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Figure 4. H1 variant content at gene promoters along human chromosomes and relation of H1 variants with LADs and GC content. (A) Heat maps
of H1.2 ChIP-chip probe intensity around TSS (—3200 to +800 bp) for genes ordered according to their position along several human chromosomes.
Gene expression levels for each gene in T47D cells is represented in the left in two different ways (as a heat map and graphical representation of log 2
ratios). A GRC for each chromosome, calculated as the ratio between the percentage of genes present in each chromosome and the percentage of
base pairs of each chromosome to the total human genome, is indicated. The centromere location is marked with a triangle. Regions of interest are
marked with an asterisk and viewed in the UCSC genome browser in (B). (B) Distribution of H1 variants along selected regions of chromosome 1
and 12. Input-subtracted H1.2 and HIX ChIP-seq signal viewed in the UCSC genome browser together with GC content, RefSeq genes, H3K4me3

(continued)
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chromosomes, showing extensive patches of enrichment or
depletion of H1 compared with the input (Supplementary
Figure S19). Interestingly, the H1.2 pattern was the most
different from the other variants, endogenous H1X and
HA-tagged variants showing patterns that were similar to
each other and to that of H3, while the pattern for HA-
tagged H1.2 was more similar to endogenous H1.2 than to
other HA-tagged Hls. It is worth noting that long genome
patches of low GC content were found to be devoid of all
H1 variants except H1.2, which was enriched. We next per-
formed genome-wide correlation analysis between the
input-subtracted H1 variant signal and GC content. Low
CG content was associated with high occupancy of H1.2
but low occupancy of the other variants, including HI1X,
and vice versa (Figure 4D and Supplementary Figure S20).

Further comparison of the overall abundance of H1
variants at each individual chromosome revealed unique
patterns creating corresponding clusters of chromosomes
and H1 variants (Figure 6). Interestingly, chromosomes
were clustered in a manner that was related to their
gene-richness and the overall expression of genes they con-
tained. Gene-rich chromosomes showed H1.0 and H1X
enrichment, and H1.2 depletion, whereas the opposite
was found at gene-poor chromosomes, in agreement
with the promoter ChIP-chip data described above.
Correlation analysis confirmed these conclusions
(Supplementary Figure S21). Notably, H1 variants were
clustered differently depending on whether they were rep-
lication-independent (H1.0 and H1X) or synthesized over
the course of DNA replication only (H1.2, H1.4 and the
core H3 histone). Further, H1.0 and H1X had a more
heterogeneous distribution between chromosomes (data
not shown).

Genomic annotation of enriched or depleted regions of
individual H1 variants shows that H1.2 is associated with
intergenic regions and repressed genes

Next, we searched specific regions of the genome either
enriched or depleted for each H1 variant signal over
input DNA with a fold change >2 using SICER
software (Supplementary Table S3). Most Hl-enriched
regions were inside genes (arbitrarily defined as from
—5kb upstream to +3kb downstream of the TTS),
whereas H1.2 peaks were more abundant at intergenic
regions (Supplementary Table S3 and Supplementary
Figure S22). On the other hand, all H1-depleted regions
were more abundant inside genes, especially for H1.2.
Within genes, H1.2-enriched regions were disfavored at
promoters (—5kb to +1kb flanking TSS) compared with
other H1 peaks, whereas HI1.2-depleted regions were
strongly favored, in agreement with ChIP-chip data pre-
sented in Figure 2. In agreement with our aforementioned
data, the GC content in H1.2-enriched regions was lower

than in the other variants (Supplementary Figure S20).
Next, we analyzed the overlap between Hl-enriched and
depleted regions with CpG islands. CpG islands were
enriched at HI1.2-depleted regions and at regions
enriched for the other variants, confirming the inverse cor-
relation between CpG islands and H1.2 described above
(Supplementary Figures S22 and S23). As expected,
regions overlapping with CpG sites were preferentially
located at promoters. For example, 42% of HI1.0- or
H1X-enriched regions located at promoters overlapped
with a CpG island, while this was the case for only
4-8% of regions enriched in these variants located at
intergenic regions.

To identify H1 variant target genes we looked for genes
that had at least one Hl-enriched region from —5kb to
+3 kb from the TTS. H1.2 was the variant that was found
to have the smallest number of target genes
(Supplementary Table S3). Overlap analysis disclosed
the number of genes containing peaks of a single variant
or several variants (Supplementary Figure S24), and
expression analysis revealed that genes with only HI.2
peaks were less expressed than target genes containing
peaks of any other H1 variant (Figure 7A), in agreement
with data above showing lower expression of genes con-
taining elevated levels of H1.2 at distal promoter or coding
regions. In those genes, the peak tended to be outside the
promoter for H1.2, but at the promoter for the other
single variant target genes (Supplementary Table S3). On
the other hand, genes presenting H1.2-depleted regions
were highly expressed, while genes with depleted regions
of H1.0, H1.4 or H1X were expressed at lower levels than
the total transcriptome average (Figure 7A).

We further investigated whether the identified
H1-enriched regions fell within genes, proximal regulatory
regions or distal intergenic regions using CEAS software
(70). Again, H1.2 was more differently distributed than the
other variants analyzed. H1.0-HA, H1X and HI1.4-HA
peaks were overrepresented in promoters, UTRs, exons
and downstream regulatory regions, and underrepresented
in distal intergenic regions compared with the complete
genome, whereas H1.2-enriched regions were overrepre-
sented in intergenic regions and underrepresented in
exons and promoters (Figure 7B and Supplementary
Figure S25). Except for those for H1.2, H1 peaks were as
abundant in introns as in distal intergenic regions. On the
other hand, depleted regions were similarly distributed
across compartments in the different HI variants, except
H1.2-depleted regions, which were more abundant at pro-
moters and less so at intergenic regions.

In summary, our data shows that histone HI is
not uniformly distributed along the genome and there
are differences between variants, HI1.2 being the
one showing the most specific pattern and

Figure 4. Continued

(ENCODE average of 9 cell lines), CpG and LADs (data from Tig3 lung fibroblasts). (C) Box plots showing the occupancy of H1 variants (input-
subtracted ChIP-seq signal) within LADs. Significance was tested using the Kolmogorov—Smirnov test taking as a control a random sample of
windows with equal width to the LADs. Enrichment and depletion is marked with red and blue asterisks, respectively. *P < 0.001. (D) Genome-wide
correlation scatterplots of H1.2 and H1X variants versus GC content. X axes: average input-subtracted H1 signal (normalized to 1000 bp window). Y

axes: GC%. R: Pearson’s correlation coefficient.

GT0Z ‘2 |1Udy uo eige nedwiod Te1SeAILN '] 8p BIS101|q1g T8 /610°S [euino [piofxo" feuy/:dny wouy papeojumod


to 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
-
to 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
-
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
,
-
-
to 
-
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku079/-/DC1
http://nar.oxfordjournals.org/

Nucleic Acids Research, 2014, Vol. 42, No.7 4485

A H1.0'HA Average Gene Profiles H1’4-HA Average Gene Profiles.
= All s
= EG1 34
= EG2 R
g EG3 g 2
@ EG4 g |
o = EGS5 = |
S || = EGe !
S || = Ea? n ]
7] = EG8 L. ! T ' J . Y
c - EGQ ~1000 0 1000 2000 3000 4000 1000 o 1000 2000 3000 4000
8 = EG10 Srsioess iyl 000 by o sk, Dot (0 Upstroam (bp). 3000 bp of Mota-gene. Downsiream (bp)
H1.2-HA R H1Xendo R
H {
is I
o0 . o 200 0 o
Upstream (bp). 3000 bp of Meta-gene. Downstream (bo) Upstream (bg). 3000 bp of Meta-gene. Downstream (Bo)
H1.2endo s et H3 R
§ 3 1 2
i, i8S
T 3
34

-1000 0 1000 2000 3000

Upstream (bp). 3000 bp of Meta=gene, Downstream (bg)

B p300 C CpG
0.0 T 15 L
—— % o
\‘\/\ ; w78
02 \/ = H1.0-HA o
2 2 o4 ; = H1.2-HA 2 |
] S -04 - \ H <] '
a a )W ® H1.2endo_r2 & P\
o o H S 05 - N
g g 06 ' = H1.2endo_r3 g o B> AP
g $ : B H1Xendo $ “/ﬂ\#
08 : m H1.4-HA 00| BRET TR s
= B T
: H3 T T,
-1.0 v
T T T T T T T I I T T T I T T
o i=3 o o o o (=3 o o f=3 o o o f=J [=3
i=] o i=3 (=3 o (=3 i=3 o o o o (=3
=3 o o o =1 o o o o o o (=1
(\Il - - o (}I = - o (}l - - o
Relative Distance from the Center (bp) Relative Distance from the Center (bp) Relative Distance from the Center (bp)

Figure 5. H1 is depleted from regulatory regions but present at CpG sites in a variant-specific manner. (A) Average, input-subtracted ChIP-seq
signal of H1 variants around gene bodies flanked by TSS and transcription termination site (TTS), grouped according to basal expression (10% of
total genes in each group). EG1 represents top expressed genes and EG10 genes with the lowest expression. Average for all genes is shown in black.
Genic regions are represented as a 3-kb-long meta-gene surrounded by 1kb region upstream TSS and 1kb downstream TTS. (B) Average, input-
subtracted ChIP-seq signal of H1 variant around the center of genomic CTCF and p300 binding sites (data from T47D cells). (C) Average, input-
subtracted ChIP-seq signal of H1 variant around the center of CpG islands (as defined in UCSC database).

strongest correlation with low gene expression in breast
cancer cells.

DISCUSSION

Mapping of H1 variants by ChIP with variant-specific
antibodies and protein tagging uncovers differences
between H1.2 and the other variants in breast cancer cells

Herein, we have investigated the distribution of all
somatic histone H1 variants present in breast cancer
cells, i.e. H1.0, HIX and HI1.2 to H1.5 by combining
ChIP with genomic technologies such as tiling promoter
array hybridization and high-resolution sequencing. After

testing several H1 variant-specific antibodies that we and
others have produced, only HI1.2 and HIX commercial
antibodies were found to be useful in the ChIP-qPCR ex-
periments, and variant specific, as shown by performing
ChIP experiments in HI1.2 and H1X knockdown (KD)
cells. Consequently, we generated stable cell lines express-
ing HA-tagged versions of the H1 variants at protein
levels close to or below endogenous levels, despite
mRNA levels of exogenous H1 forms being higher (data
not shown). This suggests that H1 is tightly posttranscrip-
tionally regulated to control the overall levels of H1 and
the proportion between variants, which vary considerably
across cell types and cell lines. HA-tagging allowed us to
perform ChIP of all variants with the same antibody,
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Figure 6. Human chromosomes show enrichment of different H1 variants in relation to average gene expression and gene richness. Heat map and
dendrogram of the occupancy of H1 variants (input-subtracted ChIP-seq signal average of 50 bp genomic windows) at individual chromosomes. Gene
expression and gene richness coefficient (GRC) of all chromosomes are shown as heat maps. GRC >2 are shown in the same color.

ruling out the variability being due to diverse antibody
specificity or affinity. We found that all the H1 variants
studied are widely distributed along the genome and
within promoters with few differences between HA-
tagged H1.0, H1.3, H1.4 and H1.5. In contrast, endogen-
ous H1.2 presents striking differences. We rule out the
possibility that the differential distribution is due to
antibody usage or protein overexpression, as endogenous
H1X presented an occurrence similar to HA-tagged
variants and exogenous H1.2-HA resembled its endogen-
ous counterpart more closely than the other HI-HAs.
On this basis, we report that, in the cell line investigated,
H1.2 presents a variant-specific distribution and may have
differential functions. In fact, we reported elsewhere that
H1.2 KD produces unique effects, namely, cell cycle arrest
at G1 and decreased nucleosome spacing, not seen in other
H1 KDs, and these were observed not only in T47D cells
but also in MCF7 cells (59). Nonetheless, this feature was
not general, as it was not seen in other cell types tested,
including HeLa cells in which H1.2 is highly abundant,
indicating that H1 variants may have cell type-dependent
specific effects. Instead, our data cannot rule out that the
other variants studied may have redundant functions and
distribution in breast cancer cells. A recent report on the
genomic distribution of Dam-H1.1 to H1.5 in lung fibro-
blasts IMR90 cells found that H1.1 is the only subtype
showing divergent features (66). H1.1 is not expressed in
breast cancer cells or in many other cell types. Instead,
H1.2 and H1.4 are the only variants that have been
found in all cell lines tested to date (29,78).

Additionally, mRNA levels of these two variants are
maintained in nondividing cells and along differentiation,
compared with H1.3 and HI1.5 levels that are reduced
(31,79). Although too small a sample, these results
suggest that different H1 subtypes may play different
roles in different cell types, over the course of development
and in cancer cells, inviting further investigation of Hl
variants occurrence.

We have noticed that H1.2-HA was not distributed in
exactly the same way as endogenous H1.2 and showed
intermediate features somewhat similar to the other H1-
HAs. We believe that this recombinant protein has the
H1.2 structural features that direct it to the natural
H1.2-occupied sites, but owing to its overexpression it
may also locate at distinct sites normally occupied by
other H1 variants. We have observed, by ChIP, that on
knock down of endogenous H1.2, H1.2-HA occupancy
increased (data not shown), suggesting a relocation to
H1.2 sites. Overall, we believe that caution should be
taken when interpreting data generated with exogenous
histone variants fused either to the Dam domain or to
peptide tags.

H1 depletion from promoters and coding regions is more
pronounced than H3 depletion and shows differences
between H1 variants

Our analysis has also shown that all Hls are removed
from active promoters, with maximum depletion close to
TSS but extending several nucleosomes upstream, beyond
the reported NFR, and within the coding regions. These
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Figure 7. Genomic annotation of regions found to be enriched or depleted of individual H1 variants and expression of target genes. (A) The
expression profiles of target genes containing enriched or depleted regions for a unique variant are shown as box plots. The profile of genes
containing both H1.2-HA and Hl.2endo (replica 2) enriched or depleted regions are also shown (2HA & 2e_r2). Significance was tested using
the Kolmogorov—Smirnov test. Enrichment and depletion is marked with red and blue asterisks, respectively. **P <0.001 and *P <0.005. (B)
Genomic annotation of regions enriched or depleted of endogenous H1.2 or HI1X. Pie diagram of distribution of HI variants enriched regions at
genes, proximal regulatory regions and distal intergenic regions. Promoter and downstream regions are defined as 3000 bp upstream TSS or down-
stream TTS, respectively. The proportions of the HI.2 and H1X enriched or depleted regions in several genomic features were significantly different
from the whole genome proportions of those features (P < 2.2e-16). Significance was tested using in-house R scripts.

regions containing nucleosomes but not Hl may coincide
with H2A.Z and H3.3-containing nucleosomes, as both
H2A.Z and H3.3 have been reported to locate at active
promoters surrounding the NFR, where they positively
regulate transcription (80-82). Additionally, other
authors have observed weaker histone H1 binding in
H2A.Z-containing nucleosomes (83) and a negative
genome-wide correlation between HI and H3.3 (63).
These observations support the view that H1 removal is
part of the chromatin remodeling events that occur on
promoter activation to facilitate binding of transcription
factors and the RNA polymerase machinery (49,84-86).
Furthermore, the shape of the H1.2 (and H1.2-HA) valley
at the TSS in ChIP-chip and ChIP-seq data (Figures 2 and
5) was slightly different from that of other H1 variants.
Unlike the signals for other variants, the H1.2 signal did
not show local enrichment immediately after the TSS. This
local enrichment may coincide with a well-positioned

nucleosome (+1), flanked by phased nucleosomes. This
indicates that such a nucleosome may contain any HI1
variant except HI1.2. Additionally, HI1.2 was not
abundant around the TSS of repressed genes, suggesting
that TSS of genes are epigenetically marked, including the
absence of H1.2. Overall, we have shown a strong rejec-
tion of H1.2 from the TSS of most genes.

Interestingly, we have found that immediate-early re-
sponsive promoters, under nonstimulating conditions,
are prepared to respond to stimuli by keeping the TSS
free of HI, indicating that mechanisms other than tran-
scription initiation might dictate H1 clearance. In this
case, there is also histone H3 depletion at the TSS
compared with at the distal promoter in the absence of
stimuli, indicating that the NFR might be maintained to
allow rapid response after stimulation. Supporting our
hypothesis, it has been recently proposed that transcrip-
tion factors interact with DNA in a dynamic way, and
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some transcription factor-DNA interactions are estab-
lished before the stimuli, especially at immediate-early
genes (87).

Comparison of HI occupancy with H3 has shown that
all Hls except H1.2 follow the distribution of the core
histone, whether this represents nucleosome enrichment,
stability or defined positioning through the cell popula-
tion. Nonetheless, H1 depletion at promoters and regula-
tory sites (CTCF or p300 binding sites) is more extensive
than H3, denoting that nucleosomes might be ejected from
delimited sites such as the NFR at the TSS, but HI might
be depleted from larger regions encompassing several nu-
cleosomes. This is in agreement with previous reports
showing that dips of low H1 occupancy at TSS and regu-
latory sites are not due to a lack of nucleosomes as they
show enrichment of the core histone variant H3.3 (63).
Moreover, at coding regions, the differential content of
HI in active versus repressed genes is more pronounced
than those of H3, especially toward the 5 of genes.
Consequently, gene-rich domains might adopt an overall
decondensed chromatin structure. Nonetheless, at active
genes HI1 is less abundant in promoters than coding
regions, indicating that H1 presence might be more re-
strictive for transcription initiation than for elongation.

Initial ChIP-qPCR experiments indicated that all H1
variants were present at all tested promoters.
Nonetheless, hybridization of ChIP material with a
promoter array revealed that promoters might present dif-
ferential H1 variant abundance (Figure 3). The most
striking difference is between H1.2 and the other Hls,
including H1X. Subsets of genes with the highest abun-
dance of one variant and the lowest of another have been
identified, i.e. those with a high or low H1.2/H1X ratio.
Overall, expression of genes presenting these features is
different, relating H1 variant content with gene expres-
sion. Notably, the relative abundance of H1.2 and H1X
in the selected promoters was conserved in the distant
HeLa cell line, but not in MCF7 cells. Thus, we propose
that the relative promoter abundance of H1 variants may
be related to, among other factors, their relative HI1
variant content in a given cell type.

Two types of H1-containing chromatin are present in
breast cancer cells with different association with gene
density and expression

The negative correlation observed between gene activity
and H1.2 content found at promoters extended upstream
toward the whole genomic region. Patches of H1.2 enrich-
ment seem to be associated with gene repression, gene-
poor regions (including entire chromosomes, such as
chromosome 13), low GC content or LADs, features
related to chromatin compaction (Figure 4). Moreover,
H1.2-enriched regions were frequently found at intergenic
regions. Similar results were found in previous studies,
linking histone H1 to repressive and compacted regions
of the genome and suggesting a role for H1 in 3D organ-
ization of the genome. Some of these features were
described by Cao et al. for mouse H1c™¥ and H1d"A¢
in ESCs, the closest orthologs of human HI1.2 and H1.3,
by Li et al. for human HI.5 in differentiated IMR90

fibroblasts, and by Izzo et al. for human Dam-H1.2 to
HI1.5 in IMR90 cells also (64—66). However, in the last
of these, HI.1 presented a DamlID binding profile
distinct from the other subtypes that, in some extent, re-
sembles the distribution of H1 other than H1.2 in our
analysis in breast cancer cells, that is, they were more
closely associated with higher GC content, genes, its pro-
moters and CpG islands, and were not enriched in LADs.
Interestingly, in the study of Cao et al. when single peaks
for Hlc and HId in mouse ESCs were compared, H1d
(H1.3) was more closely related to GC-rich sequences
and LINES, and Hlc (H1.2) to AT-rich sequences,
Giemsa-positive regions and satellite DNA. It is conceiv-
able that there are at least two groups of H1 variants with
different distributions in each cell type, such that taken
together histone H1 variants cover the whole genome,
being present in most of the nucleosomes.

Whether a single variant may present distinct features in
different cell types rather than having intrinsic properties
is an intriguing question. Factors involved may be the
relative and absolute abundance of each variant and
whether a genome needs more plasticity or is progressively
silenced, i.e. pluripotency versus terminal differentiation.
In this sense, Li et al. described the existence of zones of
H1.5 enrichment in differentiated fibroblasts but not in
ESCs (64), and it has been reported that architectural
proteins, such as HP1 and HI, are hyperdynamic and
bind loosely to chromatin in ESCs (88,89). Additionally,
we have previously reported progressive changes in the
expression and abundance of HI1 variants over the
course of differentiation of human embryonic stem cells
and of reprogramming of differentiated cells to Induced
pluripotent stem cells (iPS), i.e. the opposite direction (31).
Thus, considering the importance of H1 in chromatin
structure and compaction, differential expression and/or
distribution of HI1 variants could mediate the transition
between different chromatin states, and explain the more
‘open’ chromatin state of undifferentiated cells, which
contributes to the maintenance of pluripotency by
creating a poised chromatin state that leads to rapid acti-
vation of lineage-specific genes when differentiation is
induced. In fact, it has been proposed that different
‘anti-silencing’ mechanisms, including incorporation of
specific histone variants such as H3.3, are involved in
the maintenance of open chromatin in ES cells (90).

Cancer is another cellular state in which global chroma-
tin rearrangement is observed. In fact, alterations in
nuclear morphology are one of the characteristics of
cancer cells. Tumor-originated cells accumulate genetic
and/or epigenetic differences compared with nontumor
cells, and chromatin is reorganized leading to altered
gene expression programs and higher plasticity. The
hallmark of cancer is dedifferentiation and gene
dysregulation. DNA methylation and histone modifica-
tions are two epigenetic mechanisms that are altered in
cancer cells. Moreover, large organized chromatin K
(Iysine) modifications are reduced in cancer (91), and
genes encoding proteins of the nuclear membrane
present altered expression in many cancer types (92),
indicating that LADs might be partially disorganized in
cancer in accordance with the large-scale chromatin
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decondensation. Thus, it is conceivable that the distribu-
tion of histone H1 variants could be different in such
reorganized nuclei, to that observed in nonmalignant
cells. In turn, this could be the reason why in our study
most of the HI variants in genome regions were found to
be associated with more active and open chromatin.
Moreover, given the association of HI1 with LADs
reported here and by Izzo et al., we hypothesize that H1
could be a key player in establishing LADs in normal cells,
and could also participate in the rearrangement of such
domains in cancer cells due to a different prevalence of H1
variants within these domains. Alternatively, LAD re-
organization in cancer cells could cause H1 variant
redistribution in these genomic domains.

Tumor cells are characterized by a different methylome
from that of normal cells [reviewed in (93)]. There is both
global CpG hypomethylation, causing genomic instability,
and hypermethylation of particular promoters including
tumor-suppressor genes. In our analysis, we found that
CpG islands contain H1.0, HIX and to a lesser extent
Hl1.4, but not HI1.2. This might reflect the relative
abundance of these variants at promoters and suggests
that promoter occupancy by HI1 variants other than
H1.2 is more permissive for transcription regulation in
breast cancer cells. Alternatively, as H1.2 prevalence in
intergenic CpG islands is also lower than that of other
variants, we cannot rule out a direct role of the different
H1 variants in CpG island regulation in breast cancer
cells.

Similarly, within a long region of genomic sequence,
genes are often characterized by having a higher GC
content than the background GC content of the entire
genome. We found that H1 variants except H1.2 are
associated with higher GC content regions, consistent
with the preferential location of Hl-enriched regions
within genes. H1.2 presents an inverse correlation with
GC content at a genome-wide level and H1.2-enriched
regions associate with lower GC content than other
variants. In our analysis, H3 also associates preferentially
with higher GC-content regions, in agreement with reports
describing  greater  nucleosome-space occupancy
coinciding with active transcription and higher GC
contents (94).

Altogether, it seems that H1 variants are differentially
associated with CpG islands and GC content in breast
cancer cells. Our data are not completely consistent with
previous reports showing low amounts of Hl in CpG
islands (65,95). However, mouse H1d was more closely
associated with GC-rich regions than Hlc in the study
of Cao et al. (65). Additionally, another study showed
H1 variant-dependent interaction with DNMTs (96). In
that study, it was found that, unlike other H1 variants,
Hlc (H1.2) does not interact with DNMTI and
DNMT3B. Based on the differential association of HI1
variants with CpG islands and GC-rich regions in T47D
breast cancer cells, we hypothesize that a redistribution of
most of histone H1 variants in cancer may help to estab-
lish a differential chromatin state, but also an altered
methylation pattern. In fact, H1 variants are differentially
related to several types of cancer (33,97). Additionally,
comparison of human mammary epithelial cells with
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breast cancer cell lines including T47D (98) showed
global massive hypomethylation at CpG-poor regions,
and hypermethylation at CpG-rich gene-related regions,
proximal to the TSS, where local enrichment of all H1
variants except H1.2 is observed in our data. Moreover,
hypomethylated regions in breast cancer cells coincide
with repressive chromatin, gene silencing, repressive
histone posttranslational modifications (PTMs), intergenic
regions and LADs (99), which in turn coincides with an
enrichment of H1.2 found in our analysis. Further inves-
tigation of the DNA methylation profile of T47D breast
cancer cells could confirm a differential role of HI variants
in establishing or maintaining DNA methylation in breast
cancer.

Chromatin containing H1 variants other than HI.2
might support a level of compaction that facilitates a
rapid conversion into either an active or a repressed
state and, consequently, these variants are allowed at
TSS of genes before activation. In fact, a particular
posttranslational modification in H1.4 (K34Ac) has been
found to locate around the TSS of active genes (49).
Instead, we have described that H1.2 occupancy at distal
promoters is the best predictor of gene repression.
Moreover, genes presenting H1.2-enriched regions are
clearly less strongly expressed than average. This study
points toward the inclusion of HI1.2 as a repression
mark and to it being associated with closed chromatin.
In this regard, H1.2 has been found to be included in a
p53-containing repressive complex in HeLa cells (50), and
murine H1.2 has been found to be developmentally
upregulated in the retina, promoting facultative hetero-
chromatin formation in mature rod photoreceptors (100).

Several studies have compared the chromatin binding
affinity and residence time on chromatin of the different
H1 subtypes in different organisms or cell lines, as well as
its nuclear localization, obtaining diverse, if not contro-
versial, results on the functional heterogeneity of HI
variants. In general, H1.2 is among the variants presenting
intermediate or low affinity for chromatin and, conse-
quently, elevated mobility. Instead, HI1.4 has been
mostly associated with high affinity, low mobility and
colocalization with heterochromatin (40,101-103). We
do not fully understand how these properties may relate
or contradict our observation of H1.2 being enriched in
repressed and gene-poor chromatin in breast cancer cells.
Certainly, different experimental approaches performed in
the same cell model would facilitate to reconcile the dif-
ferent observations.

There is nowadays increasing evidence of a 3D organ-
ization of the genome within the cell nucleus. Interphase
chromatin is organized in large chromosome territories
defined as ‘topological domains’, which can interact
despite being several megabases apart (104,105). These
domains are stable across different cell types and highly
conserved across species. It has already been reported that
embedded genes in these domains are in a transcription-
ally similar state and associated with transcriptionally
related histone marks and chromatin features. Hence, it
is not unreasonable to speculate that H1 could be involved
in the formation or maintenance of such domains due to
its role in chromatin structure. High-throughput profiling
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of chromatin marks and components has recently made it
possible to define chromatin states (106,107). In
Drosophila cells, five principal chromatin types have
been described, H1 being present in all of them in different
proportions (107). Although this may reflect the general
features of H1 occurrence, in cells presenting several H1
subtypes a differential distribution of subtypes between
different chromatin types may occur, as is suggested in
our study. We have found that H1.2 is the variant most
closely associated with LADs, low GC content and gene-
poor regions and chromosomes that are normally located
at the periphery of the nucleus, features related to chro-
matin compaction, while chromatin associated with the
other variants presents features of a more plastic chroma-
tin. Interestingly, gene-rich chromosomes, presumably
with a more dynamic chromatin and histone HI
exchange, and located toward the center of the nucleus,
are enriched in H1 variants synthesized all through the cell
cycle, namely H1.0 and H1X. It would be interesting to
further analyze the colocalization of the different human
HI1 variants with chromatin marks and components that
better define the diverse chromatin states, although these
types of comparisons are limited by the availability of
high-throughput data on the same or related cell types.
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