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Summary
The cyclic adenosine monophosphate (cAMP)-dependent signaling pathway directs the expression
of several genes involved in diverse neuroendocrine, immune, metabolic, and developmental
pathways. The primary effectors of this pathway are members of the cAMP response element
binding (CREB) family of transcription factors, in particular the CREB-1 and cAMP response
element modulator (CREM). Both these genes encode alternative splice variants that serve as
activators or repressors in a context- and position-specific manner. Although the β- chemokine
receptor CC chemokine receptor 5 (CCR5) has been identified on progenitor cells in the bone
marrow, the regulatory mechanisms orchestrating its expression are not fully understood. Previous
reports have identified putative cAMP response elements in the CCR5 promoter and have
described a suppressive role of cAMP in CCR5 expression. In this study, the CD34+CD4+CCR5+

human bone marrow progenitor cell line TF-1 was used to investigate the detailed kinetics of
CCR5 transcription in response to the elevation of intracellular cAMP levels and the underlying
molecular events. We hypothesize that CCR5 transcription follows an asymmetrical sinusoidal
pattern in TF-1 cells that parallels a protein kinase A-dependent alternating change in the ratio of
activator pCREB-1-α,Δ to repressor pCREM-α,β isoforms. However, elevated CCR5 mRNA
levels do not correlate with enhancement in infectivity with respect to the R5 human
immunodeficiency virus type 1 (HIV-1) strain. Our results lend critical insight into the precise
mechanism governing the cAMP-CCR5 axis in progenitor cells and pose interesting questions
regarding its functional role in HIV-1 infection.
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1. Introduction
CC chemokine receptor 5 (CCR5) belongs to the family of seven-transmembrane G-protein
coupled receptors (GPCRs) and is expressed on several immune cell populations, including
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but not limited to memory and effector T lymphocytes, monocyte-macrophages, and
immature dendritic cells [1]. CCR5 plays a vital role in viral pathogenesis as is evident from
its ability to serve as a co-receptor for entry of human immunodeficiency virus type 1
(HIV-1) in target cells [2]. Analogous to the situation with central nervous system microglia
[3] and perivascular macrophages [4], it has been proposed that bone marrow macrophages
[5] and CD34+ multipotential hematopoietic progenitor cells [6,7] are important cellular
reservoirs for HIV-1. Our studies show that, like peripheral blood-derived precursors [8],
CD34+ bone marrow progenitors express CCR5 along with the primary receptor CD4,
thereby supporting productive infection by the R5-tropic HIV-1 BaL strain (Alexaki and
Wigdahl, unpublished results). Transcriptional regulation of CCR5 by transacting factors
like NF-κB [9] seems to be cell-type specific [10,11]. On the basis of the identification of a
functional cAMP response element (CRE) within the CCR5 promoter, it was recently
suggested that the cyclic adenosine monophosphate (cAMP) pathway is involved in
repression of CCR5 expression in T lymphocytes, monocyte-derived dendritic cells, and
microglia [11]. We used the CD34+CD4+CCR5+ TF-1 human bone marrow progenitor cell
line to study the regulation of CCR5 by cAMP signaling and to study the concomitant
effects on HIV-1 infection. Our experiments showed that CCR5 transcription follows an
asymmetrical sinusoidal pattern in response to an increase in the concentration of
intracellular cAMP. To dissect the interplay of downstream transcription factors, western
blot analyses were performed to monitor the kinetics of phosphorylated cAMP response
element binding (pCREB)-1-α,Δ and phosphorylated cAMP response element modulator
(pCREM)-α/β expression, which are cAMP-response transcriptional activators [12] and
repressors [13], respectively. Additionally, we investigated the contribution of various
protein kinases in the activation of pCREB-1 and, in turn, the upregulation of CCR5. On the
basis of our results, we hypothesized that cAMP-induced CCR5 transcription in TF-1 cells is
an outcome of the temporal fluctuation of activator and repressor members of the CREB
family in the nucleus, with prolonged persistence of activator pCREB-1 during latter time
points reflective of the crest in CCR5 mRNA levels. This hypothesis led us to examine
further whether an increase in CCR5 transcription would translate into an enhancement in
HIV-1 infectivity in these cells.

2. Materials and methods
2.1. Materials

TF-1 cells were treated with forskolin (Sigma-Aldrich, St. Louis, MO), a diterpene obtained
from Coleus forskohlii, to elevate intracellular cAMP concentration. The protein kinase A
(PKA)-specific inhibitor H-89 was also purchased from Sigma-Aldrich. Additionally,
LY294002 [protein kinase B -specific inhibitor], SB203580 (p38-specific inhibitor), KN-62
(CaMKII-specific inhibitor), and myristoylated protein kinase C (PKC)-ζ (peptide inhibitor)
were all obtained from Enzo Life Sciences International, Inc. (formerly Biomol
International, LP; Plymouth Meeting, PA). Whole cell lysates and nuclear extracts were
prepared in radioimmunoprecipitation assay buffer and NE-PER nuclear extraction reagent
(Pierce Biotechnology, Thermo Fisher Scientific, Rockford, IL) treated with Protease
Inhibitor Cocktail Set III and Phosphatase Inhibitor Cocktail Set II from Calbiochem (San
Diego, CA). Protein concentrations were calculated using the bicinchoninic acid protein
assay procedure described by Pierce Biotechnology (Thermo Fisher Scientific, Rockford,
IL). Total cellular RNA for the Taqman quantitative real-time reverse transcriptase
polymerase chain reaction (qRT-PCR) was prepared from TF-1 cells using TRI Reagent
(Sigma-Aldrich).
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2.2. Cell culture and treatment procedures
The TF-1 CD34+38+ cell line [American Type Culture Collection (ATCC), Manassas, VA]
was grown in Roswell Park Memorial Institute 1640 medium (ATCC) supplemented with
10% heat-inactivated fetal bovine serum (HyClone, Thermo Fisher Scientific, Logan, UT),
penicillin (100 U/mL), streptomycin (100 μg/mL), and recombinant human granulocyte/
macrophage-colony stimulating factor (2 ng/ml; eBioscience, San Diego, CA). The cells
were maintained at 37°C in 5% CO2 at 90% relative humidity.

2.3. Western immunoblot hybridization
TF-1 cells were serum starved for 1 h and then treated with adenyl cyclase activator
forskolin for different times (0.5, 1, 3, 6, and 9 h). Whole cell lysates and nuclear extracts
were prepared from untreated and forskolin-treated cells, and western immunmoblots were
performed to assay levels of CREB-1 and β-actin in the cytoplasmic fraction and of
pCREB-1 in the nuclear fraction. An equal amount of protein for all samples was run on a
10% sodium dodecyl sulfate–polyacrylamide gel and transferred to a 0.45-μm Immobilon-P
polyvinylidene difluoride membrane followed by probing with a rabbit polyclonal pCREB-1
antibody (Upstate Chemicon, Temecula, CA). CREB-1 was detected using a rabbit
polyclonal CREB-1 antibody (Active Motif, Carlsbad, CA). Equal sample loading was
confirmed by stripping the membranes using the Restore Western Blot Stripping Buffer
(Thermo Fisher Scientific, Rockford, IL) and reblotting for β-actin with a mouse-
monoclonal antibody from Sigma-Aldrich. The specific protein bands were then detected
using a horseradish peroxidase-conjugated secondary antibody (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA). To identify cellular protein kinases mediating
phosphorylation of CREB-1 in response to forskolin, TF-1 cells were pretreated separately
with inhibitors of various protein kinases (H-89, LY294002, SB203580, KN-62, and PKC-ζ
inhibitor) for 1 h, followed by forskolin exposure for another hour and by preparation of
whole cell lysates and nuclear extracts. Western immunoblots for pCREB-1, CREB-1, and
β-actin were performed as indicated previously. To investigate the temporal pattern of
CREM phosphorylation induced by cAMP, TF-1 cells were treated with forskolin and
processed for extract preparation as indicated above. Western immunoblot hybridization
used a rabbit polyclonal CREM antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
The optimized concentrations of reagents used for treatments were as follows: forskolin
(100 μM), H-89 (10 μM), LY294002 (50 μM), KN-62 (10 μM), SB203580 (10 μM), and
PKC-ζ inhibitor (10 μM). Western immunoblots were visualized using a chemiluminescent
detection procedure (Pierce Biotechnology, Thermo Fisher Scientific, Rockford, IL) as
described on a ChemiDoc acquisition/analysis station (Bio-Rad Laboratories, Hercules,
CA). Densitometry was performed with an AlphaEase FC software package (Alpha Innotech
Corporation, San Leandro, CA) with specific bands being normalized with regard to
corresponding β-actin levels and represented graphically as fold over untreated sample.

2.4. Isolation of RNA and qRT-PCR
TF-1 cells were serum starved for 1 h; total RNA was isolated from forskolin- (100 μM)
treated cells every 3 h for 24 h using TRI reagent. To confirm the role of PKA in cAMP-
mediated stimulation of CCR5, cells were pretreated with H-89 for 1 h followed by
treatment with forskolin for 15 h and total RNA extraction. Reverse transcription was
performed using the SuperScript III First-Strand Synthesis System (Invitrogen Corporation,
Carlsbad, CA) on 2 μg of total RNA per sample. qRT-PCR was performed on cDNA
samples using Taqman Universal PCR Master Mix (Applied Biosystems Inc., Foster City,
CA); gene expression primer/probe assays (Applied Biosystems Inc) were used for the
detection of CCR5; and human large ribosomal protein (RPLPO) was used as the
normalization control. Augmented mRNA levels in treated samples were analyzed as fold
over untreated (calibrator) on an ABI 7300 Thermocycler (Applied Biosystems Inc., Foster
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City, CA) and expressed in linear scale. Alternatively, forskolin-induced mRNA levels were
arbitrarily set as the baseline, and reduction following treatment with H-89 was plotted on a
linear scale. All samples were assayed in triplicate.

2.5. HIV-1 p24 ELISA
Cells were seeded into 12-well plates at a density of 0.4 × 106 cells/ml and pretreated for 72,
48, 24, or 0 h with forskolin (100 μM). Cells were then recounted, seeded at a concentration
of 1 × 106 cells/ml/well, and exposed to the R5-tropic BaL HIV-1 strain at a titer of 105

TCID50 (Advanced Biotechnologies, Inc., Columbia, MD). At 2 h post infection, cells were
washed with 1X phosphate-buffered saline, resuspended in fresh Roswell Park Memorial
Institute 1640 medium, and reseeded in 12-well plates. Following incubation for 24 h, the
supernatant was collected and assayed for p24 viral core antigen using an Alliance p24
ELISA procedure described by the manufacturer (Perkin Elmer, Waltham, MA). All
samples were assayed in triplicate.

3. Results
3.1. Kinetics of cAMP-induced CCR5 transcription

qRT-PCR assays were performed to study the regulation of CCR5 transcription in response
to enhanced cAMP levels (Fig. 1). A kinetic analysis performed at 24 h revealed an
asymmetrical sinusoidal pattern wherein an initial reduction was followed by recovery and
subsequent augmentation of mRNA levels. The full amplitude of the negative curve was
observed by 3 h post forskolin stimulation. At 6 h, mRNA levels approximated untreated
baseline levels. The peak of the positive curve was observed at 15 h following, which
transcript levels declined steadily. The maximum magnitude of the CCR5 decrease and
increase in expression was ~1.9-fold and ~2.2-fold, respectively. The results suggest the
functional importance of the putative CRE [11] identified in the CCR5 promoter.

3.2. Implications for susceptibility to R5-tropic HIV-1
To find an indirect association between cAMP-induced elevation in CCR5 transcription and
consequent susceptibility of TF-1 cells to infection with HIV-1, assays for measuring
replication of the R5 HIV-1 strain BaL were performed. Samples pretreated for different
intervals (72, 48, or 24 h) did not exhibit any marked increase in p24 levels (data not
shown).

3.3. Kinetics of CREB-1 and CREM phosphorylation
To gain a better understanding of the molecular events elicited by cAMP, the kinetics of
pCREB-1 and pCREM expression in the nucleus of TF-1 cells were observed at regular 3-h
intervals post forskolin treatment. Accumulation of activator pCREB-1-α,Δ isoforms (~43
KDa) in the nucleus was triggered as early as 0.5 h (Fig. 2A). Heightened levels of
pCREB-1-α,Δ were maintained up to 6 h with maximum levels observed at 1 h. This
observation cannot be accredited to a global increase in CREB-1 transcription because the
total CREB-1 expression in the cellular lysate remained unchanged (data not shown). The
most plausible explanation is the sustained turnover of intracellular cAMP and hence
sustained stimulation of CREB-1 phosphorylation [14] by cellular kinases. Interestingly,
expression of pCREM-α/β repressor isoforms in the nucleus (~30 KDa) [15] exhibited a
bell-shaped curve with progressive amplification up to 1 h (Fig. 2B). This finding is in
agreement with reports demonstrating that CREM is an early response gene [16]. Constant
levels of the CREM activator isoform-τ (data not shown) confirmed that there was no
upregulation of global transcription, similar to that seen with CREB-1. Comparing the
protein levels from one time interval to another indicates that the relative change in pCREM
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exceeds that of pCREB-1 (e.g. 2.04- vs. 1.19-fold upregulation for the 0.5- to 1-h time
interval, 2.77- vs. 2.44-fold downregulation for the 3- to 6-h interval). Although pCREB-1 is
more abundant in nuclear extracts, it should be noted that pCREM-mediated suppression is
achieved at substoichiometric concentrations [17]. Coupled with the progressive increase in
the ratio of pCREB-1 to pCREM at latter time points (1.67-fold at 3 h to 3.9-fold at 6 h), this
finding might explain the observed temporal pattern of CCR5 transcription.

3.4. Inhibition of CREB-1 phosphorylation by kinase inhibitors
Because cAMP induces multiple protein kinases in a cell type-specific manner [18], we
identified the major pathways involved in Ser-133 phosphorylation of CREB-1 [19]. Only
PKA-specific inhibitor H-89 abrogated forskolin-induced maximal accumulation of
pCREB-1 at 1 h (~2.34-fold reduction), suggesting a role as a central player in the cAMP-
PKA-pCREB network (Fig. 3). This finding contradicts studies implicating PKC-ζ in
cAMP-induced membrane GPCR elevation [20]. This distinction may be a fallout of the
nature of the stimulus (soluble N6,2′-O-dibutyryl-cAMP versus forskolin) used and the
particular cell type in question (G2 pre-B ALL progenitors versus TF-1 progenitors).
Additionally, because abrogation was not absolute, a potential contribution of other kinases
not included in this study cannot be excluded.

3.5. Inhibition of CCR5 transcription by selective inhibition of PKA
To determine whether inhibition of the PKA pathway led to a diminution in the peak of
CCR5 induction at 15 hour, qRT-PCR assays were performed. In comparison to untreated
samples, samples treated with H-89 alone showed a drop of ~1.98 fold, implying that basal
level of transcription of CCR5 proceeds through the PKA pathway and is specifically
inhibited by H-89. As observed previously, forskolin treated samples exhibited an
upregulation of ~2.3 fold in the levels of CCR5 transcript. Additionally, in comparison to
forskolin treated samples, H-89 and forskolin dual treated samples exhibited an ~2.2-fold
drop in CCR5 mRNA levels, validating that PKA acts in concert with CREB to modulate
cAMP-mediated CCR5 transcription (Fig.4).

4. Discussion and Conclusions
CCR5 has been implicated in the manifestation of various inflammatory and
neurodegenerative disorders such as multiple sclerosis, Alzheimer’s disease, and
atherosclerosis [21-25]. This association has been attributed in part to an increased
recruitment of reactive macrophages (in atherosclerosis) and microglia (in Alzheimer’s
disease) to cardiovascular and brain tissues [26] in response to chemical gradients involving
the cognate ligands CCL3/MIP-1α, CCL4/MIP-1β, and CCL5/RANTES [27,28], along with
the subsequent secretion of proinflammatory mediators by these CCR5+ immune cell
populations. CCR5 signaling also may play a vital role in thymic homing of primitive
lineage-negative bone marrow cells [29]. To address the effects of elevated cAMP levels on
CCR5 transcription, we used the human CD4+/CCR5+ TF-1 bone marrow progenitor cell
line. Considerable controversy exists in the literature regarding the ability of transcription
factors like GATA-1 and YY-1 to interface with putative cis-acting elements and
transactivate the CCR5 promoter. Whereas GATA-1 is thought to stimulate [30] or repress
[31] the promoter differentially, YY-1 has been identified as a negative regulator [32].
Because this dichotomy may partly be attributed to cellular specificity, our studies were
initially aimed at confirming whether the previously reported inhibitory effects of cAMP on
CCR5 transcription [11] were consistent in TF-1 cells. Our experiments revealed that,
consistent with the findings of the aforementioned study, the initial phase of CCR5
transcription exhibited a decline. However, the ensuing phase encompassed a recovery and
ultimately an increase in the level of transcripts. The modest induction is probably due to the
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nonconsensus composition (TGAGCAGA) and physical distance [−2187 with respect to
ORF(+1)] [11] of the CRE in the promoter, which are key characteristics of other less active
CREs [33,34]. In addition, the delayed kinetics of upregulation may be an outcome of an
oscillation in the levels of the antagonist pCREM and activator pCREB-1 effector isoforms,
which is common to other morphogenetic processes [35]. Because we have established TF-1
cells as a model for HIV-1 infection of progenitor cells in vitro [36], we also examined the
link between amplified CCR5 transcription and susceptibility to HIV-1. Lack of a positive
correlation is consistent with the hypotheses that the surface level of CCR5 is critical for
infectivity by R5-tropic HIV-1 [37] and that low levels of CCR5 on CD34+ progenitors [38]
may not be adequate for supporting robust infection. Our subsequent experiments were
aimed at identifying possible cellular pathways involved in facilitating such a response and
involved using series of protein-kinase inhibitors. Interestingly, contrary to published studies
describing the involvement of different cellular kinases, pCREB-1 accumulation and CCR5
transcription in TF-1 cells were found to be exclusively mediated by PKA. Studies
performed herein characterize key molecular events coupled to intracellular cAMP
augmentation that govern temporal expression of CCR5 in bone marrow progenitor cells.
Further investigation is needed to establish the tissue-specific contribution of this
stimulatory pathway in CCR5-mediated normal and aberrant physiological processes.
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Fig. 1.
Forskolin stimulation alters CCR5 transcription in TF-1 cells. The sinusoidal wave of CCR5
transcript levels is characterized by an initial trough followed by recovery and an eventual
peak at 15 h post stimulation. A 1.9-fold downregulation is followed by a maximal 2.2-fold
upregulation. Results are normalized to human large ribosomal protein expression and
expressed in linear scale as fold over untreated.
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Fig. 2.
Forskolin stimulation leads to increased nuclear accumulation of pCREB-1α,Δ and pCREM-
α/β in TF-1 cells. (A) Analysis of the kinetics of CREB-1 phosphorylation reveals negligible
pCREB-1 in the untreated sample. Following forskolin stimulation, maximum pCREB-1 is
found at 1 h. Heightened pCREB-1 levels persist up to 6 h followed by dephosphorylation at
9 h. β-actin serves as a normalization control. (B) Analysis of the kinetics of pCREM
accumulation reveals a bell-shaped curve. Following stimulation, an exponential increase
occurs in nuclear pCREM levels. Maximal accumulation is observed at 1 h. Thereafter,
levels drop rapidly up to 6 h. β-actin serves as a loading control.
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Fig. 3.
Inhibition of PKA abrogates nuclear accumulation of pCREB-1α,Δ. Nuclear pCREB-1
levels increase in response to forskolin stimulation for 1 h. This response is partly abrogated
by pretreatment with H-89 (2.34-fold). pCREB-1 levels are not affected by pretreatment
with other kinase inhibitors. Samples treated with inhibitors alone exhibit no significant
change in comparison to untreated cells (data not shown).
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Fig. 4.
Inhibition of PKA downregulates forskolin-induced CCR5 transcription. Chronic forskolin
stimulation for 15 h leads to an induction in CCR5 mRNA levels. This increase is partly
inhibited (~50%) by pretreatment with H-89.
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