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Abstract
Members of the nuclear factor-kappa beta (NF-κB) family maintain cellular homeostasis by
enhancing the transcription of genes involved in inflammation, immune response, cell proliferation,
and apoptosis. Melanoma tumor cells often express inflammatory mediators through enhanced
activation of NF-κB. The NF-κB activation appears to result from the enhancer formation including
NF-κB and lysine acetyl transferases such as p300, CREB (cyclic AMP-responsive element binding
protein)-binding protein (CBP), and/or p300/CBP associating factor (PCAF). We observed that
proteins expressed by Hs294T metastatic melanoma cells are highly acetylated compared with
normal melanocytes, and dominant-negative PCAF reduced the basal and tumor necrosis factor-α-
stimulated transcriptional activity of NF-κB. The promoter activity of NF-κB-regulated chemokines
was also reduced by the expression of dominant-negative PCAF. The promoters of these chemokines
contain a CCAAT displacement protein (CDP)-binding site near the NF-κB element. compared with
vector-transduced cells, in CDP-transduced Hs294T cells: (i) over-expressed CDP bound efficiently
to PCAF, (ii) tumor necrosis factor-α stimulated chemokine expression and NF-κB-mediated
transcription were reduced, and (iii) the binding of CBP to Rel A was reduced. These data suggest
that CDP inhibits cytokine-induced NF-κB-regulated chemokine transcription. This study
contributes to our understanding of the role of CDP in an enhanceosome of NF-κB-mediated
chemokine transcription in human melanoma cells.
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Introduction
Melanoma is the most aggressive skin cancer and is notoriously resistant to current cancer
therapies [1]. In normal skin, melanocytes synthesize melanin pigments and transfer them to
surrounding keratinocytes, leading to skin pigmentation, which protects against solar
ultraviolet radiation [2]. Melanoma lesions start as benign nevi, which progress to the radial
growth phase, and then to the metastatic vertical growth phase [3]. Nuclear factor-kappa beta
(NF-κB) activation has been proposed as a potential factor in melanoma tumor progression
through enhanced expression of chemokines and resultant chemokine receptor-mediated
signaling [4–6]. In human melanoma, a number of NF-κB-regulated chemokines are
overexpressed: CXC ligand 8 [CXCL8 or interleukin-8 (IL-8)] [7], CXCL1 [Gro-α, or
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melanoma growth stimulatory activity (MSGA)] [8], and CCL5 [regulated on activation,
normal T expressed, and secreted (RANTES)] [9,10]. These over-expressed NF-κB-regulated
chemokines, including CXCL1–3 and CXCL8, enhance melanoma progression through
autocrine and paracrine loops [5,11]. Indeed, over-expression of CXCL8 caused metastatic
tumor growth in primary melanoma cells [7,12]. Over-expression of the murine homolog of
CXCL1 in INK4a/ARF−/− immortalized melanocytes increased melanoma tumor incidence
[13] and induced malignant progression of squamous cell carcinoma in nude mice [14].

All NF-κBs (Rel A/p65, Rel B, C-Rel, NF-κB1/p50 and NF-κB2/p52) contain a Rel homology
domain that mediates dimerization, DNA binding, and IκB (inhibitor protein of NF-κB) binding
[6,15,16]. IκB proteins, which associate with NF-κBs in the cytoplasm, are phosphorylated by
the IκB kinase complex (IKK) and are subsequently degraded by the 26S proteasome [15,
16]. Post-translational modifications generate active NF-κB complexes, especially the Rel A/
p50 heterodimer, which represents the major activated form of NF-κB in many cell types [6,
15,16]. Rel A is phosphorylated by a number of kinases during the phosphorylation and
degradation of IκBs, and these events enhance the nuclear translocation of Rel A [17,18].

In the nucleus, Rel A is also known to be acetylated, leading to enhanced transcriptional activity
[19]. Lysine acetyl transferases (LAT) such as CREB (cyclic AMP-responsive element binding
protein)-binding protein (CBP), p300, and p300/CBP-association factor (PCAF) are also
known as histone acetyl transferases, because they acetylate N-terminal tails of intrinsic histone
molecules to enhance transcription [20,21]. In addition to modifying histones, these LAT
proteins, however, have been shown to transfer acetyl groups to nonhistone proteins, including
transcription factors such as NF-κB [22] and Stat 3 [23]. These activated transcription factors
could in turn regulate the activation of cytokine/chemokine signaling. In melanoma cells, the
downregulation of CBP and p300 results in growth inhibition, cyclin E downregulation, and
activation of the senescence growth phase [24]. The mechanism by which acetylase activity
associated with CBP and p300 affects transcription of the NF-κB-dependent chemokines is not
clear.

The CCAAT motif is known as a binding site for the CCAAT enhancer binding protein (C/
EBP), which is an activator of NF-κB-mediated transcription in many cells [25,26]. CCAAT
displacement protein (CDP) also binds to DNA, competing with the binding of transcription
activators such as C/EBP to the CCAAT box [27–29] and to the ATCGAT core site [30]. CDP
is homologous to Drosophila cut, containing triplicate ‘cut repeats’ and a ‘cut homeodomain’,
and is proposed to be a transcription repressor on promoters [31]. The carboxyl-terminal region
of CDP is an active repression domain that interacts with histone deacetylase 1 in a binding-
site-independent manner [32,33]. CDP indirectly reduces the transcription of the genes by
repressing the transcription of other transcription activators such as C/EBP and c-Myc [34,
35]. The gene locus of CDP is on 7q22 and has been considered to be a tumor suppressor gene,
because many types of tumor show loss of heterozygosity on chromosome 7q. Though mutation
analysis for loss of heterozygosity on 7q22 in 47 tumors failed to identify any somatic alteration
in the CDP coding regions [36], amino-terminal-truncated CDP was found in human uterine
leiomyomas [31] and in breast cancer cells [37], suggesting that aberrant expression of CDP
is associated with the process of tumorigenesis.

We have previously shown that transient transfection of an antisense CDP expression vector
increased CXCL1 promoter activity [38]. The mechanism for the affect of CDP on NF-κB-
mediated chemokine transcription, however, has not been previously elucidated. We here
provide experimental data that CDP inhibits NF-κB activation through the modulation of
protein acetylation. These data contribute to our understanding of the regulation of chemokine
transcription during melanoma tumor progression.
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Materials and methods
Cell culture and reagents

Hs294T cells and human embryonic kidney (HEK) 293T cells were purchased from the
American Type Culture Collection (ATCC, Manassas, Virginia, USA) and maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% heat-inactivated fetal calf
serum and 2 mmol/l L-glutamine. Normal human epidermal melanocytes (NHEM) were
provided by the Tissue Culture Core of the Skin Disease Research Center at Vanderbilt
University, and maintained in Medium-154 (Cascade Biologics, Portland, Oregon, USA) with
1% human melanocyte growth supplement (HMGS) (Cascade Biologics). The tumor necrosis
factor-α (TNF-α) and trichostatin A (TSA) were purchased from PeproTech (Rocky Hill, New
Jersey, USA) and Calbiochem (La Jolla, California, USA), respectively. All tissue culture
reagents were from Life Technologies, Inc. (Rockville, Maryland, USA) unless otherwise
specified.

Enzyme-linked immunosorbent assay
Cells were cultured in growth media to 80% confluency, washed twice with serum-free media,
and incubated in serum-free media for 4 h with/without10 ng/ml TNF-α. The media were
collected, centrifuged to eliminate cell debris, and subjected to enzyme-linked immunosorbent
assay (ELISA) for CXCL1 and CXCL8 using Quantikine from R&D systems (Minneapolis,
Minnesota, USA) and for CXCL2 using ELISA Development Kit (Leinco Technologies, St
Louis, Missouri, USA). The ELISA values were normalized by cell number and represented
in units of pg/104 cells or fold induction by TNF-α.

Plasmid constructs and protein expression
The expression vector pMX containing full length CDP cDNA (from + 29 to + 5100, acc no.:
M74099) [39] was provided by Dr Alan Nepveu, McGill University. The CDP cDNA (5139
bp, from 76 bp upstream of the translation initiation site to just upstream of the polyadenylation
site) was excised using Not I/Xho I enzymes from the vector, purified by agarose gel
electrophoresis, and ligated into the retroviral expression vector pBMN-internal ribosomal
entry sequence-gene for enhanced green fluorescent protein (pBMN-IRES-EGFP, provided by
Dr Gary Nolan, Stanford University). The CDP insert was confirmed by enzyme digestion and
sequencing using the forward primer: 5′-GACCTTACA-CAGTCCTGC-3′. The HEK293T
retrovirus-packaging cells (2.5 × 106/100-mm dish) were transfected with 3 μg pBMN-CDP-
IRES-EGFP or 3 μg pBMN-IRES-EGFP (control) using FUGENE 6 (Roche Molecular
Biochemicals, Indianapolis, Indiana, USA). In each case, cells were cotransfected with 1 μg
pHCMV-G (VSV-G) [40] and 3 μg pSV-Ψ-env−-MLV (pSV-pol/gag) [41] (provided by Dr
Jane Burns, University of California, San Diego, USA). Virus-containing media were collected
48 h later and passed through a 45-μm filter (Pall Corporation, East Hills, New York, USA).
Hs294T cells (105/60-mm dish) were incubated with virus-containing media for 2 h. After five
passages, cells stably expressing EGFP were sorted by flow cytometry and expanded. EGFP
expression was monitored with an inverted fluorescent microscope and cultures were
maintained at a 100%-GFP expression level throughout all experiments.

The expression vector pMX containing a carboxyl terminal CDP (from + 1605 to + 5100
nucleotide, acc. no.: M74099) in the antisense direction was provided by Dr Alan Nepveu of
McGill University. This truncated CDP cDNA was excised using Not I/Xho I enzymes from
the pMX vector, and ligated into the pcDNA3.1-His vector (Invitrogen, Carlsbad, California,
USA) in the sense direction. The ligated plasmid was replicated in the bacteria strain BL21
(Stratagene, La Jolla, California, USA), and an expressed recombinant protein tagged with 6-
histidine was isolated using the ProBound Purification System (Stratagene).
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The expression vector pCi (Promega, Madison, Wisconsin, USA) containing the wild-type
PCAF cDNA (PCAF-WT) (acc. no.: BC060823) [42] and PCAF-ΔLAT (deletion mutation in
the domain for lysine acetyl transferase: amino acid position 609–618) were provided by Dr
Tony Kouzarides of Cambridge University. PCAF-WT and PCAF-ΔLAT were excised using
Eco RI/Not I enzymes from the vector. Purification of the plasmid, ligation into the retroviral
expression vector, virus packaging, and infection of Hs294T cells were performed as stated
above.

The restriction enzymes, T4-DNA ligase, and DNA polymerases were from New England
BioLabs (Beverly, Massachusetts, USA) unless otherwise specified.

Immunoblot analysis and immunoprecipitation
Cells were washed twice with ice-cold phosphate-buffered saline and total cell lysates were
isolated with a buffer containing 50 mmol/l Tris (pH 7.4), 150 mmol/l NaCl, 0.02% sodium
azide, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40, 0.5% Na deoxycholate, 1 mmol/l
ethylenediaminetetraacetic acid with 10 μl/ml protease inhibitor cocktail (P-8340, Sigma, St
Louis, Missouri, USA) and 10 μl/ml phosphatase inhibitors (P-2850/P5726, Sigma). The
protein lysates were then sonicated at power setting 4 for 10 s bursts using the Sonifier 250
(Banson, Golden, Colorado, USA). Protein extracts were quantitated using the Bicinchoninic
acid Protein Assay reagent (Pierce, Rockford, Illinois, USA), separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and
subjected to immunoblot analysis as described previously [38]. Immunoreactive bands were
visualized by a chemiluminescence reagent (Amersham Biosciences, Piscataway, New Jersey,
USA) or by scanning the emitted infrared spectrum using the Odyssey System (LI-COR
Biotechnology, Lincoln, Nebraska, USA). The cytoplasm/nucleus proteins were prepared with
the same procedure as stated for the electrophoretic mobility shift assay (EMSA) below.
Immunoprecipitations were performed after pre-clearing cell lysates with protein A-sepharose
(Sigma) for 2 h at 4°C as described previously [43]. The antibodies (200 ng/ml) utilized were:
CDP (sc-13024), Rel A (sc-109), CBP (sc-369) (Santa Cruz Biotechnology, Santa Cruz,
California, USA); phospho-S536-Rel A, Acetylated lysine (Ac-K-103) (Cell Signaling,
Beverly, Massachusetts, USA), and anti-Flag (Sigma).

Electrophoretic mobility shift assay
Cells were washed twice with ice-cold phosphate-buffered saline and collected in a cell
suspension buffer containing 10 mmol/l Hepes (pH 7.9), 10 mmol/l NaCl, 1.5 mmol/l
MgCl2, 0.5 mmol/l dithiothreitol, and 5 mmol/l β-mercapto-ethanol. To separate cytoplasm/
nuclear proteins, cells were lysed in 1% Nonidet P-40 in the cell suspension buffer described
above. The destruction of cell membranes and the presence of intact nuclei were observed by
staining with 0.04% trypan blue. Cells were then centrifuged at 6000g and the supernatant was
collected as the cytoplasm protein fraction. The pellet was washed with a nuclei suspension
buffer containing 20 mmol/l Hepes (pH 7.9), 10 mmol/l NaCl, 1.5 mmol/l MgCl2, 0.5 mmol/
l dithiothreitol, 5 mmol/l β-mercapto-ethanol, 0.2 mol/l ethylenediaminetetraacetic acid, and
1% Nonidet P-40. The nuclei were then lysed in 450 mmol/l NaCl hypertonic buffer in the
nuclei suspension buffer described above. The protease inhibitors and phosphatase inhibitors
were added to these suspension and lysis buffers as stated above. The nuclear protein (0.5 μg)
was incubated with the following 32P end-labeled double-stranded oligonucleotide probes: NF-
κB binding site, 5′-AGTTGAGGGGACTTTCCCAGG (Promega); CXCL1 promoter, 5′-
GGGATCGATCTGGAACTCCGGGAATTTCCCTGGCCC (from −98 to −63); CXCL8
promoter, 5′-GCCATCAGTT GCAAATCGTGGAAT TTCCTCTGA (from −99 to −67). The
procedures for the annealing of oligos to form double stranded probes, the labeling of probes,
and the incubation of nuclear proteins with labeled probes were performed according to the
protocol in the Gel Shift Assay System (Promega). Protein/oligo complexes were
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electrophoresed in a 6% native polyacrylamide gel, transferred to 3 MM chromatography paper
(Whatmann, Clinton New Jersey, USA), and autoradiographed. The antibodies used for
observing the super-shifted bands were Rel A (sc-109 ×), p50 (sc-114 ×), p52 (sc-298 ×), and
CDP (sc-13024) (Santa Cruz Biotechnology).

Reporter gene assays
Cells were seeded in 24-well plates and transfected with 0.2 μg/well of one of the following
luciferase reporter plasmid DNA containing (i) CXCL1 promoter [38,44], (ii) CXCL8
promoter [45], or (iii) NF-κB binding site (Clontech, Palo Alto, California, USA) using
FUGENE 6 (Roche Molecular Biochemicals) according to the manufacturer’s protocol. Cells
were cotransfected with 0.2 μg/well of one of the following transactivators: PCAF-WT, PCAF-
ΔLAT, a CDP expression plasmid DNA, or an empty control plasmid DNA. Each well was
also cotransfected with 0.02 μg/well of pNull-Renilla (promoter-less expression vector DNA
of Renilla luciferase) (Promega) to normalize the transfection efficiency, as the ligand would
not activate the promoter and the basal luciferase activity is high enough for the normalization
of transfection efficiency. The luciferase activities were measured using the Dual Luciferase
Assay System (Promega) according to the manufacturer’s protocol.

cDNA array analysis
Total RNAs were isolated with Trizol Reagent (Life Technologies), digested with RNase-free
DNase (0.1 unit/1 μg RNA; Promega), and purified using a silica gel column (RNeasy Kit,
Qiagen, Valencia, California, USA). Hs294T/vector-derived RNA was reverse-transcribed
into cDNA with Cy5 labeling, and Hs294T/CDP-derived RNA was labeled with Cy3. The
mixed cDNAs were hybridized to a human 30 000 oligo-array, and Cy3 and Cy5-labeled
cDNAs were scanned at 532 and 635 nm, respectively, in GenePix Pro (Axon Instruments,
Inc., Foster City, California, USA). The procedures for reverse transcription, RNA template
digestion, and cDNA purification/hybridization to a human 30 000 oligo array were performed
following protocols listed at www.array.vanderbilt.edu.

Results
Rel A-DNA binding and protein acetylation are highly activated in Hs294T metastatic
melanoma cells compared with NHEM

The Hs294T cells were selected as an experimental system for human metastatic melanoma.
Hs294T cells satisfy the parameters of malignancy, which include abnormal morphology,
growth to high saturation density, lack of anchorage dependence, growth in semisolid media,
colony formation on a contact-inhibited monolayer, and tumor formation in immunosuppressed
mice with almost 100% efficiency [46]. Hs294T cells have a B-raf point transversion mutation
(V600E, NM_004333) [47], which is associated with 66% of malignant melanoma lesions by
stimulating downstream signaling molecules such as extracellular signal-regulated kinase 1
and 2 (ERK1/2) [47–49].

To verify the downstream events of the activated NF-κB in Hs294T cells, culture media were
subjected to ELISA for CXCL1 and CXCL8 as representative of NF-κB-regulated gene
transcription. Compared with NHEM, Hs294T cells (104 cells) secreted a significantly higher
amount of CXCL1 (53 pg/104 cells) and CXCL8 (43 pg/104 cells) even without TNF-α
stimulation. With TNF-α stimulation, secretion of these chemokines was significantly
amplified in Hs294T cells (Fig. 1a).

To analyze whether the activated NF-κB-mediated chemokine production is due to the nuclear
translocation of NF-κB, the cytoplasm/nuclei fractionated proteins from Hs294T cells and
NHEM were subjected to immunoblot analysis with α-Rel A antibody (Fig. 1b, top). The
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amount of nuclear Rel A with/without TNF-α stimulation was about the same in both NHEM
and Hs294T cells (Fig. 1b, top). The DNA binding of NF-κBs was then analyzed by EMSA
using nuclear extracts from Hs294T cells and NHEM with the NF-κB binding probe sequence
(Promega, AGTTGAGGGGACTTTCCCAGG). Two bands (noted as * and **) were observed
using Hs294T nuclear protein without TNF-α stimulation, but these bands were not clearly
detected in NHEM (Fig. 1b, bottom). With TNF-α stimulation, the upper band (*) significantly
increased and shifted with coincubation with the αRel A antibody. The lower band (**),
however, decreased slightly in the presence of the αRel A antibody, and shifted with
coincubation with the anti-p50 antibody (Fig. 1b, bottom). These two EMSA bands were also
partially shifted by the anti-P52 antibody (Fig. 1b, bottom). These EMSA data show that DNA
binding of Rel A and P50 in Hs294T cells were activated to a higher degree than in NHEM.

To explore why NF-κB/DNA interaction is activated to a greater extent in Hs294T cells
compared with NHEM, acetylase activity in these cells was examined. Total cell lysates from
Hs294T cells and NHEM were subjected to immunoblot analysis with α-acetylated lysine
antibody. Hs294T melanoma cells are more highly acetylated than proteins from NHEM, and
the frequency of acetylated proteins significantly increased upon treatment with the deacetylase
inhibitor TSA (Fig. 1c, top). The acetylation of Rel A is detected in Hs294T cells with TSA
treatment (Fig. 1c, middle). In Hs294T cells, immunoprecipitation analysis revealed an
interaction between Rel A and CBP, but this interaction was not detected in NHEM (Fig. 1c,
bottom).

To examine the activation of NF-κB by acetylases in Hs294T cells, cells were transiently
cotransfected an NF-κB-luciferase reporter gene with acetylases expression vectors containing
(i) CBP, (ii) p300, or (iii) p300/CBP association factor (PCAF). The transient expression of
wild-type PCAF (PCAF-WT) in Hs294T cells increased basal and TNF-α-stimulated NF-κB-
luciferase reporter gene activity. The expression of PCAF mutated in the lysine acetylase
domain (PCAF-ΔLAT) reduced basal and TNF-α-stimulated NF-κB-luciferase reporter gene
activity (Fig. 1d).

Putative CDP sites are near the NF-κB sites in the promoters of chemokines for CXCR1 and
CXCR2

Chemokines, CXCL1 and CXCL8, are abundantly produced and secreted in Hs294T metastatic
melanoma cells (Fig. 1a), and the receptors of these chemokines are known to be CXCR1 and
CXCR2 (Fig. 2a, top). Enhanced expression of these chemokines has been reported to promote
melanoma progression and to be associated with constitutive activation of NF-κB [11].
According to the TFSEARCH (www.cbrc.jp), the promoters of chemokines for CXCR1 and
CXCR2 contain the C(A/G)AT motif near the NF-κB binding sites (Fig. 2a, bottom), which
are predicted binding sites for the C/EBP and/or CDP. Previously, we reported that the transient
transfection of full length CDP reduced the expression of a luciferase reporter gene with a 355
bp CXCL1 promoter (from −301 to + 54) [38]. We here verified by EMSA that the isolated
CDP protein binds to the 19 bp DNA sequence GGGATCGATCTGGAACTCC (Fig. 2a,
bottom), including the CDP binding motif C(A/G)T for CXCL1–3. Recombinant CDP
encoding DNA binding domains, three cut Repeats (CR1–3), and one homeodomain were
purified (Fig. 2b, top). This recombinant protein was capable of binding to the 19 mer probe,
but did not bind to a probe of identical length with a substitution mutation in the CDP biding
motif (Fig. 2b, bottom). We also verified that transient transfection of a CDP expression vector
reduced the expression of the CXCL1-luciferase reporter gene in Hs294T cells treated or not
treated with TNF-α (Fig. 2c, top). Furthermore, NF-κB-mediated gene transcription was
reduced by about 50% by the transfection of the CDP-expression vector, as well as by the
transfection of PCAF-ΔLAT expression vector. Moreover, the cotransfection of CDP and
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PCAF-ΔLAT further reduced the basal NF-κB-mediated transcription by 85% (Fig. 2c,
bottom).

In CDP-transduced melanoma cells, NF-κB-mediated chemokine transcription is suppressed
To analyse the function of CDP in the transcription of the NF-κB-regulated chemokines, we
transduced the full-length CDP gene into Hs294T metastatic melanoma cells using a retroviral
expression vector to create a polyclonal stable cell line over-expressing CDP (Fig. 3a). In
Western blot analysis, a low level of endogenous CDP (200 kDa) was detected in vector-
transduced Hs294T cells (Hs294T/vector), whereas a high level of expression was verified in
CDP-transduced Hs294T cells (Hs294T/CDP) (Fig. 3b).

To compare the expression of NF-κB-targeted gene expression between Hs294T/CDP and
Hs294T/vector expressing cells, we isolated total RNA from these cells (Fig. 3c, left) and
analyzed the reverse-transcribed cDNAs using a 30 000 oligo-array. Genes exhibiting a three-
fold difference in the Cy5/Cy3 intensity ratio were evaluated as differentially expressed.
Among these differentially expressed genes, chemokines and the receptors shown in Fig. 2a
were listed (Fig. 3c, right).

The differential gene transcription between Hs294T/CDP and Hs294T/vector was verified by
EMSA and luciferase reporter gene analysis. The nuclear protein from Hs294T/CDP cells
exhibited increased binding to a sequence of the CXCL8 promoter (33mer, from −99 to −67,
5′-GCCATCAGTTGCAAATCGTGGAATTTCCTCTGA) in EMSA, and the coincubation of
the αCDP antibody shifted the EMSA band (Fig. 3d, top). In CDP-transduced Hs294T cells,
transcription activity of the CXCL8 promoter (177 bp, from −133 to + 44) [45] was decreased
in a luciferase reporter gene assay (Fig. 3d, top). CDP also bound to a sequence common to
the CXCL1–3 promoters (36mer, 5′-
GGGATCGATCTGGAACTCCGGGAATTTCCCTGGCCC) in EMSA, and decreased
luciferase reporter gene activity with the CXCL1 promoter (355 bp, from −301 to + 54) (Fig.
3d, bottom).

Under the experimental conditions shown here, we did not obtain clear NF-κB binding patterns
on the EMSA probes from the 36mer CXCL1 promoter or the 33mer CXCL8 promoter, both
of which include one copy of an NF-κB binding element and CDP binding element. These
EMSA probes containing the putative CDP binding site with NF-κB element seem to be
optimized for CDP binding. In contrast, the EMSA probe containing only the NF-κB binding
site (AGTTGAGGGGACT TTCCCAGG, Promega) seems to be optimized for NF-κB binding.

The differential induction of chemokine expression by TNF-α in Hs294T/CDP cells and
Hs294T/vector cells was then verified by ELISA (Fig. 3e). Although TNF-α induced the
expression of CXCL1, 2 and 8 in vector-transduced Hs294T control cells, in Hs294T/CDP
cells, TNF-α did not significantly induce the expression of these chemokines (Fig. 3e).

CDP reduces NF-κB-mediated chemokine transcription in metastatic melanoma cells
When we compared CDP-transduced Hs294T cells with vector-transduced control cells by
EMSA using an NF-κB element probe, we observed that nuclear protein from TNF-α-
stimulated CDP-transduced cells exhibited decreased binding of RelA/p50 subunits of NF-κB
(Fig. 4a, top). We also observed that NF-κB-luciferase reporter gene activity was reduced in
basal and TNF-α-stimulated Hs294T/CDP cells compared with the Hs294T/vector cells (Fig.
4a, bottom).

Previously, Li et al. [50] also showed that CDP binds to CBP and PCAF. We observed that,
in CDP-transduced Hs294T cells, over-expressed CDP bound efficiently to CBP, as determined
by immunoprecipitation of cell lysates with an αCDP antibody followed by immunoblot
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analysis with an αCBP antibody (Fig. 4b). This was not observed in vector-transduced control
cells. Moreover, as compared with vector-transduced control Hs294T cells, in Hs294T/CDP
cells, the binding of CBP with Rel A is reduced when cell lysates were immunoprecipitated
with an αCBP antibody followed by immunoblot analysis with a Rel A antibody (Fig. 4b).
Under the experimental conditions shown here, cell lysates from the nuclear fraction were used
for the detection of CDP in the Western blot analysis (noted as *). Total cell lysate prepared
with RIPA buffer, however, was used for the efficient detection of CBP in the Western blot
analysis (noted as **). The total cell lysate was also used for the detection of Rel A (noted as
**), because under conditions employed here, Rel A was not efficiently detected in the nuclear
fraction by Western blot analysis without TNF-α treatment.

To analyze the hypothesis that CDP affects CBP/PCAF-mediated NF-κB transcription, we
over-expressed both CDP and PCAF in human embryonic kidney (HEK) 293T cells, and
verified the association between CDP and PCAF-WT by immunoprecipitation analysis with
an αCDP antibody followed by immunoblot analysis using an αFLAG antibody to detect
PCAF-WT and PCAF-ΔLAT (data not shown). We then stably co-transduced CDP and PCAF
in Hs294T cells using a retroviral vector (Fig. 4c) and verified the association between the two
proteins in Hs294T cells by immunoprecipitation and Western blot analysis (Fig. 4d).

Discussion
Over-expression of chemokines such as CXCL1 and CXCL8 (as shown in Fig. 1a) in
melanocytes is known to enhance melanoma tumor progression [5]. These chemokines are
transcribed through the NF-κB canonical activation pathway, where (i) Rel A is phosphorylated
and translocated into the nucleus and (ii) homo/heterodimerized Rel A binds to DNA to activate
transcription. Our data show that the level of Rel A expression and the level of Rel A nuclear
translocation before and after TNF-α stimulation are approximately equivalent in Hs294T
metastatic melanoma cells and normal melanocytes based upon Western blot analysis of
nuclear preparations. The DNA-binding of Rel A based upon EMSA, however, was found to
differ significantly in melanoma cells as compared with normal melanocytes.

In the nucleus, Rel A is also known to be acetylated, which leads to enhanced transcriptional
activity [19]. Acetylated Rel A binds weakly to IκBα and deacetylated Rel A interacts strongly
with IκBα, which leads to an IκBα-dependent nuclear export [19]. In the nucleus, IKKγ is
known to associate with CBP, an event that leads to the interference of the acetylase activity
of CBP for Rel A [51]. Thus, the reversible acetylation of Rel A serves as a dynamic control
point for intranuclear NF-κB action [22]. Indeed, in Hs294T melanoma cells, compared with
NHEMs, a number of proteins are highly acetylated. Expression of the dominant-negative
PCAF acetylase decreased NF-κB luciferase reporter activity in Hs294T cells. These
observations may indicate that PCAF and the other lysine acetylases constitutively enhance
NF-κB-regulated transcription in Hs294T cells, possibly through stabilization of NF-κB
activation. In melanoma cells, the expression of dominant-negative p300 resulted in growth
inhibition through the downregulation of cyclin E in melanoma cells [24]. Moreover,
constitutive acetylation by CBP is associated with tumor progression through the
overexpression of HOX genes [52]. These earlier reports indicate that deregulation of lysine
acetyl transferase activity can facilitate tumor progression, and are in agreement with our
findings.

We previously reported that the CDP binding site is located upstream of the NF-κB binding
site in the CXCL1 promoter [38]. As we expected, the promoters for CXCR1 and CXCR2
(receptors for CXCL1, 2, 3, 8) contain putative CDP binding motifs [CCAAT and GATC(G/
A) motifs] around the NF-κB binding sequences as shown in Fig. 2a. This led to the hypothesis
that the binding of CDP to DNA may reduce not only CXCL1 transcription but also the
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transcription of other NF-κB regulated genes. Indeed, the expression of CDP and PCAF-ΔLAT
both individually reduced the NF-κB-derived luciferase reporter gene activity. In addition,
these molecules act cooperatively to further reduce NF-κB-mediated transcription. These data
indicate that protein acetylases are a positive regulator of NF-κB-mediated transcription and
CDP simultaneously can negatively regulate this transcription, potentially through the
recruitment of histone deacetylases.

In CDP-transduced Hs294T melanoma cells, the decreased expression of chemokines (CXCL2
and CXCL8) and their receptor, CXCR2, was detected in human oligo array analysis. The
downregulation of CXCL1 was not detected in the array analysis owing to the inappropriate
fluorescent intensity, however, decreased transcriptional activity of the CXCL1 reporter gene
and the CXCL8 reporter gene was observed in CDP-transduced Hs294T cells. In ELISA, we
showed that TNF-α significantly activates the expression of CXCL1, 2, and 8 in vector-
transduced cells, but not in CDP transduced cells. Interestingly, ELISA results indicate that
the basal expression level of these chemokines is higher in CDP-transduced cells, compared
with vector-transduced cells, even though TNFα-induced expression of these chemokines was
markedly reduced in CDP-transfected cells. This may indicate that, in CDP transduced cells,
the endogenous expression of these chemokines is affected differently by CDP than is the TNF-
α induced expression of these chemokines, perhaps indirectly through enhanced translation or
stabilization of chemokine.

Human melanoma cells are reported to express CXCR1 and CXCR2. These chemokine
receptors play a role in the chemokine-mediated signaling pathways in melanoma [53,54]. The
constitutive expression of CXCR1 and CXCR2 leads to a CXCL8-mediated metastatic
phenotype in human malignant melanoma cells [54]. Expression of CXCL8 also leads to a
CXCL8-dependent proliferation and angiogenesis in human melanomas [55–57]. Expression
of CXCL1 leads to the IKK activation [43]. Over-expression of the murine homolog of CXCL1
in INK4a/ARF−/− immortalized melanocytes increased melanoma tumor incidence [13] and
induced malignant progression of squamous cell carcinoma in nude mice [14]. These data
suggest that G-protein-coupled receptors, especially CXCR1 and CXCR2, may facilitate to
melanoma tumor progression through an autocrine system, which may in turn lead to the
constitutive activation of NF-κB in melanoma cells.

In CDP-transduced Hs294T melanoma cells, both NF-κB/DNA association and NF-κB-
mediated transcription are reduced in comparison to vector-transduced Hs294T cells. These
data indicate that the expression of CDP reduces the NF-κB-mediated transcription. In CDP-
transduced Hs294T melanoma cells, the binding of CBP to Rel A is reduced, whereas the
overexpressed CDP binds efficiently to CBP in comparison to vector-transduced Hs294T cells.
Moreover, over-expression of CDP enables the detection of the binding of CDP with PCAF
as well as with CBP. This increased binding of CDP to CBP/PCAF may lead to the
sequestration of CBP/PCAF from Rel A, which may cause the binding between DNA and Rel
A to become unstable. Previously, Li et al. [50] showed that PCAF/CBP binds to and acetylates
CDP, leading to the inhibited binding of CDP to DNA. The lysine acetylases seem to enhance
NF-κB-mediated transcription by increasing the DNA binding of RelA/p50 NF-κB and
simultaneously decreasing the DNA binding of CDP [50]. Here, we show that the coexpression
of CDP and PCAF-ΔLAT efficiently leads to a decrease in NF-κB activity.

According to our observation, we proposed a hypothetical model whereby CDP overexpression
leads to the inhibition of NF-κB activation. In NHEM normal melanocytes, Rel A/p50 dimers
translocate to the nucleus after TNF-α stimulation. The DNA-binding activity of Rel A/p50
dimers, however, may be destabilized due to insufficient acetylation. This destabilization likely
results in reduced transcription activity (Fig. 5a). In Hs294T cells, Rel A/p50 dimers bind to
the NF-κB consensus sequences, and this binding is stabilized by increased acetylation of RelA,
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resulting in significantly enhanced transcription (Fig. 5b). Likewise, in CDP-transduced
Hs294Tcells, the interaction of the over-expressed CDP with CBP/PCAF is increased, which
may lead to the sequestration of CBP/PCAF from Rel A. This in turn may lead to the
destabilization of DNA/Rel A binding, as well as to the reduction of transcriptional activity
(Fig. 5c). In addition, previous studies suggest that overall transcription is activated by CBP/
p300/PCAF-mediated acetylation of histones [38], and CDP recruits histone deacetylases,
leading to the inhibition of the transcription [38]. These data together suggest that CDP is a
regulator of NF-κB-mediated chemokine/cytokine transcription in melanoma cells.

This study contributes to our understanding of the mechanism for NF-κB constitutive activation
in human melanoma cells. We observed that enhanced acetylation of NF-κB in melanoma cells
is associated with enhanced binding of NF-κB protein to their DNA promoter element.
Moreover, we showed that binding of CDP to CBP/PCAF, leads to the inhibition of the
activated NF-κB in human melanoma cells. We predict that the positioning of the CDP binding
motif C(G/A)AT and C/EBP binding motif CCAATadjacent to NF-κB binding element occurs
in many NF-κB-regulated gene promoters. We show here that CDP reduces not only CXCL1/
CXCL8 promoter activity, but also reduces NF-κB-mediated gene transcription in melanoma
cells. We anticipate that the NF-κB-mediated transcription may be a useful target in the
treatment of melanoma. Thus, raising CDP expression might provide a new window into
lowering NF-κB-mediated transcription and blocking melanoma tumor growth.
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Fig. 1.
Rel A-DNA binding and acetylases are highly activated in Hs294T metastatic melanoma cells
compared with normal human epidermal melanocytes (NHEM). (a) Hs294T cells and NHEM
were incubated in normal growth media, washed twice with serum-free medium (SFM), and
then incubated with/without tumor necrosis factor-α (TNF-α) (10 ng/ml) in SFM for 4 h. Media
were collected, centrifuged to eliminate cell debris, and aliquots were subjected to enzyme-
linked immunosorbent assay (ELISA) to determine the presence of CXCL1 and CXCL8. The
ELISA was repeated thrice and the values were normalized in the unit of pg/104 cells. (b) Top:
Hs294T cells and NHEM were incubated in normal growth media, washed twice with SFM,
incubated with/without TNF-α (10 ng/ml) in SFM for 1 h, and lysed to obtain total and
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cytoplasm/nuclear fractionated proteins. Proteins (40 μg) were subjected to immunoblot
analysis with an αRel A antibody. Bottom: nuclear proteins (0.5 μg) were subjected to
electrophoretic mobility shift assay (EMSA) with the probe of Nuclear factor kappa beta (NF-
κB) (promega) as indicated. (*) EMSA band that significantly increased with TNF-α and was
shifted by coincubation with the αRel A antibody; (**) EMSA band that was mainly shifted
by coincubation with the αP50 antibody; N: 50-fold excess of unlabeled NF-κB consensus
oligonucleotide; S: 50-fold excess of unlabeled Sp-1 consensus oligonucleotide. (c) Top: the
total cell lysates from Hs294T and NHEM with/without 500 nmol/l trichostatin A (TSA) were
subjected to immunoblot analysis with α-acetyl-lysine and αRel A antibodies. IB: immunoblot
analysis. Middle: the total cell lysates from Hs294T with/without 500 nmol/l TSA were
subjected to immunoblot analysis (lanes 1, 2). The total cell lysates from Hs294T with/without
500 nmol/l TSA were also subjected to immunoprecipitation with α acetyl-lysine antibody
followed by immunoblot analysis with αRel A antibodiy (lane 3, 4). Bottom: the total cell lysate
from Hs294T and NHEM were subjected to immunoblot analysis with αCBP and αRel A
antibodies. Cell lysates were also immunoprecipitated with αRel A antibody, and the
immunoprecipitated complexes were subjected to immunoblot analysis with αCBP antibody.
IP: immunoprecipitation; IgG HC: immunoglobulin G heavy chain. (d) Cells (4 × 105 cells)
were seeded in 24-well plates and transfected with 0.2 μg/well of NF-κB-luciferase reporter
plasmid and 0.02 μg/well of pNull-Renilla luciferase reporter plasmid in a complete growth
medium. Cells were also co-transfected with 0.2 μg/well of one of the following trans-
activators: (i) PCAF-WT, (ii) PCAF-ΔLAT or (iii) pcDNA3 empty control vector. Cells were
incubated in SFM for 16 h and then further incubated with/without TNF-α (10 ng/ml) for 4 h.
NF-κB-luciferase reporter activity was divided by Renilla luciferase activity to normalize the
transfection efficiency. Standard deviations of the mean fold induction were calculated from
the relative luciferase activity from the three wells. The assays were done thrice. *P < 0.002
(Student’s t-test).
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Fig. 2.
Putative CCAAT displacement protein (CDP) sites are near the nuclear factor-kappa beta (NF-
κB) sites in the promoters of chemokines for CXCR1 and CXCR2. (a) Top: CXC ligands for
CXCR1 and CXCR2. Bottom: the sequences of the putative NF-κB and CDP binding sites in
the promoters of the CXC ligands. The promoter ID numbers and the percentages of
homologies are followed by the TFSEARCH (www.cbrc.jp). Block letters: NF-κB binding
sequences; underlined letters: CDP binding sequences; Italic letters: CCAAT sequence. (b)
Top: purified DNA-binding domain of CDP. CDP cDNA (from + 1605 to + 5100, acc. no.:
M74099) containing DNA binding domains (CR1-3 and homeodomain) was subcloned into
the expression vector pcDNA/HisC. The expressed CDP recombinant protein (5 μg) was
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stained with coomassie blue after sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and subjected to immunoblot analysis with the αCDP antibody. CR, cut repeat; HD,
homeodomain; nt, nucleotide. Bottom: electrophoretic mobility shift assay (EMSA) using a
representative CDP binding sequence as indicated. The binding of the CDP recombinant
protein was analyzed in EMSA using the CDP binding sequence from the CXCL1–3 promoters.
(c) Top: cells were seeded in 24-well plates and the transfection of the reporter constructs were
the same as stated in Fig. 1e. Cells were cotransfected with 0.2 μg/well of CDP expression
plasmid or control empty plasmid. The following day, cells were incubated in serum-free
medium (SFM) for 16 h and further incubated with/without TNF-α (10 ng/ml) for 4 h in SFM.
The normalization of the transfection efficiency, and data analysis were the same as stated in
Fig. 1e. The assays were done thrice. *P < 0.05; **P < 0.01 (Student’s t-test). Bottom: cells
were cotransfected with following transactivators: (i) 0.2 μg/well of empty vector, (ii) 0.1 μg/
well of empty vector + 0.1 μg/well of CDP expression plasmid, (iii) 0.1 μg/well of empty vector
+ 0.1 μg/well of PCAF-ΔLAT, and (iv) 0.1 μg/well of CDP expression plasmid + 0.1 μg/well
of PCAF-ΔLAT. The measurement of luciferase activities and the data analysis are the same
as above. *P < 0.05; **P < 0.01 (Student’s t-test).
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Fig. 3.
In CCAAT displacement protein (CDP)-transduced metastatic melanoma cells, nuclear factor-
kappa beta (NF-κB)-mediated chemokine transcription is suppressed. (a) Map of the retroviral
vector, pBMN-IRES-EGFP, for the stable expression of full-length CDP. LTR, long terminal
repeat; Psi(Ψ), consensus sequence for viral packaging; IRES, internal ribosomal entry
sequence; EGFP, gene for enhanced green fluorescent protein; CR, cut repeat; HD,
homeodomain; nt, nucleotide. (b) Total cell lysates from CDP-transduced and vector-
transduced control Hs294T were subjected to SDS-PAGE (50 μg/lane) followed by an
immunoblot analysis with αCDP and αRel A antibodies. (c) Left: Total RNA was isolated from
Hs294T/vector and Hs294T/CDP, treated with DNase, and electrophoresed in the eukaryote
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total RNA Nano-DE114000902 to measure RNA integrity value. 28S and 18S, ribosomal
RNA. Right: the list of differentially expressed genes identified by microarray analysis.
Hs294T/vector-derived RNA was reverse-transcribed into cDNA with Cy5 labeling, and
Hs294T/CDP-derived RNA was labeled with Cy3. The mixed cDNAs were hybridized to a
human 30 000 oligo-array, and Cy5/Cy3 fluorescent ratio was analyzed with GeneSpring
software. The chemokines and the receptors in Fig. 2a were analyzed from array data, and
differentially expressed genes with over a three-fold expression were listed as significantly
differentially expressed and noted as (*). Over-saturated or undetected fluorescent intensity
was listed as N/A. (d) Top: nuclear proteins (0.5 μg) from Hs294T/vector and Hs294T/CDP
cells were subjected to electrophoretic shift assay (EMSA) with the IL-8 probe (from −99 to
−67). Cells were seeded in 24-well plates (4 × 105 cells/well) and transfected with (i) 0.2 μg/
well of a luciferase reporter plasmid DNA with the CXCL8 promoter sequence (from133 to +
44) and 0.02 μg/well of pNull-Renilla luciferase reporter plasmid DNA (Promega) to normalize
variations in transfection efficiency. Cells were incubated in serum-free medium (SFM) for 16
h and further incubated with/without tumor necrosis factor (TNF-α) (10 ng/ml) for 4 h in SFM.
Standard deviations of the mean fold induction were calculated from the relative luciferase
activity from the three wells. The assays were performed thrice. *P < 0.02; **P < 0.002
(Student’s t-test). Bottom: nuclear proteins (0.5 μg) from Hs294T/vector and Hs294T/CDP
cells were subjected to EMSA with the CXCL1 promoter sequence probe (from −98 to −63)
and SP1 control probe (Promega). CXCL1 promoter activity was measured using CXCL1
promoter sequence (from −301 to + 54) and SP1 control probe (Promega). The EMSA and
luciferase reporter gene assays were performed thrice. *P < 0.02; **P < 0.002 (Student’s t-
test). (e) Hs294T/vector and Hs294T/CDP cells were incubated in normal growth media,
washed twice with SFM, and then incubated with/without TNF-α (10 ng/ml) in SFM for 4 h.
Media were collected, centrifuged to eliminate cell debris, and aliquots were subjected to
enzyme-linked immunosorbent assay (ELISA) to determine the presence of CXCL1, CXCL2,
and CXCL8. The ELISA values were normalized in the unit of pg/105 cells and presented as
fold induction by TNF-α stimulation.
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Fig. 4.
Rel A-DNA binding is reduced in CCAAT displacement protein (CDP)-transduced Hs294T
cells, and over-expressed CDP interacted with lysine acetyl transferase, CBP/PCAF. (a) Top:
nuclear proteins (0.5 μg) from Hs294T/vector cells and Hs294T/CDP cells were subjected to
electrophoretic mobility shift assay (EMSA) with the nuclear factor-kappa beta (NF-κB) probe
as indicated and SP1 control probe with the same procedure as stated in Fig. 1b. Bottom: NF-
κB promoter activity was measured in Hs294T/vector cells and Hs294T/CDP cells using an
NF-κB-luciferase reporter gene with the same procedure as stated in Fig. 3d. *P < 0.02; **P
< 0.002 (Student’s t-test). (b) Nuclear cell lysates (noted as *) from Hs294T/vector and
Hs294T/CDP were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (50 μg/lane) with αCDP antibody. Total cell lysate (noted as **) from Hs294T/
vector and Hs294T/CDP were subjected to SDS-PAGE (50 μg/lane) with αCBP and αRel A
antibodies. Nuclear cell lysates were immunoprecipitated with αCDP antibody, followed by
immunoblot analysis with αCBP antibodies. The total cell lysates were immunoprecipitated
with αCBP antibody, followed by immunoblot analysis with the αRel A antibody. As a control,
normal IgG was used for immunoprecipitation, and αCBP/αRel A antibodies were used for
immunoblot analysis. IgG HC, immunoglobulin G heavy chain; NS, nonspecific. (c) Map of
the retroviral vector pBMN-IRES-EGFP, which stably expresses PCAF-WT. The vector
information is the same as stated in Fig. 3a. (d) The Hs294T cells were infected with (i) two
retroviruses encoding CDP and PCAF-WT and (ii) an empty vector. The total cell lysates were
subjected to immunoblot analysis with the αFLAG antibody to detect transduced PCAF or
CDP. Protein lysates were also immunoprecipitated with either αCDP or αFlag antibodies, and
then subjected to the immunoblot analysis with the αFlag antibody to detect PCAF.
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Fig. 5.
Hypothetical model: CCAAT displacement protein (CDP) interacts with lysine acetyl
transferase, CBP/PCAF and interferes with the activation of nuclear factor-kappa beta (NF-
κB). (a) Model of NF-κB-regulated transcription in normal human epidermal melanocytes
(NHEM): NF-κB proteins (Rel A/p50 dimers) translocate into the nucleus after tumor necrosis
factor α (TNF-α) stimulation. The binding of NF-κB proteins to DNA, however, is reduced in
NHEM as compared with Hs294T cells. This may be due to the lack of interaction between
NF-κB and the protein acetylase CBP/PCAF complex. (b) Model of NF-κB-regulated
transcription in Hs294T melanoma cells: NF-κB proteins (Rel A/p50 dimers) translocate into
the nucleus after TNF-α stimulation. NF-κB proteins bind to its consensus sequences in the
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nucleus, and this binding is possibly stabilized by the protein acetylase complex CBP/PCAF.
(c) Model of NF-κB-regulated transcription in Hs294T melanoma cells with over-expressed
CDP: NF-κB proteins (Rel A/p50 dimers) translocate into the nucleus after TNF-α stimulation.
Over-expressed CDP stably binds to DNA and interacts with CBP/PCAF, which may lead to
the sequestration of CBP/PCAF from Rel A and to the unstable DNA binding of Rel A/p50
complex.
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