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Abstract Considerable studies have evaluated the interac-
tion between Wnt/3-catenin signaling and numerous cellu-
lar processes. Emerging findings now demonstrate that Wnt/
[3-catenin signaling interacts with the life cycle of the Hu-
man Immunodeficiency Virus type 1 (HIV-1). Wnt/[3-cate-
nin is a restrictive pathway to HIV replication in multiple
target cells including peripheral blood mononuclear cells
and astrocytes. The molecular interaction between Wnt/[3-
catenin signaling and HIV has been evaluated in astrocytes
because they express robust level of this pathway. The cross
talk that occurs between these two components has signifi-
cant biologic consequences to HIV-mediated neuropatho-
genesis. This perspective highlights current knowledge
regarding the interaction between Wnt/[3-catenin signaling
and HIV, the interplay between these two pathways as it
impacts key features of NeuroAIDS, and provides an as-
sessment of knowledge gaps in the field that could propel
our understanding of this interaction to inform novel strate-
gies to exploit Wnt signaling for therapeutic intervention in
HIV/NeuroAIDS.
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Wnt/3-catenin signaling

Wnt/3-catenin is a highly conserved signal transduction
pathway involved in many processes from early embryogen-
esis to adult multi-organ homeostasis. This pathway plays
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a role in numerous cellular events including cell differ-
entiation, communication, survival, and proliferation.
Although the pathway is rather complex involving many
agonists and antagonists, key events in Wnt/{3-catenin
signal transduction are depicted in Fig. 1. The pathway
is initiated by binding of Wnt ligands, which are small
secreted glycoproteins, to seven-transmembrane frizzled
receptors and low density lipoprotein receptor-related
protein 5 and 6 (LRP5/6) co-receptors to transduce a
signal leading to the hypophosphorylation and stabiliza-
tion of [3-catenin. (3-catenin is a central mediator of this
pathway. It associates with cadherins at the cell mem-
brane to regulate cellular adhesion or translocates to the
nucleus where it functions as a transcriptional co-
activator. As a transcriptional co-activator, (3-catenin
binds to members of the T cell factor/lymphoid enhanc-
er factor (TCF/LEF) family of transcription factors to
regulate gene expression. Members of TCF/LEF family
of transcriptional factors include LEF1, TCF-1, TCF-3,
and TCF-4 and all have a high mobility group (HMG)
domain allowing them to induce a sharp bend in the
DNA helix. Without a co-activator such as [3-catenin,
TCF/LEFs are associated with gene repression. Howev-
er, in association with {3-catenin, TCF/LEF can lead to
gene repression or induction. 3-catenin displacement of
negative regulators of TCF/LEF such as transducin-like en-
hancer protein (TLE) and histone deacetylases (HDACs), and
recruitment of co-factors such as BCL9, Pygopus (PYGO)
and CBP/p300 leads to Wnt target gene transcription. On the
other hand, {3-catenin/TCF binding in conjunction with re-
cruitment of HDACs and other epigenetic modifiers leads to
gene repression. Wnt target genes are ever growing and a list
is found at the Wnt home page at http://www.stanford.edu/
group/nusselab/cgi-bin/wnt/. In the absence of Wnt protein
binding, a multi-protein destruction complex composed of
Axin, adenomatous polyposis coli (APC), casein kinase 1«
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Fig. 1 Wnt/3-catenin signal transduction pathway: Wnt protein bind-
ing to seven transmembrane Frizzled receptors leads to the recruitment
of Axin to the plasma membrane and phosphorylation of its co-
receptor, low-density lipoprotein receptor related protein (LRP) 5/6
by casein kinase-lax (CKlw) and glycogen synthase kinase-33
(GSK3p), leading to activation of Dishevelled (Dvl) and destabiliza-
tion of a [3-catenin destruction complex. The destruction complex
consists of Axin, adenomatous polyposis coli (APC), CKlx and
GSK3f. Hypophosphorylated (3-catenin accumulates in the cytoplasm
and is able to translocate to the nucleus, where it interacts with TCF/
LEF to displace its co-repressors and recruit either positive or negative
transcription co-factors to regulate Wnt target genes. Active (3-catenin
can also bind to cadherins at the cell membrane to regulate cellular
adhesion. In the absence of Wnt binding to frizzled and LRP5/6,
cytosolic [3-catenin is phosphorylated by the destruction complex and
undergoes (3Trcp-mediated ubiquitination and proteasomal degrada-
tion. Image is slightly modified and reprinted from (Henderson and
Al-Harthi 2011), copyright © J Neuroimmune Pharmacology [(2011)
6: 247-259, doi:10.1007/s11481-011-9266-7]

(Cklx), and glycogen synthase kinase 33 (GSK3{3) phos-
phorylates (3-catenin on Ser45 by Ckl and on Thr 41, Ser33
and Ser37 by GSK3f3, leading to 3-catenin ubiquitination by
3 Trcp and proteasomal degradation. Wnt-independent activa-
tion of (-catenin occurs when either negative regulators of
[3-catenin are inhibited or when activators of 3-catenin are
engaged. For example, lithium chloride, at doses not to exceed
1 mM, selectively inhibits both isoforms of GSK3 « and f3,
resulting in (3-catenin activation (Hedgepeth et al. 1997). At
higher concentrations (4—5 mM) lithium inhibits inositol
monophosphatase (IMPase) and inositol polyphosphatase,
leading to a decreased inositol (1,4,5) trisphosphate (IP3)
(Williams and Harwood 2000) response.
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The connection between Wnt/3-catenin and HIV

Wnt/3-catenin has emerged as a restriction factor for HIV in
a number of cell types, including PBMCs and astrocytes
(Wortman et al. 2002; Caroll-Anzinger et al. 2007; Kumar et
al. 2008; Henderson et al. 2012a; Narasipura et al. 2012).
Many of the studies to evaluate this interaction have been
modeled in human astrocytes due to their robust level of
Wnt/3-catenin signaling, facilitating molecular studies to
probe the interaction between Wnt/3-catenin and HIV.

HIV invades the CNS within weeks of infection and sets
the stage for neuroinflammatory events that despite anti-
HIV therapy leads to mild/moderate impairment to more
severe HIV-associated dementia in a subset of HIV infected
individuals (Heaton et al. 2011). This disease spectrum has
been collectively termed HIV-associated neurocognitive dis-
orders (HAND). HAND symptoms include decline in mem-
ory, learning, and executive function that impairs day to day
activity. The pathology of HAND, depending on disease
severity, includes reactive astrocytosis, myelin pallor, and
perturbations in synaptic and dendritic density that may also
include selective neuronal loss. The mechanism of HIV-
mediated neurologic disorder is not entirely clear, but is
likely driven by both direct (active viral replication) and
indirect sequelae to HIV invasion of the brain. Indirect
mechanisms include dysregulation of glia, release of viral
proteins (gp120, and Tat), and elevation of neurotoxic cyto-
kines/chemokines (e.g TNF«, IL-6) and neurotransmitters
(e.g glutamate) from resident brain cells and infiltrating
immune cells.

The primary targets for productive HIV replication within
the CNS include perivascular (M-2 like) macrophages,
microglia, and infiltrating CD4+ T cells. Neurons are not
infected by HIV. Astrocytes, which constitute 40-70 % of
brain cells and perform vital functions critical for mainte-
nance of blood brain barrier integrity, release of neurotro-
phic factors, metabolism of toxic neurotransmitters, and
immune surveillance by secretion of cytokines/chemokines,
are conditionally susceptible to productive HIV replication.
[3-catenin signaling plays an integral part in regulating HIV
in astrocytes. Astrocytes express all four members of the
TCF/LEF-1 transcription factor family (TCF-1, TCF-3,
TCF-4, and LEF-1) but their relative abundance is probably
donor and may even be context-dependent(Narasipura et al.
2012). Primary progenitor-derived astrocytes (PDAs) ex-
press higher levels of TCF-3 and LEF1 mRNA than TCF-
4 and TCF-1 while the astrocytoma cells lines US7MG and
U251 express higher level of TCF-4 (Narasipura et al.
2012). Despite differential expression of TCF/LEF, TCF-4
is a key player in {3-catenin-mediated repression of HIV
transcription (Wortman et al. 2002; Henderson et al.
2012a; Narasipura et al. 2012). At least four TCF-4 binding
sites have been identified within the HIV promoter at —143
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to —136 nt; =336 to —329 nt; +66 to +73 nt; and +186
to +195 nt from the transcription initiation site (Henderson
et al. 2012a). The +186 site is within the gag leader se-
quence, just outside of the promoter. The —143 site is of a
particular interest. While all sites have >70 % homology to
the TCF-4 binding sequence, the —143 site has 100 % ho-
mology to the TCF-4 core (5'-(A/T)(A/T)CAAAG-3) and is
present in approximately one-third of 500 HIV LTR sequen-
ces reported in the Los Alamos gene bank(Henderson et al.
2012a). TCF-4 binds at a higher affinity at —143 than at any
other site (Henderson et al. 2012a). Further, {3-catenin is
tethered on the HIV LTR at the nt-143 site and knockdown
of either TCF-4 or [3-catenin enhances HIV transcription
(Henderson et al. 2012a; Narasipura et al. 2012). Dual
knock down of (3-catenin and TCF4 does not further en-
hance HIV LTR activity, indicating that these factors work
together to repress HIV transcription. The effect of mutation
and/or deletion of the —143 site on HIV LTR activity was
more profound when the HIV LTR is expressed stably than
transiently, which suggested possible chromatin involve-
ment in this repression. Indeed, it was found that TCF-4
and {3-catenin associate with the nuclear matrix binding
protein SMARI1 at —143(Henderson et al. 2012a). SMAR
1 binds matrix attachment regions (MARS) to organize the
chromatin into loop domains. SMARI is associated with
transcriptional repression of HIV by pulling the HIV DNA
away from transitional ready complex(Sreenath et al. 2010).
The association between TCF-4, 3-catenin, and SMARI at
the —143 site pulls the DNA away from transcriptional
machinery and is likely to involve other transcription repres-
sive factors such as Sin-3A or HDACs. TCF-4/f3-catenin
repression of basal LTR activity likely prevents Tat from
reaching a threshold level which would allow it to tether on
the TAR region of the LTR in association with a positive
elongation complex (pTEFD) to accelerate the rate and effi-
ciency of HIV transcription. As such, by preventing higher
level of Tat transcription, 3-catenin/TCF-4 may reduce the
overall level of Tat in the CNS, which otherwise would
promote neuronal excitability and neuroinflammatory pro-
cesses that play a significant role in HAND.

While studies from our lab have emphasized the role of
the —143 site in recruiting TCF-4/3-catenin/SMARI to re-
press basal HIV LTR transcription, the mechanism by which
they do so maybe multifaceted. As indicated previously, the
HIV promoter contains multiple TCF-4 binding sites and
these additional TCF-4 binding sites may cooperate with
the —143 site to repress HIV transcription. Further, TCF-4
and {3-catenin regulate the expression of other transcription
factors relevant to HIV promoter activity. Specifically, both
[3-catenin and TCF-4 inhibit C/EBP 3/ tethering on the
HIV LTR, suggesting that 3-catenin and TCF-4 cooperate in
this repression (Narasipura et al. 2012). TCF-4, independent
of [3-catenin, also negatively regulates NFkB tethering on

HIV LTR (Narasipura et al. 2012). The requirement for 3-
catenin to antagonize NFkB activity is context dependent. In
astrocytes, NFkB suppression is mediated by TCF-4 with-
out the involvement of (3-catenin. In other cells, 3-catenin
plays a role in suppression of NFkB activity (Deng et al.
2002). TCF-4 suppression of NFkB may be mediated by
direct interaction between TCF-4 and NFkB or an indirect
effect on upstream regulators of NFkB. Both C/EBP and
NF«B are inducers of HIV promoter activity and thus f3-
catenin/TCF-4 inhibition of these inducers could also con-
tribute to the overall mechanism by which key players in the
Wnt/3-catenin pathway repress HIV transcription.

Historically, the association between (3-catenin and TCF/
LEF is thought to lead to target gene induction. However,
there is a significant body of literature that indicates that this
association can also lead to gene repression (Hoverter and
Waterman 2008). In the case of HIV, the association be-
tween [-catenin/TCF-4 is a repressive rather than an induc-
ing signal. LEF-1 enhances HIV transcription, while TCF-4
leads to its repression. One can thus envision a scenario
where competition may occur between TCF-4/LEF-1 for (3-
catenin to regulate HIV expression. In essence, 3-catenin/
TCF-4 complex joins a list of several transcription factors
that repress HIV promoter activity that include YY-1, LSF,
p50 homodimer, CBF-1, CTIP2, and c-myc (Kilareski et al.
2009; Coiras et al. 2010). Based on current evidence the
model that has emerged of the interaction between [3-
catenin/TCF-4 and HIV is depicted in Fig. 2.

Tat-mediated transactivation of the HIV LTR is also
negatively regulated by (3-catenin/TCF-4 (Wortman et al.
2002; Henderson et al. 2012a). However, the mechanism by
which Tat transactivation is affected is not dependent on
tethering of TCF-4 or (3-catenin on the —143 site of the HIV
LTR (Henderson et al. 2012a). Rather, Tat overcomes the
negative effect of 3-catenin/TCF-4 on HIV transcription by
inhibiting 3-catenin signaling through binding to TCF-4 and
sequestering it away from {3-catenin (Henderson et al.
2012b). The intact core and cysteine-rich domains of Tat
are required for Tat-mediated down regulation of (3-catenin
signaling (Henderson et al. 2012b). Consequently, a bi-
directional negative interference occurs whereby docking
of Tat at the TAR region of the HIV LTR is reduced leading
to diminished RNA POL II processivity and TCF-4 is less
likely to bind to (3-catenin diminishing its net effect on HIV
target genes. This model of bi-directional inhibition is illus-
trated in Fig. 3. The model, while based on convincing data,
may not completely explain how Tat inhibits 3-catenin
signaling. Additional mechanisms may be at play. Tat, albeit
in neurons, activates GSK3[3, a negative regulator of [3-
catenin that is part of the 3-catenin destruction complex,
which phosphorylates and tags {3-catenin for proteasomal
degradation (Maggirwar et al. 1999; Sui et al. 2006). Fur-
ther, Tat binds to low density lipoprotein (LRP) (Liu et al.
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A chromatin repressed state made up
of g-catenin/TCF-4/SMARs pulling
HIV DNA into nuclear matrix

Disruption of chromatin repression
complex leads to recruitment of
transcription factors & POLII to

activate LTR

Loss of p-cat/TCF4 under
basal LTR activity
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Fig. 2 Mechanism of 3-catenin/TCF-4-mediated suppression of basel
LTR activity: [3-catenin/TCF-4/SMAR form a complex at —143 site of
the HIV LTR. This multiprotein complex pulls the HIV DNA spanning
this region into nuclear matrix and away from transcription machinery.
Inhibition of (3-catenin/TCF-4 disrupts this chromatin repression com-
plex and allows for POLII docking and recruitment of transcription co-

2000; Eugenin et al. 2007), a co-receptor for the Wnt/ 3-
catenin pathway, and this binding leads to LRP internaliza-
tion which may sequester it away from Wnt ligands to
initiate (3-catenin signaling.

Based on the extensive studies demonstrating [3-catenin/
TCF-4 mediated repression of HIV replication at the tran-
scription level, {3-catenin/TCF-4 has joined a handful of
host factors that restrict HIV such as tetherin/BST-2, which
prevents virion release, and APOBEC3G, a member of the
cytidine deaminases family that introduce mutations into the
HIV genome (Sheehy et al. 2002; Neil et al. 2008). Further,
the finding that Tat overcomes (3-catenin-mediated repres-
sion of HIV provides a viral adaptation/escape mechanism
for this suppressive effect. Many of the prominent host
restriction factors of HIV also have viral products that evade
their action. Vpu evades the action of tetherin, Vif evades
the action of APOBEC(Malim and Bieniasz 2012), and now
we can add Tat evading the action of {3-catenin/TCF-4 to
this list.

f3-catenin signaling is a check point for productive HIV
replication in astrocytes

Historically, astrocytes were viewed as restricted to produc-
tive HIV replication. HIV enters astrocytes via the human
mannose receptor and endocytosis (Liu et al. 2004; Vijay-
kumar et al. 2008) but robust and productive HIV replication
is restricted. Studies that define the role of 3-catenin/TCF-4 in
restricting HIV replication in astrocytes and those demonstrat-
ing that signals that diminish/interrupt (3-catenin/TCF-4 sig-
naling lead to robust level of HIV replication suggest that
astrocytes are “conditionally permissive” to productive HIV
replication, whereby the environmental milieu dictates wheth-
er HIV infection is productive or not in astrocytes.

@ Springer

{Tp

.
activators (TCoA) such as NFkB and C/EBP to drive basal LTR
activity. Therefore, signals that inhibit (3-catenin/TCF-4 signaling are
likely to induce HIV transcription by disrupting this inhibitory com-
plex. This image is a reprint (Henderson et al. 2012a), Copyright ©

American Society for Microbiology, [Journal of Virology, Vol. 86 no.
17 9495-9503, 2012, doi:10.1128/JV1.00486-12]

Multiple mechanisms driving restrictive HIV replication
in astrocytes have been described. Most notable of which is
the low level of Sam68 in astrocytes, which is required for
efficient Rev function (Li et al. 2002). Astrocytes also have
low expression of the TAR RNA binding protein (TRBP),
which antagonizes the action of the interferon-induced
double-stranded RNA-regulated protein kinase PKR, an
inhibitor of HIV protein translation (Ong et al. 2005). The
finding that {3-catenin signaling limits HIV in astrocytes
does not preclude the involvement of other factors in HIV
restriction, especially because (3-catenin signaling regulates
hundred of genes which conceivably may also intersect with
other pathways reported for HIV restriction in astrocytes. By
defining the interaction between [(3-catenin and TCF-4 to
restrict HIV transcription, 3-catenin/TCF-4 could serve as a
check point that dictates the degree of permissiveness to
HIV replication in astrocytes. Inflammatory or other exoge-
nous signals that down regulate 3-catenin signaling are
expected to promote HIV replication in astrocytes. Indeed,
IFNy down regulates {3-catenin signaling through inducing
an antagonist of the 3-catenin pathway, DKKI, in a stat 3
dependent manner (Li et al. 2011). Methamphetamine, a
stimulant of choice among HIV-infected individuals who
abuse drugs, also inhibits (3-catenin signaling (Sharma et
al. 2011) and it leads to increased HIV replication in astro-
cytes (Al-Harthi, unpublished data). As such, negative reg-
ulators of the [3-catenin pathway are likely to promote HIV
replication in target cells.

Evidence for HIV infection of astrocytes in vivo exists.
Post-mortem studies from HIV infected individuals demon-
strate that astrocytes harbor HIV integrated DNA and that
the degree of astrocyte infection, which can reach up to
19 %, is related to CNS disease severity and proximity to
perivascular macrophages (Churchill et al. 2009). The asso-
ciation between the frequency of HIV DNA-positive
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Fig. 3 Mechanism of Tat/(3-catenin interaction in astrocytes. [(3-
catenin and TCF-4 repress basal and Tat transactivation of the HIV
LTR through distinct mechanisms and are in turn antagonized by HIV
Tat. a Under basal LTR activity (without significant Tat level), the
TCF-4/f3-catenin/SMAR1 complex represses LTR activity and tran-
scription is low or silent. Low levels of Tat may be produced but are
primarily retained in the cytoplasm by association with TCF-4. b When
[3-catenin signaling is disrupted by pro-inflammatory mediators (IFNvy)
or any other signal that down regulates the (3-catenin pathway, this
complex is disrupted and LTR activity increases. Once the level of Tat
reaches a certain threshold, Tat will a) transactivate the HIV LTR by

astrocytes and proximity to perivascular macrophages is
especially intriguing because under inflammatory condi-
tions, macrophages secret [FNy (a negative signal for {3-
catenin) (Munder et al. 1998; Schindler et al. 2001;
Carvalho-Pinto et al. 2002). It is thus of interest to determine
whether macrophages in the context of inflammatory
responses secret IFNy that drives down regulation of f3-
catenin signaling and hence higher level of HIV infection
within astrocytes. Lastly, lack of significant number of HIV
p24+ astrocytes within HIV infected brain is often used as
an argument that these cells are not productively infected.
Yet, even in the gut, an active source of HIV infection, p24
immunostaining is often negative either due to poor anti-
body immunoreactivity or perhaps due to much lower gene
expression of p24 in comparison to other viral products. We
compared HIV gag, env, and rev transcript levels from HIV
infected PBMCs, a highly permissive population for HIV
infection, and even in these cells HIV p24 mRNA is ap-
proximately 8-fold lower than HIV env and rev transcripts.
Given the lower level of HIV infection in astrocytes, it is
unlikely that p24 is expressed at a level that is above the
detection limit in most assays. Measurement of HIV DNA

Axin2

stimulus (e_g_, |FN’Y) /\

=+

Pol II |—>+++ HIVLTR

' Nucleus

T HIV replication

-143nt

T Neurotoxic HIV proteins
(Tat, gp120, Vpr)

T Inflammation

inducing chromatin remodeling and recruiting positive transcription
elongation factor b (pTEFb), allowing for efficient viral replication;
and b) antagonize (3-catenin signaling through mutual binding/inhibi-
tion with TCF-4 and enhanced degradation of 3-catenin to maintain a
permissive state for HIV replication. The broader biological conse-
quences of productive infection in astrocytes include raising the CNS
viral load and increasing production of neurotoxic HIV proteins (Tat,
gp120, Vpr), potentially leading to neuronal injury and neuroinflam-
mation. The image is a reprint (Henderson et al. 2012b), Copyright ©
Society of Neuroscience, [Journal of Neuroscience, in press,
doi:10.1523/JNEUROSCIL.3145-12.2012]

or RNA env content may be a better tool to evaluate HIV
infection of astrocytes than conventional immunostaining
strategies for HIV p24 in tissue.

Biologic impact of disrupted Wnt/[3-catenin signaling
in astrocytes

While considerable information exists on the role of Wnts in
neuronal synaptic activity and plasticity, little is known
about its role in astrocytes. Wnt/3-catenin signaling is ro-
bust in astrocytes (Caroll-Anzinger et al. 2007; Li et al.
2011), yet the functional consequence of this strong intact
Wnt/{3-catenin signal in astrocytes is not entirely clear.
Nonetheless, hints at biologic events mediated by [3-
catenin signaling in astrocytes are beginning to emerge.
Transcriptome studies indicate that (3-catenin regulates the
expression of approximately 150 genes in primary astro-
cytes. These genes fall under five broad categories: 1) in-
flammation/immunity; 2) uptake/transport; 3) vesicular
transport/exocytosis; 4) apoptosis/cellular stress genes, and
5) cytoskeletal/trafficking (Narasipura et al. 2012). Most
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notably, knockdown of 3-catenin down-regulates mRNA
and protein expression of glutamine synthetase (GS), which
catalyzes the conversion of the excitatory neurotransmitter
glutamate to glutamine. These findings suggest that [3-
catenin may regulate the glutamate-glutamine cycle. Sig-
nals, whether inflammatory or viral mediated, that disrupt
[3-catenin signaling are likely to not only enhance HIV
replication but also to drive inflammatory processes that
compromise astrocyte function (e.g glutamate uptake),
which will then contribute to a feedback loop of heightened
inflammatory processes/dysregulation of astrocytes, as pre-
sented in Fig. 4.

As indicated earlier, [3-catenin/TCF-4 negatively regu-
lates two key transcription factors involved in neuroinflam-
mation (C/EBP and NFkB). C/EBPf3 and C/EBP? are linked
to heightened neuroinflammation in HAND through in-
creased production of inflammatory mediators by astrocytes
such as IL-6, IL-13 and TNF-« (Poli 1998). NF«B drives
the expression of several neuroinflammatory cytokines (e.g
IL-1, IL-6) and in excess these cytokines are linked to
neuropathology. C/EBPs and NF«B also synergize in medi-
ating inflammatory processes. C/EBPs can form hetero-
dimers with NFkB subunits to activate target genes
including the promoter of HIV and the promoter of cyto-
kines such as IL-6 and the chemokine IL-8 (Ruocco et al.

1996; Poli 1998). As such, signals that diminish (3-catenin
and/or TCF-4 mediated negative regulation of C/EBP
and NFkB will likely drive robust production of pro-
inflammatory cytokines and chemokines to recruit immune
cells into the CNS, contributing to glial activation and
neuronal injury.

Remaining questions

Significant progress has been made to define the relation-
ship between (3-catenin signaling and HIV at the molecular
level and to begin to understand the effect of signals that
diminish 3-catenin signaling in astrocytes on HIV-mediated
neuropathogenesis. Several questions, which are catego-
rized under four themes, still remain. These highlighted
themes include deciphering the role of Wnt/(3-catenin in: 1)
HIV-mediated neuropathogenic processes (e.g inflammation,
interplay between astrocytes and neurons); 2) HIV and aging
processes, 3) HIV evolution and compartmentalization in the
CNS, and 4) HIV and drug abuse. Under these four categories,
pertinent questions include: 1) Does the integrity of 3-catenin
signaling correlate with various degrees of HIV associated
neurocognitive disorders (HAND)? Perturbed (3-catenin sig-
naling is associated with a number of neurodegenerative and

Robust B-catenin signaling
blocks HIV transcription;
No Tat threshold is reached

IFNy, Tat, Meth, other
-catenin disrupting
signals

Loss of B-catenin signal

Tat production

1\HIV CNS viral load
# ’I‘HIV neurotoxins (Tat, gp120)
-y ']‘Inflammation

. Astrocyte function.

A B-catenin EAAT?
%Glutamate uptake

Glutamate catabolism

Dysregulation of neurons/astrocytes
Neuroinflammatory cascade

1 HIV LTR activity

NF«B, C/EBP

»Neurogenesis/synaptogenesis
»Dendritic pruning
»Synaptic damage

Fig. 4 Current model of effects and consequences of diminished (3-
catenin signaling in the CNS. Astrocytes express robust level of (3-
catenin signaling. Inflammatory signals that diminish (3-catenin signal-
ing in astrocytes, leads to enhanced HIV transcription and productive
HIV replication in astrocytes. The consequence of these events include
higher level of HIV in the CNS, release of cell permeable HIV neuro-
toxins, heightened overall inflammation, and dysregulation in astrocyte

@ Springer

function, most notable of which is inhibition of EAAT2 and glutamate
uptake by astrocytes. Dysregulated astrocytes will result in dysregu-
lated cross talk with neurons that will in turn impact key events in
neuronal health, including neurogenesis which is partly mediated by
Whnt ligands events and synaptogenesis, which are partly mediated by
Wht ligands, culminating in neurodegenerative processes (e.g dendritic
pruning and synaptic damage)
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psychiatric diseases such as Alzheimer’s, bipolar disorder,
schizophrenia, and even emerging data in autism. HAND
exhibits several key pathologic features of neurodegenerative
diseases such as glial activation and neuronal pruning/apopto-
sis. In vitro, as highlighted here, some inflammatory signals
diminish (3-catenin signaling in astrocytes (Caroll-Anzinger et
al. 2007; Li et al. 2011). Given that 3-catenin is a cellular
protein, post-mortem studies can probe the relationship be-
tween [3-catenin signaling and HAND. However, it is the Wnt
ligands, which are secreted glycoproteins, rather than intracel-
lular (3-catenin, that may potentially be a viable biomarker for
CNS integrity. To this end, much remains to be revealed.
Specifically, 2) Which of the 19 Wnt ligands are secreted by
astrocytes, how do they signal in astrocytes, does HIV perturb
their production and/or function, and how does their expres-
sion profile relate to overall inflammatory process in the CNS
in context of HIV? 3) Can [3-catenin signaling be harnessed in
HIV therapy? Although current drugs used in antiretroviral
therapy (ART) successfully target components of the viral life
cycle, such as fusion, reverse transcription, and viral protein
processing, viral mutations continue to diminish the effective-
ness of these drugs. Thus, new therapeutic approaches are
needed. Inducing 3-catenin signaling in HIV target cells can
represent a novel pathway to treat drug-resistant HIV. Further,
because drug intensification alone has not been able to alter
the size of the latent HIV reservoir pool (Dinoso et al. 2009),
strategies to purge the latent reservoir are needed. Suppressing
[3-catenin in latently infected cells can reactivate HIV to
become susceptible to cART. Nonetheless, these reactivation
strategies should be viewed with caution. Virus reactivation in
the CNS, even if transient, may have long-term negative
effects in the CNS by establishing inflammatory responses
that are neurotoxic. Theoretically, one can envision that sup-
pressing 3-catenin in HIV infected cells can be used in HIV
purging strategies, while activating 3-catenin can be used to
treat patients harboring drug-resistant HIV. If so, 4) What are
the ideal tools to manipulate (3-catenin signaling (either an up
or a downward signal) in the CNS? A number of small
molecules have been described that modulate (3-catenin sig-
naling (Miyabayashi et al. 2007; Chen et al. 2009). However,
these small molecules may have a different effect in the CNS,
as f3-catenin signaling is context dependent. In fact, some
small molecules defined as repressor of (3-catenin/TCF-4
interaction in colon cancer cells have the opposite effect in
astrocytes (Al-Harthi unpublished data). This highlights the
challenge in harnessing 3-catenin signaling for HIV therapy
as the aim is to target it to specific cells. 5) How does f3-
catenin-mediated perturbation of astrocyte protein signature
impact key functions of astrocytes (e.g release of neurotrophic
factors, glutamate uptake, etc) and how does HIV in turn
impact astrocyte/neuron interaction through Wnt ligands? 6)
What is the role of 3-catenin/TCF-4 in driving HIV evolution/
compartmentalization in the CNS? There is clear evidence for

genetic evolution of HIV compartmentalization in the brain
that is different from that of lymphoid tissue (Holman et al.
2010) (Ellis et al. 2000) (Harrington et al. 2009; Schnell et al.
2010; Schnell et al. 2011). The factors that drive this evolution
are not clear. TCF-4 sites are found in 1/3 of HIV isolates
evaluated (Henderson et al. 2012a). Whether these isolates
would be preferentially compartmentalized within astrocytes
in particular and in the CNS in general is also not clear. 7)
What is the effect of the aging HIV-infected brain on Wnt
signaling? Wnt activation is linked to either delayed or accel-
erated aging (DeCarolis et al. 2008). Much of this uncertainty
about the effect of Wnt on aging probably stems from reports
using different cell types and model systems and the realiza-
tion that Wnt effects are context dependent. The integrity of
the Wnt pathway in the CNS as a function of age is not clear
and neither are the effects of HIV on this process. In other
words, is Wnt activity diminished as the brain ages? How does
HIV affect Wnt in a younger vs. older brain? 8) What is the
effect of drug abuse and HIV on Wnt signaling? Substance
abuse is a major debilitating co-morbidity in the HIV/AIDS
population. HIV neuropathogenesis is more severe in those
who abuse drugs than those who do not (Ferris et al. 2008;
Nath 2010; Purohit et al. 2011; Hauser et al. 2012). Metham-
phetamine (Meth), in particular, is a frequently abused psy-
chostimulant that is neurotoxic to dopaminergic regions in the
brain, which are also negatively impacted by HIV. Meth
inhibits (3-catenin signaling (Sharma et al. 2011). Whether
[3-catenin signaling is a mechanism whereby Meth and HIV
interface leading to enhanced pathogenesis in the CNS is not
clear. Addressing some of these questions will propel the field
forward and further highlight a significant role for (3-catenin
signaling in HIV disease and homeostasis of the CNS.
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