Biochemical and Biophysical Research Communications 460 (2015) 348—353

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Transcription outcome of promoters enriched in histone variant H3.3
defined by positioning of H3.3 and local chromatin marks

@ CrossMark

Eivind G. Lund, Philippe Collas, Erwan Delbarre”

Department of Molecular Medicine, Institute of Basic Medical Sciences, Faculty of Medicine, University of Oslo, 0317 Oslo, Norway

ARTICLE INFO ABSTRACT

Article history:
Received 21 February 2015
Available online 14 March 2015

Replication-independent histone variant H3.3 is incorporated into distinct genomic regions including
promoters. However topology of promoter-associated H3.3 in relation to chromatin modifications and
transcriptional outcome is not known, providing no insight on any distinction between H3.3-containing
active and inactive promoters. Here, we report algorithms providing information on gene expression

Keywords: status as a function of density and position of multiple chromatin marks on promoters. We identify a
Histone modification relationship between promoter enrichment in epitope-tagged H3.3 or its canonical isoform H3.2 and
ggfe expression corresponding transcriptional outcomes, as a function of sub-promoter positioning of DNA methylation
Promoter and H3K4me3, H3K9me3 and H3K27me3. We identify a low-frequency configuration of H3.3 and

H3K9me3 co-occupancy associated with transcriptional activity, while H3.3 and H3K27me3 promoters
are invariably inactive. We unveil H3.3 and DNA methylated promoters whose transcription outcome
depends on H3.3 sub-promoter positioning. Our results indicate how spatially restricted positioning of
H3.3 may add another layer of transcription regulation.
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1. Introduction

Nucleosome composition is important for many nuclear func-
tions including regulation of gene expression. Nucleosome prop-
erties can be modulated by post-translational modifications of
histones in a manner that affects local chromatin density and
binding of transcriptional regulators [ 1], and by inclusion of histone
variants [2,3]. Eight variants of histone H3 have to date been
identified, including the canonical H3.1 and H3.2 isoforms, and the
H3.3 variant [4,5]. In contrast to H3.1 or H3.2 which are expressed
only during S phase, H3.3 is expressed throughout the cell cycle,
enabling deposition into chromatin in a replication-independent
manner [6]. Delivery of H3.3 to chromatin involves distinct chap-
erones thought to be responsible for site-specificity of H3.3 depo-
sition, including HIRA, ASF1 and the DAXX/ATRX complex [3].

H3.3 is notably incorporated into gene regulatory regions,
through mechanisms that remain largely unknown. We have
recently identified a novel pathway of deposition of epitope-tagged

Abbreviations: ChIP, chromatin immunoprecipitation; MeDIP, methylated DNA
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H3.3 into chromatin in human adipose tissue stem cells (ASCs) [7]
and mapped its localization in promoters of active and inactive
genes [8]. H3.3 topology on promoters relative to histone and DNA
modifications and resulting transcriptional outcome has however
not been examined, providing no insight on any distinction be-
tween H3.3-containing active and inactive promoters. Here, we
defined algorithms providing information on the transcription
outcome of genes as a function of promoter density and relative
positioning of multiple chromatin modifications. We now show
that spatially restricted positioning of not only chromatin marks,
but also H3.3, on sub-promoter regions adds another layer of
transcription regulation.

2. Materials and methods

2.1. Chromatin immunoprecipitation (ChIP), methylated DNA
immunoprecipitation (MeDIP) and gene expression data

ChIP—chip data for epitope-tagged H3.3e and H3.2e [8], and
MeDIP-chip and ChIP—chip data for H3K4me3, H3K9me3 and
H3K27me3 [9] were previously published by us for ASCs. Gene
expression was determined in a parallel study [10] for the same
pool of ASCs as those used for ChIP and MeDIP. [llumina Human HT-
12 v4 expression BeadChip arrays and Illumina's GenomeStudio
were used to compute a detection P-value for each probe. Genes
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with a P < 0.01 were considered as expressed. Signal intensities
between replicates were normalized using the lumi package [11]
and replicate signals combined by using median signal intensity.

2.2. Identification of H3.3e and H3.2e enrichment domains

Chromosomes were visualized as a sequence of genes ordered
by TSS positioning. A 20-gene sliding window (‘size 20’) with step
size 1 was used to determine the number of genes enriched in
H3.3e or H3.2e in the window. Data for genes with multiple TSSs
were collapsed into a single gene.

2.3. Density heat maps

The number of transcripts with H3.3e, H3.2e and modified
histone peak at a given position relative to the TSS determined
whether and where a mark had a non-uniform distribution of
peaks in promoter regions. This was computed as follows:

f(X) = Z Ti«,x
i=1

where T; equals 1 if transcript i has a peak of a given type at po-
sition X relative to TSS, and equals O otherwise.

We expressed the relationship between relative peak position
and transcription as the ratio of expressed transcripts as a function
of peak position relative to the TSS, using the equation:

T, *E:
f(X) — Zl:};l 1.X 1
> i=1 Tix

where E; equals 1 if transcript i is transcribed and equals
0 otherwise.

We also examined promoters enriched in two marks to assess
whether the two marks alter the typical distribution of peaks for at
least one of the marks. Determination of how peaks of two marks
are positioned on the same promoter was done by extending the
analysis to two dimensions:

f(xvy) = zTi,xiy
i=1

where X is the position of X peaks relative to TSS, y is the position of
Y peaks relative to TSS, and Tjxy equals 1 if transcript i has a peak of
type X at position x and a peak of type Y at position y relative to TSS.
Transcription ratio as a function of peak position relative to TSS
similarly can be extended to two dimensions using the equation:

n
Zi:l n,xy*Ei
n
Zi:l Ti.x,y
where Tjy, and E; are as above.

f(x,y) =

2.4. Data access

H3.3e and H3.2e ChIP—chip and MeDIP-chip data are available
under GEO GSE19773. H3 methylation ChIP—chip and gene
expression data are available under GEO GSE42560.

3. Results and discussion

3.1. Epitope-tagged H3.3 targets promoters of developmentally-
regulated genes, and of genes with a wide range of expression levels

To gain insight on the implication of H3.3 loading on regulatory
regions and associated transcriptional output, we analyzed in a
chromatin context the global and local distribution of H3.3-EGFP

(designated H3.3e) and H3.2-EGFP (H3.2e) in promoters of hu-
man cultured ASCs. We used H3.3e and H3.2e promoter occupancy
maps established by ChIP—chip [8], MeDIP-chip DNA methylation
profiles [9], H3K4me3, H3K9me3 and H3K27me3 ChIP—chip pro-
moter maps [9] and gene expression assessed using microarrays
[9]. Promoter analysis was confined to a —2.2 to +0.5 Kb region
around the TSS of 18,028 HG18 RefSeq genes, using MA2C with
P < 1072 for peak calling for all marks. We identified 1769 and 1509
genes with a promoter enriched in H3.3e or H3.2e respectively
(referred to as “H3.3e genes” and “H3.2e genes”), among which 454
overlap (Fig. 1A; Supplementary Table 1). We find that H3.2e genes
are expressed at lower levels than H3.3e genes (P = 2.5 x 10~ '%;
Wilcoxon rank-sum test) or RefSeq genes (P = 3.6 x 10~3; Fig. 1B).
H3.3e genes display a range of expression levels similar to RefSeq
genes (P = 0.283; Fig. 1B) and thus is targeted to both expressed and
non-expressed genes.

H3.3e deposition on inactive promoters suggests a
transcription-independent loading of H3.3. Gene Ontology analysis
shows that H3.3 is notably enriched on promoters of genes with
central developmental functions (P values < 10~7; Supplementary
Table 2). In a context of undifferentiated cells with multi-lineage
differentiation potential, as we have shown for ASCs [12], this
feature of H3.3 enrichment suggests a role in priming chromatin for
transcriptional activation of signaling pathways upon ASC differ-
entiation [13]. This may also reflect a mark of previous transcrip-
tional activity, as some of these promoters are expressed (at low
levels) in freshly isolated ASCs and down-regulated in culture [12].
Thus, H3.3e detection at inactive promoters may reflect a memory
of a previous transcriptionally active state [14]. H3.3 loading on
inactive sites is also consistent with a nucleosome gap filling role of
HIRA, which we expect to load H3.3 in chromatin regions inde-
pendently of any transcription activity [15,16].

3.2. Genes with promoters enriched in H3.3e or H3.2e are linearly
clustered

We next determined whether genes enriched in H3.3e or H3.2e
are clustered or uniformly distributed in the genome. We computed
the number of H3.3e or H3.2e genes in a fixed 20-gene sliding
window across all chromosomes. As we only have enrichment in-
formation for promoters, a window of consecutive genes (which is
irrespective of distance between adjacent genes) alleviates
enrichment bias due to high gene density. We find that the distri-
bution of H3.3e and H3.2e clusters is overall distinct, with clusters
enriched in H3.3e deprived of H3.2e and vice versa (Fig. 1C,D),
though some overlap of H3.3e- and H3.2e-rich domains occurs
(Supplementary Fig. 1A). These data indicate the existence of
spatially overlapping and spatially distinct H3.3- and H3.2-
enriched domains detected by ChIP, in line with previous micro-
scopy observations [8]. Clustering of H3.3 target genes may provide
a mechanism for efficient H3.3 deposition. This is consistent with
spatially restricted sub-nuclear sites of enrichment for H3.3 chap-
erones [7]. The formation of nodes of H3.3 loading may be pro-
moted by three-dimensional chromatin folding [17], perhaps
generating regulatory networks.

3.3. Topological mapping of promoter-associated H3.3e

We find that genes with H3.3e-enriched promoters display a
wide range of expression levels (Fig. 1B), indicating that H3.3
enrichment per se is not sufficient to discriminate active and
inactive promoters. Factors putatively affecting expression of H3.3e
promoters would include spatial positioning of H3.3 on these
promoters, enrichment in specific chromatin marks and position of
these marks relative the TSS.
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Fig. 1. Genes with H3.3e- and H3.2e-enriched promoters show clustering across the genome. (A) Venn diagram analysis of genes with a promoter enriched in H3.3e and H3.2e. (B)
Median expression levels of H3.3e- and H3.2e-enriched genes. *P = 3.6 x 10! relative to RefSeq; P = 2.5 x 10~ relative to H3.3e. (C, D) Distribution of H3.3e-enriched and H3.2e-
enriched genes in a 20-gene sliding window (X, x + 20) across the genome. Scale shows numbers of enriched genes in the window at a given genomic position. (E) Density heat
maps of H3.3e and H3.2e peaks on —2.2 Kb to +0.5 Kb of promoter region relative to the TSS. (F) 2-D density heat map of H3.3e and H3.2e peak position on co-enriched promoters
(n = 454). Scale shows numbers of genes with a peak of H3.3e and H3.2e. (G) 2-D expression frequency heat map corresponding to the peak density map in (F). Scale bar shows
ratios of expressed genes to all genes with a peak of H3.3e and H3.2e. Frames 1—4 represent regions shown in Fig. 4; x and y axis: distance from TSS (base pairs).

We first mapped the densities of H3.3e and H3.2e peaks
across promoters by defining the midpoint of each H3.3e or
H3.2e peak and computing the numbers of genes with given peak
midpoint position relative to the TSS. Resulting one-dimensional
(1-D) density heat maps reveal distinct profiles for H3.3e and
H3.2e (Fig. 1E). H3.3e is more frequently enriched —2 to —0.5 Kb
upstream of the TSS, and more seldom at the TSS or in the first
0.5 Kb downstream. In contrast, H3.2e displays broader occu-
pancy on promoter regions including the TSS, consistent with
what would be expected for a canonical core histone. Thus, H3.3e
shows a preference for promoter sub-regions that exclude the
TSS, whereas H3.2e displays less selectivity within promoter
regions.

Second, we determined the position of the two H3 isoforms
relative to each other on co-enriched promoters (n = 454;
Supplementary Fig. 1B) by establishing 2-D heat maps of H3.3e and
H3.2e peak densities for any given offset from the TSS. We find that
both H3 variants show a strong tendency to co-localize up to
—0.5 Kb from the TSS (Fig. 1F). Much less frequently are H3.3e and
H3.2e spatially separated, i.e. with H3.3e distal and H3.2e proximal
to or at the TSS, or vice versa (Fig. 1F, blue areas (in the web
version)).

Third, to determine whether a given H3.3e and H3.2e peak po-
sition corresponds to a specific expression pattern of the corre-
sponding gene, we constructed a 2-D gene expression heat map by
calculating the ratios of expressed genes over the total number of
genes with H3.3e and H3.2e peaks at a given offset from the TSS. On
these maps, a given genomic coordinate projects to the same

coordinate on the peak density map (Supplementary Fig. 1C). The
data reveal several gene expression patterns related to the distri-
bution of the two H3 isoforms (Fig. 1G). We observe highest
expression frequency of genes with H3.3e throughout the promoter
up to the TSS and H3.2e in an ‘upstream-distal’ location (Fig. 1G,
frame 1); this configuration however affects a minor proportion of
genes (Fig. 1F). We also detect high expression frequency with the
opposite configuration, i.e. H3.2e on the promoter and H3.3e
upstream-distal from the TSS (Fig. 1G, frame 2), again on a small
number of genes. We also note expression of genes with H3.2e
downstream of the TSS and H3.3e along the promoter (Fig. 1G,
frame 3). Lastly, genes with H3.3e downstream of the TSS are not
expressed regardless of H3.2 distribution (Fig. 1G, frame 4). These
results highlight important features of H3.3e and H3.2 positioning
on promoters and gene expression outcomes. H3.3 display a stricter
spatial selectivity than H3.2; when co-enriched, H3.3e and H3.2e
predominantly coincide, and strongest transcription output occurs
when both isoforms concur upstream-distal of the TSS (-2
to —1.5 Kb; most frequent) or are spatially disjoint (a rarer
occurrence).

3.4. H3.3e positioning in relation to histone and DNA methylation
marks

To further investigate factors influencing the expression
outcome of H3.3e-enriched promoters, we examined expression
levels of genes with a promoter co-enriched in H3.3e (or H3.2e)
and H3K4me3, H3K27me3, H3K9me3 or DNA methylation
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(Supplementary Fig. 2). Firstly, we find a lower proportion of H3.3e
than H3.2e promoters enriched in H3K9me3, H3K27me3 and DNA
methylation (Fig. 2A P < 107, Fisher's exact test), in line with the
reported propensity of H3.2 for repressive chromatin modifications
[18]. Secondly, H3.3e genes marked by H3K4me3 or DNA methyl-
ation are expressed at levels above or comparable to RefSeq genes
(P =29 x 107 and P = 0.036 respectively; Wilcoxon rank-sum
test), while those marked by H3K27me3 are not expressed rela-
tive to ResSeq genes (P = 2.2 x 10~; Fig. 2B). This is also the case
for H3.2e genes (Fig. 2C; P = 6.8 x 10™°, P = 0.567 and
P = 6.9 x 107'° for H3K4me3, DNA methylation and H3K27me3
respectively). Surprisingly however, we find that H3.3e genes, but
not H3.2e genes, co-enriched in H3K9me3 display a wide range of
expression levels (Fig. 2B,C), suggesting that H3.3e enrichment may
confer expression to a subset of H3K9me3-marked genes.

To examine this further, we established 2-D peak density heat
maps of H3K4me3, H3K9me3, H3K27me3 and DNA methylation
relative to H3.3e (or H3.2e), and corresponding expression fre-
quency heat maps (Fig. 3; Supplementary Fig. 3). The data show
that H3.3e most frequently coincides with the H3 methylation or
DNA methylation marks examined along the promoter (Fig. 3A),
suggesting that it carries the modifications. Similar observations
were made for H3.2e (Supplementary Fig. 4).

As anticipated, H3.3e- and H3K4me3-marked genes are
frequently expressed, particularly when H3K4me3 is enriched over
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Fig. 2. Differential enrichment of H3.3e and H3.2e promoters in chromatin marks. (A)
Proportions of H3.2e and H3.3e promoters enriched in H3K4me3, H3K9me3,
H3K27me3 or DNA methylation. *P < 10~ relative to the same hPTM as percent of
H3.2e; Chi-square test with Yates' correction. (B, C) Box plot analysis of expression
levels of genes marked by (B) H3.3e or (C) H3.2e, and indicated chromatin modifica-
tions; *P < 10~ relative to RefSeq genes; Wilcoxon rank-sum test.
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Fig. 3. H3.3e-enriched genes show distinct transcription outcomes related to posi-
tioning of H3.3e and associated chromatin modification. Left panels, 2-D density heat
maps of peaks of H3.3e (x axis) and indicated histone or DNA methylation mark (y
axis), for a given position relative to the TSS (0). Right panels, corresponding 2-D
expression frequency heat maps. Scale bars are as in Fig. 1; x and y axis: distance
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the TSS (Fig. 3, frame 1). High expression frequency is also noted for
H3K4me3 genes with H3.3e at the TSS and downstream (Fig. 3,
frame 2). Thus, H3.3e occupancy over the TSS is compatible with
expression of a subset of H3K4me3-marked genes. In contrast,
H3K27me3-marked genes are essentially not expressed regardless
of H3.3e distribution, consistent with H3K27me3 repressing ac-
tivity of promoters. Interestingly, expression status of H3.3e and
H3K9me3 co-enriched genes depends on the relative position of
both marks.

H3K9me3-marked genes are overall not expressed or expressed
at low levels. However, a subset of these genes is expressed, in a
configuration with H3.3e upstream of the TSS (>-—1.5 Kb) and
H3K9me3 upstream proximal (0 to —0.5 Kb) or more distal
(>—1.5 Kb; Fig. 3, frames 3, 4); H3.3e downstream is associated
with a repression state (Fig. 3, frame 5). This suggests that
H3K9me3-marked genes can be expressed under a specific
configuration of H3K9me3 and H3.3e distribution. We make similar
observations for promoters co-enriched in H3.3e and DNA
methylation (Fig. 3, frames 6, 7), in line with earlier results [8,9].
Lastly, we note that expression patterns of H3.2e-enriched genes
are overall similar to those of H3.3e genes albeit at slightly reduced
levels (Supplementary Fig. 4).
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3.5. H3.3 positioning on promoters and associated gene expression:
a model

Collectively, our data indicate that H3.3e is incorporated into
promoters of active and inactive genes. We propose a model where
expression status correlates with positioning of H3.3e peaks relative
to the TSS, in a context of distinct chromatin modifications (Fig. 4).
As a rule, we find that whereas H3.3 localization on the promoter
itself (that is, anywhere upstream of the TSS in the regions exam-
ined) is compatible with gene expression, whereas H3.3 enrichment
at the TSS or immediately downstream is linked to promoter inac-
tivity (Fig. 4A). Exception occurs for H3H4me3-marked promoters,
for which no specific position of H3.3e is linked to a given expression
outcome: most of these genes are expressed regardless of H3.3
position (Fig. 4B). Inasmuch as H3K4me3 correlates with gene ac-
tivity, H3K9me3 and H3K27me3 appear to override any effect H3.3e
occupancy might have on expression because these promoters are
overall inactive (Fig. 4C,D). Nonetheless, a number of H3K9me3-
marked promoters are associated with expressed genes (Fig. 4D);
there H3.3e occupies a distal region while H3K9me3 can be any-
where on the promoter. This suggests a combinatorial influence of
H3.3 marking and a histone mark on a gene expression outcome.

3.6. Which histone chaperone may mediate H3.3 loading on
promoters?

Our and earlier work raises the issue of which histone chaperone
might be responsible for deposition of H3.3 at promoters. Evidence
points to HIRA as one candidate. Accordingly, HIRA and ASF1A
mediate H3.3 loading on the Myod1 promoter in myocytes, which
may enable a permissive chromatin state for RNA polymerase I [19].
Further, deletion of HIRA in mouse embryonic stem cells negatively
affects H3.3 deposition at promoters and gene bodies [20]. Addi-
tionally, HIRA co-purifies with H3.3 in a complex containing CABIN1
and UBNT1 [21,22], thus these factors may also be implicated in
promoter loading of H3.3. The DAXX/ATRX complex may also be a
candidate, as it is associated with specific regulatory regions in an
activation-dependent manner in neurons [23]. These observations
suggest that chaperones loading H3.3 on regulatory elements may
not only be cell type-specific, but may also depend on the nature of
the promoter (e.g. constitutive vs. developmentally controlled).

Data linking
H3.2e, H3.3e, histone H3 methylation ChIP-chip data, and gene

expression data were downloaded from NCBI GSE17053. MeDIP
data were downloaded from NCBI GSE19795.
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