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Regulation of cell cycle proteins by chemokine
receptors: A novel pathway in human
immunodeficiency virus neuropathogenesis?
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In order to test the hypothesis that alteration of cell cycle proteins are involved
in the neuronal damage caused by human immunodeficiency virus (HIV), the
authors have been studying the effect of chemokines on the CDK/Rb/E2F-1
pathway—which is involved in neuronal apoptosis and differentiation.

First, they have asked whether CXCR4, the specific receptor for the
chemokine SDF-1 and X4-using gp120s, can regulate Rb and E2F-1 activity in
cultures of differentiated rat neurons. Although CCR3 and CCR5 are known to
mediate infection of microglia by HIV-1, recent evidence indicate that CXCR4
also play important roles in HIV-induced neuronal injury, and dual-tropic iso-
lates that use CXCR4 to infect macrophages have recently been reported. The
authors have focused on two specific brain areas in which CXCR4 is physio-
logically relevant, i.e., the cerebellum and the hippocampus. So far, the data
indicate that changes in the nuclear and cytosolic levels of Rb, which result
in the functional loss of this protein, are associated with apoptosis in these
neurons, and that SDF-1α and gp120IIIB affect this pathway. A summary of the
findings are presented. Journal of NeuroVirology (2004) 10(suppl. 1), 108–112.
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The neurological manifestations of acquired immu-
nodeficiency syndrome (AIDS) remain an important
complication of human immunodeficiency virus
(HIV) infection, as they not only interfere with
patients’ daily activities, but also affect therapeutic
decisions and represent an independent risk factor
for mortality. Though in the last few years progresses
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have been made regarding the understanding of
the development of HIV infection in the central
nervous system (CNS), the basic mechanisms of HIV
neuropathogenesis are still a matter of investigation
(Bensalem and Berger, 2002; Mamidi et al, 2002).
The combined effort of scientists interested in dif-
ferent aspects of neuroAIDS has provided evidence
that neuronal damage and loss may derive from a
complex series of events implicating both neuronal
and non-neuronal cells, and that, in analogy to the
immune system, chemokine receptors act as HIV
coreceptors in the CNS (Berger et al, 1999). Accord-
ing to current models, CNS damage is caused by the
release of neurotoxic factors by immune-activated
and HIV-infected macrophages and microglia. These
toxins may include the HIV envelope proteins, gp120
and gp41, other viral proteins (e.g., tat, nef), as well as
various cellular products (i.e., cytokines, excitatory
amino acids, free radicals, and amines), which are
able to induce neuronal injury, dendritic and synap-
tic damages, and neuronal and glial apoptosis (Bezzi
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et al, 2001; Kaul et al, 2001; Nath, 2002). Astrocytes
activation and infection may also contribute to the
neuronal damage, as their function is critical for neu-
ronal survival and they can produce neurotoxins as
well (Lawrence and Major, 2002). One well-studied
viral protein with reported neurotoxic effects in vitro
and in vivo is the HIV-1 envelope protein gp120,
which normally mediates binding of HIV to target
cells.

Recently, we have focused our attention on the ef-
fect of chemokine receptors on cell cycle proteins
involved in neuronal apoptosis and differentiation,
namely the retinoblastoma gene product, Rb, and
the transcription factor, E2F-1 (Harbour and Dean,
2000a), with the intent of evaluating their potential
involvement in HIV-induced neurodegeneration.

In the mammalian CNS, neurons withdraw from
the cell cycle immediately after their differentia-
tion. However, they still express components of the
cell cycle machinery. The cell cycle is tightly regu-
lated by sequential activation of cyclin-dependent ki-
nases (CDKs), which then regulate the activity of tar-
get substrates involved in specific transitional steps.
For instance, the CDK4/6 and cyclin D1 complex is
thought to control the G0 to G1 transition. One of
the best characterized substrates of CDK4/6 is the
tumor suppressor protein Rb. Rb is normally hy-
pophosphorylated in quiescent cells and binds and
inhibits members of the transcription factor fam-
ily E2F, such as E2F-1. Phosphorylation of Rb in-
duces release of E2F-1, which dimerizes with its tran-
scription partner DP1/2 and activates genes required
for S phase transition. However, Rb may also asso-
ciate with other transcription factors, which proba-
bly enable this protein to regulate gene expression in
an E2F-independent manner. In addition to cell cy-
cle progression, the Rb/E2F pathway has also been
shown to integrate with pathways that control differ-
entiation and programmed cell death (Harbour and
Dean, 2000a, 2000b).

Interestingly, overexpression of phosphorylated Rb
(pRb) and E2F-1 have been reported in the brain
(i.e., hippocampus, cortex, and basal ganglia) of
monkeys with simian immunodeficiency virus (SIV)
encephalitis (Jordan-Sciutto et al, 2000) and HIV-
demented patients (Jordan-Sciutto et al, 2002), sug-
gesting their involvement in HIV neuropathogene-
sis. Also, initial observations about the up-regulation
of the cyclin D3 gene (which is upstream of Rb
phosphorylation and E2F-1 deregulation) in HIV en-
cephalopathy (HIVE) and SIV encephalopathy (SIVE)
have recently been presented (H. Fox, this meet-
ing). Some neurotrophins, such as nerve growth fac-
tor (NGF) and brain-derived growth factor (BDNF),
may also alter the subcellular localization of Rb, E2F,
and p53 in human neuroglia cultures (Jordan-Sciutto
et al, 2001).

In order to study whether CXCR4 is able to affect
the CDK/Rb/E2F1 pathway, we have analyzed the
changes in expression, localization, and activation of

Rb and E2F-1 induced by short-term (10 to 30 min)
and long-term (1 to 24 h) treatments with SDF-1α (and
gp120IIIB) in primary cultures of postmitotic neurons
and in a human cell line (HOS) transfected with
human recombinant CXCR4. Immunocytochemistry,
immunoblotting, and gel retardation analyses Elec-
tro Mobility Shift Assay (EMSA) showed that SDF-1α
affects the subcellular localization of Rb and E2F-1
in a time-dependent manner. Changes in the expres-
sion levels of the two proteins were observed in cells
treated with the chemokine under different exper-
imental conditions. Preliminary data indicate that
gp120IIIB does not mimic the action of SDF-1α on Rb
and E2F-1 expression and has opposite effects at the
nuclear level.

Initial evidence about the coupling of CXCR4 with
the cell cycle proteins were obtained in the HOS cells,
which offer the advantage of homogenous CXCR4 ex-
pression in the absence of other chemokine recep-
tors. In analogy to primary neurons (Meucci et al,
1998; Miller and Meucci, 1999), both SDF-1α (0.2 to
20 nM) and gp120IIIB (0.2 to 20 nM) activate CXCR4
in these cells, and induce Ca2+ responses sensitive
to pertussis toxin (PTX) and to anti-CXCR4 antibod-
ies, as well as extra cellular signal regulated kinase
(ERK) phosphorylation. However, similarly to what
we had found in neurons treated with the chemokine
fractalkine and/or gp120IIIB (Meucci et al, 2000), SDF-
1α, but not gp120IIIB, was able to activate prosurvival
pathways, such as Akt, in the HOS cells.

Treatment with SDF-1α (20 nM) increased Rb levels
in HOS cells as demonstrated by Western blot anal-
ysis and immunocytochemistry. Despite its activity
as a nuclear protein, Rb was also detectable in the
cytosol of HOS cells. Although Rb staining in the cy-
tosol was quite low in control conditions, a signifi-
cant increase in the protein levels was observed after
a 3-h treatment with SDF-1α. Conversely, gp120IIIB
(200 pM) induced an inhibition of the nuclear Rb
content. The increase in Rb induced by SDF-1α was
blocked by the protein synthesis inhibitor cyclohex-
imide (CHX; 1 μM). The effect of SDF-1α on Rb was
also observed when cells were deprived of serum (6 to
24 h), a condition that caused a dramatic decrease in
Rb cytosolic levels. The addition of SDF-1α to serum-
free medium prevented the cytosolic loss of Rb in-
duced by the lack of trophic factors.

Experiments with different antibodies that recog-
nize Rb phosphorylated at Ser795 and Ser780 (pRb),
respectively, as well as in vitro kinase assays using
a glutathione S-transferase (GST) fusion protein con-
taining the COOH-terminal region of Rb (amino acids
769 to 921) indicate that SDF-1α treatment (20 nM,
up to 60 min) does not directly induce Rb phosphory-
lation in these cells. Although a slight increase in the
Rb phosphorylated band was observed after SDF-1α
treatment, this effect was reverted by CHX, suggesting
that it was correlated to the overall increase in total
Rb expression. Further studies with normal popula-
tions of dividing cells, such as glia, are currently in
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progress to confirm these findings in other cell types.
Initial results indicate that SDF-1α is able to affect
total Rb expression in primary culture of mixed cor-
tical glia as well.

We next studied the effects of SDF-1α and gp120IIIB
in differentiated neurons. Immunostaining and im-
munoblotting of hippocampal and cortical neurons
with anti-Rb antibodies showed that Rb is homoge-
nously distributed to the nucleus and the cell body,
whereas pRb staining is mostly localized to the cyto-
plasm in neurons maintained in the presence of glial
trophic factors, which support their survival. Con-
versely, when neurons are kept in a saline solution
in the absence of the glia support, an increase in the
phosphorylated level of Rb is observed, particularly
in the nucleus. Preliminary experiments indicate that
treatment of neurons with SDF-1α (20 nM) reduced
the Rb phosphorylation induced by glia deprivation.
On the contrary, treatment of neurons with gp120IIIB
(200 pM) seemed to increase the level of phosphory-
lated Rb and to enhance the DNA binding activity of
E2F-1. These data suggest that changes in the expres-
sion and subcellular localization of Rb that translate
in loss of Rb function are associated with apoptosis
in differentiated neurons, and that SDF-1α is able to
affect the expression and the phosphorylation of Rb.
Further experiments are in progress to support this
conclusion and correlate these observations with the
action of SDF-1α on the survival of hippocampal neu-
rons and with gp120 neurotoxicity.

Meanwhile, we have gathered interesting results
in a different model of neuronal apoptosis that is
known to involve Rb deregulation (Padmanabhan
et al, 1999), i.e., cerebellar granule neurons deprived
of depolarizing concentrations of potassium (Galli
et al, 1995). When maintained in a serum-free low-
potassium medium (KCl 5 mM), granule neurons
undergo apoptosis, a process that involves several
changes of cell cycle regulators (Park et al, 2000), in-
cluding (i) accumulation of cyclin D1 and increased
CDK4 activity; (ii) phosphorylation and subsequent
loss of the Rb protein; (iii) up-regulation of E2F-1.
These alterations are implicated in apoptosis of
granule neurons. This, along with the reported role
of SDF-1α in cerebellar development (Lu et al, 2002;
Zhu et al, 2002), made this system very attractive
to investigate the effect of SDF-1α on neuronal cell
cycle proteins.

In line with previous reports, total Rb levels de-
creased when neurons were deprived of extracellu-
lar potassium, an effect observed after a relatively
short incubation in K5 (1 h). The addition of SDF-
1α (20 nM) to the K5 medium inhibited Rb reduction
within the first 2 to 6 h. A modest increase in Rb lev-
els was also observed when neurons were exposed to
SDF-1α in a medium containing 25 mM KCl, whereas
SDF-1α was unable to affect Rb levels when added to
neurons that were deprived of potassium 5 h earlier.
There were no significant changes in the expression
levels of CXCR4 between K5 and K25 neurons, as de-

termined by immunocytochemistry. These data sug-
gest that the chemokine interferes with the earliest
steps of the death signal cascade triggered by K5.

The ability of Rb to inhibit E2F-1 depends on its
phosphorylation, which also affects Rb localization
and degradation. Although several different sites of
phosphorylation have been identified on Rb, four
residues COOH-terminal to the pocket domain (Ser
975/807/811/780) are critical for its interaction with
E2F proteins and are targets of CDK4/6. According
to previous reports on cerebellar granule neurons,
phosphorylation of Rb by CDK4 is one of the earliest
events in the K5-induced apoptotic cascade. Thus, to
evaluate whether the effect of SDF-1α on Rb may af-
fect E2F-1 function, we probed the neuronal extracts
with antibodies against Rb phosphorylated at Ser795
or Ser780. As in the case of total Rb levels, we found
that SDF-1α treatment prevents the phosphorylation
of Rb caused by potassium deprivation, which is gen-
erally associated to the degradation of the protein and
activation of apoptotic genes by E2F-1. SDF-1α did
not alter expression of structural proteins, such as
actin.

In agreement with our findings on Rb levels and
phosphorylation, cell survival experiments showed
that SDF-1α was able to reduce neuronal cell
death induced by potassium deprivation—an ef-
fect prevented by the CXCR4 antagonist AMD3100
(100 ng/ml). The neuronal death induced by K5 af-
ter 20 to 22 h was reduced by 50% in the pres-
ence of SDF1-α (20 nM). A similar degree of protec-
tion (60%) was observed by incubating neurons with
PD0183812 (0.5 μM), a specific and potent inhibitor
of CDK4/6 (Fry et al, 2001), suggesting that SDF-1α
might inhibit Rb phosphorylation and its subsequent
degradation. As expected, PD0183812 was also able
to reduce phosphorylation and loss of Rb in these
neurons. Thus, in cerebellar granule neurons, SDF-
1α increases total Rb expression, prevents the phos-
phorylation of Rb induced by KCl deprivation (which
seems to precede Rb degradation in these neurons),
and promotes neuronal survival. These findings indi-
cate that Rb function is important in preventing neu-
ronal death, and may be involved in the regulation of
neuronal survival by chemokines.

One of the functions of Rb is to bind and inhibit
the activity of the transcription factor E2F-1 (Harbour
and Dean, 2000a), which is implicated in apoptosis
of the CNS. E2F-1 protein levels are a critical pa-
rameter to the apoptotic property of this transcrip-
tion factor, and ectopic expression of E2F-1 in qui-
escent cells leads to entry into DNA synthesis and
apoptosis. Thus, we studied the effect of SDF-1α on
E2F-1 expression, localization, and DNA-binding ac-
tivity by Western blot analysis and EMSA. Experi-
ments in HOS cells have shown that when cells are
treated with SDF-1α in the presence of serum, a time-
dependent increase of E2F-1 in the cytosol (peak at
3 h), associated with a slower decrease in the nucleus
(peak at 24 h), is observed. The DNA-binding activity
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Figure 1 Simplified model for the involvement of cell cycle proteins in the regulation of survival and differentiation by neuronal
chemokine receptors: SDF-1α may affect expression of survival genes by regulating Rb and E2F-1 function. Also, SDF-1α could affect the
interaction of Rb and/or E2F-1 with additional proteins involved in the regulation of cell survival (i.e., mdm2, Akt and MAP kinases).
Thus, alterations of the CDK/Rb/E2F pathway—induced by activation of chemokine receptors under pathological conditions—may be
implicated in HIV-induced neuropathogenesis.

of E2F-1 in nuclear extracts of HOS cells treated with
SDF-1α for 3 h was reduced, and, in some experi-
ments, a band of “protein-bound” E2F-1 appears in
SDF-1α–treated cells, suggesting that SDF-1α may fa-
vor the binding of the transcription factor to regu-
latory proteins. Additional experiments are required
to characterize the nature of the E2F-1 complex and
determine the DNA-binding activity in different ex-
perimental conditions (i.e., longer treatments, total
cell extracts).

However, we found that protein levels of E2F-1 and
its DNA-binding activity were higher than normal
in preapoptotic cerebellar granule neurons. Both ef-
fects were inhibited by SDF-1α, suggesting that the
chemokine may interfere with the apoptotic action
of E2F-1. This is in agreement with experiments with
hippocampal neurons showing that the HIV envelope
protein increases E2F-1 DNA-binding activity. This is
a very interesting observation, considering that in the
same cultures (as well as in cortical neurons) gp120
activates the p38 kinase, which is able to block Rb-
mediated inhibition of E2F-1. As the transcriptional
potential of the E2F family members is dependent
upon their nuclear localization, these data suggest
that SDF-1α could reduce E2F-1 proapoptotic activity
by “retaining” it into the cytosol and/or favoring its
binding to inhibitory proteins. To further support this
possibility, we are currently testing the effects of SDF-
1α on additional proteins that are known to interact
with Rb and E2F-1 and regulate their actions, such as
mdm2 and p53. Although the data related to p53 are
still unclear, we have found that SDF-1α increases to-
tal mdm2 levels in HOS cells and granule neurons.
Mdm2 is thought to contribute to neuronal survival

in several ways: by repressing p53 transcriptional ac-
tivity and targeting it for degradation, by regulating
E2F-1 accumulation and activity, as well as protect-
ing Rb from degradation. On the other hand, loss of Rb
also leads to degradation of mdm2, whereas phospho-
rylation of mdm2 by Akt facilitates targeting of p53
for destruction. Our current working model, based on
these and other observations, is reported in Figure 1.

In conclusion, activation of the chemokine recep-
tor CXCR4 modulates the activity of two important
regulators of cell survival and apoptosis, the tumor
suppressor protein Rb and the transcription factor
E2F-1, in dividing cells as well as differentiated neu-
rons. This suggests that chemokines may be directly
involved in the regulation of glia and neuronal sur-
vival and differentiation, and supports the potential
involvement of cell cycle deregulation in HAD.

The ability of CXCR4 to regulate cell cycle pro-
gression and survival/apoptosis is not restricted to
the nervous system, but has long been recognized as
part of the important regulatory function of SDF-1
in hematopoiesis (Furukawa, 1998). The chemokine
is implicated in homing and survival of progeni-
tor hematopietic cells as well as in their differenti-
ation. Recent reports showed that SDF-1 suppresses
apoptosis, promotes survival and cell cycle progres-
sion in CD34+ stem cells, while inhibiting cycling of
quiescent hematopoietic cells (Cashman et al, 2002;
Lataillade et al, 2002). As cell cycle arrest in
hematopietic cells is mediated through inhibi-
tion of pRb and E2F activity (as well as induc-
tion of CDKs) (Furukawa, 1998), it is expected
that SDF-1 regulates the CDK/Rb/E2F-1 pathway
in these cells. Should this be the case, the effect



Chemokine receptors and cell cycle proteins in the CNS
112 R Brandimarti et al

of SDF-1 (or other chemokines) on this path-
way would have more general implications in
HIV pathogenesis, beyond HIV-associated demen-
tia (HAD). At this regard, an interesting report just
showed that G1 cycle arrest in T lymphocytes re-
sults in increased levels of secreted β-chemokines,
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