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Abstract

Previous studies indicate that two upstream CCAAT/enhancer-binding protein (C/EBP) sites and C/
EBP are required for subtype B HIV-1 gene expression in cells of the monocyte—-macrophage
lineage. The mechanisms of C/EBP regulation of HIV-1 transcription and replication remain unclear.
This review focuses on studies concerning the role of C/EBP factors in HIV-1, human T-cell leukemia
virus type 1, and SIV transcription in various cell types and tissues cultured in vitro, animal models
and during human infection. The structure and function of the C/EBPJ gene and the related protein
isoforms are discussed along with the transcription factors, coactivators, viral proteins, cytokines
and chemokines that affect C/EBP function.
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The CCAAT/enhancer-binding protein (C/EBP) family is one member of a large group of basic
region leucine zipper (bZIP) transcription factors. Six C/EBP family members have been
classified: C/EBPa, -B, -y, -0, -¢ and - (Figure 1) [1-4]. All members of this family share a
highly conserved C-terminal region (bZIP), consisting of a basic amino acid-rich DNA-binding
domain followed by a leucine zipper dimerization motif. However, the N-termini of C/EBP
factors are diverse. Some members (C/EBPa, -B, -3 and -€) contain both activation and
regulatory domains, allowing them to function as activators, whereas C/EBPy and -( lack
activation domains and, as a result, function as inhibitors [1,5-11]. In addition, multiple
isoforms of C/EBPa, -p and -¢ have been identified. Different isoforms may function as either
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activators or inhibitors, depending largely on the number of activation domains contained
within their N-terminal region (Figure 1) [10,12,13]. The functional properties of C/EBP family
members have been well characterized. These properties include their ability to regulate
cellular growth and differentiation, immune and inflammatory responses, as well as their
specific role within the context of various disease processes [14]. For example, C/EBPs play
an important role in the regulation of gene expression in myelomonocytic cells and cells of the
monocyte—-macrophage lineage [11], Additionally, C/EBPua is involved in the regulation of
granulopoiesis and hepatic gene expression [15] and C/EBPB modulates gluconeogenesis
[16] and adipogenesis gene expression [17]. In addition, C/EBPs are able to regulate the
expression of a number of cytokines and chemokines, including IL-6, IL-8 and monocyte
chemoattractant protein-1 (MCP-1) [18-21].

The expression patterns of different C/EBP family members vary widely. The level of C/
EBPa expression increases during the course of adipocyte differentiation and reaches its
highest level when cells differentiate into nondividing adipocytes. In contrast, C/EBPp and -
d are expressed at their highest levels during the early stages of adipocyte development [1,
22]. However, during granulocyte differentiation, the levels of C/EBPa expression increase
first and are expressed maximally in cells that retain the ability to divide; eventually, the level
of expression is reduced. The levels of C/EBPS expression increase markedly early during
induction of granulocyte differentiation. Expression then remains fairly constant, with small
reductions in expression eventually observed in more differentiated granulocyte populations.
In contrast to the expression levels of C/EBPa and C/EBPS, those of C/EBPf increase steadily
throughout the progressive stages of granulocyte differentiation [22]. In the monocyte—
macrophage cell lineage, C/EBP expression levels increase during the differentiation of
progenitor cells. Additionally, it is the only family member whose expression level is increased
upon activation of the U-937 promonocytic cell line [23]. Exposure of macrophages to
lipopolysaccharide (LPS), IL-1, IFN-y and TNF-a, all of which are present at elevated levels
during the course of HIV-1 infection, leads to a reduction in the level of C/EBPo mRNA,
whereas the levels of C/EBPp and C/EBPS expression increase [24]. Decreased C/EBPa levels
have been observed in HIV-1-infected patients receiving HAART. These patients have serious
metabolic difficulties such as combined insulin-resistance, dyslipidemia, central adiposity and
peripheral lipotrophy. The inhibitory effects of a protease inhibitor on adipogenesis have been
related to decreased expression of C/EBPa, and overexpression of C/EBPa was able to rescue
some of the anti-adipogenic effects of the protease inhibitor [25-27]. However, the expression
levels of C/EBPJ were not affected by HIV-1 protease-inhibitor treatment [26,27]. The
phenomenon may be caused by protease inhibitors acting on specific stages of adipocyte
differentiation [27] or the molecular targets affected by the anti-adipogenic properties of the
antiretroviral drug, likely to be located downstream from C/EBP [26]. For example, nelfinavir
affects steps subsequent to critical early events in preadipoctye differentiation [27], and
efavirenz may affect transcription factors located downstream of C/EBP [26]. C/EBPS is also
involved in adipogenesis. Because of this, it would be interesting to determine whether C/
EBPS expression is affected during treatment with antiretroviral drugs.

Under some physiologic circumstances during the course of HIV disease, cells of the
monocyte-macrophage lineage appear to be resistant to the cytopathic effects of HIV-1 and
may serve as a viral reservoir during persistent viral infection. The capacity of these cells to
migrate into various organs and tissues makes them potential conveyors of HIV-1 to multiple
organ systems including the brain and kidney [28,29]. Considering the important role that the
monocyte-macrophage lineage likely plays in HIV infection, C/EBP has received more
attention than other members of the C/EBP family of proteins.
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This review examines the C/EBP family of proteins, especially C/EBP, and its roles in HIV-1
infection and associated diseases as well as other retroviral infections. Five aspects to be
considered are:

«  The C/EBPB gene and corresponding protein isoforms;

«  The effects of C/EBP on HIV-1 long terminal repeat (LTR)-directed transcription
within different cell types and tissues;

«  The effects of C/EBPp on the expression of the CCRS5 coreceptor in cells susceptible
to HIV-1 infection;

«  Specific proteins that interact with C/EBPf to regulate HIV-1 gene expression;

«  Therole that C/EBP plays within the context of other retrovirus-associated diseases.

C/EBPB gene & corresponding proteins

Studies from a rodent system indicate that three C/EBP activation domains (AD) — AD1, AD2
and AD3 - are localized within the first 131 amino acids of the protein. Although each AD
exhibits low intrinsic activity, collectively the three intact ADs result in full protein activity
[4,12,30]. Two regulatory domains (RDs) — RD1 and RD2 — are located between the DNA-
binding domain and ADs (Figure 2A) [4,12,30]. Mutations within either of the RDs lead to an
increase in C/EBP activity. RD1 consists of residues within the internal region of the protein
(amino acids 139-142) and has been shown to weakly inhibit C/EBP transactivation function.
RD?2 is localized within amino acid residues 163-191 and has been shown to be responsible
for inhibiting C/EBPB DNA-binding affinity in a cell-type specific manner. Several studies
have demonstrated that phosphorylation within an inhibitory domain will likely result in
liberation of transactivation and DNA-binding activities from an inhibitory state [2,6,12,30].
C/EBPS can be phosphorylated in a number of cells by multiple stimuli and through various
protein kinase pathways, and protein phosphorylation has been shown to be a major regulator
of C/EBP function [31-34]. For example, phosphorylation of threonine 235 in the inhibitory
domain of human C/EBPf by a ras-dependent MAPK increased transcriptional activation
[34], and phosphorylation of serine 299 of rat C/EBP (or Ser288 of human C/EBPB) by cAMP-
dependent protein kinase A resulted in nuclear translocation and subsequent transactivation
[33]. Furthermore, a higher level of phosphorylated C/EBP (at Thr23%) has been found in
human macrophages compared within monocytes, indicating that C/EBP phosphorylation
may be important in lineage commitment [35]. Recent studies have demonstrated that cyclin-
dependent kinase 9 is able to phosphorylate C/EBPp and leads to an increase in HIV-1 gene
expression [36]. At the C-terminus, the leucine zipper region has been shown to be responsible
for C/EBP homo- and heterodimerization with other C/EBP or bZIP protein family members.
Dimerization has been shown to be a prerequisite for the binding of C/EBP factors to the
corresponding DNA recognition element [4,12,37]. Previous studies indicate that the DNA-
binding basic region is approximately 20 amino acids long, lies upstream of the leucine zipper
region and interacts with the major groove of DNA in a sequence-specific manner [38].

C/EBPS (also referred to as nuclear factor IL-6 in human and liver-enriched activating protein
[LAP], in rodents) has been shown to be located on human chromosome 20q13.13 [39] and on
mouse chromosome 2 [40], respectively. It was first characterized as a protein that binds to the
IL-1-responsive element within the promoter region of the IL-6 gene [2]. To date, the C/
EBPp gene has been described in human, mouse, rat, chicken, Xenopus laevis, fish and bovine
species [32]. Among these, the human, mouse and rat C/EBPJ genes and gene products have
been used in HIV-1 studies. C/EBP is encoded by a gene containing a single exon without
introns that is transcribed into a 1.4 kB mRNA transcript [39-41]. The single C/EBPB mRNA
can be translated into three distinct protein products as a result of a leaky ribosome scanning
mechanism that uses alternative in-frame translational initiation sites [12,13]. In the rodent
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system, three isoforms of C/EBPp are produced: LAP*, LAP and liver-enriched inhibitory
protein (LIP) (Figure 2A). LAP* is translated from the first AUG sequence and is 297 amino
acids in length, resulting in a 38 kDa C/EBPf isoform. LAP is translated from the second AUG
sequence, generating a 35 kDa isoform, which lacks the first 21 N-terminal amino acids but
leaves the transactivation domains intact. LIP is a 16—-20 kDa isoform generated from the third
AUG sequence and lacks the N-terminal trans-activation domain. LIP contains the C-terminal
DNA-binding and dimerization domains and functions mainly as a dominant-negative C/
EBPp isoform [12,13]. Previous studies have shown that LIP predominates when the ratio of
LIP:LAP is greater than 0.2 [12]. Other studies have shown that LIP may be generated by
proteolytic cleavage during the preparation of cell extracts [42—44], and the expression level
of LIP is mainly determined by the procedures used to prepare cell lysates [42]. The
mechanisms regulating C/EBPf have not been well characterized. Recent studies have
suggested that C/EBP could be degraded by a calpain-dependent mechanism in skeletal
muscle cells [45]. Similarly, three isoforms of C/EBPp have also been reported in humans: C/
EBPpB-1, -2 and -3. The full-length human C/EBPp (C/EBP-1) is 346 amino acids in length.
C/EBP-2 is translated from the second start codon, resulting in a 323 amino acid protein. C/
EBPp-3 is 146 amino acids in length. Experimentally, the three isoforms were identified as
p55, a p45/p42 doublet and p20, respectively [46]. Amino acid sequence analyses have shown
that human and mouse/rat C/EBP share a highly conserved sequence identity within the C-
terminus, whereas N-terminal and internal region sequences show greater variability (Figure
2B), which may suggest that human and rodent C/EBPJ could exhibit distinct activation
pathways, thus their biological function might be different. This observation is of interest
because many studies have been performed in heterologous experimental systems including
studies using a human virus and mouse C/EBP.

Although C/EBPB-1 and C/EBP-2 differ by only 21 amino acids in mouse, rat and chicken
proteins and by 23 amino acids in the human protein, functional differences between the two
isoforms have been reported [47,48]. Three factors contribute to the differences observed
between LAP* and LAP or C/EBP-1 and C/EBP-2. First, differences within the first 21
amino acids of the N-terminus of LAP*, a region responsible for functional interaction with
the switch mating type/sucrose nonfermenting (SWI/SNF) complex, have been shown. This
complex is a histone remodeling enzyme that uses energy derived from ATP hydrolysis to
model chromatin, thus allowing transcriptional machinery to access DNA in the presence of
LAP* but not LAP, suggesting that differences may exist between LAP* and LAP when
interacting with chromosome-embedded genes [49]. Second, six cysteine residues exist within
mouse LAP* (i.e., Cysll, Cys33, Cys123 Cysl43 Cys201 and Cys?296), five in LAP (Cys33,
Cys123, Cysl43 Cys?01 and Cys296), and two in LIP (Cys?9! and Cys?296). The presence of
additional disulfide bonds between Cys!! and Cys33 in LAP* was shown to be related to the
ability of LAP* to regulate LPS-induced IL-6 gene expression under a sudden surge of reducing
potential [50]. Third, studies from human C/EBPp have demonstrated that C/EBP-1, but not
C/EBP-2, was able to conjugate to the small ubiquitin-like modifier (SUMO) family members,
SUMO-2 and SUMO-3. This incorporation required the integrity of the extreme N-terminus
of C/EBPB-1 and lysine 173 [51]. Since sumolyation affects protein—protein interactions, the
difference in linkage to SUMO by C/EBP-1 and C/EBPB-2 may also contribute to differential
interactions with coactivator proteins and chromatin remodeling proteins, thus contributing to
functional differences observed between C/EBP-1 and C/EBPB-2 [51]. However, differences
between the roles of C/EBPB-1 and C/EBPB-2 in mediating HIV-1 transcription have not been
reported. Based on the demonstrated functional differences between C/EBPB-1 and C/
EBPpB-2, it is possible that functional differences exist between the two isoforms with respect
to regulating HIV-1 gene expression. For example, it has been reported that IL-6 stimulation
may increase C/EBP-2 but not C/EBPB-1 or -3 expression [52]. Thus, HIV-1 infection
resulting in the upregulation of specific cytokines such as IL-6, IL-1 and TNF-a, may also alter
the expression of different C/EBP isoforms, further modulating HIV-1 gene expression by
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interacting with different co-activators and/or chromatin remodeling proteins. IFN-$ or 1L-10
is able to induce C/EBP-3 production in macrophages, which may be important for HIV-1
latent infection and may provide a selective advantage by facilitating the establishment of a
viral reservoir [53]. Subsequently, the different C/EBPf isoforms may have different roles in
determining human macrophage susceptibility to productive HIV-1 infection and therefore
require more investigation.

Role of C/EBPB & C/EBP-binding sites in HIV-1 transcription in cells of the
monocyte—macrophage lineage

It is not totally understood how C/EBP factors regulate HIV-1 transcription. Three C/EBP-
binding sites have been identified upstream of the transcriptional start site within the HIV-1
promoter or LTR [54]. One site is located immediately 5’ of the distal nuclear factor (NF)-xB
binding site (upstream site [US] 1, -105 to -116, relative to the transcription start site); another
is located upstream (US2 -164 to -173); and a third (US3 -245 to -253) is located further
upstream of US2 (Figure 3). US1 and 2 include a consensus C/EBP-binding site, though this
consensus sequence is not apparent within US3 [55]. C/EBP protein and either HIV-1 LTR
C/EBP-binding sites US1 or US2 are required for HIV-1 replication in the U-937 monocytic
cell line as well as in primary cells of the monocyte—macrophage linage. The two C/EBPg-
binding sites appear to be functionally equivalent [23,56]. A number of studies have
demonstrated that specific LTR C/EBP-binding site configurations exhibit different C/EBPJ
DNA-binding affinities, and the prevalence of HIV-1 LTRs containing these configurations
correlates with specific stages of HIV-1 disease [57-60]. Specifically, the 6G configuration of
C/EBP USL1 (T-to-G change at nucleotide position 6 of consensus subtype B US1) exhibiting
a moderate affinity for C/EBP factors was commonly found in brain-derived LTRs, but was
infrequently encountered in peripheral blood-derived LTRs [60]. In contrast, the 3T C/EBP
US1 (C-to-T change at nucleotide position 3 of consensus subtype B US1) and consensus US2
sequence were found predominantly in LTRs derived from peripheral blood mononuclear cells
in late stage HIV disease, and brain tissues of HIVV-associated dementia (HAD) patients.
Interestingly, the 3T configuration of the C/EBP US1 has been shown to be preferentially
encountered in LTRs from late-stage disease with a 5T configuration of Sp site Il (a C-to-T
change at nucleotide position 5 of the subtype B consensus sequence of Sp site I11).

In addition to activating HIV-1 transcription by binding to US1 and US2, C/EBP has the
ability to activate the HIV-1 LTR in the absence of these binding sites in U-937 monocytic
cells (Figure 4) [54,61]. For example, C/EBPp transactivated a mutant HIVV-1 LTR, which
contains the sequence from -339 to +83 (relative to the transcription start site) with a deletion
of both US1 and US2 binding sites. C/EBP also elicited a relatively low level of gene
activation from the basal LTR element (-40 to +83) or from a partial LTR region (-80 to +83),
although the maximal levels of LTR response to C/EBP still required the upstream elements
[54,61]. Additionally, exogenous C/EBP activated mutant LTRs that contain only a partial
LTR element (-108 to +83), including NF-xB binding sites without the three Sp binding sites
or intact Sp binding sites with mutant NF-xB binding sites in U-937 monocytic cells, in the
absence or presence of combined LPS and phorbol-12-myristate-13-acetate (PMA)
stimulation, suggesting the critical role of C/EBP in the context of HIV-1 LTR variants
containing multiple mutated and/or deleted transcription factor binding sites [54,61]. However,
the expression of C/EBP{ (C/EBP-homologous protein), which is a negative regulator of C/
EBPs, inhibits C/EBP transcriptional ability and leads to a delay of HIV-1 replication in U-937
cells [36]. These studies suggest that either some unidentified C/EBP-binding sites exist within
the HIV-1 LTR or that C/EBP factors could be recruited to the LTR via direct or indirect
interaction with other transcription factors and related signaling pathways and/or other
transcription factor-binding sites. For example, a highly conserved C/EBP-binding site (DS3)
which is located at position +158 to +175 relative to the transcriptional start site in the HIV-1
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LTR, has been recently identified within the HIV-1 subtype B LTR. This C/EBP-binding site
affects the basal and transactivator of transcription (Tat)-mediated HIV-1 subtype B
transcription and replication in U-937 cell lines [Liu Y, Wigdahl B, Unpublished Data] (Figure
3).

Role of C/EBP in HIV-1 transcription in T cells

CD4™* T cells are the major targets of HIV-1 infection; however, the role of C/EBPp in HIV-1
infection of T cells has not been well characterized. The expression levels of C/EBPB mRNA
and protein have been characterized in the Jurkat T-cell line [62—-64] and are increased in T
cells isolated from peripheral blood mononuclear cells of HIV-1-infected patients [65].
However, C/EBP US2 is unable to form specific DNA—protein complexes with nuclear extracts
from Jurkat T cells with or without LPS and PMA stimulation [62], indicating that either C/
EBPp expressed in Jurkat T cells is different from that expressed in cells of the monocyte—
macrophage lineage, or that combined LPS and PMA treatment could not release the
suppression of C/EBP, by RD2, which is predominately responsible for inhibiting C/EBPJ
DNA binding affinity [12]. It has also been demonstrated that C/EBP US1 and US2 are
dispensable for HIV-1 replication in the Jurkat T-cell lines as well as in primary T cells [62].
Interestingly, in Jurkat T cells stimulated with LPS and PMA, the transcriptional level of the
HIV-1 LTR is increased by exogenous C/EBPp. Both the basal region (-40 to +83) and the
TATAA element (-35 to -15) of the HIVV-1 LTR respond to C/EBPB-mediated upregulation of
HIV-1 transcription, indicating that the basal region of the HIV-1 LTR may contain
unidentified C/EBP-binding sites or that specific interactions may occur between C/EBPp and
TATAA-binding proteins, which may promote HIV-1 LTR activation (Figure 4) [66].
Consistent with this concept, interaction between C/EBPo and TATAA-binding proteins has
been observed [67,68]. Prostaglandin E2 and forskolin, both of which increase the level of
intracellular cAMP, are able to potently activate C/EBPf in human T cells, and the
prostaglandin E2-mediated increase in HIV-1 LTR activity is dependent on the C/EBP-binding
sites (Figure 4) [69]. By contrast, C/EBP-binding sites do not appear to be involved in the
induction of LTR activity in response to phytohemagglutinin combined with either PMA or
TNF-a, none of which can increase CAMP levels [69,70]. Therefore, it is possible that
intracellular cCAMP levels have the potential to stimulate C/EBPp expression and affect HIV-1
transcription in T cells. Therefore, these studies provide further evidence of the ability of C/
EBPp to regulate HIV-1 transcription in a cell-type specific manner.

Recent studies have shown that C/EBPS is able to activate HIV-1 replication in primary
CD4* T cells by binding to the cytidine deaminase APOBEC3G and inhibiting APOBEC3G
antiviral function [71]. Phosphorylation of serine at position of 288 of C/EBP is critical for
binding to APOBEC3G [71]. APOBECS3G is a natural inhibitor of HIV-1 infection and the
HIV-1 accessory protein Vif binds to APOBEC3G leading to proteosome-dependent
degradation of APOBEC3G, thereby inhibiting its antiviral function (reviewed in [72]).
Interestingly, C/EBP has been shown to be able to induce the replication of a Vif-deficient
strain of HIV-1. Furthermore, C/EBPS inhibition of APOBEC3G subsequently prevents G-to-
A mutations in HIV-1 DNA usually caused by APOBEC3G and maintenance of HIV-1 genome
stability, which is likely to be important in HIV-1 infectivity [71].

Role of C/EBP in HIV-1 transcription in the brain

HIV-1 infects the brain at an early stage of infection, and the brain serves as an important
reservoir for HIV-1 [73]. In addition to the infected macrophages infiltrating the brain,
microglial cells and astrocytes have been shown to be additional targets of HIV-1 infection in
the brain [73,74]. C/EBPp and C/EBPy are expressed in glial and microglial cell lines, and C/
EBPp has been found in primary mouse astrocyte and microglial cell cultures [75,76]. C/
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EBPS has been detected in rat cortical astrocytes but does not appear to be expressed in human
microglial and glial cells [76]. Nuclear levels of C/EBPJ increase rapidly in astrocyte and
microglial cells following LPS treatment, and studies show that MAPK and cAMP pathways
are involved in this process [75,77]. Furthermore, systemic injection of LPS results in an
increase of C/EBPp nuclear levels in the mouse brain [75]. Like LPS, proinflammtory
cytokines, such as IL-1B, TNF-a and IL-6 have the ability to enhance C/EBPJ expression in
primary astrocytes [77]. Therefore, C/EBPf could also be involved in the regulation of gene
expression in astrocytes during inflammatory processes affecting the brain, including HIV-1-
associated brain disease. Additionally, C/EBP-binding sites have been identified within the
promoter regions of the IL-1B, TNF-a and IL-6 genes. Therefore, the induction of C/EBP in
astrocytes could, in turn, promote expression of these genes, thus facilitating a positive-
feedback loop and an increased inflammatory response [77].

Within microglial cells, the three known upstream C/EBP-binding sites have been shown to
be nonessential for C/EBPB-mediated transcription of the HIV-1 LTR [76]. Instead, C/EBPpB
activation was mediated through the -68 to +80 LTR region. However, in oligodendroglioma
cells (TC-620 cells), the upstream C/EBP sites were required for efficient C/EBPJ
responsiveness, although C/EBPJ was still able to function through the truncated LTR from
-40 to +80 in the absence of Sp binding sites [76]. These observations indicate that C/EBPJ
can alter HIVV-1 LTR-directed transcription in the absence or presence of known C/EBP-
binding sites within the brain and that the effects are cell-type specific. Therefore, C/EBPJ
could be important during the course of HIVV-1-associated brain dysfunction. However,
overexpression of C/EBPy did not significantly change the HIV-1 basal activity but resulted
in the inhibition of C/EBPB-induced stimulation in microglial cells and TC-620 cells [76]. It
will be important to understand the regulation of the expression of these two C/EBP factors in
the brain and explore the relationship with HI\VV-1-associated brain disease.

Role of C/EBPB in HIV-1 infection in the lung

Enhancement of HIV-1 replication occurs in primary blood monocytes cultured in vitro after
infection with Mycobacterium tuberculosis; however, HIV-1 replication is repressed when
infected monocytes are differentiated into macrophages. One explanation for this difference
may be found in the observation that following infection with M. tuberculosis, only the
stimulatory 37 kDa C/EBPp (C/EBP-2 or LAP in mice) was induced in monocyte-like cells
(THP-1). In contrast, M. tuberculosis infection of PMA-treated THP-1 cells or primary
macrophages was shown to induce expression okf the inhibitory C/EBPf (LIP or C/EBP(-3)
[78]. C/EBPB-binding sites are required for repressing HIV-1 LTR transcription in
macrophages infected with M. tuberculosis. Mutagenesis of the three C/EBP-binding sites
abolished the repression of LTR activity caused by C/EBP-3 [78]. HIV-1 replication in
vivo was inhibited in noninflammed lung macrophages but increased during co-infection with
M. tuberculosis [79]. Specifically, resting alveolar macrophages isolated from patients with
HIV/AIDS without detectable viral replication, expressed large quantities of C/EBPj-3.
However, the expression of C/EBP-3 was decreased in inflamed lung tissue with high levels
of viral replication [78]. The ratio of inhibitory to stimulatory C/EBP is 1.0 in patients with
HIV/AIDS without detectable viral replication. Thus, it has been proposed that pulmonary
tuberculosis causes the abolition of inhibitory C/EBPf expression in the lung and is responsible
for enhanced HIV-1 replication among HIV-1-infected patients co-infected with M.
tuberculosis. Therefore, PMA-treated THP-1 cells stimulated with M. tuberculosis are similar
to alveolar macrophages in the noninflammed lung of HIV-1-infected patients, in whom HIV-1
replication was inhibited, whereas HIV-1 replication was increased in aleveloar macrophages
infected with M. tuberculosis. The differences between the in vitro and in vivo observations
might be caused by the host immune response to M. tuberculosis in vivo. For example,
surfactant protein-A, which is part of the innate immune response in the lung [80], has the
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ability to reduce the expression of C/EBPB-3 [81]. Furthermore, in the lung of HIV-1-infected
patients with tuberculosis, the contact between CD4" T lymphocytes and alveolar macrophages
is important for maximal HIV-1 production in tissue macrophages, and this interaction may
reduce the production of C/EBPf-3 and activate NF-«xB [82,83]. Z-100, which is an
arabinomannan extracted from M. tuberculosis, has recently been shown to inhibit HIV-1
replication by induction of the inhibitory C/EBPJ isoform in human monocyte-derived
macrophages [84] and acutely infected macrophages [85,86]. Thus, C/EBP may promote or
inhibit HIV-1 transcription in the lung depending on the specific C/EBPf isoforms being
expressed in a given situation. More recent studies have demonstrated that the expression of
tyrosine kinase hematopoietic cell kinase and relative amounts of C/EBP-2 and C/EBP-3
play important roles in determining the overall level of HIV-1 replication in macrophages.
Decreasing the relative concentration of C/EBPp-3, thereby enhancing the ratio of C/EBPj-2
to C/EBP-3 by treatment with an antisense oligonucleotide probe for C/EBPf-3 [87] or
erythromycin derivatives [88], significantly stimulated HIV-1 replication in macrophages.
Taken together, these studies suggest that enhancing the expression of C/EBPS-3 may be a
useful way to control HIV-1 replication in AIDS patients.

C/EBP alters coreceptor expression on HIV-1-infected cells

HIV-1 requires the presence of CD4 and either CCR5 or CXCR4 to successfully infect cells.
Seven putative C/EBPB-binding sites have been found within the CCR5 gene [65]. Nuclear
extracts from U-937 cells transiently transfected with the LAP or LIP expression vectors
formed specific DNA-C/EBP complexes with each of these seven C/EBP-binding sites.
However, only two of seven, which are located in the 3’ portion of the intron, formed specific
DNA-protein complexes with Jurkat T-cell nuclear extracts transiently transfected with the
LAP or LIP expression vectors [65]. These observations further demonstrate that the interaction
between C/EBP factors and their cognate binding sites occurs in a cell type-specific manner.
Functionally, LAP or LIP was shown to alter CCR5 expression in U-937 cells and Jurkat T
cells by different mechanisms. In U-937 cells, LAP or LIP was shown to activate or inhibit
CCR5 expression through sites located either in the promoter region or in the intron of the
CCR5 gene, whereas in Jurkat T cells, the presence of the intronic cis-regulatory regions was
required for LAP- or LIP-mediated activation or repression [65]. Compared with that observed
in healthy donors, a significant increase in LAP expression in primary peripheral blood
mononuclear cells has been observed in HIV-1-infected individuals [65]. Thus, it has been
suggested that the enhanced LAP activity may correlate with the higher expression of CCR5
on circulating lymphocytes in AIDS patients. Interestingly, the binding of HIV-1 envelope
glycoprotein gp120 to the CD4 receptor on T cells results in the rapid accumulation of C/
EBPp and enhanced DNA binding ability with respect to the C/EBP consensus binding site
[89]. These studies indicate that LAP induction by HIV-1 could increase the number of cells
susceptible to infection by stimulation of CCR5 expression in CD4* cells [65]. However,
overexpression of LIP did not affect CD4 or CXCR4 expression on the U-937 cell surface, and
LIP was unable to block HIV-1 entry (CCR5 was not detectable in their studies) [90]. Thus,
in addition to regulating HIV-1 LTR function, C/EBP has the ability to affect HIV-1
coreceptor expression and influence HIV-1 infection during the course of viral disease.

Proteins that interact with C/EBP in HIV-1 infection

C/EBPS can form dimers with other transcription factors through the leucine-zipper domain
or interact with co-activators via the trans-activation domain, which has been shown to enhance
the capability of C/EBPp to influence HIV-1 gene expression and overall viral replication
(Figure 5). These protein partners include chromatin remodeling proteins, transcription factors
and viral proteins.
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Chromatin remodeling proteins

C/EBP-2 or LAP can activate HIV-1 transcription by recruiting histone acetyltransferase,
including cAMP response element binding protein (CREB) binding protein (CBP)/p300, p300/
CBP-associated factor (PCAF) which can modify chromatin structure and make DNA more
accessible to transcription factors [91]. Therefore, the interaction between C/EBPf and histone
acetyltransferase may facilitate HIV-1 transcription by promoting the remodeling of chromatin
structure. CBP/p300 does not interact with specific DNA binding sites directly; rather, they
link specific transcription factors to the basal transcriptional machinery via protein—protein
interactions. The N-terminus of C/EBPf (Figure 5) and the C-terminal half of p300 (amino
acids 1752-1859), which partially overlaps with the ELA binding domain of p300, are
responsible for this specific interaction [92]. E1A, which binds directly to CBP/p300,
suppressed chicken C/EBPB-mediated transactivation. This inhibition was restored by
overexpression of p300 [92-94]. Co-transfection of C/EBPp and CBP expression constructs
results in synergistic activation of the HIVV-1 LTR, whereas co-expression of ELA and CBP/
p300 inhibits C/EBPB-mediated HIV-1 LTR transactivation [90]. Additionally, full-length C/
EBPp induced phosphorylation of p300 at multiple sites within the C-terminus of p300 and
changed the subnuclear localization of p300. Specifically, p300 has a heterogenous cellular
distribution in the absence of C/EBPJ, whereas in the presence of C/EBPS it was evenly
distributed. Furthermore, C/EBPB-induced phosphorylation of p300 was required for full
activity of p300 as a coactivator of C/EBPJ function [95]. Synergistic activation of the
endogenous C/EBPB-dependent gene by p300 and C/EBPp has been reported, and the
synergistic interaction between Myb and C/EBP is increased by p300 [92]. C/EBP-2 or LAP
interacts physically with PCAF through its transactivation domain (Figure 5), thereby
activating the HIV-1 LTR in a dose-dependent manner. However, C/EBP-3, which lacks the
transactivation domain, does not have the ability to interact with PCAF and is unable to mediate
the displacement of nucleosomes that repress HIV-1 transcriptional initiation and fails to
activate HIV-1 transcription [90]. As discussed previously, the N-terminal domain of LAP* is
able to interact with SWI/SNF [49]. Since SWI/SNF has the ability to alter the histone structure,
it is reasonable to suppose that the LAP*~SWI/SNF interactions could also affect HIV-1 gene
expression. In addition, the physical and functional interactions between C/EBPa and histone
acetyltransferase Tat-interactive protein (TIP) 60 have been shown to be important for
leukemiogenesis, and TIP 60 was able to acetylate the histones at C/EBPa-dependent genes
[96,97]. Thus, if the interaction between C/EBPa or other C/EBP factors and TIP 60, or between
C/EBP and other histone acetyltransferases could influence HIV-1 transcription, it will be
important to understand the detailed signaling and transcriptional control pathways involved
in the regulation of HIV-1 gene expression by members of the C/EBP family.

In contrast, histone deacetylase (HDAC) has been shown to mediate deacetylation of histone
tails leading to the inhibition of binding of basal transcription factors to their DNA targets.
HDAC inhibitors have also been shown to induce expression of latent viruses in resting
CD4* T cells without fully activating cells or enhancing de novo viral replication, suggesting
that HDAC inhibitors may be a new strategy to prevent the activation of latent HIV proviral
DNA [98-100]. Specifically, the NF-kB-HDAC1 complex has been shown to constitutively
bind the latent HIV-1 LTR and cause histone deacetylation and the formation of a repressive
chromatin structure, thereby affecting RNA polymerase Il recruitment to the LTR and
inhibiting transcription initiation [98]. In addition to directly interacting with HDAC, the
transcription factor Spl has been shown to be able to recruit HDACI, first by interacting with
c-myc with the complex Spl-c-myc, in turn recruiting HDAC1 and repressing HIV-1 LTR
expression [100]. Interestingly, C/EBP has the ability to inhibit peroxisome proliferator-
activated receptor-f3 gene expression through recruiting the transcription repressor complex
containing HDAC1 to a specific C/EBP-binding site on the peroxisome proliferator-activated
receptor-p promoter [101]. Dissociation of C/EBPJ from the corepressor complex containing
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HDAC1 has been shown to be involved in C/EBPo promoter activation and is important for
preadipocyte differentiation in the presence of glucocorticoid [102-104]. Since C/EBPJ
interacts with HDAC1 and HDACL1 has been shown to be involved in inhibiting HIV-1
repression, it could be possible that C/EBP may also repress HIV-1 transcription by forming
a repressor complex with HDACs, especially HDAC1. Myc has been shown to mediate
transcriptional repression through the recruitment of HDACs [105]. Therefore, it is possible
that Myc is also involved in HIV-1 gene repression by forming repressor complexes such as
C/EBPB-Myc, or C/EBPB-CBP/p300-Myc complex whose interaction (CBP/p300) has been
observed [106,107].

Transcription factors
NF-kB (p50 & p65)

NF-«xB and the DNA recognition elements that mediate its interaction with the integrated
proviral DNA play a critical role in the regulation of HIV-1 gene expression [108-111]. The
Rel homology domain of NF-xB and the bZIP region of C/EBPB mediate the physical
interaction between NF-xB and C/EBPp (Figure 5). Functionally, coexpression of C/EBPB and
NF-xB inhibited NF-xB-induced expression of promoters containing NF-xB binding sites but
synergistically increased the expression of promoters containing C/EBP-binding sites [112].
The transcriptional activation of the HIV-1 LTR by p50-C/EBPf complexes requires the DNA-
binding domain of p50 and the transcription activation domain of C/EBPf in NTera-2 cells, a
human teratocarcinoma cell line [65,113]. As discussed previously, overexpression of C/
EBPp in U-937 cells results in activation of a deletion mutation within the HIV-1 LTR that
contains bases -108 to +83 of the LTR, including both NF-kB binding sites but without the
three adjacent Sp binding sites [61]. Recent studies have indicated that ectopic expression of
C/EBPB and p65 is able to significantly increase the ability of p65 to bind to the HIV-1 LTR
while slightly decreasing the ability of C/EBPf to bind the HIV-1 LTR. However, in the
presence of Tat, co-transfection of C/EBPJ and p65 decreased p65 DNA binding ability
[114]. This observation could be explained by the formation of a Tat—-C/EBP complex, which
could result in the inhibition of p65-DNA complex formation [115]. Functionally, C/EBPf3
decreases the cooperation of HIV-1 LTR-directed transcription by p65 and Tat, whereas p65
does not affect Tat and C/EBPf synergistically transactivating the HIV-1 LTR [114].

Activating transcription factor/CREB

The C/EBP US1 binding site within the HIVV-1 LTR is located immediately downstream of the
activating transcription factor (ATF)/CREB binding site and immediately upstream of the distal
NF-xB binding site in the HIV-1 LTR [116]. Consequently, it is possible that the nucleotide
sequence variation observed in the ATF/CREB or NF-«xB binding site could affect C/EBP US1
DNA-binding ability. Electrophoretic mobility shift assays have shown that ATF/CREB
binding sites in the HIV-1 LTR with high affinity for CREB-1 are able to enhance C/EBP-
binding to relatively weak C/EBP US1 binding sites [117]. Furthermore, different ATF/CREB
binding site configurations have been shown to dictate the type of cognate factor recruited to
the ATF/CREB site. The differential recruitment of factors to this site may play an important
role in the recruitment of cognate factors to the immediately adjacent C/EBP site. Consistent
with these observations, low-affinity ATF/CREB binding sites do not exhibit nearly the same
level of enhanced C/EBP DNA binding capacity [117]. In addition, a high affinity C/EBP
US1 binding site results in enhanced CREB-1 recruitment to a low affinity ATF/CREB site.
Functional studies have shown that ATF/CREB binding sites affect the activity of the HIV-1
LTR with low affinity C/EBP US1 after IL-6 stimulation [117]. These studies support the
hypothesis that protein—protein interactions of C/EBP factors with members of the ATF/CREB
family may be important for HIV-1 transcription and that C/EBP-DNA interactions could also
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be affected by other DNA—protein interactions that occur at other neighboring or possibly
distant transcription factor binding sites.

Rad51 is a major component of the DNA repair system, playing an important role in
homologous recombination by pairing and transferring single strands of DNA to a homologous
duplex DNA [118]. DNA repair processes are important for sustaining chromosomal integrity
and genomic stability. HIV-1 infection can cause significant changes in host-gene expression,
including genes encoding DNA repair proteins. Previous studies have indicated that HIV-1
infection was able to increase Rad51 gene expression in astrocyte and neuronal cell cultures
[119]. A physical interaction between Rad51 and C/EBPp has been observed, and Rad51 has
been shown to slightly increase C/EBPB DNA binding ability to US1 in vivo and in vitro, which
may be caused by Rad51-induced changes in DNA structure leading to a more functional
interaction between C/EBPp and its binding sites, thus promoting HIV-1 LTR-directed
transcription [120]. Moreover, overexpression of Rad51 in astrocytes is able to synergistically
transactivate the HIV-1 LTR either with C/EBP alone or with combined C/EBPf and Tat
together [120]. Additionally, C/EBPC, which can act as an inhibitor of C/EBPp or as activator
of selected C/EBP target genes, also synergizes Rad51 activation and Tat-induced
transcription of the HIV-1 LTR in cultured astrocytes [120].

Viral proteins

Tat

Tat has been shown to be critically important to achieve high levels of HIV-1 gene expression
[121-123] and physically interacts with C/EBP in vitro and in vivo [124]. The amino acid
residues 47-67 of Tat are critical for interaction with C/EBPf. Functionally, Tat enhances C/
EBPB DNA binding to the HIV-1 LTR and IL-6 promoter [120,124,125] and activates C/
EBP expression in human U-373MG astroglial cells in a dose-dependent manner [126].
Furthermore, Tat specifically increases the nuclear levels of C/EBP. However, the expression
of active C/EBPp has been shown to stimulate a Tat-induced production of nitric oxide, which
may be related to neuronal abnormalities in HAD, whereas the expression of inhibitory C/
EBPp represses the production of nitric oxide [2,127,128].

In addition, the cooperative interaction of C/EBPJ and Tat modulates MCP-1 gene
transcription in astrocytes [115]. C/EBPp has the ability to stimulate basal and Tat-mediated
MCP-1 transcription, and Tat has been shown to increase binding of C/EBPJ to the MCP-1
promoter. MCP-1 plays a critical role in monocytic infiltration to the site of injury or
inflammation, and HIV-1-infected patients with HAD express higher levels of MCP-1 in the
brain, cerebrospinal fluid and macrophages [129-131]. The cooperation between Tat and C/
EBPp is important in HIV-1 infection, especially in HIV-1-associated neurologic dysfunction,
since:

«  Brain macrophages and microglia are the primany productively infected cell types
within the CNS during all stages of HIV-1 infection [132];

«  C/EBPB plays an important role in HIV-1 infection in macrophages that can migrate
to the brain;

«  Tat itself has been shown to induce neuronal dysfunction/toxicity [133-135].

Additionally, physical and functional interactions between C/EBPf and Tat's partners, cyclin
T1 and CDKO9, have been observed [36]. Activation of the HIV-1 LTR by C/EBPJ was further
increased in the presence of CDK9 or CDK?9 and Tat, which may be related to the
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phosporylation of C/EBPp by CDK9 [36]. However, these effects are inhibited in the presence
of C/EBPC [36].

Viral protein R

Viral protein R (Vpr) is a multifunctional protein encoded by the HIV-1 genome expressed in
the early stages of infection and is present in the intact infectious virion [136-138]. Previous
studies have demonstrated that Vpr activates HIV-1 transactivation by interacting with
transcription factors bound to the LTR or by directly interacting with the LTR [139-142].
Specifically, Vpr has been shown to associate with Sp1 in the context of the G/C box array but
with neither Sp1 nor the Sp binding sites alone [141]. Recent studies have demonstrated that
Vpr binds with a relatively higher affinity to an oligonucleotide probe spanning 37 base pairs
compared with an oligonucleotide probe spanning 18 base pairs, both of the oliognucleotide
probes being centered on C/EBP US1 [143]; the sequence variations at C/EBP US1 results in
significant alterations in the affinity of this region for the viral promoter of Vpr [143].
Additional studies demonstrate that the LTR region required for Vpr binding physically maps
to sequences contained within the C/EBP US1 and NF-«B binding site II. In particular, the
studies further demonstrate a correlation between the diagnosis of HAD and the increased
prevalence of HIV-1 LTRs containinga US1-3T variant (C-to-T change at position 3 compared
with consensus subtype B US1). Interestingly, the US1-3T variation exhibited a relatively low
DNA binding affinity for C/EBP butarelatively high affinity for Vpr, suggesting that sequence-
specific interactions between cis-acting elements in the LTR, C/EBP factors and Vpr may play
important roles in the pathogenesis of HAD or possibly other forms of HIV-1-associated
neurologic dysfunction [144]. In addition, Vpr has been shown to enhance the DNA binding
affinity of C/EBPp during Vpr induction of IL-6, IL-8 and IL-10 expression [145].

Interactions of C/EBPB with cytokine & chemokines involved in HIV-1

infection

HIV-1 infection results in the abnormal secretion of a number of different cytokines, which is
likely to be integrally involved in the pathogenesis of HIV-1 infection. It has been well
documented that the expression levels of IL-1, IL-6 and TNF-a are elevated during HIV-1
infection, which can stimulate virus replication, whereas the expression levels of IFN-a, IFN-
B and IL-16, which inhibit HIV-1 replication, are decreased during HIV-1 infection [146,
147]. Many genes that encode cytokines and chemokines have C/EBP-binding sites within
their promoter. Deletion of the C/EBPp gene in mice causes elevated serum IL-6 levels and
lowered IL-12 levels [148]. Furthermore, the expression of IL-6, IL-1p, IL-12, p35 and TNF-
o mRNAs are impaired in C/EBP- macrophages, while the level of IL-12 p40, RANTES, and
MIP-1f is upregulated [149]. C/EBP uses two major mechanisms to regulate the production
of cytokines and chemokines: C/EBPP binds to C/EBP-binding sites located within the
promoter of a number of different genes that include IL-6, IL-13, TNF-o. and MCP-1 [150—
153], and C/EBP interacts with signal pathway factors (Smad-3 and -4) of the cytokine TGF-
B pathway [154]. Specifically, C/EBPpB-2 has been shown to activate human TNF-a gene
transcription in cells of the monocyte—macrophage lineage via direct binding to the region
between -95 and -36, relative to the transcription start site. However, C/EBPf-3 is unable to
activate the TNF-o promoter, and expression of C/EBP-3 inhibits the activation by C/
EBPp-2 in cells of the monocyte—macrophage lineage [155-157]. Although a number of studies
have demonstrated the regulation of IL-6 by C/EBPS in various cell types including
macrophages, fibrosarcoma cells, embryonic kidney cells, vascular smooth muscle cells and
enterocytes [150,151], the mechanism whereby C/EBPp regulates IL-6 secretion is unclear.
Phosphorylation of C/EBP at threonine 189 has been shown to increase its ability to activate
the IL-6 promoter [34]. However, another study reported that the C/EBPB bZIP domain was
sufficient to support LPS-induced activation of IL-6 expression [20] and the derepression of
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the regulatory region was unable to impact IL-6 gene expression [158]. IL-1p is a potent
inflammatory cytokine that is primarily expressed within activated cells of the monocyte—
macrophage lineage. C/EBPf has been shown to activate LPS-induced IL-1f gene expression
in THP-1 cells [159]. Two C/EBP-binding sites have been identified at -2579 to -2591 and
-3107 to -3118 base pairs relative to the transcription start site within the promoter of the MCP-1
gene [160]. C/EBP is able to activate LPS-inducible expression of MCP-1 in the B
lymphoblastic P388 cell line [161]. The region from amino acids 64 to 101 of C/EBPp, which
contains parts of AD2 and AD3 [162] as well as the bZIP domain [20], has been shown to be
responsible for activation of LPS-inducible MCP-1 expression, whereas the regulatory regions
suppress C/EBP activity with respect to MCP-1 expression [162].

The expression level of TGF-B has been shown to be elevated in the CNS of patients infected
with HIV-1 or cells treated with Tat protein [163-165]. Members of the TGF-B family mediate
their functions from membrane to nucleus through their downstream effectors, Smad-3 and -4
[166,167]. Smad-3 and -4 interact functionally and physically with C/EBPp [154]. Specifically,
C/EBPS binds to Smad-4 alone or to Smad-3 and Smad-4 together but not to Smad-3 alone.
Functionally, Smad-3 does not affect C/EBP transactivation, whereas Smad-3 and Smad-4
together significantly decrease C/EBPf transactivation. Smad-3 and -4, either alone or
together, inhibit the interaction of C/EBP with DNA binding sites through protein—protein
interactions. Furthermore, the interaction of C/EBPp and Tat decreased in the presence of
Smad-3[115,154]. Therefore, C/EBPB may be involved in the way that TGF-$ signaling factors
regulate HIV-1 LTR transcription through interaction with Smad-3 and Smad-4.

C/EBPB & human T-cell leukemia virus type-1

Human T-cell leukemia virus type-1 (HTLV-1) causes adult T-cell leukemia (ATL) and
HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP); however,
approximately only 5% of individuals infected with HTLV-1 develop ATL or HAM/TSP, and
approximately 95% remain healthy carriers [168-170]. The virus-encoded Tax protein plays
an important role in HTLV-1 transcription and replication [171,172]. Tax itself is unable to
bind DNA directly but activates transcription by interacting with, or modifying, other cellular
transcription factors, such as ATF/CREB and CBP/p300 [173-176]. The interaction between
Tax and ATF/CREB is important for Tax-mediated HTLV-1 LTR transactivation [177,178].
Tax directly interacts with members of the ATF/CREB family and promotes the dimerization
of ATF/CREB factors, which has been shown to increase the DNA-binding ability of the ATF/
CREB-Tax complex to the viral promoter [173,179].

Expression of C/EBPB-1 or LAP* in Jurkat T cells and U-937 promyelocytic cell lines causes
a modest upregulation of basal HTLV-1 LTR activation. However, the expression of LAP*,
LAP or LIP results in the repression of Tax-mediated LTR transactivation in both Jurkat T
cells and U-937 cells [180,181]. Studies with human C/EBP indicate that this repression is
the result of a direct interaction between the central region of C/EBPp (amino acids 112-271)
and the Tax protein [181]. In particular, human C/EBPB mutants (from amino acids 1 to 315),
which lack the bZIP domain, were still able to inhibit Tax-dependent transcription, and the
inhibitory activity was similar to that of full-length C/EBPp (amino acids 1-345). In these
studies, a C/EBPB mutant containing only the bZIP region (from amino acid 271 to 345) was
unable to impact Tax-mediated transactivation [181]. However, another study showed that both
rodent LAP and LIP were able to inhibit Tax-mediated LTR transactivation. Rodent C/EBPJ
mutants that lack sequences within the basic region or the leucine-zipper region were unable
to inhibit Tax-mediated transactivation of the HTLV-1 LTR, indicating that the C-terminal
bZIP region was required for C/EBP inhibition of Tax-mediated HTLV-1 LTR transcription
[180]. The difference between these results may be related to the small degree of structural
disparity between rodent and human C/EBPp. However, based on the two studies, it has been
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suggested that the center and C-terminus of C/EBP, rather than the AD located at the N-
terminus, are required for repressing Tax-mediated transcription of the HTLV-1 LTR (Figure
5). Alternatively, the ability of C/EBP to inhibit Tax-dependent trans-activation of the
HTLV-1 LTR may involve the formation of heterodimers with CREB-2, and C/EBP—-CREB
heterodimerization may prevent ATF/CREB-mediated Tax binding to the HTLV-1 promoter.
The deletion of the leucine-zipper region disrupts C/EBPJ interactions with CREB-2,
preventing C/EBP from inhibiting Tax-mediated HTLV-1 LTR transcription. Thus, C/
EBPB may inhibit Tax function by competing for Tax binding to CREB-2 [180].

Although C/EBPp forms DNA-protein complexes with Tax-responsive element 1 repeat |11
(Figure 3) in the HTLV-1 LTR, binding to the LTR is not required in order for C/EBPp to
repress Tax-dependent LTR activity. C/EBP is still able to inhibit Tax-mediated
transactivation of the HTLV-1 LTR in the presence of mutated Tax-responsive element-1
repeat 111 [180]. In addition to repressing Tax-mediated transactivation, C/EBP is able to
efficiently decrease Tax synthesis from an infectious HTLV-1 molecular clone (ACH) [181].
C/EBP repression of Tax-dependent HTLV-1 LTR transactivation may partly explain why
only approximately 5% of individuals infected with HTLV-1 develop ATL or HAM/TSP. C/
EBPB may help infected T cells to escape immune surveillance by inducing a low level of Tax
production in infected T cells and/or inhibiting Tax-mediating transactivation. Interestingly,
some studies have also demonstrated that Tax can enhance the DNA binding activity of C/
EBP, thereby mildly stimulating transcription [182], whereas other studies have shown that
Tax can repress C/EBPB-mediated transactivation [181]. These studies clearly suggest that the
interaction between Tax and C/EBPp requires additional investigation to clarify the
intracellular mechanisms whereby these proteins control cellular and/or viral gene expression.

C/EBPB & SIV

SIV infection of macaques has provided an excellent model for studying HIV-1 infection. SIV
causes clinical and pathological manifestations that are similar to HIV infection. SIV-infected
macaques develop diseases that include AIDS and associated neuropathologic conditions
[183]. Some degree of structural similarity has also been observed between the HIV-1 and SIV
LTRs. Electrophoretic mobility shift analyses using U-937 nuclear extracts demonstrate the
existence of four C/EBP-binding sites within the SIV LTR, designated US2, US1, DS1 and
DS2 (US2: nt -385 to -372, US1: nt -100 to -87, DS1: nt +133 to +146 and DS2: nt +267 to
+281, relative to the transcription start site) (Figure 3) [184]. LAP or LIP form specific DNA-
protein complexes with the four elements [184,185]. Furthermore, each C/EBP-binding site is
involved in SIV LTR basal transcription. Specifically, US2, DS1 and DS2 were shown to be
negative regulators and US1 was shown to be a positive regulator [Nonnemacher and Wigdahl,
Unpublished Data]. LAP activated basal SIV LTR-directed transcription, whereas an increase
in the ratio of LIP to LAP inhibited LAP-mediated SIVV LTR-directed transcription, indicating
that, like the HIV-1 LTR, SIV LTR activation can also be differentially regulated by the ratio
of LAP to LIP [186]. The mechanism whereby LIP inhibits LAP activity is related to LIP
suppression of LAP-related acetylation of histone H4 at the SIV LTR [186].

An accelerated and consistent model of SIV CNS disease was recently developed. All infected
macaques developed AIDS, and more than 90% developed encephalitis within 3 months post
inoculation [185,187-189]. These animals exhibited the classical stages of HIV/SIV disease:
acute virus replication, an asymptomatic stage and resurgence of virus replication in the brain,
concomitant with the development of AIDS [185]. During the most advanced stage of the
disease, the CNS of infected macaques exhibited characteristics similar to those of HAD
[185]. Reports indicate that IFN-B or LPS inhibited HIV replication in macrophages in vitro
by a mechanism involving the increased expression of LIP and a resultant change in the ratio
of LIP to LAP in promonocytic U-937 cells [78,131,186]. Similarly, IFN-B inhibited SIV
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replication in macrophages isolated from the infected macaques and cultured in vitro. The
levels of IFN-B in the brains of SIV-infected macaques increased from 7 to 21 days after
infection with a consequential increase in the expression of LIP [185]. Similarly to what
happens in the brain, IFN- and LIP also contribute to the suppression of acute SIV replication
in the lung and result in low levels of viral replication during the asymptomatic stage [186].
Specifically, the levels of LIP expression in SIV-infected lungs increased between 10 and 21
days after inoculation [186]. As a result, it was proposed that SIV/HIV may invade the CNS
during acute infection when higher levels of LAP as opposed to LIP, and chromatin remodeling
events, facilitate SIV/HIV LTR-dependent transcription. In this regard, acute infection leads
to IFN-p production in the brain that eventually leads to an increase in the expression of LIP
expression, resulting in a decrease in the ratio of LAP to LIP, thus repressing LAP involvement
in LTR transcription toward the end of the acute infection stage. Therefore, LAP/LIP and IFN-
B may play critical roles in SIV/HIV latency and might be important for the control of acute
SIV replication in tissue in which macrophages are the primarily infected cells [186]. Recent
studies from SIV-infected rhesus macaques with chronic diarrhea have shown that C/EBP is
the mediator of the observed inflammation. The significantly increased expression of C/
EBPp is associated with persistent localized immune reaction, damage to the intestinal mucosal
barrier and function and facilitates viral replication [190].

Conclusion & future perspective

C/EBP family members, especially C/EBP, are known to regulate the gene expression of
HIV-1 and other retroviruses (HTLV and SIV) through a variety of mechanisms, including
affecting CCR5 expression, virus promoter activities, cytokine and chemokine production and
virus protein function. The regulation of retrovirus transcription is highly complex and requires
a detailed understanding of how these transcriptional factors and signaling pathways function.
Many key questions remain to be answered. As C/EBP has been implicated in interacting
with chromatin remodeling proteins, it is likely that C/EBPp has the ability to modify
nucleosome position, alter the promoter accessibility and affect the accessibility of other
transcription factors to the cellular or viral promoter. Thus, it is essential to understand how
C/EBP affects promoter activities by remodeling HIVV-1 chromosome structure. Further
characterization of the relationship between the C/EBP and histone acetyltransferase, HDAC
and HDAC inhibitors would contribute to this study. Nucleotide polymorphisms within HIV-1
LTR C/EBP-binding sites have been observed within integrated proviruses in the peripheral
blood or brain of HIV-1-infected patients and may be useful as markers with respect to
predicting HIV disease progression. Relevant to the control of cellular and viral genes by
members of the C/EBP family, a number of studies have demonstrated that mutations within
the genes encoding C/EBP factors are linked to the occurrence of certain cancers [191-193].
However, it is not known whether C/EBP factors containing amino acid polymorphisms may
impact HIV-1-associated disease processes or whether the interaction of C/EBP factors
containing polymorphic alterations in amino acid sequences would exhibit altered affinity for
different C/EBP-binding site configurations, thereby altering regulatory patterns observed in
cellular and/or viral promoters containing these elements. Overall, C/EBP has three isoforms
that act as activators or suppressors in a given environment, depending on which isoform
predominates. Therefore, exploring how each isoform is regulated and involved in determining
positive or negative regulation with regard to retrovirus gene expression and what co-activators
or co-repressors are involved in these activities are also especially important. In addition, it
will be important to characterize how each C/EBP family member regulates retrovirus gene
expression in different cell types and physiological states. An improved understanding of the
network of interactions involving C/EBPs with other proteins, transcription binding sites and
regulatory pathways could enhance our ability to control retrovirus pathogenesis and disease.
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Executive summary
Overview of CCAAT/enhancer-binding protein family

»  The CCAAT/enhancer-binding protein (C/EBP) family includes six members that
share a highly conserved C-terminal region.

»  The expression patterns of C/EBP factors are diverse in different cell types.
C/EBPp gene & corresponding proteins

«  C/EBPB functional domains include three activation domains, two regulatory
domains, and a basic region leucine zipper DNA binding region.

+  C/EBP proteins have three isoforms (C/EBPB-1, 2 and 3 in humans, and full-
length liver activator protein, liver activator protein and liver inhibitory protein in
rodents).

C/EBP & HIV-1 transcription in cells of the monocyte-macrophage lineage

+  Three C/EBP binding sites (US1, US2, and US3) are located upstream and one
binding site is located downstream (DS3) of the transcriptional start site within the
HIV-1 long terminal repeat (LTR).

+ C/EBPB is able to regulate HIV-1 transcription independent of C/EBP-binding
sites.

C/EBPB & HIV-1 transcription in T cells
+  The expression of C/EBPp has been observed in T-cell lines and primary T cells.
+  C/EBP-binding sites are dispensable for HIV-1 replication in T cells.

The role of C/EBP in HIV-1 transcription in the brain

« C/EBPB, C/EBPS, and C/EBPy are expressed in astrocytes and in microglial and
glial cells.

«  Proinflammatory cytokines are able to enhance C/EBPJ expression in primary
astrocytes, and C/EBPB may affect the production of these cytokines.

The role of C/EBP in HIV-1 infection in the lung

« HIV-1 replication in the lung is dependent on the ratio of inhibitory (C/EBPj-3)
to stimulatory (C/EBP-2) protein expressed within patient-derived alveolar
macrophages.

C/EBPg alters CCR5 expression on HIV-1-infected cells
«  Seven putative C/EBP binding sites have been found within the CCR5 gene.

« C/EBP affects CCR5 expression in U-937 cells and Jurkat T cells in cell type-
specific ways.

« Increased C/EBP levels may be related to higher expression of CCR5 on
lymphocytes in patients with AIDS.

Proteins that interact with C/EBPp during HIV-1 infection

«  Chromatin remodeling proteins: cAMP response element binding protein (CREB)-
binding protein(CBP)/p300, p300/CBP-associated factor and switch mating type/
sucrose nonfermenting complex.
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Interaction of C/EBPp with cytokines or chemokines involved in HIV-1 infection

C/EBPB & human T-cell leukemia virus type-1

type-1 LTR.
« C/EBPB binding to the HTLV-1 LTR is not required for C/EBP to repress Tax-
dependent LTR activity.
C/EBPB & SIV

Conclusion & future perspective

Page 17
«  Transcription factors: nuclear factor-xB, Sp1 and activating transcription factor/
CREB.
« DNA repair proteins: Rad51.

«  Viral proteins: transactivator of transcription and viral protein R.

«  Two mechanisms are involved: C/EBP binding to the C/EBP binding sites on the
gene promoter (TNF-a, IL-6, and MCP-1) and/or C/EBPp interacting with signal
pathway factors (TGF-p).

«  Center and C-terminus of C/EBPp are necessary for repressing Tax-mediated
transcription of the human T-cell leukemia virus type-1 LTR.

« C/EBPB-CREB heterodimerization may compete with the Tax—-CREB interaction,
resulting in inhibition of Tax transactivation of the human T-cell leukemia virus

«  Four C/EBP-binding sites have been identified within the SIV LTR.

»  Acute infection leads to IFN-f production and subsequently to an increase in
inhibitory C/EBP expression (LIP), which may contribute to viral latency in the
lung, brain and potentially other tissues.

»  C/EBP factors regulate retrovirus gene expression through a variety of
mechanisms.

» Investigations concerning the mechanism of C/EBP regulation of HIV-1
promoter that involve remodeling chromatin structure will be important.

»  The relationship between amino acid polymorphisms of C/EBPf and HIV-1
disease progression remains unexplored.
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Figure 1. Structure of the CCAAT/enhancer-binding protein transcription factor family

Two isoforms of C/EBPa, three isoforms of C/EBP, and C/EBPs, C/EBPy, C/EBPS, and C/
EBP( are shown. They all share a high degree of sequence similarity at the C-terminus,
including the leucine zipper domain and basic region. At the N-terminus the structures vary
among different family members. LAP* indicates full-length liver activator protein; LAP is
translated from the second ATG; LIP is translated from the third ATG.

C/EBP: CCAAT/enhancer-binding protein; LAP: Liver activator protein; LIP: Liver inhibitory
protein.
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Figure 2. Structure, isoforms and amino acids of CCAAT/enhanced-binding protein

(A) Rodent CCAAT/enhanced-binding protein (C/EBP)p is presented as an example, and the
different functional domains are shown. Pink boxes represent activation domains; orange boxes
represent regulatory domains; yellow boxes represent DNA-binding domains; green boxes
represent bZIPs.

(B) Amino acid-sequence comparison between rodent and human C/EBPp. Full-length
consensus sequences of human, mouse and rat C/EBPJ were compared by Clustal W analysis.
Red shows conserved residues, green shows sequence heterogeneity. Gaps indicate the absence
of specific amino acid residues. The bZIP region is highlighted.

AD: Activation domain; bZIP: Basic region leucine zipper; RD: Regulatory domain.
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Figure 3. Structural comparison of HIV-1, SIV and HTLV-1 long terminal repeats

Locations of the binding sites for C/EBP, TATA binding protein, Sp factors, NF-xB and ATF/
CREB factors are shown (not to scale). Although no canonical C/EBP-binding sites have been
identified within the HTLV-1 long terminal repeat, C/EBP has been shown to be able to bind
to TRE-1 repeat I11. The three 21 bp repeats of TRE-1 are illustrated on the HTLV-1 long
terminal repeat.

ATF: Activating transcription factor; C/EBP: CCAAT/enhancer protein; CREB: cCAMP
response element binding protein; HTLV: Human T-cell leukemia virus type 1; NF-xB:
Nuclear factor-kB; TRE: Tax-responsive element.
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Figure 4. CCAAT/enhancer-binding protein-p regulates HIV-1 gene expression in macrophages
and T lymphocytes

Different LTR forms activated by C/EBP, the different active forms of C/EBPf and specific
protein—C/EBPP complexes in macrophages and T lymphocytes are shown. See the text for
complete description.

C/EBP: CCAAT/enhancer-binding protein; CREB: cAMP response element binding protein;
LTR: Long terminal repeat; NF-xB: Nuclear factor-kB; Tat: Transactivator of transcription;
US: Upstream site. Adapted from [194].
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Figure 5. Cellular factors associated with CCAAT/enhancer-binding protein-p

Several examples of cellular factors and viral proteins associated with different regions of
CCAAT/enhancer-binding protein 3 are presented.

bZIP: Basic region leucine zipper; CBP: cAMP response element binding protein-binding
protein; NF-xB: Nuclear factor-kB; PCAF: p300/CBP-associated factor; RD: Regulatory

domain; SWI/SNF: Switch mating type/sucrose nonfermenting complex.
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