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Abstract

Human immunodeficiency virus type 1 (HIV-1) infection and associated diseases continue to
represent major health problem worldwide. FOXO transcriptional factors play an important rolein
the regulation of cell apoptosis, cell cycle arrest, stress resistance, metabolism, and differentiation.
This chapter will discuss the diverse functions of FOXO in different cell typesincluding T cells,
macrophages, neurons, and astrocytes within the context of HIV-1 infection. Given the
overwhelming evidence that FOXO proteins influence the cell fate of immune cells, and involvein
the homeostasis of the central nervous system (CNS), we will also discuss the potentia role of
FOXO factorsin HIV-1-associated neurological disorders.
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1. Introduction

The Forkhead Box O (FOXO) transcription factor family, the mammalian orthologs of
Caenorhabaitis elegans* forkhead protein” DAF-16, is characterized by a conserved DNA
binding domain commonly known as a“forkhead box” or a“winged helix”.14 FOXO
proteins play an essential role in the crosstalk between many signaling pathways, including
cell cycle, metabolism, apoptosis, and cell survival. Regulation of FOXO transcription
factorsis carried out by a complex interplay of phosphorylation, acetylation, ubiquitination,
and interaction with other protein partners. These post-translational modifications of FOXO
proteins work in concert to determine the role that FOX O play in diverse cellular processes,
which may be dependent on the microenvironmental cues and the appropriate downstream
signals. Theinterplay of FOXO regulation may be involved in disease, which is the subject
of intense investigation. Recently accumulating evidence shows that FOXO proteins play a
critical rolein the pathogenesis of HIV-1-infection. This chapter provides an overview of
FOXO proteins and their potential rolesin various pathological conditions such as HIV-1
infection and its associated neurological complications. Understanding the involvement of
FOXO proteinsin the pathogenesis of HIV-1 infection and other CNS-associated diseases
may provide therapeutic targets for the treatment of HIV-1 infection and its associated
neurodegenerative disorders and neuronal injury.
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1.1. FOXO family members and general function

Four FOXO isoforms, namely FOXO1, FOXO3a, FOX04, and FOXO6, have been
identified in mammalian cells to date.1> The expression and function of FOXO isoforms
have been investigated in great detail. Unlike other members of the family, FOXO6 is only
detected in the developing brain and has different post-translational regulation mechanisms
due to the lack of conserved G-terminus Akt-1 phosphorylation motif.> FOXO1, FOXO3a,
and FOXO4 are ubiquitously expressed and participate in diverse physiologic processes,
including cell cycle regulation, differentiation, apoptosis, stress resistance, and metabolism.
Notably, the cellular outputs and the cell fate decisions of FOXO are determined by a host of
downstream factors that appear to be cell type- and microenvironment-specific. One
important aspect of the FOXO family is that the gene expression pattern overlaps during
development and in the adulthood, implying that FOXO proteins may bind to and regulate
the same target genes. Thereby, FOXO isoforms display functional redundancy and
compensation in vivo, whilst keeping isof orm-specific function in some cell linages and
tissues.

1.2. Regulation of FOXO protein activity

There are multiple post-trand ational modifications of FOXO proteins, including
phosphorylation, acetylation, ubiquitination, and protein-protein interactions.
Phosphorylation is the most critical modification asit essentially regulates the translocation
of all FOXO proteins between the nucleus and cytoplasm. An exception to thisis FOXOB6,
which is a nuclear factor and does not translocate out of the nucleus. FOXO phosphorylation
primarily inhibits FOXO function with rare exceptions. Phosphatidylinositol 3-kinase
(PI3K), which responds to growth factors and cytokines, has been known to regulate FOXO
function.® Akt-1 (also known as protein kinase B, PK B) phosphorylates FOXO3a at three
residues and retains FOX O3ain the cytoplasm by promoting its association with adaptor
molecule14-3-38 10. 11 gyhsequent deactivation and degradation of FOXO3a. In the absence
of Akt-1 phosphorylation, FOXO3atrand ocates to the nucleus, and controls cell cycle,
apoptosis, and other processions through transcription of target genes.12-14 |n addition to
Akt-1, many kinases also phosphorylate FOXO. These include serum and glucocorticoid-
regulated kinase (SGK), c-Jun N-terminal kinase (JNK), extracellular signal-related kinase
(ERK), dual specificity tyrosine-phosphorylated and regulated kinase (DY RK1A),
mammalian Ste20-like kinase-1 (MST1) and 1«B kinase (IKK) (for summary, see table
1).8. 11, 15 Though phosphorylation usually prevents activation of FOXO through
cytoplasmic translocation, there are two exceptionsto thisrule. In response to stress stimuli,
JNK and Mst1 phosphorylate FOXO at a distinct set of threonine residues and promote
nuclear transl ocation leading to transcriptional activation (see table 1). Commonly,
following cytoplasmic translocation, FOXO phosphorylation a so resultsin FOXO
ubiquitination and proteasomal degradation, further reducing the transcriptional activity of
FOXO.lO' 16-18

Another intriguing regulation method of FOXO is acetylation and/or deacetylation. Due to
its influence on phosphorylation, acetylation can also affect FOXO subcellular localization.
FOXO can be acetylated by the calcium response element-binding (CREB)-binding protein
(CBP), p300, and p300/CBP-associated factor (PCAF); whereas FOXO can be deacetylated
by histone deacetylases (HDACs) and NAD-dependent deacetylases.33-36 Acetylation may
suppress FOXO proteins' activity and serve as a negative feedback signal during FOXO
activation. Acetylation-defective FOXO1 mutants have higher transcription than wild-type
FoxO1, but the mutant FOXOL1 tends to be rapidly ubiquitinated and degraded. However,
mutations that mimic the acetylated state of FOXO increase stability but impair FOXO1
transcription.3” More specifically, acetylation of FOXO by CBP and/or p300 prevents the
binding of FOXO to itstarget DNA, reduces the stability of the FOXO-DNA complex, and
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increases the phosphorylation of the non-essential Akt-1 phosphorylation site.38: 39
Deacetylation, on the other hand, may enhance the transcription activity of FOXO. During
oxidative stress, SIRT2 expression increases and reduces the acetylation level of FOXO3a
As a consequence, FOXO transcriptional activity increases along with its target genes,
p27Kipl, manganese superoxide dismutase (MnSOD), and Bcl-2-interacting mediator of
cell death (Bim), which work in concert to induce oxidative stress-mediated apoptosis.
Interestingly, in mouse pancreatic p cells, acetylation and deacetylation seems to reach
equilibrium to maintain FOXO3a transcription activity. FoxO1 protects pancrestic 8 cells
against oxidative stress by forming a complex with promyelocytic leukemia protein (Pml)
and deacetylase SIRT1, subsequently activating the expression of NeuroD and MafA, two
Insulin2 (Ins2) gene transcription factors that are known to alleviate oxidative stress.

Ubiquitination of FOXO proteins provide another avenue to regulate their transcriptional
activities. Notably, poly- and mono-ubiquitination result in different cellular outcomes for
FOXO. Phosphorylation by Akt-1, ERK, or SGK not only retains FOXO in cytoplasm but
also facilitates the polyubiquitination and degradation of FOXO. This polyubiquitination
provides a potential negative feedback regulation to properly control FOXO activity in
response to growth factor signaling.17: 30. 41-43 phosphorylation of FOXO3a C-terminal
residue Ser-644 by IKK also promotes polyubiquitination and degradation of FOXO3a
through the proteasome pathway. Residue Ser-644 is exclusive to FOXO3a and is absent in
other FOXO proteins.** Though polyubiquitination promotes degradation of FOXO,41: 45
monoubiquitination of FOX O in response to cellular oxidative stress leads to the nuclear
translocation and transcriptional activation of FOXO proteins.46-48 Monoubiquitination of
FOXO is counteracted by USP7, a deubiquitinating enzyme that binds to FOXO proteins
and represses FOX O’ s activity. Surprisingly, neither monoubiquitination nor USP7-
mediated deubiquitination affects FOX O protein stability.*8

One crucia protein in the regulation of subcellular localization of FOX O is the chaperone
protein 14-3-3, which plays a direct role in the phosphorylation and acetylation of FOXO.
The 14-3-3 protein has a U-shaped structure that serves as a dock for the phosphorylated
serine or threonine residues of FOXO. The 14-3-3 protein isoforms are also able to form
stable homo- or heterodimers and thus could bind two ligands simultaneously.*% 50 Many of
the phosphorylated serine or threonine residues are located in the FOX O nuclear localization
sequence (NLS). Binding of 14-3-3 proteins to FOX O therefore masks or obscuresthe NLS
and subsequently prevents FOXO proteins' translocation into the nucleus. 11 12,49, 51 |
addition to binding to the phosphorylated residues, the 14-3-3 proteins seem to be required
to bridge FOXO3a and SIRT1 together to facilitate the deacetylation process.

The fine-tuned regulation of FOXO transcriptional activity typically involves the interaction
of FOXO and other partners. Depending on the cell type and cues from the
microenvironment, these protein-protein interactions can either foster or suppress FOXO
transcriptional activity and affect the subsequent cellular response. FOXO proteins play key
rolesin cell cycle control through p21Cip, p27Kip, and other genes by directly binding to
their promoters. Furthermore, in the case of transforming growth factor beta (TGFp)
stimulation, FOXO requires additional proteins, namely Smads and FOXG1, to control the
expression of the growth inhibitory gene p21Cip1. Smad2 and Smad3 hetero-oligomerize
with Smad4, translocate to the nucleus, and form a complex with FOXO. This complex can
bind to the promoter of p21Cipand turn on its expression. In contrast, FOXG1, a protein
from a distinct FOX subfamily, inhibits p22Cip1 expression through binding FOXO/Smad
complexes. These interactions enable the TGFp/Smad pathway and the FOXGL to delicately
regul ate the expression of downstream factors of FOX0.52-56 | n addition, p15INK 4b,
another downstream factor of FOXO, requires CCAAT/enhancer binding protein p (C/
EBPB) and the FOXO-Smad complex to properly respond to TGFB.52 RUNX3, arunt
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domain-containing transcription factor, is aso required by FOXO to induce the expression

of Bim. The Bimpromoter contains one FOXO binding site and two RUNX3 binding sites
in close proximity, and the interaction of FOXO and RUNX 3 coordinately upregulates Bim
expression and promotes apoptosisin gastric cancer cells.>’

Theinteraction of FOXO proteins and their partners may release the transcriptional
repressor from the promoter of target genes, and this removal leads to the expression of
these genes. In this case, FOXO proteins serve as co-activators rather than specific
transcription factors. For example, the tumor suppressor p53 normally inhibits Sirt1
expression by binding to two sites of Sirt1l promoter. Under nutrient deprivation, FOXO
binds to p53 and releases p53 from the Sirt1 promoter, therefore activating Sirt1 expression.
This interaction between FOXO and p53 is independent of the binding between FOXO and
the Sirt promoter.58 Similarly, in muscle cells, the binding of FOXO with the transcriptional
repressor Cdl also releases Cdl from Hes? promoter and induces HesZ expression. In
addition, FOXO may interact with other proteins and inhibit FOX O transcription activity in
return. For example, FOXG1 binds to FOXO-Smad complex and leads to FOX O target gene
suppression. Furthermore, the nuclear receptor peroxisome proliferator-activated receptor-y
(PPARY) may inhibit FOX O transcription through the formation of a protein complex in the
FOXO promoter region.>®

2. FOXO in HIV-1 infection and HIV-1 associated neurocognitive disorders

In HIV-1 pathogenesis, depletion of T cells and other immune cells is the most fundamental
pathophysiological consequence. Notably, the immune activation may induce T cellsand
other cell lossin different stages of HIV-1-infection.8% 61 HIV-1 can directly kill the
infected CD4+ T cells and destroy the uninfected and bystander cells simultaneoudly. In
addition to the disruption of the peripheral immune system, HIV-1 also leads to a spectrum
of viral-induced neurocognitive disorders. Although the mechanisms have yet to be fully
elucidated, but HIV-1-mediated brain inflammation including overproduction of cytokines,
chemokines, glutamate and others factors have been shown to play significant rolesin
disease progression.52-64 HIV-1 usually enters the brain shortly after initial infection,
crossing the blood brain barrier via peripherally infected monocytes.5® Brain macrophages
and microglia, unlike other cellular residentsin the CNS, are able to sustain a productive
HIV-1 infection within the brain.%6 Therefore, while the rest of the body in general
experiences arise of viral load followed by a gradual decline, theisolated CNS maintains a
low level, but persistent of HIV-1-infection. Although neurons are not infected by HIV-1, a
dementia specific to HIV-1 has been described as HIV-1-associated dementia (HAD).57: 68

HAD istheclinical consequence of neuronal injury and dropout. The pathologic correlate to
HAD, HIV encephalitis (HIVE), is characterized by HIV-1-infected and -activated
macrophages and microglia, damage of neuronal dendrites and axons, and apoptotic
neurons. As aresult of HIV-1 infection, the immune cells are recruited to the proximate site
and produce an array of factors including cytokines, proteases and other factors, yet they are
unableto clear the infection. The difficulty in eradicating HIV-1 infection prolongs the
immune response leading to a chronic inflammatory state. Chronic inflammation has both
detrimental and beneficial effects. On one hand, these responses are essential in limiting
viral spread; yet on the other hand, excessive inflammation is detrimental to resident cells
such as neurons or neural stems cells that are important for the neuronal repair process.

HIV-1 infection and its consequence in the brain, macrophage/microgliainfection and
activation and its associated neuronal injury and/or loss, and the changes in neuronal repair
process have been the focus of much investigation. As introduced previously, FOXOisa
key factor in the determination of cell fate in different environments. In this section, we will
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discuss the potential roles of FOXO in HIV-1 infection, its associated immunodeficiency,
and the long-term consequences on the host central nerve system during HIV-1 infection.

3. FOXOin T cell depletion
3.1. Potential signaling pathway of FOXO3a in T cell depletion

HIV-1 Infection leads to progressive CD4+ T cell depletion, resulting in AIDS (Acquired
Immune Deficiency Syndrome) development. The mechanisms that trigger the CD4+ T cell
death are not fully understood, but data indicate that apoptosis plays amajor rolein this cell
loss. Both infected and uninfected CD4+ T-cells can die during HIV-1 infection by different
cell death pathways, and bystander CD4+ T cell lossis now recognized as essential to the
immunodeficiency.69-71

The general roles of FOXO proteins in the immune system might be relevant to immune
homeostasis.”? 74 Normally, FOX O inactivation is indispensable to maintain T cell survival
and proliferation. Once FOXO is activated, FOX O triggers apoptosisin T cells by regulating
the expression of several pro-apoptotic genes, such as FasL (Fas ligand, also known as
CD95 ligand), Bc/-6 (B-cell lymphoma 6), Bimand Puma(p53 upregul ated modulator of
apoptosis).”> 79 In HIV-1-induced T cell apoptosis, FOXO may aso play an important role.
Accumulating evidence suggests FOXO members participate in HIV-1-induced T cell
apoptosis, directly or indirectly, through a differential regulation of apoptosis. Specifically,
HIV-1-infection can trigger both intrinsic and extrinsic apoptotic pathways that are regulated
viaFOXO in infected and uninfected T cells during HIV-1 infection.

Severa HIV-1 proteins have been shown to interfere with cellular proteinsimplicated in the
control of cell cycle and apoptosis, particularly, cell cycle G2 arrest.80 HIV-1 protein Vpr
induces cell cycle G2 arrest and blocks infected cells from proliferating.8° Vpr blocks cell
cycle progression by activating the ATR (ataxia-telangiectasia and Rad3-related) complex
(including ATR, Rad17 and Rad9-Hus1-Radl), leading to Cdc25c¢ functional suppression,
Cdk1, and cyclin B downregulation. At the same time, activation of ATR complex also
induces Gadd45a expression. Both G2 arrest and Gadd45a expression result in Bax
activation, which induces apoptosis via the mitochondrial pathway.81-85 | nterestingly,

FOX O3a has been mechanistically linked to Vpr-induced cell cycle arrest and

apoptosis.8* 86-88 \/pr may modulate FOX O’ s function through two ways. First, Vpr is able
to interfere with the association of FOXO3awith 14-3-3 and subsequently impede the
shuttling of FOXO3a from the nucleus to the cytoplasm. Second, Vpr inhibitsinsulin/PI3K/
Akt-1 signaling pathway, leading to FOX O3a activation and translocation to the

nucleus.89 9 The activation of FOXO may also induce G2/M cell cycle arrest through the
upregulation of Gadd45a and cyclin G2.9% 92 |n addition, FOXO may facilitate cell cycle
arrest through the inhibition of the FOXM, which is known to positively drive G2/M phase
transition.2% 93

FOXOQisasoinvolved in HIV-1 protein Tat-induced CD4+ T cell apoptosis. Tat triggers
Egr1-PTEN-Akt-1 (early growth response-1/phosphate and tensin homolog deleted on
chromosome 10/Akt-1) and p53 pathways, which converge on the regulation of FOXO3a
transcription factor and result in FOXO3a activation. The FOXO3atarget genes, Fas. and
TRA/L (Tumor necrosis factor(TNF)-related apoptosis-inducing ligand), are the primary
TNF family members that engage in the extrinsic apoptotic pathway; while Puma, Noxa and
Bimare members of BCL-2 family that participate in the intrinsic apoptotic pathway.
Therefore, HIV-1 protein Tat could induce apoptosisin CD4+ T cells through multiple pro-
apoptotic target genes associated with FOX03a.94 As Tat can be secreted by infected cells
and taken up by uninfected cells, Tat-induced apoptosis could potentially affect both
infected cells and uninfected cells. % %6
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Asreviewed by Selliah, other HIV-1 proteins have been implicated in aspects of apoptosis,
including Nef, Vpu, Env, and protease.8° Limited evidence is available to confirm the
involvement of FOXO in apoptosisinduced by those aforementioned proteins. However, the
potential function of FOXO members through their target genes (such as Fas., TRA/L, and
Bim), and the participation of these genesin the HIV-1-induced cell death, indicates that
FOXO might contribute to the cell death induced by HIV-1-infection or HIV-1 encoded
proteins.

3.2 FOX03a commits to the survival of central memory CD4+ T cell in HIV-infection

CDA4+ central memory (TCM) and effector memory (TEM) T cells are two distinct
populations of memory T cells that can recognize foreign invaders such as bacteria or
viruses upon second encounter. TCM and TEM have intrinsic different properties regarding
proliferation, apoptosis and persistence. TCM cells are more resistant to apoptosis and have
an increased capacity to proliferate or survive than TEM cellsin vitro. These fundamental
functional differences of TCM and TEM are conferred by the activation and
phosphorylation status of two transcription factors, STAT5 and FOX03a.%7 In response to
proliferative signals, TCM cells showed a significant increase in the levels of STATS
phosphorylation compared with TEM cells; moreover, ex vivo TCM cells express higher
levels of the inactive phosphorylated forms of FOXO3a and lower levels of the pro-
apoptotic FOXO3atarget protein Bim. The high level of active STATS and inactive
FOXO3aensure the TCM cell longevity and survival, which is critical in immunological
memory. In HIV/AIDS, the persistence of TCM cellsiscritical to maintain proper
immunological functions, as the rate of TCM cell decline predicts HIV disease progression.
TCM and TEM cells from HIV + elite controller (EC) subjects, who naturally control viral
replication, are less susceptible to FasL -mediated apoptosis and survive longer after multiple
rounds of T cell receptor activation when compared to TCM and TEM cells from
successfully treated aviremic subjects or from HIV-1 seronegative donors. The persistence
of TCM cellsfrom EC subjectsis adirect consequence of inactivation of the FOXO3a
pathway. Silencing the FOXO3a by small interfering RNA or introducing a FOXO3a
dominant-negative form extends the long-term survival of TCM cells from successfully
treated subjectsto alength of time similar to that of TCM cells from EC subjects. Therefore,
inactivation of FOXO3ain both TCM and TEM cells of HIV patients may benefit the
immune response specifically to HIV-1 and protect T cells from apoptosis. The crucial role
of FOX0O3ain the persistence of memory T cells provides a new prospect of therapeutic
avenue to control the HIV-1 persistence.9’: 98

4. FOXO in macrophage/monocyte pathology of HIV-1-infection

Macrophage represents early cellular target and areservoir of HIV-1in its natural host.
Compared to T cells, macrophage/monocytes are more resistant to cytopathic effects of virus
and sustain long-term productive infection throughout the disease course. Although the virus
follows similar life cycle in macrophages and T lymphocytes, the infected macrophages are
prone to evade the immunological attack, which resultsin the establishment of long-term
reservoirs in macrophages and subsequently disseminates the virus to various tissues such as
the brain and lung. The investigation of these tissue macrophages is often difficult because
of their limited accessibility and inefficient recovery. Therefore, many in vitro studies of
infection utilize monocyte-derived macrophages (MDMs), which provide a unique model

for effective laboratory and primary HIV-1 infection. With this cellular model, we have
found that FOX O3a contributes to HIV-1-mediated cell death of macrophages during
productive infection. Similar role of FOXO3a has been identified in lymphocyte apoptosis.
However, significant question remains to be answered regarding the exact role of FOXO3a
in human macrophage in vivo. Whether the result in the in vitro cellular model could fully
recapitul ate the complexity of the viral replication, assemble, and transmission in vivo? The
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complex nature of viral infection requires an integration of viral proteins, RNA, and arange
of host cellular factors. Therefore, multiple metabolic or cellular signaling pathways may
participate and interfere with the regulation of transcription factors such as FOXO, which
often affect the datainterpretation and variable results may co-exist in the literature.%

4.1. The potential relationship of FOXO proteins and viral replication in macrophage

HIV-1 accessory protein Vpr, which arrests T cellsin cell cycle G2 phase, has been found to
disrupt the interaction between adaptor molecule 14-3-3 and FOXO3a. The transcriptional
activity of FOXO3ais normally suppressed by insulin-induced sequestering of this protein
in the cytoplasm. Vpr inhibited insulin-mediated Akt-1 phosphorylation and may change the
subcellular localization of FOXO3a. Vpr may also interfere with insulin-induced co-
precipitation of 14-3-3 and FOX O3a and antagonize the negative effect of insulin on

FOX O3a transactivation on FOXO-responsive promoter. These resultsindicate that Vpr has
the potential to activate FOXO3a and subsequent cause cell cycle arrest of HIV-1-infected
cells. 2 In contrast to CD4+ T cells, HIV-1-infected macrophages, which are terminally
differentiated cell, typically resist cell death, support viral replication, and consequently,
may facilitate HIV-1 transmission. Thereis evidence that shows HIV-1 accessory protein
Vpr may also affect viral replication in macrophages through transcription factor FOXO3a.
HIV-1 accessory protein Vpr has been found to regulate cyclin-dependent kinase inhibitor
1A (p21Cip), which is significantly upregulated during HIV-1 replication.19 The signaling
pathway involved in Vpr-mediated p21 increase is unknown. It has been reported that
transcription factor FOXO3a binds to p21 promoter and triggers p21 expression. Therefore,
itis possible that Vpr activates FOXO3athrough interfering with the 14-3-3-FOX03a
interaction and leads to p21 protein upregulation and contributing to viral replication.19

Another potential player interacting with FOX O3ain macrophage during HIV-1 infectionis
NF- xB. FOXO3acould inhibit NF-xB activity, because Foxo3a-deficient mice show
increased NF- x B activation.”* In HIV-1 infection, FOXO3amay also play asimilar rolein
the inhibition of macrophage NF- x B activation. It has been known that HIV-1 replication
in macrophage requires NF- xB activity. In the early stage of HIV-1-infection, NF- ¥ B is
activated by upstream kinases; and FOXO is functionally inhibited by its upstream kinases
such as Akt-1 or ERKs. Thisfunctional inhibition isimportant for NF- x B activation, which
would promote HIV-1 replication and inflammatory cytokine production in HIV-1-infected
macrophages.191 |n the later stage of HIV-1-infection, productive HIV-1 infection attenuates
PI3k/Akt-1 pathway, which lead to the activation of FOXO and trand ocation of FOXO into
the nucleus. Activated FOXO may further inhibit NF-xB activity, preventing its pro-survival
function as demonstrated in infected macrophages.

4. 2. The dual role of FOXO3a in HIV-infection in macrophages

The exact molecular changes of protein profile in macrophages during HIV-1-infection in
vivo remain to be fully understood. Studies have shown that HIV-1-encoded proteins are
able to manipulate cellular pathways, modifying the apoptotic machinery that regulates host
cell death in either a pro- or anti-apoptotic manner. Thisis critical during early stage of
HIV-1 infection, whereas proper cell survival is needed to ensure viral replication. Akt-1
and NF-xB, both important for macrophage survival, are activated and cells are highly
resistant to cell death compared with other tissue cell types. With infection progresses, RNA
transcription in productively infected macrophages indicates a conflicted state where pro-
apoptotic and anti-apoptotic cascades are modified as the cells respond to HIV-1. Death
factors such as TRAIL, TNF, and Fas are upregulated and the anti-apoptotic factors Bcl-2,
NAIP (neuronal apoptosis inhibitory protein), and Akt-3 are significantly downregulated,
but survival factorsincluding XIAP (X chromosome linked Inhibitor of apoptosis protein),
MDM?2 (murine double minute 2), and SOD2 (superoxide dismutase 2) are upregulated as

Adv Exp Med Biol. Author manuscript; availablein PMC 2012 July 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cui etd.

Page 8

well (N. Erdmann et al. manuscript in preparation). These data suggest that HIV-1 infection
in macrophagesis quite dynamic and HIV-1 may evolve by specifically modulating the
survival-apoptotic equilibrium in favor of optimal viral replication. Disruption of the
equilibrium in either way during viral life cycle has been proved to be detrimental. Therole
that FOXO3a playsin the HIV-1 infection course may aso be bidirectional. First, during the
early stage of infection, phosphorylation of Akt-1 and FOXO3aisincreased and this ensures
adequate cell survival for HIV-1 replication.102 103 H| /-1 proteins, such as Tat, gp120 and
Nef, have been shown to activate the PI3K/Akt-1-dependent survival pathway, which
facilitates HIV-1 replication and viral particle production.102: 104-106 Second, PI3K/Akt-1
pathway isimportant for the resistance to cell death of HIV-1-infected macrophages. Asthe
inhibition or attenuation of Akt-1 activity dramatically reduces the viability of long-living
virus-infected macrophages. Alternatively, inhibition or attenuation of Akt-1 may sensitize
infected macrophages to stresses or extracellular stimuli, which would otherwise not have
caused cell death of macrophages.193 Indeed, both the phosphorylation of Akt-1 and

FOX O3a decreased once productive infection established.197: 108 These evidences suggest
that PI3K/Akt-1 activation contributes to viral replication and macrophage resistant to cell
death in the early stage of infection. As a main downstream factor of PI3K/Akt-1 pathway,
FOXOQ isregulated through phosphorylation on T32, S253, and S315 (FOXO3a) or on
homol ogous sites (other family members). The detailed mechanism of how Akt-1 activation
leads to FOXO3a inhibition and subsequent apoptosis-resistance has been well documented.
However, the exact role of this signaling pathway play during HIV-infection has remained
to be fully elucidated. HIV-1 does not induce significant apoptosis during early replication.
Once the productive infection established, HIV-1 increases the activity of transcription
factor FOXO3aby translocation to nucleus. Adenoviral delivery of constitutively active
FOXO3a, which contains three mutated phosphorylation sites maintaining a transcriptional
active FOXO3awas found to induce DNA fragmentation with decreased cell viability in
MDM. Moreover, a dominant-negative mutant of FOXO3a, or small interfering RNA for
FOXO3ain HIV-1-infected MDM decreased DNA fragmentation and protected
macrophagesin HIV-1-infected MDM, which suggests elevated FOX O3a activity promotes
HIV-1-infected macrophage cell death.1%8 In addition, overexpression of constitutive active
Akt-1 is sufficient to induce FOXO3a phosphorylation, suggesting that FOXO3ais a down
stream of Akt-1 in macrophage.1%8. Comparison of primary HIV-1 isolates with laboratory
strains also indicates that a similar infection course and cell loss during productive infection.
Theinfection levels and cell loss are associated with the phosphorylation status of Akt-1 and
FOX 033, suggesting Akt-1/FOX O3a pathway plays an important rolein HIV-1-induced cell
death of human macrophage.

Based on the studies described above, we propose that FOXO3amay play adual rolein
HIV-1-infected macrophages. In the early stage of infection, PI3K/Akt-1 are activated
leading to FOX O3ainactivation and subsequent cell resistance to cell death; with the virus
replicate and accumulate in macrophages, the PI3K/Akt-1 pathway is gradually
downregulated and |eads to FOX O3a activation. As a consequence of FOXO3a activation,
cell death and apoptosis signaling pathways are triggered that result in macrophage cell
death. Further investigation of this proposed model and the elucidation of the PI3K/Akt-1/
FOXO3a pathway and its role in macrophages during HIV-1 infection should continue, as it
will bring further understanding of HIV-1 pathogenesis.

5. FOXO and HIV-1 mediated central nervous system damage

HIV -1-infected monocytes or macrophages infiltrate into the CNS and may serve asaviral
reservoir for persistent replication. Currently, about 40% to 70% of people infected with the
HIV-1 develop CNS disorders and neurological complications.199: 110 More serious
neurological symptoms typically present in patients with high HIV loads, generally when a
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person has advanced AIDS. HIV-associated neurocognitive disorder (HAND), which
includes HIV-1-associated mild neurocognitive disorders and HIV-1 associated dementia
(HAD), isfrequently accompanied by neuronal injury and loss of neuronal subpopulationsin
the neocortex, limbic system, and basal gangliain association with synaptic and dendritic
damage, astrogliosis, and formation of microglial nodules and multinucleated giant cells 111
Although HIV cannot infect neurons, supportive cells of the nervous system, such as
astrocytes and microglia, as well as monocyte/macrophages that have migrated to the brain,
can be infected with the virus. Researchesin thisfield suggest that HIV-1-infected cells can
release proinflammatory cytokines, chemokines and some toxic products, and deliver
aberrant signals, leading to neuronal toxicity and neuronal damage in the brain.

In this section, we will further discuss the role of FOXO membersin HIV-1-induced
neurological disorders. It is acknowledged that HIV-1-induced neurological disorders share
some similar molecular mechanisms with other neurodegenerative diseases as it decreases
neuronal survival, changes in neural stem/progenitor cells function, and causes astrogliosis.
Thus, we will expand our topic to the potential function of FOXO in general neuronal stem/
progenitor cell homeostasis, neuronal apoptosis and astrogliosis.

5.1. FOXO proteins in the regulation of stem cell homeostasis in the nervous system

FOXO proteins are homologous to C. e/egansDaf-16, which determines metabolic insulin
signaling and leads to lifespan extension. It is known that insulin-like signaling is essential
for growth and metabolismin C. éegans. Inhibition of insulin-like signaling leads to Daf-16
activation and increase of stress resistance and longevity.112 Restored insulin-like pathway
in neurons is sufficient to reinstate a wild-type life span.112 Further investigation revealed
that Daf-16 is the key factor downstream of insulin-like pathways that controls the life span
of C. éegansand regulates the expression of free radical-scavenging enzymes, catalase and
SOD. In mammals, it has also been reported that FOXO proteins are important to maintain
the stem cell pool. In Foxo3a-deficient mice, the proliferation and differentiation of
hematopoaietic progenitors were normal, but the number of colony formation cells was
reduced. The ability of Foxo3a-/- hematopoietic stem cells (HSCs) to support long-term
reconstitution of hematopoiesis was also impaired and was coupled to an elevation of ROS,
defective maintenance of quiescence, and hypersensitive to cell-cycle-specific myelotoxic
injury. Consequently, HSC frequencies were significantly decreased in aged Foxo3a-
deficient mice.113 Considering the redundancy and compensability of three FOXO members,
another group use conditional knockout of all FoxO1, FoxO3, and FoxO4 in the adult mouse
hematopoaietic system. FoxO-deficient mice exhibited the expansion of both the myeloid and
lymphoid lineages accompanied with cell cycle progression of the long-term hematopoietic
stem cells, suggesting that FoxO preoteins are important in maintaining HSCs in the
quiescent state. The FoxO-deficient HSCs also display an increased level of apoptosis
further contributing to the aberrant decrease in cell number.114 All these observations
demonstrated that FOX O proteins are important in the maintenance of stem/progenitor cell
homeostasis via cell cycle regulation and functional resistance to oxidative stress.

How FOXO regulates the function of neural stem cells or progenitor cells remains unclear,
but evidence shows that FOXO proteins also play arolein the regulation of neuronal
precursor cells. Erythropoietin (EPO), the traditional mediator of erythroid maturation, was
found to modulate neural stem cell in the cellular protection and angiogenesis during
development. EPO significantly increased neural progenitor cell proliferation and promoted
neural progenitor cell differentiation into neurons, while it also functioned as a protective
and an anti-inflammatory factor during oxidative stress.115 Further signaling studies
demonstrate that EPO can activate Akt-1, JAK2, and negatively regulate downstream
transcription factor FOX03a. 115117 Thijs study indicates that FOXO may play asimilar role
in neurona stem cells and in hematopoietic stem cells as both share common properties of
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all stem cells. Based on this understanding and our observation on neuronal stem cells, we
propose the following hypotheses. First, FOXO proteins play arolein the maintenance of
neuronal stem/progenitor cell homeostasis. FOXOs control the cell cycle of stem cellsand
maintain the majority of stem cellsin a quiescent state while a subset of them enter the cell
cycle for self-renewal or differentiation. Second, FOX O proteins prevent neuronal stem/
progenitor cells from oxidative stress-induced cell damage through scavenging free radicals,
regulating SOD expression. Note that many aspects of this model have been derived from
studies in non-neuronal stem cells, and have been extrapolated to neuronal stem/progenitor
cells here.

5. 2. FOXO proteins are pivotal factors in neuronal apoptosis

In the nervous system, aberrant neuronal death is afeature of neurodegenerative diseases.
Compared with other cell types, neurons are more sensitive to stress or other apoptotic
stimuli than other cells of the brain. Indeed, oxidative stress-induced neuronal death is
involved in Alzheimer’ s disease, HIV-associated dementia, and other neuronal
disease.118-120 | response to stress stimuli, FOX O-triggered expression of downstream
factors, Bim, FasL, Puma, and TRAIL, may contribute to neuronal death. A recent study
shows that oxidative stress elicits neuronal death through activation of FOXO by a dual
process that involves timed activation of stress kinases and abrogation of |GF-I
neuroprotection. On the one side, ROS includes activation of p38 MAPK to inhibit IGF-I
signaling by interfering IGF-I receptor/IRS-1 interactions through phosphorylation of IRS-1.
Thisleads to abrogation of AKT-1 inhibition of FOXO. On the other side, ROS recruits
JINK2 to activate FOXO. These two pathways are independently activated in response to
ROS; but both pathways inhibit FOXO3a trafficking from the nucleus to the cytoplasm and
result in FOX O3atranscriptional activation and downstream pro-apoptotic factor Bim
expression. 121 Similarly, epileptic brain injury in rats leads to FOXO1 and FOXO3a
activation in hippocampal neurons after Bim upregulation and neuronal apoptosis.}22 Many
other studies also demonstrated that FOX O transcriptional regulators provide an important
link between stress signaling pathways and the neuronal cell death.122-125

5.3. FOXO03a in proinflammatory cytokine-induced astrogliosis

Reactive astrogliosis, including astrocyte proliferation and activation, is a so one of the
hallmarks of neurodegenerative diseases. Astrocytes proliferation in response to abnormal
stimuli contributes to astrogliosis during brain disorders. The cell cycle inhibitors (cyclin-
dependent kinase inhibitors), including flavopiridol, roscovitine, and olomoucine inhibit cell
cycle progression at the G1/S and G2/M phases and reduce reactive astrogliosisinitiated by
ischemia or traumatic brain injury.126: 127 The PI3k/Akt-1 pathway seems to be important in
the cell proliferation and cell cycle regulation in astrocytes. It has been reported that PI3K/
Akt-pathway isinvolved in the process of injury-induced astroglia proliferation and anti-
apoptosisin vivo. p-Akt1l/2/3 increased in immunostaining in temporal correlation with the
mechanical damage with apeak at 2 hours. The phosphorylated Akt positive-cells were
often found co-labeled with GFAP around the stab wound.128 This indicated that the brain
injury could activate Akt in astrocytes and subseguent astrocyte proliferation and result in
astrogliosis.

Neurodegeneration In the diseasesis often found to be accompanied with an increase of
proinflammatory cytokines, such asIL-1p, TNF-a and IL-6, and these proinflammatory
cytokines have been showed to mediate astrogliosis, however, the mechanisms by which this
process occurs are not well defined. The investigation in the role of FOXO3ain
inflammatory factor-mediated astrocyte proliferation has suggested that FOXO3ainterfere
astrogliosis via cell cycle regulation (Cui et a unpublished observation). IL-1p and TNF-a
induced a significant increase of astrocyte proliferation as determined by Ki67
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immunostaining. Cyclin D1, which marks the cell cycle progression, was also increased.
FOX 033, the main upstream regulator of cyclin D1, was phosphorylated and translocated
from the nucleus to the cytoplasm with IL-18 and TNF-a stimulation. Wild-type FOXO3a
(WT-FOXO34) overexpression through adenovirus vector significantly upregulated
downstream factor p27 and subsequently inhibited cyclin D1, which can induce cell cycle
G1 phase arrest; at the same time, WT-FOX O3a upregulated Gadd45a. expression, which
can arrest cell cyclein G2 phase. In contrast, dominant-negative FOX O3a (DN-FOX O3a)
decreased p27 and Gadd45a while upregulated cyclin D1. Consequently, WT-FOXO3a
inhibited astrocyte proliferation. All these results demonstrated that FOXO3ais a pivotal
transcriptional factor in proinflammatory cytokine-induced astrogliosis.

6. Summary and Future Directions

The regulation and function of the FOXO family have been extensively studied in the last
decade and substantial progress has been made in understanding the signaling pathways and
mechanisms involved in different cell types and systems. However, many questions remain
to be answered about FOXO in HIV-diseases. FOXO appears to be important in the cell
survival and the apoptosisin both HIV-1-infected cells and non-infected cells. Unraveling
the multifaceted aspects of FOXO regulation will provide important insightsto al the
processes including T cell and macrophage apoptosig/survival in HIV-1 infection, neuronal
apoptosis and astrogliosisin HIV-neurological diseases. Thus, a detailed understanding of
FOXO proteins and their biology will provide new opportunities for devel oping more
effective therapeutic approaches to treat HIV-diseases.
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Fig. 1. Proposed mechanisms for how FOXO affects macrophage function during early and late
stage of HIV-1infection

A. Inthe early stage of HIV-infection, the binding of HIV-1 or HIV-1 proteins with
macrophage cell surface receptorsinduces intracellular signaling cascades such as Akt-1,
ERKSs, and NF-xB pathways. Activated Akt-1 and ERKs may inhibit FOXO function by
phosphorylation. Subsequently, phosphorylated FOX O transl ocates to the cytoplasm and
facilitates ubiquitination and degradation. As a consequence, inhibitory effect of FOXO to
NF-xB was removed, which leads to enhanced NF-xB activation that promote viral
replication, cell survival, inflammation and cytokine/chemokines production.

B. In the late stage of HIV-infection, it has been suggested that productive HIV-1 infection
compromises PI3k/Akt-1 pathway, which lead to the activation of FOXO and translocation
of FOXO in the nucleus. Activated FOXO triggers apoptosis pathways through increased
expression of apoptotic proteins such as Puma. Activated FOXO can aso inhibit NF-xB,
preventing its pro-survival function. Dashed line indicates signal attenuation.
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FOXO?’s function in NPCs, Neurons, Astrocytes
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Fig. 2. Proposed mechanism for how FOXO influence neurons, astrocytes and neuronal
progenitor cell function

In response to oxidative stress or starvation, FOX O—dependent transcription in neurons
serves to trigger apoptosis by inducing gene expression of Fasl, BcL-6, Bim, etc. In
astrocyte, FOX O suppress cell proliferation by inducing cell cycle regulatory proteins cyclin
G2, Gadd45a and p27/p21. FOXO aso play acrucia role in the homeostatic maintenance of
neuronal progenitor cells by coordinating quiescence, stress resistance, and/or terminal
differentiation.
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