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The monocyte chemoattractant protein 1 gene (MCP-1) is regulated by TNF through an NF-kB-dependent
distal enhancer and an Sp1l-dependent promoter-proximal regulatory region. In the silent state, only the distal
regulatory region is accessible to transcription factors. Upon activation by tumor necrosis factor, NF-kB binds
to the distal regulatory region and recruits CBP and p300. CBP and p300 recruitment led to specific histone
modifications that ultimately enabled the binding of Spl to the proximal regulatory region. During this
process, a direct interaction between the distal and proximal regulatory regions occurred. Sp1l, NF-«B, CBP,
and p300 were required for this interaction. CBP/p300-mediated histone modifications enhanced the binding
of the coactivator CARM1 to the distal regulatory region. CARM]1, which is necessary for MCP-1 expression,
was not required for distal-proximal region interactions, suggesting that it plays a later downstream activation
event. The results describe a model in which the separation of the distal enhancer from the promoter-proximal
region allows for two independent chromatin states to exist, preventing inappropriate gene activation at the
promoter while at the same time allowing rapid induction through the distal regulatory region.

By definition, enhancers function to regulate genes from a
distance in a position- and orientation-independent manner (6,
7, 54). Yet despite this simple definition, enhancers are ex-
tremely complex and have the capacity to assemble a multitude
of regulatory factors, coactivators, and chromatin remodeling
proteins. How such factors function as a unit to ultimately
recruit an RNA polymerase complex to the promoter of a gene
so that it can initiate transcription from a distance has yet to be
fully understood. Here, we use a model tumor necrosis factor
(TNF)-inducible enhancer system to explore the mechanism of
coactivator action when recruited to a distal enhancer.

TNF-a is a potent primary mediator of inflammatory re-
sponses and can induce apoptosis in a number of tumor cell
types (9, 11, 13). TNF-mediated cell survival and gene induc-
tion responses occur through the activation and nuclear trans-
location of the transcription factor NF-«B (3, 5, 19, 27, 39, 41).
NF-kB is composed of homo- or heterodimeric complexes of
RelA (p65), c-Rel, RelB, p50, and p52. The most common
form is the heterodimeric RelA/p50 complex. The RelA sub-
unit contains the canonical Rel homology domain that char-
acterizes the family of proteins as well as a transcriptional
activation domain (TAD). The transcriptional activity of RelA
has been reported to be controlled in part through posttrans-
lational modifications of each of the above domains (reviewed
in reference 29). Phosphorylation of S276 and S311 is associ-
ated with the ability of RelA to interact with the transcriptional
coactivators CREB-binding protein (CBP) and p300 (65).
Whereas both sites can be modified in response to TNF, mi-
togen- and stress-activated kinase 1 and protein kinase C{
modify S276 and 311, respectively (29). The TAD modifica-
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tions are believed to be associated with the recruitment of
general transcription factors (43).

In several genes, such as IkBa (17) and human immunode-
ficiency virus long terminal repeat (45), the NF-kB regulatory
regions are located close to the promoter and contain Spl1 sites.
RelA and Spl have been shown to interact, and such interac-
tions are important for gene activation. The monocyte che-
moattractant protein 1 gene (MCP-1) is distinct from this ar-
rangement. The MCP-1 gene encodes a CC chemokine (also
known as CCL2) responsible for the recruitment of monocytes,
T lymphocytes, natural killer cells, and basophils to areas of
inflammation and infection (4, 52, 53). Regulation of MCP-/
by TNF involves two regulatory regions—distal and proxi-
mal—separated by 2.2 kb of DNA (50). The two functional kB
sites located on the distal regulatory region and GC box on the
proximal regulatory region are critical in the regulation of
MCP-I induction by TNF (12, 47, 49, 50). The two MCP-1 kB
sites are unoccupied in the absence of TNF stimulation. More-
over, in the uninduced state, the proximal region GC box,
which binds Spl, and two additional sites are unoccupied,
despite the fact that Spl and the other factors are in the
nucleus and able to bind DNA (47, 49, 50). These data sug-
gested that the chromatin configuration of the proximal region
of the MCP-1 gene is inaccessible to these factors until NF-«xB
is recruited to the distal regulatory region.

TNF-mediated induction of MCP-1 is accompanied by in-
creases in histone acetylation at both the distal and proximal
regions as well as within the intervening sequences separating
the two regulatory regions (12). Histone acetylation was de-
pendent on RelA but not NF-kB p50 (12). Infection of cells
with adenovirus expressing wild-type Ela or transient expres-
sion of Ela resulted in inhibition of TNF-induced expression
of MCP-1 (12), suggesting a role for CBP/p300, as Ela is
known to squelch the activity of CBP/p300 (2, 23, 26, 46, 61).
As cited above, phosphorylated NF-«kB can recruit the histone
acetyltransferases (HAT) CBP and p300. While the HAT ac-
tivity of these factors could easily alter the local chromatin
configuration of the distal regulatory region where NF-«B
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binds, it is not clear how such factors might alter the chromatin
configuration within the proximal regulatory region located 2.2
kb away.

The coactivator-associated arginine methyltransferase 1,
CARMI, was found to regulate several TNF-induced genes,
including MCP-1 (18). CARM1 was initially found to modify
histones and enhance gene expression (15). More recently,
CARM1 has been shown to methylate CBP and p300 in mul-
tiple positions and modulate their activity (16, 35, 60). Intrigu-
ingly, the histone modifications catalyzed by CBP/p300 (his-
tone H3 K14 and K18) create a substrate target for the binding
of CARMI1 and subsequent arginine methylation of histone H3
at R17 (1, 8, 20). The latter modification has been linked to
gene activation and transcription. Thus, while it is easy to
envision how the multiple coactivators may modulate nucleo-
some architecture at a promoter site, the question of how a
distal regulatory region controls a proximal promoter at a
distance of 2.2 kb is considerably more complex and becomes
critical to understanding how NF-kB and distant enhancers
function.

To investigate the mechanism by which the NF-«kB distal
MCP-1 regulatory enhancer region functions, we have taken
advantage of DNA and protein-protein cross-linking technol-
ogies that permit the analysis of the local chromatin architec-
ture (chromatin conformation capture [3C] assay) (22, 24, 34,
37,55, 57, 58) and factor assembly and posttranslational mod-
ifications of nucleosomes associated with a regulatory region
(chromatin immunoprecipitation [ChIP]) (33). We found that,
in response to TNF, a specific interaction forms between the
proximal and distal regulatory regions that is dependent on
RelA and Spl. Complementation of p65-deficient cells with a
RelA S276A mutation did not restore the interaction, suggest-
ing a specific role for CBP and p300 in the ability of the two
regulatory regions to interact. Indeed, the loss of either CBP or
p300 by small interfering RNA (siRNA) knockdown resulted
in the loss of both the interaction and MCP-1 expression,
suggesting that both of these factors are required for the for-
mation of the interaction and that the interaction is critical to
gene expression. Importantly, CBP/p300 knockdown results in
the loss of specific modifications at the distal and proximal
region and in the loss of Spl binding to the proximal region,
suggesting that CBP/p300 recruitment controls the accessibility
of the proximal regulatory region. CARM1 was found by ChIP
to be associated with the distal regulatory region in response to
TNF, as were modifications associated with its activity. In the
absence of CARMI, distal and proximal region interactions
occur but MCP-1 induction did not. This study therefore pro-
vides evidence for an ordered series of events that suggest that
the MCP-1 distal NF-kB enhancer functions by recruiting
HATS that open the local chromatin structure until it can form
a stable interaction with proximal promoter element factors
and then recruit the general transcription machinery.

MATERIALS AND METHODS

Cells and cell culture. NIH 3T3 fibroblasts cells were purchased from the
American Type Culture Collection (Manassas, VA). NFkB p65~/~ (RelA) cells
were kindly provided by D. Baltimore (California Institute of Technology, Pas-
adena, CA). Cells were grown in Dulbecco’s minimal essential medium
(DMEM) supplemented with 10% bovine calf serum (HyClone, Inc., Logan,
UT), penicillin (50 U/ml), streptomycin (50 pg/ml), and L-glutamine (1 mM)
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(Life Technologies, Grand Island, NY). CARMI1 knockout (37/7) cells and
wild-type (13*/*) murine embryonic fibroblasts (MEF) were a generous gift from
M. T. Bedford (University of Texas, Smithville, TX) and grown as described
elsewhere (18). Human recombinant TNF was purchased from Genzyme (Cam-
bridge, MA) and used at 500 U/ml for 2 h unless other times are specified in the
experiment details (12).

Reporter assay. Plasmids expressing different mutants of p65 were initially
obtained from Sankar Ghosh (Yale University, New Haven, CT) and recloned
into the pcDNA3.1 expression vector. Wild-type p65 and mutant constructs were
transiently cotransfected with an MCP-I promoter-dependent chloramphenicol
acetyltransferase (CAT) reporter construct (pJECAT) in p65~/~ cells by elec-
troporation methods described previously (48). One microgram of an alkaline
phosphatase expression vector (pSV2AlkPhos) was cotransfected as a transfec-
tion efficiency control (51, 63). Cells were harvested 72 h posttransfection, and
CAT activity was determined as previously described (28). Alkaline phosphatase
activity was assayed using a kit from Bio-Rad (Richmond, CA). At least three
transfections and CAT assays were performed for each experiment shown. The
data were averaged, normalized to the alkaline phosphatase activity, and plotted
with standard errors of the means.

Chromosome conformation capture assay. A modified version of the 3C assay,
adapted for mammalian cells (55, 57), was used. Cells (4 X 10°) were resus-
pended in 50 ml DMEM supplemented with 10% bovine calf serum. The samples
were cross-linked at room temperature for 10 min in 2% formaldehyde. The
reaction was quenched by the addition of 0.125 M glycine. Cells were lysed in
cold lysis buffer (0.34 M sucrose, 10 mM Tris, 10 mM NaCl, 1% NP-40) con-
taining protease inhibitors, and the nuclei were collected. The nuclei were
washed once with 1X restriction buffer (buffer 4; New England Biolabs, Beverly,
MA), resuspended in restriction buffer containing 0.3% sodium dodecyl sulfate
(SDS), and incubated for 1 h at 37°C while being shaken. To sequester the SDS,
2% Triton X-100 was added and the nuclei were incubated for 1 h at 37°C. The
cross-linked DNA was digested overnight with 500 to 800 units Ncol restriction
enzyme (New England Biolabs, Inc.). The restriction enzyme was inactivated by
the addition of SDS to 1.6% and incubation at 65°C for 20 min. The reaction
mixture was diluted 20-fold with T4 DNA ligase buffer (New England Biolabs,
Inc.) and 1% Triton X-100 and incubated for 1 h at 37°C. The DNA was ligated
using 1,000 units T4 DNA ligase (New England Biolabs, Inc.) for 4 h at 16°C
followed by 30 min at room temperature. Proteinase K (10 wg/ml; GIBCO,
Maryland) was added to the ligation mixtures and incubated overnight at 65°C to
reverse the cross-links. The DNA was extracted with phenol-chloroform and
precipitated with ethanol. The purified DNA (100 ng for untransfected cells and
300 ng for transfected cells) was used as a PCR template with the following
primer pair sets: P1, 5'-ATGGCATCTCTCAACTTGTTCA, and P2, 5'-CCTG
GCTATCATCACATTACCTTC-3'; P3, GGAGGAGGACAGTGACTAGC,
and P4, GGTGCTTCCAGAATGCTTCC. Additional control primers used in-
cluded P5, CTCCACGACTCTCTATGAAAGACAAATC, and P6, GGTATCT
TGATTTCCTCCTTCC. Twenty-five to 30 PCR cycles were performed, with
each cycle including 30 s at 95°C, 30 s at 60°C, and 45 s at 68°C. The PCR
products were analyzed on 1.5% agarose gels. Each 3C assay was performed at
least three times with independent cross-linked samples. Similar results were
obtained for each experiment. The 3C assay product was sequenced and found
to represent the predicted junction. Some 3C products were quantitated by
scanning gels and using the “Quantity One” software package for imaging and
analyzing one-dimensional electrophoresis gels (Bio-Rad, Inc., version 4.2). The
results are expressed as the averages from three experiments with standard
deviations.

ChIP assays. ChIP assays were performed as previously described (10). The
anti-RelA/p65 (C-20, sc-372), anti-CARMI, anti-Sp1, anti-dimethyl-H3-Arg17,
and anti-H3-lysine-14 antibodies were purchased from Upstate Biotechnology,
Inc. (Lake Placid, NY). The anti-H3-lysine-K18 was either from Upstate Bio-
technology, Inc., or Abcam, Inc. (Cambridge, United Kingdom). The following
primer sets were used to amplify the distal regulatory region and proximal
regulatory region of the MCP-1 gene, respectively: distal, FWDChip2, 5'-TTTC
CACGCTCTTATCCTACTCTGC, and RVChip2, 5'-TTGTCTGTTTCCCTCT
CACTTCAC; proximal ProxFW2, 5'-TACCAAATTCCAACCCACAGTTTC,
and ProxRv2, 5'-GAGAGCTGGCTTCAGTGAGAG.

RNA extraction and RT-PCR. Total RNA was isolated from cells using the
RNAecasy kit (QIAGEN, Valencia, CA). cDNA synthesis by SuperScript II
reverse transcriptase (Invitrogen, Inc., Carlsbad, CA) was performed using the
GeneAmp RNA PCR kit (PerkinElmer, Boston, MA) according to the manu-
facturer’s instructions. Two micrograms of total RNA was used per sample, and
each reaction mixture contained a parallel control with no reverse transcriptase
added. One-twentieth of the reverse transcriptase reactions were analyzed by
real-time PCR as described previously (42). The reactions were subjected to 40
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FIG. 1. An interaction between the distal and proximal regulatory regions of the MCP-I gene forms following TNF stimulation. (A) A schematic
representation of the 3C assay and the architecture of the MCP-1 promoter with cis regulatory sites with selected restriction sites and primer positions
(P1 through P4) is shown. In the 3C assay, cells were fixed with formaldehyde and chromatin was isolated and digested with Ncol. Following inactivation
of the restriction enzyme, the sample was diluted and subjected to DNA ligation such that only intramolecular ligations would be preferred. The
cross-links were then reversed, and the DNA was purified. PCR primers P1 and P2 were used to detect the formation of the novel ligated 3C product.
Primers P3 and P4 were used to verify that similar levels of MCP-I DNA were present in the assay and that the DNA was amplifiable. Products from
the 3C assay were examined on agarose gels stained with ethidium bromide. (B) NIH 3T3 cells treated in the absence (—) (lanes 1 to 4) or presence (+)
(lanes 5 to 8) of TNF for 2 h were processed in the above 3C assay with and without formaldehyde (CH,O) or DNA ligase, as indicated, to control for
specificity of the protocol. M, DNA marker. (C) Purified mouse genomic DNA was processed in the 3C assay and demonstrates that the unique PCR
product cannot form with naked DNA templates. (D) Kpnl cleaves the PCR product generated by the 3C assay, producing the anticipated DNA
fragments as shown on the agarose gel. (E) PCR amplification of the 3C product and the non-3C product display similar relative efficiencies. PCR
products generated from undigested genomic DNA (1,207 bp) and DNA from a 3C assay (713 bp) were quantitated by fluorometry and used as templates
in PCRs to determine if there were major differences in their PCR efficiency. DNA templates (40 pg, 8 pg, and 1.6 pg) were amplified by primers P1 and
P2 under identical PCR conditions. (F) Chromatin isolated from TNF-treated or control cells fixed with formaldehyde was subjected to Ncol digestion
as indicated. Following deproteination, the DNA was purified and analyzed by PCR using the indicated primers. Because the ligation step of the 3C assay
was not performed, P1/P2, P1/P6, and P2/P5 PCR products can only be observed when Ncol was omitted from the reaction, indicating that the chromatin
is accessible to restriction digestion even in the absence of TNF.

cycles of PCR amplification in a Bio-Rad, Inc., iCycler and detection system. All
results were normalized to the levels of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA. The sequence of primers used in reverse transcrip-
tion (RT)-PCR or real-time PCR of the MCP-I gene were published previ-
ously (36). At least three independent experiments were performed, and
results were averaged.

siRNA knockdown experiments. SMART pool siRNAs for mouse CBP and
p300 were purchased (Dharmacon RNA Technologies) to knock down the ex-
pression of CBP and p300 genes, respectively. NIH 3T3 cells were transfected
using TransIT-TKO transfection reagent following the manufacturer’s instruc-

tions (Mirus, Inc., Madison, WI). TNF was added at 500 U/ml for 2 h after 48 h
of incubation of 50 nmol of the respective siRNAs. The samples were prepared
in parallel either for western, RT-PCR, ChIP, or 3C assay as indicated.
Western blot analysis. Whole-cell lysates were prepared by lysing cells with 2
SDS-polyacrylamide gel electrophoresis loading buffer (Bio-Rad, Inc.). Proteins
were separated by SDS-polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride membrane. The membrane was blocked with 10%
nonfat dry milk and probed with either anti-CARM1 (Upstate Biotechnology,
Inc.), anti-RelA/p65 (C-20, sc-372), anti-p300 (sc-585), anti-CBP (sc-369), anti-
Sp1 (Sc-39), or anti-GAPDH antibodies (Santa Cruz Biotechnology, California)
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wild-type MEF line for their ability to form the MCP-1 3C product. Cells were treated with TNF as indicated (+, present;
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formaldehyde was excluded in some experiments to control for nonspecific events. Only the wild-type (WT MEF) cells were able to generate a 3C
assay product, suggesting that the 3C product is mediated by the factors bound to the DRR and PRR and that interactions between these regions
occur in response to TNF. (B) Western blots for the presence of RelA, Sp1, or actin were conducted on the indicated cell lines. The lower migrating
Spl band in the Sp1~/~ cells represents the N-terminal portion of Sp1 that is expressed in the knockout line. As described by Marin et al., this

mutant is inactive in DNA binding and transactivation (38).

for 1 h. Anit-RelA/p65 antibodies from Abcam, Inc. (12145-30), were also used.
The membranes were rinsed twice with phosphate-buffered saline containing
0.1% Tween 20 and incubated for 1 h with the appropriate horseradish peroxi-
dase-conjugated secondary antibody. Membranes were extensively washed with
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FIG. 3. MCP-1 mRNA accumulation and distal/proximal region
interactions are coincident events. (A) MCP-1 mRNA is detectable in
the cytoplasm after 15 min of TNF stimulation and increases over the
first hour of the time course. Real-time RT-PCR was carried out on
RNA isolated from NIH 3T3 cells treated with 500 units of TNF for
the indicated time. The results from three independent assays were
averaged following normalization to the levels of GAPDH mRNA
detected by real-time RT-PCR. (B) The 3C product was not detected
until 15 min of TNF stimulation. NIH 3T3 cells treated with TNF for
the indicated time were assayed using the 3C assay described above.
The presence (+) of the formaldehyde (CH,O) was required for gener-
ation of the 3C product. (C) The 3C product increased in intensity over
the first hour of the time course and was present at 2 h. Images from
stained agarose gels, representing data from three independent sample
sets, were quantitated and averaged as described in Materials and Meth-
ods. The mean data are plotted with their standard deviations.
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phosphate-buffered saline containing 0.1% Tween 20 and incubated with en-
hanced chemiluminescence substrate (Amersham Life Sciences, Arlington
Heights, IL) for 1 min and placed on film.

RESULTS

TNF induces an interaction linking a distal NF-kB en-
hancer to a proximal Spl-regulated element. MCP-I is regu-
lated by two distinct modules (Fig. 1A). The distal regulatory
region (DRR) containing two NF-«kB sites is required for TNF
responsiveness (25, 50). The proximal regulatory region (PRR)
encodes an essential GC box that binds Sp1 (49, 50) and is also
required for TNF-mediated induction. Importantly, Sp1 bind-
ing does not occur until the gene is activated by TNF, suggest-
ing that the distal and proximal regions interact in some man-
ner (12, 50). To explore this possibility, the 3C assay (22, 34, 57,
58) was developed for the MCP-1 gene (Fig. 1A) using NIH
3T3 cells, which are highly inducible for MCP-1 expression (25,
48-50). In this assay, nuclei from formaldehyde-treated cells
were subjected to Ncol digestion. Following enzyme inactiva-
tion and intramolecular DNA ligation, the cross-links are re-
versed and the presence of the unique ligation junction, which
is indicative of an interaction between the distal and proximal
regions, was assessed by PCR and termed a 3C product (21, 34,
57-59).

To test the efficacy of this system, NIH 3T3 cells were left
untreated or treated with TNF for 2 h and the 3C assay was
conducted (Fig. 1B) in the presence and absence of formalde-
hyde and/or DNA ligase. A 3C product was observed only
following TNF induction, and detection of this product re-
quired the addition of formaldehyde and DNA ligase. Because
a 3C product was detected only during TNF induction and not
in uninduced cells, it was likely that random ligation events
were not occurring. However, a number of critical controls
were carried out to verify that the system was in fact working
properly. First, a series of PCRs demonstrated that each of the
treated samples contained similar levels of amplifiable MCP-1
DNA (Fig. 1A and B, primers P3 and P4). Second, the inter-
action did not occur when the 3C assay was carried out with
purified genomic DNA (Fig. 1C). Third, the PCR product
generated can be cleaved with Kpnl, providing the exact-sized
fragments produced from the predicted ligation reaction (Fig.
1D). Sequencing of the 3C product confirmed the exact se-
quence predicted by the ligation of the adjoining Ncol frag-
ments.
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FIG. 4. The Rel homology domain and serine 276 of RelA are required for expression and distal/proximal region interactions. A series of RelA
mutants (A) were transfected into RelA-deficient cells and tested for their ability to drive expression of the endogenous gene (B) or an MCP-1
promoter CAT reporter gene (C) and for their ability to form the 3C product on the endogenous MCP-1 locus (D). TNF was not added to these
assays, as overexpression of RelA is sufficient to bypass sequestration in the cytoplasm (48). All RelA expression constructions that contained a
wild-type (WT) Rel homology domain were able to drive MCP-I expression and generate a 3C product. (A) A schematic of the MCP-1 reporter
gene construct (pJECAT2.6) and of the RelA p65 domain structure is shown. RHD, rel homology domain; TAD, transcriptional activation domain.
Phosphorylatable serine residues shown to be important for RelA activity are indicated. (B) Real-time RT-PCR of MCP-I mRNA levels from
RelA-deficient cells transiently transfected as above with the indicated plasmids were normalized to the amount of GAPDH mRNA and plotted
as the percentage of the wild-type RelA transfectant. The averages of results from three independent transfections are shown. (C) RelA-deficient
cells transfected with the indicated RelA expression vector and the MCP-1 reporter. CAT values, derived from an enzyme-linked immunosorbent
assay for CAT protein, normalized to the expression of an alkaline phosphatase expression vector were averaged from three experiments. (D) The
3C assay was carried out on the indicated plasmids transfected into the RelA-deficient cells as above. (E) Images from stained agarose gels
representing three independent assays of the experiment shown in panel D were quantitated and plotted as described in Materials and Methods.
(F) Western blots performed on cells transfected with the RelA mutant series show similar levels of expression between wild-type and mutant
proteins. Different antibodies were used due to the loss of epitopes in some of the mutants (left blot, sc-372 [Santa Cruz, Inc.]; right blot, 12145-30
[Abcam, Inc.]).

One additional possibility was that the absence of a 3C NF-kB and Spl are required for distal/proximal region in-
product might be due to the inability of the restriction enzyme, teractions. Previously, Spl and the RelA, interacting at the
Ncol, to digest the chromatin templates of the TNF control PRR and DRR, respectively, were found to be essential for
samples. To test if the region was being digested during the 3C TNF-mediated activation of MCP-1 (12, 48, 49). In genes
assay, chromatin from formaldehyde-cross-linked cells was iso- where NF-kB and Spl1 are both present at a proximal regula-
lated and restriction digested with Ncol or left undigested. tory region, they have been found to cooperatively bind DNA
Following deproteination, the samples were PCR amplified (14, 45). Additionally RelA and Sp1 have been found to inter-
with primers P1/P2 as in the 3C assay. Primers P1 and P2 can act in the absence of DNA (45). Such results suggest that the
amplify naked genomic DNA with or without the intervening interactions shown by the 3C assay may be dependent on these
Ncol fragment with similar relative efficiencies (Fig. 1E). Irre- proteins. To determine if this is indeed the case, the 3C assay
spective of TNF treatment, chromatin samples digested with was conducted on MEF lines deficient for RelA or Spl and
Ncol failed to produce the full-length 1,207-bp product (Fig. compared to a wild-type MEF line. The results demonstrated that
1F), demonstrating that the chromatin is accessible to Ncol 3C product formation required both of these factors (Fig. 2A), as
digestion and that digestion is relatively efficient. Additionally, the 3C product was detected in wild-type MEFs but not in
PCR amplification across each Ncol site only occurred in the either RelA- or Spl-deficient cells. Western blot analysis shows

absence of Ncol, indicating that both sites were accessible in that the RelA- and Spl-deficient cells each express wild-type
the absence of TNF (Fig. 1F). Thus, the 3C assay is functional levels of Spl and RelA, respectively (Fig. 2B). Coupled with
in this system and can provide information addressing poten- the previous observations that the sequences between the PRR

tial interactions between the proximal and distal regulatory and DRR are dispensable for MCP-I regulation (48), the
regions of the MCP-1 gene. present data suggest that the interactions observed in the 3C
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FIG. 5. CBP and p300 are required for MCP-1 expression and distal/proximal region interaction. siRNAs to CBP, p300, or both were
transfected into NIH 3T3 cells. Cells were incubated for 48 h and then treated with TNF for 2 h. (A) Western blot analysis of the transfected cells
using antibodies to CBP (a-CBP), p300 (a-p300), RelA (a-p65), Spl (a-Spl), and GAPDH (a-GAPDH), demonstrating specificity and efficacy
of the siRNA. (B) In similar siRNA transfections, MCP-I expression was measured by real-time RT-PCR. (C) The 3C assay was performed on
the transfected cells treated with TNF as above. All siRNA transfections and assays were performed at least three times with identical results. +,

present; —, absent.

assay are mediated by the factors bound at the DRR and PRR
and possibly by RelA and Spl.

3C product formation is coincident with MCP-1 expression.
If DRR and PRR interactions play a significant role in the
regulation of MCP-I transcription, such interactions and gene
expression should occur with similar kinetics. Cells were stim-
ulated with TNF over a 2-h time course (Fig. 3). MCP-I
mRNA was detected as quickly as 15 min after TNF exposure
and was expressed throughout the time course (Fig. 3A). Anal-
ysis of similarly treated cells revealed that the 3C product
could be detected as early as 15 min following TNF treatment
(Fig. 3B and C). The intensity of the 3C signal increased to a
maximum at 60 min and displayed nearly similar kinetics as the
accumulation of MCP-1 RNA steady-state levels, demonstrat-
ing that 3C product and distal/proximal region interactions
coincided with expression, suggesting that such interactions
may be a prerequisite for expression.

The Rel homology domain of RelA is required for MCP-1
expression and distal/proximal region interactions. To deter-
mine the domains of RelA that may mediate the observed
interactions between the DRR and PRR, a series of deletion
constructions targeting critical regions of RelA were generated
and transfected into RelA-deficient MEFs along with or with-
out an MCP-1 promoter reporter construction (Fig. 4A). The
endogenous locus-derived MCP-1 mRNA (Fig. 4B) or the ac-
tivity of a cotransfected reporter gene (Fig. 4C) was assayed.
While important for maximal expression of the MCP-I re-
porter construct, deletions encompassing the bulk of the C-
terminal domain of RelA, including the transcriptional activa-
tion domain, were not essential for activity in this system (Fig.
4B and C). The C-terminal half of RelA (amino acids 310 to

550) was inactive. The endogenous locus was slightly more
sensitive to the absence of the C-terminal region of RelA but
did display >30% of wild-type RelA activity in its absence (Fig.
4B, RelA1-309). The Rel homology domain was essential and
is the region known to interact with Spl.

To test whether mutations in RelA that affect the ability to
recruit CBP or p300 would alter expression of MCP-I in re-
sponse to TNF, the single amino acid substitution mutant
S276A was assayed as above. S276 phosphorylation in response
to TNF is associated with CBP binding and RelA function (29,
64, 65). In both the reporter and endogenous MCP-1 mRNA
assays, the S276A mutation showed only background levels of
induction of MCP-1 (Fig. 4B and C).

The above mutants were also tested for their ability to me-
diate interactions between the distal and proximal regions (Fig.
4D and E). All constructions that were able to induce MCP-1
gene expression were able to generate a 3C assay product.
Importantly, no 3C product was observed in cells comple-
mented with the S276A mutation, suggesting that interaction
with CBP and/or p300 is likely to be important for MCP-1
expression and the distal/proximal region interactions. This
conclusion is supported by the fact that the adenovirus Ela
protein can interfere with MCP-I expression (12). Ela can
sequester CBP/p300 from acting on non-Ela-regulated genes
(26, 44). Moreover, because RelA mutants that lacked the
TAD were modestly functional, the results suggest that inter-
actions with CBP/p300 are sufficient to provide a transactiva-
tion signal, albeit not a complete signal. Western blots of the
transfected mutant series showed that each of the RelA mu-
tants expressed similar levels of protein (Fig. 4F).
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FIG. 6. CARMI1 is required after the distal and proximal regions
interact. CARM1-deficient MEFs were used to assay its role in MCP-1
activation. (A) Immunoblot analysis confirms that CARM1 protein is
absent in the mutant cells and that CBP, p300, RelA (p65), Spl, and
GAPDH protein levels are unaffected. «, anti. (B) CARM1-deficient
cells fail to activate MCP-1 in response to TNF. Real-time RT-PCR
was conducted on RNA samples that were isolated from wild-type (wt)
and CARM1-deficient (m) MEFs following no TNF stimulation (=) or
2 h of TNF stimulation (+). Real-time RT-PCR values were normal-
ized to the amount of GAPDH mRNA in the samples and plotted with
respect to the wild-type sample induced with TNF. The average of
three independent experiments is shown. (C) An interaction forms
between the proximal and distal regulatory regions regardless of
whether CARMLI is present. The 3C assay as described above was
performed on wild-type and CARMI1-deficient (mut) MEFs. All sam-
ples in this assay were derived from cells treated with TNF. All exper-
iments were performed three times with identical results.

CBP and p300 are critical to interactions between the prox-
imal and distal regulatory regions. To demonstrate a direct
role for CBP and p300 in the regulation of MCP-1 expression,
SMART pool siRNAs (Dharmacon, Inc.) to these transcripts
were used to knock down the expression of these factors in
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NIH 3T3 cells. Following transfection of siRNAs, Western blot
assays were conducted to examine the level of CBP and p300
protein (Fig. 5A). The results showed that protein levels for
each factor were reduced by greater than 90% by their respec-
tive siRNA pools but not by an siRNA to the green fluores-
cence protein (GFP). Importantly, knockdown of CBP or p300
did not affect each other, nor did any of the siRNAs tested
affect the steady-state protein levels of RelA, Spl, or GAPDH,
suggesting that the siRNAs were specific to their targets. In a
parallel experiment, siRNA-transfected cells were treated with
TNF and examined for their ability to stimulate MCP-/ mRNA
expression. The results showed that MCP-I mRNA was re-
duced to 32 and 39% of wild-type levels when CBP and p300
siRNAs were used, respectively (Fig. 5B). Thus, each of these
factors is required for expression. When siRNA pools to both
CBP and p300 were used, the ability of TNF to induce MCP-1
mRNA was reduced to 21% of the control (Fig. 5B). This value
was significantly lower than the single siRNAs (P < 0.041),
indicating an additive effect.

Also tested in parallel with the above siRNA transfections
was the ability of distal and proximal regulatory regions to
interact in cells with reduced levels of CBP and/or p300. In-
deed, knockdown of CBP, p300, or both results in the inability
of the cells to form the regulatory region interaction (Fig. 5C).
Control siRNA to GFP- or mock-treated cells were able to
form the 3C product under the conditions tested. These results
place CBP and p300 in the pathway for MCP-1 gene activation.
Because RelA binding is necessary for CBP and p300 recruit-
ment to NF-kB dependent genes, it is likely that CBP and p300
recruitment follow the binding of NF-«B to the distal regula-
tory region.

CARML1 is necessary for expression but not distal/proximal
region interactions. The arginine methyltransferase CARM1 is
known to interact with and modify CBP and p300 (1, 18, 60)
and was recently found to regulate TNF induction of MCP-1
(18). To examine the role of CARMI in this system, CARM1-
deficient MEFs were compared to wild-type MEFs. To deter-
mine if CARM1 cells have a deficiency in the factors necessary
for activation in this system, immunoblots for CBP, p300, Sp1,
and RelA were performed. The results showed that CARM1-
deficient cells lacked CARM1 but had wild-type (or near wild-
type) levels of CBP, p300, Sp1, and RelA (Fig. 6A). As antic-
ipated, CARM1-deficient cells were not inducible for MCP-1
expression by TNF (Fig. 6B). Intriguingly, when tested, a 3C
product was detected from CARMI ™'~ cells in response to
TNF. Thus, CARM1 is required for gene activation but not
distal/proximal region interactions. These data therefore sug-
gest that recruitment of CARMI1 follows the recruitment of
CBP/p300 and is required for a downstream activation event.

CBP/p300-mediated histone modifications are enhanced at
the proximal and distal regulatory regions, but CARM1 mod-
ifications are only present at the distal region. Previous anal-
ysis of the MCP-1 upstream sequences showed that, following
TNF treatment, an increase in histone H3 acetylation occurred
at the distal and proximal regulatory regions (12). The HAT
activites of CBP and p300 are known to acetylate histone H3
at lysine 14 and 18 (1, 20). To determine if known CBP and
p300 modifications occurred in the MCP-I regulatory re-
gions, ChIP assays using antibodies specific to these modi-
fications were conducted following a 2-h time course of TNF
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FIG. 7. CARMI binds to and modifies the distal regulatory region in a time course that follows CBP/p300 histone modifications. ChIP assays
coupled with real-time PCR for the distal and proximal regulatory regions were conducted with antibodies to p65, CARM1, and to the indicated
histone modifications following TNF treatment of NIH 3T3 and CARM1-deficient cells for the indicated time. The data from three separate
chromatin preparations and assays were averaged and plotted as relative increases over an irrelevant antibody control.

treatment (Fig. 7). In addition, the binding of RelA to each
region was assayed. As expected, in a TNF-dependent manner,
RelA associated with the distal but not proximal regulatory
region. ChIP for histone H3 K14 and K18 found TNF-depen-
dent increases (maximum of 10- to 16-fold) at both regulatory
regions. The binding of RelA and the increase in histone H3
K14 and K18 acetylation also occurred in CARM1-deficient
cells, suggesting that the CARM1 deficiency does not affect the
H3 K14 and K18 HAT activities associated with this system
(Fig. 7).

Because CBP and p300 appear to be functioning in the
CARMI1~/~ background, this may suggest that the role of
CARM1 is at the proximal regulatory region. To determine if
this was the case, ChIP for CARM1 and its associated modi-
fication as determined by reactivity to the histone H3 R17
methylation-specific antibody was conducted. CARMI1 was
found associated with the distal but not the proximal regula-
tory region (Fig. 7). The binding of CARM1 reached full oc-
cupancy after 1 h. Moreover, the activity of CARMI1 was as-
sociated with the distal regulatory region. This activity is
strongly linked to CARMI, as it was absent in CARMI '~ cells
(Fig. 7) (M. Bedford, M. D. Anderson Cancer Center, personal
communication). The fact that modifications induced by CBP
and p300 (H3 K14 and K18), which increase the affinity of
CARMI for histone H3, reach their maximum at 30 min sug-
gests that CARMI is recruited after these modifications are in
place.

CBP/p300 are required for Spl access to the PRR. The
above results suggest that CBP/p300 recruitment was required
for the histone modifications observed at both the DRR and
PRR. To determine the role of CBP and p300 on the above
histone modifications in vivo, ChIP assays on NIH 3T3 cells

transiently transfected with siRNAs to GFP (control) or CBP
and p300 were conducted. In comparison to non-TNF-treated
cells, TNF-treated GFP siRNA-transfected cells produced sim-
ilar results (Fig. 7 and 8A). Importantly, siRNA-transfected,
TNF-treated cells displayed robust reductions of histone H3
K14 and K18 acetylation at both the distal and proximal reg-
ulatory regions, suggesting that these coactivators were indeed
responsible for these modifications in an in vivo system (Fig.
8A). The binding of CARMI was also reduced, as was the
CARMI1-specific modification. RelA binding was slightly re-
duced as well, suggesting that CBP/p300 also plays a role in
stabilizing the binding of RelA to the DRR.

The data thus far suggest a model where CBP/p300 recruited
to the DRR controls access to the PRR and Spl binding. One
prediction of this model is that Sp1 binding to the PRR should
only occur when CBP/p300 are present. To test this, the above
siRNA experiment (Fig. 8B) was repeated and ChIP was per-
formed for Sp1 binding to the DRR and PRR. As expected,
Sp1 did not bind the DRR. However, at the PRR, Sp1 binding
was only detected in the TNF-treated, GFP control, siRNA-
transfected cells and no Sp1 was detected at the PRR in either
CBP or CBP/p300 knockdown cells. These results demon-
strated that CBP/p300 activity is critical for Sp1 binding activity
to the PRR and suggest that one role for CBP/p300 in this
system is to control the accessibility of the PPR.

DISCUSSION

Here, we demonstrate an ordered sequence of transcription
regulatory events that modulate the expression of the MCP-1
gene by TNF (Fig. 9). Induction of MCP-1 begins with the
translocation of NF-«kB into the nucleus and to the MCP-I
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FIG. 8. CBP/p300 control distal and proximal regulatory region acetylation, CARM1 binding, and access to the proximal regulatory region.
(A) siRNA to CBP/p300 in NIH 3T3 cells but not GFP reduce histone H3 K14 and K18 acetylation and CARM!1 binding and its associated activity
as indicated by H3 R17 methylation. (B) siRNAs to CBP or CBP/p300 prevent the binding of Sp1 to the proximal regulatory region. ChIP assays
using the indicated antibodies were conducted on NIH 3T3 cells treated with the siRNAs as described in the legend to Fig. 5. The data from three
separate chromatin preparations and assays were averaged and plotted as relative increases over an irrelevant antibody control.

DRR. Our model predicts that the DRR is accessible to
NF-«kB binding due to the constitutive factor occupancy of site
A located upstream of the two kB binding sites (31, 50). Once
bound, NF-kB recruits CBP and p300, which acetylates the
distal region histones. Previously, we showed that the se-
quences between the DRR and PRR (termed middle) as well
as the PRR become acetylated in a RelA-dependent manner
(12). Acetylation of the proximal region increases the accessi-
bility of the PRR for binding by Spl. This is likely then fol-
lowed by the formation of a stable interaction between the two
regulatory regions. CARMI is recruited after CBP and p300,
most likely due to the modifications of the distal regulatory
region histones, as suggested from previous reports (1, 20).
CARM 1-dependent methylation of the distal regulatory region
then occurs. Each of these steps is required for MCP-1 tran-
scription. The formation of the interactions between the PRR
and DRR likely allows the additional coactivator functions of
CBP and p300 to be used in activating transcription.

The current results provide a mechanistic role for how an
inducible enhancer may function. The recruitment of the acti-
vation factor, RelA, to a region where it can bind initiates a
process by which HATS are recruited. The HATS then serve to
open up the local chromatin structure until a promoter-prox-
imal, cis-acting element is accessible for the binding of a con-
stitutively expressed transcription initiation factor such as Sp1.

Once this factor binds, a stable interaction between the en-
hancer and the promoter region is formed. As mentioned
above, our previous data showing that the “middle” region was
also acetylated in a RelA-dependent manner during activation
by TNF provides support for this model. In this model, inter-
actions between an enhancer and promoter-proximal element
would maintain an open/accessible chromatin structure at the
promoter for the recruitment of the general transcription ma-
chinery.

The current model provides a mechanism that ensures that
a gene that is off remains in that state until the correct activa-
tion signal is received. The off state is maintained by an inac-
cessible chromatin structure at the promoter region. Separa-
tion of the enhancer and proximal regulatory region allows the
gene to maintain two distinct chromatin structures: an acces-
sible structure that can bind the activating transcription factor
and initiate the series of events required for gene expression
and a closed structure to prevent the random binding of RNA
polymerase or a factor like Sp1 that can recruit RNA polymer-
ase. Moreover, by using HATS to control the accessibility, the
system can be rapidly reversed as well. It is intriguing that the
phosphorylation state of RelA can control whether it associ-
ates with HATSs or histone deacetylases (64), enabling the
possibility that NF-kB can also shut down this system by the
recruitment of a histone deacetylase.
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of the uninduced state of the MCP-I gene followed by the predicted
events that occur after TNF induction. Blue shaded nucleosomes in-
dicate those that have been modified by CBP/p300. We suggest that
CBP/p300 nucleosome modifications occur until an it reaches the
PRR. Once the PRR nucleosomes have been modified, the region is
accessible to Sp1, allowing a direct interaction with the DRR. CARM1
is then recruited and provides a signal to activate transcription of the
gene. Red shaded nucleosomes indicate those that have been modified
by CARM1 and CBP/p300. DRR, distal regulatory region; PRR, prox-
imal regulatory region; SA, site A—the constitutively bound region.

One interesting aspect of the data was the fact that both
CBP and p300 were both required for the regulatory region
interactions and maximal expression. These factors are often
associated with interchangeable roles as coactivators, yet here
they are both required (30). The data suggest two possible
explanations. The first is that each of these factors is perform-
ing a unique and essential function to MCP-I regulation. The
fact that knockout animals deficient for each of these factors
display slightly different phenotypes suggests that each has its
own function (30, 32, 62). The double knockdown experiment
showed consistently lower levels of expression, which is in
agreement with this conclusion. This was also true for the ChIP
assay (data not shown). Alternatively, as suggested by the sim-
ilarities of these factors and their roles (30, 32, 62), the levels
of CBP and p300 are limiting, and removing one may be
sufficient to reduce the amount of available CBP/p300 coacti-
vator in the system such that distal/proximal region interac-
tions or the detection thereof is not efficient and therefore not
observed. Irrespective of which is the case, the role of CBP/
p300 in this system is more than the scaffold/adapter described
for enhanceosome complexes, such as the beta interferon gene
(40), with the major difference being that CBP/p300 are re-
sponsible for chromatin modifications at both the distal and
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proximal elements. Like a traditional enhanceosome, it is pos-
sible that CBP/p300 also directly mediates the interactions that
are observed in the 3C assay; however, it is also possible that
Spl and RelA directly mediate these interactions.

It was also interesting that knockdown of CBP/p300, while
ablating the ability to detect the 3C product, did not ablate the
ability to detect some MCP-1 mRNA by real-time PCR. This
could be due to a number of reasons. The first is the relative
sensitivities of the assays. RT-PCR is one of the most sensitive
molecular assays available, whereas the 3C assay relies on a
number of inefficient molecular reactions. Thus, the remaining
CBP/p300 after knockdown may have been sufficient to allow
expression of MCP-1 but not enough to allow detection of the
3C product. A second possibility is that the observed mRNA
levels represent those that occur in the presence of TNF and
NF-kB but in the absence of CBP/p300, suggesting that the
role of CBP/p300 is also to participate in transactivation of
the system. Alternatively, this level of expression could be the
result of the recruitment of additional coactivators by NF-kB
to the system that are not involved in the interactions between
the distal and proximal regions.

The binding and role of CARMI1 in this system appear to be
complex. Because CARM1 was required for expression but not
for distal/proximal region interactions, we initially predicted
that CARM1 would associate with the proximal regulatory
region. The opposite result occurred. CARM1 was found at
the distal regulatory region, and its associated modifications
were detected only in the distal regulatory region, despite the
fact that both the proximal and distal regions displayed histone
modifications that were reported to have increased affinity for
CARM1 binding. This begs the question of what CARMI is
doing in this system. As an arginine methyltransferase,
CARM1 is likely acting to methylate nucleosomes or other
proteins that are recruited. CARM1 has been found to meth-
ylate CBP and p300 at several sites, altering its ability to asso-
ciate with other factors or coactivators such as CREB or
GRIP1 (16, 35, 60). While the above modifications function
negatively with respect to the factors with which they interact,
it is possible that other CARM1 modifications of CBP/p300
lead to activation roles. CARM1 could be methylating the
other DNA-binding proteins in this 3C complex, including
RelA or Spl. The data suggest that CARM1 mediates the
observed histone H3 R17 modifications, which are associated
with increased transcriptional activation (1, 8, 18, 56). Yet, the
conundrum with this activation-associated modification as well
as others of the “histone code” is how does it lead to activa-
tion? Perhaps this modification serves to recruit components of
the general transcription machinery. By placing such modifi-
cations on the distal regulatory region, this may ensure that the
distal region controls RNA polymerase recruitment, leaving
the role of the proximal regulatory region to stabilize the
interaction and target the polymerase to the initiation site of
transcription.
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