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Letter

Endonuclease-sensitive regions of human spermatozoal
chromatin are highly enriched in promoter and CTCF

binding sequences

Ali Arpanahi,’ Martin Brinkworth,? David lles,>” Stephen A. Krawetz,*
Agnieszka Paradowska,” Adrian E. Platts,” Myriam Saida,' Klaus Steger,”

Philip Tedder,® and David Miller'”

"Reproduction and Early Development Unit, Leeds Institute of Genetics and Health Therapeutics, University of Leeds, Clarendon Way,
Leeds LS2 9T, United Kingdom; ?Biomedical Sciences, School of Life Sciences, University of Bradford, Bradford BD7 1DP, United
Kingdomy; 3Institute of Integrative and Comparative Biology, Faculty of Biological Sciences, University of Leeds, Leeds LS2 9JT,
United Kingdom; *Department of Obstetrics and Gynecology, Center for Molecular Medicine and Genetics, Wayne State University
School of Medicine, Detroit, Michigan 48201, USA; *Department of Urology and Pediatric Urology, Justus Liebig University Giessen,
Giessen 35385, Germany; SInstitute of Molecular and Cellular Biology, University of Leeds, Leeds LS2 9JT, United Kingdom

During the haploid phase of mammalian spermatogenesis, nucleosomal chromatin is ultimately repackaged by small,
highly basic protamines to generate an extremely compact, toroidal chromatin architecture that is critical to normal
spermatozoal function. In common with several species, however, the human spermatozoon retains a small proportion of
its chromatin packaged in nucleosomes. As nucleosomal chromatin in spermatozoa is structurally more open than
protamine-packaged chromatin, we considered it likely to be more accessible to exogenously applied endonucleases.
Accordingly, we have used this premise to identify a population of endonuclease-sensitive DNA sequences in human and
murine spermatozoa. Our results show unequivocally that, in contrast to the endonuclease-resistant sperm chromatin
packaged by protamines, regions of increased endonuclease sensitivity are closely associated with gene regulatory
regions, including many promoter sequences and sequences recognized by CCCTC-binding factor (CTCF). Similar dif-
ferential packaging of promoters is observed in the spermatozoal chromatin of both mouse and man. These observations
imply the existence of epigenetic marks that distinguish gene regulatory regions in male germ cells and prevent their
repackaging by protamines during spermiogenesis. The ontology of genes under the control of endonuclease-sensitive
regulatory regions implies a role for this phenomenon in subsequent embryonic development.

[Supplemental material is available online at www.genome.org. The microarray data from this study have been submitted
to NCBI Gene Expression Omnibus (GEO) (http:// www.ncbi.nlm.nih.gov/geo/) under accession nos. GSM327832-GSM327833,

GSM305271-GSM305280, GSM305091-GSM305092, GSM406528-GSM406531, and GSM394743 ]

During mammalian spermiogenesis, DNA sequences that are pack-
aged by nucleosomes are sequentially replaced by transition pro-
teins and finally by nucleoprotamines (Tanphaichitr et al. 1978;
Ward and Coffey 1991; Braun 2001). This developmental progres-
sion facilitates a 10-fold higher order of DNA packaging that cannot
be accommodated by nucleosomes alone and leads to a highly
condensed chromatin that is transcriptionally inert (Premkumar
and Bhargava 1972; Grunewald et al. 2005) and can be accommo-
dated in a volume that is typically <10% that of a somatic cell nucleus
(Powell et al. 1990). This repackaging is critically important for
normal sperm motility. Following its delivery to the egg, the paternal
nucleus is quickly accessed by maternal factors that serve to decon-
dense the chromatin in readiness for pronuclear formation and
subsequent syngamy. During this period, protamines are rapidly
stripped from paternal chromatin and substituted with maternal
histones (Collas and Poccia 1998; McLay and Clarke 2003).
Intriguingly, the spermatozoal DNA of many mammalian
species retains a histone-rich compartment (Gusse et al. 1986;
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Bench et al. 1998). Human spermatozoa, for example, are esti-
mated to retain ~15% of their total chromatin in a histone-bound,
nucleosomal configuration (Gatewood et al. 1987). In the mouse,
the nucleosomal content is estimated at <2% (Balhorn et al. 1977).
Indeed, the variation in nucleohistone content of mammalian
spermatozoa is wide. Certain dasyurid marsupials, for example,
repackage <50% of their spermatozoal chromatin into nucleo-
protamines, while many vertebrate species do not use nucleo-
protamines at all (Soon et al. 1997). The fate of paternal histones
introduced into the egg at fertilization is not clear, although recent
evidence indicates that at least some are incorporated into the
zygotic nucleus (van der Heijden et al. 2008).

Classical DNA footprinting experiments exploit differences in
the relative accessibility of euchromatic and heterochromatic
regions to exogenously applied endonucleases (typically DNase I
and micrococcal nuclease [MNase]) (Davie and Saunders 1981;
Sabo et al. 2006), and similar approaches can be taken for the
analysis of the nucleosomal domains of mature spermatozoa. One
uses the ability of weak salt solutions to disrupt histone-DNA
interactions in sperm nuclei permeabilized by detergents, while
leaving the much stronger protamine-DNA interactions intact.
This treatment depletes accessible histones from the sperm nuclei,
and subsequent limited digestion with endonucleases releases the
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DNA thus exposed. Evidence for the specific and consistent dif-
ferential packaging of DNA in human sperm nuclei has been pre-
sented using this approach (Gatewood et al. 1987; Gardiner-
Garden et al. 1998; Wykes and Krawetz 2003). Alternatively, lim-
ited digestion of detergent permeabilized sperm nuclei with MNase
has been used to facilitate the release of chromatin rich in telo-
meric and repetitive sequences from mature spermatozoa (Pittoggi
et al. 1999; Gineitis et al. 2000). However, these studies did not
provide a global insight into the nature and extent of this differ-
ential packaging phenomenon.

To address this issue, we have carried out genome-wide anal-
yses of chromatin structure using a microarray-based approach to
examine the sequence composition of the DNA released from, or
retained by, human sperm using both salt extraction followed by
endonuclease digestion, or by MNase digestion methods. Chromatin
immunoprecipitation analysis (ChIP-chip) was subsequently used
to identify DNA sequences preferentially associated with acetylated
histone H4. These procedures yield complementary results and
show that the DNA released by salt/endonuclease and MNase
treatments is enriched in regulatory sequences. These include
regions containing CCCTC-binding factor (CTCF) binding sites
and the promoters of genes involved in development. In contrast,
genic and intergenic regions as well as many regulatory sequences
belonging to olfactory receptor and zinc finger gene clusters are
not preferentially accessible to salt or endonuclease extraction.
Together, these results suggest that differential nuclease sensitivity
is established during the spermiogenic reorganization of the pa-
ternal genome and delineates a global epigenetic signature of on-
tological significance.

Results

Chromatin compositional analysis: DNA analysis

The composition of DNA targets used in the comparative genome
hybridization (CGH) analyses, generated following salt extraction and
restriction digestion (Gardiner-Garden et al. 1998); salt/restriction
endonuclease digestion (SRD) or MNase digestion (Zalenskaya et al.
2000); or micrococcal nuclease digestion (MND) of detergent-
permeabilized sperm nuclei, was verified by standard agarose gel
electrophoresis (Fig. 1). The DNA released by restriction digestion
from 108 salt-washed human sperm nuclei resolved as a smear,
consisting of fragments ranging from ~0.8 to 10 kb in length (Fig.
1, lane 3; salt/restriction endonuclease digested soluble [SRDS]). In
contrast, following restriction digestion, the bulk of salt-insoluble
DNA remaining in the pellet resolved at >10 kb typical of intact
high-molecular-mass DNA (Fig. 1, lane 5; salt/restriction endonu-
clease digested insoluble [SRDI]). An ~200-bp ladder was obtained
from 10® human sperm nuclei following short exposure to exog-
enously applied MNase (Fig. 1, lane 4; micrococcal nuclease di-
gested soluble [MNDS]). The repeat length for the ladder in lane 4
at ~200 bp is in good agreement with the presence of nucleosomes
in the soluble fractions. The insoluble pellets remaining after
MNase digestion, like the salt-treated, restriction-digested pellets,
primarily resolved at >10-kb molecular mass (Fig. 1, lane 6; mi-
crococcal nuclease digested insoluble [MNDI]). Total DNA extracted
from sperm nuclei using standard methods without any prior
treatment (Fig. 1, lane 2 [NF]) was predominantly >10 kb.

CGH-chip profiling

We first used Agilent’s whole-genome 44K CGH tiling array with
amedian probe spacing of 35 kb to examine the DNA composition
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Figure 1. Analysis of DNA fractions obtained by SRD and MND treat-
ment of sperm nuclei. All DNA samples were resolved on 1.8% agarose
gels. (Lane 7) A 0.4-10-kb DNA ladder. (Lane 2) Total (unfractionated)
DNA (NF). (Lane 3) The soluble DNA released after extraction of sperm
nuclei with 0.65 M NaCl followed by digestion with BamHI and EcoRlI
(SRDS). (Lane 5) The corresponding insoluble pellet (SRDI). (Lane 4) DNA
released from sperm after MNase digestion (MNDS). (Lane 6) The corre-
sponding insoluble pellet (MNDI).

of human SRD fractions from individual semen samples provided
by four unrelated human donors. These were analyzed on 10
arrays, eight of which were duplicates subjected to reciprocal
swapping of the Cy3 and CyS dyes to control for probe-generated
artifacts (none were noted). The remaining arrays were controls
using non-fractionated DNA against soluble and insoluble targets
(data not shown). Figure 2 shows examples with moving average
profiles derived from the Cy3/CyS5 log, ratios (logzR). Values
>0 indicate a comparatively greater abundance of target sequences
in the SRDS fraction; conversely, values <0 indicate a compara-
tively greater abundance of sequences in the SRDI fraction. From
the close alignment of the respective traces, obtained from exam-
ple chromosomes 11, 12, 16, and 19 shown in the left-hand panels
(Fig. 2A,C,E,G), it is clear that the SRDS and SRDI fractions from
each of the three individual ejaculate samples (44K', 44K?, and
44K?®) displayed have a high level of compositional similarity (r; =
0.95 [44" vs. 44%], 0.94 [44' vs. 44°], and 0.96 [44” vs. 44°]). Frac-
tions from samples provided by two further unrelated donors an-
alyzed on a higher-resolution platform (244K; median 8 kb probe
spacing) generated moving average traces aligning closely with the
44K traces (r; = 0.78), showing that the 244K array provides es-
sentially similar output but at higher resolution. Moreover, linear
regression analysis showed the 244K MND and SRD data sets were
positively correlated (r; = 0.52). These results demonstrate the re-
producibility of the techniques used to sample sperm chromatin,
the similarity in composition between the samples from different
men, and the equivalence in processed data between the 44K and
the 244 K CGH platforms.

The scatterplots shown in Figure 2, B, D, F, and H, are from the
244K logyRs generated from target fractions where ratios >0.5
(soluble [S]; green) are plotted to the right of the moving average
traces and ratios <—0.5 (insoluble [I]; red) are plotted to the left.
Ratios lying between these cutoffs are not plotted. Two profiles are
shown representing MND and SRD fractions corresponding to the
DNA profiles shown in Figure 1 (i.e., SRDS vs. SRDI and MNDS vs.
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MNDI). The gene density plots (GDs) for each chromosome are
drawn alongside their respective ideograms. The plots suggest that
the soluble DNA fractions obtained following the SRD and MND
treatments outlined above (Fig. 1, lanes 3,4) are enriched for gene
sequences compared with their corresponding insoluble fractions
(Fig. 1, lanes 5,6). However, this trend is reversed for olfactory re-
ceptor (OR) and zinc finger (ZNF) gene clusters, indicated by
arrowheads in Figure 2, B, D, and H, respectively, which are en-
riched in the insoluble DNA fractions (arrowheads). A similar trend
for gene-dense regions to partition preferentially into the MNDS
fraction was observed for MND-processed mouse sperm (Fig. 3).
Murine olfactory receptor (Olfr) clusters are also found in the
MNDI fractions (arrowhead). An analysis of probe signal in-
tensities (Fig. 4) shows that the ranges for SRDS/MNDS and for
SRDI/MNDI correspond closely (median soluble/insoluble ratio =
3.57 and 3.43 for SRD and MND, respectively). Moreover, high-
intensity signals in each data set are more heavily represented in
the soluble fractions, with a far larger number of probes.

In order to examine the apparent association between pack-
aging preference and gene density in more detail, we used the
software tools available at the Galaxy resource (http://galaxy.psu.
edu/) to map the CGH probe coordinates to the NimbleGen pro-
moter and gene coordinates for human and mouse. The log,R
values of all human probes located within promoter sequences
(P-all) were compared with those located within genes (genic; G) or
outside both genes and promoters (intergenic; 1G) (Fig. SA,B).
Median log,R values of 0.28 (MND) and 0.32 (SRD) for the P-all
data contrasted sharply with the median values of —0.01 | —0.03
(MND | SRD) for genic and —0.02 | —0.02 (MND | SRD) for inter-
genic data. These results indicate that promoter sequences are
significantly enriched in the soluble fractions, while surprisingly,
genic and intergenic sequences both show no apparent enrich-
ment in either fraction (data summarized in Table 1). A similar,
although somewhat less distinct, partitioning is observed in the
mouse (Supplemental Table 1), where the median log,R value for
probes within promoter sequences is 0.19, as opposed to 0.09 in
genic sequences and —0.03 for probes located outside genes and
promoters (Kruskal-Wallace, x> =3325.1, degree of freedom [df] =
2, P < 0.0001). Thus, genic and intergenic sequences show little
partitioning bias, and the apparent association with gene density
shown in Figures 2 and 3 must in part be due to the greater ac-
cessibility of promoter sequences to salt/endonuclease and MNase
treatments.

Notable exceptions to the general accessibility of promoters
to our extraction procedures, however, are the promoters for
olfactory receptor genes in both humans and mice, and the pro-
moters of ZNF gene clusters in humans. Median log,R values for
probes located within human OR promoters were —0.34 (MND)
and —0.75 (SRD), and —0.22 in the mouse Olfr promoters. These
entire regions, including both promoter and genic sequences in
both species, are predominantly located in the most insoluble
chromatin (log;R < —1), of which typical clusters are shown for
human chromosomes 11 and 12, and mouse chromosomes 2 and 7
(Supplemental Fig. 1).

CTCF binding sites

The data suggest that promoter sequences in human and murine
sperm nuclei are more accessible to applied endonucleases than
other sequences in sperm chromatin. This may explain the ob-
served relationship between the highest soluble fraction signals
and gene density profiles. However, regions of open chromatin
architecture, as indicated by increased sensitivity to DNase I di-
gestion, exist distal to known and novel genes (The ENCODE
Project Consortium 2007). Distal DNase I-hypersensitive sites
(DHSs) exhibit epigenetic signatures distinct from those of tran-
scription start sites (TSS) and are characterized by high CTCF oc-
cupancy, depletion in H3K4me3, and the presence of histone H3
(K9 acetylated) (H3ac) and histone H4 (K12 acetylated) (H4ac) (The
ENCODE Project Consortium 2007). In view of the key role played
by CTCFin the three-dimensional organization of chromatin and in
the establishment and maintenance of imprinting phenomena
(Kuhn and Geyer 2003; Ishihara et al. 2006; Kim et al. 2007), we
sought to establish the partitioning behavior of sequences located
within CTCF binding sites as defined by previous studies (Kim et al.
2007; Chen et al. 2008) following SRD and MND extraction pro-
cedures. Interestingly, the median log,R values of soluble versus
insoluble fractions for probes that mapped within regions of CTCF
binding in the human genome are 0.42 (MND) and 0.51 (SRD),
indicating that in human sperm, CTCF-binding sites are signifi-
cantly enriched in chromatin domains with an open, accessible
architecture. Moreover the chromatin flanking CTCF-binding sites
is also significantly enriched in the soluble fractions, and this effect
extends over several kilobases (Fig. 6). After mapping probes to
discrete intervals away from CTCF-binding sites, the interval me-
dian log,R values approach the data set median only after moving
more than 50 kb away from a CTCF-binding site. Furthermore,
probes located more than 75 kb from any CTCF cluster detect
sequences enriched in the insoluble fractions (median log,R =
—0.09 [MND] and —0.12 [SRD]). The median log,R value for the
equivalent mouse MND sample is 0.40, indicating that CTCEF-
binding sites are likewise enriched in the soluble fraction from
mouse sperm. Furthermore, sites of CTCF at the murine H19/Igf2
(Szabo et al. 2004) and the DIk1/Meg3 (also known as Gtl2) loci
(Hiura et al. 2007) are strongly enriched in the soluble fractions
from both human and murine spermatozoal chromatin (Supple-
mental Fig. 2).

Since CTCF-binding sites are also located close to many TSS,
we also sought to assess the accessibility of chromatin in the vi-
cinity of both promoters and CTCF sites. We collated the CGH data
for unique probes located both in CTCF-binding sites and within
promoters (C+P+), within CTCF-binding sites but outside pro-
moters (C+P—), outside CTCF-binding sites but within promoters
(C—P+), and probes located outside both CTCF sites and promoters
(C—P-). As shown in Figure 5, C and D, and summarized in Table
1, C+P+ probes detect target sequences even more strongly
enriched in the soluble fractions than in either domain alone.
Median log,R values of 0.69 and 0.67 represent a 4.5-8.5X over-
representation of target sequences in the SRD and MND soluble

Figure 2. Whole chromosome CGH plots (human). (4,C,E,G) The log,R moving average profiles obtained from the 44K CGH analysis of SRDS/SRDI
fraction pairs of three individual men (44K, 44K?, and 44K>) for chromosomes 11,12, 16, and 19. The moving average profile from an additional fraction
pair analyzed on the 244K CGH platform is also shown. (B,D, F,H) The 244K probe plots from SRDS/SRDI and MNDS/MNDI data as individual log,R values
>0.5; (green) soluble (S); (red) =0.5 insoluble (l) fractions aligned alongside Ensembl gene density profiles and chromosome ideograms (http://
www.ensembl.org). Moving average traces that are dynamically equivalent to those drawn in panels A, C, E, and G are drawn between the fraction pairs.
(Arrowheads) Olfactory receptor gene clusters on chromosomes 11 and 12 and zinc finger clusters on chromosome 19. With the exception of these cluster
types, the tendency for the SRDS/MNDS probes to correspond closely with gene density profiles is clearly evident.
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Figure 3. Whole chromosome CGH scatterplots (mouse). The log,R moving averages from murine
MNDS/MNDI data generated on the Agilent mouse 244K CGH platform are shown for chromosome 2,
chromosome 5 (B), chromosome 7 (C), and chromosome 17 (D). The probe profiles from MNDS/MNDI
fractions as individual log,R values >0.5; (green) soluble (S); (red) =0.5 insoluble (I) are aligned

ChlIP-chip profiling

h
£hep The partitioning data showed an enrich-

ment of gene regulatory sequences in the
endonuclease soluble chromatin frac-
tions, and DNA electrophoresis data in-
dicated the presence of nucleosomal DNA
in the MNDS fraction. These regions
likely contain H4K12ac, a feature of pa-
ternal chromatin (Hazzouri et al. 2000a)
that persists in mouse zygotes (van der
Heijden et al. 2006). To test this tenet,
an antibody directed against H4K12ac
was used to precipitate H4ac-associated
DNA from total sperm chromatin for
hybridization to the NimbleGen hu-
man HG18 promoter arrays (http://www.
nimblegen.com). Genome-wide colocali-
zation of H4K12ac binding and endo-
nuclease accessibility was significantly
correlated (r; = 0.42, P < 0.0001), in-
dicating that despite the very different
methods of chromatin separation, the
CGH and ChIP data sets are substantially
equivalent. In agreement with the ob-
served enrichment of OR gene clusters in
the insoluble fractions, human OR pro-
moters are also depleted in H4K12ac
(Supplemental Fig. 1A,B, center tracks).

Chr 17

s

Gene Ontology

As gene regulatory sequences in sperm
chromatin are apparently more sensitive
to endonuclease digestion, we considered
whether the most soluble (and insoluble)
target sequences contain significant on-
tological information. A list of the high-
est human log,R > 1 (soluble) and =1
(insoluble) signals in the SRD probe sub-
set containing promoter but not CTCF
target sequences (C—P+) (see Fig. 6C;
Supplemental ontology information file)
were submitted to the DAVID Onto-

b

alongside Ensembl gene density profiles and chromosome ideograms. As with the human data, the

tendency for the MNDS probes to correspond closely with gene density profiles is evident. (Arrowhead)
A prominent olfactory receptor gene cluster on chromosome 2 where this trend (as in human sperm

chromatin) is reversed.

fractions, respectively, while median values of target sequences
detected by the C+P— probes (0.47 and 0.36; SRD and MND, re-
spectively) are markedly higher than those detected by the C—P+
probes (0.31 and 0.26; SRD and MND, respectively). Median values
for sequences detected by C—P— probes (—0.03 and —0.04; SRD
and MND, respectively) are close to those of the whole data set.
These results suggest that regions encompassing CTCF binding
sequences likely play an important role in determining chromatin
accessibility both within and outside known promoters. A similar
relationship is also apparent for mouse probes segregated into the
same categories (Supplemental Table 1). Median log,R values for
sequences detected by C+P+ (0.39) and C+P— (0.41) probes are
clearly more enriched in endonuclease-sensitive chromatin than
sequences detected by C—P+ probes (0.18).

logy server (http://david.abcc.ncifcrf.gov/)
against a background list of all target
sequences in this subset. Table 2 shows
the main ontological categories after
Benjamini correction and false discovery
rate (FDR) calculation (the value by which the entries are sorted) to
improve the stringency of significance. Genes involved in de-
velopmental processes, and not spermatogenesis, dominate the
categories in the soluble fractions with an equally strong enrich-
ment for olfactory receptor and ZNF genes in the insoluble frac-
tions. The ontology of outliers in the mouse CGH data set was less
pronounced for the soluble fractions, although as with human,
genes involved in developmental processes were represented in the
dominant categories (Table 2). Also in common with the human
ontologies is the observation that genes involved in sensory per-
ception, including the olfactory receptors, are heavily enriched in
the mouse insoluble fractions. Although the most soluble targets
are associated with both promoter and CTCF binding sequences,
these do not contain a significant ontological signature even after
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Figure 4. Probe signal intensities from MND and SRD fractions. Box-
plots showing the range for all probes in all fractions with at least a two-
fold change in probe signal intensity from the median value (black bars).

The plots show clearly that the highest numbers of high signal intensities
are in the soluble fractions.

removal of the small number of insoluble outliers in this subset.
Similarly, outlier targets containing CTCF binding but not pro-
moter sequences (C+P—) have no significant ontology. There is no
evidence for either high or low levels of gene expression in any
ontological category in data archived on GEO, derived from either
embryonic stem cell or trophoblastic cell lines (http://www.
ncbi.nlm.nih.gov/sites/GDSbrowser?acc=GDS2832 and http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE2531). Hence, while
an intriguing possibility, spermatozoal ontological profiles appear
unrelated to differential gene expression in either embryonic or
trophectodermal tissues.

Among the 714 genes whose promoters are most significantly
enriched in H4K12ac binding as identified by the ACME algorithm
(Scacheri et al. 2006), we found a wider albeit weaker range of
significant ontologies than from nuclease-derived targets (see
Supplemental ontology data file). However, the most significant
categories containing the highest numbers of genes in the ChlIP-
chip data are dominated by the same developmental ontologies
as represented in the CGH data (Table 2), suggesting that de-
velopmental processes are dominant features of and common to
both data sets.

Discussion

Previous studies have shown that differential DNA packaging in
mammalian sperm results from a highly selective and specific
partitioning of genomic sequences into nucleosomal and nucleo-
protamine compartments, which reportedly coexist at ratios of
15:85 in human and 2:98 in murine spermatozoa (Balhorn et al.
1977; Bench et al. 1996), but vary widely in other mammalian
species (Soon et al. 1997). Chromatin packaged by nucleo-
protamines is 10 times more condensed than heterochromatin
(Balhorn et al. 2000) and achieves a level of compaction necessary
to fit the paternal genome into the small spermatozoal nucleus—a
structure dynamically optimized to facilitate sperm motility
(Ostermeier et al. 2001). There is also good evidence for the existence

of chromosomal “territories” in sperm nuclei, suggesting that
chromosomes are not arranged randomly (Zalensky et al. 1995;
Hazzouri et al. 2000b). Although mature spermatozoa are tran-
scriptionally inert, previous studies (Gatewood et al. 1987; Gardiner-
Garden et al. 1998) have shown that the HBE1 and HBG1/2 (he-
moglobin gamma 1 and 2) gene members of the beta-globin cluster,
which are expressed in the embryo, but not the HBB (hemoglobin
beta) and HBD (hemoglobin delta) genes (expressed in fetal and
adult life), remain packaged by histones. The promoter sequences
of the PRM2 and TNP2 genes have also been reported (Wykes
and Krawetz 2003) to be among the histone-packaged regions of
the PRM1-PRM2-TNP2 (protamine l-protamine 2-transition pro-
tein 2) locus on human chromosome 16. Indeed, it has been pro-
posed that spermatozoal chromatin may be organized in a fashion
analogous to active somatic cell chromatin, although “frozen” in
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Figure 5. Gene regulatory sequences in MND and SRD fractions.
Boxplots showing the partitioning behavior of sequences detected by all
probes located within promoters (P all) in the SRD (A) and MND (B)
fractions compared with those within genic (G) and intergenic (IG)
sequences. The partitioning behavior of sequences detected by probes
within CTCF clusters in association with (C+P+) or without (C+P—) pro-
moters is shown for SRD (C) and MND (D) fractions compared with the
behavior of promoters alone (C—P+; equivalent to “P all” in Aand B) or the
absence of both promoters and CTCF clusters (C—P—; equivalent to G/IG
in A and B). The center of the boxes indicates the median value with the
first and third quartiles drawn on either side. Notches indicate significant
differences in median values (Tukey’s honest significance difference). In all
plots, logR values >0 indicate solubility and <0 indicate insolubility. Note
that the greatest skew toward solubility is for probes detecting sequences
located within promoters and CTCF clusters, followed by probes with
CTCF clusters alone, and then within promoters alone.

Genome Research 1343

www.genome.org


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

Downloaded from genome.cshlp.org on June 7, 2026 . Published by Cold Spring Harbor Laboratory Press

Arpanahi et al.

Table 1. Summary of data on human promoter and CTCF partitioning
Promoters
log,R all S/l C+P+ S/l C+P— S/l C—P+ S/l C—P—- S/l Genic S/ Intergenic  S/I
MND
$S>0 10,676 300 1124 10,376 102,604 65,946 44,376
1<0 4659 2.29 35 8.57 273 4.12 4624 2.24 114,752 0.89 69,263 0.95 48,329 0.92
$>0.5 5386 209 520 5177 28,768 21,048 11,905
1<-0.5 1016 5.30 3 69.67 21 24.76 1013 5.11 31,266 092 18,771 1.12 13,082 0.91
S>1 1734 89 108 1645 4243 4045 1607
l< -1 93 18.65 1 89.00 2 54.00 92 17.88 2816 1.51 1586 2.55 1280 1.26
Median 0.28 0.69 0.36 0.27 —0.03 —0.01 —-0.02
SRD
$S>0 9953 274 1022 9679 103,457 65,188 45,306
1<0 5418 1.84 61 4.49 377 2.71 5357 1.81 114,568 090 70,388 0.93 47,723 0.95
$>0.5 6481 202 672 6279 50,146 32,891 21,926
1< -0.5 2337 2.77 22 9.18 136 4.94 2315 2.71 54,266 092 33,619 0.98 22,146 0.99
S>1 3701 128 406 3573 21,426 15,203 8995
< -1 726 5.1 5 25.60 27 15.04 721 4.96 16,994 1.26 10,496 1.45 6968 1.29
Median 0.32 0.67 0.47 0.31 —-0.04 —-0.03 —-0.02

The table shows numbers of probes within promoters associated with CTCF clusters (C+P+), probes within CTCF clusters alone (C+P-), probes within
promoter sequences alone (C—P+), and probes outside both promoters and CTCF sites (C—P—). The numbers are further split into those detecting
sequences in the soluble (S) or insoluble (I) fractions for each logR cut-off (<—1.0, <—0.5, <0, >0, >0.5, >1.0). Enrichment ratios (S/I) and median values for
each cut-off category are provided. Positive medians indicate a bias toward probes partitioning into soluble DNA (0 indicates no partitioning preference).

a transcriptionally inactive state (Ward and Zalensky 1996; Kramer
et al. 2000).

Nuclease digestion of chromatin is a well-established and
widely used tool for the investigation of chromatin architecture
and DNA accessibility (Sanders 1978). Recently, a combination of
brief nuclease digestion (MNase) followed by washing somatic cell
nuclei in increasing concentrations of NaCl has been used suc-
cessfully to probe the composition of somatic cell chromatin and
identify active chromatin domains (Henikoff et al. 2009). Our
application of similar tools to analyze the conformational orga-
nization of sperm chromatin shows that the composition of sol-
uble and insoluble compartments in samples from six unrelated
men is essentially identical (Fig. 2). The location of soluble regions
in the sperm nucleus can be inferred from the methods used to
generate the fractions. Nucleases are relatively large proteins that
only readily gain access to intact nuclear chromatin located close
to the nuclear periphery; hence, it is likely that soluble chromatin
originated from there. In support of this, Li et al. (2008) used
a probe to detect human telomeric DNA, known to be histone-
bound (Zalenskaya et al. 2000), and localize it to a narrow zone at
the posterior end of the human sperm nucleus. An earlier report
provided immunohistochemical evidence that murine spermato-
zoal histones are located at the nuclear periphery (Pittoggi et al.
1999). However, these observations do not exclude the possibility
that sequences packaged by nucleosomes may also be embedded
more deeply in the sperm nucleus and protected by protamine-
packaged chromatin from nuclease digestion. Our ChIP-chip data,
which are independent of positional effects, show a good regional
correlation between H4K12ac enrichment and endonuclease ac-
cessibility, and H4K12ac is also depleted in many predominantly
insoluble regions (Supplemental Fig. 1). The ontologies of genes
represented in H4K12ac-associated chromatin and endonuclease-
accessible chromatin are also similar, indicating that our bio-
chemical and immunoprecipitation approaches access equivalent
chromatin compartments.

Although chromatin accessibility appeared highly correlated
with gene density at a chromosomal scale (Figs. 2 and 3), this may
have arisen from the known higher nuclease sensitivities of pro-

moters and other regulatory sequences (Davie and Saunders 1981;
Sabo et al. 2006). To investigate this in more detail, we used pub-
licly available genome-wide data sets of human and murine CTCF
binding (Kim et al. 2007; Chen et al. 2008) and promoter coor-
dinates (http://www.nimblegen.com/) to identify probes in our
data set located within and close to these features. We noted a
striking enrichment in the soluble fractions of sequences detected
by probes located within promoters in both human and mouse
chromatin. Equally striking, and perhaps unexpected, is our find-
ing that sequences detected by probes located within genes and
intergenic regions show no particular enrichment in either soluble
or insoluble chromatin in both species. These results suggest that
epigenetic signatures must exist at many promoter sequences that
during mammalian spermatogenesis distinguish them for differ-
ential packaging.
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Figure 6. Regions flanking sites of CTCF binding are also enriched in
soluble chromatin. The plot shows that the strong preference for CTCF
clusters to partition into soluble SRD and MND fractions is shared by
sequences flanking CTCF binding sites and extends for several kilobases.
Note that median log,R values only return toward the median for the entire
data sets after 50 kb and that sequences detected by probes lying in regions
more than 75 kb from any sites of CTCF binding are actually enriched in
insoluble chromatin (Kruskal-Wallis; x* = 534.5, df = 9, P < 0.0001).
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Table 2. Significant Gene Ontologies for CGH-chip and ChIP-chip targets

Fold
Experiment Count Percent P-value enrichment Bonferroni Benjamini FDR
CGH-chip (C—P+; log;R > 1.0)
GO:0007275~multicellular organismal 498 15.80% 9.68E-11 1.250198657 4.37E-07 4.37E-07 1.82E-07
development
GO0:0048856~anatomical structure development 463  14.69% 1.56E-10 1.260185109 7.05E-07 3.53E-07 2.94E-07
GO:0065007~biological regulation 930 29.51% 2.65E-10 1.147780266 1.20E-06 3.99E-07 5.00E-07
G0:0048731~system development 390 12.38% 4.47E-10 1.284914443 2.02E-06 5.04E-07 8.41E-07
G0:0032502~developmental process 651  20.66% 2.14E-09 1.187169036 9.67E-06 1.93E-06 4.04E-06
GO:0009653~anatomical structure 255 8.09% 5.53E-09 1.3509084 2.49E-05 4.16E-06 1.04E-05
morphogenesis
G0:0050789~regulation of biological process 846  26.85% 8.14E-09 1.144559931 3.67E-05 5.24E-06 1.53E-05
GO0:0048513~organ development 288 9.14% 1.41E-08 1.312652031 6.38E-05 7.97E-06 2.66E-05
GO:0050794~regulation of cellular process 775  24.60% 1.82E-07 1.138922432 8.21E-04 9.12E-05 3.43E-04
G0:0019222~regulation of metabolic process 529 16.79% 5.36E-07 1.177615628 0.002416171 2.42E-04 1.01E-03
CGH-chip (C—P+; logzR <—1.0)
G0:0007608~sensory perception of smell 49 7.09% 4.15E-16 3.818563394 2.00E-12 2.00E-12 8.33E-13
GO:0007606~sensory perception of chemical 49 7.09% 1.55E-14 3.492190455 7.01E-11 3.51E-11 2.93E-11
stimulus
G0:0007186~G-protein coupled receptor protein 73 10.56% 7.97E-10 2.106263588 3.59E-06 1.20E-06 1.50E-06
signaling pathway
GO:0007600~sensory perception 57 8.25% 3.12E-08 2.170293369 1.41E-04 3.52E-05 5.87E-05
CGH-chip (C+P+; logR > 1.0) NS
CGH-chip (C+P+; log,R < —0.5) NS
ChlIP-chip
GO:0007154~cell communication 182  26.65% 5.28E-06 1.334705827 0.027344081 0.009199057 1.01E-02
G0:0032502~developmental process 144 21.08% 9.67E-05 1.334768776 0.398209226 0.06150775  1.85E-01
GO:0007275~multicellular organismal development 161  23.57% 1.44E-04 1.295033652 0.529906244 0.066318853 2.74E-01
G0:0048856~anatomical structure development 61 8.93% 1.79E-04 1.627898896 0.609040997 0.069694736 3.41E-01
GO0:0048731~system development 84 12.30% 4.88E-04 1.443092341 0.923095218 0.148132432 9.30E-01
CGH-chip (C—P+; log,R > 0.5)
GO:0008544~epidermis development 16 1.62% 4.88E-05 3.488702539 0.223755857 0.223755857 9.32E-02
GO:0007398~ectoderm development 16 1.62% 1.03E-04 3.272588222 0.4142932 0.234685163 1.97E-01
GO:0048513~organ development 90 9.12% 1.80E-04 1.469024639 0.606951886 0.267487165 3.43E-01
G0:0009889~regulation of biosynthetic process 21 2.13% 1.86E-04 2.581732664 0.61946228 0.214584572 3.55E-01
G0:0031326~regulation of cellular biosynthetic 19 1.93% 3.79E-04 2.598464095 0.859978292 0.32510055  7.21E-01
process
GO:0006417~regulation of translation 18 1.82% 4.50E-04 2.649858457 0.903354377 0.322571134 8.56E-01
GO:0009605~response to external stimulus 39 3.95% 4.55E-04 1.817325642 0.905773655 0.286402709 8.65E-01
GO:0001816~cytokine production 15 1.52% 5.16E-04 2.96316081  0.931581142 0.284850272 9.82E-01
G0:0006091~generation of precursor metabolites 43 4.36% 7.06E-04 1.716483827 0.974464343 0.334701816 1.34E+00
and energy
GO:0045621~positive regulation of lymphocyte 6 0.61% 7.94E-04 7.704218107 0.983802699 0.337868478 1.51E+00
differentiation
GO:0006118~electron transport 36 3.65% 9.62E-04 1.797096232 0.993227152 0.364965392 1.82E+00
G0:0051249~regulation of lymphocyte activation 13 1.32% 0.001237523 3.004645062 0.998386256 0.414779475 2.34E+00
G0:0050870~positive regulation of T cell activation 9 0.91% 0.001250602 4.160277778 0.998492331 0.393338244 2.36E+00
GO:0048731~system development 102  10.33% 0.00130307 1.347907799 0.998852249 0.38342043  2.46E+00
CGH-chip (C—P+; logaR < —0.5)
GO:0007608~sensory perception of smell 79  16.19% 9.80E-17 2.75188276  5.76E-13 2.88E-13 2.11E-13
G0O:0007606~sensory perception of chemical 82 16.80% 6.83E-17 2.696958517 5.76E-13 5.76E-13 2.11E-13
stimulus
GO:0007600~sensory perception 86 17.62% 6.54E-15 2.430904421 3.40E-11 1.13E-11 1.25E-11
G0:0050877~neurological system process 93  19.06% 2.78E-14 2.261193049 1.45E-10 3.62E-11 5.32E-11
GO:0003008~system process 95 19.47% 5.14E-13 2.128108444 2.67E-09 5.34E-10 9.82E-10
G0:0007186~G-protein coupled receptor protein 97 19.88% 4.57E-12 2.028335593 2.37E-08 3.95E-09 8.73E-09
signaling pathway
GO:0007166~cell surface receptor linked 110  22.54% 3.29E-09 1.710796856 1.71E-05 2.44E-06 6.28E-06
signal transduction
GO:0007165~signal transduction 141 28.89% 5.79E-08 1.491105296 3.00E-04 3.75E-05 1.11E-04
G0O:0007154~cell communication 147  30.12% 9.22E-08 1.460627873 4.78E-04 5.32E-05 1.76E-04
G0:0032501~multicellular organismal process 139  28.48% 1.55E-06 1.421074439 0.008011518 8.04E-04 2.96E-03
GO:0050896~response to stimulus 119 24.39% 3.17E-06 1.468131341 0.016326214 0.001495331 6.06E-03

For CGH-chip, probes associated with promoter sequences returning log,R values >1.0 or <—1.0 were submitted to the DAVID Gene Ontology web server
at http://david.abcc.ncifcrf.gov/ against a background list containing all probes within promoter sequences. The top bioprocess categories following
Benjamini correction are shown sorted by false discovery rate (FDR). For anti-H4K12 ChlIP-chip, the gene IDs for significant promoters highlighted by
NimbleGen’s SignalMap software were likewise submitted to DAVID, and the top six categories following Benjamini correction with >50 genes in each
category are shown (sorted by FDR). The equivalent mouse (italic) MND fractions >0.5 and <—0.5 for MNDS and MNDI fractions, respectively, are also
shown. The shaded ontologies indicate categories that are common to the soluble and insoluble fractions. A full summary of the ontological data is shown

in Supplemental Table 2.
NS, not significant.
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Recently, it has been shown that in four different mouse cell
lines, chromosomal regions actively transcribed by RNA poly-
merase II bear a characteristic H3K4me3-H3K36me3 signature at
promoters and along the transcribed sequences (Mikkelsen et al.
2007; Guttman et al. 2009). It is highly likely that a similar epi-
genetic signature also marks genes actively transcribed during
spermatogenesis. Although it is tempting to assume that the epi-
genetic signatures of actively transcribed genes may be responsible
for the observed differential chromatin packaging in human and
mouse spermatozoa, the results of our ontological analysis show
that promoters of genes involved in developmental, and not re-
productive processes, are enriched in the soluble fractions. Fur-
thermore, many of the promoters enriched in soluble chromatin
regulate genes that are not expressed during spermiogenesis.
Therefore, epigenetic marks other than H3K4me3-H3K36me3
must operate to direct the differential repackaging of promoter
sequences in human and mouse spermatozoa. Since H3ac and
H4ac are moderately enriched at both TSS and distal DHSs in
humans (The ENCODE Project Consortium 2007) and since our
ChIP data show H4ac enrichment at many promoters represented
in endonuclease-accessible chromatin and depletion in endonu-
clease-resistant chromatin, it is possible that histone acetylation
may itself be one such epigenetic mark.

Although the observed enrichment of promoter sequences in
the soluble fractions is in itself able to explain the correlation be-
tween gene density and chromatin accessibility, our results show
that chromatin accessible to MND and SRD treatments also exists
in the vicinity of CTCF binding sites both within and away from
promoters. CTCF plays an essential role as a chromatin insulator in
preventing the spread of heterochromatin along chromosomes
and ensuring that juxtaposed genes are appropriately expressed
(Dunn and Davie 2003). Most importantly, the factor is also closely
involved in epigenetic remodeling during male germ cell devel-
opment (Ishihara et al. 2006) and may therefore influence directly
the eventual architecture of the male haploid genome, presumably
through direct interactions with its binding sites early in sper-
matogenesis. Although CTCF has been reported to be present in
mature murine spermatozoa (Tang and Chen 2006), CTCF does not
bind methylated DNA (Mukhopadhyay et al. 2004). Since the male
haploid genome is extensively methylated during spermiogenesis
(Houshdaran et al. 2007), including many clusters of CTCF-binding
sites enriched in the soluble fractions (Weber et al. 2007), it is un-
likely that CTCF occupies its binding sites in mature spermatozoa.
However, the testis-specific CTCF isoform CTCFL is expressed at
a time when the male haploid genome undergoes extensive meth-
ylation (Loukinov et al. 2002) and can bind DNA regardless of its
methylation status (Nguyen et al. 2008). It is therefore tempting to
speculate that if CTCF is a key mediator of chromatin remodeling,
CTCFL may be able to maintain the open chromatin conformations
throughout the later, post-methylation stages of spermatogenesis
when protamines eventually replace the bulk of nucleosomes
packaging the male haploid genome. Once in the ooplasm, paternal
CTCF binding sequences would be available to maternal CTCE, de-
pletion of which is known to cause severe developmental abnor-
malities of the embryo (Wan et al. 2008).

The existence of a significant and complementary de-
velopmental ontology of gene-regulatory sequences present in
spermatozoal chromatin accessible both to endonuclease di-
gestion and to anti-H4K12ac immunoprecipitation is unlikely to
be coincidental. Since spermatozoa are transcriptionally inert, this
suggests there may be a function for this phenomenon after fer-
tilization. If such a function exists, it does not appear to relate to

a paternally derived preference for gene expression in trophecto-
dermal versus embryonic tissues in the early embryo, as we found
no suggestion for enrichment of any ontological category in either
lineage (Supplemental Fig. 3). Imprinted genes where parental
effects are well understood (Kerjean et al. 2000; Schaefer et al.
2007) tend to reside in endonuclease-accessible DNA; however,
olfactory receptor (OR) genes, which tend to reside in endonu-
clease-inaccessible DNA, are also expressed monoallelically (Chess
et al. 1994), but are not influenced by parent of origin. Instead,
their expression is randomized for one or other allele by a Polycomb-
mediated marking in embryonic stem cells (Alexander et al. 2007).
As the likelihood of post zygotic monoallelic expression of OR
is randomly determined, their clearly preferential packaging in
sperm chromatin is all the more intriguing.

The data presented here suggest that an additional, genome-
wide epigenetic signature is delivered by the spermatozoon to the
oocyte at fertilization. Indeed, two recent studies showed that
spermatozoal nucleosomes persist in the zygote and may carry pa-
ternally derived epigenetic information important for the devel-
oping embryo (van der Heijden et al. 2006, 2008). Together, these
lines of evidence indicate a possible embryological requirement for
the retention of nucleosomal chromatin at gene regulatory sites.

Methods

Samples and reagents

Human semen samples (following signed consent and approval by
our local ethics review board) were obtained by masturbation into
sterile, toxin-free receptacles. Following routine analysis, only
normozoospermic samples (World Health Organisation 1999) were
washed free of seminal plasma and processed as described below.
Murine spermatozoa were obtained from the dissected epididy-
mides of CD1 mice, allowed to swim out into HEPES-buffered
synthetic oviduct fluid (HSOF). Cells were collected, washed free of
HSOF with phosphate-buffered saline, and processed for chroma-
tin fractionation as described below. Unless indicated otherwise,
reagents were purchased from Sigma.

Chromatin fractionation (SRD: salt extraction
and endonuclease digestion)

Soluble fraction (SRDS)

The method described originally by Gardiner-Garden et al. (1998)
as adapted by Wykes and Krawetz (2003) was used throughout but
with some minor modifications. In brief, semen was washed free of
seminal plasma by diluting the semen 1:1 with HEPES-buffered
HSOF and centrifuging for 10 min at 500g. Pellets were resus-
pended in HSOF and pelleted as before. This was repeated until the
supernatants were clear. Pellets were resuspended in 100 mM
NacCl, 10 mM Tris-HCI (pH 8.0), 1 mM EDTA containing 0.2 mM
phenylmethylsulphonylfluoride (PMSF) and repelleted to remove
HSOE. Pellets were subsequently processed as described previously
with sequential extraction in 10% (w/v) mixed CTAB (alkly-
trimethylammonium bromide), followed by sequential incubation
in 1% (w/v) CTAB in 10 mM Tris-HCI (pH 8.0) containing 0.05%
(w/v) digitonin; Tris-buffered saline (TBS) containing 0.05% (w/v)
digitonin, 10 mM Tris-HCI (pH 8.0) containing 1 mM EDTA, 0.05%
(w/v) digitonin, EDTA-free protease inhibitor cocktail (Roche), and
finally extraction in 0.65 M NaCl. The pellets containing ~5 X 10®
nuclei were then resuspended in BamHI buffer and digested with
2000 U each of EcoRI and BamHI (Invitrogen) for 90 min at 37°C
with gentle agitation, allowing digested DNA to leach out of the
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nuclei. Following centrifugation, supernatants containing solubi-
lized DNA were removed and treated with proteinase K (200 pg/
mL) and SDS (0.5% [w/v]) for 10 h at 55°C. Prior to DNA extraction,
RNAse A was added to the digest (10 mg/mL) and incubated for 1 h
at 37°C. DNA was then isolated by extraction in phenol chloro-
form (1:1) followed by ethanol precipitation. Precipitated DNA was
dissolved in TE buffer and stored at 4°C.

Insoluble fraction (SRDI)

The residual pellets were resuspended in BamHI buffer containing
0.05% digitonin and digested with ~150 units each of BamHI and
EcoRI for 90 min at 37°C with gentle agitation. Suspensions were
centrifuged at 3000g for 5 min and the supernatants removed. Tris-
buffered saline containing proteinase K (Bioline: 200 ng/mL), 0.5%
(w/v) SDS was added to this suspension and incubated for 10 h at
55°C. DNA was isolated from the pellets as described above.

Chromatin fractionation (MND: micrococcal
nuclease digestion)

The method of Zalenskaya et al. (2000) was adapted with minor
modifications. Semen was washed free of seminal plasma in HSOF
buffer and pellets resuspended in 10 mM Tris-HCI (pH 8.0) con-
taining 0.05% (w/v) PMSF and 1% (w/v) CTAB to detach heads.
Following centrifugation, pellets containing about 10® nuclei were
resuspended in Mg**- and Ca**-free PBS, 0.5% (v/v) Triton X-100,
and incubated for 10 min at 4°C. Following centrifugation,
the pellets were resuspended in 1 mL of PBS containing 0.5%
PMSF and 10 mM DTT and incubated for 30 min at 37°C. CaCl,
was added to a final concentration of 0.6 mM, and 5 units of
micrococcal nuclease (Fermentas) was added. Digestion was stop-
ped after 3 min of incubation at 37°C by the addition of EDTA to 5
mM, and samples were gently agitated for 30 min at 37°C to allow
digested chromatin to leach out from the nuclei. Following cen-
trifugation at 5000g for 10 min, supernatants (MNDS) and pellets
(MNDI) were processed for DNA extraction as described above.
A similar procedure was carried out to generate fractions from
murine spermatozoa, although targets for CGH analysis were
amplified beforehand using the Genomiphi whole-genome am-
plification (WGA) kit according to the manufacturer’s instructions.

Chromatin fractionation (ChIP-chip)

Chromatin immunoprecipitation was performed on the sperma-
tozoa from three fertile normozoospermic individuals using a ChIP
assay kit (UpstateMillipore) with modifications due to the rela-
tively low quantity of histones in spermatozoa. In brief, about
107 spermatozoa from each donor were separated from seminal
plasma and washed twice in 1X Dulbecco’s PBS by 5 min of cen-
trifugation at 300g. Chromatin cross-linking was carried out by
addition of formaldehyde to 1% for 10 min at room temperature
with constant rotation followed by 10 min of incubation with
125 mM glycine to quench the cross-linking reaction. After fixa-
tion, sperm were pelleted (10 min at 300g) and lysed, and the
DNA was sonicated to obtain an average fragment length of 200-
1000 bp. Chromatin was then diluted 10-fold with the provided
dilution buffer. Primary antibodies were purchased from Abcam
and included a polyclonal antibody recognizing histone H4 acet-
ylated at lysine 12 (H4K12ac; ab1761); a nonspecific rabbit
polyclonal IgG (ab46540) was used as a negative control, and
a polyclonal recognizing unmodified histone H3 (Abcam ab1791)
was used as a positive control. Cross-links were reversed by addi-
tion of 5 M NaCl and incubation for 4 h at 65°C followed by
proteinase K digestion for 1 h at 45°C. DNA was extracted by

phenol/chloroform using ethanol precipitation with 3 pL of gly-
cogen as inert carrier, resuspended in 30 pL of nuclease-free water,
and stored at —20°C.

For the NimbleGen array, purified IP-probe (Qiaquick Purifi-
cation Kit; QIAGEN) and 10 ng of input material (total chromatin)
were prepared by adapting the protocol for whole-genome am-
plification using the Sigma GenomePlex WGA kit according to the
manufacturer’s instructions. Amplicons were applied to the Nim-
bleGen HG18 human 5-kb promoter array (http://www.nimblegen.
com). Labeling and hybridization of the probes for ChIP-chip
analysis was performed by the NimbleGen Service ImaGenes GmbH
including data extraction and normalization.

Agarose and protein gel electrophoresis and blotting

Samples of DNA (1-3 pg) were resolved on 0.8% agarose (Bioline)
gels in TBE buffer, stained with ethidium bromide, and visualized
on a Bio-Rad 500 Gel Documentation platform.

CGH profiling

CGH profiling was carried out according to the manufacturer’s
(Agilent) instructions. All DNA samples were double redigested
with 10 units each of Alul and Rsal (New England Biolabs). La-
beling with Cy3 or CyS (GE Healthcare, Amersham UK) was ac-
complished using a random priming method in the presence of
Klenow DNA polymerase (Invitrogen) according to the recom-
mended Agilent protocol. For hybridization, equal quantities of
labeled DNA (500 or 1000 ng) were mixed with Cot-1 DNA (1 mg/
mL) and incubated for 3 min at 95°C and then reincubated for 30
min at 37°C. The DNAs were applied to either Agilent’s 44B (100
wL) or 244A (490 pL) arrays, sealed, and incubated for 40 h (244K
arrays) or 24 h (44K arrays) at 65°C with constant rotation (20
rpm). Arrays were washed according to the manufacturer’s
instructions using Agilent buffers, dried, and scanned on an Agi-
lent BA laser scanner. Data were recovered using Agilent’s Feature
Extraction software and visualized using CGH Analytics software.
All data were transformed using a rank consistency filter method
with linear normalization during feature extraction.

Statistical analysis

The linear regression and x> analyses of CGH data were based on
standard algorithms written into the R suite of open source sta-
tistical packages. Graphic output was obtained using both R and
Excel software. Probe coordinates from the 44K and 244K CGH
data sets that overlapped with promoter sequences obtained from
the NimbleGen twin promoter array data set and CTCF coor-
dinates (Kim et al. 2007), were collated using scripts available at
Galaxy (http://main.g2.bx.psu.edu/). Galaxy scripts were also used
to ensure that each CGH probe was counted only once in any
analysis. The gene list used for ontological analysis of ChIP-chip
data was generated using the ACME algorithm from each of the
three ChIP biological replicates used in this arm of the study
(Scacheri et al. 2006).
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