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SUMMARY

Cell-type-specific control of gene expression is
critical for the development of multicellular organ-
isms. To investigate the mechanisms which underlie
this, we have studied the regulation of the model
genes Mdc and /I12b, whose stimulus-induced
expression is tightly restricted to specific cells of
the immune system. Surprisingly, we find that neither
the promoter nor the enhancer sequences of these
genes are sufficient to direct this cell-type specificity.
Instead, the activities of upstream enhancers are
repressed in nonexpressing cells by high levels
of trimethylated H3K9 in their flanking regions.
Genome-wide analysis indicates that this manner of
regulation is shared by numerous enhancers of cell-
type-specific genes. In dendritic cells and macro-
phages, the stimulus-induced demethylase Jmjd2d
controls H3K9me3 levels at these regions, and is
thereby required for Mdc and IlI12b transcription.
By experimentally assaying multiple enhancers in a
variety of cell types, we show that regulation by
H3K9me3 is a widely used mechanism which imparts
specificity to the activities of otherwise broadly func-
tional enhancers.

INTRODUCTION

The precise regulation of gene expression underlies the ability of
all living organisms to respond to stimuli and is essential for
metazoan development and differentiation. In mammals, the
stimulus-induced expression of inflammatory genes represents
a good model system to study the mechanisms which control
the specificity of gene expression. Inflammation is triggered
by the rapid and specific activation of multiple genes by cells
of the innate immune system, in response to tissue injury and
infection (Smale, 2010). Activation of most inflammatory genes
is driven by the binding to proximal promoter elements of
stimulus-inducible transcription factors, exemplified by NF-«B.
NF-kB is an evolutionarily conserved family of transcription
factors, which are active in most metazoan cell types (Hoffmann
and Baltimore, 2006). However, many of its target genes display
highly restricted patterns of expression (Hoffmann and Balti-
more, 2006; Natoli and De Santa, 2006; Sen and Smale, 2010;
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Smale, 2010), indicating that additional processes control their
cell-type specificity.

RESULTS

Expression of the Mdc and II12b Genes, but Not the
Function of Their Promoter or Enhancer Sequences,

Is Strictly Cell-Type Specific

Exposure to inflammatory stimuli such as LPS elicits strong
expression of the NF-kB-dependent Mdc and //12b genes by
myeloid cells such as dendritic cells (DCs; Figure 1A). How-
ever, these genes are not expressed at all in stimulated 3T3
fibroblasts, even using much higher amounts of LPS or using
TNF-o (@ more potent NF-kB-inducing stimulus in this cell type;
Figure 1A and see Figure S1B online).

To separate the contributions of cis-acting motifs in the
promoters or enhancers of these genes (see Figure S1A) from
the possible regulatory effects of their native chromatin context,
we began by cloning the 1 kb sequences immediately upstream
of the transcriptional start sites of each into a plasmid vector, to
drive expression of a green fluorescent protein (GFP) reporter
gene. We then assayed their activities after transfection into
either a myeloid macrophage cell line or into fibroblasts. Using
this system, we could readily detect the cell-type-specific
activity of a previously characterized control promoter derived
from the human SR17 gene, which drives GFP expression only
in macrophages (Figure 1B; Horvai et al., 1995). The promoter
regions of Mdc and /I12b recapitulated the NF-kB responsive-
ness of their endogenous genes (as described; Ghadially et al.,
2005; Murphy et al., 1995; Figure 1B). However, in contrast to
the cell-type-specific expression of the endogenous Mdc and
I112b genes, their promoter regions were able to drive NF-
kB-dependent GFP expression when transfected both into
macrophages and into fibroblasts (Figure 1B). Moreover, their
promoter regions exhibited significant basal activity in both cell
types when combined with enhancer elements on the same
plasmid (Figure S1C). Thus, the primary sequences of the Mdc
and /I12b proximal promoter regions are not sufficient to direct
their cell-type-specific gene expression.

To identify distal cis-regulatory elements at the //72b and Mdc
loci, we began by using chromatin IP (ChIP) to measure levels of
monomethylated H3K4, since peaks of H3K4me1 have been
shown to correlate with promoter/enhancer elements that are
functional in a given cell type (Heintzman et al., 2009). As ex-
pected, we found that the Mdc and //72b promoters are marked
by local H3K4me1 in DCs (Figures 1D and 1E). In addition, this
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analysis revealed several distal peaks of H3K4me1, suggesting
the possible locations of enhancers. In fibroblasts, H3K4me1
was absent from the promoters of both genes, and from a subset
of additional locations at the //72b locus. Notably, however,
regions upstream of both genes contained putative enhancers
which still remained strongly associated with H3K4me1 peaks
in fibroblasts (Figures 1D and 1E), despite their inability in this
cell type to activate transcription from the associated promoters.

The upstream peak at the //712b locus in fibroblasts cor-
responds to an enhancer which was previously functionally
characterized in macrophages (Zhou et al., 2007; see also Fig-
ure S1D). We screened sequences up to 15 kb upstream of the
Mdc transcriptional start site using a transfection-based reporter
assay, and found that the H3K4me1 peak at —10 kb also
coincides with a functional enhancer element (Figure S1D). To
investigate whether either of these enhancers could exhibit
cell-type-specific function, we examined their abilities to en-
hance GFP expression driven from a minimal promoter on
a reporter plasmid when transfected into either macrophages
or fibroblasts. With this assay, we could measure the cell-type-
specific function of numerous control enhancers (such as
that of //1b; Figure 1C and Figure S1E). However, although the
endogenous Mdc and ll12b enhancers fail to drive expression
of their target genes in fibroblasts (Figure 1A), these enhancer
sequences were functional on episomal reporter plasmids
when transfected into both cell types (Figure 1C and Figure S1D).
We also obtained the same results by pairing each enhancer
with its own proximal promoter, excluding the possibility that
cell-type-specific activity might result from differences in com-
patibility with these particular promoters (Figure S1F).

Although the episomal assay is widely used to measure cell-
type-specific enhancer function (Bulger and Groudine, 2011;
Ghisletti et al., 2010; Heintzman and Ren, 2009), and activity in
this assay unambiguously reveals the functionality of a particular
sequence and the availability of specific activating transcription
factors in a given cell type, it differs from the natural situation in
which enhancers (and their target promoters) are embedded
within genomic chromatin. To examine the function of the Mdc
and /12b enhancers in this setting, we used a self-inactivating
retroviral vector (lacking viral enhancer elements) to integrate
each enhancer, together with a minimal promoter-GFP reporter,
into multiple genomic locations. Again, we found that both
enhancers could still drive stable GFP expression after trans-
duction into either macrophages or fibroblasts (Figure 1C), indi-
cating that they are also broadly functional in the context of
chromatin.

It is important to make a distinction whether, in a given cell
type, promoter/enhancer sequences are functional, by which
we refer to their inherent ability to drive gene expression when
assayed in isolation (such as on a reporter plasmid), or whether
endogenous promoter/enhancers are active, by which we
denote their ability to drive gene expression when both are in
their native genomic and chromatin context. The function of
a promoter or enhancer is usually considered to be determined
by the availability and binding of particular combinations of
activating and/or repressing transcription factors (Borok et al.,
2010; Levine and Tjian, 2003; Visel et al., 2009). However, the
above experiments show that the Mdc and //12b promoters

(Figure 1B) and enhancers (Figure 1C) are both functional in
fibroblasts, and yet the endogenous genes are not expressed,
suggesting that their cell-type-specific genomic environment
provides an additional level of regulation.

To investigate this further, we used ChIP to survey the chro-
matin landscape of the endogenous Mdc and //72b loci, both
in DCs, which express these genes upon stimulation, and in
fibroblasts, which do not (Figure 1A). We began by examining
H3K27Ac (another chromatin mark correlating with enhancer
function; Creyghton et al., 2010; Rada-Iglesias et al., 2011) and
acetylated H4 (which is generally associated with active tran-
scription): in DCs, both of these marks were present at the
Mdc and /I12b enhancers before stimulation, and they were
also robustly induced at the promoters of both genes upon stim-
ulation (Figures S1G-S1J). In 3T3 fibroblasts, although neither
mark was detected at the inactive promoters of these genes,
both were strongly present at their enhancer regions, before
and after stimulation (Figures S1G-S1J).

We also investigated the abilities of selected sequence-
specific transcription factors to bind to these enhancers in
both cell types. The NF-kB subunit c-Rel is known to regulate
the expression of both Mdc and //12b (Sanjabi et al., 2000; van
Essen et al., 2010), and the transcription factor CEBP/B has
previously been described to bind to the //72b promoter and
enhancer (Plevy et al., 1997; Zhou et al., 2007). In DCs, we could
detect inducible binding of c-Rel to the promoters and upstream
enhancers of both genes, and of CEBP/B to the //72b enhancer
(Figures S1K and S1L). Strikingly, although c-Rel could no longer
be found at the Mdc or II12b promoters in 3T3 fibroblasts, both
transcription factors bound to the upstream enhancer regions,
at levels comparable to those seen in unstimulated DCs (Figures
S1Kand S1L).

Thus, the presence of histone modifications correlating
with active transcription, together with the binding of specific
transcription factors, supports the results of our reporter assays
above and suggests that the endogenous Mdc and I/12b
enhancers are functional in 3T3 fibroblasts. Despite this, they
are unable to activate gene expression upon cellular stimulation,
implying that their activities could be subject to negative regula-
tion in this cell type.

H3K9me3-Rich Regions Flank Many Enhancers of
Inactive Genes in Nonexpressing Cell Types

H3K9 trimethylation is generally associated with transcriptional
silencing in heterochromatin (Hublitz et al., 2009; Kouzarides,
2007), and when we examined the behavior of this modification
at the Mdc and //12b loci, we observed a striking difference
between DCs and 3T3 fibroblasts upon stimulation. Before stim-
ulation, in both cell types, only low levels of H3K9me3 were
present at the promoters of these genes, but upstream genomic
locations spanning the enhancers of both Mdc and I/72b con-
tained regions of higher-level H3K9me3. Although embedded
between these regions, the enhancers themselves were spared
from the highest levels of H3K9me3, which were instead located
at around 3-6 kb on either side (Figures 2A and 2B). After stim-
ulation of DCs, H3K9me3 levels surrounding the enhancer
regions either remained unchanged or were locally reduced
(Figures 2A and 2B and Figure S2B), accompanying the
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induction of gene expression and the acquisition of promoter
chromatin marks associated with transcriptional activation (Fig-
ure 1A and Figures S1G-S1J). In contrast, stimulation of 3T3
fibroblasts induced a further increase in H3K9me3 which deco-
rated the entire Mdc and //72b gene loci, with the peak amounts
again flanking, but largely excluding, the two enhancers (Figures
2A and 2B). These high and induced levels of H3K9 trimethyla-
tion were a particular feature of the nonexpressed Mdc and
1I12b gene loci; at several control genes which are expressed
in stimulated fibroblasts, H3K9me3 levels were low and re-
mained low after stimulation (Figures S1B, S2A, and S2D). We
observed high levels of H3K9 trimethylation in 3T3 fibroblasts
treated with two independent stimuli (TNF-o. and LPS; Fig-
ure S2C), both of which are unable to induce Mdc or lI12b
expression in this cell type but which do trigger expression of
other inflammatory NF-kB target genes (Figure S1B).

Thus, the high levels of H3K9me3 surrounding the Mdc and
I112b enhancers in fibroblasts correlate with the failure of these
functional enhancers to activate transcription at their target
genes in this cell type upon stimulation. To extend these obser-
vations to other enhancers throughout the genome, we first used
our H3K4me1 ChlIP data to identify a set of around 80,000 peaks,
corresponding to the locations of putative enhancers. We then
interrogated these for the surrounding distribution of H3K9me3
in DCs and fibroblasts, before and after stimulation. Similarly to
what we had observed at the Mdc and //712b loci, we found
that H3K9me3 is present on average at only low-to-moderate
levels near promoters (Figure 2C), and the proximal promoter re-
gions themselves tend to be particularly depleted of H3K9me3.
The frequency of H3K9 trimethylation increases with distance
upstream of promoters, so that in the vicinity of the adjacent
enhancer regions it is typically present at an elevated level (Fig-
ure 2C). As with promoters, enhancers themselves specifically
exclude the highest amounts of H3K9me3, which is depleted
on either side of enhancers up to distances of around 3 kb.
This pattern was observed with both fibroblasts and DCs, and
also using publically available data sets derived from several
human cell types (Figure S2F), and using distinct sets of en-
hancers independently predicted in other cell types (e.g., HeLa
cells, Figures S2E and S2F; K652 cells, data not shown;
Heintzman et al., 2009). For comparison, we also examined the
genome-wide distributions of other histone modifications asso-
ciated with transcriptional repression: while several of these
show a characteristic pattern of enrichment or depletion at
promoter regions (as previously described; Barski et al., 2007),
only depletion of H3K9me3 showed a pronounced correlation

with the locations of predicted enhancers, strongly suggestive
of alink with enhancer function in multiple cell types (Figure S2E).

Guided by our observations of the H3K9me3 levels sur-
rounding the model enhancers of the Mdc and //12b genes
(Figures 2A and 2B), and on the genome-wide distribution of
this modification around other predicted enhancers (Figure 2C),
we examined total H3K9me3 levels flanking each enhancer at
distances from 3 to 10 kb away. The levels of H3K9me3
surrounding predicted enhancers negatively correlate with the
magnitudes of histone modifications associated with transcrip-
tional activation at the enhancers themselves (Figure 2D), sug-
gesting that enhancers flanked by high-level H3K9me3 are
indeed inactive.

To investigate this, we compared the levels of H3K9me3 flank-
ing enhancers with the expression levels of their adjacent genes
in DCs and fibroblasts (which we determined using microarray
analysis). Enhancers with high levels of flanking H3K9me3 are
selectively enriched adjacent to nontranscribed genes (Figure 2E
and Figure S2F), analogous to the situation which has been
described for promoters (Barski et al., 2007). Moreover, cell-
type-specific changes in gene expression are accompanied by
changes in the levels of H3K9me3 around adjacent enhancers:
that is, when inactive genes associated with enhancers flanked
by high-level H3K9me3 are active in a different cell type, the
levels of H3K9me3 around these enhancers are also strongly
reduced (Figure 2E and Figure S2G). Although high levels of
H3K9me3 at regions flanking enhancers and at promoters both
correlate with gene inactivity, they do not always occur together,
indicating that they can be regulated independently (Figure S2H).
Hence, even when considering only promoters bearing low
H3K9me3, the strong correlation between promoter inactivity
and the H3K9 trimethylation surrounding their adjacent en-
hancers still holds true. In addition, gene inactivity correlates
with high levels of H3K9me3 around adjacent enhancers even
when these are separated from promoters by large intervening
distances (>100 kb; Figure S2H).

To investigate whether H3K9me3 levels flanking enhancers
may regulate dynamic changes in gene expression, we focused
on the behavior of enhancers adjacent to genes which are stim-
ulus inducible in DCs. In unstimulated fibroblasts, prior to the
induction of gene expression, these enhancers tend to be
flanked by predominantly low levels of H3K9me3 (Figure 2F).
Upon stimulation, enhancers adjacent to genes whose expres-
sion is also induced in fibroblasts retained these low levels of
flanking H3K9me3. In contrast, at genes which are inducible in
DCs but inactive in fibroblasts, around 35% of the adjacent

Figure 1. Expression of the Mdc and //I12b Genes, but Not the Function of Their Promoter or Enhancer Sequences, Is Strictly Cell-Type

Specific

(A) Expression of Mdc, I112b, Mcp1, and I[p70 mRNA in DCs stimulated with LPS, and in 3T3 fibroblasts stimulated with TNF-a, relative to levels in

unstimulated 3T3s.

(B) Fluorescence intensities of 3T3 fibroblasts and Raw264.7 macrophages after cotransfection with GFP reporter vectors containing the indicated promoter
sequences, together with an NF-kB p65 expression vector (similar results were also obtained using NF-kB c-Rel [data not shown]).

(C) Fluorescence intensities of cells containing minimal promoter-GFP reporter vectors carrying the indicated enhancer sequences; (Ci) transient transfection with
episomal plasmid vectors, (Cii) stable transduction with self-inactivating retroviral vectors. Control transfections are shown to the right of the dotted lines. Error

bars indicate SEMs of replicate transfections.

(D and E) H3K4me1 levels at the Mdc and //72b loci in DCs stimulated for 2 hr with LPS, and in 3T3s stimulated with TNF-o., measured by ChIP followed by
quantitative PCR (D) or high-throughput sequencing (E). The positions of promoters and the studied enhancers for each gene are shown schematically below
each panel. The results presented in (A)-(D) are representative of three to ten experiments. Statistical analysis and related experiments are described in Figure S1.
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Figure 2. H3K9me3-Rich Regions Flank Many Enhancers of Inactive Genes in Nonexpressing Cell Types

Molecular Cell

Control of Enhancer Activity by H3K9me3

relative position (kb)

H4Ac at enhancer (tags/200bp)

H3K9me3 flanking enhancer

(A and B) H3K9me3 levels at the Mdc and //72b loci in DCs and 3T3 fibroblasts, measured as in Figures 1D and 1E.
(C) Levels of H3K9me3 in 3T3 fibroblasts (Ci) between predicted enhancers and their nearest promoters, and (Cii) surrounding predicted enhancers. Line graphs
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(D) H3K4me1, H3K27Ac, and H4Ac levels at predicted enhancers (£2 kb), versus the level of flanking H3K9me3 (—10 to —3, and 3-10 kb). Each dot represents the

levels at an individual enhancer.

(E) (Left) Distributions of flanking H3K9me3 levels in unstimulated DCs, around predicted enhancers which are adjacent to inactive (top) or active (bottom)
promoters in this cell type. (Right) Distributions of flanking H3K9me3 levels in unstimulated 3T3 fibroblasts, around only those enhancers which were flanked by

high levels of H3K9me3 in DCs.

(F) Distributions of flanking H3K9me3 levels in 3T3s, around predicted enhancers which are adjacent to the promoters of genes which are stimulus inducible in
DCs, and either inducible (top) or nonexpressed (bottom) in 3T3 fibroblasts. (Left) Unstimulated 3T3s; (right) 3T3s stimulated for 2 hr with TNF-a.. The results
presented in (A) are representative of five experiments. Statistical analysis and related experiments are described in Figure S2.
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Figure 3. The Activities of the Mdc and //12b Enhancers Are Repressed by H3K9 Trimethylation

(A) Schematic diagram of the episomal reporter plasmid used.

(B and C) Fluorescence intensities of 3T3 fibroblasts and Raw264.7 macrophages cotransfected with the GFP reporter vector together with increasing relative
amounts of a Gal4DBD-Suv39h1 expression vector. (C) The repressive effect of Gal4DBD-Suv39h1 was (Ci) compared with that of its catalytic mutant or (Cii)
assayed using reporter vectors containing either the strong SV40 enhancer, or without any enhancer. Control transfections are shown to the right of the
dotted lines.

(D) Repression of genomically integrated reporter vectors, by transient transfection of the Gal4DBD-Suv39h1 expression vector, or its catalytic mutant. Error bars
indicate SEMs of independent transfections. The results presented here are representative of two to ten experiments. Statistical analysis and related experiments

are described in Figure S3.

enhancers inducibly acquired higher levels of H3K9me3 in
their flanking regions (Figure 2F), reminiscent of the situation
observed at the Mdc and //12b loci (Figures 2A and 2B).
Together, these results reveal that the H3K9me3 levels flank-
ing a subset of enhancers are predictive of the cell-type-specific
or stimulus-inducible expression of their putative target genes.

The Activities of the Mdc and /I12b Enhancers Are
Repressed by H3K9 Trimethylation

It has been shown that H3K9 trimethylation can negatively regu-
late promoter activity (Snowden et al., 2002). However, despite
its widespread distribution in intergenic regions (Hawkins et al.,
2010; Mikkelsen et al., 2007; Figures 2A-2C and Figures S2D
and S2F), its impact on the activity of enhancers and other distal
regulatory elements has been little studied. The above experi-
ments suggested that the hypermethylation of H3K9 induced
around enhancers might be functionally involved in repressing
their activites in nonexpressing cellular contexts. Alternatively,

though, this might simply be an indirect reflection of the activity
of some unconnected repressive mechanism(s), or it might even
be a downstream consequence of enhancer inactivity. To dis-
criminate between these possibilities, we examined the effect
of artificially targeting H3K9 trimethylation to functional en-
hancers, after they have been removed from the influence of
any regulation conferred by their natural chromosomal context.

We introduced a Gal4-binding motif adjacent to either the Mdc
or lI12b enhancer sequences and distal to the promoter in our
episomal reporter plasmid, and cotransfected this into cells
along with a plasmid driving expression of the H3K9 methyltrans-
ferase Suv39h1, fused to the DNA-binding domain of yeast Gal4
(Figure 3A). The activity of Gal4-Suv39h1 resulted in locally
increased H3K9 trimethyation around the enhancer region, and
not at the reporter gene promoter, located at a distance of
around 3 kb on the same plasmid (Figure S3A). Expression
of Gal4-Suv39h1 also resulted in a dose-dependent repression
of Mdc and II12b enhancer activity, both in 3T3 fibroblasts and

Molecular Cell 46, 408-423, May 25, 2012 ©2012 Elsevier Inc. 413
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Figure 4. JmjD2d Is a Cell-Type-Specific Demethylase which Controls H3K9me3 Levels around the Mdc and //12b Enhancers
(A) Expression of JmjD2a-d mRNA in DCs stimulated with LPS, and in 3T3 fibroblasts stimulated with TNF-, relative to levels in unstimulated 3T3s.
(B and C) Recruitment of JmjD2d protein to the Mdc and //12b loci in DCs stimulated for 2 hr with LPS, measured as in Figures 1D and 1E.
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in macrophages, to the extent that the contribution of enhancer
activity to reporter expression was almost completely eliminated
(Figure 3B). This repression was directly dependent on methyl-
transferase activity, since expression of a mutant form of Gal4-
Suv39h1 with no catalytic activity was unable to repress the
Mdc enhancer (Figure 3C and Figure S3B). Basal promoter
activity without any enhancer was unaffected by Gal4-Suv39h1
(Figure 3C), further indicating that its repressive effect in this
setup is mediated through regulation of enhancer activity, and
not through a nonspecific inhibition of transcription from the
transfected plasmid. In agreement with this, Gal4-Suv39h1 was
unable (or insufficient) to repress the activity of the very strong
SV40 enhancer when present on an otherwise identical plasmid.

Targeted H3K9 methylation was also able to repress enhancer
activity in a genomically integrated reporter (Figure 3D), although
to a lesser extent than the complete shutoff observed in the
episomal assay.

Thus, these data together indicate that enhancer activity can
be directly repressed by a mechanism dependent on H3K9
trimethylation.

Jmjd2d Is a Cell-Type-Specific Demethylase which
Controls H3K9me3 Levels around the Mdc and /I12b
Enhancers

These results illustrate that cell-type-specific differences in local
levels of H3K9me3 are sufficient to explain differences in the
activities of otherwise broadly functional enhancers, such as
those of Mdc and //12b. This implies that there should exist
cell-type-specific mechanisms which control the H3K9me3
levels around such enhancers, and that experimental disruption
of these should interfere with target gene expression. To test
this, we therefore sought to understand how the induction of
H3K9me3 could be regulated in a cell-type-specific fashion at
the Mdc and 1112b loci.

We noted that within the regions flanking the Mdc and I/12b
enhancers which bear higher levels of H3K9me3 there are
several discrete locations which undergo a gradual reduction
in H3K9 trimethylation in stimulated DCs (Figure S2B). This
hinted that a histone demethylase activity may contribute to
the control of local H3K9me3 levels at these loci. We investi-
gated the expression levels of the JmjD2 family of H3K9me3
demethylases (Nottke et al., 2009) upon stimulation of
DCs, and compared them with their levels in stimulated 3T3
fibroblasts. Expression levels of JmjD2a, JmjD2b and JmjD2c
mRNAs were not induced by stimulation and were similar in
DCs and fibroblasts. Strikingly, however, JmjD2d mRNA was

induced in DCs by both LPS and (to a lesser extent) TNF-o stim-
ulation, to levels which exceeded those found in fibroblasts
by up to 80-fold (Figure 4A and Figure S4A). We examined
JmjD2d mRNA levels in a panel of mouse organs and found
that the highest expression levels were prominent in the brain
and hematopoietic system (spleen, lymph nodes, and bone
marrow; Figure S4A). This expression pattern of JmjD2d,
together with its upregulation in DCs in response to LPS, impli-
cated it as a potential regulator of H3K9me3 levels in myeloid
cells.

We generated monoclonal antibodies (Figure S5) specific for
the C-terminal region of JmjD2d (which does not share any
homology with the other JmjD2 family members), and specific
for its JmjN domain (which is conserved in all JmjD2 family
members), and used these to examine the binding profile of
JmjD2d protein in stimulated DCs by ChIP. We found JmjD2d
associated with the Mdc and //712b loci, with a profile encom-
passing the regions flanking the enhancers, but also spreading
further to upstream and downstream locations (Figures 4B
and 4C). The recovery was significantly reduced in JmjD2d
knockdown DCs (see later; Figure S4B) and in resting DCs
without stimulation (Figure 4B and Figure S4B). We also
detected a similar profile using antibodies recognizing a tagged
form of JmjD2d expressed from a retroviral vector in transduced
DCs (Figure S4C), and using our antibody specific for the JmjN
domain (Figures S4D and S4F). JmjD2d did not associate with
several other tested genomic locations, including other genes
whose expression is induced in stimulated DCs (Figure S4E),
indicating that it must be governed by specific targeting
mechanisms.

To investigate this further, we surveyed the binding of JmjD2d
across the genome, using ChIP data generated from unstimu-
lated and stimulated DCs. Overall, although the magnitude of
binding was increased by around 20-fold upon stimulation
(measured by ChlIP recovery; Figure 4D), the profiles of JmjD2d
binding were highly similar both before and after stimulation.
JmjD2d binding strongly correlates with the distribution of its
substrate, H3K9me3 (recalling the described match between
the binding pattern of histone deacetylase enzymes and acety-
lated histones; Wang et al., 2009), such that both were enriched
in transcriptionally inactive, gene-poor genomic domains. How-
ever, the association with H3K9me3 was also clearly apparent in
gene-rich genomic regions (Figure 4E), and JmjD2d showed an
average binding profile around promoters and enhancers
which resembled the distribution of H3K9me3 (Figure 4F and
Figure S4G).

(D) Quantitation of total recovered DNA and mapped sequence reads, after ChIP for JmjD2d from unstimulated DCs, or DCs stimulated for 2 hr with LPS.
(E) Correlation of JmjD2d binding in stimulated DCs, in 10 kb intervals within transcriptionally active genomic regions (see the Experimental Procedures), with

H3K9me3 and H4Ac levels in stimulated DCs and 3T3s.

(F) Average levels of JmjD2d in stimulated DCs (Fi) between predicted enhancers and their nearest promoters, and (Fii) surrounding predicted enhancers.

(G) (Left) Distributions of JmjD2d levels around predicted enhancers in stimulated DCs. (Right) Fold change in H3K9me3 levels, upon LPS stimulation of DCs (top)
or TNF-a stimulation of 3T3 fibroblasts (bottom), flanking enhancers associated with low (black) or high (red) levels of bound JmjD2d in DCs.

(H) Expression of JmjD2d mRNA (Hi) or protein (Hii) in LPS-stimulated wild-type and JmjD2d-knockdown DCs. mRNA levels are expressed relative to levels in
unstimulated wild-type DCs. Protein levels were determined by flow cytometry and are expressed in arbitrary units; p65 protein levels in the same cell populations

are shown for comparison.

(I) H3K9me3 levels at the Mdc and //12b loci in wild-type and JmjD2d-knockdown DCs stimulated for 2 hr with LPS. The results presented in (A), (B), (H), and (l) are
representative of three to five experiments. Statistical analysis and related experiments are shown in Figure S4; characterization of anti-JmjD2d antibodies is

described in Figure S5.
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Enhancers are heterogeneous in their levels of associated
JmjD2d in DCs (Figure 4G and Figures S4G-S4J), in line with
their different levels of flanking H3K9me3. In stimulated DCs,
around 7% of enhancers are bound by high levels of JmjD2d,
and regions flanking most of these enhancers undergo a
pronounced reduction in their relative levels of HS3K9me3 trime-
thylation upon stimulation of DCs, but not fibroblasts (Figure 4G
and Figure S4J)—indicating that JmjbD2d binding at these
regions is generally associated with enzymatic activity. The
levels of JmjD2d were almost perfectly mirrored by those
detected using the anti-dmjN domain antibody, indicating that
enhancers which are not bound by Jmjd2d in DCs are also
unlikely to be regulated by any of the other JmjD2 family
members (Figure S4H).

To directly investigate the function of JmjD2d, we generated
DCs from hematopoietic progenitor cells stably expressing
shRNAs targeting the JmjD2d mRNA. JmjD2d mRNA levels in
these knockdown DCs were reduced by more than 90%, and
endogenous JmjD2d protein levels were reduced by at least
70% compared with control cells (either wild-type cells, or in
cells expressing an irrelevant shRNA targeting Gfp; Figure 4H).
We used two independent hairpins directed against nonoverlap-
ping regions of the JmjD2d coding sequence to knock down
JmjD2d, and both gave equivalent results (data not shown).

Prestimulation levels of H3K9me3 at and around the Mdc and
1112b enhancer and promoter regions were largely unchanged in
JmjD2d knockdown DCs, with the knockdown cells still exhibit-
ing the regions of higher-level H3K9me3 adjacent to and flanking
both enhancers (Figure 41). However, upon LPS stimulation, the
pattern of H3K9 trimethylation at these loci was markedly
altered: instead of the modest reductions in H3K9me3 levels
that we saw in control cells, we observed the induction of signif-
icant H3K9 hypermethylation across the Mdc and //12b loci in
JmjD2d-knockdown DCs (Figure 4l). The overall behavior of
H3K9 trimethylation in stimulated JmjD2d-knockdown DCs
was reminiscent of that seen in stimulated 3T3 fibroblasts
(Figures 2A and 2B): as in fibroblasts, high levels of H3K9me3
were induced at the Mdc and //12b loci but were not observed
at the promoter or enhancer regions of several other stimulus-
responsive genes (Figure S4K). Likewise, the actual enhancers
of Mdc and 11712b excluded the highest levels of H3K9 trimethy-
lation, which instead appeared at adjacent genomic regions (Fig-
ure 4l). Also similarly to fibroblasts, the elevated surrounding
levels of H3K9me3 did not preclude binding of transcription
factors, since we found comparable recruitment of c-Rel and

CEBP/B to the Mdc and Il12b enhancers in wild-type and
JmjD2d-knockdown DCs (Figures S4L and S4M).

Together, these results indicate that binding of the demethy-
lase JmjD2d is associated with the cell-type-specific regulation
of H3K9me3 levels surrounding numerous enhancers in stimu-
lated DCs. Intriguingly, although the reduction in H3K9me3
levels in stimulated wild-type DCs is fairly modest, the increase
which results from JmjD2d deficiency is substantial, implying
that a principal role of JmjD2d in myeloid cells may be to
limit stimulus-induced H3K9 hypermethylation (Figure 2F), rather
than to completely erase H3K9me3 levels. However, since
H3K9me3 levels measured by ChIP represent the average
across a large number of alleles, we cannot exclude the possi-
bility that JmjD2d may also completely demethylate a subset
of enhancers within a heterogeneous population.

H3K9me3 Demethylation by Jmjd2d Regulates
Cell-Type-Specific Expression of Mdc and Ii12b

The artificially high levels of H3K9me3 which are induced
around the Mdc and /l12b enhancers in stimulated JmjD2d
knockdown DCs (Figure 4l) allowed us to test whether this
indeed has a functional downstream effect on gene activation
at their endogenous target promoters, as suggested by the
genome-wide distribution of H3K9me3 surrounding enhancers
(Figures 2C-2F) and our experiments above using reporter plas-
mids (Figures 3B-3D).

We found that induction of both Mdc and I/112b mRNA expres-
sion was severely blocked in JmjD2d knockdown DCs (Fig-
ure 5A). Expression of many other control genes was unaffected,
including inducible NF-«B target genes such as Ip70 and Mcp1,
at whose promoter/enhancer regions H3K9me3 levels remained
low in the absence of JmjD2d (Figure 5A, Figures S6A and S4K).
Microarray analysis indicated that the expression of around
400 genes was impaired by JmjD2d knockdown in DCs (Fig-
ure 5B). JmjD2d-dependent expression was highly enriched
among stimulus-inducible genes, and even further among
those showing specific expression in DCs, with the majority
being positively regulated by JmjD2d (Figure 5Bii). Enhancers
adjacent to stimulus-induced JmjD2d-dependent genes were
strongly enriched for local JmjD2d binding by ChIP (Figure 5Biii),
suggesting that regulation is direct (see also Figure S6B and
legend). Nonetheless, a fraction of enhancers with associated
JmjD2d binding are also found adjacent to genes unaffected
by JmjD2d knockdown, suggesting either that JmjD2d bind-
ing at these locations may be nonfunctional, or that these

Figure 5. H3K9me3 Demethylation by JmjD2d Is Required for Expression of Mdc and //12b in DCs

(A) Expression of Mdc, ll12b, Ip10, and Mcp1 mRNA in wild-type and JmjD2d-knockdown DCs stimulated with LPS, relative to levels in unstimulated wild-type
cells.

(B) (Bi) Relative expression levels of all genes showing impaired expression in JmjD2d-knockdown DCs, grouped according to their expression profiles in wild-
type DCs. (Bii) Cumulative percentages of (top left) JmjD2d-dependent or -independent genes whose expression is induced upon LPS stimulation by greater than
the indicated amount; (bottom left) noninduced or LPS-induced genes, or (top right) DC-specific or nonspecific LPS-induced genes, whose expression level is
reduced in JmjD2d knockdown DCs by greater than the indicated amount. (Biii) Distributions of JmjD2d levels in stimulated DCs, around predicted enhancers
adjacent to promoters of inducible JmjD2d-independent (top) or -dependent (bottom) genes.

(C—F) ChIP of promoter regions, in wild-type and JmjD2d-knockdown DCs, using antibodies against RNA polymerase Il (C), NF-kB p65 (D), NF-«B c-Rel (E), and
acetylated histone H4 (F), before and 2 hr after stimulation with LPS.

(G-l) Mdc and Ip70 mRNA expression in wild-type and JmjD2d-knockdown DCs, and in JmjD2d-knockdown DCs retrovirally expressing JmjD2d (G), a catalytic
null mutant of JmjD2d (H), or a dimethyl demethylation-deficient mutant of JmjD2d (l). Error bars indicate SEMs of replicate quantitations. The results presented in
(A) and (C)—(l) are representative of three to six experiments. Statistical analysis and related experiments are described in Figure S6.
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enhancers are dispensable for gene expression in this cellular
context.

The lack of Mdc and /[12b mRNA expression in JmjD2d-
knockdown DCs was mirrored by impaired RNA polymerase
Il recruitment to their promoter regions (Figure 5C). To explore
the reason for this, we next examined promoter binding by
NF-kB family transcription factors, which are essential for the
activition of both of these promoters (Sanjabi et al., 2000;
van Essen et al., 2010). We found that stimulus-induced recruit-
ment of two transcriptionally active subunits of the NF-xB
family, p65 and c-Rel, was significantly reduced at the
promters of Mdc and 1/12b, but not at those of other control
NF-kB target genes (Figures 5D and 5E). Previous studies
have shown that promoter binding by NF-kB can be controlled
by prior marking of promoters by histone H4 hyperacetylation
(Saccani et al., 2001), and that stable binding to the Mdc and
1I112b promoters in particular is further regulated by Aof1-
dependent removal of H3K9 dimethylation (van Essen et al.,
2010). We therefore examined the behavior of both of these
histone modifications at the Mdc and //12b promoters in
JmjD2d knockdown DCs. We found that, at these promoters,
stimulus-induced H4 hyperacetylation was strongly reduced,
in contrast to the high levels observed at the promoters of
control genes (Figure 5F). Moreover, stimulus-induced deme-
thylation of H3K9me2 at the Mdc and //12b promoters was
also prevented in JmjD2d knockdown DCs (Figure S6D).
Thus, knockdown of JmjD2d in stimulated DCs results in
impaired changes to histone modifications, transcription factor
binding, RNA polymerase Il recruitment, and mRNA transcrip-
tion at the Mdc and ll12b promoters.

We next tested whether the catalytic activity of JmjD2d was
responsible for the effects we had observed on gene activity.
Reconstitution of JmjD2d-knockdown cells with a retrovirally
expressed, shRNA-resistant form of JmjD2d restored Mdc
mRNA expression to wild-type levels (Figure 5G). In contrast,
a catalytically inactive mutant of JmjD2d bearing a point muta-
tion predicted to prevent Fe; binding (H189A; based on Whets-
tine et al., 2006) was completely unable to restore Mdc mRNA
expression (Figure 5H and Figure S6E). Wild-type JmjD2d is
able to demethylate trimethyl and dimethyl H3K9 (Chen et al.,
2006; Whetstine et al., 2006) and has also been reported to
have low activity against monomethyl H3K9 (Couture et al.,
2007). To discriminate which of these catalytic activities are
involved in its regulation of gene expression, we engineered
a mutant form of JmjD2d (A289S/1290T) predicted to mimic the
methyl state specificity of JmjD2a, which preferentially demethy-
lates trimethylated lysine and exhibits only very weak or no
activity against the dimethyl or monomethyl states (Figure 5I
and Figure S6E; Chen et al., 2006; Whetstine et al., 2006). This
mutant was also able to substantially rescue Mdc expression
in stimulated JmjD2d knockdown DCs, although the Mdc
mRNA levels were lower than those achieved using wild-type
JmjD2d (Figures 5G and 5I). These data together argue that
the cell-type-specific control of transcriptional activity at the
Mdc, 1I12b, and other promoters by JmjD2d is primarily or
entirely mediated through its regulation of trimethylated H3K9,
which is principally located at distal regions harboring their
enhancers.
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Since stimulated 3T3 fibroblasts, which do not naturally
express JmjD2d (Figure 4A), exhibit high levels of H3K9me3
flanking the Mdc and //12b enhancers (Figures 2A and 2B), we
explored whether ectopic expression of JmjD2d alone would
be able to reduce these levels, and whether this would be suffi-
cient to activate transcription from the Mdc and //72b promoters.

We transduced fibroblasts with a retrovirus driving expres-
sion of JmjD2d, and examined H3K9me3 levels at the Mdc and
I112b loci after stimulation with TNF-o. Ectopic JmjD2d expres-
sion dramatically reduced the levels of H3K9 trimethylation
induced around both enhancers compared to untransduced
cells (Figure 6A). As expected, this required the demethylase
activity of JmjD2d, as no effect was observed when using the
catalytically inactive mutant (data not shown). The reduction in
H3K9me3 levels around the Mdc and //12b enhancers in
JmjD2d-expressing fibroblasts was accompanied by the
acquisition of stimulus-dependent transcriptional activation of
both of these genes (Figure 6B). Ectopic JmjD2d expression
did not significantly alter the stimulus-induced expression of
other control genes (such as Ip70), and it was unable to induce
expression of the DC-specific //1b gene (Figure 6B), whose
expression in DCs is not dependent on JmjD2d (Figures S1B
and S6A). LPS stimulation, which is generally a poor inducer of
gene activation in fibroblasts and is insufficient to trigger expres-
sion of the control Ip70 gene, was nevertheless adequate to
trigger Mdc and 1112b expression in JmjD2d-expressing fibro-
basts (Figure 6B). Interestingly, although forced expression of
JmjD2d alone was sufficient to allow expression of the normally
myeloid-specific Mdc and //12b genes in transduced fibroblasts,
the levels of mMRNA produced were still much lower than those
seen in stimulated DCs, indicating that full activation of these
genes may involve additional myeloid-specific regulatory mech-
anisms (for instance, other candidate enhancers detected at the
I112b locus; Figure 1E).

H3K9 Trimethylation Controls Broadly Functional
Enhancers Associated with Cell-Type-Specific Gene
Expression
The experiments described so far indicate that despite the
cell-type-specific expression of Mdc and //12b, both genes are
associated with enhancers which are broadly functional when
assayed in isolation. At these genes, and many others through-
out the genome, cell-type-specific control of expression is linked
to the presence of high levels of H3K9 trimethylation at regions
surrounding distal enhancers, and we experimentally found
that this is able to repress the activities of the Mdc and /I12b
enhancers in both episomal and genomically integrated con-
texts. Moreover, artificial perturbation of the H3K9me3 levels
around the endogenous Mdc and //12b enhancers, by knock-
down or ectopic expression of the normally myeloid-specific
demethylase JmjD2d, was able to switch the cell-type specificity
of gene activation. These data reveal that the regulation of local
H3K9me3 levels represents a key step in controlling the cell-
type-specific activities of the Mdc and //72b enhancers.

The presence of high levels of H3K9me3 in regions flanking
a substantial fraction of predicted enhancers in cells where the
adjacent genes are inactive (Figure 2E and Figure S2G) strongly
suggests that this is a common mechanism for regulating their
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Figure 6. Ectopic Expression of JmjD2d in 3T3 Fibroblasts Induces H3K9me3 Demethylation and Expression of Mdc and I112b

(A) H3K9me3 at the Mdc and 1/12b loci, and (B) mRNA expression in wild-type 3T3 fibroblasts and in fibroblasts ectopically expressing JmjD2d, after stimulation
for 2 hr with (Ai) TNF-a or (Aii) LPS. mRNA levels are relative to those in unstimulated wild-type 3T3s. Error bars indicate SEMs of replicate quantitations. The
results presented here are representative of two to three experiments. Statistical analysis is described in the legend to Figure S6.

cell-type-specific activity. If this is the case, it follows that such
enhancers should exhibit a non-cell-type-specific function if as-
sayed when removed from such regulation. To test this,
we began by using publically available data sets to identify
enhancers whose levels of flanking H3K9me3 correlated with
the differential expression of their adjacent genes in three human
hematopoietic cell types (CD133+ progenitor cells, CD36+ eryth-
roblasts, and CD4+ T cells). We reasoned that the common
origin of these related cell types should increase the likelihood
that any observed differences in chromatin modifications would
result from active processes regulating gene expression, rather
than simply recalling past events in their developmental histo-
ries. We selected a representative subset of these enhancers

(hereafter termed “H3K9me3-associated”) and cloned their
mouse counterparts into reporter plasmids. We then measured
their function when transfected into a panel of different mouse
cell types. We also examined a group of control enhancers,
which were linked to genes with cell-type-specific expression,
but which did not show evidence of regulation by H3K9me3
and were therefore expected to display an inherently cell-type-
specific function (as has been described for other enhancers;
Ghisletti et al., 2010; Heintzman and Ren, 2009). Using 12
different cell lines derived from diverse sources (B and T lympho-
cytes, gut epithelium, erythroblasts, fibroblasts, macrophages,
mammary epithelium, myoblasts, neuroblasts, salivary gland
epithelium, thymic stroma, and trophoblast stem cells), none of
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Figure 7. H3K9 Trimethylation Controls Broadly Functional Enhancers Associated with Cell-Type-Specific Gene Expression

(A) Functionality of cloned enhancer sequences in episomal reporter assays; (Ai) individually for all cel types tested, indicated by color in the corresponding cake
slice, (Aii) as a percentage of all cell types tested, and (Aiii) as a percentage of only those cell types in which the putative target gene of each enhancer is
nonexpressed. The mean percentage for each group of enhancers is shown in the right panels.

(B) Functionality of cloned enhancer sequences in stable, genomically integrated reporter assays, depicted as in (A). Error bars represent SEMs.

(C) Schematic illustration of the mechanisms used by distinct classes of enhancers to achieve cell-type-specific activity. The results presented here are
representative of four to five experiments. Statistical analysis and related experiments are described in Figure S7.

the enhancers tested were ubiquitously functional in every cell
type. However, there were significant differences in the number
of cell types in which enhancers from each group were func-
tional: H3K9me3-associated enhancers tended to be broadly
functional, displaying function in a mean of 63% of tested cell
types. In contrast, the control (non-H3K9me3-associated)
enhancers showed a significantly more restricted function, on
average in only 31% of cell types (Figure 7A).

The model in which H3K9me3 regulates cell-type-specific
enhancer activity not only predicts that H3K9me3-associated
enhancers should be broadly functional, but in particular
predicts that this class of enhancers should often be functional,
when tested on a plasmid, in cell types which do not express
their target genes. To test this, we began by assessing whether
the putative target genes of each enhancer (based on simple
proximity in the genome) were expressed in each of the cell lines,
by measuring their mMRNA expression levels. The genes associ-
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ated with each group of enhancers were active in a similar
proportion of cell lines (Figure S7A), irrespective of the cutoff
levels of MRNA used to discriminate expressed from non-
expressed genes. We then reanalyzed the function of the
two groups of enhancers, considering only cell types in which
their putative target genes were nonexpressed. H3K9me3-
associated enhancers were still highly functional in 57% of non-
expressing cell types (Figure 7Aiii), similar to their behavior when
considering all cell types (Figure 7Aii). This is consistent with the
idea that these enhancer sequences are capable of driving target
gene expression, but that the local chromatin environment
of their endogenous counterparts is responsible for their cell-
type-specific repression (although note that we have not explic-
itly measured H3K9me3 levels surrounding every enhancer in all
tested cell types). The function of the control enhancers matched
more closely the expression patterns of their endogenous target
genes, with significantly fewer (22%; p = 12 x 1079
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nonexpressing cell lines still exhibiting enhancer function,
corroborating the notion that in these cases cell-type-specific
gene expression generally matches the cell-type-specific func-
tion of their enhancers.

We also assayed the function of enhancers from each
group using genomically integrated reporter constructs, which
more closely recapitulate the chromatin environment in which
enhancers must normally function. This setup restricted the
function of many of the tested enhancer sequences, such that
all except one of the control enhancers lost measurable function
in nonexpressing cell types (Figure 7B). Importantly, though, the
H3K9me3-associated enhancers were often still functional in
multiple cell types, including those which do not express
their endogenous target genes (Figures 7Bii and 7Biii; p =
1.6 x 1072).

Together, these results indicate that the association of flanking
H3K9me3 levels with differential target gene expression in
related cell types is characteristic of enhancers which, when
assayed in isolation, exhibit a broad, non-cell-type-specific
function. In contrast, enhancers which regulate differential target
gene expression, but without carrying high levels of flanking
H3K9me3, generally display an inherent cell-type specificity,
and, accordingly, their function is only measurable in cell types
in which their endogenous target genes are active.

These data imply that the mechanistic link between H3K9
trimethylation and the repression of enhancer activity, which
we characterized above for the Mdc and /l12b enhancers
(Figures 3B-3D, Figure 4l, Figure 5A, and Figure 6), is widely
applicable to other broadly functional enhancers. To confirm
this, we tested the ability of targeted Gal4DBD-Suv39h1 to
repress each of those H3K9me3-associated enhancers which
were functional in 3T3 fibroblasts, using the same experimental
setup as used in Figure 3B. As predicted, the activities of all
tested enhancers were inhibited by Gal4DBD-Suv39h1 in a meth-
yltransferase activity-dependent fashion (Figure S7D). Thus, the
presence of local high-level H3K9me3 not only correlates with
the cell-type-specific repression of many enhancers in their
natural genomic context, but it is also sufficient for their repres-
sion when assayed on an episomal plasmid.

Finally, we wished to test whether we could predict additional
genes whose endogenous expression levels would change
upon artificial perturbation of H3K9me3 levels, using only our
knowledge of their enhancer function in reporter assays and its
association with H3K9me3. Our assayed subset of H3K9me3-
associated enhancers contains three which are located ad-
jacent to genes which are not expressed in 3T3 fibroblasts:
two lie close together upstream of the Cbx7 gene, and one lies
upstream of the neighboring PdgfB gene. Each of these
enhancer sequences is functional in 3T3 fibroblasts when
assayed using a transfected reporter plasmid, suggesting that
the activities of their endogenous counterparts are repressed
by high levels of H3K9me3 at their native genomic loci. We
therefore explored the behavior of these genes, in fibroblasts
ectopically overexpressing the H3K9me3 demethylase JmjD2d.
JmjD2d overexpression caused a substantial reduction in the
H3K9me3 levels flanking each of these enhancers, compared
to wild-type cells, and resulted in significant transcriptional
activation of both genes (Figure S7E). Thus, H3K9me3 levels

appear to regulate the activities of these enhancers in their
native genomic contexts.

DISCUSSION

We have shown that regions of high-level H3K9 trimethylation
are able to act in cis to repress the activities of enhancers
upstream of the Mdc and //712b genes, and also of numerous
other enhancers found throughout the genome. This is in
accord with observations made by Zhang et al. (2008) of the
reaper/hid enhancer in Drosophila. When assayed outside their
natural genomic context, many such enhancers are able to drive
gene expression in cell types where their endogenous target
genes are inactive. This suggests that regulation by regions
of high-level H3K9me3 is a widely used mechanism to impart
cell-type-specific activity onto otherwise broadly functional
enhancers (as schematically depicted in Figure 7C).

Although H3K9me3 is well known as a principal component
of heterochromatin, its role in euchromatic regions has remained
less clear. H3K9me3-rich regions have been described to occur
in contiguous blocks, covering around 16% of the genome in
fibroblasts, and these are underrepresented for inclusion of
promoter regions (Hawkins et al., 2010). Instead, this mark
is widely present in intergenic regions, and spreading of
H3K9me3 into these regions has been associated with irrevers-
ible gene silencing during differentiation (Su et al., 2004).
H3K9me3 is often located at and around repetitive sequences
(Barski et al., 2007), and Mikkelsen et al. (2007) noted that
its spreading implied a potential to regulate local unique
sequences. We find that genomic regions containing high-level
H3K9me3 act to repress adjacent enhancer activity, and that
cell-type-specific differences in the distributions of high-level
H3K9me3 around enhancers correlate with target gene expres-
sion. Based on this, we propose that the widespread presence
of intergenic H3K9me3 plays an important and general role regu-
lating enhancer activity, to control the cell-type specificity of
gene expression.

EXPERIMENTAL PROCEDURES

Cell Culture

Progenitor cells from mouse bone marrow were differentiated in vitro into
DCs for 8-10 days in GM-CSF. DCs were stimulated with 100 ngml~" LPS
or 10 ngml~' TNF-o; 3T3 fibroblasts were stimulated with 10 pgml~' LPS
or 10 ngml~" TNF-a. Retroviruses were produced using Ecotropic-Phoenix
packaging cells; Raw 264.7 macrophages and 3T3 fibroblasts were trans-
fected with plasmids using lipofectamine. See the Supplemental Experimental
Procedures for additional details.

Plasmids

Promoters and enhancers were assayed episomally using pGL3-GFP (a variant
of pGL3 [Promega] in which the luciferase coding sequence is replaced with that
of GFP); promoter fragments were inserted immediately upstream of the GFP
CDS, and enhancer fragments were inserted downstream of the polyadenyla-
tion signal following GFP. Enhancers were assayed after genomic integration
using the self-inactivating lentiviral vector pSIN-minTK-GFP, with enhancer
fragments inserted immediately upstream of the minimal TK promoter. Endog-
enous JmjD2d was stably knocked down in DCs using shRNAs directed against
the coding sequence, and ectopic expression of JmjD2d was driven in 3T3
fibroblasts from the retroviral vector pMY-ires-Tomato. See the Supplemental
Experimental Procedures for full details of plasmids used.
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Antibodies
Antibodies used are listed in the Supplemental Experimental Procedures.

ChIP and RT-PCR

ChIP was performed as described (Olszak et al., 2011; Saccani and Natoli,
2002). All PCR and RT-PCR were performed using quantitative analysis with
gene-specific fluorescent probes. Primer sequences are available on request.
mRNA levels are normalized with respect to Tbp and expressed relative to
unstimulated, wild-type cells.

Analysis of Genome-wide Data Sets

Candidate enhancers were identified as peaks of H3K4me1 identified using
MACS14 and paired with their closest annotated promoters. Promoter activity
was determined using microarray expression data for the corresponding
transcript. Distributions of tag densities for H3K9me3, JmjD2d, and JmjD2
family protiens, which do not fall into discrete peaks, were normalized by
calculating the ratio to input tags in 2 kb bins every 200 bp. Enhancers used
for functional analysis were selected from among those predicted by Heintz-
man et al. (2009), according to their surrounding H3K9me3 and gene expres-
sion levels in data sets from human CD4 T cells, CD36 erythroblasts, and
CD133 HPCs (Barski et al., 2007; Cui et al., 2009), and the corresponding
mouse genomic subregions carrying enhancer function were identified using
episomal enhancer assays. See the Supplemental Experimental Procedures
for additional details.

Statistical Analysis

Statistical differences between experimental groups were analyzed using
two-tailed Student’s t tests. p values associated with distributions of gene
expression levels or ChlP-Seq tag densities were determined using chi-
squared tests on 2 x 2 tables in which genes or enhancers were separated
into groups according to a fixed threshold.

ACCESSION NUMBERS

Data described in this study have been deposited at the National Center for
Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/) with accession number GSE32381.
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