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Abstract

Redox imbalance results in damage to cellular macromolecules and interferes with signaling
pathways, leading to an inflammatory cellular and tissue environment. As such, the cellular
oxidative environment is tightly regulated by several redox-modulating pathways. Many viruses
have evolved intricate mechanisms to manipulate these pathways for their benefit, including
HIV-1, which requires a pro-oxidant cellular environment for optimal replication. One such
virulence factor responsible for modulating the redox environment is the HIV Transactivator of
transcription (Tat). Tat is of particular interest as it is actively secreted by infected cells and
internalized by uninfected bystander cells where it can elicit pro-oxidant effects resulting in
inflammation and damage. Previously, we demonstrated that Tat regulates basal expression of
Superoxide Dismutase 2 (s0d2) by altering the binding of the Sp-transcription factors at regions
relatively near (approx. —210 nucleotides) upstream of the transcriptional start site. Now, using /in
silicoanalysis and a series of s0d2 promoter reporter constructs, we have identified putative
clusters of Sp-binding sites located further upstream of the proximal soa2 promoter, between
nucleotides —3400 to —210, and tested their effect on basal transcription and for their sensitivity to
HIV-1 Tat. In this report, we demonstrate that under basal conditions, maximal transcription
requires a cluster of Sp-binding sites in the =584 nucleotide region, which is extremely sensitive to
Tat. Using chromatin immunoprecipitation (ChlP) we demonstrate that Tat results in altered
occupancy of Spl and Sp3 at this distal Tat-sensitive regulatory element and strongly stimulated
endogenous expression of SOD2 in human pulmonary artery endothelial cells (HPAEC). We also
report altered expression of Spl and Sp3 in Tat-expressing HPAEC as well as in the lungs of
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HIV-1 infected humanized mice. Lastly, Tat co-immunoprecipitated with endogenous Sp3 but not
Sp1 and did not alter the acetylation state of Sp3. Thus, here, we have defined a novel and
important cis-acting factor in HIV-1 Tat-mediated regulation of SOD2, demonstrated that
modulation of Sp1 and Sp3 activity by Tat promotes SOD2 expression in primary human
pulmonary artery endothelial cells and determined that pulmonary levels of Sp3 as well as SOD2
are increased in the lungs of a mouse model of HIV infection.
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Introduction

Cellular and systemic oxidative stress is an established consequence of HIV infection, and
while modern anti-retroviral therapy has been widely successful in mitigating the AIDS
epidemic, HIV patients remain chronically infected and exhibit biomarkers of increased
oxidative stress. Accordingly, HIV infected patients are at a dramatically increased risk of
systemic inflammatory diseases, and the chronic oxidative stress elicited by HIV infection is
thought to be a driving factor of these pathologies[1,2]. While a number of viral factors have
been implicated in these pro-oxidant processes, the molecular mechanisms by which they
evoke such oxidative biological environments remain relatively thinly researched. However,
an early clue in the field of HIV related oxidative stress came with the observation that the
HIV Transactivator of Transcription (Tat) downregulated expression of the Manganese-
containing Superoxide Dismutase, SOD2 [3]. Tat is an early HIV gene that is responsible for
transactivation of viral gene transcription from the long terminal repeat of integrated proviral
DNA and is therefore integral to the life cycle of the virus [4,5]. Interestingly, Tat is secreted
from infected cells into the extracellular environment where it is internalized by uninfected
bystander cells and is known to interfere with cellular function by modulating a number of
transcriptional pathways [6,7]. In this capacity, Tat acts as a bridge linking HIV infected
cells to the larger extracellular environment.

SOD?2 is a mitochondrial antioxidant enzyme that is integral to the maintenance of cellular
redox homeostasis by way of catalyzing the conversion of the highly potent ROS,
superoxide (O2’), to hydrogen peroxide and diatomic oxygen. Mutations in the sod2 gene are
associated with a wide array of diseases including cancer respiratory, cardiovascular and
neurodegenerative diseases [8-10]. Furthermore, it has been demonstrated that mutant mice
lacking SOD2 die as neonates due to cardiomyopathy and oxidative mitochondrial injury,
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and that overexpression of the cytosolic CuZnSOD in these mice could not compensate for
the loss of SOD2 [11]. As such, the observation that Tat repressed SOD2 expression
warranted further research into the mechanisms governing this response. Transcriptional
regulation of SOD?2 is cell-specific and sensitive to a number of exogenous factors including
oxidative stress and inflammation [12]. The human sodZ2 promoter sequences immediately
flanking the transcription initiation site contain a TATA-less region of high GC content with
multiple Sp and AP binding sites [13]. Xu et al demonstrated this region constitutes the
basal sod2 promoter, and that Sp factors are important regulators of sod2 expression. They
determined the relative basal transcriptional activity of constructs extending upstream of
-210 nucleotides and found that a construct extending out to —555 nucleotides exhibited
maximal transcription, 2-fold higher than the =210 construct, and that there was no more
increase in transcriptional activity with any fragment extending beyond —555 nucleotides.
Subsequently, we demonstrated that Tat regulated basal sod’2 promoter activity by altering
the binding activity of transcription factors Sp1 and Sp3 to the proximal promoter region
(=73 to =123 nucleotides) [14]. Furthermore, in a Tat transgenic mouse line, we observed
increase biomarkers of oxidative stress as well as lung cellular infiltrate, though overall
SOD2 was increased, suggesting a compensatory physiological response to Tat mediated
injury [15].

Previous work attempting to elucidate the mechanisms by which Tat modulates SOD2 has
relied on transformed cell lines as well as Sp1/Sp3 deficient drosgphila S2 cells and focuses
only on the proximal promoter region, —210 nucleotides from the transcriptional start site.
Here, in an effort to further characterize Tat mediated basal regulation of sod’2, we
performed an /n-silico analysis of the sequences further upstream of the human sod?
proximal promoter, between nucleotides —3406 to —210 from the transcriptional start. We
found several clusters of Sp binding sites of varying strengths (Fig.1) and hypothesized that,
as with the Sp clusters contained in the —210 region, these distal sites are also regulated by
Tat. In a physiologically relevant cell system, primary human pulmonary arterial endothelial
cells (HPAEC), we determined the effects of Tat on transcription from these distal Sp-
binding clusters. In this report, we demonstrate that a cluster of Sp binding sites located near
the —584 region is required for maximal transcription and is exquisitely sensitive to Tat.
Thus, this distal Tat-sensitive site (DTSS) is an important cis-acting factor in Tat-mediated
sodZregulation in HPAEC. We also show that in HPAEC, Tat alters the binding pattern of
Sp1 and Sp3 to the chromosomal DTSS, as well as expression of Spl and Sp3 and that Tat
directly binds to Sp3 but not Sp1. Furthermore, we observed altered Sp1 and Sp3 levels in
the lungs of HIV-1 infected humanized mice.

Methods and Materials

Cell Culture

Wild-type HeLa (ATCC) and HeLa-Tat,, cells (NIH AIDS Reagent Program) were grown in
OPTI-MEM (Invitrogen Life technologies) supplemented with 3.75% Heat-inactivated fetal
bovine serum (Atlanta Biologicals) and 1X Antibiotic/Antimycotic (Invitrogen Life
technologies) [16,17]. HeLa-Tat);; media also contained 500 pg/mL G418 (Sigma). Primary
Human Pulmonary Artery Endothelial cells (HPAEC, from Lonza) were maintained in
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EGM2-MV media, (Lonza). All cells were grown in a 37°C incubator containing 6.5% CO»,
washed with 1X phosphate buffered saline (PBS, filter-sterilized) and fed fresh medium
every 2-3 days.

In silico identification of putative sod2 upstream regulator regions

To identify possible novel Sp-regulatory regions upstream of the sodZ2 start site, we scanned
3400 nucleotides upstream of the sod2 promoter, hereafter referred to as —3400s0d2, using
the openware software packages Matlnspector (https://omictools.com/matinspector-tool) and
PhysBinder (http://bioit.dmbr.ugent.be/physbinder/index.php). Figure 1 depicts the putative
Sp-binding clusters identified.

sod2 promoter-luciferase constructs

Dr. Daret St. Clair generously provided a series of sod2 promoter-reporter constructs in
plasmid pGL3B with luciferase expression under the control of increasingly longer sod2
upstream sequences (Fig. 1B) [18]. The —210, —1240, —1605, —2987 and —3400 constructs
from Dr. St. Clair were used in this study. The —555s0d2 construct from St. Clair et al did
not fully contain the large Sp-binding cluster that extended out to =584 nucleotides, which
we hypothesized would be most strongly regulated by Sp-transcription factors. Thus, we
engineered plasmid pGL3B-584s0d2 in this study. To generate plasmid pGL3B-584s0d2 (Sl
Table 2), we amplified by polymerase chain reaction (PCR) a 608 bp fragment between
-584 and +24 nucleotides with engineered Kpnl and Bglll restriction sites in the 5’ and 3’
primers respectively. We used a high fidelity DNA polymerase (AccuPrime, Invitrogen) and
included 7-deaza-GTP in the reactions to faithfully amplify across G-C rich sections. After
digesting the PCR product and pGL3B parent vector with Kpnl-HF and Bglll-HF (New
England BioLabs) and cleaning up the resulting digests (PCR Clean kit, Qiagen), we ligated
the fragment into the vector using standard ligase reaction conditions (Invitrogen) and
transformed the ligated product into chemically competent £. coli DH5a following the
manufacturer’s protocol (Stratagene). We selected for Ampicillin-resistant clones by plating
on LB-agar plates containing 100 pg/ml of ampicillin and screened by PCR and restriction
analysis. Positive clones identified by screening were confirmed by sequencing and we
selected a clone with perfect alignment to the endogenous sequence for testing.

Transfections and Dual Luciferase

To measure sodZ2transcription we used promoter-reporter plasmids expressing luciferase
under the control of increasingly longer sod2 upstream sequences (Fig.1) in HPAEC, HelLa
WT and HelLa-Taty); cells. Cells were transiently transfected using Superfect transfection
reagent according to the manufacturer’s protocol (Qiagen). HeLa WT and HelLa-Tat, cells
were transfected with 1 ug of total DNA, 0.5 ug of sod2 promoter-reporter plasmid and 0.5
ug of a CMV driven Renillaluciferase plasmid. HPAEC were also co-transfected with 0.5 pg
of the Tat-expressing plasmid, pCP2-Tatg; (see Supplemental Materials Table 2). Twenty-
four hours after transfection, luciferase was measured using the Dual Luciferase Reporter
Assay System (Promega,) according to the manufacturer’s instructions in a dual injector
MicroPlate Luminometer (Promega). All luminescence data was normalized to the Renilla
signal.
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Chromatin Immunoprecipitation

ChIP qPCR

Using Superfect transfection reagent (Qiagen), HPAEC (approximately 2x10° cells per dish,
six dishes per transfection) were either mock transfected or transfected with 5 ug of pCP2-
Taty01 plasmid. Twenty-four hours after transfection, cells were cross-linked with 1%
formaldehyde and quenched with 1X Glycine followed by two consecutive washes with ice-
cold 1X PBS. Cells were collected via scraping in 1X PBS supplemented with protease and
phosphatase inhibitors and centrifuged at 3000 x g for 5 minutes. Following the
manufacturer’s instructions, the Pierce Agarose ChIP Kit (Thermo Scientific) was used to
precipitate and clean-up DNA bound by either control 1gG (3 g rabbit or mouse IgG
provided in the kit), anti-Sp1 rabbit polyclonal (3 pg, ChlP-grade, Abcam) or Sp3 mouse
monoclonal (3 ug, ChlP-grade, Santa Cruz). The purified final DNA was quantified using
Qubit® 2.0 Fluorometry (Invitrogen Life Technologies).

A plasmid containing the —3400bp length of sod2 promoter was used as template for a
standard curve ranging from 2x108 to 9x102 copies (1 ng to 0.5 fg). ChIP qPCR primers
flanking the predicted Sp binding sites around the —584 region of sod2were designed (Fig.1
and Supplemental Materials Table 1) and the target region was amplified from chromatin
DNA that co-immunoprecipitated with anti-Sp1, anti-Sp3 or mouse 1gG. gPCR was
performed using iQ SYBR Green gPCR Supermix (BioRad) according to manufacturer’s
instructions. Copy numbers were normalized to ng of DNA.

Gene Transcriptional Analyses

Total RNA was extracted from cells using RNeasy Mini Kit (Qiagen) according to
manufacturer spin method protocol. Reactions were carried out as technical duplicates from
experimental replicates of each condition. RT-gPCR was carried out with 50 ng of RNA/
reaction using iTag Universal SYBR green one-step RT-gPCR supermix (BioRad). For
relative expression analysis, the average Ct values of the technical replicates were analyzed
utilizing the delta-delta Ct method, where all samples were normalized to GAPDH (first
delta) and then compared to un-treated controls (second delta). Primer sequences are
summarized in Supplemental Materials Table 1.

Immunoblots, Immunoprecipitation and DNA-binding ELISAs

Immunoprecipitations were carried out from 1-4 mg of cellular protein with 3 pg of
antibody per mg of protein following standard protocols [19]. For immunaoblots, total protein
was extracted from cells using Mammalian Protein Extraction Reagent (Thermo Fisher)
supplemented with 1 mM DTT and 1X Protease/Phosphatase inhibitor cocktail (HALT,
Thermo Fisher). For immunoblot analysis, we resolved proteins by Sodium dodecyl sulfate
(SDS) poly-acrylamide gel electrophoresis, transferred to Polyvinylidene fluoride (PVDF,
BioRad) and detected with antibodies from commercial sources (see Supplemental Materials
Table 3). Mouse monoclonal antibody to Tat was from the AIDS Reference Reagent
Program [20]. Immunablots were imaged by chemiluminescence using Supersignal West
Femto Maximum Sensitivity substrate (Thermo Fisher) on a Kodak Image Station 440 CF
and Kodak 1D imaging software. Background was subtracted from the densitometric net
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intensity values of the target protein and the loading control (B-actin), which was used to
normalize the signal of the target protein. DNA-binding ELISAs for active Sp1 and Sp3
were carried out on nuclear extracts prepared as previously described [21] using Sp1 and
Sp3-specific TransAM kits (Active Motif) according to manufacturer’s protocol.

Generation and HIV Infection of Humanized NSG-BLT Mice

Humanized, NSG-BLT, mice were generated at the Humanized Mouse Core of the
University of Massachusetts Medical School, as previously described [22]. NOD-scid I1L2rg-
null mice at 6 to 8 weeks of age were implanted with human fetal thymic and liver tissue
(Advanced Bioscience Resources, In., Alameda, CA) and transplanted with autologous
human hematopoietic stem cells (hCD34+) derived from the fetal liver. In BLT mice, T cells
are autologously educated by the human thymic tissue, and the mice develop a robust human
immune system comprised of multiple human cell lineages with sustain high levels of
human T cells for several months. At 12 weeks post tissue engraftment, BLT mice were
monitored by flow cytometry for human immune system development and human CD45+
cells (clone HI30, BD Bioscience), CD3+ T cells (clone UCHTL, BioLegend) and CD20+ B
cells (clone 2H7, BioLegend) were measured. Engrafted BLT mice were shipped to the
University of Colorado where they were quarantined for 1 week and then housed in a
pathogen-free BSL3-equipped animal laboratory.

Detection of HIV DNA and cell-free RNA in NSG-BLT mice

To validate the HIV infection of NSG-BLT mice, we developed a highly sensitive nested
PCR approach targeting the env gene. Two primer pairs (outer and inner reactions) were
designed (Supplemental Materials Table 1) and used in PCR with total DNA extracted from
homogenized liver tissue (Supplemental Materials Figure 2). We also detected HIVV DNA in
the same way, with DNA extracted from homogenized lung (Supplemental Materials Figure
2) indicating that infected cells or possibly latently infected cells were present in the lungs at
10 weeks post-infection. Plasmid pBR-NL43-IRES-eGFP-nef+ (AIDS Reference Reagent
Program), 3.5 fg, was used as the positive control for this PCR. As negative controls, we
included no template reactions and we analyzed, by electrophoresis, the product of the outer
reaction to show sensitivity. Further, we quantified cell-free virus in the lungs of infected
NSG-BLT by performing bronchoalveolar lavage (BAL) as previously described [15] and
collecting the BAL cells by centrifugation at 600xg for 15 minutes at 4°C, which were
stored at —80°C. RNA was extracted from the cell-free BAL fluid (supernatant) using
QlAamp UltraSens Viral Kit (Qiagen). To generate a template for a standard curve for the
HIV RT-qPCR, we amplified a 541 bp fragment of the env gene using the outer primers of
the nested PCR (Supplemental Materials Tables 1 and 2) and cloned it into pCR2.1 plasmid
via T-A ligation with the TOPO T-A cloning system (Invitrogen Life Technologies)
generating plasmid pCR2.1-Env541. We confirmed the clone via sequencing and designed
RT-gPCR primers (Supplemental Materials Table 1) within the cloned 541 bp env fragment.
We performed RT-gPCR on viral RNA extracted from cell-free BAL fluid using iTaq
Universal SYBR green One-step RT-qPCR SYBR supermix (BioRad). From a standard
curve generated with plasmid pCR2.1-Env541, we calculated HIV genome copies per ml of
BAL fluid (Supplemental Materials Table 4).
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Detection of Sp1, Sp3 and SOD2 proteins in lungs of NSG-BLT mice

For detection of Sp1, Sp3 and SOD?2 in the lungs of HIV infected NSG-BLT mice, we
extracted protein from lung tissue homogenates using Tissue Protein Extraction Reagent
(Thermo Fisher) supplemented with 1 mM DTT and 1X Protease/Phosphatase inhibitor
cocktail (HALT, Thermo Fisher). For immunoblot analysis, we resolved lung proteins by
Sodium dodecyl sulfate (SDS) poly-acrylamide gel electrophoresis, transferred to
Polyvinylidene fluoride (PVDF, BioRad) and detected with antibodies from commercial
sources (Supplemental Materials Table 3). We used chemiluminescence with Supersignal
West Femto Maximum Sensitivity substrate (Thermo Fisher) to detect the proteins on a
Kodak Image Station 440 CF and Kodak 1D imaging software to quantify the signals.
Background was subtracted from the densitometric net intensity values of the target protein
and the loading control (B-actin), which was used to normalize the signal of the target
protein.

Measuring Total Antioxidant Capacity in Lungs of NSG-BLT Mice

A chromogenic Antioxidant Assay (Cayman Chemical Co) was used to determine the
antioxidant content in total lung homogenates from uninfected, mock-infected and HIV-1
(NL4-3 strain) infected NSG-BLT mice (10 weeks). The assay is based on the ability of
antioxidants in the experimental sample to inhibit the oxidation of 2,2’-Azino-di-[3-
ethylbenzthiazoline sulphonate] by metmyoglobin. Antioxidant content in the lung
homogenates was quantified using a standard curve created with the water-soluble
tocopherol analogue Trolox and normalized to mg of lung protein.

Immunohistochemical Detection of SOD2 in NSG-BLT Mouse Lungs

Immunohistochemistry (IHC) was performed to assess SOD2 content in the lungs of
humanized NSG-BLT mice that were either uninfected, mock-infected or infected with
HIV-1 (NL4-3 strain) for 10 weeks. To euthanize the mice we anesthetized with isoflurane
followed by a sub-lethal IP injection (50mg/kg) of ketamine and cervically dislocated after
the mice were no longer responsive to tactile stimulus but still had spontaneous respirations.
The pulmonary vascular bed was perfused with sterile saline, the left lung lobes were
inflated with low-melting agarose to preserve morphology as previously described [15] fixed
in formalin, paraffinized and sectioned. Deparaffinization of lung sections was performed
using an automated system (Gemini AS, Thermo Scientific) and epitope retrieval was
accomplished by boiling deparaffinized lung tissue in a citrate based antigen unmasking
solution (Vector Laboratories, pH 6.0) for 30 minutes with a 20 minute cool down.
Endogenous peroxidase activity was quenched by incubating in 3% hydrogen peroxide for
10 minutes. SOD2 was detected using a monoclonal antibody (sc-133134 mouse
monoclonal 1gG,y,) with the VECTASTAIN Elite ABC Universal Kit and ImmPACT DAB
Peroxidase (HRP) Substrate according to manufacturer’s instructions (Vector Laboratories).
Slides were incubated for 10 seconds in light green counterstain (American Master Tech),
cleared using an automated protocol (Gemini AS, Thermo Scientific) and mounted. Images
were acquired under bright-field illumination with a Nikon Eclipse E600 microscope.
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Results

In silico analysis of potential Sp-mediated regulatory regions upstream of sod2 ORF

Using open sourceware, MatInspector and PhysBinding, we performed /n silico analysis of
DNA sequences up to —3400 bp upstream of the sod2transcriptional start and identified
clusters of predicted Sp-binding sites. Sp1 and Sp3 are known to most strongly regulate
transcription from regions containing clusters of binding sites. Importantly, there was a large
Sp-binding cluster predicted between —210 and -584 that we postulated would be likely a
bona fide Sp-element since it contained 38 predicted Sp-binding sites (Fig. 1A). Other
clusters of potential Sp-binding sites were detected further upstream but these were
predicted to have weaker binding affinity and the clusters were smaller, there were fewer
potential binding sites than in the =584 clusters.

Tat modulation of sod2 regulatory regions rich in Sp-binding sites

To determine the level of transcription from the potential distal regulatory sites that we
identified further upstream of the sod2 proximal promoter, we transiently transfected a series
of sod2promoter-luciferase reporter constructs, shown in Figure 1B, into HeLa cells. We
found that expression from the —584so0d2-prom construct was stronger (2.3-fold, p=0.0255)
than from the proximal —210 region. All other constructs extending further upstream were
expressed to the same extent as the —210 construct but none were as strong as —584 (Fig.
2A). This indicated that maximal expression is driven by sequences between —-210 and -584
and suggested that sequences upstream of nucleotide —584 may actually repress the maximal
expression seen with the =584 construct. Furthermore, the Tat protein repressed transcription
of all the constructs, in line with the previous reports that Tat represses sodZ2transcription.

As HeLa cells are known to have numerous pleomorphic defects and chromosomal
instabilities related to the transformed phenotype, we investigated the expression of the
sod2-prom constructs in human primary cells (HPAEC) in the presence and absence of Tat.
As in HeLa cells, in HPAEC maximal expression occurred with the —584s0d2-prom
construct, which again demonstrated stronger expression than the basal —210 construct (5.1-
fold, p<0.0001) (Fig. 2B). Interestingly, in these cells expression of the —1240so0d2-prom
construct was repressed compare to all other constructs, although expression was restored
further upstream with constructs —1605, —2987 and —3406s0d2-prom. These observations
suggest that the in HPAEC, sequences between —584 and —1240 contain repressive sites but
that repression is relieved by sequences upstream of —1240. Expression from all constructs
upstream of —1240 is equivalent to —584 and Tat repressed expression from all constructs
with the exception of —1240 (not statistically significant). Taken together, these data suggest
that the proximal —210 region functions as a minimal promoter but for maximal expression
of sodZ, promoter sequences extend out to nucleotide —584 and that a further repressive
motif might be contained between nucleotides —584 and —1240.

Tat modulates the occupancy of Spl and Sp3 on sod2 regulatory regions

Our promoter-reporter data point to the =584 construct as containing the maximal sod2
promoter, the activity of which is, all but eliminated, by Tat in HPAEC. As Sp1 and Sp3 are
the transcription factors principally responsible for basal sod2transcription, we
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hypothesized that Sp-binding on the large cluster of Sp-binding sites located on the
-584s0d2-prom construct is required for maximal sog2transcription and that the HIV-Tat
protein modulates Sp-transactivation at the =584 region of this promoter. To test this
hypothesis, we used chromatin immunoprecipitation (ChIP) to determine the occupancy
levels of Spl and Sp3 on the Sp clusters at the =584 region of the endogenous sod2 promoter
in Tat-transfected HPAEC. Figure 3 demonstrates that Tat expression in HPAEC resulted in a
dramatic increase in the ratio of Sp1 to Sp3 bound to the —584 region of the endogenous
soa2 promoter (775-fold increase in ratio). This effect appears to be due to both an increase
in the amount of bound Sp1 as well as a concurrent decrease in bound Sp3, suggesting a
predilection for Sp1 complexes to outcompete Sp3 for occupancy of the endogenous sod2
promoter in the presence of Tat.

Tat stimulates expression of endogenous sod2 in HPAEC

As the ChIP results indicated that Tat alters the binding of Sp1 and Sp3 on a cis-element of
the endogenous sod2 promoter that is rich in Sp-binding sites, we next sought to determine
if Tat alters the transcription of endogenous sod2in HPAEC. RT-gPCR showed that Tat
strongly stimulates (~20-fold) transcription of sod2in HPAEC (Fig. 4A). Furthermore,
immunoblot analysis showed that Tat also resulted in increased SOD2 protein levels (Figs.
4B and 4C). These findings are in agreement with previous observations that higher Sp1 to
Sp3 ratios results in increased SOD2 expression.

Tat alters total cellular Sp3 activity but not Sp1 activity

It has been demonstrated that the Sp1 to Sp3 ratio is an important regulator of SOD2
expression, and that Sp1 acts to stimulate expression through interaction with the sod2
promoter. Given that Tat stimulated endogenous expression of SOD2, possibly by altering
the relative binding of Spl and Sp3 to the sod”2 promoter, we next sought to address if the
changes in Sp1 and Sp3 binding to —584so0d2-prom might result from changes in total
cellular Sp1 and Sp3 DNA binding activity. Utilizing nuclear protein extracts from un-
transfected and Tat-transfected HPAEC, we performed a DNA-binding ELISA. While Tat
had no effect on the total cellular levels of active Sp1, the amount of active Sp3 was reduced
some 20% in the presence of Tat (Fig. 5). These results demonstrate that Tat likely acts to
modulate the Sp1 to Sp3 binding ratio through inhibition of Sp3 and not via enhancement of
Spl.

Tat Co-immunoprecipitates with Sp3 but not Sp1 and does not affect the acetylation state

of Sp3

HPAEC were transfected with a Tat-expressing vector and co-immunoprecipitation assays
performed on total cellular lysates. While Tat never appeared as a co-immunoprecipitate
with Sp1 (Supplemental Materials Fig.1), it did immunoprecipitate with Sp3 (Fig.6).
Numerous studies have reported that acetylation of Sp3 influences binding and
transcriptional activity. Additionally, other studies show that Tat alters cellular acetylates and
deacetylases and the cellular pathways that they control. In order to observe the effects of
Tat on acetylation of Sp3, endogenous Sp3 was immunoprecipitated from un-transfected or
Tat transfected HPAEC, and the acetylation state probed via immunoblot with a pan-acetyl
lysine antibody. Figure 6B demonstrates that the acetylation state of Sp3 remains unchanged
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in the presence of Tat, which suggests that Tat may be impeding the ability of Sp3 to
compete with Sp1 for the sod2 promoter by physical or steric inhibition but not by altering
its acetylation.

Tat alters expression of Spl and Sp3

Lastly, we surmised that Tat could also be altering the binding and activity of Sp1 and Sp3
on the endogenous soad2 promoter by affecting cellular levels of either protein. To investigate
this, we quantified Sp1 and Sp3 transcript and protein levels in the presence and absence of
Tat. Interestingly, Tat stimulated transcription of Sp3 by more than 4.5 fold but transcription
of Sp1 was only changed 2-fold (Fig.7), such that the relative amounts of Sp3 and Sp1
transcription in the cells were significantly changed. Furthermore, immunoblot analysis
confirmed that Tat changed Sp1 and Sp3 protein levels in a manner similar to the transcript
levels. (Fig.8).

HIV-1 infection alters Sp3 and SOD2 expression in the lungs of infected humanized NSG-

BLT mice

Given the effects of Tat on Sp1/Sp3 and SOD2 in HPAEC, we surmised that a similar effect
might be observed in the context of HIV-1 infection. Many oxidative stress related
inflammatory comorbidities manifest in the lungs of HIV patients, and we had previously
demonstrated increased SOD2 expression as well as biomarkers of oxidative stress in the
lungs of an HIV Tat-transgenic mouse model. In this study, we harvested whole lung tissue
from HIV-1 infected humanized NSG-BLT mice for analysis. We thoroughly validated HIV
infection of these mice by detecting HIV DNA in the liver and lungs (Supplemental
Materials Figure 2) and we confirmed the presence of viral replication in the lungs by
detecting cell-free viral RNA (Supplemental Materials Table 4) in bronchoalveolar lavage
fluid (BALF). Immunoblotting assays demonstrated no detectable difference in Spl levels
between mock infected and HIV infected mice. However, in agreement with our
observations in HPAEC, Sp3 levels were increased ~2-fold in lung tissue from HIV infected
mice compared to vehicle control, but Sp1 levels were not significantly changed (Fig. 10).
SOD?2 levels did not appear to significantly altered in the total lung homogenates of HIV
infected mice as analyzed by western blot (fig. 8). We surmised that SOD2 upregulation may
be localized, for example in cells/tissues that would be in close proximity to circulating Tat
and/or HIV infected cells, and thus the effect was diluted out when whole lung tissue was
processed. In order to more precisely observe SOD?2 levels in the lungs as well as to observe
the potential tissue-specific sites of SOD2 regulation, we performed IHC on lung tissue
cross sections of HIV infected and uninfected humanized NSG-BLT mice. Staining for
SOD?2 revealed increased periadventitial expression (Fig. 11A and Supplemental Materials
Fig.5).

Total antioxidant capacity is decreased in the lungs of HIV infected humanized NSG-BLT

mice

The observation that SOD?2 is upregulated in the lungs of infected mice is in agreement with
previous findings that Sod2 is upregulated in the lungs of a Tat transgenic mouse model in
which Tat expression is specific for the alveolar space. Despite this effect, all evidence
points to increased oxidative burden in these animals nevertheless. SOD?2 is only one
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component in a large and intricate system of redox balancing proteins, and while SOD2
levels may be increased, the overall net oxidative burden may still be greater than basal
levels should other anti-oxidant systems be affected. As such, we measured the total
antioxidant capacity (TAC) of total lung tissue extract from HIV infected and uninfected
humanized NSG-BLT mice. In line with previous observations, TAC is lower in the lungs of
HIV infected mice (Fig. 11B).

Discussion

Modern antiretroviral therapy has proven successful in the management of HIV infection by
controlling viral load and preventing the progression of the disease to the AIDS phenotype.
Nonetheless, patients remain chronically infected as HIV resides in active and latent
reservoirs. This is evidenced by the detection of proviral DNA as well as genomic RNA and
soluble viral factors in a variety of tissues including the lungs, liver, lymph nodes, and
gastrointestinal tract [23-25]. The ability to control HIV infection but the inability to
completely clear the virus from infected individuals renders infection with HIV a chronic
condition that carries with it the risk of developing a variety of HIV associated co-
morbidities including pulmonary arterial hypertension, COPD, HIV associated dementia,
and inflammatory liver disease [26—28]. While the mechanisms driving these HIV-associated
pathologies are complex and heterogeneous, persistent oxidative stress and inflammation are
shared conditions which are heavily implicated as contributing factors to disease
progression. A number of soluble HIV factors have been demonstrated to elicit oxidative
stress including Gp120, Nef, Vpr and Tat [29-31]. However, Tat represents a target of
particular interest due to the fact that it is secreted in large amounts from infected cells into
circulation where it is internalized by uninfected bystander cells. This characteristic of Tat
has been long established, and recent research demonstrates that Tat secretion may be even
more prolific than previously anticipated. Rayne et. al. have demonstrated that nuclear
accumulation of Tat is not required for efficient and successful transactivation of the viral
LTR, and in fact the majority of Tat localizes to the plasma membrane of primary T-cells and
approximately two thirds of Tat produced is secreted into the extracellular environment
[32,33]. Congruently, Tat has been detected in the serum of HIV infected patients receiving
anti-retroviral therapy at concentrations as high as 9.02 ng/mL [34]. We chose to observe the
effects of Tat in primary human pulmonary arterial endothelial cells (HPAEC) due to the
heavy involvement of the endothelium in deadly HIV associated lung co-morbidities such as
pulmonary arterial hypertension. Additionally, the endothelium is likely exposed to a large
amount of Tat in HIV infected patients either through contact with secreted extracellular Tat
and/or intimate contact with infected T-cells and Monocytes.

HIV appropriates and manipulates a plethora of cellular transcriptional and post translational
factors in order to augment its own life cycle. One of the most well characterized
transcriptional complexes that HIV utilizes is NF-xB. The HIV LTR contains two adjacent
NF-xB binding sites, and induction of NF-xB activity greatly enhances viral replication
[35,36]. As such, the pro-oxidant environment induced by HIV may represent a mechanism
through which HIV induces inflammation and activation of inflammatory transcriptional
elements, which enhance viral transcription. Repression of SOD2 by Tat provided an early
clue as to one mechanism by which HIV may induce a pro-oxidant environment, and it was
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subsequently demonstrated that the viral manipulation of SOD2 was achieved through
modulation of Sp1/Sp3 activity by Tat [14]. Sp1 and Sp3 are highly homologous
transcription factors with conserved DNA binding domains which often compete to occupy
the same nucleotide sequences. Interestingly, Spl activity has been demonstrated to enhance
viral replication via synergism with NF-xB as well as by facilitating viral particle assembly
[37,38]. Conversely, Sp3 has been demonstrated to have a repressive effect on the HIV LTR
[39], demonstrating the dichotomous activity of these two highly similar transcription
factors. While these studies provided insight into the mechanisms by which SOD2 may be
effected by Tat, the Tat mediated interactions of Sp1 and Sp3 were only studied in the
proximal soa2promoter (=210 nt) and relied on transformed cell lines as well as Sp factor
deficient Drosophila S2 cells. We have hypothesized that additional Sp binding sites in more
distal regions of the sod2 promoter may also be affected by Tat and that expression of SOD2
would be consequently altered. Here, we identified a particularly Tat sensitive region in a
more distal location (=584 nt, DTSS) of the soad’2 promoter and demonstrated that this
sensitivity is a result of Tat mediated alteration of Sp1 and Sp3 binding, resulting in
increased expression of SOD2 in HPAEC. Additionally, we observed a similar increase in
levels of Sp3 in whole lung tissue from HIV-1 infected humanized mice.

In silico analysis revealed a large number of putative Sp binding sites in the distal sod2
promoter out to —3406 nts from the proximal Tat sensitive site. As such, we utilized a series
of increasingly long sodZ promoter driven luciferase constructs to observe levels of sod?
promoter activity in constitutively Tat expressing HeLa cells (HeLa-Taty) as well as in
mock transfected (Tat(-)) or Tat transfected (Tat(+)) HPAEC. In the absence of Tat, reporter
expression was highest from the —584so0d2-pGL3B construct. In each case, the expression
from —584s0d2-pGL3B was significantly higher than from the proximal —210s0d2-pGL3B
vector (2.3 fold greater in HelLa, and 5.1 fold greater in HPAEC). In Taty, cells, expression
was repressed in every instance with the exception of —1605s0d2-pGL3B (not statistically
significant). When HPAEC were co-transfected with the sod2 promoter vectors and a Tat-
expressing vector, expression was repressed in every instance with the exception of
-1240s0d2-pGL3B, suggesting that there were indeed Tat sensitive Sp (TSS) binding
elements in the distal regions of the sod2 promoter. ChIP analysis of the —584 sod2 promoter
region in HPAEC subsequently revealed a dramatic shift in Sp1/Sp3 occupancy from an
approximately equivalent level in Tat(-) cells to a ~1000:1 Sp1 to Sp3 ratio in Tat(+) cells.
This observation is surprising as high Sp1 to Sp3 ratios generally result in transcriptional
activation of promoters containing Sp sites, although we observed repression of
sodZ2promoter activity in the presence of Tat from our reporter constructs. In agreement with
our ChIP analysis, SOD2 transcription as well as expression was enhanced by Tat in
HPAEC, suggesting that the presence of Tat indeed alters Sp binding activity in a manner
that facilitates SOD2 transcription. The dichotomy between the reporter construct results
and cellular SOD2 levels in Tat(+) HPAEC may be explained by the fact that a powerful
intronic sod2enhancer is absent in the reporters as the soa2 ORF is replaced by the
luciferase gene. Sp1 acts to facilitate sod2transcription by acting to bridge the promoter to
the sodZ intronic enhancer through an 11G loop in the proximal promoter [40]. In the
absence of this enhancer, no such interaction can occur, and Tat mediated Sp1 accumulation
to sod2 promoters on plasmids may in fact result in reduced reporter expression.
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In an effort to elucidate potential mechanisms by which Tat may alter Sp1/Sp3 binding
affinity, we performed competitive DNA-binding ELISA with nuclear protein extracts from
Tat(+) and Tat(-) HPAEC. Tat had no effect on Sp1 binding activity, while Sp3 binding
activity was significantly reduced, suggesting that Tat does not enhance Sp1 binding, but
rather reduces Sp3 binding, allowing Sp1 to outcompete Sp3 for occupancy of the sod?2
promoter Tat is itself a transcription factor and is known to form complexes with a number
of cellular transcriptional regulators including Lysine Acetyl Transferase 5 (Kat5) and P300/
CBP-associated factor (PCAF). Tat represses the activity of Kat5 [41] but enhances that of
PCAF [42], demonstrating that Tat has pleiotropic effects on different transcriptional
elements. As such, we found it reasonable to hypothesize that Tat may complex or otherwise
interact directly with either Sp1 and/or Sp3 in order to elicit the effects observed in HPAEC.
Endogenous Sp3 co-immunoprecipitated with Tat in HPAEC, while Sp1 did not, indicating
that Tat may alter Sp3 binding activity through direct interaction and physical or steric
inhibition. While Tat led to increased levels of Sp1 transcript (~2-fold increase), Sp3
transcription was even more highly upregulated by Tat (~4.5 fold), further strengthening the
hypothesis that Tat interferes with Sp3 activity through inhibition of binding to the promoter
rather than by repressing expression. Immunoblot confirmed the RT-gPCR results, as the
ratios of Sp3 to Sp1 protein reflected the ratios of Sp1 to Sp3 transcript in Tat(+) HPAEC.
The increase in Sp3 expression may in fact be a compensatory response by the cells, as Tat
results in global repression of Sp3 activity, cells may attempt to restore this through
upregulation of the gene. Spl and Sp3 are also known to be induced by oxidative stress [43],
and the pro-oxidant environment elicited by Tat may also be driving their enhanced
expression. Finally, we speculated that Sp1 and Sp3 levels as well as SOD2 levels would be
altered in lungs in the context of HIV infection. To this end, we collected and probed whole
lung tissue from uninfected, mock infected, or HIV-1 infected humanized mice for analysis.
Immunoblot analysis demonstrated a significant increase in Sp3 levels, while no significant
increase in Sp1 or SOD2 was observed. The fact that SOD2 appeared unaffected in HIV
infected mice was surprising, and we surmised that tissues most proximal to circulating Tat
and HIV infected cells (such as the pulmonary endothelium and lung vascular tunica media)
would be most likely to be effected and that this was perhaps undetectable from whole tissue
extract by western blot. As such, we performed immunohistochemistry on lung sections
from HIV infected and uninfected mice. Indeed, we observed an increase in SOD2
expression in periadventitial structures. Previous studies have demonstrated that, while
SOD2 levels are increased in Tat transgenic animals, oxidative burden is still higher. To this
end, we measured the total antioxidant capacity of whole lung tissue from HIV infected and
uninfected mice. In agreement with previous observations, the total antioxidant capacity was
lower, suggesting that SOD2 upregulation in the context of HIV infection is insufficient to
restore the lung redox balance.

Redox imbalance is a critical factor in the HIV life cycle and well established consequence
of HIV infection and oxidative stress is a unifying factor across a vast array of HIV
associated co-morbidities. In previous studies, Tat has been demonstrated to have a
repressive effect on SOD2 expression by proxy of altering Sp1/Sp3 binding to the proximal
soa2 promoter [44], though the reliance on artificial promoter constructs as well as
transformed cell lines has left an incomplete picture of how Tat may interact with these
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transcription factors and effect SOD2 in more physiologically relevant systems. Here, we
have observed that Tat indeed alters Sp1/Sp3 activity and as such, modulates endogenous
SOD2 expression in primary HPAEC. However, our observations suggest that, in these cells,
Tat represses the binding activity Sp3 and allows Spl to more effectively occupy not only
the proximal but the distal regions of the sod2 promoter as well. Furthermore, we
demonstrated that HIV infection in humanized mice results in upregulation of Sp3 in the
lungs and localized increase of SOD2. Taken together, these observations support the
hypothesis that Tat dysregulates the Sp1/Sp3 transcriptional network by directly altering the
properties of these transcription factors, which may have deleterious impacts on global
transcriptional regulation in response to oxidative stress.
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In Human Pulmonary Artery Endothelial Cells (HPAEC), the HIV-Tat Protein:

Highlights

Stimulates expression of endogenous sod2

Modulates sod2 regulatory regions rich in Sp-binding sites
Alters expression of Spl and Sp3

Alters total cellular Sp3 but not Sp1 DNA binding activity
Co-immunoprecipitates with Sp3 but not Sp1

Does not affect the acetylation of Sp3

In humanized NSG-BLT Mice, HIV infection:

Stimulates expression of total pulmonary Sp3 but not Sp1

Increases SOD2 expression in the lung periadventitial structures
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Figure 1. Schematics of predicted Sp binding clusters and Sod2 promoter constructs.
A) Sp-binding clusters in sequences upstream of the sod2 transcriptional start site as

predicted by Matinspector and PhysBinder algorithmns: Matlnspector predictions = pink/
red, PhysBinder = green. Darker shades signify stronger predicted Sp binding affinity. Black
arrows indicate locations of ChIP qPCR primers. B) Sod2-promoter-reporter constructs
(s0a2-prom) utilized in this study: Constructs of —210, —1240, —1605, —2987 and —3406
sod2-prom plasmids were a kind gift from Dr. Daret St. Clair. Construct of —584 sod2prom
was created in house.
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Figure 2. Tat represses expression from sod2 promoter reporters.
A) Expression from sod2- promoter-reporter constructs in HeLa-WT and stable HeLa

transfectant that constitutively expresses the HIV Tat protein, Hela-Taty;. B) Expression
from the sod2-promoter reporter constructs in HPAEC with (Tat(+)) and without (Tat(-)) co-
transfection with pCP2-Tat. Firefly luciferase values were normalized to Renilla luciferase
from co-transfected pRL-CMV plasmid. Shown is the Mean = SEM of biological replicates,
n=6, (*p <0.05, **p <0.01, ***p <0.001 by un-paired student’s T-test).
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Figure 3. Chromatin immunoprecipitation (ChIP) analysis of Sp1 and Sp3 bound to the —584
region of the sod2 promoter in un-transfected (Tat(-)) or pCP2-Tatyg; transfected (Tat(+))
HPAEC.

Following IP with either Sp1 or Sp3 antibodies, the number of copies of the —584-nucleotide

region of the endogenous soa2 promoter was determined by absolute gPCR via a standard
curve generated utilizing a plasmid containing —3406so0d2-promoter sequences. n = 3. (*p <
0.05 by un-paired student’s T-test). DNA that was immunoprecipitated using mouse 1gG1
(serotype control) did not amplify.
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Figure 4. SOD2 expression in HPAEC in the presence and absence of Tat.
A) sodZtranscription is strongly stimulated by HIV-Tat. Relative fold change calculated by

the AACT method and normalized to GAPDH. Mean + SEM of biological replicates, n= 6, p
< 0.0001 by unpaired student’s t-test. B and C) SODZ protein levels are increased in the
presence of Tat. Mean + SEM of biological replicates, n= 4, (p < 0.0001 by unpaired
student’s t-test). SOD2 Densitometry values normalized to B-actin. L = MW ladder.
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Figure 5. Sp1 and Sp3 Binding activity in HPAEC in the absence and presence of Tat.
Using an Sp-specific oligonucleotide-binding ELISA (TransAm, Active Motif), we

measured the levels of active Sp1 (Panel A) and Sp3 (Panel B) in the nucleus of mock
transfected (Tat(-)) or pCP2-Tato; transfected (Tat(+)) HPAEC. The signal was normalized
to ug of nuclear protein. Mean + SEM of biological replicates, n = 3, (***p < 0.001 by
unpaired student’s T-test).
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Figure 6. Tat Co-Immunoprecipitates with Sp3 but does not alter Sp3 acetylation State:
A) Sp3 and Tat Co-immunoprecipitate: Sp3 was immunoprecipitated from Tat (=) or Tat (+)

HPAEC whole cell lysate. Total input lysate and immunoprecipitate were analyzed via
immunoblot for successful Sp3 IP and potential Tat ColP. B) Sp3 acetylation state is not
altered by interaction with Tat: The total input lysate and Sp3 immunoprecipitate from Panel
A was also analyzed via immunoblot with anti-acetyl-lysine antibodies. C) Acetyl lysine
detection in the total protein lysates of Untreated or Trichostatin A (TSA) treated HPAEC.
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Figure 7. Transcription of Spl and Sp3 in the presence and absence of Tat in HPAEC.
A) Transcript levels of Sp1 and Sp3 in Tat (-) (mock transfected) and Tat (+) (pCP2-Tatp;-

tranfected) HPAEC: Relative levels of transcript calculated by the AACT method and
normalized to GAPDH (n = 6). Mean + SEM of biological replicates (**p < 0.01, ***p <
0.001 by unpaired student’s T-test).
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Figure 8. Sp1 and Sp3 protein levels in the absence and presence of Tat in HPAEC.
A-B) Sp3 and Sp1 expression is increased in Tat (+) HPAEC. Whole cell extract of mock

transfected (Tat (-)) and pCP2-Taty;-transfected (Tat (+)) HPAEC were analyzed via
immunoblot for total levels of Sp3/Spl. C) Fold increase of Sp3 (top band) and Sp1 in Tat
(+) and Tat (-) HPAEC. Fold change in Sp expression was calculated as actin normalized
Tat (+) densitometry values over actin normalized Tat (=) densitometry values (n = 4). Mean
+ SEM of biological replicates L = MW ladder.
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Figure 9. Sp3 expression increased in the Lungs of HIV infected mice while SOD2 did not
change.

A) Immunoblot analysis of Sp3 and Sod2 levels in total lung tissue. Protein was extracted
from whole lung tissue of un-infected, mock-infected, or HIV-1 infected humanized mice for
immunoblot analysis. B) Sp3 densitometry: Values shown as normalized to p-actin. (un-
infected n = 3, mock infected n = 4, HIV-1 infected n = 3). C) Sod2 densitometry: \alues
shown as normalized to p-actin. (un-infected n = 3, mock infected n = 4, HIV-1 infected n =
3). Mean + SEM of biological replicates (*p < 0.05, **p < 0.01 by un-paired student’s T-
test).
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Figure 10. Sp1 expression in the Lungs of HIV infected mice.
A) Immunoblot analysis of Sp1 levels in total lung tissue of NSG-BLT Mice: Protein was

extracted from whole lung tissue of un-infected, mock-infected, or HIV-1 infected
humanized mice for immunoblot analysis. B) Sp1 densitometry: Values shown as
normalized to B-actin. (un-infected n = 3, mock infected n = 4, HIV-1 infected n = 3). Mean
+ SEM of biological replicates (**p < 0.01 by un-paired student’s T-test).
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Figure 11. SOD?2 levels are increased in the lungs of HIV infected humanized NSG-BLT mice
while total antioxidant capacity is lower

A) IHC of lung tissue from HIV infected (10 weeks) and uninfected humanized NSG-BLT
mice reveals periadventitial increase in SODZ2. B) Total antioxidant capacity (TAC) is
reduced in the lungs of HIV infected humanized NSG-BLT mice (n = 8) compared to
uninfected mice (n = 8). Mean + SEM of biological replicates (*p < 0.05 by un-paired
Student’s T-test).
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