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We recently described two opposing states of transcriptional competency. One is termed ‘competent’
whereby a gene is capable of responding to trans-acting transcription factors of the cell, such that it is
active if appropriate transcriptional activators are present, though it can also be silent if activators are
absent or repressors are present. The other is termed ‘occluded’ whereby a gene is silenced by cis-acting,
chromatin-based mechanisms in a manner that blocks it from responding to trans-acting factors, such that
it is silent even when activators are present in the cellular milieu. We proposed that gene occlusion is a mech-
anism by which differentiated cells stably maintain their phenotypic identities. Here, we describe chromatin
analysis of occluded genes. We found that DNA methylation plays a causal role in maintaining occlusion for a
subset of occluded genes. We further examined a variety of other chromatin marks typically associated with
transcriptional silencing, including histone variants, covalent histone modifications and chromatin-associ-
ated proteins. Surprisingly, we found that although many of these marks are robustly linked to silent
genes (which include both occluded genes and genes that are competent but silent), none is linked specifi-
cally to occluded genes. Although the observation does not rule out a possible causal role of these chromatin
marks in occlusion, it does suggest that these marks might be secondary effect rather than primary cause of
the silent state in many genes.

INTRODUCTION

activators are present, though it can also be silent if activators
are absent or repressors are present. In the occluded state, in

A fundamental feature of multicellular organisms is the ability
of differentiated cell types to maintain their phenotypic iden-
tities over time irrespective of fluctuations in the physiological
environment of the cells (1). How, at the molecular level, the
myriad cell types in an organism manage to stably preserve
their distinct identities is an important but little understood
question in biology. One attractive idea is that the identity
of a given cell type is safeguarded by the irreversible silencing
(or ‘occlusion’) of what can be referred to as lineage-
inappropriate genes—i.c. genes whose aberrant expression
would promote alternative lineages (2—6).

This idea received considerable support from our recent
study, which identified a state of stable gene silencing that
we termed the ‘occluded’ state (2). Specifically, we showed
that the transcriptional competency of a gene can exist in
one of two states: either competent or occluded. In the compe-
tent state, a gene is capable of responding to frans-acting tran-
scription factors of the cell such that it is active if appropriate

contrast, a gene is no longer capable of responding to the
cell’s trans-acting milieu, presumably due to cis-acting chro-
matin marks, and remains silent even in the presence of acti-
vators. Experimentally, we used the ‘frans-complementation’
assay to identify occluded genes, which involves fusing two
disparate cell types and searching in fused cell for genes
silent in the genome of one fusion partner but active in the
other. The active orthologs of these genes attest to the pres-
ence of a trams-acting cellular milieu that is conducive to
the expression of the genes. Logically then, the silent ortho-
logs, which are bathed in the same milieu, must have been
blocked from the milieu’s action by the cis effect of their chro-
matin state—i.e. they are occluded.

Using trans complementation, we uncovered occluded
genes in a variety of mammalian cell types (2). Importantly,
we found that occluded genes in a given cell type tend to
include master regulators of alternative cell lineages. Further-
more, the occluded state is maintained during cell division and

“To whom correspondence should be addressed. Tel: +1 7738344393; Fax: +1 7737020271; Email: blahn@bsd.uchicago.edu

© 2009 The Author(s).

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is
properly cited.



2568 Human Molecular Genetics, 2009, Vol. 18, No. 14

is extraordinarily stable under a wide range of physiological
conditions. These results support the idea that the occlusion
of lineage-inappropriate genes could be a key mechanism by
which cell type identity is maintained.

An obvious next question to address is the biochemical
basis of gene occlusion. Numerous studies have linked
various chromatin marks—including DNA methylation,
histone variants, covalent histone modifications and the
binding of certain chromatin-associated proteins—to levels
of gene expression (7—15). These chromatin marks are thus
good starting points for investigating the biochemical basis
of occlusion. Here, we analyze a wide variety of chromatin
marks for their potential involvement in occlusion.

RESULTS
Analysis of DNA methylation using bisulfite sequencing

Our recent study identified occluded genes in a number of cell
types (2), including the human lung fibroblasts MRC-5 (here-
after denoted hLF). In the study, we fused hLF with the mouse
skeletal muscle myoblasts C2C12 (hereafter mSMM) to search
for occluded genes in hLF. Given that this fusion was intended
to interrogate the occlusion status of genes in the hLF genome,
hLF was considered the responder in the fusion, whereas
mSMM was considered the reprogrammer. We identified 24
occluded and 10 transactivated genes in hLF via fusion with
mSMM (detailed descriptions of these genes are provided in
Supplementary Material, Table S1). Experimentally, occluded
and transactivated genes were defined by gene expression pat-
terns in cells before and after fusion [see Table 1 and also refer
Lee et al. (2), for detailed definition of occluded versus trans-
activated genes]. Basically, both occluded genes and transac-
tivated genes are silent in the responder while active in the
reprogrammer prior to fusion. For occluded genes, this
expression pattern remains the same after fusion. For transac-
tivated genes, in contrast, their expression status in the respon-
der changes from silent to active upon fusion with the
reprogrammer. Transactivated genes are thus competent but
silent in the responder, and can turn on in response to the intro-
duction of transcriptional activators upon fusion.

To examine the potential role of DNA methylation in occlu-
sion, we first performed a bioinformatic survey that identified
CpG islands in 18 of 24 occluded and 4 of 10 transactivated
genes in hLF (Fig. 1A). Occluded genes thus appear somewhat
enriched for CpG islands, though this is only marginally signifi-
cant (P < 0.06 by Fisher’s exact test). We then performed exten-
sive bisulfite sequencing to analyze methylation patterns of a
subset of 10 genes, five of which were chosen from the 24
occluded genes, whereas the other five were selected from the
10 transactivated genes. Analysis was carried out on two cell
types: hLF and human skeletal muscle myoblasts (hSMM).
RT—PCR confirmed that all 10 genes are expressed in hSMM
(data not shown), indicating their competent state in these cells.
Given that most of the genes are too big for bisulfite sequencing
in their entirety, we focused on putative cis-regulatory regions
identified by cross-species sequence conservation (see Materials
and Methods). Also included in the analysis are regions surround-
ing transcription start sites (TSS) and experimentally validated
enhancer elements irrespective of conservation.

Table 1. Expression patterns of occluded, transactivated and extinguished
genes

Expression pattern in  Expression pattern in ~ Conclusion

reprogrammer responder

Before After Before After

fusion fusion fusion fusion

Active Active Silent Silent Gene in responder occluded

Active Active Silent Active Gene in responder
transactivated and hence
competent

Active Silent Silent Silent Gene in reprogrammer

extinguished

Figure 1B and C shows representative results of the methyl-
ation analysis for one occluded gene (Myf5) and one transacti-
vated gene (Actal). Results for the remaining eight genes are
presented in Supplementary Material, Fig. S1. In three of five
occluded genes (Myf5, Cacngl and Rapsn), strong differential
methylation was observed between hLF and hSMM, with at
least a subset of the regions sampled having much higher levels
of methylation in hLF than hSMM. Of the remaining two
occluded genes, Myod! showed mild differential methylation in
an enhancer far upstream of TSS, and 7#nni2 did not show differ-
ential methylation between hLF and hSMM in any of the regions
sampled. In contrast to the occluded genes, none of the transacti-
vated genes showed discernable differential methylation between
hLF and hSMM. We note that for Myf5 and Cacngl, at least some
of the methylated regions in hLF fall within CpG islands.
Although CpG islands are generally assumed to be unmethylated,
there are clear exceptions such as many X-inactivated genes,
some imprinted genes and genes abnormally silent in cancer
cells (16—18). Furthermore, normal CpG methylation can
occasionally be found in non-imprinted, non X-inactivated
genes, often in a tissue-specific manner (19—21). The methylation
within CpG islands of some occluded genes may therefore rep-
resent another example of such exceptions.

For the three occluded hLF genes that showed robust differ-
ential methylation between hLF and hSMM, the vicinity of
TSS is invariably a part of the differentially methylated
regions. We therefore used bisulfite sequencing to examine
the methylation status of TSS for the remaining 23 genes
(Ly75 is not included because it is technically refractory to
bisulfite sequencing). These remaining genes showed little or
no TSS differential methylation between hLF and hSMM,
regardless of whether they are occluded in hLF or not (Sup-
plementary Material, Fig. S2; data of TSS methylation analy-
sis also summarized in Fig. 1A). (Primer sequences of all
amplicons used in bisulfite sequencing are provided in Sup-
plementary Material, Table S2).

The above results demonstrate that for a subset of occluded
genes, the occluded state is characterized by increased methyl-
ation, especially around TSS. However, many occluded genes
do not show appreciable differential methylation in TSS
between occluded state in hLF and competent state in
hSMM, suggesting that either methylation is not involved in
conferring the occluded state to these genes or if it is involved,
it does so by acting in regions other than TSS. Data below are
in line with the latter possibility for at least some genes.
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Figure 1. Bisulfite sequencing analysis of DNA methylation. (A) The 25 occluded and 10 transactivated genes in hLF that we uncovered previously (2). The
presence or absence of CpG island in each gene is indicated, along with whether transcription start site (TSS) is differentially methylated between hLF and
hSMM. (B) DNA methylation pattern of the occluded gene Myf5. (C) DNA methylation pattern of the transactivated gene Actal. In the schema of gene structure,
exons are shown in solid bars with thick bars indicating coding regions and thin bars indicating untranslated regions. Bioinformatically identified CpG islands are
indicated. In the conservation graph, the height of peaks reflects the degree of cross-species conservation. Individual amplicons in bisulfite sequencing and their
corresponding genomic regions are indicated by brackets. Within each block of bisulfite sequencing data, columns correspond to CpG sites while rows corre-
spond to sequenced clones. Solid circles indicate methylated CpG; dots indicate unmethylated CpG.
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Figure 2. Effect of AdC (A) and TSA (B) treatment on occluded genes in hLF. RT—PCR analysis of gene expression is performed on drug-treated hLF without
fusion and drug-treated hLF fused to mSMM. hLF, human lung fibroblasts; mSMM, mouse skeletal muscle myoblasts.

Effect of drug-induced demethylation on the occluded state

To further examine whether DNA methylation contributes
causally to the occluded state, we treated hLF with the
demethylating drug 5-aza-2’-deoxycytidine (AdC) prior to
cell fusion. The treatment itself did not turn on the occluded
hLF genes. Upon fusion with mSMM, however, about half
of the occluded hLF genes showed variable levels of transac-
tivation (Fig. 2A). Yet, for the majority of these, the
expression levels of the hLF copies are notably lower than
that of the mSMM copies. This could reflect either hetero-
geneous response of cells to drug treatment or the fact that
for some of the occluded genes, demethylation only leads to
partial erasure of the occluded state. It is noteworthy that
AdC treatment can alter the occluded state of genes not
showing appreciable differential TSS methylation between
hLF and hSMM. It suggests that DNA methylation plays a
role in maintaining the occluded state of these genes, but it
does so by affecting regulatory regions outside of the immedi-
ate vicinity of TSS. These results, together with the bisulfite
sequencing data, argue that DNA methylation is a causal
factor contributing to the occlusion of at least some genes,
whereas there are likely other mechanisms that also contribute
to the occluded state.

Analysis of 20 chromatin marks by chromatin
immunoprecipitation

Besides DNA methylation, many chromatin marks have been
found to be over- or underrepresented at either silent loci of
the genome or regions believed to be heterochromatic (e.g.
the inactive X and the centromere) (12,13). We examined 20
such marks by chromatin immunoprecipitation (ChIP) fol-
lowed by PCR. These include seven histone modifications
(H3K9Ac, H3K4me3, H3K9me2, H3K9me3, H3K27me3,
H4K20mel and H4K20me3), six histone variants (HI,
H2A.X, macroH2A, H2A.Z, H2A.Bbd and CENPA) and
seven chromatin-binding proteins (YY1 which is a key com-
ponent of Polycomb repressive complex 1, SUZI2 and
EZH2 which are key components of Polycomb repressive
complex 2, PARP-1, cohesin and HP1-a and HP1-y which
are mammalian homologs of Drosophila heterochromatin

protin-1). This list contains essentially all the major chromatin
marks that have been implicated in the regulation of gene
expression. We analyzed these marks for three classes of
genes in hLF: the 24 occluded and 10 transactivated genes
as depicted in Fig. 1A, and a set of 17 actively expressed
genes randomly selected from the microarray data and vali-
dated by RT—PCR. For all these genes, we focused on
the vicinity of TSS for chromatin analysis because it is the
predominant site of differential chromatin modification
in association with gene activity (12,13,22). For a
few genes, validated enhancers were also included in the
analysis. (primer sequences of all amplicons used in
ChIP—PCR analysis are provided in Supplementary Material,
Table S3).

For the great majority of these marks, there are significant
differences between silent genes (including both occluded and
transactivated genes) and expressed genes in a manner largely
consistent with the literature (Fig. 3A). Specifically, five
marks, H3K9Ac, H3K4me3, H2A.Z, PARP-1 and cohesin, are
enriched in expressed genes relative to silent genes, with the
enrichment being most notable for H3K4me3. In contrast, 11
marks, H3K9me2, H3K9me3, H3K27m3, H4K20mel,
H4K20me3, H1, H2A.X, macroH2A, CENPA, SUZ12 and
EZH2, show the opposite trend—i.e. they are enriched in
silent relative to expressed genes, with the most notable enrich-
ment seen in H3K9me2, H3K9me3, H3K27me3 and
H4K20me3. Four marks, H2A.Bbd, YY1, HP1-a and HP1-v,
did not show any significant difference between silent and
expressed genes. In the comparison between occluded and
transactivated genes, however, none of the 20 marks showed a
significant difference between the two categories of genes.

To produce a visually more intuitive representation of the
separation in chromatin signatures among the genes, we
used principal component analysis to reduce the
20-dimensional data from the 20 marks to two dimensions.
As expected, occluded genes and transactivated genes clus-
tered closely with each other, whereas expressed genes clus-
tered separately (Fig. 3B). These data indicate that, of the
chromatin marks surveyed, silent genes (including both
occluded and transactivated genes) and expressed genes are
highly distinct from each other, whereas occluded genes and
transactivated genes are rather similar.
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Figure 3. ChIP analysis of 20 chromatin marks in hLF. Genes targeted by the analysis can be divided into silent and expressed categories, with the silent category
further divided into occluded and transactivated groups. (A) PCR quantitation of ChIP for individual genes. Each bar represents a region interrogated by a PCR
amplicon. The height of each bar represents fold-enrichment, relative to input, of each gene. P-values are calculated from these data using the 7-test and indicate
the statistical significance that two groups of genes are distinct for the chromatin mark surveyed. Error bars are based on multiple replicates of the experiment.
NS, not significant; hLF, human lung fibroblasts. (B) Principal component analysis of ChIP data across the 20 chromatin marks.
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Effect of histone deacetylase inhibitor on the occluded state

The above ChIP data failed to establish any difference in
histone acetylation between occluded and transactivated
states. To confirm that histone acetylation is not causally
involved in occlusion, we treated hLF with the histone deace-
tylase inhibitor trichostatin A (TSA) prior to cell fusion. The
treatment essentially did not alter the occluded state of hLF
genes, with only MyodI and Rcan2 showing very weak trans-
activation (Fig. 2B). This argues that, consistent with the ChIP
data, histone hypoacetylation is not causally linked to the
occluded state, even though histone hypoacetylation is
robustly associated with the lack of expression as demon-
strated by our data and many previous studies (9,12).

DISCUSSION

A variety of chromatin marks have been associated with the
silent state of genes. These marks, often referred to as ‘epige-
netic marks’ in the literature, include DNA methylation,
histone variants, covalent histone modifications and the
binding of chromatin-associated proteins, among others.
When a gene’s silent state is associated with certain chromatin
marks, it is often said to be undergoing ‘epigenetic silen-
cing’—a term that can sometimes invoke the sense that chro-
matin marks are the primary cause of silencing. In reality, it is
rarely known whether chromatin marks at a silent locus are
indeed the primary cause of silencing or just a secondary
effect (23). Consider the following rather plausible scenario.
When transcriptional activators of a gene are absent in the
cell, that gene assumes a set of chromatin marks by default.
But when transcriptional activators become available (say, as
a result of some signaling event), the gene’s silent state as
well as the associated chromatin marks is readily reverted.
In this case, chromatin marks associated with the silent state
of this gene are not the primary cause of silencing. Rather,
these chromatin marks are the secondary effect of the true
primary cause (i.e. the lack of transcriptional activators),
even if these makes play a role in the execution or enforce-
ment of silencing.

The above example shows that it is important to differen-
tiate between two situations of epigenetic silencing. In the
first situation, cis-acting chromatin marks are the primary
cause of silencing such that the affected gene remains silent
irrespective of whether transcriptional activators for that
gene are present in the cell or not. In the second situation,
the trans-acting cellular milieu is the primary cause of silen-
cing (i.e. either the absence of transcriptional activators or
the presence of transcriptional repressors in the milieu),
whereas chromatin marks are just a secondary effect even if
they participate in executing or enforcing the silent state.
The first situation is basically the occluded state, whereas
the second situation is the competent but silent state. These
two states can be distinguished by the frans-complementation
assay (2). Thus, the ftrans-complementation assay further
divides the silent portion of the genome into two classes: cis-
silenced (or occluded) genes for which cis-acting chromatin
marks are the primary cause of silencing and trans-silenced
genes for which the #rans-acting cellular milieu is the

primary cause of silencing though the chromatin state of the
genes could also be affected as a secondary effect of silencing.

In this study, we attempted to probe which specific chroma-
tin marks contribute causally to occlusion. We uncovered evi-
dence that DNA methylation plays a causal role in maintaining
occlusion for a subset of occluded genes. However, it is much
less clear whether a variety of other chromatin marks, includ-
ing histone variants, covalent histone modifications and the
binding of chromatin-associated proteins, contribute causally
to occlusion. Indeed, although many of these marks are
linked robustly to silent genes, none shows detectable differ-
entiation between the two classes of silent genes: those that
are occluded and those that are competent but silent (i.e. trans-
activated genes) (Fig. 3). As yet, it is too early to draw any
firm conclusions from this study because it relies on a
limited number of genes and focuses on the vicinity of TSS.
Nevertheless, our data do raise the possibility that some of
the repressive marks (i.e. chromatin marks traditionally associ-
ated with gene silencing such as H3K9 methylation) might
only be a secondary effect rather than the primary cause of
silencing in many cases. This is not to say that these repressive
marks do not participate in the execution or enforcement of
silencing. For example, a repressive mark can result in more
closed (i.e. tightly packed) chromatin structure such that pro-
miscuous binding by RNA polymerase is inhibited, thus redu-
cing background expression. But such a repressive mark
cannot be considered as the primary cause of silencing, if it
can be readily erased by the introduction of transcriptional
activators into the cellular milieu. In this case, trans-acting
cellular milieu rather than the repressive mark is the true
primary cause of silencing, with the existence of the repressive
mark only secondary to the trans-acting milieu.

We thus suggest, as have others (23,24), that caution be
taken when discussing the role of chromatin marks in gene
silencing so as not to imply causality when that information
is not available. We further suggest that the ability to identify
occluded genes by the frans-complementation assay provides
a hitherto unavailable functional readout of chromatin state.
With this information, one can better investigate whether a
chromatin mark (or combination of marks) plays a causal
role or a secondary role in gene silencing.

MATERIALS AND METHODS
Cell culture

The hLF, MRC-5, were obtained from ATCC (CCL-171), and
so were the mSMM C2C12 (CRL-1772). hSMM were
obtained from Cambrex (CC-2580T25). These cells were cul-
tured under standard conditions following vendors’ instruc-
tions or as described previously (2,25,26).

DNA methylation analysis

Genomic regions targeted for bisulfite sequencing were chosen
on the basis of cross-species conservation as defined by the
UCSC Genome Browser (Placental Mammal Conserved
Elements by 28-way Multiz Alignment) (27). DNA methyl-
ation analysis was performed by bisulfite mutagenesis sequen-
cing as described (28). Approximately 20 clones were



sequenced for each region of interest and sequence files were
analyzed using BiQ Analyzer software (29). Primer sequences
of all amplicons used in bisulfite sequencing are provided in
Supplementary Material, Table S2. The analysis of Ly75’s
TSS was abandoned after six primer sets failed to amplify
the region.

Chromatin analysis using ChIP

ChIP was performed essentially as described previously (30),
with the following modifications. Samples were sonicated in
7 ml aliquots for nine cycles of 20 s at 33% power using a
Fisher Sonic Dismembrator Model 500 with a 0.5 in. flat tip
horn. This amount of sonication yielded an average DNA frag-
ment size of 300 — 700 bp (data not shown). For immunopre-
cipitation from 7 x 10° cells, 40 pl of a 1:1 mixture of protein
A and protein G Dynabeads (Invitrogen) were coupled to
10 pg of antibody, and then incubated with sonicated chroma-
tin samples overnight. Immunoprecipitated chromatin was
eluted from beads in 150 pl elution buffer (50 mm Tris pH
8, 10mm EDTA, 1% SDS), digested with proteinase K
(Roche) and DNA was purified using the GenCatch PCR
Cleanup Kit (Epoch Biolabs). Semi-quantitative PCR was per-
formed with template concentration and PCR cycle tailored to
each amplicon to obtain linear range amplification. PCR pro-
ducts were resolved on agarose gel and visualized by ethidium
bromide staining. Densitometry analysis of background-
subtracted images of PCR bands was performed using the
Gel Analyzer module of ImageJ 1.37v (National Institutes of
Health, http://rsb.info.nih.gov/ij). Measured PCR band intensi-
ties were normalized to IP input controls. The value of each
data point was calculated as the average of at least three inde-
pendent replicates. Primer sequences of all amplicons used in
ChIP—-PCR analysis are provided in Supplementary Material,
Table S3.

Antibodies used for ChIP were as follows with catalog
numbers in parentheses: H3K9Ac (ab4441), H3K4me3
(ab8580), H3K9me2 (abl1220), H3K9me3 (ab8898),
H3K27me3 (ab6002), H4K20mel (ab9051), H4K20me3
(ab9053), H2A.X (ab11175), macroH2A.1 (ab37264), H2A.Z
(ab4174), H2A.Bbd (ab4175), cohesin (ab992) and HP1-y
(ab50365) were from Abcam; CENP-A (sc-22787), YY1
(sc-7341X) and PARP-1 (sc-53643) were from Santa Cruz
Biotechnology; H1 (05-457) and SUZ12 (04-046) were from
Millipore; HP1-a (2616) was from Cell Signaling Technology
and EZH2 (36-6300) was from Invitrogen.

For drug inhibition of DNA methylation, cells were plated
at 20—25% confluence and treated with 10 pum AdC until the
cells had undergone two population doublings. Cell fusion
was then carried out and fused cells were incubated for four
more days without AdC. For drug inhibition of histone acety-
lation, cells were treated with 1 ww™m trichostatin A for 24 h
until just before fusion. For both AdC and trichostatin A treat-
ment, control cells not subject to fusion were exposed to the
same temporal course of drug treatment.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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