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Abstract

HIV-1 transactivator of transcription (Tat) protein is required for HIV-1 replication, and it has 

been implicated in the pathogenesis of HIV-1-associated neurocognitive disorder (HAND). HIV-1 

Tat can enter cells via receptor-mediated endocytosis where it can reside in endolysosomes; 

upon its escape from these acidic organelles, HIV-1 Tat can enter the cytosol and nucleus where 

it activates the HIV-1 LTR promoter. Although it is known that HIV-1 replication is affected 

by the iron status of people living with HIV-1 (PLWH), very little is known about how iron 

affects HIV-1 Tat activation of the HIV-1 LTR promoter. Because HIV-1 proteins de-acidify 

endolysosomes and endolysosome de-acidification affects subcellular levels and actions of iron, 

we tested the hypothesis that the endolysosome pool of iron is sufficient to affect Tat-induced 

HIV-1 LTR transactivation. Ferric (Fe3+) and ferrous (Fe2+) iron both restricted Tat-mediated 

HIV-1 LTR transactivation. Chelation of endolysosome iron with deferoxamine (DFO) and 2–

2 bipyridyl, but not chelation of cytosolic iron with deferiprone and deferasirox, significantly 

enhanced Tat-mediated HIV-1 LTR transactivation. In the presence of iron, HIV-1 Tat increasingly 

oligomerized and DFO prevented the oligomerization. DFO also reduced protein expression levels 

of the HIV-1 restriction agent beta-catenin in the cytosol and nucleus. These findings suggest that 

DFO increases HIV-1 LTR transactivation by increasing levels of the more active dimeric form of 

Tat relative to the less active oligomerized form of Tat, increasing the escape of dimeric Tat from 

endolysosomes, and/or reducing beta-catenin protein expression levels. Thus, intracellular iron 

might play a significant role in regulating HIV-1 replication, and these findings raise cautionary 

notes for chelation therapies in PLWH.
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Introduction

Currently, more than 40 million people worldwide are infected with human 

immunodeficiency (type-1) virus (HIV-1) (Spudich and Gonzalez-Scarano 2012; Valcour 

et al. 2012), the cause of acquired immune deficiency syndrome (AIDS). Encouragingly, 

people living with HIV-1 (PLWH) are able to live almost full lifespans because of 

effective antiretroviral therapeutics (ART), and HIV-1 infection is now considered to be 

a chronic managed neuroinflammatory disease. However, PLWH are experiencing almost 

50% prevalence rates of HIV-1-associated neurocognitive disorders (HAND) (Heaton et al. 

2010; Velasquez et al. 2020). Although ART is able to suppresses HIV-1 levels to below 

detectable levels in plasma and CSF (Gray et al. 2014; Marban et al. 2016), HIV-1 still 

resides in reservoirs both in the periphery as well as in the CNS (Churchill et al. 2009; Fois 

and Brew 2015; Joseph et al. 2015; Thompson et al. 2011). Unfortunately, total eradication 

of HIV-1 from PLWH remains an extremely challenging task in large part due to the limited 

access of ART drugs to HIV-1 reservoirs (Chahroudi et al. 2018; Meeker et al. 2014; Saylor 

et al. 2016; Veenhuis et al. 2019).

HIV-1 replication is controlled by a number of HIV-1 proteins including the transactivator 

of transcription (Tat) (Arhel and Kirchhoff, 2010; Freed, 2001; Jeang et al. 1999; Liang and 

Wainberg 2002; Romani et al. 2010). In addition to its importance in regulating HIV-1 long 

terminal repeat (LTR) transactivation, HIV-1 Tat has been implicated in the pathogenesis of 

HAND in part because it is highly toxic to neurons, and Tat levels can remain elevated even 

in the presence of ART-induced suppression of HIV-1 to below detectable limits (Chen et al. 

2013; Deshmane et al. 2011; Haughey and Mattson 2002; Hui et al. 2012; Jeang et al. 1999; 

Johnson et al. 2013; Nath et al. 1996; Sonia et al. 2012).

HIV-1 Tat is composed of two introns; the first has 72 amino acids, and the second has up 

to 32 amino acids (Frankel et al. 1988). Functionally, HIV-1 Tat is composed of four distinct 

domains (Clark et al. 2017; Frankel et al. 1988; Jeang et al. 1999; Romani et al. 2010). Of 

direct relevance to the current study, HIV-1 Tat domain number 2 is a series of amino acids 

from 22 to 37 (Tat22-37) that contains a number of cysteines, amino acids that bind divalent 

cations and that are involved in HIV-1 Tat oligomerization (Frankel et al. 1988). HIV-1 Tat 

is functionally active as a dimer (Jeang et al. 1999) and Tat oligomerization can lessen its 

biological activity as well as hinder its escape from endolysosomes (Tosi et al. 2000).

HIV-1 Tat is secreted actively from HIV-1 infected or transfected cells and it can be 

internalized into bystander cells by receptor-mediated endocytosis (Ensoli et al. 1993; Mann 

and Frankel, 1991; Sonia et al. 2012; Vendeville et al. 2004; Vives 2003). The receptors 

implicated in HIV-1 Tat endocytosis include low-density lipoprotein receptor-1 (LRP1), 

heparin sulfate proteoglycan, CD26, and the chemokine receptor CXCR4 (Liu et al. 2000; 
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Tyagi et al. 2001). Following endocytosis, in order for HIV-1 Tat to affect HIV-1 LTR 

transactivation, it must first escape from endolysosomes into the cytosol and the nucleus 

where it can impact HIV-1 replication.

Endolysosomes are part of a complicated and dynamic organellar system of physiological 

significance and pathological relevance (Bright et al. 2005; Chauhan et al. 2014; de Duve 

2005; Fredericksen et al. 2002; Grimm et al. 2017; Huotari and Helenius 2011; Khan et 

al. 2020b; Khan et al. 2021; Luzio et al. 2007; Luzio et al. 2005; Perera and Zoncu 2016; 

Vijaykumar et al. 2008; Wideman et al. 2014), and they are subject to stress responses 

(Lakpa et al. 2021). Endolysosomes are acidic organelles whose functions are significantly 

affected by their luminal pH (Nixon and Cataldo 2006; Christensen et al. 2002; de Duve 

2005; Huotari and Helenius 2011; Khan 2020; Khan et al. 2019a; Rivera et al. 2014; Tooze 

and Dikic 2016; Wideman et al. 2014). Endolysosomes contain high levels of divalent 

cations including iron and insults including those that affect endolysosome pH can alter the 

release of these cations from endolysosomes (Halcrow et al. 2019; McGuire et al. 2017; 

Mindell 2012; Prasad and Rao 2018; Terman and Kurz 2013; Xiong and Zhu 2016; Xu 

and Ren 2015). Following HIV-1 protein-induced deacidification by Tat and gp120 (Bae et 

al. 2014; El-Hage et al. 2015; Halcrow et al. 2021; Hui et al. 2012), HIV-1 Tat can enter 

the cytosol and nucleus where it can activate the HIV-1 LTR promoter (Ensoli et al. 1993; 

Khan et al. 2018, 2019b; Kolson et al. 1994). Thus, endolysosome deacidification may be 

an important regulator of HIV-1 replication (Chauhan et al. 2014; Chauhan and Tikoo 2015; 

Vijaykumar et al. 2008).

Iron status both intracellularly and extracellularly can affect HIV-1 infection and disease 

progression (Afacan et al. 2002; Banjoko et al. 2012; Doherty 2007; Esan et al. 2013; 

Khan et al. 2020a; Mancone et al. 2017; Nekhai et al. 2013). Furthermore, HIV-1 infection 

can affect iron metabolism (Afacan et al. 2002; Banjoko et al. 2012; Kumari et al. 2016); 

depending on the progression of HIV-1 infection, levels of serum iron are either decreased 

or increased (Chang et al. 2015; Nekhai et al. 2013). Here, we investigated the role of iron 

in HIV-1 Tat escape from endolysosomes and subsequent HIV-1 LTR transactivation using 

a Tat-mediated HIV-1 LTR transactivation reporter assay (Khan et al. 2018, 2019b). Our 

principal findings are that endolysosome iron can affect the oligomerization of HIV-1 Tat, 

that iron inhibited Tat-mediated HIV-1 LTR transactivation, and that endolysosome-specific 

iron chelators (DFO and 2–2 bipyridyl) enhanced Tat-mediated HIV-1 LTR transactivation. 

Thus, iron can increase levels of HIV-1 Tat oligomers relative to levels of HIV-1 Tat dimers 

and thereby restrict HIV-1 Tat escape from endolysosomes as well as decrease levels of 

Tat-induced HIV-1 LTR transactivation.

Material and methods

Cell cultures

U87MG astrocytoma cells were cultured in 1 × DMEM (Invitrogen) supplemented with 

10% fetal calf serum and penicillin/streptomycin (Invitrogen) and incubated in a 5% CO2 

incubator at 37 °C. Cells were grown to ~ 50% confluence in 35-mm2 dishes as well as 

in 96-well plates; cells were not used past their tenth passage. U87MG cells were stably 

transfected with an integrated luciferase gene under the control of an HIV-1 Tat-driven LTR 
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promoter following neomycin antibiotic (Sigma-Aldrich) selection pressure; these cells were 

provided generously by Dr. Lena Al-Harthi (Rush University, Chicago).

Luciferase reporter assay for Tat-mediated HIV-1 LTR transactivation

U87MG cells were seeded at 30 to 40% confluency (~ 10,000 cells) on 96-well plates 1 

day prior to being taken for experimentation. Cells were incubated with 2 μg/ml HIV-1 Tat 

in the presence of 100 μM chloroquine (Sigma-Aldrich). Three sources of HIV-1 Tat were 

used: ABL Inc., NIH AIDS program, and Dr. Tory Johnson from Johns Hopkins University. 

In some experiments, cells were co-treated with FeCl2 (Millipore), FeCl3 (Millipore), 

ammonium iron citrate (NH4–Fe–citrate, Sigma-Aldrich), iron dextran (Sigma-Aldrich), 

ZnCl2 (Sigma-Aldrich), MgCl2 (Sigma-Aldrich), CuCl2 (Fisher Scientific), CoCl2 (Sigma­

Aldrich), deferoxamine (DFO, Sigma-Aldrich), 2–2 bipyridyl (2–2 BP, Sigma-Aldrich), 

deferiprone (Sigma-Aldrich), and deferasirox (Advanced Chemblocks Inc.). Luciferase 

activity assays (Promega) were performed 48 h post-incubation and relative luminescence 

units were quantified using a fluorometer/luminometer plate reader (Molecular Devices, 

Spectra MAX GEMINI EM).

Immunoblotting

Cells were harvested and lysed in 1 × RIPA lysis buffer (Thermo Fisher) containing 10 

mM NaF, 1 mM Na3VO4, and 1 × protease inhibitor cocktail (Sigma). After centrifugation 

(14,000 × g for 10 min at 4 °C), supernatants were collected, and protein concentrations 

were determined with a DC protein assay (Bio-Rad). Proteins (10 μg) were separated by 

SDS-PAGE (12% gel) and transferred to PVDF membranes using the iBlot 2 dry transfer 

system (Invitrogen). The membranes were incubated overnight at 4 °C with antibodies 

against GAPDH (Abcam, Ab181603), histone (Abcam, Ab1791), β-catenin (Abcam, 

Ab32572), and HIV-1 Tat (Santa Cruz, Sc-65913). Blots were developed with enhanced 

chemiluminescence, and the density of antibody-positive protein bands was determined 

using a Li-COR Odyssey Fc Imaging System (LiCor).

SDS-PAGE and native gels for HIV-1 Tat

HIV-1 Tat proteins (7.0 μg/m1) were treated with different preparations of iron at pH 5.5 

for 3 h at 37 °C followed by protein separation using 15% SDS-PAGE and Coomassie blue 

staining. HIV-1 Tat protein mobility shifts used 4–16% Bis–Tris native gels (Thermo Fisher 

Bis–Tris Native Gel kit).

SDS-PAGE for HIV-1 Tat-treated cells

U87MG cells were incubated with HIV-1 Tat protein (7.0 μg/ml) in the absence or presence 

of FeCl3, DFO, or a combination of FeCl3 and DFO) for 6 h (pH 5.5, 37 °C). Sample 

proteins were then separated using 15% SDS-PAGE, and immunoblots were performed for 

determination of HIV-1 Tat protein mobility shifts and HIV-1 Tat oligomerization.

Effects of extracellular HIV-1 Tat on HIV-1 Tat oligomerization and HIV-1 LTR transactivation

To determine the extent of HIV-1 Tat oligomerization, HIV-1 Tat proteins (7.0 μg/m1) 

from two separate sources (ABL Inc. and Dr. T. Johnson from Johns Hopkins University) 
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were treated with either 100 or 500 μM DFO for 3 h at room temperature. Aliquots were 

then added to 4 to 16% Bis–Tris native gels for determination of Tat mobility shifts. To 

determine the extent of HIV-1 LTR transactivation, U87MG cells expressing HIV-1 LTR 

were incubated for 4 h with HIV-1 Tat protein (2 μg/m1), CQ (100 μM), and FeCl3 (20 μM) 

prior to the addition of DFO (20 μM). Cells were then incubated for 48 h in a 5% CO2 

incubator at 37 °C prior to being taken for measurement of luciferase activity associated 

with Tat-mediated HIV-1 LTR transactivation.

Molecular interactions of Fe2+ with HIV-1 Tat

The structure for HIV-1 Tat protein was retrieved from the Protein Data Bank (PDB) using 

the PDB Id:3MI9. The docking of Fe2+ on the HIV-1 Tat protein was performed using metal 

ion binding (MIB) prediction models; the docking server (http://bioinfo.cmu.edu.tw/MIB/) 

used the C-chain of PDB for the structure of HIV-1 Tat (PDB Id: 3MI9) (Lin et al. 2016). 

Using fragment transformation, comparisons were made between the local structure with 

known metal ion binding sites and a query protein structure with an unknown binding 

site. After comparison, all residues were scored, and residues above a set threshold were 

predicted as Fe2+ binding residues. Illustration of the Tat protein with bound Fe2+ was 

generated using Chimera v.1.6.2 (Pettersen et al. 2004), and molecular interaction plots 

of Fe2+ with HIV-1 Tat protein were generated using LigPlot + v.1.4.5 (Laskowski and 

Swindells 2011).

Generation of U87MG-LTR cells stably expressing HIV-1 Tat-GFP

We generated a cell line stably expressing Tat-GFP by transducing U87MG-LTR cells 

with lentivirus particles of Tat-GFP encoded lentivector (Origene, CV1011716 subcloned 

into PS10093) at a multiplicity of infection of 1.0; control cells were transduced with 

GFP lentivirus particles (Origene, PS100093). Cells were then selected under puromycin 

pressure (5.0 μg/ml); the molecular mass of the HIV-1 Tat protein was determined by 

immunoblotting, and levels of Tat-mediated HIV-1 LTR transactivation were measured using 

the below described Steady Glow Luciferase Assay (Promega).

Effects of intracellular HIV-1 Tat on LTR transactivation

One day prior to being taken for experimentation, 10,000 U87MG-LTR cells stably 

expressing Tat-GFP were seeded for 24 h in 96-well plates. Cells were then treated for 6 or 

24 h with vehicle or 25-μM concentrations of the iron chelators DFO, deferiprone, or 2–2 

bipyridyl before being taken for determination of HIV-1 LTR activity using the Steady Glow 

Luciferase Assay (Promega); HIV-1 LTR activity was measured as relative luminescence 

units (RLU).

Lysosome leakage assay

U87MG cells were seeded at a density of about 10,000 cells on lysine-coated 35 mm2 

culture dishes. After culturing the cells in a 5% CO2 incubator at 37 °C for 24 h, cells 

were treated for 3 h with the endocytosed dye Alexa 488-conjugated dextran (10 μM, 

Thermo Fisher) with DMSO, FeCl3 (20 μM), or DFO (20 μM) in the absence or presence 

of chloroquine (100 μM). Post-incubation, cells were washed 3 times with 1 × PBS, and 
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images were captured by confocal microscopy (Zeiss LSM800). Images were analyzed 

using ImageJ software (NIH) to determine the intensity of Alexa-488 conjugated dextran 

fluorescence in endolysosomes and cytosol.

Effects of iron and iron chelators on protein expression levels of β-catenin and β-catenin­
mediated TCF/LEF transcription activity

For determination of β-catenin protein levels, U87MG cells were seeded at a density of 

about 2,000,000 cells on 100-mm2 cell culture dishes. After culturing the cells in a 5% CO2 

incubator at 37 °C for 24 h, cells were treated for 36 h with 20 μM concentrations of the 

iron chelators DFO and DFX or the iron supplements FeCl2, FeCl3, and NH4–Fe–Citrate. 

Following incubations, cells were harvested and divided into two parts; one part was lysed 

in 1 × lysis buffer for determination of total protein levels using the Bradford method, 

and the second part was used to obtain cytosol and nuclear fractions (Thermo Fisher, kit 

#78,833). Whole-cell lysates, cytosol, and nuclear fractions were used for determination of 

β-catenin protein levels. For determination of β-catenin-mediated TCF/LEF transcription 

activity, U87MG cells were transfected with TCF/LEF reporter plasmids (1 μg) (TOPFlash 

and FOPFlash) using Jet prime reagent (DNA/Jet prime reagent, 1:2 ratio) on 12-well cell 

culture plates. Twenty-four-hour post-transfection, cells were seeded onto 96-well plates and 

treated with iron or iron chelators for 24 h followed by determination of luciferase activity 

(Steady Glow Luciferase assay) as a measure of TCF/LEF transcription activity (Coghlan et 

al. 2000).

Statistical analysis

All data were presented as means ± standard deviations. Statistical significance between two 

groups was determined with a Student’s t-test, and statistical significance among multiple 

groups was determined using a one-way ANOVA plus a Tukey post hoc test. p < 0.05 was 

accepted to be statistically significant.

Results

Iron decreased Tat-induced HIV-1 LTR transactivation

We first determined the extent to which different forms of iron affected the ability of 

HIV-1 Tat to promote HIV-1 LTR transactivation. Using a U87MG cell-based reporter 

assay we determined the effects of FeCl2, FeCl3, ammonium iron citrate (NH4–Fe(III)–

citrate), and iron(III)–dextran at concentrations ranging from 0.5 to 100 μM on levels 

of Tat-mediated HIV-1 LTR transactivation. When co-incubated for 48 h with HIV-1 Tat 

(2 μg/ml) and chloroquine (CQ, 100 μM), all four forms of iron decreased Tat-mediated 

HIV-1 LTR transactivation; statistically significant decreases were observed for FeCl2 (Fig. 

1A) and FeCl3 (Fig. 1B) starting at 1.0 μM, for NH4–Fe(III)–citrate (Fig. 1C) starting at 

2.5 μM, and for iron(III)–dextran (Fig. 1D) starting at 5.0 μM. However, no statistically 

significant changes in Tat-mediated HIV-1 LTR transactivation were observed when cells 

were incubated for 24 h with HIV-1 Tat and then incubated for another 24 h with FeCl2, 

FeCl3, NH4–Fe–citrate, or irondextran at concentrations as high as 50 μM (Fig. 2). These 

results suggested to us that iron affected HIV-1 Tat and its ability to initiate but not reverse 

Tat-mediated HIV-1 LTR transactivation.
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Tat-mediated HIV-1 LTR transactivation was not significantly affected by ZnCl2, CuCl2, 
MgCl2, and CoCl2

Because endolysosomes contain high levels of divalent cations in addition to iron, we next 

determined the extent to which other divalent cations might affect Tat-mediated HIV-1 LTR 

transactivation; co-incubation of cells for 48 h with HIV-1 Tat (2 μg/ml) and chloroquine 

(CQ, 100 μM) with ZnCl2, CuCl2, MgCl2, and CoCl2 at concentrations ranging from 0.5 to 

100 μM did not produce any statistically significant differences in Tat-mediated HIV-1 LTR 

transactivation (Fig. 3). Thus, of the divalent cations tested, only iron had a restrictive action 

on Tat-mediated HIV-1 LTR transactivation. Furthermore, incubations with ZnCl2, CuCl2, 

MgCl2, and CoCl2 at the various concentrations used were for 4 h. Under those conditions, 

we did not observe any statistically significant changes in endolysosome pH. Although we 

did not measure cell life and death, the cells were inspected under light microscopy and 

appeared healthy (data not shown).

Endolysosome-specific iron chelators enhanced Tat-mediated HIV-1 LTR transactivation

Because the actions of HIV-1 Tat on LTR transactivation are mediated intracellularly and 

because iron is known to accumulate in subcellular organelles and the cytosol, we next 

determined the extent to which chelation of iron in endolysosomes and/or cytosol affected 

HIV-1 LTR transactivation induced by exogenously applied HIV-1 Tat. Deferoxamine (DFO) 

is endocytosed and chelates iron in endolysosomes (Castino et al. 2011; De Domenico et 

al. 2009; Doulias et al. 2003; Espósito et al. 2002; Glickstein et al. 2005; Kurz et al. 2006; 

Lloyd et al. 1991) and 2–2-bipyridyl (2–2-BP) enters cells by diffusion and chelates iron 

both in the cytosol and in endolysosomes (Espósito et al. 2002; Fernández et al. 2016). 

DFO and 2–2-BP both caused statistically significant increases in Tat protein (2 μg/ml) plus 

chloroquine (CQ, 100 μM)-mediated HIV-1 LTR transactivation concentration-dependently; 

statistically significant increases with DFO started at 1.0 μM (p < 0.05) and with 2–2-BP 

started at 50 μM (Fig. 4A). In contrast, two cytosol-specific iron chelators, deferiprone and 

deferasirox, (Espósito et al. 2002; FISCHER et al. 2005; Glickstein et al. 2005; Hider and 

Zhou 2005; Mobarra et al. 2016) at concentrations ranging from 2.5 to 100 μM had no 

statistically significant effects on Tat-mediated HIV-1 LTR transactivation (Fig. 4B). Thus, 

it appears that endolysosome iron and not cytosolic iron regulates Tat-mediated HIV-1 LTR 

transactivation.

Molecular interactions of Fe2+ with the cysteine-rich domain HIV-1 Tat

Some divalent cations bind to and interact with the cysteine-rich helical domain of HIV-1 

Tat thereby causing protein oligomerization (Frankel et al. 1988; Tosi et al. 2000). Here, 

we modeled the amino acid sites at which Fe2+ binds to the cysteine-rich helical domain of 

HIV-1 Tat (Tat22-37). Molecular interaction modeling predicted that Fe2+ interacted at two 

sites of Tat22-37; both involve the cysteine-rich helical region of the protein (Fig. 5A). More 

specifically, 7 residues (Cys-22, Cys-25, Cys-27, Cys-30, His-33, Cys-34, Cys-37) of HIV-1 

Tat protein interacted with the two Fe2+ cations. At one site, Fe2+ formed three interaction 

bonds with sulfhydryl (SH) groups on Cys-25, Cys-27, and Cys-30 (Fig. 5B). At the other 

site, Fe2+ formed four interaction bonds with SH groups on Cys-22, Cys-34, and Cys-37 and 

the N-atom of the histidine imidazole ring on His-33 (Fig. 5B).
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Iron increased and zinc decreased HIV-1 Tat oligomerization

We next determined the effects of iron, and for comparison zinc, on the molecular mass 

of HIV-1 Tat using Bis–Tris native gel and SDS-PAGE immunoblots. HIV-1 Tat protein 

incubated with 20 μM FeCl2, FeCl3, or ZnCl2 and then subjected to electrophoretic 

separation using 4 to 16% Bis–Tris native gels shifted the HIV-1 Tat-positive band to a 

higher molecular mass with FeCl3 and less so FeCl2; ZnCl2 did not affect the molecular 

mass of HIV-1 Tat (Fig. 6A). Following immunoblot separation of HIV-1 Tat protein on 

15% SDS-PAGE gels, HIV-1 Tat-positive bands were observed both at molecular masses of 

about 14 and 24 kDa (Fig. 6B). The density of staining expressed as a ratio of oligomer 

(24 kDa)/dimer (14 kDa) was increased significantly (p < 0.001) with FeCl3 and FeCl2 but 

was decreased significantly (p < 0.05) by ZnCl2 (Fig. 6C). Thus, iron increased, and zinc 

decreased levels of the less-active oligomeric form of HIV-1 Tat.

Deferoxamine prevented and reversed FeCl3-induced HIV-1 Tat oligomerization and 
increased Tat-mediated HIV-1 LTR transactivation

First, we determined if the endocytosed iron chelator deferoxamine (DFO) could prevent 

and/or reverse HIV-1 Tat oligomerization. U87MG cells expressing HIV-1 Tat were 

incubated for 3 h at 37 °C with either aqueous buffer (control), DMSO vehicle, DFO 

(20 μM), FeCl3 (20 μM), or FeCl3 (20 μM) plus DFO (20 μM); samples were then 

immunoblotted for HIV-1 Tat using 15% SDS-PAGE. FeCl3 increased significantly (p < 

0.001) and DFO decreased significantly (p < 0.01) levels of oligomerized HIV-1 Tat; 

DFO decreased significantly (p < 0.05) FeCl3-induced HIV-1 Tat oligomerization (Fig. 

7A). Next, we determined whether DFO could reverse HIV-1 Tat oligomerization. HIV-1 

Tat proteins from two separate sources (JHU and ABL Inc.) were treated with DFO at 

concentrations of 100 or 500 μM for 3 h at room temperature and then processed on 

4 to 16% Bis–Tris native gels. Both forms of HIV-1 Tat were heavily oligomerized and 

DFO reversed significantly (p < 0.001) levels of oligomeric relative to dimeric HIV-1 Tat 

(Fig. 7B). To confirm that changes in levels of oligomerized HIV-1 Tat were functionally 

relevant, we next determined the extent to which FeCl3 and DFO affected Tat-mediated 

HIV-1 LTR transactivation. Incubation of U87MG cells with FeCl3 (20 μM) decreased 

significantly (p < 0.05) HIV-1 LTR transactivation, DFO (20 μM) increased significantly (p 
< 0.05) HIV-1 LTR activation, and co-incubation of FeCl3 with DFO blocked significantly 

(p < 0.01) FeCl3-induced decreases in HIV-1 LTR activation (Fig. 7C). The ability of 

DFO to increase Tat-mediated HIV-1 LTR transactivation was concentration-dependent, and 

significant increases in Tat-mediated HIV-1 LTR transactivation were observed starting at 

1.0 μM DFO (Fig. 7D).

FeCl3 and DFO did not affect lysosome leakage and did not affect chloroquine-induced 
lysosome leakage

We reported previously that CQ increased lysosome leakage as well as promoted the 

escape of HIV-1 Tat from endolysosomes (Khan et al. 2020c). Therefore, it was important 

to discount the possibility that FeCl3 and/or DFO influence Tat-mediated HIV-1 LTR 

transactivation because of effects on lysosome leakage. Using U87MG reporter cells 

preloaded with Alexa-488 conjugated dextran, CQ (100 μM), but not FeCl3 (20 μM) or DFO 
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(20 μM), significantly decreased (p < 0.001) endolysosome levels of Alexa-488 fluorescence 

and increased (p < 0.05) cytosol levels of Alexa-488 fluorescence (Fig. 8A). Additionally, 

neither FeCl3 (20 μM) nor DFO (20 μM) significantly affected the ability of CQ (100 μM) to 

alter lysosome leakage (Fig. 8B).

Effects of iron and iron-chelators on protein expression levels of β-catenin and β-catenin­
mediated TCF/LEF transcription activity

β-Catenin is a restriction factor for HIV-1 LTR transactivation and HIV-1 replication. 

Therefore, it was important to determine possible effects of iron and iron chelators on 

protein expression levels of β-catenin as well as β-catenin-mediated TCF/LEF transcription 

activity. Protein expression levels of β-catenin were decreased significantly (p < 0.01) 

by the iron chelators deferoxamine (DFO, 20 μM) and deferasirox (DFX, 20 μM) but 

were not changed significantly by 20 μM FeCl2, NH4–Fe–citrate, and FeCl3 in whole-cell 

extracts (Fig. 9A, D), cytosol (Fig. 9B, E), and nuclear extracts (Fig. 9C, F). β-Catenin­

mediated TCF/LEF transcription activity was decreased significantly by the endolysosome 

iron chelator DFO (20 μM, p < 0.0001) and the cytosolic iron chelator deferasirox (DFX) 

(20 μM, p < 0.001) but was not changed significantly by 20 μM FeCl2, NH4–Fe–citrate and 

FeCl3 (Fig. 9G).

Effects of iron and iron chelators on HIV-1 LTR transactivation in U87MG cells stably 
transduced with HIV-1 Tat-GFP

To determine effects of iron and iron chelators on HIV-1 transactivation induced by 

intracellularly produced HIV-1 Tat, we first generated a stable HIV-1 Tat-GFP cell line. 

U87MG-LTR cells were transduced with a Tat-GFP lentivirus plasmid at an MOI of 1.0 

followed by puromycin selection pressure (5.0 μg/ml). Using confocal microscopy, stably 

transduced cells exhibited robust staining for HIV-1 Tat that co-distributed in DAPI-positive 

nuclei (Fig. 10A). Western blot analysis of HIV-1 Tat showed high levels of Tat-GFP in the 

stably transduced cells (Fig. 10B). Levels of HIV-1 LTR transactivation were significantly 

(p < 0.001) higher in stably transduced Tat-GFP cells than in control-GFP U87MG-LTR 

cells (Fig. 10C). Intracellular Tat expression-mediated HIV-1 LTR transactivation was 

not affected significantly when stably transduced cells were incubated for 24 h with 20 

μM FeCl2, FeCl3, NH4–Fe–citrate, or iron dextran (Fig. 10D). Intracellular Tat expression­

mediated HIV-1 LTR transactivation was significantly (p < 0.001) increased when stably 

transduced cells were incubated for 24 h with 25 μM of the iron chelators deferoxamine 

(DFO), 2–2 bipyridyl (2–2-BP), and deferiprone (DPO) (Fig. 10E).

Discussion

HIV-1 Tat is endocytosed into cells, is secreted actively from HIV-1 infected cells, and once 

up-taken it impacts HIV-1 replication (Ensoli et al. 1993; Mann and Frankel 1991; Sonia et 

al. 2012; Vendeville et al. 2004; Vives 2003). HIV-1 Tat is composed of two introns (Frankel 

et al. 1988), and functionally it is composed of four distinct domains (Clark et al. 2017; 

Frankel et al. 1988; Jeang et al. 1999; Romani et al. 2010). Of relevance to the current 

work, domain 2 (Tat22-37) is a cysteine-rich region that binds divalent cations and once these 

cations are bound to HIV-1 Tat they induce structural changes including Tat oligomerization 
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(Frankel et al. 1988). Functionally, HIV-1 Tat is most active as a dimer (Jeang et al. 1999) 

and Tat oligomerization decreases its biological activity as well as its ability to escape 

endolysosomes (Tosi et al. 2000) (Fig. 11).

Here, we showed (1) that ferric (Fe3+) and ferrous (Fe2+) iron both restricted Tat­

mediated HIV-1 LTR transactivation, (2) that in the presence of iron HIV-1 Tat 

increasingly oligomerized and had a decreased ability to enhance Tat-mediated HIV-1 

LTR transactivation, (3) that chelation of endolysosome iron with deferoxamine and 2–2 

bipyridyl, but not chelation of cytosolic iron with deferiprone and deferasirox, significantly 

enhanced Tat-mediated HIV-1 LTR transactivation, (4) that deferoxamine was able to both 

prevent and reverse HIV-1 Tat oligomerization and thereby increased the effectiveness of Tat 

to enhance HIV-1 LTR transactivation, and (5) that deferoxamine reduced protein expression 

levels of the HIV-1 restriction factor beta-catenin in the cytosol and nucleus. These findings 

demonstrate that reducing levels of endolysosome iron through chelation strategies can 

increase the levels and actions of the more active dimeric form of HIV-1 Tat relative to its 

less active oligomerized form. This has potentially important implications both for PLWH as 

well as experimentalists studying the actions and effects of HIV-1 Tat.

Extracellular levels of iron affect HIV-1 infection and disease progression (Afacan et al. 

2002; Banjoko et al. 2012; Doherty 2007; Esan et al. 2013; Khan et al. 2020a; Mancone et 

al. 2017; Nekhai et al. 2013). Conversely, HIV-1 infection affects iron metabolism (Afacan 

et al. 2002; Banjoko et al. 2012; Kumari et al. 2016); depending on the progression of 

HIV-1 infection, levels of serum iron are either decreased or increased (Chang et al. 2015; 

Nekhai et al. 2013). Increased levels of iron can lead to the generation of reactive oxygen 

species (ROS) in part through Fenton reactions and increased levels of ROS can increase 

HIV-1 replication (Couret and Chang 2016; Ivanov et al. 2016; Kanti Das et al. 2015) and 

metabolic imbalances that can exploit iron (Afacan et al. 2002; Banjoko et al. 2012; Kumari 

et al. 2016). Moreover, the neurotoxic actions of the HIV-1 proteins gp120 and Tat are 

mediated at least in part through increased levels of ROS (El-Amine et al. 2018; Louboutin 

et al. 2014, 2007; Louboutin and Strayer 2014; Nath et al. 2000; Ronaldson and Bendayan 

2008). Thus, there is a complicated relationship between iron levels and HIV-1.

Intracellularly, iron may also affect HIV-1 replication. Endolysosomes are acidic organelles 

that contain high micromolar levels of divalent cations including Ca2+, Fe2+, and Zn2+. 

When de-acidified, as can occur with a variety of insults, these cations are released from 

endolysosomes (Halcrow et al. 2019; McGuire et al. 2017; Mindell, 2012; Prasad and Rao 

2018; Terman and Kurz 2013; Xiong and Zhu 2016; Xu and Ren 2015), and iron once 

released can increase levels of iron and ROS in the cytosol and in mitochondria. This is 

of relevance to our findings because Tat and gp120 de-acidify endolysosomes (El-Hage et 

al. 2015; Hui et al. 2012), and when deacidified, HIV-1 Tat can escape into the cytosol 

and nucleus where it activates the HIV-1 LTR promoter (Ensoli et al. 1993; Khan et al. 

2018, 2019b; Kolson et al. 1994). Thus, endolysosome deacidification may be an important 

regulator of HIV-1 replication (Chauhan et al. 2014; Chauhan and Tikoo 2015; Vijaykumar 

et al. 2008).
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Cations released from endolysosomes might impact HIV-1 in various ways. Iron (Fe2+) 

supramolecular helicates interfered with interactions between HIV-1 Tat and TAR RNA and 

affected HIV-1 replication (Slice et al. 1992). Ammonium iron citrate negatively regulated 

viral infections by blocking endolysosome escape processes (Wang et al. 2018). Zn2+ 

interacted with the cysteine-rich domain of Tat protein and induced Tat oligomerization 

(Frankel et al. 1988; Song et al. 2003). However, here, we did not find that ZnCl2, MgCl2, 

CuCl2, and CoCl2 could alter extracellular Tat-mediated HIV-1 LTR transactivation. Because 

iron was found in our molecular docking studies to bind to the same amino acids as 

does zinc (Cys-22, Cys-25, Cys-27, Cys-30, His-33, Cys-34, Cys-37), iron-induced Tat 

oligomerization might affect HIV-1 transactivation by virtue of its ability to either restrict 

the escape of Tat from endolysosomes or by increasing levels of ROS.

When iron was co-incubated with exogenously applied HIV-1 Tat, we observed lower levels 

of the active dimeric forms of HIV-1 Tat as well as lower levels of Tat-mediated LTR 

transactivation; opposite results were observed with endolysosome-specific iron chelators. 

However, when iron was applied to cells after incubation with HIV-1 Tat, no effects on 

Tat-mediated LTR transactivation were observed. But, when endolysosome-specific iron 

chelators were applied to cells after incubation with HIV-1 Tat, enhanced Tat-mediated 

HIV-1 LTR transactivation was still observed. Thus, chelation of endolysosome iron appears 

to be an important regulator of the biological actions of HIV-1 Tat whether exogenously 

applied or produced from cells stably transfected to produce HIV-1 Tat. This may be due 

to the ability of iron chelators to reduce the expression of anti-HIV-1 factor β-catenin and 

TCF/LEF transcription activity in U87MG cells (Coombs et al. 2012; Kamihara et al. 2016; 

Song et al. 2011).

Our results also have implications for experimentalists interested in the biological actions 

of HIV-1 Tat. There are relatively few sources from which HIV-1 Tat can be obtained. 

All sources we have tested contain to varying degrees dimeric and oligomeric HIV-1 Tat; 

HIV-1 Tat is far more active as a dimer than it is as an oligomer. This might help explain 

great discrepancies in the literature about concentration/effect relationships. Importantly, 

we have shown that endolysosome-specific chelators of iron can reverse iron-dependent 

oligomerization and increase Tat-mediated HIV-1 LTR transactivation. Thus, it is possible 

that people producing HIV-1 Tat might create a more potent source of Tat if they prevented 

iron-induced HIV-1 Tat oligomerization.

In summary, endolysosome iron might restrict HIV-1 transactivation by promoting HIV-1 

Tat oligomerization—a less active form of Tat. Iron might also decrease levels of the 

more active dimeric form of HIV-1 Tat proteins in the laboratory because of iron-induced 

oligomerization of HIV-1 Tat. On the other hand, endolysosome-specific iron chelators can 

increase levels of HIV-1 transactivation by decreasing HIV-1 Tat oligomerization and by 

reducing β-catenin protein expression. Thus, endolysosome-specific iron chelators might 

be used with caution in PLWH whereas experimentalists might find benefit by using iron 

chelators because of their ability to increase levels of the more active dimeric forms of 

HIV-1 Tat.
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Fig. 1. 
Iron decreased Tat-mediated HIV-1 LTR transactivation. U87MG cells were co-incubated for 

48 h with four types of iron A FeCl2, B FeCl3, C ammonium iron(III) citrate, and D iron(III) 

dextran at concentrations ranging from 0.5 to 100 μM in the absence or presence of Tat 

protein (2 μg/ml) and chloroquine (CQ, 100 μM). Tat-mediated HIV-1 LTR transactivation 

measured as luciferase activity (percent of control) was significantly decreased by A FeCl2 

starting at 1.0 μM, by B FeCl3 starting at 1.0 μM, by C ammonium iron(III) citrate starting 

at 2.5 μM, and by D iron(III) dextran starting at 5.0 μM. (n = 3; *p < 0.05; **p < 0.01, ***p 
< 0.001)
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Fig. 2. 
Post-treatment with iron did not reverse Tat-mediated increases in HIV-1 LTR 

transactivation: U87MG cells were incubated for 24 h with HIV-1 Tat protein (2 μg/ml) and 

CQ (100 μM) prior to the addition of and incubation for another 24 h with four types of iron 

A FeCl2, B FeCl3, C ammonium iron(III) citrate, and D iron(III) dextran at concentrations 

ranging from 10 to 50 μM. Post-treatment with iron did not significantly affect the ability of 

HIV-1 Tat to increase HIV-1 LTR transactivation. (n = 3; p > 0.05)
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Fig. 3. 
ZnCl2, CuCl2, MgCl2, and CoCl2 did not significantly affect Tat-mediated HIV-1 LTR 

transactivation. U87MG cells were co-incubated for 48 h with A ZnCl2, B CuCl2, C MgCl2, 

and D CoCl2 at concentrations ranging from 0.5 to 100 μM in the absence or presence 

of HIV-1 Tat protein (2 μg/ml) and chloroquine (CQ, 100 μM). Tat-mediated HIV-1 LTR 

luciferase activity (percent of control) was not significantly affected by pretreatment of cells 

with ZnCl2, CuCl2, MgCl2, or CoCl2. (n = 3; p > 0.05)
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Fig. 4. 
Endolysosome but not cytosolic iron chelators enhanced Tat-mediated HIV-1 LTR 

transactivation. A U87MG cells stably transfected with a luciferase gene under the control 

of the Tat responsive HIV-1 LTR promoter were incubated for 48 h with the endolysosome­

specific iron chelators deferoxamine (DFO) or 2–2 bipyridyl at concentrations ranging from 

0.25 to 100 μM and HIV-1 Tat protein (2 μg/ml) in the presence of chloroquine (CQ, 100 

μM). Luciferase activity (percent of control) was significantly increased by DFO starting 

at concentrations of 1.0 μM (left panel) and by 2–2 bipyridyl starting at concentrations 

of 50 μM (right panel). B No statistically significant effects on Tat-mediated HIV-1 LTR 

transactivation were observed when U87MG cells were incubated for 48 h with the cytosolic 

iron chelators deferiprone or deferasirox at concentrations ranging from 2.5 to 100 μM in the 

presence of Tat protein (2 μg/ml) and CQ (100 μM). (n = 3; *p < 0.05; **p < 0.01, ***p < 

0.001, ****p < 0.0001)
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Fig. 5. 
Computer modeling of iron-binding sites on HIV-1 Tat protein. Computer modeling 

indicated that the cysteine-rich domain of HIV-1 Tat protein (Cys-22, Cys-25, Cys-27, 

Cys-30, His-33, Cys-34, Cys-37) is capable of interacting with ferrous (Fe2+) and ferric 

(Fe3+) iron. A Molecular interaction modeling predicted that Fe2+ interacted at two sites 

of Tat22-37; both involve the cysteine-rich helical region of the protein involving 7 amino 

acid residues (Cys-22, Cys-25, Cys-27, Cys-30, His-33, Cys-34, Cys-37). B At one site, 

Fe2+ formed three interaction bonds with sulfhydryl (–SH) groups on Cys-25, Cys-27, and 
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Cys-30. At other sites, Fe2+ formed four interaction bonds with –SH groups on Cys-22, 

Cys-34, and Cys-37 and the N-atom of the histidine imidazole ring on His-33. Illustrated are 

Fe2+ and Fe3+ (red), hydrogen bonds (green), bond lengths, and coordinate bonds (thin blue 

lines) (http://bioinfo.cmu.edu.tw/MIB/)
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Fig. 6. 
Iron increases and zinc decreases HIV-1 Tat oligomerization. A HIV-1 Tat protein (7.0 

μg/ml) was incubated at 37 °C for 3 h with 20 μM concentrations (pH 5.5) of FeCl2, 

FeCl3, and ZnCl2 followed by gel electrophoresis separation using 4–16% Bis–Tris 

native gels. FeCl3 and less so FeCl2 increased the molecular mass of HIV-1 Tat; ZnCl2 

had no observable effect. B, C Tat protein (7.0 μg/ml) was incubated at 37 °C for 3 

h with 20 μM concentrations (pH 5.5) of FeCl2, FeCl3, and ZnCl2 followed by gel 

electrophoresis separation using 15% SDS-PAGE and immunoblotting. FeCl2 and FeCl3 
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increased significantly (p < 0.001) and ZnCl2 decreased significantly (p < 0.05) the ratio 

of HIV-1 Tat oligomer to dimer. Thus, iron increased, and zinc decreased levels of the 

less-active oligomeric form of HIV-1 Tat
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Fig. 7. 
Deferoxamine (DFO) prevented and reversed FeCl3-induced HIV-1 Tat oligomerization, and 

increased Tat-mediated HIV-1 LTR transactivation. A Tat protein (7.0 μg/ml) was incubated 

for 6 h at 37 °C with U87MG cells alone and in combination with 20 μM FeCl3, 20 

μM DFO, and 20 μM FeCl3 plus 20 μM DFO. Immunoblots for HIV-1 Tat using 15% SDS­

PAGE showed that DFO decreased significantly (p < 0.01) Tat oligomerization, that FeCl3 

increased significantly (p < 0.001) Tat oligomerization, and that DFO blocked significantly 

(p < 0.05) FeCl3-induced Tat oligomerization. B HIV-1 Tat from two sources (JHU and 
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ABL) contained oligomerized Tat, but DFO was able to reverse the oligomerization when 

Tat protein (7.0 μg/ml) was incubated with DFO (100 and 500 μM) for 3 h at room 

temperature, and samples were separated using 4–16% Bis–Tris native gels (Thermo Fisher). 

C U87MG cells were incubated with HIV-1 Tat (2 μg/ml) and CQ (100 μM) for 4 h prior 

to 48 h incubation with FeCl3 (20 μM), DFO (20 μM), or FeCl3 (20 μM) plus DFO (20 

μM). Tat-mediated HIV-1 LTR transactivation was decreased significantly (p < 0.05) by 

FeCl3, was increased significantly (p < 0.05) by DFO, and DFO blocked significantly (p < 

0.05) FeCl3-induced decreases in Tat-mediated HIV-1 LTR transactivation. D U87MG cells 

were incubated with HIV-1 Tat protein (2 μg/ml) for 4 h in the presence of CQ (100 μM) 

prior to the addition of DFO (0.25 to 20 μM) and incubation for an additional 24 h. DFO 

significantly increased Tat-mediated HIV-1 LTR transactivation starting at 1.0 μM. (n = 3; *p 
< 0.05, **p < 0.01, ****p < 0.0001)
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Fig. 8. 
FeCl3 and DFO did not affect lysosome leakage and did not affect chloroquine-induced 

lysosome leakage. U87MG cells were incubated for 4 h at 37 °C with the endocytosed dye 

Alexa-488 conjugated dextran (10 μM) prior to incubating the cells for 3 h with A CQ (100 

μM), FeCl3 (20 μM), and DFO (20 μM) or B CQ (100 μM) in the absence or presence 

of FeCl3 (20 μM) and DFO (20 μM). Images were captured by confocal microscopy 

(Zeiss LSM800), and data were analyzed using ImageJ to determine Alexa-488 conjugated 

dextran fluorescence intensity in endolysosomes and cytosol. CQ significantly decreased (p 
< 0.0001) levels of Alexa-488 fluorescence in endolysosomes and increased (p < 0.05) levels 

of fluorescence in the cytosol (Fig. 8A). FeCl3 and DFO did not significantly affect leakage 

of Alexa-488 conjugated dextran nor did it affect significantly the lysosomotropic actions of 

CQ. (n = 3; *p < 0.05; ****p < 0.001)
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Fig. 9. 
Effects of iron and iron chelators on protein expression levels of the HIV-1 restriction factor 

β-catenin and β-catenin-mediated TCF/LEF transcription activity. U87MG cells were treated 

with the iron chelators deferoxamine (DFO, 20 μM) and deferasirox (DFX, 20 μM) or 20 

μM FeCl2, FeCl3, and NH4–Fe–citrate for 36 h prior to harvesting cells for immunoblotting 

of protein expression levels of the HIV-1 restriction factor β-catenin in whole-cell extracts 

(A), cytosol (B), and nuclear fractions (C). In all three preparations, protein expression 

levels of β-catenin were significantly (p < 0.01) reduced by the iron chelators DFO and 
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DFX in whole-cell extracts (D), cytosol (E), and nuclear fractions (F) but was not changed 

significantly by 20 μM FeCl2, NH4–Fe–citrate and FeCl3. G β-Catenin-mediated TCF/LEF 

transcription activity was decreased significantly by the endolysosome iron chelator DFO 

(20 μM, p < 0.0001) and the endolysosome and cytosol iron chelator DFX (20 μM, p < 

0.001) but was not changed significantly by 20 μM FeCl2, NH4–Fe–citrate, and FeCl3
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Fig. 10. 
Effects of iron and iron chelators on HIV-1 LTR transactivation in U87MG cells stably 

transduced with HIV-1 Tat-GFP. To determine effects of iron and iron chelators on HIV-1 

transactivation induced by intracellularly produced HIV-1 Tat, we first generated a stable 

HIV-1 Tat-GFP cell line. U87MG-LTR cells were transduced with a Tat-GFP lentivirus 

plasmid at an MOI of 1.0 followed by puromycin selection pressure (5.0 μg/ml). A Using 

confocal microscopy, stably transduced cells exhibited robust staining for HIV-1 Tat that 

co-distributed in DAPI-positive nuclei. B Western blot analysis of HIV-1 Tat showed high 
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levels of Tat-GFP in the stably transduced cells. C Levels of HIV-1 LTR transactivation 

were significantly (p < 0.001) higher in stably transduced Tat-GFP cells than in control­

GFP U87MG-LTR cells (n = 3, ***p < 0.001). D Intracellular Tat expression-mediated 

HIV-1 LTR transactivation was not affected significantly when stably transduced cells were 

incubated for 24 h with 20 μM FeCl2, FeCl3, NH4–Fe–citrate or iron dextran. E Intracellular 

Tat expression-mediated HIV-1 LTR transactivation was significantly (p < 0.001) increased 

when stably transduced cells were incubated for 24 h with 25 μM of the iron chelators 

deferoxamine (DFO), 2–2 bipyridyl (2–2-BP), and deferiprone (DPO). (n = 3, ***p < 0.001)
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Fig. 11. 
Effects of iron and the iron chelators on Tat-mediated HIV-1 LTR transactivation. 

Endolysosome iron (FeCl2 and FeCl3) can bind to HIV-1 Tat, induce HIV-1 Tat 

oligomerization, and thereby decrease its biological activity as measured by Tat-mediated 

HIV-1 LTR transactivation. Endolysosome-specific iron chelators deferoxamine (DFO) and 

deferasirox (DFX) can maintain HIV-1 Tat in its more active dimeric form that enhances 

Tat-mediated HIV-1 LTR transactivation by mechanisms that include decreasing levels of 
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labile iron in endolysosomes and overcoming the actions of the HIV-1 restriction factor 

β-catenin
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