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Letter

Human heterochromatin proteins form large
domains containing KRAB-ZNF genes

Maartje J. Vogel, Lars Guelen, Elzo de Wit, Daniel Peric-Hupkes, Martin Lodén,
Wendy Talhout, Marike Feenstra, Ben Abbas, Anne-Kathrin Classen,
and Bas van Steensel’

Division of Molecular Biology, Netherlands Cancer Institute, Amsterdam, the Netherlands

Heterochromatin is important for gene regulation and chromosome structure, but the genes that are occupied by
heterochromatin proteins in the mammalian genome are largely unknown. We have adapted the DamID method to
systematically identify target genes of the heterochromatin proteins HP1 and SUV39HI in human and mouse cells.
Unexpectedly, we found that CBXI (formerly HPIB) and SUV39HI bind to genes encoding KRAB domain containing
zinc finger (KRAB-ZNF) transcriptional repressors. These genes constitute one of the largest gene families and are
organized in clusters in the human genome. Preference of CBXI for this gene family was observed in both human
and mouse cells. High-resolution mapping on human chromosome 19 revealed that CBXI coats large domains O.I-4
Mb in size, which coincide with the position of KRAB-ZNF gene clusters. These domains show an intricate CBXI
binding pattern: While CBXIl is globally elevated throughout the domains, it is absent from the promoters and binds
more strongly to the 3’ ends of KRAB-ZNF genes. KRAB-ZNF domains contain large numbers of LINE elements,
which may contribute to CBXI recruitment. These results uncover a surprising link between heterochromatin and a
large family of regulatory genes in mammals. We suggest a role for heterochromatin in the evolution of the
KRAB-ZNF gene family.

[Supplemental material is available at www.genome.org. The microarray data from this study have been submitted to
GEO under accession no. GSE5445. Detailed protocols of the DamID procedure are available at http:/ /www.nki.nl/

nkidep/vansteensel.]

Heterochromatin plays key roles in chromosome structure and
gene regulation and is marked by a set of specialized nonhistone
proteins and specific histone modifications (Li et al. 2002; Dimi-
tri et al. 2005). In the past decades, several protein components
of heterochromatin have been identified and characterized. Het-
erochromatin Protein 1 (HP1) was first discovered in Drosophila
as a protein that is associated with pericentric heterochromatin
(James et al. 1989). Humans have three homologs of HP1: CBX1
(HP1B), CBX3 (HP1y), and CBXS5 (HP1la), which are known as
Cbx1 (HP1B or M31), Cbx3 (HP1y or M32), and Cbx5 (HP1lw) in
mice. Mammalian HP1 proteins are also enriched in pericentric
heterochromatin (Maison and Almouzni 2004).

HP1 proteins contain two conserved protein domains, the
N-terminal chromodomain (CD) and the C-terminal chro-
moshadow-domain (CSD). Both domains have been shown to
contribute to stable association of HP1 proteins with heterochro-
matin in vivo (Platero et al. 1995; Thiru et al. 2004). The CD
binds di- or trimethylated lysine 9 of histone H3 (H3K9) (Maison
and Almouzni 2004). The CSD mediates homo- and heterodimer-
ization of HP1 proteins (Nielsen et al. 2001a) and interacts with
various other proteins (Li et al. 2002), including SUV39H1
(Aagaard et al. 1999). SUV39H1 and SUV39H2 are histone methyl
transferases essential for H3K9 methylation in heterochromatin
(O’Carroll et al. 2000; Rea et al. 2000). The interactions between
HP1 proteins, SUV39H1, and methylated H3K9 might stabilize
the protein complexes at heterochromatic locations.
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Although in most species a large fraction of heterochroma-
tin is concentrated in regions surrounding the centromeres, evi-
dence is accumulating that heterochromatin proteins also play a
role in the regulation of genes throughout the genome (Nielsen
et al. 2001b; Liu et al. 2005). The role of heterochromatin in gene
regulation appears to be context dependent: Some genes are re-
pressed, while others may be activated by heterochromatin
(Dimitri et al. 2005). The silencing effect of heterochromatin has
been well described. The classical example is the transcriptional
silencing of genes that are artificially placed close to heterochro-
matic regions, a phenomenon known as position effect variega-
tion (Weiler and Wakimoto 1995). In addition, there is evidence
indicating that heterochromatin is involved in gene activation
(Piacentini et al. 2003; Cryderman et al. 2005). For example, Dro-
sophila has active genes embedded in heterochromatin that are
immune to silencing and, in some cases, need the heterochro-
matic localization for their correct expression (Dimitri et al.
2005).

A striking feature of heterochromatin is its ability to coat
large genomic regions. Detailed molecular mapping in Schizosac-
charomyces pombe revealed telomeric and centromeric hetero-
chromatic domains of up to ~20 kb (Noma et al. 2001; Cam et al.
2005). In Arabidopsis thaliana and Drosophila heterochromatin
domains of more than 0.5 Mb were found, although these do-
mains can be interrupted by “islands” with euchromatic charac-
teristics (Greil et al. 2003; Lippman et al. 2004). These hetero-
chromatic domains contain a variety of repeat elements and
genes. Results of microscopy experiments are suggestive of peri-
centric heterochromatin domains on mammalian chromosomes
(Minc et al. 1999; Hayakawa et al. 2003). Molecular mapping of
heterochromatin proteins in mammalian cells has been limited
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to individual genes (Nielsen et al. 2001b; Ayyanathan et al. 2003;
Vakoc et al. 2005), and so far it remains unknown if heterochro-
matin proteins also form domains outside pericentric regions in
mammalian chromosomes.

Here, we report the detailed mapping of the binding sites of
heterochromatin proteins CBX1 and SUV39H1 in the human
and mouse genome. The results demonstrate that CBX1 forms
large heterochromatin domains of up to 4 Mb in size. These
domains specifically harbor genes that encode KRAB-ZNF pro-
teins, which form one of the largest families of transcriptional
regulators. Based on these results, we suggest a role for hetero-
chromatin in the evolution of the KRAB-ZNF gene family.

Results

DamID in mammalian cells

For the identification of target loci of human heterochromatin
proteins we used the DamID method, which has successtully
been applied in Drosophila to map the genomic binding sites of
heterochromatin proteins and various other regulatory proteins
(van Steensel and Henikoff 2000; van Steensel et al. 2001, 2003;
Greil et al. 2003; Orian et al. 2003; Sun et al. 2003; Bianchi-Frias
et al. 2004; de Wit et al. 2005; for review, see Orian 2006). In
short, DamID involves the low-level expression of a fusion pro-
tein consisting of DNA adenine methyltransferase (Dam) and a
chromatin protein of interest. This fusion protein is targeted to
the native binding sites of the chromatin protein, where Dam
methylates adenines in the surrounding DNA. Subsequently, the
methylated DNA fragments are isolated and amplified by selec-
tive PCR, labeled with a fluorescent dye, and hybridized to mi-
croarrays. To correct for unspecific Dam binding and local dif-
ferences in chromatin accessibility, methylated DNA from cells
that were transfected with Dam alone is amplified, labeled with
a different dye, and cohybridized. The ratio of the fluorescent
signals on the array indicates the amount of targeted Dam meth-
ylation and denotes the level of binding of the Dam-fusion pro-
tein to the probed sequences (van Steensel et al. 2001). Supple-
mental Figure S1 gives an outline of the DamID experimental
design. Recently it was reported that DamID and chromatin im-
munoprecipitation yield very similar results in the case of Dro-
sophila GAGA factor (Moorman et al. 2006; Negre et al. 2006) and
PcG proteins (Negre et al. 2006; Tolhuis et al. 2006).

We adapted the DamlID technique for use in human and
mouse cells (detailed protocols can be found at http://
www.nki.nl/nkidep/vansteensel). For DamID the expression
level of Dam-fusion proteins in cells should be kept very low to
avoid mistargeting of the fusion protein and to suppress nontar-
geted background methylation (van Steensel and Henikoff 2000;
van Steensel et al. 2001). For this purpose, we chose the pIND
expression-vector system (Invitrogen) that exhibits a very low
basal expression and can be induced by addition of a synthetic
steroid hormone (No et al. 1996). We found that leaky expression
from the uninduced vectors is sufficient for DamID experiments,
while high expression after induction allows for the detection of
Dam proteins by Western blotting or immunofluorescence mi-
croscopy. Low-level expression of Dam protein had no effect on
cell growth in MCF7 cells (Supplemental Fig. S2).

CBXI binding map in human MCF7 cells

For the mapping of CBX1 binding sites we made a CBX1-Dam
construct (Fig. 1A). By immunofluorescence microscopy we con-

firmed that this fusion protein is correctly targeted to hetero-
chromatic regions in mouse cells (Supplemental Fig. S3), suggest-
ing that the CBX1 is still functional when fused to Dam. The
correct size of Dam fusion proteins was confirmed by Western
blotting (data not shown).

For the detection of targeted Dam methylation, we first used
oligoarrays containing 28,756 oligonucleotides corresponding to
16,260 unique genes. The oligonucleotides match the 3’ end of
coding regions and do not provide information about intergenic
regions. However, in Drosophila HP1 often binds to the tran-
scribed region of genes (Sun et al. 2003; de Wit et al. 2005) and
HP1 binding could readily be detected by DamID using cDNA
arrays (Greil et al. 2003).

We mapped the genomic distribution of CBX1 in MCF7
human breast carcinoma cells. The CBX1 binding profile was
generated by combining data from four independent ex-
periments. The CBX1 binding ratios are presented in Figure
1B as a function of the microarray spot intensities. The normal-
ized CBX1 binding ratios are somewhat skewed toward positive
values, due to the presence of loci that are preferentially bound
by CBX1. A linear error model was used to determine the statis-
tical significance of CBX1 binding (see Methods). At a signifi-
cance cutoff of P < 0.05 (corrected for multiple testing), we were
able to identify 933 oligonucleotides that correspond to targets of
CBX1. The identity of the target loci will be discussed below. We
also constructed a control profile (Fig. 1C) where we hybridized
amplified methylated DNA from cells expressing Dam alone. As
expected, the CBX1 targets show no binding in the control pro-
file.

To confirm the specificity of the CBX1 binding profile, we
used previously described CBX1 point mutants that do not
localize to chromatin correctly. HP1 proteins localize to chroma-
tin via CD and CSD interactions and both protein domains
are important for correct localization. Mutation V23M in the
CD is known to abolish interaction with methylated H3K9
(Bannister et al. 2001; Jacobs et al. 2001; Lachner et al. 2001),
while mutation I161E blocks dimerization and interactions
of the CSD with non-HP1 proteins (Brasher et al. 2000; Thiru
et al. 2004). To test the effects of these mutations, we moni-
tored the genome-wide changes in binding of each mutant
Dam-fusion by direct comparison to wild-type CBX1-Dam
(Fig. 1E). In this set of experiments we also included unfused
Dam, which in this context can be regarded as a “null mutation”
of CBX1, allowing for an estimate of the change in signals that
can be expected in case of complete loss of CBX1 binding activ-
ity. We also included a “self-self” comparing wild-type CBX1-
Dam to wild-type CBX1-Dam, allowing for an estimate of the
random biological and technical noise. The results (Fig. 1E)
show that both single point mutants displayed significant but
partial loss of binding to target genes. In other words, these
mutants can still bind to the target genes, although not as
efficiently as wild-type CBX1 proteins. We note that these
experiments were performed in cells that express endogenous
wild-type HP1 proteins. Therefore, the residual targeting of
CBX1V23M-Dam could be accounted for by dimerization with
endogenous protein. In contrast, the double point mutant
had completely lost its ability to bind to target genes. These re-
sults demonstrate that the observed binding profile with wild-
type CBX1 is not the result of nonspecific protein—-DNA interac-
tions.

To further confirm the specificity of the CBX1 binding pro-
file, we tested if the CBX1 binding profile was dependent on the
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Figure 1. CBX1 and SUV39H1 binding profiles. (A) Schematic drawing of CBX1-Dam-fusion protein,
SUV39H1-Dam-fusion protein, and the Dam protein constructs that are used to generate the binding
profiles. To facilitate detection of the Dam-fusion proteins a V5 epitope tag was added. Both CBX1 and
SUV39HT1 as well as control DamID profiles consist of the combined data of four independent experi-
ments hybridized on four oligonucleotide arrays. (B) CBX1 DamID binding profile. For each probed
sequence, the average log, CBX1-Dam/Dam ratio is plotted against the average fluorescence intensity
(log, V(Cy5 X Cy3). Statistically significant CBX1 target loci (n = 933) are indicated by black dots. Gray
dots represent nontarget loci. (C) Control DamlID profile. Black dots represent CBX1 target loci pro-
jected on control data. Gray dots represent nontarget loci. (D) Bivariate scatter plot of CBX1 and
SUV39HT1 binding data. (r) Pearson correlation coefficient. (£) Molecular mechanism of CBX1 targeting.
Overview of CBX1 mutants (right side) and bar plot showing their average loss of binding to CBX1
target loci (left side). Error bars indicate standard deviations. P-values compared to control (CBX1-wt)
according to Wilcoxon rank sum test. The values representing “complete loss of binding” and “no loss
of binding” were inferred from the Dam and CBX1-Dam controls, respectively. DamID profiles of
CBX1-mutants consist, for each protein, of data of two independent experiments. For details on the
mutants and controls, see text.

Maison et al. 2002; Festenstein et al.
2003; Gilbert et al. 2003). We confirmed
these observations in human MCF7
cells as well as in mouse NIH3T3 cells
(Supplemental Fig. S5). In addition,
the three HP1 homologs have been
shown to form heterodimers (Nielsen et
al. 2001a). To investigate whether
CBX1, CBX3, and CBXS5 bind to the
same loci in MCF7 cells we compared
their binding maps. Scatter plots of
CBX1, CBX3, and CBXS show signifi-
cant correlations between binding pro-
files of all three proteins (Supplemental
Fig. S4B-D), indicating they have similar
target gene specificities. However, given
the inevitable experimental noise pre-
sent in these data sets, we cannot rule
out that there are quantitative differ-
ences in the binding patterns of the
three proteins.

Strong overlap of SUV32HI and CBXI
binding patterns

Based on the reported colocalization
and functional interactions between
HP1 proteins and SUV39H1, we ex-
pected to find a strong overlap of their
target specificities. To test this we used
DamlD to generate a profile of SUV39H1
binding and compared it to the CBX1
binding profile (Fig. 1D). Indeed, the
binding patterns of CBX1 and SUV39H1
strongly correlate with each other
(r=0.76), indicating that most genes are
bound by both proteins. Thus, within
the probed gene set, CBX1 and
SUV39H1 bind predominantly to the
same genes.

CBXI and SUV39HI localize to LINEs
but not to SINEs

Besides oligonucleotides that match
unique genes, the array also contains
1434 oligonucleotides consisting of se-
quences homologous to transposable el-

specific Dam enzyme that was used. To do this we generated CBX1
binding maps using Dam enzymes from Escherichia coli and phage
T4 (which have an overall protein sequence identity of ~23%)
and found that these overlap to a great extent (Supplemental Fig.
S4A). In addition, we found that C and N terminal Dam-fusion
proteins give comparable CBX1 binding maps (data not shown).
Taken together, these results indicate that we have identified
specific target loci of CBX1 using DamID in human cells.

Human HPI homologs have overlapping target specificities

The three human HP1 homologs CBX1, CBX3, and CBXS have
been described to have at least partially overlapping microscopic
subnuclear distributions (Nielsen et al. 1999; Minc et al. 2000;

ements (TEs). The “TE-loci” displayed high spot intensities on
the microarray, probably because they match sequences that
occur multiple times in the genome. We noticed that many
of these TE-loci showed significant binding by CBX1, and can
be seen as a separate “cloud” in the CBX1 binding profile
(Fig. 1B). We categorized the TE-derived sequences according to
the four major classes of TEs (Lander et al. 2001) and compared
the average binding of CBX1 per TE class (Fig. 2). This revealed
that CBX1 associates with LINE elements but not with SINE ele-
ments and only weakly with LTR retrotransposons. Similar re-
sults were obtained for SUV39H1 (data not shown). We note that
this preference for LINEs is not a DamID artifact caused by the
high copy number of LINEs, because SINEs are even more abun-
dant in the human genome, yet do not show elevated bind-
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Figure 2. CBX1 binds to LINEs but not SINEs. Box-and-whisker plot of
CBX1 binding to various repeat classes. Average log, binding of CBX1 to
1,434 repeat containing oligonucleotides. The number of oligonucleo-
tides per repeat class is indicated between parentheses. (LINEs) long in-
terspersed nucleotide elements. (SINEs) short interspersed nucleotide el-
ements. (LTR-Rtns) long terminal repeat retrotransposons. (DNA-Tns)
DNA transposons. Horizontal lines represent the smallest value (outliers
excepted), the 25th, 50th (median), and 75th percentiles and the largest
value (outliers excepted).

ing. (Copy numbers are estimated to be ~1.5 X 10° for SINEs
and 0.85 X 10° for LINEs; Weiner 2002). Because of the homol-
ogy between LINE sequences in the human genome and the ex-
pected cross-hybridization to probes on the array, we cannot de-
termine the genomic location of LINE elements that are bound
by CBX1.

We analyzed the ability of the CBX1 mutants (Fig. 1E) to
locate to LINE elements. We find that the point mutations affect
the binding to single-copy loci and to LINEs to an equal extent
(data not shown). This suggests that the molecular targeting
mechanism may be similar for most target loci.

CBX1 and SUV39HI preferentially bind genes encoding
KRAB-domain containing zinc finger proteins

We were able to detect 255 genes (~1.6% of all probed genes) that
were significantly bound by CBX1 and 59 genes that were bound
by SUV39H1 (Table 1). The absolute binding ratios of CBX1 were
somewhat higher than SUV39H1 binding ratios (Fig. 1D), which
may be the reason that fewer SUV39H1 targets than CBX1 targets
could be identified at the same significance level. Surprisingly,
inspection of the identity of the CBX1 and SUV39H1 target genes
revealed that 37% of the CBX1 target genes and 48% of the
SUV39H1 target genes encode C2H2 Zinc Finger (ZNF) proteins
(Table 1). ZNF genes form a large gene superfamily encoding
putative transcription factors, with ~800 members in humans
(Knight and Shimeld 2001; Grimwood et al. 2004).

About one-third of the ZNF proteins in the human genome
have an N-terminal KRAB domain (KRAB-ZNF proteins). The

Table 1. CBX1 and SUV39H1 target genes in MCF7 cells

KRAB domain is only found in tetrapod vertebrate genomes and
is a potent transcriptional repressor domain (Urrutia 2003).
Closer inspection of the target ZNF genes revealed that the ma-
jority are KRAB-ZNF genes (Table 1). In total, the CBX1 targets are
~17-fold enriched for KRAB-ZNF genes. Not only ZNF genes with
a KRAB-domain but also some ZNF genes without KRAB-domain
are bound by CBX1 (Table 1; data not shown). No common
features were found in the other target genes. Thus, CBX1
and SUV39H1 have a striking preference for KRAB-ZNF genes.
We decided to analyze the binding to the KRAB-ZNF genes in
detail.

CBXI forms large domains on chromosome 19

About 56% of all human KRAB-ZNF genes are located in several
clusters on chromosome 19 (Chr19). To study the targeting of
heterochromatin proteins to these genes in detail, we generated
a high-resolution CBX1-binding map of Chr19. For this purpose,
we designed a tiling path array that covers all nonrepetitive parts
of the entire chromosome, with 60-mer oligonucleotide probes
positioned on average every 200 bp. We then used this tiling
array to detect CBX1 binding (Fig. 3A). Strikingly, CBX1 binding
forms ~20 large domains, ranging in size from ~0.1-4 Mb. These
domains are 2-3 orders of magnitude larger than the estimated
resolution of DamID (van Steensel and Henikoff 2000; Sun et al.
2003). The majority of these domains coincide with KRAB-ZNF
gene clusters. Detailed inspection (Fig. 3B) indicates that within
these domains, CBX1 can be detected both in genes and in in-
tergenic regions. Although local variation occurs, almost all parts
of the domains show increased levels of CBX1 association com-
pared to regions outside the domains. This suggests that CBX1
may associate with most of the chromatin fiber within these
domains.

According to the tiling array data, virtually all KRAB-ZNF
genes on Chr19 show elevated binding by CBX1 (Fig. 4A). This is
in contrast with the data obtained with the coding region oligo-
nucleotide arrays, where we could identify only 23% (44 out of
195) of the KRAB-ZNF genes on Chr19 as high-confidence CBX1
targets. Thus, the tiling array data point out that the majority of
KRAB-ZNF genes are bound by CBX1. This result suggests that
DamlD is particularly sensitive when used in combination with
genomic tiling arrays. The enrichment of CBX1 binding was
much less prominent for ZNF genes without a KRAB domain, of
which roughly 30% showed CBX1 association (Fig. 4A). Chr19
contains four nonclustered KRAB-ZNF genes, which show rela-
tively weak CBX1 binding (black arrowheads, Fig. 4A)

Besides the KRAB-ZNF genes, Chr19 contains several other
clusters of related genes, such as clusters of olfactory receptor
genes, a cluster of immunoglobin-like receptor genes, and a clus-
ter of sialic acid glycoprotein lectin genes (Grimwood et al.

On array In CBX1 targets In SUV39H1 targets
Number % Number % Number %
Genes 16,260 100% 255 100% 59 100%
ZNF genes 631 3.9% 93 36.5% 28 47.5%
Fold enrichment (P)? 9.4 (3.7E-67) 12.2 (1.3E-25)
KRAB-ZNF genes 234 1.4% 63 24.7% 16 27.1%

Fold enrichment (P)?

17.2 (2.1E-62) 18.8 (4.4E-18)

#P-values according to hypergeometric test.
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Figure 3. CBX1 binding forms large domains on chromosome 19. (A) Chromosomal map of CBX1 binding along Chr19. (Top panel) The black line
represents the running mean (window size = 20 probes) of CBX1 binding to Chr19. From top to bottom: Black bars represent Ensembl annotated genes
on the + and — strands. Light gray bars are zinc finger genes and dark gray bars are KRAB-ZNF genes. (Bottom panel) Bars show the LINE density per
10 kb along Chr19. (B) Same as in A, enlargement of 4 Mb of the chromosomal map. Data are the average of two experiments.

2004). To exclude that CBX1 simply binds to clusters of related
genes, we systematically analyzed binding to all known gene
families with 10 or more members on Chr19 (Fig. 4B). We
found that KRAB-ZNF genes represent the only gene family
that is almost completely associated with CBX1 (Fig. 4B).
Thus, the binding of CBX1 to KRAB-ZNF gene clusters is highly
specific.

LINE elements are abundant in CBX1 domains

Because CBX1 associates with LINE elements, we wondered
whether LINEs might be particularly abundant in the CBX1 do-
mains on Chr19. Indeed, comparison of the chromosomal dis-
tributions shows that LINE density is strongly elevated in the
CBX1 domains (Fig. 3A). However, at high resolution there seems
to be no obvious relationship between LINE positioning and
CBX1 levels (Fig. 3B). Note that our Chrl9 tiling array only
contains nonrepetitive sequences and therefore does not directly
provide information about the binding of CBX1 to indi-
vidual LINE elements on this chromosome. Taken together,
these data demonstrate that CBX1 domains not only harbor
KRAB-ZNF gene clusters, but are also marked by a high density of
LINEs.

We investigated whether the high LINE density is unique
to KRAB-ZNF clusters. We calculated the average LINE density
of genes (and 300 kb of flanking sequence) belonging to the
different families indicated in Figure 4B. No correlation was
observed between LINE density and CBX1 binding for these
families (data not shown). For example, olfactory receptor
genes have LINE densities similar to those of KRAB-ZNF genes
(data not shown), but negligible levels of CBX1 bind-
ing (Fig. 4B). This indicates that the enrichment of LINEs in

KRAB-ZNF gene domains is not sufficient to explain the CBX1
binding.

Detailed analyses of CBXI binding along KRAB-ZNF genes
and LINEs

Visual inspection of binding along KRAB-ZNF genes suggested
that CBX1 binding is not uniform. To investigate whether CBX1
binding follows a specific pattern, we aligned the transcriptional
start or end sites of KRAB-ZNF genes on Chr19 and plotted CBX1
binding along these genes. A sliding window median curve was
added to highlight the consensus profile (Fig. 5A,B). This re-
vealed two striking features of the distribution of CBX1. First,
CBX1 is generally absent from the 5" ends of KRAB-ZNF genes
(Fig. 5A). This region of depletion is ~1-2 kb in size and centered
around the transcription start site. Second, CBX1 is enriched to-
ward the 3’ ends of KRAB-ZNF genes, with prominent binding in
the final ~2 kb (Fig. 5B). The 3’ end enrichment is independent of
gene length (data not shown). The peak of enrichment is located
within the genes rather than downstream, indicating that the 3’
ends of KRAB-ZNF transcription units contain a signal that re-
cruits CBX1.

Because mammalian genes often contain (remnants of)
LINEs in their intronic sequences (Li et al. 2001), we wondered
whether intragenic LINEs might be responsible for CBX1 recruit-
ment to the KRAB-ZNF genes. We therefore compared the CBX1
binding profiles of LINE-containing KRAB-ZNF genes and LINE-
free KRAB-ZNF genes (Fig. 5C). No clear differences could be ob-
served, indicating that KRAB-ZNF genes recruit CBX1 indepen-
dently of the presence of LINEs (Fig. 5C).

Even though the previous result did not support a direct role
for LINEs in the recruitment of CBX1, we performed an addi-
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ZNF175, and ENSG00000142528 from left to right. (B) Box-and-whisker plot of CBX1 binding to gene ~ Our observation that most KRAB-ZNF
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tional analysis to address this issue. The Chr19 tiling array
does not directly provide information about the binding of
CBX1 to LINE elements. However, if LINEs are important re-
cruitment sites for CBX1, then it may be expected that sequences
immediately flanking LINEs show elevated binding ratios,
because targeted Dam methylation spreads ~1-2 kb from a
protein binding site (van Steensel and Henikoff 2000; Sun
et al. 2003). To test this, we aligned all LINE elements on Chr19
and plotted CBX1 binding to neighboring sequences (Fig. 5D).
We calculated a sliding window curve of binding next to LINEs
that are located within KRAB-ZNF gene domains and a second
curve for LINEs outside these domains. As expected, within
KRAB-ZNF gene domains the sequences neighboring LINEs
showed elevated CBX1 binding, while this was not the case on
the remainder of Chr19. No gradient of binding was observed in
the first 2 kb from the LINE elements, suggesting that binding of
CBX1 to LINEs is not strongly enriched relative to the surround-
ing sequences.

Figure S5E summarizes these results schematically. Our data
show that within KRAB-ZNF gene domains, binding of CBX1 is
generally elevated. Only at transcription start sites is CBX1 bind-
ing reduced, and at 3’ ends of KRAB-ZNF genes the binding is
enriched. Binding to LINEs may only occur in KRAB-ZNF gene
domains, although direct measurements at individual LINE cop-
ies will be required to confirm this.

CBXI binding to KRAB-ZNF genes is conserved in mouse

KRAB-ZNF gene clusters undergo rapid evolution. Homologous
human and mouse KRAB-ZNF gene clusters contain different
numbers of genes and show evidence of gene loss and gain since
the divergence of the primate and rodent lineages (Dehal et al.
2001). To test whether CBX1 also binds to KRAB-ZNF genes in
mouse, we mapped CBX1 binding in Mouse Embryonic Fibro-
blasts (MEFs). For detection of CBX1-targeted methylation, we
used microarrays with 26,962 oligonucleotides corresponding to
coding regions of the mouse genome. In MCEF7 cells we found

chromatin environment. We therefore

asked whether KRAB-ZNF genes show a

certain degree of coexpression. We com-
pared the expression profiles of KRAB-ZNF genes and other genes
in a large microarray expression data set from 79 different human
tissues (Su et al. 2004). We restricted our analysis to a hand-
curated set of microarray probes to KRAB-ZNF genes with mini-
mal predicted cross-hybridization. We reasoned that if KRAB-ZNF
genes are coordinately regulated, their expression patterns across
these tissues should be correlated. We therefore calculated all
pairwise correlation coefficients from the expression profiles of
all KRAB-ZNF genes and of a control set of 1000 randomly picked
non-KRAB-ZNF genes. The correlation coefficient for any pair of
genes can range from — 1 (mutually exclusive expression pattern)
to +1 (identical expression pattern). The distributions of these
pairwise correlation coefficients (Fig. 6A) show that KRAB-ZNF
genes have mostly positively correlated expression patterns in
human tissues. Although the average correlation between KRAB-
ZNF genes is modest (mean r = 0.20), it is clearly higher than a set
of randomly selected control genes. The correlation in expression
of KRAB-ZNF genes that reside in different domains is almost as
strong as the correlation between genes within the same domain
(mean r = 0.20 and r = 0.22, respectively), indicating that the co-
expression of KRAB-ZNFs is not limited to genes within the same
cluster. These results show that the family of KRAB-ZNF genes has
a modest degree of overall coexpression in the human body,
possibly because the entire family is fine-regulated by hetero-
chromatin.

Expression levels of CBX1 target genes

The previous analysis does not address whether heterochromatin
might repress or activate the KRAB-ZNF genes. To investigate
the transcriptional status of the CBX1 target genes, we generated
expression profiles by hybridizing labeled mRNA from
MCEF7 cells to our coding region oligonucleotide array, and
used the spot signal intensities as an estimate of the transcript
levels in the cells. Figure 6B shows the distribution of expres-
sion levels of CBX1 target genes. On average CBXI1 target
genes had 1.3-fold lower expression levels than nontarget genes.

1498 Genome Research
www.genome.org


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

Downloaded from genome.cshlp.org on June 5, 2026 . Published by Cold Spring Harbor Laboratory Press

Human heterochromatin domains

20
|

CBX1-Dam/Dam ratio
15
1
CBX1-Dam/Dam ratio
16
1

0
|

1
1

A

T T T T T T
-5 0 5 10 15 20 25 -25 -20 -15 -10 -5 0 5

0.5

position relative to 5" end (kb) position relative to 3' end (kb)
C D - _ _
& 7] == KRAB-ZNF genes without LINES i 7| == LINEs in'KRAB-ZNF géne domains
= KRAB-ZNF genes with LINEs == | INEs‘Gutside KRAB-ZNF geng domains
kel kel T 2 i 55 et
© © : :
€ o g
o~ 1
S £
a] a]
g Q
& &
o, 2 a)
- )
X X <
o o
o Q
o -
oo
0 g ah v : R
=1 % - 2
T T T T T T T T T T T T
25 20 15 -0 5 0 0 2 4 6 8 10
E position relative to 3’ end (kb) distance from LINE (kb)
1
! KRAB-ZNF GENE DOMAIN
1
i=2} 1
£ 1
° 1
£ .
o< | e—— e~ Ne——mmEasmaamaaas poS————
2% I
o
B |
|

I
| KRAB-ZNF
'

Figure 5. Detailed analysis of CBX1 binding to KRAB-ZNF genes and LINEs. (4,B) CBX1 is depleted
from promoter regions and enriched at 3’ ends of genes. All KRAB-ZNF genes on Chr19 were aligned
by their 5" (A) or 3’ (B) ends, and combined CBX1 binding data were plotted. Each light gray dot
represents one tiling array probe and only tiling array probes that are located <5 kb upstream or within
genes (A) or <5 kb downstream or within genes (B) are plotted. Black lines depict the sliding window
median value (window size = 101 probes). (C) Enrichment at 3’ ends of KRAB-ZNF genes is indepen-
dent of LINE sequences. Sliding window medians are shown for 95 KRAB-ZNF genes that do not
contain any LINE-related sequences (gray) and 78 KRAB-ZNF genes that contain at least one LINE-
related sequence (black). (D) LINEs in KRAB-ZNF gene domains are embedded in CBX1-bound se-
quences. Each dot represents one tiling array probe. Lines depict sliding window median CBX1 binding
values of probes surrounding LINE-sequences (defined as having at least 1000 bp LINE homology) that
are located <200 kb (black line, dark gray dots) or >200 kb (gray line, light gray dots) from a KRAB-ZNF
gene. (E) Scheme of CBX1 binding to KRAB-ZNF genes and LINEs within and outside KRAB-ZNF gene
domains.

LINE

slightly reduced expression of CBX1 tar-
gets throughout the genome, which
were identified using oligonucleotide
probes mostly located at 3’ ends of
genes.

Although on average the CBX1
binding to promoters of KRAB-ZNF
genes was low, some promoters dis-
played higher CBX1 levels than others
(Fig. 5A). Surprisingly, we found a mod-
erate but significant positive correlation
between promoter binding of CBX1 and
KRAB-ZNF gene expression levels (Fig.
6E). The opposite correlations between
gene expression levels and promoter
binding versus 3’ end binding suggests a
multifaceted role of CBX1 in gene regu-
lation.

Removal of CBX1 or CBXS by RNA
interference did not detectably affect the
expression of the target genes (data not
shown), possibly due to redundancy of
CBX1 with CBX3 and CBXS. Attempts
to circumvent this redundancy by simul-
taneous RNA interference of all three
HP1 proteins have been unsuccessful so
far (data not shown). Overexpression of
GFP-tagged CBX1 or CBXS5 did not de-
tectably affect the expression of target
genes either (data not shown). Neverthe-
less, our expression profiling and RT-
PCR results indicate that the majority of
CBX1 target genes are expressed, at
somewhat lower levels than nontarget
genes.

Discussion

Here, we show by genome-wide map-
ping that the heterochromatin pro-
teins CBX1 and SUV39H1 have a strik-
ing preference for KRAB-ZNF genes,
which constitute one of the largest
gene families in the human genome.
Preference for this gene family was
observed in human and mouse cells.

While this difference is statistically significant (P < 1.90 X 107,
Wilcoxon rank test), it indicates that overall the CBX1 target
genes have only slightly lower expression levels than nontarget
genes. This was observed for KRAB-ZNF target genes as well as for
non-KRAB-ZNF target genes (data not shown). We also investi-
gated the expression status of KRAB-ZNF genes directly by RT-
PCR in MCF7 cells. In accordance with the wide distribution of
expression levels that was detected on the microarray (Fig. 6B),
we could detect transcripts for 12 out of 19 KRAB-ZNFs tested
(Fig. 6C).

Because CBX1 binding was most prominent at the 3" ends
of KRAB-ZNF genes (Fig. 5B), we tested whether the binding
of CBX1 on the final 2 kb of the Chr19 KRAB-ZNF genes
correlated with their expression levels. Only a weak and
nonsignificant negative correlation was observed (Fig. 6D).
This result is in agreement with Figure 6B, which shows

High resolution mapping of human chromosome 19 revealed
that CBX1 forms large domains that coincide with clusters of
KRAB-ZNF genes.

Table 2. CBX1 target genes in MEF cells

On array In top 1.6% genes
Number % Number %
Genes 17,743  100% 278 100%
ZNF genes 516 2.9% 52 18.7%
Fold enrichment (P)? 6.4 (2.81E-28)
KRAB-ZNF genes 164 0.9% 36 12.9%

Fold enrichment (P)* 14.0 (2.01E-32)

P -values according to hypergeometric test.
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Figure 6. Expression of KRAB-ZNF genes and CBX1 target genes. (A)

KRAB-ZNF genes are coexpressed in 79 human tissues. Microarray ex-
pression data for 37 KRAB-ZNF genes or 1000 randomly picked non-
KRAB-ZNF genes were obtained from Su et al. (2004). For each gene pair,
the pairwise Pearson correlation in expression throughout 79 different
tissues was calculated. Histograms present pairwise correlation coeffi-
cients between KRAB-ZNF genes (gray) or non-KRAB-ZNF genes (white).
(B) CBXT1 target genes have slightly lower expression levels than CBX1
nontarget genes in MCF7 cells. MCF7 expression profiles were made on
coding region oligonucleotide arrays and the density distribution of spot
intensities (log, V(Cy5 x Cy3)) of CBX1 target genes (gray line) and
CBX1 nontarget genes (dashed black line) is shown. The average spot
intensity per group is indicated by vertical arrows. P-value is according to
the Wilcoxon rank sum test. The expression levels of an inactive gene
(Testis-Specific Serine Kinase Substrate) and a highly active gene (beta-
actin) are indicated by black and gray arrowheads, respectively. (C) The
majority of KRAB-ZNF genes is expressed in MCF7 cells. RT-PCR of 19
KRAB-ZNF genes. ZNF436, ZNF167, ZKSCANT, and ZNF282 are located
on chromosomes 1, 3, 7, and 7, respectively. The other KRAB-ZNF genes
are located on Chr19. Controls include the ORF1/1 and ORF7CT olfactory
receptor genes that are expected to be repressed in MCF7 cells, CBX1
that is expressed in MCF7 cells, and a negative control with CBX1 primers
without cDNA. (D,E) Correlation between expression level and CBX1
binding to 3’ end (D) or promoters (E) of KRAB-ZNF genes. Average CBX1
binding to the last 3’ 2 kb or to the 2 kb surrounding the transcriptional
start site of 139 KRAB-ZNF genes was linked to the expression data from
B. P-values are according to Spearman’s p statistic.

Regulatory role of heterochromatin proteins

Heterochromatin can mediate gene silencing as well as gene ac-
tivation. In a variety of species, insertion of euchromatic reporter
genes into heterochromatin leads to silencing or variegation of
expression. This has led to the notion that heterochromatin con-
stitutes a repressive environment. In contrast, several observa-
tions link heterochromatin to active transcription. For example,
some pericentric genes require a heterochromatic environment
for their correct expression (Wakimoto and Hearn 1990), and
HP1 proteins are found on active genes (Greil et al. 2003; Piacen-
tini et al. 2003; Vakoc et al. 2005). In S. pombe heterochromatic
loci are transcribed (Hall et al. 2002; Volpe et al. 2002) and RNA
Polymerase II is required for siRNA-mediated heterochromatin
formation (Kato et al. 2005). The molecular basis for these op-
posing roles of heterochromatin in gene regulation is not known.
Our data suggest that HP1 proteins may perhaps have different
regulatory roles in promoters and 3’ regions. Because the overall
correlations between HP1 binding and expression are rather
weak, we suggest that the heterochromatic environment may be
involved in fine-tuning of the expression of these genes. In ad-
dition, heterochromatin may play a role in the evolution of the
KRAB-ZNF gene family (see below).

Cooperative mechanism of heterochromatin protein targeting?

Evidence from a variety of organisms indicates that repetitive
sequences play a key role in the recruitment of heterochromatin
proteins (Henikoff 1998; Martienssen 2003). In agreement with
the association between heterochromatin and repetitive se-
quences, we identified LINE elements as targets of CBX1. We
deduced that LINE elements in KRAB-ZNF gene domains are
bound by CBX1, whereas LINE elements outside these domains
are not. This finding resembles the pattern of HP1 binding to TEs
in Drosophila, where individual TE copies located in repeat-poor
genomic areas are not bound by HP1 whereas TE copies in repeat-
dense regions are. This has led to the proposal that cooperative
action of multiple neighboring repeats is necessary for the estab-
lishment of a heterochromatin domain (de Wit et al. 2005).
Analogous to the situation in Drosophila, LINE elements located
in repeat-poor regions outside KRAB-ZNF gene domains may not
be able to recruit CBX1. Similarly, the nonclustered KRAB-ZNF
genes on Chr19 show relatively weak CBX1 binding. We suggest
that cooperative recruitment of heterochromatin proteins may
occur in KRAB-ZNF domains, with contributions by the KRAB-
ZNF genes themselves, the LINEs, and possibly other repetitive
sequences that have been found in these domains (Eichler et al.
1998; Grimwood et al. 2004).

CBXI binding along KRAB-ZNF genes

Interestingly, we found that CBX1 binding is excluded from the
transcription start sites and is especially enriched at the 3’ ends of
KRAB-ZNF genes. The absence of CBX1 from transcription start
sites may be linked to the previously reported enrichment of
“active” histone modifications, such as H3K4 methylation and
H3K9/K14 acetylation, at these positions (Bernstein et al. 2005).
In particular, H3K9 acetylation is incompatible with CBX1 bind-
ing to methylated H3K9, because acetylation and methylation
cannot occur on the same lysine residue. Alternatively, the 5" end
of genes may be devoid of nucleosomes (Chen et al. 2005). The
enrichment of CBX1 at 3’ ends of KRAB-ZNF genes may be due to
a specific recruitment signal in the DNA sequence or be linked to
the final stage of transcription elongation or to termination. Fu-
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ture studies may identify the signal that underlies the specific
recruitment of heterochromatin proteins to KRAB-ZNF genes.

Heterochromatin and the evolution of KRAB-ZNF genes

A striking feature of the KRAB-ZNF gene family is its rapid ex-
pansion in recent evolution. Since its emergence in early tetra-
pod vertebrates, this gene family has been subject to constant
reshaping by gene losses and gene duplications and has ex-
panded to a family of more than 400 genes in the human ge-
nome (Dehal et al. 2001; Shannon et al. 2003). For example, a
large cluster of KRAB-ZNF genes located in the pericentromeric
region of human Chr19 appears to be primate specific (Bellefroid
et al. 1995). Sequence comparisons of KRAB-ZNF genes in differ-
ent clusters indicate that in situ tandem duplications play a
prominent role in the creation of new genes (Dehal et al. 2001).

We propose that heterochromatin proteins might function
to stabilize KRAB-ZNF gene clusters. In Saccharomyces cerevisiae,
heterochromatin protein Sir2 is needed for the genomic mainte-
nance of repeats of ribosomal genes (rDNA). Without Sir2 the
rDNA repeats are lost by recombination (Gottlieb and Esposito
1989). Similar to the stabilizing function of Sir2 on rDNA repeats
in yeast, heterochromatin in mammals may prevent recombina-
tion-mediated deletion of recently duplicated KRAB-ZNF genes
and thereby have facilitated the expansion of this gene family.

Several observations are in agreement with this model.
Analysis of three Drosophila species has indicated that the size of
the histone gene cluster is correlated with heterochromatic lo-
calization (Fitch et al. 1990), and indeed the histone and rDNA
gene arrays in D. melanogaster are bound by HP1 (van Steensel
and Henikoff 2000). Comparative studies of genome organiza-
tion have shown that pericentric and telomeric heterochromatin
are hotbeds of genomic rearrangements in a variety of species
(Eichler and Sankoff 2003). More specifically, it has been argued
that heterochromatic B-satellite repeat sequences have played an
important role in the rapid expansion of one primate specific
cluster of KRAB-ZNF genes (Eichler et al. 1998). A unique aspect
of this cluster is the occurrence of blocks of classical centromeric
B-satellite sequences that are interspersed between the ZNF
genes, indicating that these structures were coordinately dupli-
cated (Eichler et al. 1998).

We propose a model in which an early KRAB-ZNF gene ac-
quired CBX1 binding, most likely through a recruitment signal
located in the 3’ end of the gene. This gene could successfully
duplicate because the tandemly repeated DNA was stabilized by
the heterochromatic environment. The heterochromatin-
induced stability of KRAB-ZNF genes in successive rounds of du-
plication may have facilitated the spectacular expansion of this
gene family. Our observation that virtually all KRAB-ZNF genes
on Chrl9 are bound by CBX1 is consistent with this model.
While the mechanism by which heterochromatin stabilizes tan-
dem repeats is still unclear, it is interesting to note that hetero-
chromatin proteins inhibit incorrect recombination in the mat-
ing type locus and rDNA repeats of S. pombe (Klar and Bonaduce
1991; Cam et al. 2005) and meiotic recombination in Drosophila
(Westphal and Reuter 2002). These effects may be related to the
hypothesized stabilization of gene duplications by heterochro-
matin.

Taken together, we suggest a self-reinforcing cycle of events
that facilitated expansion of KRAB-ZNF gene clusters during the
evolution of tetrapods. In this cycle, heterochromatin may sta-
bilize KRAB-ZNF gene repeats by preventing recombination, and

in turn these repeats strengthen heterochromatin binding by co-
operative recruitment. Genome-wide maps of heterochromatin
will provide a basis for further studies of the roles of heterochro-
matin in genome evolution and gene regulation.

Methods

Vectors

Maps and sequences of vectors that are used to express N- or
C-terminal Dam-fusion proteins can be found at http://www.
nki.nl/nkidep/vansteensel. Dam fusion protein expressing vec-
tors were made by cloning phage T4 DAM (kindly provided by
Dr. Stanley Hattman, Univ. of Rochester, NY) or E. coli Dam into
pIND/VS-HisA (Invitrogen). Subsequently the mouse Chx1, hu-
man CBX3 and CBXS, and SUV39H1 ORFs were added upstream
of Dam. Note that mouse Cbx1 and human CBX1 are identical at
protein sequence level. Lentiviral Dam-fusion protein transfer
constructs (pL) were created by adaptation of HIV-CS-CG (Miyo-
shi et al. 1998). In addition, we made versions of the pIND and pL
vectors that are compatible with the Gateway recombinational
cloning system (Rual et al. 2004). This allows fast and easy clon-
ing of open reading frames from several entry-clone collections
into our vectors. The pIND and pL vectors contain five hybrid
Ecdysone/glucocorticoid Response Elements (E/GREs) and the
minimal heat shock promoter (P,;sp) for inducible expression of
the fusion protein. To facilitate detection of the Dam-fusion pro-
teins, a V5 epitope tag was added. The CBX1 point mutations
were created with the QuikChange Site-Directed Mutagenesis kit
(Stratagene). All constructs were verified by sequencing. GFP-HP1
fusion protein expressing vectors were a kind gift of Dr. R. Dirks
(Leiden Univ. Medical Center, The Netherlands).

Tissue culture and immunofluorescence microscopy

Human MCF7 and 293T cells and mouse INK4A ~/~ embryonal
fibroblasts (MEFs), NIH3T3, and B78 cells were maintained in
DMEM medium supplemented with 10% FCS and antibiotics.
Lentiviral infections were performed as previously described (Di-
rac and Bernards 2003).

For immunofluorescence microscopy, B78 and NIH3T3 cells
were transfected with Dam expressing vectors together with regu-
lator vector pVgRXR (Invitrogen) and induced for 24 h with 2 uM
Ponasterone A (Invitrogen). Cells were fixed with 2% formalde-
hyde and fusion proteins were stained with mouse anti-V5 anti-
body (Invitrogen) and FITC-conjugated anti-mouse antibody. For
confocal microscopy MCF7 and NIH3T3 cells were transfected
with GFP-HP1 expressing vectors. Endogenous HP1 proteins were
stained with mouse anti-HP1 antibodies (anti-CBX1, IMOD-1A9;
anti-CBX3, 2MOD-1G6 and anti-CBXS5, 2HP-1HS; Euromedex),
and TexasRed-conjugated anti-mouse antibody. DNA was coun-
terstained with DAPI.

DamID, microarrays, expression profiling, RT-PCR

Supplemental Figure S1 gives an overview of a DamlID experi-
ment. Detailed protocols of the DamID procedure are available at
http://www.nki.nl/nkidep/vansteensel.

We have used three different microarray platforms in this
study: (1) 70-mer oligonucleotide arrays containing the Operon
v3 human 35K or mouse 32K libraries (Operon Biotechnologies);
(2) an 18k human c¢DNA array containing PCR-amplified cDNAs
from the Research Genetics Human Sequence Verified library
(Laoukili et al. 2005); these arrays were printed by the NKI mi-
croarray facility; (3) genomic tiling arrays that cover the whole
Chr19 excluding repetitive regions, the ENCODE regions (hg16
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based on NCBI build 34) that were obtained from http://
genome.ucsc.edu/ENCODE/, a few selected other regions, and
promoters with flanking sequences of 22,612 genes (NCBI build
34, v31) with on average 4.6 probes per promoter. This array was
designed by us and printed and hybridized by NimbleGen. The
average 60-mer probe spacing is 200 bp. Probe sequences do not
contain GATC, the recognition sequence of Dam. Expression
profiles of MCF7 cells were made as described (Laoukili et al.
2005) using the human 35k oligonucleotide array. Fluorescence
intensities were quantified using ImaGene software (BioDiscov-
ery Inc.), background corrected, and normalized using a LOWESS
fit per subarray, as described earlier (Yang et al. 2002). Detailed
protocols for RNA isolation, amplification, labeling, and hybrid-
ization can be found at http://microarrays.nki.nl/download/
protocols.html. The RT-PCR was performed on MCF7 cDNA that
was prepared from DNAse-treated total RNA from MCF7 cells.
Primer pairs were designed to produce ~210 bp products and
span one or more introns, except for ORF111 and ORF7C1, which
are intronless genes.

DamID normalization and error model

All statistical analyses were performed in the R language (http://
WWW.I-project.org).

The CBX1 and SUV39H1 DamID data were normalized us-
ing R-packages limma (Smyth 2004) 2.0.8 and vsn (Huber et al.
2002) 1.6.3 (available at http://www.r-project.org/). Raw data
files were loaded in R and the weight of control spots and poor
quality spots were set to zero, to exclude them from the results.
We did not apply a background correction to the data. DamID
data were normalized between different arrays (method = “vsn”).
We only considered features with average positive log, binding
ratios to be targets. Limma’s linear modeling approach was used
to determine significance levels of fusion protein binding for
each probed sequence. P-values were corrected for multiple test-
ing in limma using the Benjamini and Hochberg method
(adjust = “fdr”). DamID data from cDNA arrays was normalized
as described above, except that within-array normalization
(method = “loess”) was used. Genomic tiling array data were nor-
malized as described above, except that raw data files were loaded
in R and within-array normalization (method = “loess”) and be-
tween array normalization (method = “Aquantile”) were used.

Annotations

The coding region oligonucleotide arrays were designed using
previous releases of the human and mouse genome sequences.
Therefore, we reannotated these arrays using the most recent
sequence releases (NCBI build 35 for human, NCBI build 34 for
mouse). Oligonucleotide sequences were matched to the human
or mouse genomes using MEGABLAST (using default settings).
Ensembl gene annotations were used (v31 for human, v33 for
mouse genes). Human oligonucleotides with multiple MEGA-
BLAST hits in the genome were subsequently matched by MEGA-
BLAST to RepBase Update (humrep.ref and humsub.ref, volume
10, issue 11) (Jurka et al. 2005) and manually classified into
LINEs, SINEs, LTR retrotransposons, and DNA transposons. ZNF
genes were defined as genes with InterPro annotation IPRO07087.
KRAB-ZNF genes were defined as genes with both IPRO07087 and
IPRO01909. To define other gene families we used Ensembl (v36)
Gene family IDs.

Coexpression analysis

For analysis of coexpression of genes we used a previously pub-
lished compendium of expression profiles from 79 different hu-
man tissues (Su et al. 2004). Of these profiles, we used only data

obtained with the Affymetrix HG-U133A array. To remove probe
sets with poorly reproducible signals, we calculated Pearson cor-
relation coefficients (r) between the first and second tissue du-
plicates accross the 79 tissues, and discarded probe sets with
r < 0.3. Ensembl gene identifiers corresponding to the HG-U133A
probe sets, as well as their annotations, were downloaded from
Ensembl BioMart (v31). Probe sets matching multiple Ensembl
genes were discarded, while data from multiple probe sets match-
ing the same gene were averaged. Finally, tissue duplicates were
averaged to obtain 79 tissue expression values for each gene. This
cleaned-up data set contained expression data for 10,722 unique
Ensembl genes. Analysis of KRAB-ZNF gene expression was re-
stricted to a list of hand-curated probe sets with minimal pre-
dicted cross-hybridization (http:/znf.llnl.gov).
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