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Role of 3-Catenin and TCF/LEF Family Members in Transcriptional
Activity of HIV in Astrocytes
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The Wnt/fB-catenin pathway is involved in diverse cell functions governing development and disease. 3-Catenin, a central medi-
ator of this pathway, binds to members of the TCF/LEF family of transcription factors to modulate hundreds of genes. Active
Wnt/B-catenin/TCF-4 signaling plays a significant role in repression of HIV-1 replication in multiple cell targets, including as-
trocytes. To determine the mechanism by which active 3-catenin/TCF-4 leads to inhibition of HIV replication, we knocked
down f-catenin or TCF/LEF members in primary astrocytes and astrocytomas transiently transfected with an HIV long terminal
repeat (LTR)-luciferase reporter that contained an integrated copy of the HIV LTR-luciferase construct. Knockdown of either
B-catenin or TCF-4 induced LTR activity by 2- to 3-fold under both the episomal and integrated conditions. This knockdown
also increased presence of serine 2-phosphorylated RNA polymerase II (Pol I) on the HIV LTR as well as enhanced its processiv-
ity. Knockdown of -catenin/TCF-4 also impacted tethering of other transcription factors on the HIV promoter. Specifically,
knockdown of TCF-4 enhanced binding of C/EBP, C/EBP&, and NF-kB to the HIV LTR, while f3-catenin knockdown increased
binding of C/EBPf3 and C/EBP6 but had no effect on NF-kB. Approximately 150 genes in astrocytes were impacted by 3-catenin
knockdown, including genes involved in inflammation/immunity, uptake/transport, vesicular transport/exocytosis, apoptosis/
cellular stress, and cytoskeleton/trafficking. These findings indicate that modulation of the 3-catenin/TCF-4 axis impacts the
basal level of HIV transcription in astrocytes, which may drive low level/persistent HIV in astrocytes that can contribute to on-

going neuroinflammation, and this axis also has profound effects on astrocyte biology.

IV invades the central nervous system (CNS) early in the
course of natural infection and leads to HIV-associated de-
mentia (HAD) in up to 30% of infected/untreated individuals.
Advances in current antiretroviral therapy remarkably decreased
the incidence of frank dementia, but a spectrum of HIV-
associated neurocognitive disorders (HAND) persists in approx-
imately 50% of infected individuals (18, 19). HAND is manifested
by a decline in memory, learning, and executive function that
confers impairment in day-to-day activity. HIV-mediated neuro-
pathogenesis, depending on severity of disease, includes reactive
astrocytosis, myelin pallor, and perturbations in synaptic and
dendritic density that may also include selective neuronal loss.
The mechanisms underlying HAND are still not entirely clear but
are believed to be driven by neuroinflammation mediated by in-
flammatory cytokines as well as by HIV virotoxins such as Tat and
gp120 expressed within or released from infected cells, causing
dysregulation and/or apoptosis of neurons and glial cells.
Although the primary cell targets for productive HIV replica-
tion in the brain are monocyte/macrophages and microglia,
emerging data point to a contributing role of astrocytes in driving
lower levels of HIV replication and even constituting a sanctuary
site for HIV in the CNS. Astrocytes constitute 40 to 70% of brain
cells and perform vital functions critical for maintenance of
blood-brain barrier integrity, release of neurotrophic factors, me-
tabolism of toxic neurotransmitters, and immune surveillance by
secretion of cytokines/chemokines. Historically, the role of astro-
cytes as permissive hosts for productive HIV replication has been
unclear. Recent data suggest that astrocytes are an important tar-
get for HIV latency and under certain conditions support produc-
tive HIV replication (9, 10). Postmortem tissue from patients with
various degrees of HAND demonstrates that up to 19% of astro-
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cytes are positive for HIV Env DNA, which correlates with their
close proximity to perivascular macrophages (10). Most impor-
tantly, without HAND or close proximity to perivascular macro-
phages, up to 3% of astrocytes are HIV Env*, a number that is
reminiscent of the size of the latent HIV pool within CD4" mem-
ory T cells (10, 39). Despite detection of considerable HIV DNA
within astrocytes, the numbers of HIV p24* astrocytes in vivo are
considerably low (11, 15, 29, 40, 41, 44). This paradox suggests
that, despite being CD4 negative, astrocytes do support HIV entry
and are largely latently infected in vivo but that, under the appro-
priate microenvironment signals, they can lead to low levels of
HIV replication. A low level of HIV replication is thought to be a
driving force in residual neuroinflammatory processes in the CNS
and in continued seeding of HIV in the CNS. In vitro, HIV infec-
tion of resting/nonprimed astrocytes is nonproductive, with evi-
dence for HIV integration but not release (8). When pretreated
with gamma interferon (IFN-v), a cytokine associated with sever-
ity of HAD (25, 37), astrocytes become productively infected
with HIV.

HIV infection of astrocytes, albeit less efficient than that in
macrophages and microglia, is still highly relevant to the overall
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pathogenesis of HIV in the CNS. Because astrocytes are abundant
in the CNS, by sheer number alone, any level of HIV replication
within these cells may have dramatic effects on HIV-mediated
pathogenesis. Particularly, astrocytes may contribute to HIV neu-
ropathogenesis by releasing virotoxins (e.g., gp120, Tat, Nef, and
Vpr), increasing the overall viral load within the CNS and/or in-
ducing host inflammatory responses. These collective mecha-
nisms are detrimental to neuronal and glial health. Persistent HIV
replication, even at low levels, is especially detrimental in a largely
non-self-renewal compartment such as the CNS. We have been
investigating the conditions and signaling pathways that drive
HIV replication in astrocytes. We demonstrated that astrocytes
have robust Wnt/B-catenin signaling that is associated with sup-
pression of HIV. When this pathway is down-modulated by a
biologic signal such as IFN-vy (8, 26) or by loss-of-function mo-
lecular studies, HIV replication is enhanced.

The Wnt family is comprised of 19 soluble secreted cysteine-
rich glycoproteins that regulate signaling pathways that control
transcriptional activity of hundreds of genes involved in cell dif-
ferentiation, communication, apoptosis/survival, and prolifera-
tion. Wnt signaling includes [3-catenin-dependent (canonical)
and B-catenin-independent (noncanonical) pathways (20). The
most extensively studied Wnt pathway is the Wnt/3-catenin ca-
nonical pathway. Dysregulation of Wnt/B-catenin has been linked
to a number of disease conditions, including neurodegenerative
diseases, psychiatric diseases, cancers, asthma, and even wound
healing (20).

Canonical Wnt/B-catenin signaling is initiated by binding of a
Wntligand to a member of the Frizzled (Fz) family of seven trans-
membrane receptors and a coreceptor such as low-density lipo-
protein receptor-related proteins 5 and 6 (LRP5/6). The central
mediator of the canonical pathway is B-catenin, a multifunctional
protein that either can associate with cadherins at the cell mem-
brane to regulate cellular adhesion or can translocate to the nu-
cleus, where it functions as a transcriptional coactivator. Shuttling
of B-catenin between the membrane, cytoplasm, and nucleus is
largely controlled by its phosphorylation state, which is regulated
by a wide variety of tyrosine and serine/threonine kinases. When
Wnt signaling is inactive, a multiprotein destruction complex
composed of axin, adenomatous polyposis coli (APC), casein ki-
nase la (Ckla), and glycogen synthase kinase 38 (GSK33) binds
to cytosolic B-catenin. Ckl-mediated phosphorylation on Ser45,
followed by GSK3B-mediated phosphorylation on Thr 41, Ser33,
and Ser37, targets 3-catenin for ubiquitination by BTrcp and deg-
radation through the proteasomal pathway. Binding of a Wnt li-
gand initiates a cascade of events that results in destabilization of
the destruction complex and accumulation of a stable, hypophos-
phorylated B-catenin that is able to translocate to the nucleus and
associate with a member of the T cell factor/lymphoid enhancer
factor (TCF/LEF) family of transcription factors. Within the nu-
cleus, B-catenin displaces negative regulatory elements from TCF/
LEF, such as transducin-like enhancer (TLE) protein and histone
deacetylases (HDACs), and recruits cofactors such as BCL9,
Pygopus (Pygo), and CBP/p300 to activate transcription of Wnt
target genes. Members of the TCF/LEF family of transcriptional
factors are critical in canonical B-catenin signaling. They are
downstream effectors of this pathway and include LEF1, TCF-1,
TCF-3, and TCF-4. They all contain a high mobility group (HMG)
domain, allowing them to induce a sharp bend in the DNA helix,
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and without a coactivator such as (3-catenin, they are associated
with gene repression.

Given that B-catenin/TCF-4 inhibits HIV replication (8, 23,
36), we investigated here whether the inhibition of HIV replica-
tion mediated by B-catenin/TCF-4 is at the level of HIV transcrip-
tional activity in astrocytes and determined the impact of
[B-catenin signaling on activity of transcriptional factors promi-
nent in regulation of HIV promoter activity. Studying astrocyte
biology is complex because of the caveats associated with the in
vitro model systems used. Primary human progenitor-derived as-
trocytes and human fetal astrocytes, which are the norm in the
literature, are still fetal astrocytes in nature and may not mimic the
behavior of adult astrocytes in the context of HIV comorbidity.
Several cell lines have been used to model adult astrocytes, but
these cells are transformed; and their behavior may also be distinct
from nontransformed cells. We approached this challenge by us-
ing primary human progenitor-derived astrocytes as well as two
astrocytoma cell lines so that our findings would not be limited to
a particular cell line.

MATERIALS AND METHODS

Cell culture. U87MG and U251MG astrocytoma cell lines were obtained
from the NIH AIDS Research and Reference Reagent Program (Frederick,
MD) and the American Type Culture Collection (ATCC, Manassas, VA),
respectively. They were propagated in Dulbecco’s modified eagle’s me-
dium (DMEM; Gibco Invitrogen, Carlsbad, CA) supplemented with 10%
heat-inactivated fetal bovine serum (HI-FBS; Sigma, St. Louis, MO) and
1% penicillin-streptomycin (Gibco Invitrogen) in a 5% CO, humidified
atmosphere at 37°C. Progenitor-derived astrocytes (PDAs) were gener-
ated from neural progenitor cells as previously described (24). Briefly,
progenitor cells (provided by Eugene Major, NINDS, NIH, MD) were
seeded on poly-p-lysine coated T-75 tissue culture flasks at 2 X 10° cells/
flask and maintained in progenitor medium consisting of neurobasal me-
dium (Gibco Invitrogen) supplemented with 0.5% bovine albumin
(Sigma), neurosurvival factor (NSF) (Lonza, Walkersville, MD), N2 com-
ponents (Gibco Invitrogen), 25 ng/ml basic fibroblast growth factor
(bFGF), 20 ng/ml epidermal growth factor (EGF) (R & D Systems, Min-
neapolis MN), 50 ug/ml gentamicin (Lonza), and 2 mM L-glutamine
(Gibco Invitrogen). To induce differentiation, progenitor medium was
replaced with PDA medium containing DMEM supplemented with 10%
heat-inactivated fetal bovine serum, 2 mM L-glutamine, and 50 ug/ml
gentamicin. Cultures were >90% positive for glial fibrillary acidic protein
(GFAP) after 30 days of differentiation. Both adherent primary cells and
cell lines were removed by treatment with 1 mM EDTA for 5 min, with
gentle scraping or pipetting multiple times.

Plasmid construction. Genomic DNA was obtained from HIV-1 Bal-
infected peripheral blood mononuclear cells ([PBMCs] after 3 days of
infection) using a DNeasy blood and tissue kit (Qiagen, Germantown,
MD). The long terminal repeat (LTR) was amplified using the primers
Sn25 (5'-TCGACTCGAGGACAAGATATCCTTGATTTGT) and Sn26
(5"-TCGACTCGAGTTTGGCGTACTCACCAGTCG) cut with Xhol
(underlined sequences) and cloned into Xhol-predigested pGL4.19 plas-
mid (Promega, Madison, WI). Recombinant plasmid was subjected to
restriction digestion with SFI1 and EcoRV to confirm the presence of a
single copy of the LTR insert and further sequenced to confirm its proper
orientation, yielding a wild-type LTR (WT-LTR) plasmid.

Plasmid and siRNA transfections. An NF-«B PathDetect cis-
reporting system plasmid was purchased from Agilent Technologies. Ex-
pression of the Photinus pyralis (firefly) luciferase gene in this reporter
plasmid is controlled by a synthetic promoter that contains direct repeats
of the transcription recognition sequences for nuclear factor kB (NF-«B).
At 48 h of small interfering RNA (siRNA) knockdown, the reporter plas-
mid or WT-LTR plasmid at 0.5 pg was transfected into designated cells
using TransIT-LT1 reagent, per reccommendations of the manufacturer
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(Mirus Bio LLC, Madison, WI), and a luciferase assay was performed after
24 h of transfection. On-Targetplus SMARTpool siRNAs specific for
TCEF-1, TCF-3, TCF-4, LEF1, CTNNB (3-catenin), and scrambled siRNA
were obtained from Thermo Scientific (Waltham, MA) and transfected
into cell lines and PDAs using Lipofectamine RNAIMAX (Invitrogen)
according to the reagent protocol. Cells were approximately 60 to 70%
confluent at the time of transfections.

Generation of LTR-Luc cell lines. To prepare stable cell lines express-
ing the LTR-driven luciferase (LTR-Luc), we transfected U87MG and
U251MG cells with wild-type (WT)-LTR plasmid. The plasmid is of
pGL4.19 background with neomycin as marker gene. After 48 to 72 h of
transfection, the cells were removed, washed with phosphate-buffered
saline (PBS), and split into half and cultured in the presence of G418 (25
pg/ml for U87MG and 50 ug/ml for U251MG) at a low cell density (20 to
40% confluence) until they reached full confluence, which was typically
within 4 to 6 days. G418 was added at day 2 after seeding. Subsequently (4
to 6 days after seeding), the cells were detached. These were considered
generation 1 cells. Those cells were then replated as indicated above in the
presence of G418 treatment, and this process was repeated for several
generations until episomal plasmid was diluted out and chromosomally
integrated HIV LTR reporter that can drive neomycin resistance re-
mained. The presence of HIV LTR and neomycin genes was confirmed by
PCR while luciferase was confirmed by the luciferase reporter assay.

Luciferase reporter assays. Approximately 24 h after transfection of
the indicated reporter plasmids, the cells were harvested and washed with
PBS once; then 100 ul of passive lysis buffer was added, and the cells were
incubated at 37°C for 10 to 12 min. The cells were then spun at 5,000 rpm
for 4 min to remove debris, and 10 to 20 ul was used to assay for luciferase
activity using a dual luciferase reporter assay (Promega) in a single-
injector luminometer. Total protein concentration was measured using a
Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Scientific),
and relative light units were normalized to pg/ml of protein. Graphs were
plotted from data obtained as a mean of three independent experiments,
with standard deviations shown as error bars.

Quantitative real-time RT-PCR. RNA was isolated using TRIzol re-
agent (Invitrogen), according to the manufacturer’s reccommendations.
Subsequently, cDNA was synthesized using a Quantitect reverse tran-
scription kit (Qiagen). Real-time reverse transcription-PCR (RT-PCR)
was performed using a Quantitect SYBR green PCR kit (Qiagen) in a 7500
Real Time PCR System (Applied Biosystems, Foster City, CA) using 7500
software, version 2.0.1. Melting curve analysis was performed to ensure
the amplification of a single product. Primers used were the following:
TCF1-F, 5'-AGGCCAAGAAGCCAACCATCAAGA, and TCF1-R,5'-AC
TCTGCAATGACCTTGGCTCTCA; TCF3-F, 5'-TGCAGTGAGCGTGA
AATCACCAGT, and TCF3-R, 5'-AATGGCTGCACTTTCCTTCAG
GGT; TCF4-F, 5'-TCGGCAGAGAGGGATTTAGCTGATGT, and
TCF4-R, 5'-CTTTCCCGGGATTTGTCTCGGAAACT; LEF1-F, 5'-AAG
CATCCAGATGGAGGCCTCTACAA, and LEF1-R, 5" TGATGTTCTCG
GGATGGGTGGAGAAA; B-cat-F, 5'-TCTTGCCCTTTGTCCCGCAAA
TCA, and B-cat-R,5-TCCACAAATTGCTGCGTCCCA; c-Myc-F, 5" TT
CGGGTAGTGGAAAACCAG, and c-Myc-R, 5-AGTAGAAATACGG
CTGCACC; CCDNI-F, 5'-TCTGGCATTTTGGAGAGGAAG, and
CCDNI-R, 5-CATCTACACCGACAACTCCATC; LCN2-F, 5'-GAAGA
CAAAGACCCGCAAAAG, and LCN2-R, 5'-CTGGCAACCTGGAACAA
AAG; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-CT
TCAACGACCACTTTGT, and GAPDH-R, 5 -TGGTCCAGGGGTCTT
ACT. Fold change in mRNA expression was calculated by relative
quantification using the comparative threshold cycle (C;) method with
GAPDH as an endogenous control.

ChIP. Chromatin immunoprecipitation assay (ChIP) assays were per-
formed from cells using antibodies (Abs) as described below. Cells were
seeded to 60 to 70% confluence, treated as described in the figure legends,
and then processed for ChIP beginning with cross-linking proteins to
DNA by 1.0% formaldehyde. Chromatin was sonicated five times for 20 s
each, generating DNA fragments of about 500 to 1,000 bp. The sonicated
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supernatants containing the DNA were diluted with ChIP dilution buffer
(0.01% SDS, 1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH
8.1, and 167 mM NaCl) to a total volume of 5.5 ml and precleared by
rotation for 1 h at 4°C with ChIP-prepared protein A/G beads (beads were
washed twice with 1 ml of TNE,, buffer [100 mM Tris-HCI, pH 8.0, 50
mM NaCl, 1 mM EDTA] plus NP-40, resuspended in 650 ul, and 40 ul of
single-stranded DNA [ssDNA; 10 mg/ml] and 75 ul of bovine serum
albumin [BSA] 10 mg/ml] were added). No proteases or RNases were used
for the extraction. The extract was centrifuged at 3,000 rpm for 10 min at
4°C, and the lysate was transferred to a fresh tube. Supernatant (500 ul)
was reserved for input, and then 10 ug of each antibody (anti-polymerase
II [Pol II] large subunit N-20; Santa Cruz) (data not shown), or the
C-terminal domain of phosphoserine-2 (pSer2 CTD) (H5; Covance) was
added to the reaction mixture. After overnight rotation at 4°C, the im-
mune complexes were collected by addition of ChIP-prepared protein
A/G beads. After extensive washes, the immune complexes were eluted
twice with 1% SDS-NaHCOj solution for 30 min at room temperature.
The eluted complexes were treated with NaCl solution and reverse cross-
linked overnight. DNA was extracted using 1:1 phenol-chloroform (500
ul), followed by the addition of 1 ml of absolute ethanol and 3 M sodium
acetate (50 ul), and samples were incubated at —20°C for at least 20 to 30
min. The solution was spun for 20 min at 14,000 rpm at 4°C, followed by
a 70% ethanol wash and 5-min spin. DNA pellet was resuspended in 1X
Tris-EDTA (TE) buffer and stored at 4°C. Afterwards, DNA was purified
by a PCR purification Kit (BIONEER) and amplified by PCR. Primer pairs
for PCR analysis of chromatin immunoprecipitation-amplified sequences
flanked the HIV-1 LTR Nuc-1 (+10 to +165) and Env (4+8990 to
+9120). Readings were normalized to either Tat-deficient samples or in-
put, as specified in the figure legends. ChIP to detect NF-«B and C/EBP
(CCAAT/enhancer binding protein) on the LTR was performed as de-
scribed above except that the pulldown was performed using 5 ug of the
immunoprecipitating antibody (Abcam, Cambridge, MA), and elution of
DNA was performed using a SimpleChIP Enzymatic IP Kit (Cell Signal-
ing, Danvers, MA).

Microarray gene expression assays. Total RNA was isolated as de-
scribed earlier and then purified using an RNeasy Mini Kit (Qiagen). The
integrity of the RNA samples was analyzed on a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). Using an Applause RNA Amplification
System (NuGEN, San Carlos, CA), 50 ng of total RNA was used for each
sample for amplification following the manufacturer’s protocol. The re-
sulting cDNA was fragmented and labeled using a NuGEN Encore Biotin
Module. A Human GeneChip Gene 1.0 ST array (Affymetrix), which con-
tains 28,869 genes, each represented on the array by approximately 26
probes spread across the gene, was used for hybridization. The hybridiza-
tion was performed at 45°C with 60-rpm rotation in an Affymetrix Hy-
bridization Oven 640 for 17 h. The hybridized arrays were then scanned
on an Affymetrix GeneChip Scanner 3000 7G, after washing and staining
on an Affymetrix Fluidics Station 450.

Microarray data analysis. The array image data were preprocessed
and saved as cel files using the Command Console (Affymetrix). Data
were further analyzed by normalization and statistical analysis using an
unpaired t test, with a Pvalue cutoff of 0.05, using GeneSpring GX, version
10.5, software (Agilent Technologies). The P value computations were
done asymptotically along with a Benjamin Hochberg false-discovery rate
(FDR) multiple testing correction. Further analyses were performed for
differentially expressed genes using a fold change cutoff of 1.5. Hierarchi-
cal clustering using the similarity measure of Euclidean distance and link-
age rule of the centroid and gene ontology (GO) analysis were performed
using GeneSpring GX, version 10.5.

Western blotting. Ten to 20 ug of total cell lysate or nuclear extract
was separated by 10% SDS-PAGE, transferred onto a nitrocellulose mem-
brane, blocked with Superblock (Thermo Scientific) containing 0.1%
Tween 20 (T20) for 1 h, incubated with primary antibody for 1 h at room
temperature (RT) for B-catenin (1: 8,000, rabbit; Sigma) or overnight at
4°C for other TCF/LEF proteins (1:1,000, TCF/LEF1 antibody sampler kit;
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FIG 1 Human astrocytes have high levels of endogenous B-catenin and express the downstream transcription factors of the Wnt pathway, TCF-1, TCF-3, TCF-4,
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sing an antibody specific for the active, hypo-phosphorylated form of 3-catenin
IMG cells were cultured for 24 h, and then mRNA expression of TCF-1, TCE-3,

TCF-4, and LEF1 was measured by real-time RT-PCR and normalized to the housekeeping gene GAPDH. Results are expressed relative to the least abundant
TCF/LEF member, TCE-1. All results represent at least three independent experiments performed in duplicate. *, P < 0.05 in comparison with TCF-1.

Cell Signaling) at indicated dilutions in Superblock—0.1% T20. Mem-
branes were washed extensively with Tris-buffered saline-Tween 20
(TBST) and incubated with secondary antibody conjugated to horserad-
ish peroxidase (HRP) (1:50,000 [Sigma] in Superblock—0.1% T20) for 45
min at RT. Membranes were again washed extensively in TBST and de-
veloped with SuperSignal West Femto maximum-sensitivity substrate
(Thermo Scientific) according to instructions.

Flow cytometry. Intracellular staining of cells for detection of
B-catenin by flow cytometry was performed as previously described (26).
For cellular proliferation studies, cells were preloaded with 5 uM 5,6-
carboxy fluorescein diacetate succinimidyl ester (CFSE), treated with in-
dicated siRNAs for 3 days, detached from the surface using PBS contain-
ing EDTA, washed once with PBS, and then fluorescence acquired. Cell
viability was measured using an annexin V staining kit according to the
protocol provided by the manufacturer (BD Biosciences, Franklin Lakes,
NJ). Data were acquired in a FACSCalibur flow cytometer (BD Biosci-
ences) and analyzed with FlowJo (Tree Star, Ashland, OR).

Statistical analysis. Statistical analyses were performed using Prism
software (GraphPad Prism, San Diego, CA). The variables were compared
using the Student ¢ test when the data were normally distributed. When
the data were not normally distributed, the two groups were compared
using a nonparametric Mann-Whitney test. All tests were two-tailed, and
a P value of <0.05 was considered significant.

Nucleotide sequence accession number. The sequence of the LTR
was deposited in GenBank under accession number HQ882192.

RESULTS

Human astrocytes express downstream transcriptional effec-
tors of the canonical Wnt/-catenin signaling pathway. Active
[B-catenin is robustly expressed in primary human progenitor-
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derived astrocytes (PDAs) (Fig. 1a). The level of expression was
also comparable in two astrocytoma cell lines (U87MG and
U251MG) (Fig. 1a). B-Catenin, via canonical signaling, regulates
the expression of hundreds of target genes by interacting with
downstream transcription factor TCF-1, TCF-3, TCF-4, or LEF1.
Using quantitative real-time RT-PCR (qRT-PCR) for TCF/LEF
mRNAs, we show that PDAs express all members of the TCF/LEF
family (Fig. 1b). Because the level of TCF-1 mRNA was the least
abundant, all values were compared to TCF-1 expression. In
PDAs, we show that the levels of TCF-3 and LEF1 mRNA were the
most abundant, followed by lower levels of TCF-4 (Fig. 1b).
TCF-4 mRNA was the most abundant in the two astrocytoma cell
lines (U87MG and U251MG), followed by LEF1 (Fig. 1c and d).
These data indicate that although PDAs and astrocytoma cells
express all TCF/LEF family members, their mRNA expression pat-
terns vary depending on the cell types.

Knockdown of 3-catenin and its downstream transcription
factors. To assess the role of endogenous B-catenin and TCF/LEF
on HIV transcriptional activity, we transfected PDAs and astro-
cytic cell lines with a SMARTpool siRNA for 3-catenin. Initially
the knockdown was optimized in U87MG cells, whereby 20 nM
siRNA was sufficient to knock down B-catenin protein by >90%
(see Fig. Sla in the supplemental material). Using this concentra-
tion of siRNA for 3-catenin, we observed a >80% reduction in its
mRNA and protein levels at 24 h and 72 h posttransfection, re-
spectively, in U87MG (see Fig. S1b to d) and U251MG (see Fig.
Sle and f) cells and PDAs (Fig. 2a and b). This knockdown of
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[B-catenin had no effect on cell viability, as measured by annexin V
staining (see Fig. S2a), or on cell proliferation, as measured by a
CFSE dye tracking assay at 72 h posttransfection (see Fig. S2b).
Knockdown of B-catenin was also consistent with reduction in
B-catenin-dependent target gene expression, such as downregu-
lation of c-Myc and cyclin D1 and induction of lipocalin 2 (see Fig.
S2¢). Collectively, these data demonstrate the efficiency of 20 nM
SMARTpool siRNA in downregulating (3-catenin mRNA and
protein levels and in impacting its downstream target genes. A
similar strategy was employed to knock down TCF/LEF family
members. It also resulted in efficient knockdown of TCF/LEF
family members, without notable toxicity, as shown for PDAs
(Fig. 2cand d), U87MG, and U251 MG cell lines (see Fig. S3 in the
supplemental material).

To assess the impact of 3-catenin knockdown on the transcrip-
tome of PDAs, we evaluated differentially expressed genes in cells
that were transfected with scrambled siRNA versus those that had
been transfected with B-catenin siRNA. We show that 3-catenin
knockdown had profound effects on the expression of 150 genes
for PDAs, with a fold change of at least 1.5 (see Table SI in the
supplemental material). The genes impacted fall under five broad
categories: (i) inflammation/immunity, (ii) uptake/transport, (iii)
vesicular transport/exocytosis, (iv) apoptosis/cellular stress genes,
and (v) cytoskeleton/trafficking (see Table S2).

Knockdown of 3-catenin and TCF-4 induces HIV transcrip-
tion in transiently transfected and stably integrated HIV LTR
reporter constructs. To directly assess the role of B-catenin and
its downstream transcriptional cofactors in regulating HIV LTR
activity, astrocytic cell lines or primary astrocytes were transfected
with a full-length HIV LTR linked to a firefly luciferase reporter
gene with siRNA for -catenin, siRNA for LEF1/TCF family mem-
bers, or a scrambled siRNA. Transfection with green fluorescent
protein (GFP) was used to monitor transfection efficiency, which
was equivalent between cell types (see Fig. S4 in the supplemental
material). Knocking down f3-catenin or TCF-4 consistently in-
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duced HIV LTR activity by 1.5- to 4-fold in PDAs and astrocytic
celllines (Fig. 3). TCF-1 and TCF-3 knockdown had no impact on
HIV LTR activity in all cells evaluated (Fig. 3). While B-catenin
and TCF-4 knockdown consistently induced HIV LTR activity,
the LEF1 knockdown effect was cell type specific. Knockdown of
LEF1 had no effect on HIV promoter activity in PDAs and
U87MG cells but showed a significant induction in LTR activity in
U251MG cells by 8-fold (Fig. 3). These studies demonstrate that
B-catenin and TCF-4 are negative regulators of HIV LTR tran-
scription and that this response is consistent between human
progenitor-derived-primary astrocytes and the astrocytoma cell
lines evaluated.

Asaretrovirus, HIV DNA integrates into the host genome, and
its expression is likely impacted by the overall chromatin struc-
ture. To ensure that the impact of 3-catenin and TCF-4 on HIV
promoter activity is not a consequence of transient transfection,
we generated stably transfected U§7MG and U251MG cell lines
with HIV LTR linked to a firefly luciferase and the neomycin gene
(U87MG-HIV-LTR-LUC and U251MG-HIV-LTR-LUC, respec-
tively). These cells stably expressed HIV LTR reporter activity with
occasional spikes of enhanced HIV reporter activity (Fig. 4a). Typ-
ically, these spikes in reporter activity occurred intermittently in
later (9th and 10th) passages postintegration of the LTR reporter
into the genome (e.g., cells from passages 9 and 10 were grown to
confluence and split in the presence of neomycin). We assessed
the effect of B-catenin and TCF-4 knockdown using 5th- to 7th-
generation LTR-Luc cells, for which reporter activity was consis-
tently low. Knocking down f-catenin or TCF-4 in stably trans-
fected U87MG-HIV-LTR-LUC or U251MG-HIV-LTR-LUC
induced HIV promoter activity by 2-fold relative to scrambled
siRNA (Fig. 4b and c). These data demonstrate that 3-catenin and
TCF-4 negatively regulate HIV LTR promoter activity and are
capable of doing so within or outside the chromatin architecture.

Knockdown of TCF-4 significantly enhanced docking and
processivity of Pol II on HIV DNA. B-Catenin does not directly
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FIG 3 Knockdown of B-catenin and TCF-4 induces basal transcription of HIV LTR in astrocytes. PDAs, U87MG cells, or U251MG cells were transfected with
the indicated siRNAs. After 48 h, cells were transfected with LTR-Luc, incubated for another 24 h, lysed, and assayed for luciferase activity. Data represent at least
three independent experiments performed in duplicate. *, P < 0.05 in comparison with scrambled siRNA negative control (NC). RLU, relative light units.

bind to DNA but rather partners with LEF/TCF transcriptional
factors to regulate gene expression. To directly assess the impact of
TCF-4 knockdown on HIV transcription, we evaluated tethering
of a transcription-competent Pol II on HIV LTR promoter and
Env regions. U87MG cells were transfected with pNL4-3 provirus
in the presence of TCF-4 siRNA or scrambled siRNA, and then a
chromatin immunoprecipitation (ChIP) assay was performed uti-
lizing anti-Pol II Abs or an isotype control, and subsequently the
HIV LTR R/U5 region or Env region was amplified by real-time
PCR. Knockdown of TCF-4 dramatically enhanced detection of
Pol IT on both the HIV LTR and Env regions (Fig. 5a and b). The
anti-Pol II antibody (pSer2 CTD [H5]) used here recognizes the
active form of the polymerase as serine 2 phosphorylation is asso-
ciated with processive and elongating RNA polymerase. There was
only minimal Pol II association with these regions in control
siRNA-treated cells (Fig. 5a and b, lanes 2) despite ample amounts
of chromatin in these samples (see Fig. S5a in the supplemental
material). A similar observation was made using 293T cells, where
by presence of pSer2-Pol II in the HIV LTR and Env was enhanced
by approximately 10- and 6-fold, respectively (see Fig. S5b). As
expected, knocking down Sp1 had no effect on detection of pSer2-
Pol II (Fig. 5a and b). ChIP performed using the U87MG-HIV-
LTR-LUC astrocytoma cell line with TCF-4 knockdown also dem-
onstrated enhanced presence of pSer2-Pol I on the HIV LTR. As
a control for PollI Ser2 antibody in the ChIP assay, cytomegalo-
virus (CMV)-Env was transfected and subjected to ChIP assay
simultaneously for the presence of processive Pol I on the Env
region (Fig. 5¢). Together, these data demonstrate that TCF-4 is a

1916 jviasm.org

repressor of HIV transcriptional activity, independent of cell type,
whereby its inhibition leads to enhanced pSer2-Pol IT docking on
HIV LTR and processivity.

B-Catenin and TCF-4 knockdown enhance C/EBP/8 teth-
ering on the HIV LTR while TCF-4 knockdown, independent of
P-catenin, negatively regulates NF-kB tethering on the HIV
LTR and NF-kB reporter activity. We evaluated the impact of
B-catenin and TCF-4 on tethering of key transcriptional factors
on the HIV LTR. We elected to focus on C/EBP and NF-«B be-
cause they are positive regulators of HIV transcription. C/EBPq,
-8B, and -6 are expressed in brain tissue (1, 7). We evaluated the
activity of C/EBPS and -8 because C/EBP« is only weakly ex-
pressed in astrocytes (14) and is downregulated under inflamma-
tory conditions, whereas C/EBPf3 and -6 are upregulated by in-
flammation (7). U87MG cells were transiently transfected with an
LTR-luciferase construct, and ChIP was performed for these tran-
scriptional factors accordingly. B-Catenin knockdown enhanced
tethering of C/EBPS and C/EBP$ to the HIV LTR, while TCF-4
knockdown increased binding of the p65 subunit of NF-«B,
C/EBP, and C/EBPS (Fig. 6a to ¢). Knockdown of TCF-4 and not
B-catenin significantly enhanced NF-«kB reporter activity by 2.5-
fold in comparison to scrambled siRNA (Fig. 6d). These data
demonstrate that B-catenin and TCF-4 negatively regulate tether-
ing of C/EBP on the HIV LTR and that TCF-4, independent of
[B-catenin, negatively regulates NF-«B binding to the HIV LTR as
well as its reporter activity. This finding is especially intriguing
because it demonstrates that TCF-4, independent of -catenin,
can differentially impact the expression of transcriptional factors
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comparison with a scrambled siRNA negative control (NC).

important in HIV LTR promoter activity. The net outcome of
these interactions is likely to regulate the extent of HIV promoter
activity.

DISCUSSION

HIV enters astrocytes in a nonclassical way, either via endocytosis
and escape of HIV from the endosome (27, 30, 42), utilization of
alternative receptors for HIV entry including the promiscuous CC
chemokine receptor D6 (28), or a decreased requirement of neu-
rotropic HIV strains for CD4 (16). Despite lack of a clear under-
standing of how HIV enters astrocytes, a number of groups of
investigators have demonstrated the presence of HIV protein
and/or DNA within astrocytes in HIV-positive (HIV*) postmor-
tem tissue (11, 15,29, 40, 41, 44). By and large, without a diagnosis
of HIV-associated dementia, the degree of HIV infection within
astrocytes is relatively low in comparison to that in perivascular
macrophages and microglia. Nonetheless, the few infected astro-
cytes have detrimental effects in the CNS, such as promoting dis-
ruption of blood-brain barrier integrity (15). More recent sophis-
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ticated assessment of HIV infection in astrocytes demonstrated a
considerable level of HIV Env in astrocytes from HAD patients
and up to 3% in the absence of HAND (10), which is similar to the
size of the HIV pool in the major latent reservoir of HIV, the
CD4" memory T cell compartment (39). Evaluating the true size
of HIV productive replication in astrocytes from postmortem tis-
sue is complicated by several factors such as presence of a large
population of astrocytes that are not GFAP positive, making de-
tection of these cells in postmortem tissue difficult. Further, in-
fected astrocytes may preferentially undergo apoptosis (40). Cer-
tain environmental signals may trigger astrocytes to be more
supportive of productive HIV replication. We previously demon-
strated that IFN-+y, which is elevated in cerebral spinal fluid (CSF)
of HIV™ patients with neurological complications of AIDS (neu-
roAIDS) and is secreted by infiltrating lymphocytes as well as res-
ident macrophages/microglia and astrocytes, induces productive
HIV replication in astrocytes (8, 9). The mechanism by which
IFN-vy enhances HIV replication in astrocytes is dependent on the
B-catenin signaling pathway. Specifically, IFN-y downregulates
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FIG 5 Knockdown of TCF-4 enhances docking and processivity of pSer2-Pol II on HIV DNA. (a and b) U87MG cells were knocked down for TCF-4 or
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copies of the LTR-Luc and episomal CMV-ENV constructs were transfected with TCF-4 siRNA or a scrambled control. After 48 h, ChIP was performed using
either antibody against pSer2-Pol II or an IgG isotype control. Data represent at least three independent experiments. *, P < 0.05.

[B-catenin signaling and leads to enhanced HIV replication by in-
ducing an antagonist of the 3-catenin pathway (DKK1) in a Stat
3-dependent manner (26). In this study, we directly assessed the
impact of B-catenin and its downstream transcriptional cofactors
on HIV transcription in astrocytes.

Using primary fetal progenitor astrocytes as well as two as-
trocytoma cell lines (U87MG and U251MG), we determined
that the B-catenin/TCF-4 axis regulates HIV transcriptional
activity. We detected all four TCF/LEF family members in our
astrocyte model systems; however, when all of these factors
were knocked down, only TCF-4 demonstrated an effect on
HIV LTR activity. Interestingly, LEF1 is described as an inducer
of HIV transcription in Jurkat T cells (38). However, in astro-
cytes, the effect of LEF1 on HIV transcription is cell type spe-
cific. LEF1 knockdown had no effect on HIV LTR activity in
PDAs and in U87MG cells, but it enhanced HIV transcription
in U251MG cells. This may reflect the ability of LEF1 to func-
tion as a dominant negative factor for TCF-4 and perhaps po-
tentiates its effects in a cell-type-specific manner. Because
TCEF-4 consistently demonstrated an inhibitory effect on HIV
promoter activity in all cell types evaluated, including primary
astrocytes, we focused on TCF-4. Although Wortman et al.
transfected an astrocytic cell line with TCF-4 and demon-
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strated that TCF-4 leads to repression of HIV LTR activity, they
ruled out a role for B-catenin (45). In their studies, a TCF-4
mutant lacking binding sites for B-catenin still downregulated
LTR transcription, and they concluded that these effects were
B-catenin independent (45). B-Catenin expression and its me-
diated signaling events are robust in astrocytes (8). Therefore,
there may still have been endogenous B-catenin expression
that can partner with endogenous TCF-4 to mediate the re-
pressed effects. In our study, by knocking down endogenous
B-catenin expression, we demonstrated a role for B-catenin in
repressing HIV promoter activity. To our knowledge, this is the
first report to indicate that B-catenin in association with TCF-4
leads to repressed LTR activity and that it can have effects on
the extent of C/EBP and NF-«B tethering on the HIV LTR.
The mechanism by which -catenin/TCF-4 suppress HIV rep-
lication is likely to be multifaceted, involving both direct and in-
direct interactions between B-catenin/TCF-4 and the HIV LTR.
TCF-4 contains an HMG domain and is a DNA bender. It is con-
ceivable that TCF-4 docks on unique sites within the HIV LTR and
bends them in a way that makes them inaccessible to general tran-
scription machinery and/or transcriptional activators. Indeed, we
show here that knocking down TCF-4 enhances RNA Pol II pro-
cessivity in both the LTR region and the Env region. Although
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comparison with the negative control.

B-catenin/TCF-4 largely turn on gene expression, few studies have
now pointed to this same complex as turning off gene expression
by recruiting HDACs (21). Efforts in the lab are ongoing to
establish the direct interaction between TCF-4 and the HIV LTR.
Indirect effects of B-catenin/TCF-4-mediated inhibition of HIV
transcription may include impacting transcriptional factors im-
portant for HIV transcription. We demonstrated here that
B-catenin inhibited the binding of C/EBPf and -6 to the HIV
LTR. The HIV promoter has binding sites for both C/EBP
(CCAAT/enhancer binding protein) and NF-«B which induce
HIV transcription (17, 32, 33). The association between B-catenin
signaling and C/EBP activity is particularly interesting, given re-
cent evidence from Burdo et al. showing that different regions of
the brain contain LTRs with distinct C/EBP binding sites (5). Fur-
thermore, C/EBP sequence variants that bind Vpr with high affin-
ity occur at a higher frequency in brain tissue from patients with
HAD (6). In addition to enhancing HIV transcription, excessive
C/EBPB and C/EBPS activity can increase neuroinflammation
that contributes to HAND by enhancing production of proin-
flammatory cytokines such as interleukin-6 (IL-6), IL-183, and tu-
mor necrosis factor alpha (TNF-«) by astrocytes (31). Similarly,
we have shown that TCF-4 negatively regulates NF-«kB, which is
important for robust HIV replication. This finding may be partic-
ularly relevant in HIV-infected astrocytes, given that NF-«B bind-
ing is required for TAR-independent LTR transactivation in these
cells (2). Deng et al. previously reported that 3-catenin suppresses
NF-«kB activity in several cancer cell models by a mechanism that
requires the presence of other cellular factors (12, 13). Intrigu-
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ingly, in our study knockdown of B-catenin had no effect on
NF-«kB transcriptional activity or binding to the HIV LTR, which
suggests that 3-catenin is not involved in TCF-4-mediated regu-
lation of NF-kB in astrocytes. The mechanism by which TCF-4
suppresses NF-kB activity is unclear. Inhibition may involve di-
rect interaction between TCF-4 and NF-«B and/or indirect effects
on upstream regulators. One mechanism by which TCF-4 inhibits
HIV transcription is by preventing phosphorylation of another
important transcription factor, Sp1, by DNA-dependent protein
kinase (DNA-PK) (34). Several components of the NF-kB path-
way, including IKKa, IKKB, and p50, are also targets of DNA-PK
(3,4, 22). It is possible that TCF-4 suppresses NF-«kB DNA bind-
ing by antagonizing DNA-PK activity. To our knowledge, this is
the first report of TCF-4 inhibiting NF-kB activity independent of
B-catenin.

It is worth noting that C/EBPB, C/EBPS, and NF-«B have a
synergistic relationship in inflammation. C/EBP family members
can form heterodimers with NF-«kB subunits that can potently
activate the HIV-1 promoter by tethering on NF-«B binding se-
quences (35). Additionally, cooperativity between these transcrip-
tion factors has been observed with many promoters that contain
adjacent C/EBP and NF-«kB binding sites, including genes that
encode the proinflammatory cytokine IL-6 and the chemokine
IL-8 (31). It is possible that induction of C/EBP activity by TCF-4
knockdown contributes to enhanced NF-«B binding and reporter
activity via cooperative binding. In a broader context, synergistic
activation of C/EBP 3, C/EBP§, and NF-«B in astrocytes may con-
tribute to robust production of proinflammatory cytokines and
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chemokines leading to enhanced HIV replication and recruitment
of immune cells into the CNS and contributing to glial activation
and neuronal injury.

Although we demonstrated that B-catenin and TCF-4 suppress
HIV LTR promoter activity, there may be additional pathways by
which B-catenin suppresses HIV replication at steps beyond HIV
transcription. B-Catenin functions as a transcriptional coactiva-
tor for TCF-4, or it can bind to cadherins through a-catenin to
regulate cell adhesion and communication. In lymphocytes, Vpu
enhances HIV release by dissociating 3-catenin from E-cadherin
(36). Increased association of E-cadherin with B-catenin leads to
depressed HIV release from cells that express E-cadherin such as
macrophages. These data suggest that multiple mechanisms may
be involved by which B-catenin inhibits HIV replication, espe-
cially in cells that are negative for E-cadherin such as T cells. In T
cells overexpression of B-catenin leads to a dramatic inhibition of
HIV replication (data not shown). Conversely, -catenin inhibi-
tion by dominant negative -catenin construct enhances HIV
replication in astrocytes as well as peripheral blood lymphocyte
(PBLs) (8, 23). These data demonstrate the inverse relationship
between B-catenin expression and HIV replication in multiple cell
types.

In the U87MG astrocytoma LTR-Luc cell line that we gener-
ated, HIV LTR activity was modest; however, under certain pas-
sage numbers, we observed a significant spike in promoter activ-
ity. These spikes are quite interesting as possible phenomena to
describe virologic blips in astrocytes. Typically, astrocytes do not
support a high level of productive HIV replication. In U§7MG-
HIV-LTR-LUC cells these spikes may mimic incidences driving
higher levels of HIV basal promoter activity; this could be a con-
sequence of chromatin remodeling of integrated DNA between
early and later passages of cells, the milieu of passaged astrocytes,
their relative confluence over time, or some other unknown me-
diator driving these spikes. It is difficult to determine exactly the
reason for this phenomenon, but it is an interesting tool to under-
stand factors that can drive virologic blips or higher levels of pro-
moter activity within astrocytes which, consequently, may pro-
mote higher expression of early transcripts (Tat) that can mediate
neuropathogenesis of surrounding cells or within the secreting
cell itself, or that can reach a threshold level of Tat to enhance full
transcriptional activity and virion release. Because the spikes are
transient, it is likely that there astrocytes may have inherent
mechanisms that downregulate HIV transcriptional activity.
Based on our data it is conceivable that intact/robust 8-catenin
signaling within astrocytes suppresses any significant HIV rep-
lication within these cells and that HIV resides as a latent virus
within these cells. However, environmental factors, such as
IFN-v or others that lead to downregulation of B-catenin sig-
naling, can lead to enhanced HIV replication in astrocytes.
Consequently, astrocytes under permissive conditions for HIV
replication may continue to seed the CNS with HIV, leading to
inflammatory responses within the CNS and biologic effects
promoting HIV neuropathogenesis. Understanding the inter-
play between B-catenin signaling and HIV can inform novel
approaches to manipulate B-catenin signaling to potentially be
used as a therapeutic strategy to purge the latent reservoir of
HIV in the CNS and/or or other targets where 3-catenin func-
tions to repress HIV replication.
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