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The folding of chromatin into topologically constrained loop domains is essential for genomic function. We have
identified genomic anchors that define the organization of chromatin loop domains across the human major
histocompatibility complex (MHC). This locus contains critical genes for immunity and is associated with more diseases
than any other region of the genome. Classical MHC genes are expressed in a cell type-specific pattern and can be
induced by cytokines such as interferon-gamma (IFNG). Transcriptional activation of the MHC was associated with a
reconfiguration of chromatin architecture resulting from the formation of additional genomic anchors. These
findings suggest that the dynamic arrangement of genomic anchors and loops plays a role in transcriptional
regulation.

[Supplemental material is available online at www.genome.org. The data from this study have been submitted to
ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae/) under accession no. E-MEXP-1793 and NCBI Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE10880.]

After each mitosis in mammalian cells, daughter chromosomes
form discrete chromosome territories in the two new nuclei by
chromatin decondensation (Cremer and Cremer 2006a,b). The
imaging of these chromosome territories indicates that they are
each uniquely and stably contained within their own domains.
Recent research at both the chromosome and gene level perpetu-
ates the concept of large- and small-scale three-dimensional re-
modeling of chromatin being a key determinant of genomic
regulation. Enhancer–promoter associations, epigenetic modifi-
cations, and DNA–protein interactions are all proving to be im-
portant control mechanisms in the functioning of our genome.
Much, however, has still to be learned.

Several lines of evidence indicate that the folding of higher-
order chromatin into loops, mediated by their anchoring to the
nuclear matrix, is critically important in genomic regulation (Be-
rezney and Coffey 1977; Berezney et al. 1995; Nickerson 2001;
Ottaviani et al. 2008). The nuclear matrix is a collection of pro-
teins that is retained in nuclei treated with high-strength ionic
buffers. The identification of some of its molecular constituents,
such as lamins, RNA and DNA polymerases, SAFB (scaffold at-

tachment factor-B1), SATB1 (special AT-rich sequence binding
protein 1), and RUNX1 transcription factors, provides strong evi-
dence of replication and transcription occurring at the nuclear
matrix and has improved our understanding of the mechanisms
involved (Luderus et al. 1994; Kimura et al. 1999; Carter et al.
2002; Stein et al. 2003; Townson et al. 2004; Cai et al. 2006).

In interphase cells, chromatin loops are anchored to the
nuclear matrix at short genomic sequences called matrix attach-
ment regions (MARs) (Berezney et al. 1995; Linnemann et al.
2007; Ottaviani et al. 2008). These sequences have been called
scaffold attachment regions (SARs) in metaphase cells (Paulson
and Laemmli 1977). MARs are associated with sequence motifs
rich in AT tracts, repetitive sequences, topoisomerase binding
sites, and regions of DNA with a propensity for base unpairing
(Liebich et al. 2002; Platts et al. 2006; Ottaviani et al. 2008). The
Multi-Loop Subcompartment model of chromatin folding pre-
dicts rosettes containing loops of 120 kb (Münkel et al. 1999). It
is estimated that chromatin loops are formed from 30,000 to
80,000 anchored points across the human genome (Linnemann
et al. 2007). Analysis of different eukaryotic organisms has sug-
gested that permanent associations of MARs with the nuclear
matrix are important for the maintenance of higher-order chro-
matin structure while dynamic associations play a prominent
role in the regulation of gene expression (Heng et al. 2004;
Eivazova et al. 2007). Recent investigations on the TH2 cytokine
and beta-globin gene clusters have shown that MARs regulate
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transcription by functioning as landing platforms for transcrip-
tion factors and chromatin remodeling enzymes (Cai et al. 2003;
Wen et al. 2005). In addition, it is emerging that they can bring
together proximal and distal cis-regulatory elements at the
nuclear matrix and shield chromatin domains from the effects of
flanking regulatory regions (Nabirochkin et al. 1998; Eivazova et
al. 2007; Girod et al. 2007). The mapping of MARs directly to or
in the vicinity of several origins of replication suggests that they
may also participate in DNA replication (Lagarkova et al. 1998;
Girard-Reydet et al. 2004).

MARs have classically been identified using in vitro binding
affinity assays and polymerase chain reaction (PCR). Due to the
limited scale of these methods only a few hundred of these se-
quences have been experimentally identified. Although compu-
tational methods have been developed to determine their posi-
tions on a larger scale, progress has been hampered by the limited
number of MARs that have been experimentally defined as well
as the fact that some MARs may not be permanently attached to
the nuclear matrix (Platts et al. 2006; Girod et al. 2007; Lin-
nemann et al. 2007). Microarray technology now provides an
opportunity to map MARs at high resolution across the genome
and address their role in gene expression.

The human major histocompatibility complex (MHC) was
the first genomic region for which higher-order chromatin archi-
tecture was shown to reflect gene expression (Volpi et al. 2000;
Christova et al. 2007). It is one of the most gene-rich regions of
the entire genome, and spans over 4 Mb at band 6p21.31. The
gene products of the region were first discovered on the surfaces
of leukocytes, and so it is often called the human leukocyte an-
tigen (HLA) region rather than the MHC. The classical MHC is
divided into three classes: class I (telomeric), class III, and class II
(centromeric) (Trowsdale and Campbell 1992; Horton et al.
2004). The extended MHC (xMHC) includes the classical MHC
and the extended class II region (most-centromeric). A high per-
centage of genes in the MHC play decisive roles in immunity.
The products of the classical MHC class I region, HLA-A, HLA-B,
and HLA-C, present endogenous antigens to CD8+ T cells, while
the classical class II molecules (HLA-DR, HLA-DP, HLA-DQ) pre-
sent exogenous antigens to CD4+ T cells. Other MHC class I and
II genes generate the TAP, HLA-DM, HLA-DO molecules which
are involved in antigen processing required for correct cell-
surface presentation. Genes in the class III region encode com-
ponents of the complement system, which is a critical element of
innate immunity (Germain 1994; Janeway 2001). The extended
class II region contains important nonimmune genes such as the
retinoid X receptor (RXR), which is involved in retinoic acid,
vitamin D, and thyroid hormone activity.

The MHC can be used as a model for studying genomic
structure–function relationships, since it has cell type-specific
and experimentally inducible gene expression. Most genes in the
MHC class I and III regions are constitutively expressed in all
somatic cell types, whereas the classical MHC class II genes are
expressed only in antigen-presenting cells. However, cytokines
such as interferon-gamma (IFNG) strongly induce the classical
class II genes in a coordinated manner in other cell types includ-
ing fibroblasts, and also up-regulate genes in the class I and III
regions (Rohn et al. 1996; Boehm et al. 1997).

In order to further our understanding of the relationship
between higher-order chromatin architecture and gene expres-
sion, we identified genomic anchors, or MARs, across the MHC in
different cell types using a conventional biochemical isolation
method followed by hybridization to a customized MHC tiling path

array (Tomazou et al. 2008). We show that genomic anchors are
unevenly distributed, and that they can be classified into three
classes: constitutive, cell type-specific, and IFNG-dependent.
These sequences are mainly positioned in intergenic regions and
in close proximity to the MHC class boundaries, subdividing the
locus into physical domains. We further show that induction of
transcription of the MHC is accompanied by a major recruitment
of anchors to the nuclear matrix as well as by extrachromosomal
looping, suggesting that the expression of MHC genes is regu-
lated by dynamic chromatin–matrix interactions.

Results

In order to investigate the relationship between the configura-
tion of chromatin loops and gene expression, we mapped geno-
mic anchors, or MARs, across the human MHC in cell types with
different expression profiles.

Distribution of MARs across the MHC in human fibroblasts

MARs were identified in MRC5 human fibroblasts using 2 M
NaCl extraction followed by competitive hybridization of MAR
and loop DNA fractions onto a genomic tiling path array of 2-kb
resolution covering the entire 4 Mb MHC region (Tomazou et al.
2008). Real-time PCR reactions were performed to validate the
findings. Clones having array enrichment values >0.4 (log2) were
consistently confirmed to be MARs by real-time PCR (Supple-
mental Tables 1, 2). Genomic regions with array enrichment >0.4
were thus designated as MARs.

We found MARs to be present in the MHC on average every
33 kb, consistent with a previous study on the 16q22 locus in
HeLa epithelial cells (Shaposhnikov et al. 2007). However, they
are nonrandomly distributed across the MHC (Fig. 1). Over 91%
of all MARs identified are present within the classical class I and
class II regions, while the remaining 9% are within the class III
and extended class II regions.

Comparison of the MAR profile with gene density across the
MHC reveals an inversely correlated distribution. The classical
class I and II regions, which have the lowest gene density in the
MHC, have a MAR on average every 29 and 20 kb, respectively. In
contrast, the MHC class III and extended class II regions have the
highest gene density across the locus and contain a MAR every
148 and 71 kb, respectively. Further analysis revealed that, of
the 117 MARs detected in the MHC, 98 are intergenic whereas
only 19 are intragenic. Using a �2 test, we found that the bias of
MARs to intergenic regions was statistically significant (P-
value < 0.0002; for all statistics a threshold P-value < 0.01 was
considered significant). Of the intragenic MARs, five are within
introns. Due to the size of DNA fragments generated by our bio-
chemical isolation of MARs and the resolution of the tiling path
array, it was not possible to map the remaining 16 intragenic
MARs to individual exons or introns.

MARs were also identified at or near class boundaries of the
MHC and closely flanking a significant proportion of clustered
and individual MHC genes including HLA-A, HLA-C, HLA-E,
HLA-G, HLA-DRB5, HLA-DRA, HLA-DRB1, HLA-DQA1, HLA-
DQB1, HLA-DPA1, and HLA-DPB1, which are essential for the
adaptive immune response. These findings suggest that MARs
can function as boundary elements defining chromatin domains,
which we have tested by comparing their positions with respect
to CTCF binding sites and DNase I hypersensitivity sites (see
below).

Genomic anchors in the human MHC
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The AT content of MAR and loop regions was compared, as
previous studies have shown that MARs are AT-rich (Purbowasito
et al. 2004; Shaposhnikov et al. 2007). The average AT content of
MAR DNA was found to be 58% while that of the loop DNA was
53% (P-value of 0). Within the MHC classes, which vary in their
average AT content, this correlation was also found to be significant
(Supplemental Table 3), confirming that MARs are generally AT-

rich. Comparative analysis did not reveal
any precise organization of AT motifs.

Distribution of MARs across the MHC
in human IFNG-treated fibroblasts
and B-lymphoblastoid cells

We previously showed that giant exter-
nal chromatin loops containing the en-
tire MHC locus extend outward from the
chromosome 6 territory, with higher fre-
quency in B-lymphoblastoid cells and
IFNG-induced fibroblasts than in un-
treated fibroblasts (Volpi et al. 2000).
Here, we confirmed that large-scale
looping of the MHC is observed with
high frequency in PGF B-lymphoblas-
toid cells (Supplemental Fig. 1).

To determine whether the change
in large-scale chromatin organization and
expression of MHC genes are accompa-
nied by a rearrangement of genomic an-
chors, we determined their locations in
IFNG-treated fibroblasts and in PGF B-
lymphoblastoid cells using the MHC til-
ing path array (Fig. 2A). A custom track
of all the MARs can be obtained by up-
loading Supplemental Tables 4, 5, and 6
into the UCSC Human Genome Browser
(http://genome.ucsc.edu/cgi-bin/
hgGateway), May 2004 assembly. A de-
tailed profile across the MHC class II re-
gion in the different cell types is shown
in Figure 3A, and the profile across the
entire MHC is shown in Supplemental
Figure 2. A striking increase in the num-
ber of MARs was found in these two cell
types compared to untreated fibroblasts.
In IFNG-treated fibroblasts and B-
lymphoblastoid cells, MARs within the
MHC were identified on average every
17 and 15 kb, respectively, which is ap-
proximately twice the frequency of that
in untreated fibroblasts.

The overall distribution of MARs in
the MHC is highly conserved in fibro-
blasts and B-lymphoblastoid cells. Over
90% of the MARs identified in IFNG-
treated fibroblasts and B-lymphoblas-
toid cells are located within the classical
class I and class II regions. The increase
in the number of MARs in IFNG-treated
fibroblasts and B-lymphoblastoid cells,
compared to untreated fibroblasts, is
mainly within the classical class II re-
gion (Fig. 3). In all cell types studied,

only a small minority of MARs are contained in the class III and
extended class II regions of the MHC.

As observed in untreated fibroblasts, the MARs detected in
IFNG-treated fibroblasts and B-lymphoblastoid cells have a
higher AT content compared to loop DNA. In addition, in all cell
types MAR density tends to anti-correlate with gene density
(Supplemental Fig. 3).

Figure 1. MARs in the MHC of fibroblasts identified using genomic tiling path arrays. MAR and loop
DNA fractions were differentially labeled with Cy3 and Cy5 fluorophores and competitively hybridized
onto the MHC microarray platform. The log2 ratios of MAR/loop DNA were then calculated and plotted
using the UCSC genome database (http://genome.ucsc.edu/). Datapoints with log2 enrichment val-
ues > 0.4 were regarded as MARs, plotted on the UCSC genome database, and represented as vertical
black bars. The GC content, the RefSeq genes, the human mRNAs from GeneBank, regions of con-
servation between 17 vertebrate species, and the repetitive sequences LINE, SINE, and LTR across the
MHC are shown below the array data. The different regions of the MHC are highlighted in different
colors: classical class I, pink; classical class III, blue; classical class II, yellow; and extended class II, green.
This color scheme is used in subsequent figures.
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Previous studies have used several prediction software pro-
grams to define the locations of MARs on a genome-wide scale.
One of the best performing programs, Chrclass, was used here to
interrogate MARs across the MHC, and the findings were com-
pared with our data (Fig. 2B) (Purbowasito et al. 2004). The Chr-
class program maps MARs at base pair resolution. In order to
integrate the two sets of data, the sequences identified by Chr-
class were organized into the individual probes across the tiling
path array, enabling the probes to be classified as MAR or non-
MAR. MARs predicted by Chrclass occurred on average every 3 kb
and were more evenly distributed across the MHC compared to
those identified experimentally. Despite having high sensitivity
(0.83), Chrclass was found to have extremely reduced specificity
(0.14). Approximately 5% of the probes on the MHC tiling path
array consisted entirely of repeat sequences and were excluded from
the analysis. Chrclass identified MARs in 88% of clones with repeat
regions. This analysis has confirmed previously described limita-
tions of prediction software and shows that further empirical iden-
tification of MAR sequences is essential in developing more accu-
rate prediction software programs (Linnemann et al. 2007).

A comparative analysis of MARs between the different cell
types identified three main categories: constitutive, cell-specific,
and IFNG-dependent (Supplemental Fig. 4). DNA regions attached
to the nuclear matrix in all cell types tested account for 17% of
MARs. They are defined as constitutive MARs since their tethering
function is preserved regardless of the cell type and transcriptional
status of the MHC locus. Approximately 45% of MARs are cell type–
specific. These are further classified into fibroblast-specific, which
include those present in both untreated and treated fibroblasts,
and B-lymphoblastoid-specific. IFNG-dependent MARs are tran-
siently associated with the nuclear matrix depending on the tran-
scriptional status of the MHC. They include MARs in untreated

fibroblasts that are released from the
nuclear matrix in IFNG-treated fibro-
blasts, those recruited to the nuclear ma-
trix in response to IFNG treatment, and
those recruited to the nuclear matrix in
both B-lymphoblastoid cells and IFNG-
treated fibroblasts. These categories to-
gether constitute 34% of all MARs iden-
tified. The remaining 4% of MARs were
present in both B-lymphoblastoid cells
and untreated fibroblasts. The character-
ization of MARs in other cell types is re-
quired to determine whether they are cell
type-specific or IFNG-dependent. The exact
positions of the MARs in the different sub-
classes are listed in Supplemental Tables
7–12.

Distribution of MARs relative
to differentially and nondifferentially
expressed genes

We compared the expression of MHC
genes in untreated fibroblasts with IFNG-
treated fibroblasts and B-lymphoblastoid
cells using microarray analysis (Fig. 4). A
significant proportion of class II genes
and a few class I genes are up-regulated
in IFNG-treated fibroblasts and B-
lymphoblastoid cells. The overall expres-

sion of the class III and extended class II genes in fibroblasts does
not differ following IFNG treatment, while a proportion of class
III genes are up-regulated in B-lymphoblastoid cells relative to
untreated fibroblasts. As expected, most of the differentially ex-
pressed genes code for classical HLA class I and class II molecules
(Supplemental Table 13).

The distances of MARs from differentially and nondifferen-
tially expressed genes in fibroblasts and B-lymphoblastoid cells
were calculated to determine how changes in gene expression
affect their distribution (Supplemental Fig. 5). In both IFNG-
treated fibroblasts and B-lymphoblastoid cells the average dis-
tance between MARs and differentially expressed genes was over
two times smaller than the distance between MARs and nondif-
ferentially expressed genes (Fig. 5). A Mann-Whitney test showed
that the distribution was significant with P-values of 0.003 and
0.009, respectively. The average distance between MARs and
nondifferentially expressed genes in IFNG-induced fibroblasts is
26 kb, while that between MARs and differentially expressed
genes is 12 kb. In B-lymphoblastoid cells the average distance of
MARs from nondifferentially expressed genes is 19 kb while that
from differentially expressed genes is 7 kb. This trend is observed
for several genes of critical immunological importance including
HLA-C, HLA-DPA1, HLA-DPB1, and HLA-DRB1 genes.

MARs and genomic features

In order to further our understanding of the genomic functions
of MARs, we compared their positions in the MHC with data
available for CTCF binding and DNase I hypersensitive sites (Kim
et al. 2007; Boyle et al. 2008). The set of MARs present in unin-
duced MRC5 fibroblasts and its subset of constitutive MARs
were compared to the CTCF binding sites identified in IMR90

Figure 2. MARs in the MHC of fibroblasts, IFNG-induced fibroblasts, and B-lymphoblastoid cells. (A)
Experimentally identified MARs; (B) predicted MARs using Chrclass. The number of MARs in each
region is shown above the data plots. Color scheme as in Figure 1.
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fibroblasts. Only a small fraction (<5%) of either set of MARs
colocalized with CTCF binding sites, although a high proportion
(55%) had CTCF binding sites within 20 kb on either side. The
colocalized sites did however occur in the vicinity of the MHC
class boundaries. DNase I hypersensitivity data for CD4+ T cells
were compared to MARs identified in B cells since they both
express classical MHC class I and II genes. A relatively small frac-
tion of MARs (20%) colocalize with DNase I hypersensitive sites,
but a high proportion (88%) had DNase I hypersensitive sites
within 20 kb on either side.

We also analyzed the position of MARs in the intergenic
region between the MHC class II genes HLA-DRB1 and HLA-
DQA1 where a regulatory site (XL9) was shown to bind CTCF,
class II transactivator (CIITA), and the RFX-CREB-NFY complex,
and to be associated with the nuclear matrix (Majumder et al.
2006, 2008). A MAR was found at this locus in IFNG-treated

fibroblasts but not in untreated fibro-
blasts or B cells. The absence of a MAR in
B cells was unexpected but might be ex-
plained by the stringency of our analy-
sis.

Discussion

The aim of this study was to determine
the relationship between the folding of
chromatin, mediated by genomic an-
chors, and gene expression in the MHC.
We obtained a detailed map of genomic
anchors using an MHC tiling path array
to which we competitively hybridized
MAR and loop DNA. The findings were
then validated by real-time PCR and
compared with gene expression data.
MHC gene expression is cell-specific and
inducible with interferons. In this study,
fibroblasts, IFNG-treated fibroblasts, and
B-lymphoblastoid cells were examined
because of their differential gene expres-
sion in the MHC locus.

Despite the overall differences in
MHC expression in the different cell
types, MARs were found to be positioned
mainly in the MHC class I and II regions.
These regions have a significantly higher
content of AT and repetitive sequences
and a lower gene density than the MHC
class III and extended class II regions,
which contain only 10% of MARs. The
chromatin loops, anchored by MARs,
correlate positively with gene density
and GC composition. Sequence analysis
revealed that MARs in the MHC are rich
in AT and repetitive sequences, consis-
tent with previous studies (Purbowasito
et al. 2004; Shaposhnikov et al. 2007).

Our data show that there are ap-
proximately twice as many MARs in
IFNG-treated fibroblasts than untreated
fibroblasts, and these MARs are ∼50%
closer to MHC genes, representing a re-
duction in the average size of chromatin

loops. Most of the anchored sequences are situated in the classi-
cal class I and II regions and are, with few exceptions, attached
outside of genes. The same pattern of anchoring was observed in
B-lymphoblastoid cells which constitutively express the MHC
genes that are up-regulated in fibroblasts by IFNG. A recent in-
vestigation of loop organization in 300 kb of the MHC class I
region in T cells, with and without IFNG, also shows the recruit-
ment of additional MARs upon transcriptional induction (Kumar
et al. 2007). Furthermore, PML was shown to interact with SATB1
to organize the chromatin into loops. We have previously shown
that PML nuclear bodies are positioned in close spatial proximity
to the MHC (Shiels et al. 2001; Wang et al. 2004). An earlier study
on the human IFNB1 locus also showed correlation between the
recruitment of DNA sequences to the nuclear matrix and tran-
scription (Heng et al. 2004).

Independent of the transcriptional status of the MHC, MARs

Figure 3. Comparison of MARs in the MHC class II region in fibroblasts, IFNG-induced fibroblasts,
and B-lymphoblastoid cells. (A) MARs are shown relative to RefSeq genes from the UCSC web browser
(http://genome.ucsc.edu/). The distribution of MARs across the entire MHC is shown in Supplemental
Figure 2. (B) Venn diagram of MARs in the class II region in the different cell types.
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are positioned closer to genes which are differentially expressed.
Our analysis of MAR-gene distances showed that differentially
expressed genes are on average half the distance away from their
closest MAR compared to those which are constitutively ex-
pressed. These observations suggest that MARs may function as
dynamic cis-regulatory elements facilitating transcriptional regu-
lation (Heng et al. 2004; Eivazova et al. 2007).

Previous studies have proposed insulator and boundary el-
ement roles for MARs in regulating gene expression (Dunn et al.
2003; Yusufzai and Felsenfeld 2004). We found that MARs pre-
dominantly occupy intergenic regions, closely flank the differ-
entially expressed classical class I and class II genes, and cluster
near the MHC class boundaries. Comparative analysis of our data
with high resolution CTCF and DNase I hypersensitivity sites
suggests that MARs may have diverse roles in genome organiza-
tion beyond topologically constraining chromatin loops (Kim et
al. 2007; Boyle et al. 2008). Additionally, MARs could delineate
regions of open chromatin containing regulatory sequences
which are DNase I hypersensitive (Crawford et al. 2006). Our
work further suggests that a complex network of intergenic loop-
ing events occurs in the MHC upon activation consistent with
that observed by others in the HLA-DRB1 and HLA-DQA1 region
(Majumder et al. 2006, 2008).

To improve our understanding of the roles of MARs in the

MHC, the MARs in each cell type were
compared and classified into three
groups: constitutive, cell-specific, and
IFNG-dependent (Jackson et al. 1992;
Heng et al. 2004; Shaposhnikov et al.
2007). Constitutive MARs are attached
to the nuclear matrix in all cell types re-
gardless of the transcriptional status of
the MHC (Heng et al. 2001, 2004). Their
conserved matrix binding property
across these different cell types suggests
that these DNA sequences have an im-
portant role in maintaining the higher-
order chromatin structure of the MHC,
which may be facilitated by a particular,
so far unidentified, group of proteins.

Cell type-specific tethering of the MHC is likely to reflect inter-
actions between chromatin and cell type-specific nuclear matrix
proteins (Jackson et al. 1992). Studies on SATB1 have shown that
the interaction of cell type-specific matrix proteins at MARs is
critical for tissue-specific regulation of gene expression (Cai et al.
2006; Galande et al. 2007). Therefore, cell-specific MAR–protein
interactions could be involved in the distinct MHC expression
profiles of fibroblasts and B-lymphoblastoid cells. Those MARs,
which are recruited or released based on the transcriptional status
of a given genomic domain, account for the third group of an-
chors (Heng et al. 2004). They too may be associated with a
subclass of MAR-binding proteins that contributes to the regula-
tion of MHC genes dynamically in IFNG-treated fibroblasts and
constitutively in B-lymphoblastoid cells.

Our findings need to be examined in the context of our pre-
vious studies which showed that IFNG-treatment of fibroblasts was
accompanied by higher-order chromatin reorganization in the
MHC, resulting in an increase in giant external chromatin loops,
compared to untreated fibroblasts (Volpi et al. 2000). Here we
show that the number of giant loops in B-lymphoblastoid cells is
equivalent to that observed in IFNG-treated fibroblasts. We
showed recently that these giant loops represent an increase in
decondensation of local chromatin, providing a more “open”
chromatin environment (Christova et al. 2007). Decondensed

Figure 4. Comparison of gene expression profiles in the MHC of fibroblasts, IFNG-induced fibro-
blasts, and B-lymphoblastoid cells. The red line represents the log2 expression ratios of IFNG-induced
fibroblast/fibroblast ratios, and the blue line represents the B cell/fibroblast ratios. Color scheme as in
Figure 1.

Figure 5. Distances of MARs to differentially and nondifferentially expressed genes in IFNG-induced fibroblasts and B-lymphoblastoid cells. Boxplots
show the interquartile range of the data; the horizontal black lines running through each boxplot represent the median values. The whiskers extend as
far as 1.5 times the interquartile range. Any values that lie beyond the whiskers are plotted as dots.
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chromatin could facilitate chromatin–matrix interactions by in-
creasing accessibility for nuclear matrix proteins and transcrip-
tion machinery (Hart and Laemmli 1998; Kimura et al. 1999).
Furthermore, giant external chromatin loops may place the MHC
in distinct nuclear microenvironments containing specific ma-
trix proteins required for the regulation of MHC genes. Taken
together our findings indicate that there is an intimate relation-
ship between gene expression, higher-order chromatin structure,
and the association of MARs with the nuclear matrix (Fig. 6).

The MHC is the most important immunological region of
the genome and is associated with more diseases than any other
from diabetes to rheumatoid arthritis. Understanding the regu-
lation of the MHC beyond its linear DNA sequence could provide
novel targets for therapy. Our study has shown that the roles of
the genomic anchors of the MHC are linked to its expression;
thus, abnormal associations of MARs with the nuclear matrix
might play a role in certain diseases associated with the MHC.
The identification and characterization of novel components of
the nuclear matrix in combination with high throughput studies
of MARs of different species will be decisive in our understanding
of how DNA tethering contributes to the spatial and temporal
regulation of genomic function.

Methods

Cell culture
The human B-lymphoblastoid cell line, PGF, and MRC5 lung
fibroblasts were cultured in RPMI-1640 medium supplemented
with 10% fetal calf serum and L-glutamine at 37°C in a 5% CO2

atmosphere. Transcriptional up-regulation of MHC genes in
MRC5 cells was induced by adding 200 IU/mL of IFNG (recom-
binant human IFNG, R&D Systems) to the culture medium for
24 h (Darley et al. 1993).

Isolation of MAR and loop DNA fractions
The preparation of MAR and loop enriched DNA samples was
carried out essentially as described previously (Krawetz et al.
2005). Optimal extraction time was determined to be 12 min for
PGF and MRC5 cells � IFNG. The isolation of MAR and loop
DNA fractions was repeated five times for each cell line to obtain
a total of five biological replicates. Two of these replicates were
used for array hybridizations, and the other three for RT-PCR.

Construction of a tiling path array for the MHC
A tiling path array across the MHC was constructed and opti-
mized essentially as described elsewhere (Tomazou et al. 2008).
Briefly, 1747 PCR fragments of average size 2 kb covering 99.67%
of the MHC were generated and printed in quadruplicate onto
activated glass slides. The final array comprised 7832 features of
which 97% can be expected to be informative based on quality
control data.

Array hybridization
MAR and loop DNA fractions were labeled with Cy3- and Cy5-
labeled dCTPs (Amersham Biosciences) using random prime la-
beling (Bioprime DNA Labeling System, Invitrogen) as described
previously (Mulholland et al. 2006). Unincorporated nucleotides
were removed from the labeled DNA using Micro-spin G50 col-
umns. Pre-blocking of the slide and probe preparation were per-
formed as described previously (Fiegler et al. 2003). Equal
amounts (200 pmol) of Cy3- and Cy5-labeled probe were com-
bined with 100 µg of Cot-1 DNA followed by ethanol precipita-
tion. Resuspension of the pellet was done in hybridization buffer
(50% formamide, 10% dextrane sulfate, 0.1% Tween 20, 2� SSC,
and 10 mM Tris-HCl at pH 7.5). The slide was blocked with 50 µg
of Cot-1 DNA and 300 µg of herring sperm DNA dissolved in 60
µL of hybridization buffer. Blocking solution and probe mixture
were denaturated for 10 min at 80°C. The blocking solution was
placed onto the MHC tiling path array, which was incubated in
a humid chamber saturated with 20% formamide and 2� SSC for
1 h at 37°C. Meanwhile, the probe was placed at 37°C for pre-
annealing. The probe was then placed on the array, which was
incubated and placed in a humid chamber saturated with 20%
formamide and 2� SSC. Hybridization was allowed to take place
for 48 h at 37°C. The array was removed from the chamber and
placed in a Coplin jar containing 2� SSC/0.03% SDS to wash off
any excess hybridization solution. The array was then transferred
to another Coplin jar and washed in 2� SSC/0.03% SDS for 5
min at 65°C, three times in 0.2� SSC for 20 min at room tem-
perature and in PBS/0.05% Tween 20 for 10 min at room tem-
perature. Finally, the array was spin-dried and placed in a dark
chamber at room temperature.

Image and data analysis
Arrays were scanned at 532 nm (Cy3) and 635 nm (Cy5) using
the confocal scanner ScanArray 4000 (GSI Lumonics). For each

Figure 6. Model showing dynamic changes in chromatin organization
of the MHC locus upon transcriptional up-regulation. In cells that are not
expressing MHC class II genes, such as uninduced fibroblasts, the 4 Mb
MHC locus (red) is positioned within the chromosome 6 territory an-
chored by constitutive MARs (yellow) to nuclear matrix proteins (dark
green), forming stable chromatin loops. Upon up-regulation of gene ex-
pression the entire MHC locus adopts a more open, decondensed chro-
matin structure, represented by the thinning and lengthening of the
chromatin line, and the entire MHC region is repositioned outside of the
chromosome territory. IFNG-dependent MARs (light blue) are recruited
to the nuclear matrix, folding chromatin into smaller loops and facili-
tating the interaction of chromatin and transcription factors (light green).
Many IFNG-dependent MARs are positioned immediately adjacent to
genes. The constitutive MARs remain attached to nuclear matrix proteins
following transcriptional up-regulation, and some may have an insulatory
function.
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clone, a ratio of Cy5 to Cy3 fluorescent intensity was calculated
by processing the array images in TIGR Spotfinder. For each
channel the median signals were subtracted from the median
foreground signals. Log2 ratios of chA/chB were created and sub-
sequently normalized by subtracting the weighted median for
each array. Intensities were normalized between arrays using the
“quantile” method of “NormaliseBetweenArrays” function from
the Bioconductor package limma. For each clone, a mean log2

was calculated using the four replicates within each array. Pear-
son correlation coefficients were calculated between all arrays
and found to be strongest between duplicates. Summarized log2

ratios were calculated by taking a mean across duplicate arrays.
Dye-swap hybridization for each pair of arrays was performed to
normalize for any dye bias. The genomic position of the BACs
used to generate the MHC tile path arrays was established using
the NCBI build 34 assembly of the human genome.

Real-time PCR
PCR primers (Supplemental Table S2) were designed using Primer
3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_
www.cgi). Real-time PCR was performed using SYBR Green Jump-
start Taq ReadyMix kit (Sigma Aldrich), 50 ng DNA, and 2 µM
primers using Opticon2 (MJ Research). Standard curves were con-
structed and used for product quantitation. The log2 fold enrich-
ment in the MAR fraction compared to its corresponding loop
fraction was calculated and a value of +1.00 was considered sig-
nificant to validate a MAR. Enrichment values less than +1.00
validated a loop.

In order to determine a threshold to distinguish between
MAR and loop-enriched sequences, MHC regions with different
array enrichments were randomly selected and tested with RT-
PCR. Regions with array enrichments greater than log2 value of
0.4 were consistently validated and were therefore defined as
MARs. Those with a log2 value of <0.4 were defined as loops. This
threshold corresponds to 3.6 standard deviations of the average
of genomic versus genomic hybridization experiments. Different
subtypes of MARs, constitutive, cell-specific, and IFNG-
dependent, as well as negative control regions (loops) were also
randomly selected and validated (Supplemental Table S1). All
RT-PCR reactions were performed in triplicate using three bio-
logically independent samples.

Gene expression analysis
The gene expression of PGF and MRC5 cells � IFNG was deter-
mined using Affymetrix U133 plus 2.0 GeneChips (Affymetrix).
Total RNA was extracted using the QIAGEN RNeasy Mini kit. RNA
quality was assessed using an Agilent 2100 Bioanalyser. Samples
were prepared and hybridized according to the manufacturers in-
structions. Statistical analysis was performed using the open source
statistical environment R (www.r-project.org) and Bioconductor
packages (Smyth 2004). Probe set expression measures were cal-
culated using the “Affy” package’s robust multi-chip average
(RMA) default method. Probe sets exhibiting a >2-fold change
were called differentially expressed. Where multiple probe sets
mapped to the same gene, a mean fold change was taken.

Fluorescence in situ hybridization (FISH) and image analysis
Cells were harvested by standard techniques using methanol:ace-
tic acid fixation. The PAC RP1-172K2 probe was selected for the
MHC class II gene HLA-DRA and obtained from the Wellcome
Trust Sanger Institute. Probe DNA was labeled with digoxigenin-
11-dUTP (Roche) by nick-translation with the BioNick kit (Invit-
rogen) and cohybridized with FITC-labeled chromosome 6 paint
(Cambio) to fixed nuclear preparations. Signal was detected with

rhodamine-conjugated anti-digoxigenin (Vector). The nuclei
were counterstained with DAPI (200 ng/mL) and mounted in
Cityfluor antifade solution. Slides were examined with a Zeiss
Axiophot epifluorescence microscope. Separate grayscale images
were recorded with a cooled CCD-camera (Hamamatsu). Images
were pseudocolored and merged using SmartCapture X software
(Digital Scientific). The position of signal from the HLA-DRA
probe was analyzed in relation to the domain defined by the
chromosome 6–specific paint. Each chromosome homolog was
counted separately and a score derived for the percentage of loci
that were located on an external chromatin loop. Experiments
were repeated at least twice on cells from independent cultures.

In silico predictions of MARs
Chrclass (ftp.ncbi.nih.gov/pub/kondrashov/MAR/Chrclass.zip)
was used to predict the position of MARs across the MHC using
default parameters.
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