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SUMMARY

Transcription of the lysozyme gene is rapidly induced
by proinflammatory stimuli such as treatment with
bacterial lipopolysaccharide (LPS). Here we show
that this induction involves both the relief of repres-
sion mediated by the enhancer-blocking protein
CTCF that binds to a negative regulatory element
at �2.4 kb, and the activation of two flanking en-
hancer elements. The downstream enhancer has
promoter activity, and LPS stimulation initiates the
transient synthesis of a noncoding RNA (LINoCR)
transcribed through the�2.4 kb element. Expression
of LINoCR is correlated with IKKa recruitment,
histone H3 phosphoacetylation in the transcribed
region, the repositioning of a nucleosome over the
CTCF binding site, and, eventually, CTCF eviction.
Each of these events requires transcription elonga-
tion. Our data reveal a transcription-dependent
mechanism of chromatin remodeling that switches
a cis-regulatory region from a repressive to an active
conformation.

INTRODUCTION

The inflammatory response requires the rapid activation of proin-

flammatory genes in cells of the innate immune system. Toll-like

receptors play a critical role in responding to microbial compo-

nents such as lipopolysaccharide (LPS) by activating common

signal transduction pathways such as the mitogen-activated

protein kinase family (Guha and Mackman, 2001; Ronni et al.,

2003). Specific transcription factors, such as NF-kB/Rel, AP-1

(Jun/Fos), and CAAT enhancer binding protein (C/EBP) families

are the downstream targets of LPS-induced signaling (Guha

and Mackman, 2001; Plevy et al., 1997; Stein and Baldwin,

1993).

The chicken lysozyme gene is a well-studied model to investi-

gate the effects of proinflammatory stimuli on gene expression. It

is upregulated during macrophage differentiation and reaches its

highest expression level in LPS-stimulated macrophages. Tran-

scription is controlled by three enhancers located 6.1, 3.9, and

2.7 kb upstream of the transcription start site, a complex
Mo
promoter, and a negative regulatory element at �2.4 kb (Bonifer

et al., 1997). The �2.4 kb element was shown to have silencer

activity via its ability to block the activity of the�2.7 kb enhancer

and lysozyme promoter activity independently of its position and

orientation (Baniahmad et al., 1987, 1990). Transcription factor

recruitment occurs in several steps, with the early acting tran-

scription factors such as NF1 and Fli-1 binding first to the �6.1

and �3.9 kb enhancers, followed by the recruitment of CREB-

binding protein (Kontaraki et al., 2000; Lefevre et al., 2003).

LPS stimulation leads to an additional recruitment of C/EBPb

and significant alterations in chromatin structure at the en-

hancers and promoter (Kontaraki et al., 2000; Lefevre et al.,

2005, 2003), such as a switch in the pattern of DNase I hypersen-

sitive sites (DHSs). Prior to LPS induction, DHSs are present at

the�2.4 kb element and at the�6.1 and�3.9 kb enhancers. Fol-

lowing stimulation, the DHS at the �2.4 kb element disappears,

and two new DHSs appear at the�2.7 kb enhancer and at a hor-

mone response element (HRE) at�1.9 kb. In addition, this region

contains specifically positioned nucleosomes, which are remod-

eled after LPS stimulation (Hecht et al., 1988; Huber et al., 1995,

1996; Kontaraki et al., 2000) (Figure 1A). However, neither the

exact kinetics of chromatin modification nor the nature of inter-

dependence between these regulatory elements is known.

CTCF is a highly conserved, ubiquitously expressed zinc finger

protein that plays a critical role in transcriptional regulation in

vertebrates with diverse functions including promoter repression

or activation, enhancer-blocking activity, and chromatin insula-

tion (Bell et al., 1999; Klenova et al., 2002; Ohlsson et al.,

2001). Recently, 13,804 CTCF-binding sites within the human

genome were identified that are largely invariant across different

cell types (Kim et al., 2007), suggesting that CTCF is crucial for

genome-wide transcription regulation. The �2.4 kb element

was one of the first identified targets of the transcription factor

CTCF. It is a composite regulatory element encompassing a

thyroid hormone response element (TRE) located next to the

CTCF-binding site (Baniahmad et al., 1990), and it is also func-

tional in insulator assays (Lutz et al., 2003). Binding of the thyroid

hormone receptor to the TRE abrogates the enhancer-blocking

effect of CTCF in insulator assays, although it remains tethered

to its binding site. The exact mechanism leading to the abroga-

tion of CTCF-mediated insulator activity after thyroid hormone

treatment is not understood, but specific phosphorylation and

poly-ADP-ribosylation are two reported CTCF modifications im-

portant for changes in CTCF functions (El-Kady and Klenova,
lecular Cell 32, 129–139, October 10, 2008 ª2008 Elsevier Inc. 129
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2005; Yu et al., 2004). In this respect, it is interesting to note that

CTCF has recently been shown to recruit the cohesin complex to

genomic sites and that this recruitment is crucial for the insulator

activity of CTCF (Parelho et al., 2008; Wendt et al., 2008).

In this report, we studied the mechanism of lysozyme gene ac-

tivation by proinflammatory stimuli. We show that CTCF recruits

cohesin to the lysozyme element and that LPS stimulation results

in the eviction of the CTCF/cohesin complex. This leads to the

abrogation of CTCF-mediated repression, and we demonstrate

that this eviction relies on transcription-dependent nucleosome

remodeling.

RESULTS

Induction of Lysozyme mRNA Expression Is Preceded
by Recruitment of Transcription Factors and RNA
Polymerase II to Upstream Regulatory Elements
Our previous work demonstrated that LPS treatment causes

extensive chromatin modifications within the 50 region of the

lysozyme locus (Huber et al., 1995, 1996; Lefevre et al., 2005,

2003). To investigate the molecular mechanism of this process,

we studied the order of events occurring within chromatin lead-

ing to the upregulation of the gene after LPS stimulation. As

a model, we employed the HD11 chicken monocyte cell line,

which upon LPS treatment undergoes terminal differentiation

and growth arrest. The genomic and chromatin organization of

the lysozyme locus in macrophages is summarized in Figure 1A

(Chong et al., 2002b; Huber et al., 1995). We first examined the

timing of upregulation of lysozyme mRNA levels following LPS

stimulation (Figure 1B). After stimulation, lysozyme mRNA levels

remained unchanged for at least 30 min but then doubled after

a further 15 min and after 2 hr of LPS treatment reached a plateau

corresponding to five to ten times the level present in the

untreated control.

We next measured transcription factor and RNA polymerase II

(RNA Pol II) recruitment within the 50-regulatory region during

Figure 1. The Lysozyme Gene Is LPS In-

ducible

(A) General organization of the lysozyme locus.

(B) Time course of lysozyme mRNA expression in

HD11 cells following LPS stimulation. Results

are expressed relative to GAPDH expression.

Error bars represent ± SD from three independent

experiments.

a time course of induction by chromatin

immunoprecipitation (ChIP) in HD11

cells. LPS stimulation induces a redistri-

bution of C/EBPb protein from the cyto-

plasm to the nucleus (Katz et al., 1993).

We therefore expected a rapid increase

in C/EBPb binding to lysozyme cis-regu-

latory elements. This was found at the

promoter, where C/EBPb occupancy in-

creased after 20 min of induction (Fig-

ure 2A). However, C/EBPb occupancy

changed only weakly at the �2.7 kb en-

hancer and only after 2 hr (Figure 2A). In contrast, C/EBPb pro-

gressively accumulated at the �1.9 kb HRE with similar kinetics

as observed at the promoter (Figure 2A). We next focused on AP-

1 as another LPS inducible transcription factor known to target

the lysozyme gene (Grewal et al., 1992; Phi van, 1996). Using

an antibody that recognizes all Fos family members, we detected

AP-1 binding at the �3.9 and �2.7 kb enhancers in HD11 cells

(Figure 2B), which increased after LPS stimulation. In addition,

as observed for C/EBPb, Fos/AP-1 was undetectable at the

HRE prior to LPS treatment but was bound 20 min after stimula-

tion, reaching a plateau after 45 min (Figure 2B). Furthermore,

Fos recruitment at the �2.7 kb enhancer was faster than C/

EBPb. As expected (Lefevre et al., 2003), the Ets family member

Fli-1 only bound to the�3.9 kb element, and this binding was not

LPS inducible (Figure 2C).

The level of RNA Pol II recruitment to the lysozyme gene par-

alleled the accumulation of C/EBPb and Fos/AP-1 at the�1.9 kb

element and the promoter. These data are consistent with mainly

transcriptional activation of lysozyme gene expression after LPS

stimulation. After 20–30 min following LPS treatment, RNA Pol II

was recruited to cis-regulatory elements located within 3 kb

upstream of the transcription start (Figure 2D). These data indi-

cate that (1) transcription factor binding and RNA Pol II recruit-

ment are concomitant and (2) changes observed after brief

LPS stimulation are limited to the first 3 kb of the 50-regulatory

region.

LPS Induces CTCF Eviction and Nucleosome
Remodeling within the HRE/�2.4/�2.7 kb Region
We next focused on chromatin changes within the 3 kb upstream

region during a time course of LPS induction. To this end, we

performed micrococcal nuclease (MNase) mapping of nucleo-

some positions as well as DHS analysis (Figure 3A). At

the �1.9 kb HRE, we noted the rapid induction of a strong

DHS with a parallel increase in hypersensitivity at the�2.7 kb en-

hancer. This DHS existed as two closely linked regions centered

130 Molecular Cell 32, 129–139, October 10, 2008 ª2008 Elsevier Inc.
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Figure 2. ChIP Assays of Time Course of Transcription Factor Binding and RNA Pol II Recruitment Following LPS Stimulation

Chromatin from LPS-treated HD11 cells was precipitated with antibodies for (A) C/EBPb, (B) Fos, (C) Fli-1, or (D) RNA Pol II. Increasing incubation times in minutes

are illustrated by increasing gray intensity from uninduced cells (no LPS) in white to 2 hr LPS induction in black (120 min). Data are analyzed by real-time PCR with

primers named according to their distance from the transcription start site. The amount of PCR product for each primer is expressed relative to a genomic DNA

serial dilution. Data are expressed using the following formula (specific IP/IgG)x/(specific IP/IgG)apovldl2 (with X representing a specific primer and apovldlII the

promoter of an hepatocyte-specific gene, used as negative control), and error bars represent ± SD from three independent experiments.
at �1.9 and �2.1 kb that were hypersensitive to both DNase I

and MNase. A preferential MNase digestion site detected in

the genomic DNA control at�2113 bp and the MNase site down-

stream were both protected by nucleosomes in nonstimulated

cells and became fully accessible after 30 min LPS treatment.

In the �2.4/�2.7 kb region, we noted that in untreated HD11

cells the MNase hypersensitive sites at �2366 and �2430 bp

mark the boundary of the CTCF complex occupying a �80 bp

nucleosomal linker region. The MNase sites at �2553 and

�2693 bp flank a DHS indicative of a protein complex interacting

with the �2.7 kb enhancer (Figure 3A). These results are consis-

tent with the presence of a positioned nucleosome between

�2430 and �2597 bp. After LPS induction, several chromatin

features in this region were altered. Of the two strong MNase

hypersensitive regions flanking the CTCF binding site, only

one remained, albeit weakly, at �2366 bp and an additional

region at �2553 bp downstream of the C/EBP binding site at

the�2.7 kb enhancer was preferentially cleaved. These changes

indicated the displacement of the positioned nucleosome

located at �2430 to �2597 bp to position between �2366

to �2553 bp, now occupying the CTCF binding site. This was

confirmed by densitometric analysis of the MNase data after cor-

rection for the MNase sensitivity of genomic DNA control digests

(Bert et al., 2007) (see Figure S1 available online). This result is

important because CTCF cannot bind to nucleosomal DNA (Kan-
Mo
duri et al., 2002), and this movement also frees up the C/EBP

binding site located at �2562 bp. Interestingly, in contrast

to the �1.9 kb region, nucleosome reorganization in the �2.4/

�2.7 kb region required 1–4 hr of LPS stimulation.

To directly test the consequences of this nucleosome move-

ment for CTCF binding, we measured CTCF binding by ChIP as-

says and real-time PCR after exposure to LPS. As expected,

CTCF bound to the �2.4 kb element in untreated HD11 cells

and also in the erythroblast cell line HD37. However, after LPS

treatment, CTCF binding disappeared (Figure 3B). No change

in binding was seen at another CTCF target, the chicken b-globin

cis-regulatory element HS4 (Bell et al., 1999), confirming that

eviction is lysozyme gene specific (Figure S2). Taken together,

our data indicate that LPS-induced transcription factor associa-

tion leads to significant alterations in chromatin architecture that

are incompatible with CTCF binding.

We next investigated the consequences of CTCF binding and

eviction on lysozyme transcription. We knocked down CTCF us-

ing a cocktail of three RNAi molecules, stimulated HD11 cells

with LPS 24 hr later, and measured lysozyme mRNA upregula-

tion (Figure 3C). Knockdown of CTCF mRNA and protein

(z60%) was confirmed by real-time PCR and western blotting

(Figures S3A and S3B). No difference in lysozyme mRNA levels

was measured after 24 hr of knockdown, indicating that CTCF

depletion was not sufficient to upregulate lysozyme mRNA
lecular Cell 32, 129–139, October 10, 2008 ª2008 Elsevier Inc. 131
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expression in the absence of LPS treatment. However, we ob-

served an earlier onset of induction (30 min), indicating a repres-

sive role of CTCF prior to LPS treatment. Taken together, this

shows that the upregulation of lysozyme expression is mediated

by both CTCF eviction and the LPS-induced recruitment of

transcription factors.

The �1.9 kb DHS Is a Dual Promoter/Enhancer Element
in Macrophages, and LPS Stimulation Transiently
Increases Transcription from this Element
We previously demonstrated that an increase in histone H3

lysine 4 methylation (H3meK4) correlates with the transcriptional

activity of the lysozyme gene (Lefevre et al., 2005). Here we show

that within the �1.9 and�2.7 kb regions this increase correlates

with RNA Pol II recruitment (Figure 2D). Because many tran-

scripts from eukaryotic genomes correspond to noncoding

RNAs (Mattick, 2005), we searched for such transcripts in the ly-

sozyme cis-regulatory region by using strand-specific RT-PCR

employing biotinylated primers (data not shown). We detected

an antisense transcript overlapping the �2.4/�2.7 kb region,

but not the �1.9 kb region (Figures 4A and 4B). We named this

transcript LINoCR (LPS Inducible NonCoding RNA). Using 50-

RACE and RNase protection assays, we mapped the transcrip-

tion start site of LINoCR to �2120 bp (Figures S4A and S4B).

Figure 3. The CTCF-Binding Site Is Pro-

gressively Covered by a Nucleosome, and

CTCF Is Evicted from Its Binding Site

(A) Nuclease digestion analysis of a region 3 kb

upstream of the transcription start site. Genomic

DNA isolated from DNase I (right panel) and

MNase (left panel)-treated chromatin, as well as

control genomic DNA digested with MNase,

were analyzed as described in the Experimental

Procedures. HD11 cells were treated with LPS

for 0–240 min. The deduced nucleosomal organi-

zation is depicted on the left part of the figure for

nontreated HD11 cells and on the right for HD11

cells treated with LPS for 4 hr. The transcription

start site deduced from the 50-RACE experiment

is also indicated.

(B) CTCF ChIP assays of HD37 cells (dark squares),

HD11 cells (gray circles), and HD11 cells treated

with LPS for 24 hr (gray triangles). Error bars repre-

sent ± SD from three measurements. Data are

representatives of three independent experiments.

(C) Time course of LPS-induced lysozyme gene ex-

pression 24 hr after CTCF knockdown (gray circles)

compared to the control (black squares). Data

are expressed relative to GAPDH. Error bars repre-

sent ± SD from three independent experiments.

For all other explanations, see the legend of

Figure 2.

LINoCR was detectable after 30 min of

LPS stimulation, peaked between 45 min

and 1 hr, decreased by 65% after 2 hr,

and became undetectable after 8 hr LPS

stimulation (Figure 4B). Taking into ac-

count that transcription may not be

completely shut down, this indicated a

half-life of this transcript of 45 min or less. The localization of the

transcription start site and the de novo induction of a DHS sug-

gested that the �1.9 kb element was the promoter. We therefore

cloned the�1.9 kbelement in bothorientations upstream ofa lucif-

erase gene and assayed reportergene activity after transient trans-

fection into HD11 cells with and without LPS treatment (Figure 4C).

A reporterconstructcarrying the lysozyme mRNApromoter served

as positive control. The�1.9 kb element exhibited promoter activ-

ity in the antisense orientation, but only after LPS treatment. The

�1.9 kb element has been shown to be a steroid hormone-respon-

sive enhancer element in nonmyeloid cells (Hecht et al., 1988). We

placed it upstream or downstream of the lysozyme promoter, and

the position-independent activity confirmed that this element is an

enhancer in macrophages (Figure 4D and data not shown).

In summary, we conclude that the �1.9 kb element has dual

promoter/enhancer function and that LINoCR, transcribed from

this element, reads through the �2.4 kb element with a peak of

expression correlating with the upregulation of lysozyme gene

expression after LPS treatment.

Histone H3 S10 Phosphorylation Spatially and
Temporally Correlates with LINoCR Transcription
H3 S10 phosphorylation has been previously observed at induc-

ible genes in response to mitogenic or stress stimuli (Clayton

132 Molecular Cell 32, 129–139, October 10, 2008 ª2008 Elsevier Inc.
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Figure 4. Detection of a LPS Inducible

Noncoding RNA Initiating from the �1.9 kb

Enhancer/Promoter Element

(A) Schematic of the biotinylated primers used to

identify LINoCR (depicted as an arrow) and the

position of amplicons.

(B) Time course of LINoCR expression. HD11 cells

were treated with LPS for 0–480 min. cDNA syn-

thesis was performed by using the U2.4 biotiny-

lated primer and a biotinylated primer specific for

GAPDH. Real-time PCR was performed using

primer A (black) or primer B (gray). Data are

expressed relative to GAPDH expression. Error

bars represent ± SD from three experiments.

(C and D) Transient transfection assays in HD11

cells. The black and white arrows represent the ly-

sozyme promoter and the �1.9 kb element (HRE),

respectively. The direction of the arrow illustrates

the orientation of the element. Reporter activity

was measured with (black bars) or without 7.5 hr

of LPS treatment (white bars). Data are expressed

relative to a Renilla control, and error bars repre-

sent ± SD from three independent experiments.
et al., 2000) and is associated with HP1 dissociation from hetero-

chromatin during DNA replication (Hirota et al., 2005; Mateescu

et al., 2004). We therefore tested whether this histone modifica-

tion increased upon LPS induction and whether it correlated with

CTCF eviction. To this end, we analyzed changes in both histone

H3 K9 acetylation (H3 AcK9) and H3 S10 phosphorylation during

LPS stimulation using ChIP assays with antibodies recognizing

just H3 AcK9 or both marks together on the same histone tail (Fig-

ure 5). H3 AcK9 increased at the �6.1, �3.9, �2.7, and �2.4 kb

elements from 30 min following LPS treatment and also slightly

Figure 5. ChIP Assays of the Time Course of Histone H3 K9 Acetylation, S10 Phosphorylation, and IKKa Binding Following LPS Stimulation

HD11 cells were treated with LPS, and sonicated chromatin was precipitated with antibodies for histone AcK9H3 (A), dual AcK9 + pS10 ([B] and [C], black square),

or IKKa ([C], white circle). For all other details, see legend of Figure 2. (C) Time courses for primer �2.4 Kb. Error bars represent ± SD from three measurements.

Data are representative of two experiments.
Molecular Cell 32, 129–139, October 10, 2008 ª2008 Elsevier Inc. 133
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at the promoter and the �1.9 kb element (Figure 5A). However,

the pattern and timing of dual H3 S10 phosphorylation/K9 acety-

lation after induction were different. While H3 AcK9 increased

throughout the 50-regulatory region, H3 phosphoacetylation

was restricted to the �2.4/�2.7 kb region and appeared only

transiently between 30 min and 1 hr (Figure 5B). These data sug-

gest a precise correlation between LINoCR expression and the

appearance of the histone H3 S10 phosphorylation mark.

Histone H3 phosphorylation by MSK1/2 has previously been

associated with the activation of inducible genes in response

to mitogenic or stress stimulation (Clayton et al., 2000), raising

the possibility that MSK1/2 was the responsible kinase for his-

tone H3 S10 phosphorylation at the lysozyme locus. However,

the MSK1/2 inhibitor H89 did not prevent histone phosphoryla-

tion at the �2.4 kb element (data not shown). We found instead

that IKKa was transiently recruited to the �2.4 kb element

(Figure 5C), as shown for cytokine-induced genes (Yamamoto

et al., 2003).

Figure 6. DRB Treatment Blocks IKKa Re-

cruitment, Histone H3 Phosphoacetylation,

and CTCF Eviction

(A) Real-time PCR assays LINoCR expression in

HD11 cells treated with LPS for 1 hr with or without

DRB added 15 min after the start of LPS induction.

(B) ChIP assay with an anti-histone H3 acK9 +

pS10 antibody. HD11 cells were treated with

LPS for 1 hr with (black bars) or without (white

bars) addition of DRB 15 min after the start of

LPS incubation.

(C–E) ChIP assay with anti-IKKa antibodies, with

anti-CTCF or anti-Rad21 antibodies as indicated.

Primary macrophages were incubated without

LPS or DRB (white bars) or with LPS for 3 hr with

(gray bars) or without (black bars) addition of DRB

15 min after the start of LPS incubation. Data

were generated by real-time PCR with primer

pairs (B, C, and E) named according to their

distance from the transcription start site or (D)

corresponding to the CTCF-binding site of the

mouse b-globin HS1 (black bars) or a negative

control region on chromosome 2 (white bars). For

all other explanations, see the legend of Figure 2.

Error bars represent ± SD from three measure-

ments. Data are representative of at least two

experiments.

CTCF Eviction from the �2.4 kb
Element Is Transcription
Dependent
The experiments described above dem-

onstrated that (1) after LPS induction

RNA Pol II was simultaneously recruited

to the�1.9 kb region and to the promoter,

and (2) the presence of CTCF at the �2.4

kb element delayed LPS-induced lyso-

zyme gene activation. It was also

possible that CTCF regulated LINoCR

expression. Therefore we knocked down

CTCF expression in HD11 cells with and without 1 hr LPS treat-

ment when LINoCR expression was maximal. CTCF knockdown

had no effect on LINoCR expression (Figures S3C and S3D),

indicating that LINoCR transcription was regulated by the

LPS-induced binding of transcription factors to the �1.9 kb

element.

The experiments described so far raised the possibility of a

direct link between promoter activity at the �1.9 kb element

and transcription-associated alterations of histone modifica-

tion, nucleosome repositioning, and CTCF eviction. The small

size of the �2.7/�2.4/�1.9 kb region and the importance of

precisely coordinated alterations of chromatin architecture ex-

cluded testing this hypothesis by inserting a transcription ter-

mination element that in itself spans several hundred base

pairs. We therefore blocked transcriptional elongation by using

the specific inhibitor 5,6-dichloro-1-b-D-ribofuranosylbenzimi-

dazole (DRB). It has previously been shown that short-term

DRB treatment has no influence on RNA-polymerase

134 Molecular Cell 32, 129–139, October 10, 2008 ª2008 Elsevier Inc.
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association and transcription factor binding (Mitchell and

Fraser, 2008). The onset of RNA Pol II and transcription factor

binding at the �1.9 kb element occurred within 20 min after

LPS stimulation (Figure 2). Therefore, HD11 cells were stimu-

lated with LPS for 15 min and then treated with DRB. Under

these conditions, transcriptional activation of immediate early

genes like cJun and cFos as factors necessary for mediating

LPS induction was not affected (Figure S5). In agreement

with this idea, nucleosome remodeling and the formation of

a DHS at the �1.9 kb element were unaffected (Figure S8).

However, DRB treatment completely blocked LINoCR expres-

sion, IKKa recruitment, and histone H3 S10/K9 phosphoacety-

lation at the �2.4 kb element (Figures 6A–6C).

The initial ChIP assays demonstrating CTCF eviction in

chicken cells (Figure 2B) were performed using an antibody

that is no longer available, so we explored an alternative model

system. The complete chicken lysozyme locus is expressed in

a position-independent fashion in transgenic mice and adopts

the identical chromatin structure as in chicken cells (Bonifer

et al., 1990; Huber et al., 1994; Tagoh et al., 2004). We therefore

repeated our experiments using primary macrophages from

mice carrying a single copy of the chicken lysozyme locus

(Chong et al., 2002a). This also enabled us to look for the pres-

ence of Rad21, a protein of the cohesin complex (Parelho

et al., 2008; Wendt et al., 2008). In primary mouse macrophages,

chicken lysozyme mRNA and LINoCR expression followed the

same kinetics as in HD11 cells (Figure S6). Both CTCF and

Rad21 were detected by real-time PCR at the �2.4 kb element

and were both evicted after LPS stimulation (Figure 6C), sug-

gesting that both proteins participate in regulating its activity.

However, this did not occur when LPS stimulation was followed

by DRB treatment 15 min later (Figure 6C). In contrast, the mouse

b-globin cis-regulatory element HS1, which is known to bind

CTCF (Farrell et al., 2002), also bound Rad21 but did not show

any change in the binding of either protein after LPS treatment,

again confirming that CTCF and Rad21 eviction were lysozyme

specific (Figure 6D). These data suggest that transcription is nec-

essary for the eviction of the CTCF/cohesin complex from its

binding site.

Figure 7. Analysis of Nucleosome Positioning for the �2670/�2050

bp Region Using Real-Time Quantitative PCR

Genomic DNA isolated from the mononucleosomal fraction was amplified by

real-time PCR as described in methods. Data are representative of at least

three independent experiments.

(A) Nontreated HD11 cells (black square), 1 hr LPS-treated HD11 (dark gray

circle), and 4 hr LPS-treated HD11 cells (light gray triangle).

(B) Four hour LPS-treated HD11 cells (light gray triangle); 4 hr LPS-treated

HD11 cells with DRB added 15 min after the start of LPS induction (black

circle).

(C) Nucleosomal organization deduced from (A) and (B). Gray triangles indi-

cate DHSs (Huber et al., 1995). Black and gray arrows indicate MNase

accessibility sites (Figure 3A), with changes from black to gray arrows

indicating a decrease in hypersensitivity. Superimposed nucleosomes

indicate a region in which a nucleosome can occupy several positions in

different alleles. P1–P14, primers used to measure the representation of spe-

cific DNA fragments after nuclease digestion (Figure S7). Error bars represent

± SD from three measurements. Data are representative of three indepen-

dent experiments.
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The LPS-Induced Nucleosome Shift between the �2.4
and �2.7 kb Elements Is Transcription Dependent
We next employed a real-time quantitative PCR assay to exam-

ine nucleosome positioning in the presence or absence of tran-

scription. As template, we used genomic DNA purified from the

mononucleosome fraction of chromatin from induced and nonin-

duced HD11 cells extensively digested with MNase. Overlapping

primers (P1–P14) were designed spanning the �1.9/�2.7 kb

region, with each amplicon being 60–65 bp long (Figure S7).

This approach allowed us to distinguish between nucleosomal

length-protected regions and shorter DNA regions protected

by transcription factor complexes associated with nuclease

hypersensitive sites. The results were in agreement with our

earlier prediction of the predominant nucleosome positions (Fig-

ure 3). In unstimulated HD11, maximum DNA amplification was

observed with P5 and P9–P11 primers corresponding to the nu-

cleosomal regions between �2540 and �2430 bp, and �2267

and �2200 bp, respectively. In contrast, the CTCF-containing

linker region between �2366 and �2430 bp presented a low en-

richment with P6, P7, and P8 primers (Figure 7A). Similarly, up-

stream of the �2597 bp linker MNase site, low DNA enrichment

correlated with the presence of the DHS encompassing the

�2.7 kb enhancer (P1–P4). Here the amount of nucleosomal

material detected further decreased after stimulation, correlating

with the full activation of the �2.7 kb enhancer element.

Inducible nucleosome reorganization was also detected in the

region flanking the �1.9 kb HRE (P12–P14). While nucleosomes

occupied most of the�2310 to�2050 bp region in unstimulated

cells, the region from �2100 to �2050 bp was predominantly

nucleosome-free in stimulated cells after 1 hr (Figure 7A). This

remodeled region corresponds to one of the two nuclease hyper-

sensitive regions seen in Figure 3A that define the inducible

�1.9 kb DHS and most likely the boundary of the LINoCR

promoter. The CTCF-containing linker region (P6–P8) became

progressively more protected in stimulated cells and was

predominantly nucleosomal after 4 hr of LPS treatment. We

observed a parallel decrease in signal at the �2550 bp position

(P5), confirming that LPS induces movement of a nucleosome

from a position occupying the C/EBP site to a position occupying

the CTCF site.

After DRB treatment, no alteration of nucleosome positioning in

noninduced HD11 cells was observed (Figures S8A and S8B).

Significantly, DRB treatment 15 min after LPS stimulation blocked

relocation of the nucleosome from the C/EBP site to the CTCF site

(seen with P5 and P6, Figure 7B). Transcription dependence of

nucleosome remodeling at the �2.4 kb element was specific for

this region, since DRB treatment had no effect on any other

LPS-induced chromatin alterations downstream and upstream

these two transcription factor-binding sites. Therefore, DNA

amplification with P7 and P8 primers designed in the CTCF-

containing linker region significantly increased after LPS and

DRB treatment compared to untreated cells, suggesting that full

occupancy at �2.7 and �1.9 kb elements restricted the position

of the nucleosomes in the vicinity of the �2.4 kb element. These

results were independently confirmed by two indirect end-label-

ing experiments (Figure S8). Taken together, these experiments

demonstrate a close link between transcription, nucleosome

remodeling at the �2.4 kb element, and CTCF eviction.
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DISCUSSION

LPS Induction Activates a cis-Regulatory
Element with Dual Enhancer/Promoter Function
The �1.9 kb promoter/enhancer is an interesting example of an

element exerting differential inducible functions in two different

tissues (oviduct and macrophages). It was previously shown to

be important for the steroid-inducible expression of lysozyme

in nonmyeloid cells (Hecht et al., 1988). Here we provide insights

into the role of this element in myeloid cells and into the molec-

ular mechanism of its activation. The�1.9 kb element is the only

lysozyme 50 cis-regulatory element that is not occupied by tran-

scription factors prior to induction, underlining the importance of

the chromatin environment for these proteins to access their

DNA-binding sites. It binds AP-1 and C/EBPb 20 min after LPS

induction, and activation is associated with extensive remodel-

ing of the underlying chromatin. Two inducible MNase and

DHSs located at �2.1 and �1.9 kb flank the predicted start

site at �2.0 kb and most likely represent regions in which nucle-

osomes have been displaced.

As a promoter, the �1.9 kb element drives the transient ex-

pression of a noncoding transcript (LINoCR), which reads

through the �2.4 kb element. After LPS induction, transcription

factor and RNA Pol II are rapidly and simultaneously recruited

to both promoters, and LINoCR expression is detected prior to

increased lysozyme mRNA expression. Our CTCF knockdown

experiments showing that CTCF/cohesin interferes only with ly-

sozyme mRNA expression explain this timing discrepancy and

suggest that LINoCR transcription is a prerequisite for the abro-

gation of the repressive activity of CTCF. They also demonstrate

that this repressive activity is context dependent.

LPS Stimulation Leads to CTCF Eviction
from the �2.4 kb Element
An important result from this study is our finding that CTCF is

evicted from its binding site after LPS stimulation. Previous

publications have established that CTCF enhancer-blocking

functions could be regulated, but without change in CTCF oc-

cupancy (El-Kady and Klenova, 2005; Lutz et al., 2003). We

also established that Rad21, a protein of the cohesin complex,

colocalizes with CTCF at the lysozyme locus as observed at

other gene loci (Parelho et al., 2008; Wendt et al., 2008), provid-

ing an interesting example of an enhancer-blocking element bi-

secting a regulatory region and repressing gene expression.

Both proteins are evicted from the �2.4 kb element. In yeast,

transcription elongation into cohesin-associated sites results

in local dissociation of cohesin/chromosome interaction

(Bausch et al., 2007). This observation suggests a possible

role of LINoCR transcription in the eviction of the CTCF/cohesin

complex, and we indeed observed that CTCF and Rad21 evic-

tion from the �2.4 kb element was transcription elongation de-

pendent. LINoCR is highly unstable, and we were unable to

knock it down by siRNA, indicating that targeted molecules

may be already on their way for degradation. This makes it dif-

ficult to completely exclude an effect of LINoCR on CTCF/co-

hesin eviction in trans but supports the idea that transcription

itself has a regulatory function. This observation is also consis-

tent with the reported short half-life of other ncRNAs impacting
c.
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on gene regulation in cis, such as the imprinting-regulating an-

tisense transcript Air (Seidl et al., 2006). In addition, we did not

observe a delay between LINoCR transcription and histone H3

acetylation/phosphorylation. These data argue in favor of a fast

deactivation of the CTCF-associated repressive complex rather

than a trans-acting effect.

CTCF Eviction Is Associated with Transcription-
Dependent Repositioning of a Nucleosome over
the CTCF-Binding Site
Differential CTCF binding has been shown to involve differential

methylation at imprinted genes (see, for example, Schoenherr

et al., 2003). As the CTCF site at the �2.4 kb element does not

contain a CpG, our results argue for an important role of chroma-

tin structure in the eviction of CTCF. Histone H3 phosphorylation

has been associated with the eviction of HP1 from heterochro-

matin during DNA replication (Hirota et al., 2005; Mateescu

et al., 2004). However, it is not known whether CTCF, like HP1,

is capable of interacting with histone tails. Therefore, elonga-

tion-dependent recruitment of the IKKa kinase and phosphoryla-

tion at the �2.4 kb element may be associated with the destabi-

lization of a CTCF-associated silencing complex (Lutz et al.,

2000). It has indeed been shown that CTCF loses its repressive

properties after phosphorylation (El-Kady and Klenova, 2005).

However, our analysis of the nucleosome positioning before

and after LPS treatment indicates an additional mechanism

ensuring permanent CTCF eviction that employs nucleosome re-

positioning to prevent the reassociation of CTCF with its binding

site after LPS stimulation.

Remarkably, DRB treatment only affected CTCF/cohesin evic-

tion and LPS-induced repositioning of the nucleosome over the

CTCF-binding site. These observations rule out an unspecific

effect of DRB on transcription factor binding, chromatin struc-

ture, and LPS signaling. CTCF cannot bind once its target site

is covered by a nucleosome (Kanduri et al., 2002). Our data are

consistent with the idea that, in the context of the �2.4 kb ele-

ment, the CTCF/cohesin complex prevents the full activation of

the �2.7 kb enhancer and that the passage of the RNA Pol II

complex together with histone H3 S10 phosphorylation and

a concomitant destabilization of nucleosomes induces a reset-

ting of the chromatin structure over the CTCF-binding site and

allows additional C/EBPb proteins to be recruited to the

�2.7 kb enhancer.

In summary, we have identified a mechanism that employs

transcription-dependent alterations in chromatin architecture for

the inducible regulation of the lysozyme gene (Figure S9). It has

been suggested that as much as 98% of the transcriptional input

in human genome does not encode for protein (Mattick, 2005).

Therefore, the ability of intergenic transcription to alter the regula-

tory properties of cis-elements as exemplified by the lysozyme

gene may provide a general mechanism of gene regulation.

EXPERIMENTAL PROCEDURES

Cell Culture

The chicken cell lines HD11 (Beug et al., 1979) and HD37 (Graf et al., 1992)

were grown in Dulbecco’s modified Eagle’s medium as previously described

(Lefevre et al., 2005). Where indicated, HD11 cells were treated with 5 mg/ml
M

LPS (Sigma) and 200 mM 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole

(DRB) (Alexis).

Reverse Transcriptase-PCR

Total RNA was prepared and standard RT-PCR performed as previously

described (Lefevre et al., 2005). Detection of the intergenic transcripts was

performed according to a previous publication (Tagoh et al., 2004), using the

following biotinylated primers for the cDNA synthesis: U2.4, CTGAATTGCAAA

GCAGGAGT; and GAPDH, ATCAGTTTCTATCAGCCTCT. Relative expression

was calculated as a ratio of specific transcript to GAPDH (for primer se-

quences, see Table S1).

Chromatin Immunoprecipitation Assays and Real-Time

PCR Analysis

ChIP was performed exactly as previously described (Lefevre et al., 2003), with

1 mg anti-NFkB (Santa Cruz sc-7151X), anti-histone H3 phospho S10 and ace-

tyl K9 (Abcam ab12181), anti-Fos (Santa Cruz sc-253X), anti-Fli-1 (Santa Cruz

sc-356X), anti-CTCF (Upstate Biotechnology), and anti-C/EBPb antibodies,

except for experiments described in Figures 2D, 5A, and 6. For these two

experiments, samples were diluted with IP buffer containing 0.3% SDS to

obtain a final solution of 107 cells/ml in 0.2% SDS. Chromatin was sonicated

2 3 15 min using a Bioruptor 200 (Diagenode). Prior to sonication, Dynabeads

protein A (Invitrogen) were washed twice with IP buffer containing 0.2% SDS.

Beads (10 ml) were added to 90 ml IP buffer with 0.2% SDS and 1 mg anti-RNA

Pol II (Santa-Cruz sc-900X), anti-AcK9 (Abcam ab444-1), anti-CTCF (Upstate

Biotechnology 07-729), anti-Rad21 (Abcam ab992), or IgG control (Upstate

12-370) in a PCR plate and incubated on a rotator for 2 hr at 4�C. Sonicated

chromatin (100 ml) was transferred to the PCR plate containing the antibody-

bead complexes and rotated again for 2 hr at 4�C. After immunoprecipitation,

beads were washed and eluted as previously described. The rest of the proce-

dure, including primers used for Real-time PCR quantification, was as

described in Lefevre et al. (2003).

Nucleosome Mapping by Indirect End Labeling

DNase I treatment of cells and naked DNA was performed as previously

described (Lefevre et al., 2005). MNase digestions of HD11 and indirect end

labeling were performed using isolated nuclei as described previously (John-

son et al., 2004). With 10 mg of each, different DNA preparations digested

with 20U SphI (New England Biolabs) for 3 hr at 37�C and stopped with 53

loading dye 20% Ficoll (Sigma), 1% SDS (Sigma), and 0.05% bromophe-

nolblue (Sigma). The probe abutting the Sph I site (�3165 to �2865 bp) was

prepared by PCR using a plasmid containing the full sequence of the lysozyme

locus as a template with the following primers: fwd, TACTTAGGAGGG

TGTGTGTG, and rev, GCACCTTGAAGATTTGTT. The probe was gel purified

using a QIAquick Gel Extraction Kit (QIAGEN).

Stealth RNAi Transfection

Transfection was performed according to the manufacturer’s recommenda-

tions (Invitrogen). Briefly, HD11 cells were trypsinized and resuspended at

the concentration of 2 3 105 cells/400 ml of normal medium. Lipofectamine

2000 (2.5 ml) was diluted in 50 ml Opti-MEM reduced serum medium

without serum (Invitrogen). After 5 min incubation, this solution was added to

60 pmol of Stealth RNAi oligomer previously diluted in 50 ml of the same me-

dium. After 20 min incubation, oligomer-Lipofectamine 2000 complexes

were added to each well of a 24-well plate containing 400 ml of cells and me-

dium. LPS stimulation was carried out 24 hr later. A cocktail of 3 3 20 pmol of

Stealth RNAi oligomers was used to target CTCF (see Table S1).

Transient Transfection

DNA fragments carrying the lysozyme promoter (�376 to +17 bp) and the

�1.9 kb element (�2132 to �1877 bp) were cloned in both orientations into

the luciferase vector pXPG (Bert et al., 2000). Transfection was performed us-

ing jetPEI (polyplus/Qbio gene) and the dual reporter luciferase assay system

(Promega). HD11 cells were seeded at 1.5 3 105 cells/well for 24-well plates in

500 ml of culture medium. Twenty-four hours prior to transfection, 0.25 mg/well

test plasmid and 150 pg/well Renilla luciferase plasmid (pRL-CMV) were mixed

with 0.5 ml/well JetPEI into 100 ml of 150 mM NaCl. After 30 min, the solution
olecular Cell 32, 129–139, October 10, 2008 ª2008 Elsevier Inc. 137
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was added to the cells and incubated for 2 hr. Medium (2 ml) was added and

cells were incubated for an additional 11 hr before stimulation with

5 mg/ml LPS for 7.5 hr before performing standard luciferase assays.

Nucleosome Mapping Using Real-Time Quantitative PCR

Genomic DNA purified from the mononucleosome fraction was prepared as

previously published (Lefevre et al., 2005). Real-time PCR was performed by

using primer pairs listed in Figure S7, and the DNA concentration of each am-

plicon was determined by comparison to a serial dilution of genomic DNA.

Data are expressed using the following formula, [concentration]amplicon/avera-

ge([concentration]contolA and [concentration]contolB), with control primers A and

B designed within the Apovldl2 promoter and 10 kb upstream the lysozyme

TSS, respectively (Lefevre et al., 2005).

SUPPLEMENTAL DATA

The Supplemental Data include nine figures and one table and can be found with

this article online at http://www.molecule.org/cgi/content/full/32/1/129/DC1/.

ACKNOWLEDGMENTS

We thank Gina Doody, Peter Laslo, and Hiromi Tagoh for advice and critical

comments on the manuscript. We thank Achim Leutz and Elisabeth Ko-

wentz-Leutz for anti-C/EBPb antibodies. This research was supported by

grants from the Wellcome Trust and the Biotechnology and Biological Sciences

Research Council (BBSRC). J.W. is a recipient of a BBSRC studentship grant.

Received: February 1, 2008

Revised: April 29, 2008

Accepted: July 30, 2008

Published: October 9, 2008

REFERENCES

Baniahmad, A., Muller, M., Steiner, C., and Renkawitz, R. (1987). Activity of two

different silencer elements of the chicken lysozyme gene can be compensated

by enhancer elements. EMBO J. 6, 2297–2303.

Baniahmad, A., Steiner, C., Kohne, A.C., and Renkawitz, R. (1990). Modular

structure of a chicken lysozyme silencer: involvement of an unusual thyroid

hormone receptor binding site. Cell 61, 505–514.

Bausch, C., Noone, S., Henry, J.M., Gaudenz, K., Sanderson, B., Seidel, C.,

and Gerton, J.L. (2007). Transcription alters chromosomal locations of cohesin

in S. cerevisiae. Mol. Cell Biol. 27, 8522–8532. Published online October 8,

2007. 10.1128/MCB.01007-07.

Bell, A.C., West, A.G., and Felsenfeld, G. (1999). The protein CTCF is required

for the enhancer blocking activity of vertebrate insulators. Cell 98, 387–396.

Bert, A.G., Burrows, J., Osborne, C.S., and Cockerill, P.N. (2000). Generation

of an improved luciferase reporter gene plasmid that employs a novel mecha-

nism for high-copy replication. Plasmid 44, 173–182.

Bert, A.G., Johnson, B.V., Baxter, E.W., and Cockerill, P.N. (2007). A modular

enhancer is differentially regulated by GATA and NFAT elements that direct

different tissue-specific patterns of nucleosome positioning and inducible

chromatin remodeling. Mol. Cell. Biol. 27, 2870–2885.

Beug, H., von Kirchbach, A., Doderlein, G., Conscience, J.F., and Graf, T.

(1979). Chicken hematopoietic cells transformed by seven strains of defective

avian leukemia viruses display three distinct phenotypes of differentiation. Cell

18, 375–390.

Bonifer, C., Vidal, M., Grosveld, F., and Sippel, A.E. (1990). Tissue specific and

position independent expression of the complete gene domain for chicken

lysozyme in transgenic mice. EMBO J. 9, 2843–2848.

Bonifer, C., Jagle, U., and Huber, M.C. (1997). The chicken lysozyme locus as

a paradigm for the complex developmental regulation of eukaryotic gene loci.

J. Biol. Chem. 272, 26075–26078.

Chong, S., Kontaraki, J., Bonifer, C., and Riggs, A.D. (2002a). A functional

chromatin domain does not resist X chromosome inactivation: silencing of
138 Molecular Cell 32, 129–139, October 10, 2008 ª2008 Elsevier In
cLys correlates with methylation of a dual promoter-replication origin. Mol.

Cell. Biol. 22, 4667–4676.

Chong, S., Riggs, A.D., and Bonifer, C. (2002b). The chicken lysozyme chro-

matin domain contains a second, widely expressed gene. Nucleic Acids

Res. 30, 463–467.

Clayton, A.L., Rose, S., Barratt, M.J., and Mahadevan, L.C. (2000). Phosphoa-

cetylation of histone H3 on c-fos- and c-jun-associated nucleosomes upon

gene activation. EMBO J. 19, 3714–3726.

El-Kady, A., and Klenova, E. (2005). Regulation of the transcription factor,

CTCF, by phosphorylation with protein kinase CK2. FEBS Lett. 579, 1424–

1434.

Farrell, C.M., West, A.G., and Felsenfeld, G. (2002). Conserved CTCF insulator

elements flank the mouse and human beta-globin loci. Mol. Cell. Biol. 22,

3820–3831.

Graf, T., McNagny, K., Brady, G., and Frampton, J. (1992). Chicken ‘‘erythroid’’

cells transformed by the Gag-Myb-Ets-encoding E26 leukemia virus are multi-

potent. Cell 70, 201–213.

Grewal, T., Theisen, M., Borgmeyer, U., Grussenmeyer, T., Rupp, R.A., Stief,

A., Qian, F., Hecht, A., and Sippel, A.E. (1992). The �6.1-kilobase chicken

lysozyme enhancer is a multifactorial complex containing several cell-type-

specific elements. Mol. Cell. Biol. 12, 2339–2350.

Guha, M., and Mackman, N. (2001). LPS induction of gene expression in

human monocytes. Cell. Signal. 13, 85–94.

Hecht, A., Berkenstam, A., Stromstedt, P.E., Gustafsson, J.A., and Sippel, A.E.

(1988). A progesterone responsive element maps to the far upstream steroid

dependent DNase hypersensitive site of chicken lysozyme chromatin.

EMBO J. 7, 2063–2073.

Hirota, T., Lipp, J.J., Toh, B.H., and Peters, J.M. (2005). Histone H3 serine 10

phosphorylation by Aurora B causes HP1 dissociation from heterochromatin.

Nature 438, 1176–1180.

Huber, M.C., Bosch, F.X., Sippel, A.E., and Bonifer, C. (1994). Chromosomal

position effects in chicken lysozyme gene transgenic mice are correlated

with suppression of DNase I hypersensitive site formation. Nucleic Acids

Res. 22, 4195–4201.

Huber, M.C., Graf, T., Sippel, A.E., and Bonifer, C. (1995). Dynamic changes in

the chromatin of the chicken lysozyme gene domain during differentiation of

multipotent progenitors to macrophages. DNA Cell Biol. 14, 397–402.

Huber, M.C., Kruger, G., and Bonifer, C. (1996). Genomic position effects lead

to an inefficient reorganization of nucleosomes in the 50-regulatory region of

the chicken lysozyme locus in transgenic mice. Nucleic Acids Res. 24,

1443–1452.

Johnson, B.V., Bert, A.G., Ryan, G.R., Condina, A., and Cockerill, P.N. (2004).

Granulocyte-macrophage colony-stimulating factor enhancer activation

requires cooperation between NFAT and AP-1 elements and is associated

with extensive nucleosome reorganization. Mol. Cell. Biol. 24, 7914–7930.

Kanduri, M., Kanduri, C., Mariano, P., Vostrov, A.A., Quitschke, W., Lobanen-

kov, V., and Ohlsson, R. (2002). Multiple nucleosome positioning sites regulate

the CTCF-mediated insulator function of the H19 imprinting control region.

Mol. Cell. Biol. 22, 3339–3344.

Katz, S., Kowenz-Leutz, E., Muller, C., Meese, K., Ness, S.A., and Leutz, A.

(1993). The NF-M transcription factor is related to C/EBP beta and plays

a role in signal transduction, differentiation and leukemogenesis of avian

myelomonocytic cells. EMBO J. 12, 1321–1332.

Kim, T.H., Abdullaev, Z.K., Smith, A.D., Ching, K.A., Loukinov, D.I., Green,

R.D., Zhang, M.Q., Lobanenkov, V.V., and Ren, B. (2007). Analysis of the ver-

tebrate insulator protein CTCF-binding sites in the human genome. Cell 128,

1231–1245.

Klenova, E.M., Morse, H.C., 3rd, Ohlsson, R., and Lobanenkov, V.V. (2002).

The novel BORIS + CTCF gene family is uniquely involved in the epigenetics

of normal biology and cancer. Semin. Cancer Biol. 12, 399–414.

Kontaraki, J., Chen, H.H., Riggs, A., and Bonifer, C. (2000). Chromatin fine

structure profiles for a developmentally regulated gene: reorganization of the
c.

http://www.molecule.org/cgi/content/full/32/1/129/DC1/


Molecular Cell

CTCF Eviction Linked to LPS Stimulation
lysozyme locus before trans-activator binding and gene expression. Genes

Dev. 14, 2106–2122.

Lefevre, P., Melnik, S., Wilson, N., Riggs, A.D., and Bonifer, C. (2003). Devel-

opmentally regulated recruitment of transcription factors and chromatin mod-

ification activities to chicken lysozyme cis-regulatory elements in vivo. Mol.

Cell. Biol. 23, 4386–4400.

Lefevre, P., Lacroix, C., Tagoh, H., Hoogenkamp, M., Melnik, S., Ingram, R.,

and Bonifer, C. (2005). Differentiation-dependent alterations in histone methyl-

ation and chromatin architecture at the inducible chicken lysozyme gene.

J. Biol. Chem. 280, 27552–27560.

Lutz, M., Burke, L.J., Barreto, G., Goeman, F., Greb, H., Arnold, R., Schulth-

eiss, H., Brehm, A., Kouzarides, T., Lobanenkov, V., and Renkawitz, R.

(2000). Transcriptional repression by the insulator protein CTCF involves

histone deacetylases. Nucleic Acids Res. 28, 1707–1713.

Lutz, M., Burke, L.J., LeFevre, P., Myers, F.A., Thorne, A.W., Crane-Robinson,

C., Bonifer, C., Filippova, G.N., Lobanenkov, V., and Renkawitz, R. (2003). Thy-

roid hormone-regulated enhancer blocking: cooperation of CTCF and thyroid

hormone receptor. EMBO J. 22, 1579–1587.

Mateescu, B., England, P., Halgand, F., Yaniv, M., and Muchardt, C. (2004).

Tethering of HP1 proteins to chromatin is relieved by phosphoacetylation of

histone H3. EMBO Rep. 5, 490–496.

Mattick, J.S. (2005). The functional genomics of noncoding RNA. Science 309,

1527–1528.

Mitchell, J.A., and Fraser, P. (2008). Transcription factories are nuclear

subcompartments that remain in the absence of transcription. Genes Dev.

22, 20–25.

Ohlsson, R., Renkawitz, R., and Lobanenkov, V. (2001). CTCF is a uniquely ver-

satile transcription regulator linked to epigenetics and disease. Trends Genet.

17, 520–527.

Parelho, V., Hadjur, S., Spivakov, M., Leleu, M., Sauer, S., Gregson, H.C., Jar-

muz, A., Canzonetta, C., Webster, Z., Nesterova, T., et al. (2008). Cohesins

functionally associate with CTCF on mammalian chromosome arms. Cell

132, 422–433.
Mo
Phi van, L. (1996). Transcriptional activation of the chicken lysozyme gene by

NF-kappa Bp65 (RelA) and c-Rel, but not by NF-kappa Bp50. Biochem. J. 313,

39–44.

Plevy, S.E., Gemberling, J.H., Hsu, S., Dorner, A.J., and Smale, S.T. (1997).

Multiple control elements mediate activation of the murine and human interleu-

kin 12 p40 promoters: evidence of functional synergy between C/EBP and Rel

proteins. Mol. Cell. Biol. 17, 4572–4588.

Ronni, T., Agarwal, V., Haykinson, M., Haberland, M.E., Cheng, G., and Smale,

S.T. (2003). Common interaction surfaces of the toll-like receptor 4 cytoplas-

mic domain stimulate multiple nuclear targets. Mol. Cell. Biol. 23, 2543–2555.

Schoenherr, C.J., Levorse, J.M., and Tilghman, S.M. (2003). CTCF maintains

differential methylation at the Igf2/H19 locus. Nat. Genet. 33, 66–69.

Seidl, C.I., Stricker, S.H., and Barlow, D.P. (2006). The imprinted Air ncRNA is

an atypical RNAPII transcript that evades splicing and escapes nuclear export.

EMBO J. 25, 3565–3575.

Stein, B., and Baldwin, A.S., Jr. (1993). Distinct mechanisms for regulation of

the interleukin-8 gene involve synergism and cooperativity between C/EBP

and NF-kappa B. Mol. Cell. Biol. 13, 7191–7198.

Tagoh, H., Melnik, S., Lefevre, P., Chong, S., Riggs, A.D., and Bonifer, C.

(2004). Dynamic reorganization of chromatin structure and selective DNA de-

methylation prior to stable enhancer complex formation during differentiation

of primary hematopoietic cells in vitro. Blood 103, 2950–2955.

Wendt, K.S., Yoshida, K., Itoh, T., Bando, M., Koch, B., Schirghuber, E., Tsut-

sumi, S., Nagae, G., Ishihara, K., Mishiro, T., et al. (2008). Cohesin mediates

transcriptional insulation by CCCTC-binding factor. Nature 451, 796–801.

Yamamoto, Y., Verma, U.N., Prajapati, S., Kwak, Y.T., and Gaynor, R.B.

(2003). Histone H3 phosphorylation by IKK-alpha is critical for cytokine-

induced gene expression. Nature 423, 655–659.

Yu, W., Ginjala, V., Pant, V., Chernukhin, I., Whitehead, J., Docquier, F., Farrar,

D., Tavoosidana, G., Mukhopadhyay, R., Kanduri, C., et al. (2004). Poly(ADP-

ribosyl)ation regulates CTCF-dependent chromatin insulation. Nat. Genet. 36,

1105–1110.
lecular Cell 32, 129–139, October 10, 2008 ª2008 Elsevier Inc. 139


	The LPS-Induced Transcriptional Upregulation of the Chicken Lysozyme Locus Involves CTCF Eviction and Noncoding RNA Transcription
	Introduction
	Results
	Induction of Lysozyme mRNA Expression Is Preceded by Recruitment of Transcription Factors and RNA Polymerase II to Upstream Regulatory Elements
	LPS Induces CTCF Eviction and Nucleosome Remodeling within the HRE/-2.4/-2.7 kb Region
	The -1.9 kb DHS Is a Dual Promoter/Enhancer Element in Macrophages, and LPS Stimulation Transiently Increases Transcription from this Element
	Histone H3 S10 Phosphorylation Spatially and Temporally Correlates with LINoCR Transcription
	CTCF Eviction from the -2.4 kb Element Is Transcription Dependent
	The LPS-Induced Nucleosome Shift between the -2.4 and -2.7 kb Elements Is Transcription Dependent

	Discussion
	LPS Induction Activates a cis-Regulatory Element with Dual Enhancer/Promoter Function
	LPS Stimulation Leads to CTCF Eviction 	from the -2.4 kb Element
	CTCF Eviction Is Associated with Transcription-Dependent Repositioning of a Nucleosome over the CTCF-Binding Site

	Experimental Procedures
	Cell Culture
	Reverse Transcriptase-PCR
	Chromatin Immunoprecipitation Assays and Real-Time 	PCR Analysis
	Nucleosome Mapping by Indirect End Labeling
	Stealth RNAi Transfection
	Transient Transfection
	Nucleosome Mapping Using Real-Time Quantitative PCR

	Supplemental Data
	Acknowledgments
	References


