated at 6 X 10° per well of six-well plate and
transfected with 500 ng of reporter construct, 50 ng of pRLTK
Renilla luciferase control plasmid, and 1 pg of carrier DNA (pBSK)
using Superfect reagent (Qiagen). Dual luciferase assay was per-
formed 2 d later, and firefly luciferase signal was normalized by
that of Renilla luciferase.
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