
Fine Tuning the Transcriptional Regulation of the CXCL1
Chemokine

Katayoun Izadshenas Amiri*,† and Ann Richmond*,‡

*Department of Cancer Biology, Vanderbilt University School of Medicine, Nashville, Tennessee
37232
†Department of Microbiology, Meharry Medical College, Nashville, Tennessee, 37203
‡Department of Veterans Affairs, Nashville, Tennessee 37232

Abstract
Constitutive activation of the transcription factor nuclear factor-κB (NF-κB) plays a major role in
inflammatory diseases as well as cancer by inducing the endogenous expression of many
proinflammatory proteins such as chemokines, and facilitating escape from apoptosis. The
constitutive expression of chemokines such as CXCL1 has been correlated with growth,
angiogenesis, and metastasis of cancers such as melanoma. The transcription of CXCL1 is
regulated through interactions of NF-κB with other transcriptional regulatory molecules such as
poly(ADP-ribose) polymerase-1 (PARP-1) and cAMP response element binding protein (CREB)-
binding protein (CBP). It has been proposed that these two proteins interact with NF-κB and other
enhancers to form an enhanceosome at the promoter region of CXCL1 and modulate CXCL1
transcription. In addition to these positive cofactors, a negative regulator, CAAT displacement
protein (CDP), may also be involved in the transcriptional regulation of CXCL1. It has been
postulated that the elevated expression of CXCL1 in melanomas is due to altered interaction
between these molecules. CDP interaction with the promoter down-regulates transcription,
whereas PARP and/or CBP interactions enhance transcription. Thus, elucidation of the interplay
between components of the enhanceosome of this gene is important in finding more efficient and
new therapies for conditions such as cancer as well as acute and chronic inflammatory diseases.

I. Chemotactic Cytokines
Chemokines are small, proinflammatory, inducible, secreted cytokines that are involved in
trafficking, activation, and proliferation of many cell types such as myeloid, lymphoid,
pigment epidermal, and endothelial cells (1). Chemokine proteins are encoded by 70–130
amino acids, which also include a signal peptide sequence of 20–25 amino acids. It is
interesting to note that although chemokines share little homology in their primary sequence,
their overall tertiary structure is similar (2). Chemokines have been observed to form dimers
in concentrated solutions and on crystallization, however, these concentrations are much
higher than the biological concentrations. It is now commonly accepted that chemokines act
as monomers in biological systems (2–4). To date, over 50 chemokines have been identified
and assigned to four classes according to their arrangement of the first two of four conserved
cysteine residues: C, CC, CXC, and CX3C chemokines (Table I). The C chemokines such as
lymphotactin (XCL1) lack two of the four conserved cysteine residues, whereas CC
chemokines have the first two cysteines adjacent to each other; examples are
chemoattractant protein-1 (CCL2), macrophage inflammatory protein-1α (CCL3), and
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regulated upon activation of normal T cells expressed and secreted (CCL5). In CX3C
chemokines, three amino acid residues separate the first two cysteines, e.g., fractalkine
(CX3CL1), whereas in CXC chemokines such as melanocyte growth stimulatory activity/
growth-related oncogene (CXCL1-3), interleukin 8 (CXCL-8), monokine induced by
interferon-γ (CXCL9), interferon-γ-inducible protein-10 (CXCL10) and IFN-inducible T cell
α-chemoattractant (CXCL11), only one amino acid residue separates the first two cysteines
(1, 9). CXC chemokines may contain a Glu-Leu-Arg (ELR) motif at the amino terminus
(e.g., CXCL1-3, CXCL8). Chemokines that contain the ELR motif are associated with
angiogenesis, whereas chemokines lacking this motif are associated with angiostasis (e.g.,
CXCL9, CXCL10, and CXCL11) (5, 6).

The expression of the chemokine superfamily is regulated through multiple pathways.
Cytokines such as interleukin-1 (IL-1)1 and tumor necrosis factor-α (TNF-α) induce their
expression through activation of nuclear factor-κB (NF-κB) (7), whereas interferon-γ (IFN-
γ) acts through the Janus kinases (JAK)/signal tranducer and activator of transcription
proteins (STAT) pathway (8). Transforming growth factor-β (TGF-β) and glucocorticoids
negatively regulate chemokine expression (9). The functions of chemokines are mediated
through seven transmembrane domain, G protein-coupled cell surface chemokine receptors
(9–11). The binding of chemokines to their receptors occurs through interactions of two
regions with the receptor. The low-affinity binding of chemokines to the receptors is
mediated by an exposed loop of the backbone between the second and third cysteines,
whereas high-affinity binding to the receptors requires the N-terminus. The binding of the
NH2-terminal to the receptor is required for receptor signaling and its amino acid
composition is important in determining the degree of chemokine binding to the receptor
(2).

II. Receptors of Chemokines
The functions of chemokines are mediated through seven transmembrane G-protein-coupled
cell surface receptors. Chemokine receptors are 340–370 amino acids in length with 25–80%
amino acid identity (12). The structures of chemokine receptors have not yet been fully
solved; however, they are believed to have common features such as four extracellular
domains each with one cysteine residue, a conserved 10 amino acid sequence in the second
intracellular loop, an acidic NH2-terminus that contains N-linked glycosylation sites and is
involved in the ligand binding, and an intracellular C-terminus containing serine and
threonine phosphorylation sites (13, 14).

There is a wide variation in terms of chemokine and chemokine receptor selectivity. Certain
chemokines bind only one receptor, whereas others may bind many different receptors.
Receptors may also be exclusive for one or more chemokines (15, 16). In general
chemokines from the same gene cluster tend to bind similar receptors (17). Once the

1Abbreviations: IL, interleukin; TNF-α, tumor necrosis factor-α; NF-κB, nuclear factor-κB; IFN-γ, interferon-γ; JAK, Janus kinases;
STAT, signal tranducer and activator of transcription proteins; TGF-β, transforming growth factor-β; GTP, guanosine triphosphate;
GDP, guanosine diphosphate; PLC2, phospholipase Cβ2; IP3, inositol 1,4,5-triphosphate; PIP2, phosphatidylinositol 4,5-
bisphosphate; PKC, protein kinase C; PI3K, phosphatidylinositol 3-kinase; MAPK, mitogen-activated protein kinases; HIP, Hsp70
interacting protein; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; CTAPIII, connective
tissue-activating peptide; MS, multiple sclerosis; AP-1, activator protein-1; NF-IL6, nuclear factor activated by interleukin 6; IRF,
IFN-regulatory factor; Sp1, stimulating protein-1; HMGI/Y, high mobility group-I/Y; C/EBP, CAAT enhancer binding protein; IUR,
immediate upstream region; NRF, NF-κB repressing factor; CBP, cAMP response element binding protein (CREB)-binding protein;
HAT, histone acetyltransferase; HDAC, histone deacetylase; CDP, CAAT displacement protein; PARP, poly(ADP-ribose)
polymerase; IκB, inhibitor of κB; NLS, nuclear localization signal; IKK, IκB kinase; PKA, protein kinase A; CKII, casein kinase II;
PIP3, phosphatidylinositol 3,4,5-trisphosphate; PDK, 3-phosphoinositide-dependent protein kinase; PTEN, phosphatase and tensin
homologue deleted on chromosome 10; NIK, NF-κB-inducing kinase; TRAF2, TNF receptor-associated factor 2; ERK1/2,
extracellular signal-regulated kinase 1 and 2; Cdk, cyclin-dependent kinases; NAD+, β-nicotinamide adenine dinucleotide; BER, base
excision repair; HD, Cut homeodomain; CYP7A1, human cholesterol-7 hydroxylase; HNF-1, hepatocyte nuclear factor-1.

Amiri and Richmond Page 2

Prog Nucleic Acid Res Mol Biol. Author manuscript; available in PMC 2011 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



receptor binds a chemokine, it gets phosphorylated by a G-protein receptor-coupled kinase,
an event proposed to stabilize receptor desensitization. Subsequently, the receptor is
internalized (18). The receptors may also undergo heterologous desensitization, where its
serine residues are phosphorylated without ligand binding (19).

To date 19 human chemokine receptors have been identified among which 6 receptors
selectively bind CXC chemokines and thus have been designated CXCR1 through 6, and 10
receptors, CCR1 to CCR10, all bind the CC chemokines. Receptors for fractalkine and
lymphotactin were recently identified and named CX3CR1 (20) and XCR1 (21),
respectively. The Duffy antigen receptor also includes the chemokine receptor family and
binds promiscuously to both CXC and CC chemokines (22).

The biological functions of CXCL1 are known to be mediated through CXCR2. This
receptor has been shown to be expressed on all granulocytes, monocytes, and mast cells, and
on some CD8+ T cells and CD56+ natural killer cells as well as melanocytes. By binding and
activating CXCR2, CXCL1 modulates inflammation, angiogenesis, wound healing,
tumorigenesis, and cell motility (23–25).

The signal transduction mechanism of chemokine receptors is dependent on the trimeric G-
protein that is coupled to the receptor. G-proteins function as molecular switches that can
flip between two states: active when guanosine triphosphate (GTP) is bound, and inactive
when guanosine diphosphate (GDP) is in place. When the ligand binds to the receptor, a
conformational change in the receptor causes its association with the G-protein to facilitate
the exchange of GDP for GTP. In this activated state, the G-protein dissociates into Gα and
Gβγ subunits, so that Gβγ is able to activate the membrane bound phospholipase Cβ2
(PLC2). PLC2 in turn catalyzes the synthesis of 1,4,5-trisphosphate (IP3) from
phosphatidylinositol 4,5-bisphosphate (PIP2). IP3 mobilizes calcium, leading to activation of
calcium-sensitive kinases such as protein kinase C (PKC), which in turn phosphorylate
proteins that activate a series of signaling events leading to cellular responses (26, 27).
Chemokine receptors can also activate several other intracellular effectors such as Ras and
Rho (28), phospholipase A2, phosphatidylinositol-3-kinase (PI-3K) (29), tyrosine kinases
(30, 31), and the mitogen-activated protein kinase (MAPK) pathway (32, 33).

Chemokine receptors become desensitized to repeated stimulation with the same or other
ligands after activation. Although this process is not fully understood, it is thought to be
stabilized by phosphorylation of serine and threonine residues in the C-terminus of the
receptor by G-protein-coupled receptor kinases. Receptor phosphorylation in some instances
facilitates receptor sequesteration and internalization (34, 35). Desensitization and receptor
internalization are thought to be critical for maintaining the cell's capacity to sense a
chemoattractant gradient. Recently our laboratory demonstrated that CXCR2 associates with
Hsc/Hsp 70-interacting protein (HIP), and this association seems to play an important role in
receptor internalization (36). Subsequently, the receptors are targeted for degradation and/or
recycling back to the membrane. Thus, desensitization and trafficking of chemokine
receptors may also play important roles in the regulation of inflammatory processes and
cancer.

III. Chemokines in Wound Healing and Diseases
Chemokines were originally described as mediators of leukocyte recruitment and activation.
Chemotaxis of leukocytes is induced by early response mediators and cytokines such as
histamine, C5a, TNF-α, and IL-1, which increase the expression of adhesion molecules on
the vascular endothelial cells. This allows for localization and adherence of leukocyte
populations to areas of inflammation. The early response mediators and cytokines help in
slowing the circulatory flow of leukocytes by up-regulating molecules such as selectins on
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the endothelial surface. Once leukocytes have been localized to the inflamed vascular wall,
the presence of adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1) allows firm adhesion to the endothelium.
After adherence to the vascular endothelium, leukocytes can migrate into the tissue
following the chemotactic gradient in the inflamed tissue (37).

Leukocyte migration is one of the important components of wound healing. After acute
injury in skin wound models, the destroyed blood vessels release platelets and neutrophils
that serve as sources for growth factors and other mediators such as connective tissue-
activating peptide III (CTAP-III). CTAPIII is processed to CXCL7 by proteases that are
released by neutrophils, which in turn stimulates the migration and extravasation of
neutrophils via the receptor CXCR2 (38). The diapedesis of neutrophils is further mediated
by CXCL1, which is produced by both endothelial and dermal cells. A third major mediator
of the neutrophil migration, CXCL5, is produced by mononuclear cells in the provisional
matrix of the wound (39, 40). Furthermore, hypoxia and bacterial products as well as
proinflammatory cytokines (TNF-α, IL-1) produced by neutrophils below the wound surface
stimulate production of CXCL8, which stimulates the migration and proliferation of
keratinocytes in addition to neutrophils.

The keratinocytes in turn express CCL2, which has been considered the main attractant of
mast cells, monocytes, and lymphocytes to the wound area (39, 41, 42). Furthermore, CCL2
in addition to other angiogenic chemokines, e.g., CXCL1 and CXCL8, may also stimulate
endothelial-cell locomotion during the angiogenesis phase of wound healing (39, 43, 44).
CCL2 also may indirectly contribute to fibroblast proliferation by recruiting IL-4-producing
mast cells. IL-4 stimulates fibroblast proliferation and helps to limit the inflammatory
reaction by down-regulating the expression of chemokines, e.g., CCL2 and CXCL8 (45, 46).
Thus, the attraction of resident and inflammatory cells appears to be tightly regulated by the
complex and phase-specific expression of chemokines, placing these small molecules at
center stage in the process of wound healing.

Almost any stimulus that alters cellular homeostasis may elicit the expression of inducible
chemokines leading to an over 300-fold increase in the mRNA level within a few hours of
activation (47). However, with a system that is easily inducible, there is also a greater
potential for persistent expression, leading to diseases. Chemokines have been associated
with various diseases such as the autoimmune disease multiple sclerosis (MS), bacterial and
viral infections, atherosclerosis, asthma, graft rejection, as well as neoplasia. MS is a chronic
relapsing neuroinflammatory disease in which myelinated nerve fibers are targeted by T
lymphocytes and macrophages in the central nervous system. Studies have shown that the
appearance of CCL5, CCL3, CCL4, CCL2, and CXCL10 mRNA and protein directly
correlates with inflammatory lesions (48–53). Consistent with these data is the presence of
the receptors for these chemokines, CCR2, CCR5, and CXCR3 on macrophages, activated
microglia and T cell in lesions (54).

Chemokines also play an important role in bacterial and viral infections. Studies have shown
increased MIP-2 production during lipopolysaccharide-induced endotoxemia in animal
models, which may be responsible for the recruitment of neutrophils (55). Other chemokines
such as CCL3, CCL5, and CCL2 have also been implicated in septic responses (56–58). In
viral infections however, chemokine receptors seem to play an important role. Studies have
shown that some chemokine receptors (CCR3, CCR2b, CCR5, and CXCR4) act as cofactors
with CD4 for macrophage cell line-trophic HIV entry into monocytes and T cells (59, 60).
Also, other viruses such as cytomegalovirus (CMV) have been shown to encode chemokine
receptors (61).

Amiri and Richmond Page 4

Prog Nucleic Acid Res Mol Biol. Author manuscript; available in PMC 2011 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The relevance of chemokines in atherosclerosis was demonstrated in animal models in
which chemokines CXCL8, CXCL12, CXCL10, CCL2, and CCL5 were associated with the
lesions. A model for involvement of chemokines in progression of atherosclerosis proposes
that activated endothelial or arterial smooth muscle cells release chemokines to induce firm
adhesion of monocytes to the vascular endothelium. This is followed by diapedesis into the
subendothelium, where they take up lipid and become the foam cells within the fatty streak.
The smooth muscle migration into the intima and thrombus formation over the plaque may
also involve some chemokines (47).

In asthma, a chronic inflammatory disease of small airways, mononuclear, eosinophil, and
mast cells infiltrate the submucosa leading to mucous gland hyperplasia and subepithelial
fibrosis. Asthma is characterized by airway hyperresponsiveness (smooth muscle
contraction) to nonspecific stimuli. This is thought to be due to the involvement of
chemokines such as CCL2, CCL12, CCL24, and CCL5. CCL2 was able to induce changes
in airway physiology when instilled into the lungs of normal mice, resulting in increased
levels of histamine mast cell degranulation (62).

Chemokines may also influence allograft biology through their involvement in immune
suppression, inflammatory responses in acute and chronic rejection, as well as recruitment
of leukocytes to the allograft leading to ischemia-reperfusion (63). Studies in heart and skin
transplants have demonstrated the presence of CXCL1 and CCL2 in the early response and
CXCL10, CXCL9, CCL5, and CCL4 at the later stages. The presence of these chemokines
may be necessary for the movement of CD4+ and CD8+ T lymphocytes, macrophages,
natural killer cells, and antigen-presenting cells that are involved in the acute rejection (64–
66).

Interestingly, elevated expression of chemokines has been observed in many tumor cell
types, implicating a role for chemokines in neoplasia. The potential of chemokine
involvement in tumors has sparked a new interest in the field of cancer biology. Studies of a
variety of tumor cell types indicate the role of chemokines as tumor growth factors as well
as stimulators of angiogenesis and metastasis. Murine models have shown that chemokine
secretion by tumor cells may influence angiogenesis as well as tumor growth. The metastatic
and angiogenic abilities of a number of tumors have been attributed to elevated levels of
ELR+, angiogenic chemokines (5, 6). Constitutively expressed chemokines have been shown
to transform melanocytes and high levels of endogenous CXCL1 and CXCL8 have been
detected in melanomas (24, 25, 67–69). The role of these chemokines in tumor growth has
also been implicated in many other tumor types such as pancreas, head and neck, and non-
small-cell lung (70–72).

The directional metastasis of malignant tumors has also been attributed to the presence of
chemokines and their receptors in tumors (73–75). A recent publication on the involvement
of CXCR4 and CCR7 in directing breast cancer tumors to their secondary sites further
supports this hypothesis (76). The two chemokine receptors CXCR4 and CCR7 were shown
to be expressed in high levels in breast tumors compared to the normal breast tissue.
Interestingly enough, the ligands for these receptors, CXCL12 and CCL21, respectively,
showed high expression in such organs as lung, liver, bone marrow, and regional lymph
nodes, which are associated with the distinct breast cancer metastasis pattern. Moreover, the
high expression of CXCR4 and CCR7 induced actin polymerization and pseudopodia
formation, resulting in enhanced invasiveness of the breast tumors. Thus, chemokines
appear to play a significant role in tumor development due to their involvement in tumor
growth, angiogenesis, and metastasis.
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Thus, with the association of chemokines in a wide variety of diseases, it is imperative to
study the mechanisms underlying their regulation in order to develop more efficient
therapies. The focus in our laboratory lies on the chemokine CXCL1 in a melanoma model,
since CXCL1 appears to contribute to the growth and proliferation of melanoma. Studies in
our laboratory have shown that the level of this chemokine is elevated in many types of
melanoma cell lines and that this elevation in the expression may be due to deregulation in
the transcriptional regulation of the CXCL1 gene. In this review, the possible mechanism of
deregulation will be discussed.

IV. Differential Expression of Chemokines
Cytokines are not stored intracellularly and as such their stimulus-dependent secretion
heavily relies on de novo protein synthesis. Hence, cytokine expression is regulated
primarily at the initial phase of protein synthesis—transcription. This regulation appears to
be stimulus and cell type specific and is mediated through inducible transcription factors
such as NF-κB and activator protein (AP-1) (77–80). Following a stimulus, early response
cytokines such as TNF-α and IL-1 are rapidly produced, which in turn induce macrophages
and other cell types to secrete additional cytokines such as CXCL8 and IL-6. The promoters
of many of these cytokine genes contain binding sites for NF-κB, which mediates the up-
regulation of their transcription in response to the stimulus and is in fact required for their
maximal transcription (81–84).

The cause of the differential expression of the NF-κB-dependent cytokines is uncertain, but
recent studies support the speculation that involvement of other transcription factors may be
important in determining the transcription rates of cytokine genes. Although cytokine
promoters have the NF-κB binding site in common, each individual promoter also binds
other transactivators as well as repressors that interact with NF-κB to direct transcription.
The binding sites for the transcription factors AP1 and nuclear factor activated by
interleukin 6 (NF-IL6), for example, are present in the promoters of CXCL8, IL-6, and
CCL5 genes, where the positive cooperation between these transcription factors and NF-κB
enhances the transcription of these genes (85–87). In addition to these transcription factors,
CCL5 gene expression requires IFN-regulatory factor (IRF)-1, 3, and 7 transcription factors
as well (88, 89). Other transcription factors common in cytokine gene expression include
stimulating protein-1 (Sp1) and high mobility group-I/Y (HMGI/Y) (90, 91). There are
additional factors that may lead to differential expression of cytokines. These may include
differences in chromatin and transcription factor accessibility, posttranscriptional RNA
processing, mRNA stability, as well as differences in translational efficiency (92–94). Thus,
the differential activation of the many inducible transcription factors and their accessibility
to the binding sites as well as posttranscriptional events may explain the cell type-specific
and stimulus-specific expression of cytokines.

V. Transcriptional Regulation of CXC Chemokines
The expression of the CXC chemokines is thought to be NF-κB dependent, thus indicating a
disregulation in the activation of the transcription factor NF-κB may be involved in the up-
regulation of these chemokines in inflammatory diseases and cancer. However, as
mentioned previously, the transcriptional regulation of these chemokines is more complex
and involves factors other than NF-κB. In CXCL8 transcription, NF-κB interacts with either
AP1, NF-IL6, or CAAT enhancer binding protein (C/EBP) elements (95–97), whereas in
CXCL1 transcription, the NF-κB interacting elements are Sp1 (HMG I/Y) and immediate
upstream region (IUR) (90) (Fig. 1). It is postulated that the factors binding to these
elements may form an enhanceosome-like transcriptional response element in modulating
the gene expression (98, 99).
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The transactivation of CXCL8 transcription occurs through the interaction between the NF-
κB element of CXCL8 and either the AP1 or the NF-IL6 element in a cell type-specific
manner (100–102). Repression of CXCL8 transcription is, on the other hand, regulated by
NRF, an NF-κB repressing factor. In the absence of stimulation, NRF inhibits transcription
of CXCL8, but after stimulation with IL-1, NRF is necessary for full induction of CXCL8
transcription (103). Upon the binding of NF-κB to its binding site, the p65 subunit activates
the promoter via recruitment of CBP to the site. The intrinsic histone acetylase activity
(HAT) of CBP/p300 will then stabilize the transcription from the promoter. This
stabilization becomes imperiled in the presence of CDP, which has been shown to be
capable of recruiting the histone deacetylase activity (HDAC) that would counteract the
HAT activity of CBP (104). Thus, it is plausible that similar interactions among NF-κB,
CBP, and CDP are involved in the transcriptional regulation of CXCL1.

Within the CXCL1 promoter, the IUR element is thought to regulate the transcription of
CXCL1 both positively and negatively. It contains the consensus sequence
GGGATCGATC, which binds the negative modulator CDP (105), as well as the TCGATC
sequence that binds the positive modulator, PARP-1 (106). Thus, PARP-1 may induce NF-
κB-activated transcription of CXCL1, whereas CDP would repress this activity. However,
the intricate mechanism of regulation by these molecules is yet to be identified in the context
of the CXCL1 promoter. Thus, efforts to shed light on the matter would greatly contribute to
the efficacy of therapeutic means used today in inflammatory diseases and cancer.

VI. Regulation of NF-κB Activation
The major known player in the transcription induction of CXCL1 is the transcription factor
NF-κB. In the healthy human, NF-κB regulates the expression of genes involved in normal
immunological responses (e.g., generation of immunoregulatory molecules such as antibody
light chains) in response to proinflammatory cytokines and byproducts of microbial and
viral infections (107). However, increased activation of NF-κB results in enhanced
expression of proinflammatory mediators, leading to acute inflammatory injury to lungs and
other organs, development of multiple organ dysfunction, as well as angiogenesis and tumor
growth (107–109).

The NF-κB protein is composed of two subunits, which may vary, affecting the
transcriptional activity of the protein. There are five known mammalian NF-κB subunits,
each characterized by ankyrin repeat elements: Rel (c-Rel), p65 (RelA), RelB, p50, and p52.
The transcription regulatory action of NF-κB depends on the composition of the NF-κB
dimers, p50 homodimers lack strong transactivation domains and can actually inhibit gene
expression by competing with p65/p50 or other transactivating complexes for the κB sites
(107, 108).

In the absence of activation, NF-κB is sequestered in the cytoplasm by being associated with
IκB (an inhibitor of κB) protein. The IκB protein binds to the nuclear localization signal
(NLS) of NF-κB, inhibiting its translocation into the nucleus (107, 108, 110). When the cell
is exposed to activating signals, such as TNF-α, the IκB protein is phosphorylated,
ubiquitinated, and then broken down in the 26 S proteasome (111). This frees the NF-κB to
translocate into the nucleus where it binds to κB sites in the promoter/enhancer regions of
specific genes, including the promoter for IκB, to transactivate transcription. There are five
known IκB proteins: IκB-α,β,ε,γ, and Bcl-3. In addition to these five, p105 and p100, the
precursors of p50 and p52, respectively, possess domains that act as IκBs. The IκB subtypes
show different affinity for the different NF-κB dimers in a cell-specific manner. For
example, in endothelial cells, IκB-α has similar inhibitory activity for p50/RelA, p50/RelB,
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and p50/c-Rel, whereas IκB-β more strongly inhibits p50/RelA than the other two (107,
108).

IκBs are also active in the nucleus and interact with NF-κB dimers as they do in the
cytoplasm. IκB-α binds p50/RelA and inhibits its transactivating activity in the nucleus as
well as freeing the heterodimer from κB sites on DNA to induce their transport from the
nucleus to the cytoplasm. On the contrary, Bcl-3 can act as a transcriptional activator in the
nucleus by binding to p50/p50 homodimers, which can act as transcriptional repressors by
occupying NF-κB binding sites and preventing the transactivating NF-κB heterodimers such
as p50/RelA or p50/c-Rel from binding to these sites (112). The inducible degradation of
IκB is controlled by three large multiprotein complexes: IκB kinase (IKK), IκB ubiquitin
ligase, and 26 S proteasome. IKK activity is induced upon various stimulation, leading to
phosphorylation of two N-terminal serine residues of IκB, Ser-32 and Ser-36 (113, 114). The
phosphorylation of IκB targets it for ubiquitination by IκB-ubiquitin ligase and subsequent
degradation by the 26 S proteasome (107, 108, 111).

The transactivation function of NF-κB is also regulated in the nucleus through interaction
with HDAC corepressor proteins. Ashburner et al. (115) demonstrate in their study a direct
interaction between the HDAC1 and NF-κB p65 subunit by which HDAC1 exerts its
corepressor function. Overexpression of HDAC1 and HDAC2 was shown to repress TNF-α-
induced NF-κB-regulated gene expression. HDAC2 does not interact with NF-κB directly,
but can probably regulate NF-κB activity through its association with HDAC1. In
accordance with this, chemical inhibitors of HDAC activity such as trichostatin A increased
expression of an NF-κB-dependent reporter gene as well as an endogenous IL-8 gene. Thus,
the association of NF-κB with the HDAC1 and HDAC2 corepressor proteins functions to
repress basal expression of NF-κB-dependent genes as well as to control the induced level of
expression of these genes.

Activation of NF-κB may be induced by a variety of pathogenic stimuli, including bacterial
products, such as metalloproteases (MMP-3 and 9), viral proteins, cytokines such as IL-1
and TNF-α, growth factors such as PDGF, radiation, ischemia/reperfusion, and oxidative
stress through multiple pathways (107, 108). The activation of NF-κB occurs within minutes
of stimulation since de novo protein synthesis is not required and the activated NF-κB in
turn mediates expression of more than 150 genes involved in inflammatory and immune
responses (116). It is important to note that the promoters and enhancers of NF-κB-
dependent genes also contain binding sites for other transcription factors and interplay of
these factors can potentiate or repress the ability of NF-κB to initiate transcription. However,
it is in events of abnormal, constitutive activation of NF-κB that major problems arise
resulting in many chronic inflammatory diseases as well as cancer. Persistent activation of
NF-κB inhibits apoptosis and promotes proliferation leading to hyperplasia (107–109, 117,
118).

There have been reports on NF-κB activation through IKK-independent pathways as well.
Protein kinase A (PKA), casein kinase II (CKII), and p38 MAPK have all been implicated in
the phosphorylation of NF-κB Rel A, leading to enhanced interaction of NF-κB with
transcriptional coactivators and components of basal transcriptional machinery (119–122).
PKA phosphorylation of the NF-κB p65 subunit on serine 276 was shown to weaken the
interaction between the N- and C-terminal of p65 and create an additional site for interaction
with the coactivator protein CBP (119). Based on these data, it is feasible that there is an
interaction between NF-κB and the coactivator protein CBP within the CXCL1
enhanceosome and this interaction among others may be enhanced in melanomas and
inflammatory diseases leading to constitutive expression of CXCL1.
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A. Signaling Pathways Leading to Activation of NF-κB in Melanoma Cells
The hallmark of cancer cells lies in their ability to escape apoptosis by over-activation of
growth and survival pathways. There are two major pathways that are associated with
survival and proliferation: PI3K/Akt and Ras/MAPK pathways. Stimulation of any one of
these pathways leads to activation of antiapoptotic and prosurvival proteins mediated
through NF-κB (Fig. 2).

Akt, originally identified as a homologue of the viral oncogene v-Akt, is closely related to
protein kinase A and C and was thus named protein kinase B (PKB). There are three
mammalian Akt genes that encode proteins containing a pleckstrin homology (PH) domain
in the N-terminus, a central kinase domain, and a regulatory carboxy terminus. There are
two regulatory phosphorylation sites within Akt: threonine 308 and serine 473. In
unstimulated cells, Akt exists in an unphosphorylated state in the cytoplasm. Upon growth
factor stimulation and PI3K activation and subsequent production of PIP3, Akt is recruited
to the plasma membrane and is phosphorylated at T308 and S473 by 3-phosphoinositide-
dependent protein kinase 1 (PDK1) and PDK2, respectively (123). Fully activated Akt then
becomes available to phosphorylate its substrates within the same basic motif, R-X-R-X-X-
S/T (124). Thus far, 13 substrates of Akt have been identified, which may be grouped
according to their functions in cell survival, cell cycle, glucose metabolism, and protein
synthesis. The Akt substrates involved in cell survival regulation include Bad, the forkhead
family of transcription factors, FLICE inhibitory protein, and IKK. Thus, activation of Akt
may regulate NF-κB activity through IKK. Indeed, NF-κB activation in correlation with Akt
activation has been shown in several different carcinomas such as ovarian, breast,
pancreatic, and melanoma (125, 126). A model for NF-κB activation through Akt proposed
by Madrid et al. (127) suggests Akt utilizes IKK-β in a p38-dependent manner that requires
serines 529 and 536 of RelA/p65 to directly stimulate NF-κB activity and Akt signaling in
response to IL-1 exposure stimulates NF-κB by activating p38 in a manner dependent on
IKK. Whether Akt acts only through IKK to activate NF-κB or directly interacts with NF-κB
to activate the transcription factor remains elusive.

Up-regulation of Akt in cancers may be a consequence of mutation or deletion of the
phosphatase and tensin homologue deleted on chromosome 10 (PTEN) tumor suppressor
gene. PTEN is a lipid phosphatase that plays a crucial role in deactivation of AKT, since one
of its primary targets is the direct product of PI3K, PIP3. Loss of PTEN function in cancer
cell lines results in accumulation of PIP3 and activation of Akt and escape from apoptosis.
Indeed, overexpression of wild-type PTEN sensitizes them to apoptosis probably through
inhibition of the PI3K/Akt pathway (128). As in many cancers, PTEN mutations have been
reported in melanomas, suggesting a mechanism for overactivation of Akt in this cancer
(129).

The second major pathway leading to NF-κB activation involves the Ras family members,
which play important roles in cell differentiation, growth, transformation, and apoptosis
(130–132). There are four Ras genes in the mammalian genome, expressing the very
homologous proteins N-Ras, H-Ras, M-Ras, and K-Ras of 21 kDa. Ras proteins have been
shown to activate the PI3K, Rac, RhoA, coupled with activation of the Raf/MAPK pathway
to promote oncogenic transformation (133). The ultimate targets of these pathways are
transcription factors such as NF-κB (134).

Work in our laboratory has shown that the CXCL1 protein is endogenously expressed in
almost 70% of the melanoma cell lines and tumors, but not in normal melanocytes.
Overexpression of human CXCL1, 2, or 3 in immortalized murine melanocytes (melan-a
cells) enables these cells to form tumors in SCID and nude mice. Differential display
examination of the CXCL1 effect on melanocyte transformation revealed overexpression of
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the Ras genes. One of the mRNAs identified in the screen as overexpressed in CXCL1
transformed melan-a clones was the newly described M-Ras gene. Overexpression of
CXCL1 up-regulates M-Ras expression at both the mRNA and protein levels, and this
induction requires an intact ELR motif in the CXCL1 protein. K- and N-Ras proteins are
also elevated in CXCL1-expressing melan-a clones, leading to an overall increase in the
amount of activated Ras. CXCL1-expressing melan-a clones also exhibited enhanced AP-1
activity. Overexpression of wild-type M-Ras or a constitutively activated M-Ras mutant in
control melan-a cells as monitored by an AP-1-luciferase reporter also showed enhanced
AP-1 activity, whereas expression of a dominant negative M-Ras blocked AP-1-luciferase
activity in CXCL1-transformed melan-a clones. In the in vitro transformation assay,
overexpression of M-Ras mimicked the effects of CXCL1 by inducing cellular
transformation in control melan-a cells, whereas overexpression of dominant negative M-
Ras blocked transformation (118). These data suggest that CXCL1-mediated transformation
may require Ras activation in melanocytes.

Another NF-κB-regulating kinase that is overexpressed in melanoma is NF-κB-inducing
kinase (NIK). NIK was first identified by way of its association with TNF receptor-
associated factor 2 (TRAF2) and shares homology with mitogen-activated protein kinase
kinase kinases (135). NIK physically associates with and activates both IKK-α and IKK-β
(136, 137) and overexpression of NIK has been shown to activate NF-κB (135).
Interestingly, our laboratory found that NIK is overexpressed in melanoma cells and the
IKK-associated NIK activity is enhanced compared to normal cells. When a catalytically
inactive form of NIK was expressed, the constitutive activation of NF-kB and CXCL1
promoter was blocked in Hs294T melanoma cells, but not in normal human epidermal
melanocytes. The NIK-induced activation of NF-kB was shown to be through the MAPK
signaling kinases extracellular signal-regulated kinase 1 and 2 (ERK1/2), since
overexpression of dominant-negative ERK leads to a decrease in NF-kB promoter activity
(138). Thus, these data suggest that NIK is involved in up-regulation of NF-kB activity and
hence CXCL1 transcription through an NIK/MEKK-IKK-IκB signaling pathway.

VII. Role of CBP in CXCL1 Transcription
Many inducible transcription factors such as NF-κB are activated through interactions with
cellular coactivators (139). The transcriptional activity of NF-κB appears to be optimized
through interactions with the coactivator CBP as discussed above. CBP is a nuclear protein
belonging to a family of highly homologous proteins such as p300 and p270 that are
involved in many physiological responses such as proliferation, differentiation, and
apoptosis (140). CBP is thought to regulate transcription through its HAT activity, since in
vitro transcription experiments have shown that transcription is induced only on the template
with chromatin structure, but not on the naked DNA (141, 142). Thus, through its intrinsic
HAT activity, CBP activates transcription by transferring an acetyl group to the ε-amino
group of a lysine residue of the histone and neutralizes the positive charge of the molecule
and thus loosens the interaction between the histone and the negatively charged DNA,
leading to chromatin remodeling (143). Furthermore, the HAT activity of CBP is restricted
not only to histones, but also to other targets such as transcription factors and the
transcription apparatus (144, 145).

The human CBP locus is located in chromosomal region 16p13.3 and codes for a protein
containing (1) the bromodomain, which is found in mammalian HATs; (2) an ADA2-
homology domain, which is homologous to the yeast transcriptional coactivator, Ada2p; (3)
a KIX domain; and (4) three cysteine-histidine (CH)-rich domains referred to as CH1, CH2,
and CH3. It has been suggested that the bromodomain recognizes acetylated residues and
could function in identification of different acetylated domains. The CH domains and the

Amiri and Richmond Page 10

Prog Nucleic Acid Res Mol Biol. Author manuscript; available in PMC 2011 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



KIX domain are thought to mediate protein–protein interaction (146). The KIX domain is
involved in the interaction between CBP and the p65 (Rel A) subunit of NF-κB, as well as
CBP binding to the transcriptionally active serine-133-phosphorylated form of CREB (142,
147).

CBP also appears to be under cell cycle control. Many kinases such as PKA, calcium/
calmodulin-dependent kinase, MAP kinase, and cyclin-dependent kinases Cdk2 and Cdc2
have been implicated in the positive and negative phosphorylation control of CBP. The
cyclinE–Cdk2 complex has been shown to bind to the C-terminal region of CBP and
negatively regulate CBP-mediated coactivation of NF-κB, whereas the other mentioned
kinases aid in CBP-mediated transcriptional activation (146). The phosphorylation sites on
CBP have not been identified yet, but appear to be critical for its regulation.

There are multiple proposed models for the mode of action of CBP in the regulation of
transcription. In the bridging model, CBP acts as a connecting bridge between transcription
factors and the transcription apparatus. Data showing the interaction of CBP with a variety
of transcription factors as well as components of the basal transcriptional machinery such as
TATA box-binding protein (TBP), TFIIB, TFIIE, and TFIIF are supportive of this model
(146, 148). In a second model, CBP plays a role in transcriptional activation by assembling a
diverse group of cofactor proteins into multi-component coactivator complexes. Thus, CBP
serves as a scaffold for the assembly of transcription cofactors, increases the relative
concentrations of these factors in the transcription area, and allows for protein–protein and
protein–DNA interactions. Yet another model proposes that CBP may take advantage of
either its intrinsic HAT activity or other HATs assembled in multi-component complexes to
target the chromatin and/or transcription factors for transcription activation. Even though
targets of CBP in vivo are yet to be identified, in vitro studies have shown that CBP can
acetylate all four core histones (149).

More recently, acetylation of transcription factors such as p53, E2F-1, 2, and 3, MYB,
MyoD, GATA-1, CREB, and NF-κB (142, 147, 150, 151) by CBP has been reported and, in
almost all cases, the acetylation led to enhanced DNA-binding activity. It is possible that
acetylation regulates protein–protein interaction or facilitates protein–DNA binding by
changing the conformation of the protein and introducing a DNA-recognition surface (146).
These findings also indicate that there may be competitive interactions between the
transcription factors for association with CBP, thus providing an additional regulatory event.
A good example of this competitive behavior is among CBP, NF-κB, and CREB. CBP
recognizes the phosphorylated serine 276 on the p65 subunit of NF-κB through an S domain
in the KIX region. The KIX region is also responsible for recognizing the phosphorylated
serine 133 form of CREB. Thus phosphorylation of these two proteins promotes their
interaction with CBP. Activation of protein kinase A was shown to increase amounts of
phosphorylated CREB and decrease NF-κB-mediated transcription (152, 153). Thus, the
activity of PKA is a determinant in the binding of CBP to its interacting proteins.

A recent report by Chen et al. (154) demonstrated that the RelA subunit of NF-κB is subject
to inducible acetylation by CBP/p300. Acetylation of NF-κB resulted in weak interaction
with IκB in the nucleus, which in turn led to decreased IκB-dependent nuclear export of the
complex and thus increased NF-κB transactivation. This acetylation was reversed by
HDAC3. Thus, CBP/p300 may be involved in the regulation of CXCL1 transcription in
more than one way. It could acetylate not only the histones, but also NF-κB itself, and
contribute to the prolonged and/or constitutive activation of the transcription factor.
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VIII. PARP as a Transcriptional Activator of the CXCL1 Gene
Another putative coactivator of NF-κB in CXCL1 transcription is PARP. The mammalian
poly(ADP-ribose) polymerase (PARP)-1, the major isoform of the PARP family, is a
nuclear protein that is heavily associated with chromatin. PARP is composed of 1014 amino
acids (114 kDa) and is continuously expressed in eukaryotes. It has a 46-kDa DNA-binding
domain at the N-terminus that contains two Zn fingers, facilitating the binding of PARP to
DNA strand breaks, as well as bipartite nuclear localization signal. The two regions of
nuclear localization signals are separated by the DEVD sequence, which is the target of
caspase-3 during apoptosis and subsequently gets cleaved, and thus inactivated, resulting in
the formation of two proteolytic fragments of PARP, a 29-kDa amino terminus and an 85-
kDa carboxyl terminus (155, 156). A 54-kDa domain of PARP located in the carboxyl
terminus represents the β-nicotinamide adenine dinucleotide (NAD+)-binding domain
containing a highly conserved “PARP signature” sequence comprising the catalytically
crucial amino acid residue Glu-988. Between the DNA-binding domain and the NAD+ -
binding domain lies a 22-kDa “automodification domain,” which facilitates the
homodimerization and/or heterodimerization of PARP with other chromatin proteins (156).

The catalytic activity of PARP is stimulated 500-fold by noncovalent contact of the DNA-
binding domain with DNA strand breaks and results in the transfer of successive units of the
ADP-ribose moiety from NAD+ to itself and other nuclear protein acceptors such as
topoisomerase I and II, histones, HMG proteins, p53, and NF-κB (155, 157–159). It is
thought that PARP mediates stress-induced signaling by binding to damaged DNA
containing single-strand breaks and nucleotide excisions. Automodification upon DNA
binding releases PARP from DNA due to the highly negatively charged poly(ADP-ribose),
rendering DNA more accessible to the DNA repair machinery (159). PARP has been shown
to associate in vivo with XRCC1, a DNA repair protein involved in base excision repair
(BER) of DNA and PARP-1-deficient cells display a severe DNA repair defect that appears
to be a primary cause of the observed genomic instability and cytotoxicity of DNA
damaging agents that induce BER (160, 161). The catalytic activity of PARP appears to be
of importance since in the absence of NAD+, PARP inhibits DNA repair by irreversible
binding to damaged DNA (161). When the damage is too extensive, overactivation of PARP
leads to depletion of NAD+ and ATP. As apoptosis is ATP dependent, inactivation of PARP
by cleavage prevents energy depletion and enables completion of apoptosis. Thus, PARP
also serves as a marker for the onset of apoptosis due to its cleavage by caspase-3 into
smaller, inactive fragments (162, 163).

Studies with PARP-1-deficient cells and animals have revealed other functions of PARP
including roles in genomic recombination and instability, DNA replication, regulation of
telomere function, and transcriptional regulation (155, 164). The PARP-1 knockout lines
exhibit tetraploidy, increased frequency of sister chromatid exchanges, and micronucleus
formation, all markers of genomic instability (164, 165). They also show shorter telomere
length, which is associated with aging. Tankyrase1, a telomeric PARP localized at the
telomeres, inhibits telomeric-repeat binding factor 1 (TRF1), an inhibitor of telomere
elongation, through its ADP-ribosylation activity and thus promotes telomere elongation
(158, 166, 167). Microarray analysis of the primary PARP-1 gene, Adprt1, null fibroblasts,
revealed down-regulation of several genes involved in the regulation of cell cycle
progression, mitosis, DNA replication, chromosomal assembly, or processing. On the other
hand, some cytoskeletal and extracellular matrix genes implicated in cancer or in normal or
premature aging were up-regulated (158). These data (along with more recent publications)
suggest a role for PARP in the regulation of gene expression.
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Soldatenkov et al. (168) report a negative role for PARP in transcription regulation, where
the direct interaction of the PARP protein with its own gene promoter results in suppression
of transcription. However, in response to DNA damage, PARP catalytic activity is
stimulated and automodification of the protein will subsequently prevent its interaction with
the promoter. This relieves the PARP-mediated block on the promoter and allows for
transcription of PARP and other genes suppressed by PARP. Upon DNA damage repair, the
DNA binding activity and thus repressor function of PARP are restored. Although in this
instance the catalytic activity of PARP relieves suppression, it can in other instances
promote suppression. It has been demonstrated that poly(ADP-ribosyl)ation of transcription
factors and members of the basal transcriptional machinery prevents binding of these
proteins to DNA, thus interrupting formation of new transcription complexes. However, it is
important to note that once transcription preinitiation complexes have been formed, the
transcription factors are inaccessible to ADP-ribosylation (169). Thus, poly(ADP-
ribosyl)ation prevents binding of transcription factors to DNA, whereas binding to DNA
prevents their modification.

Conversely, others have reported a positive role for PARP in the formation of the
preinitiation complex (PIC). Meisterernst et al. (159) report that the presence of PARP is
required during assembly of RNA polymerase II (RNAPII) and other general transcription
factors with a preformed complex consisting of TFIID and possibly TFIIA in vitro. They
also propose that PARP activation of the PIC is achieved through recruitment of general
transcription factors or conformational changes within the components of the basal
transcription machinery and that PARP effects on supercoiled templates are DNA
concentration dependent and do not require damaged DNA. Furthermore, PARP-1 has been
implicated as a transcriptional coactivator in activation of some genes such as B-MYB, reg,
and cTNT (170–172).

PARP-1 has also been reported to interact directly with transcription factors such as NF-κB
(168, 173, 174). Studies on PARP-1−/− cells revealed that they are defective in NF-κB-
dependent transcriptional activation in response to TNF-α and lipopolysaccharide (LPS),
indicative of a functional link between PARP-1 and NF-κB. Furthermore, these cells were
unable to induce the expression of NF-κB itself after exposure to TNF-α (175, 176). This
would suggest a role of PARP-1 as a signaling molecule, controlling the expression of a
transcription factor. Moreover, Hassa et al. (177) report that PARP-1 is required for specific
NF-κB transcriptional activation, which occurs through interaction of PARP-1 with both
subunits of NF-κB, where each subunit binds to a different PARP-1 domain. They also
demonstrate that this interaction is independent of PARP-1 activity and/or DNA binding.
However, the published literature regarding PARP-1 and NF-κB interaction is somewhat
controversial. Inhibition of the enzymatic activity of PARP has been shown not to affect NF-
κB DNA binding, which indicates a lack of a direct role for the catalytic activity of PARP-1
in activating NF-κB (173), reinforcing the proposed interaction by Hassa et al. (177). On the
other hand Chang and Alvarez-Gonzalez (178) report that direct PARP-1 interaction with
NF-κB inhibits NF-κB from binding to its site and this inhibition is relieved by the auto-
poly(ADP-ribosyl)ation of PARP-1. Taken together, the data demonstrate that PARP-1 may
be a cofactor in the activation of NF-κB through its direct interaction with the transcription
factor. However, the nature of this interaction is not yet defined and the question of whether
this interaction could be stimulated or inhibited by PARP activity remains to be answered.

IX. CDP as a Transcriptional Repressor of the CXCL1 Gene
Although CBP and PARP are potential positive coactivators in CXCL1 transcription, the
negative regulation of CXCL1 transcription is thus far attributed to CDP (10). CDP/Cux/Cut
proteins are members of a unique family of homeoproteins that is conserved among higher
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eukaryotes and contain a Cut homeodomain as well as one or more “Cut repeat” DNA-
binding domain(s) (179–181). The CDP, Cux, and Cut proteins contain three Cut repeats
and a Cut homeodomain and are referred to as the classic CDP/Cux/Cut proteins. CDP,
CCAAT displacement protein, was first identified in the testis of the sea urchin
Psammechinus miliaris and later in mammals and was characterized as a transcriptional
repressor. There are six evolutionarily conserved domains in mammalian and Drosophila
CDP/Cut proteins: a region that forms a coiled-coil structure, three regions of ∼70 amino
acids, three Cut repeats (CR1, CR2, and CR3), and a Cut homeodomain (HD) (179, 180).

The cut repeats are believed to function as specific DNA-binding domains, in addition to the
HD. These DNA-binding domains enable CDP/Cut to bind to a wide range of DNA
sequences including sequences related to CCAAT, ATCGAT, AT-rich matrix attachment
regions, and Sp1-sites. Several other types of sequences diverging from the consensus
sequences have been isolated as well by way of PCR-mediated site selection using GST-
fusion proteins containing various CDP/Cut DNA-binding domains (180). These reports are
indicative of the flexibility of the CDP/Cut proteins in choosing their DNA targets.

In vitro studies of CDP/Cut DNA-binding modes have shown several combinations of
domains such as CR1CR2, CR1HD, CR2HD, CR3HD, and CR2CR3 implementing this
function. However, in vivo experiments in mammalian cells display only two modes of DNA
binding. The CCAAT-displacement activity involves primarily CR1 and CR2, whereas
binding to ATCGAT involves CR3HD. CR1CR2 exhibits fast “on” and “off” rates, whereas
CR3HD displays slow on and off rates. Thus, although CR1CR2 binds to DNA rapidly but
only transiently, CR3HD makes a stable interaction with the DNA (179, 180).

The DNA-binding activity of CDP/Cut is regulated in a cell-cycle-dependent manner, where
strong binding is observed in S phase as a result of both an increase in CDP/Cut expression
and dephosphorylation of CDP/Cut by the Cdc25A phosphatase (180). In G2 phase,
however, its DNA-binding activity is inhibited through cyclinA-Cdk1. Santaguida et al.
(181) report that the cyclinA–Cdk1 complex activated through the action of the Cdk-
activating kinase phosphorylates CDP/Cut on two serine residues around the Cut
homeodomain and inhibits its DNA binding. Phosphorylation of conserved sites in the Cut
repeats by PKC and CKII or pCAF-mediated acetylation of the Cut homeodomain has also
been implicated in the inhibition of CDP/Cut DNA-binding activity (180, 182, 183). These
data indicate that down-modulation of CDP/Cut activity may be very important for cell
cycle progression in late S and in G2.

The exact mechanism of repression by CDP/Cut is unknown, however, two mechanisms
have been proposed: passive repression in which CDP/Cut competes with activators for
occupancy of binding sites, hence the name “CCAAT displacement protein,” and active
repression involving direct interaction of CDP/Cut with HDAC1 (182). In support of the
active repression theory, two active repression domains within the carboxy-terminal domain
of CDP/Cut have been identified that are able to interact with HDAC1.

Mammalian CDP/Cut proteins have been shown to repress genes in proliferating precursor
cells that are turned on as cells become terminally differentiated and CDP/Cut activity
ceases. Thus, CDP/Cut proteins are transcriptional repressors that inhibit terminally
differentiated gene expression during early stages of differentiation. CDP/Cut was shown to
repress the p21/waf1 gene, a cyclin inhibitor, as well as bind to promoters of various histone
genes, which are regulated in a cell-cycle-dependent manner (184). In accordance with this,
CDP/Cut DNA-binding activity oscillates during the cell cycle and reaches a maximum at
the end of G1 and during the S phase. Interestingly, CDP/Cut regulates histone genes
positively, where the peak of expression of these genes coincides with or closely precedes
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the DNA replication phase (180, 183). Thus, the regulatory effect of CDP/Cut on
transcription might vary depending on the proteins with which it interacts and that these
CDP/Cut-interacting proteins may be cell and tissue specific.

However, there is limited insight into the function of CDP/Cut in mammals in vivo. To
address this question, a few mutational studies have been conducted in which either the CR1
or the Cut HD was mutated. The pheno-types observed in CR1 homozygous mutant mice
include curly vibrissae, wavy hair, and high postnatal lethality among the litters, whereas
homozygous Cut HD mutants displayed high postnatal lethality, growth retardation, nearly
complete hair loss, and severely reduced male fertility (182). Thus absence of fully
functional CDP/Cut results only in limited disturbances of normal tissue development.

The repression activity of CDP/Cut has also been observed in non-cell-cycle-related genes
such as human cholesterol-7 hydroxylase (CYP7A1), CXCL1, and mouse mammary tumor
virus (MMTV) expression. CYP7A1 is expressed only in the liver and is regulated by
several liver-enriched transcription factors. CDP/Cut was found to be a major negative
regulator of the expression of this gene, where it mediates its repressor activity by displacing
two hepatic transcriptional activators, hepatocyte nuclear factor-1 (HNF-1) and C/EBP, from
their binding sites within intron 1 of the gene (185). The expression of MMTV in the
mammary glands has also been shown to be repressed by CDP/Cut, since mutations in the
putative CDP/Cut binding domain elevated reporter gene expression by six-fold, whereas
overexpression of CDP/Cut was able to suppress reporter gene expression up to 20-fold
(186). The same phenomenon was observed in the regulation of CXCL1 transcription by
Nirodi et al. (105). The authors showed that CDP mediates its suppressive function by
binding to the GCATCGATC sequence within the IUR element in the promoter of the
CXCL1 gene. However, further investigation is needed to establish if the repression activity
of CDP/Cut is due to its displacement activity or direct interaction with HDAC1 or both. It
is possible that CDP/Cut exerts its transcriptional repression simply by displacing the
coactivator PARP-1.

X. Reflection
Thus, based on the above discussion, alterations in the interactions of the CXCL1
enhanceosome proteins may be the cause for overexpression of this chemokine as seen in
many malignancies and inflammatory diseases. Based on the available data, these alterations
may affect the interactions of CDP with the promoter negatively, but have a positive effect
on PARP and NF-κB. Thus, overexpression of CXCL1 may be attributed to a concomitant
decrease/loss of CDP binding and enhanced PARP binding to the promoter as well as to NF-
κB in melanomas. The question then becomes: How does PARP achieve enhanced
interactions with the promoter and NF-κB, whereas CDP interaction is at a loss? To answer
this question, it is necessary to explore the explicit role of PARP and CDP in the regulation
of CXCL1 transcription in “normal” models that can be compared with melanoma models.
The significance of these proteins in the regulation of CXCL1 transcription may be
investigated through ablation of their expression as well as mutational studies. It is also
important to establish the exact sequences that CDP and PARP bind within the IUR element
and to look for any differences in these sequences between normal and melanoma models.
The effect of PARP catalytic activity on NF-κB and IUR interaction should also be
investigated, as it may be of great importance for therapeutic inventions. Thus, by altering
the interaction of these proteins in the CXCL1 enhanceosome complex, we may reduce the
inflammatory and tumor growth responses in tissues.
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Fig. 1.
Modulation of transcription of cytokines involves similar regulatory elements. Reprinted by
permission from A. Richmond, Nat. Rev. Immunol. 2, 664–674 (2002), ©2002 Macmillan
Publishers Ltd.
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Fig. 2.
The signal transduction pathways involved in activation of the transcription factor NF-κB.
Reprinted by permission from A. Richmond, Nat. Rev. Immunol. 2, 664–674 (2002), ©2002
Macmillan Publishers Ltd.
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TABLE I
CXC, C, CX, C, and CC Chemokine and Receptor Famillesa

Systematic name Chromosome Human ligand Mouse ligand Chemokine receptor(s)

CXC chemokine/receptor family

 CXCL1 4q21.1 GROα/MGSAα GRO/MIP2/KC? CXCR2>CXCR1

 CXCL2 4q21.1 GROβ/MGSAβ GRO/MIP2/KC? CXCR2

 CXCL3 4q21.1 GROγ/MGSAγ GRO/MIP2/KC? CXCR2

 CXCL4 4q21.1 PF4 PF4 Unknown

 CXCL5 4q21.1 ENA7B GCP2/LIX? CXCR2

 CXCL6 4q21.1 GCP2 GCP2/LIX? CXCR1, CXCR2

 CXCL7 4q21.1 NAP2 Unknown CXCR2

 CXCL8 4q21.1 IL-8 Unknown CXCR1, CXCR2

 CXCL9 4q21.1 MIG MIG CXCR3 (CD183)

 CXCL10 4q21.1 IP10 IP10CRG2 CXCR3 (CD183)

 CXCL11 4q21.1 ITAC ITAC CXCR3 (CD183)

 CXCL12 10q11.21 SDF1α/β SDF1/PBSF CXCR4 (CD184)

 CXCL13 4q21.1 BCA1 BLC CXCR5

 CXCL14 5q31.1 BRAK/Bolckine BRAK Unknown

   (CXCL15) Unknown Unknown Lungkine/WECHE Unknown

 CXCL16 17p13 Unknown Unknown CXCR6

C chemokine/receptor family

 XCL1 1q24.2 Lymphotactin/SCM1α/ATAC Lymphotactin XCR1

CX3C chemokine/receptor family

 CX3 CL1 16q13 Fractalkine Neurotactin/ABCD3 CX3 CR1

CC chemokine/receptor family

 CCL1 17q11.2 1309 TCA3/P500 CCR3

 CCL2 17q11.2 MCP1/MCAF/TDCF JE? CCR2

 CCL3 17q12 MIP1α/LD78α MIP1α CCR1, CCR5

 CCL3L1 17q12 LD78β Unknown CCR1, CCR5

 CCL4 17q12 MIP1β MIP1β CCR5 (CD195)

 CCL5 17q12 RANTES RANTES CCR1, CCR3, CCR5
(CD195)

  (CCL6) Unknown C10/MRP1 Unknown

 CCL7 17q11.2 MCP3 MARC? CCR1, CCR2, CCR3

 CCL8 17q11.2 MCP2 MCP2? CCR3, CCR5 (CD195)

  (CCL9/10) Unknown MRP2/CCF18/MIP1γ CCR1

 CCL11 17q11.2 Eotaxin Eotaxin CCR3

  (CCL12) Unknown MCP5 CCR3

 CCL13 17q11.2 MCP4 Unknown CCR2, CCR3

 CCL14 17q12 HCC1 Unknown CCR1, CCR5

 CCL15 17q12 HCC/LKN1/MP1δ Unknown CCR1, CCR3

 CCL16 17q12 HCC4/LEC/LCC1 Unknown CCR1, CCR2

Prog Nucleic Acid Res Mol Biol. Author manuscript; available in PMC 2011 July 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Amiri and Richmond Page 30

Systematic name Chromosome Human ligand Mouse ligand Chemokine receptor(s)

 CCL17 16q13 TARC TARC/ABCO2 CCR4

 CCL18 17q12 DC-CK1/PARC/AMAC1 Unknown Unknown

 CCL19 9p13.3 MIP3β/ELC/exodus-3 MIP3β/ELC/exodus-3 CCR7 (CD197)

 CCL20 2q36.3 MIP3α/LARC/exodus-1 MIP3α/LARC/exodus-1 CCR6

 CCL21 9p13.3 6Ckine/SLC/exodus-2 6Ckine/SLC/exodus-2/TCA4 CCR7 (CD197)

 CCL22 16q13 MDC/STCP1 ABCD1 CCR4

 CCL23 17q12 MPIF1/CKβ8/CKβ8-1 Unknown CCR1

 CCL24 7q11.23 Eotaxin-2/MPIF2 MPIF2 CCR3

 CCL25 19p13.3 TECK TECK CCR9

 CCL26 7q11.23 Eotaxin-3 Unknown CCR3

 CCL27 9p13.3 CTACK/ILC ALP/CTACK/ILC/ESkine CCR10

 CCL28 5p12 MEC CCR3/CCR10

a
Reproduced with permission from International Union of Immunological Societies/World Health Organization Subcommittee on Chemokine

Nomenclature. J. Leukoc. Biol. 70, 465–466 (2001). The Society for Leukocyte Biology.
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