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I. INTRODUCTION 

A. HIV and Tat 

The human immunodeficiency virus (HIV) is the viral pathogen of the acquired 

immunodeficiency syndrome (AIDS), a new disease that was first reported in 1981. It has 

rapidly become a major health problem throughout the world. In AIDS patients, the immune 

defense mechanisms are broken down, resulting in opportunistic infections and 

malignancies which healthy people have no problem to fight. 

There are two subtypes of HIV known: HIV-I and HIV-2. HIV-1 is the main pathogen 

responsible for AIDS in Europe and America, while HIV-2 is largely confined to West 

Africa where it is the dominant HIV 1
• The transmission, clinical features, and 

immunological effects associated with HIV-2 infection are similar to those associated with 

HIV -1 infection. 

HIV belongs to the lentivirus subgroup of retroviruses, which cause "slow" infections 

with long incubation periods. Retroviruses are characterized by a unique enzyme, reverse 

transcriptase, which allows the virus to copy its RNA into double stranded DNA to replicate. 

HIV is the most complex among the known retroviruses. In addition to the three typical 

retroviral genes, gag,pol and env, which encode the structural proteins, the HIV genome 

has six regulatory genes-tat, rev, nef, vif, vpr, vpu 2• 



· Tat is a small protein encoded by two exons in the HIV- I genome (Fig.I). The first 

exon codes for the first 72 amino acids, while the second exon codes for the amino acids 

73-101. Tat-(1-72), coded by the first exon, contains all the necessary information for its 

transactivator function on HIV-1 genome and for most of its biological effects on host cells 

3
• The region of Tat coded by the second exon may be responsible for its 

immunosuppressive functions. This region has been implicated in the repression of the 

transcriptional genes of the MHC class I 4• 

2 

Tat protein consists of five different domains: the N terminal domain, the cysteine-rich 

domain, the core domain, the basic domain and the C-terminal domain (Fig.I). In particular, 

the basic domain contains signals for nuclear localization and binding site for TAR-RNA. 

TAR (transactivation - responsive region) is a structural RNA element presented at the 5' 

end of viral leader mRNAs. Tat can bind TAR and recruits a diverse series of transcriptional 

complexes, including enzymes with histone and factor acetyl transferase (HAT and FAT 

respectively) activity, which modify chromatin conformation at the proviral integration site, 

and a protein complex p-TEF-b (positive transcription elongation factor b) that 

phosphorylates the carboxy-terminal domain of RNA polymerase II, thus promoting 

elongation of viral RNA transcription5
. Tat can increase the steady-state levels of viral RNA 

several- hundred- fold by directing the formation of a more efficient Pol II transcription 

complex in virus-infectious cells 6• 

Tat can be released into the circulation of persons with HIV-1 infection via active 

secretion or lysis of infected cells 7•
8
• Extracellular HIV-I Tat can penetrate into host cell by 

means ofan endocytic process 9 and exert a variety of biological ~ffects 10 11
• For example, 



Figure 1. Schematic structure ofHIV-1 Tat protein. 

The HIV-1 Tat protein is a protein containing 101 amino acid residues encoded by 

exon 1 and exon 2. Tat-(1-72), the protein coded by the first exon, contains all the 

necessary information for its transactivation function. The Tat protein consists of 5 discrete 

domains: the N terminal domain, the cysteine-rich domain, the core domain, the basic 

domain and C-terminal domain. 

3 
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Tat is considered a neurotoxin implicated in the pathogenesis of dementia 12 and also acts on 

different cells of immunity contributing to the immune suppression in AIDS patients 7
•
8

• Tat 

appears to be responsible two of the most frequent cancers associated with AIDS: Kaposi's 

sarcoma 13 and B cell lymphoma 14
• Extracellular Tat induces neovascularization that is 

required for tumor growth and metastasis 8
• Finally, extracellular Tat induces upregulation 

of a wide spectrum of cytokines, chemokines, growth factors and their receptors 7• This 

suggests that a complex interplay may occur in which Tat-driven upregulation of cytokines 

amplifies the spectrum of the biological effects associated with the action of the 

transactivating factor. The function of Tat involved in AIDS progression and AIDS

associated pathologies is summacized in Figure 2. 

About 75% of AIDS patients develop eye involvement of some sort. The retina is most 

commonly affected. Noninfectious AIDS retinopathy (NIAR) is a finding that can be seen in 

the retina of the patients with AIDS in the absence of concomitant opportunistic infection. 

NIAR is observed in more than 65% of AIDS patients15
-
18

• and infection with HIV-I is the 

sole cause ofNIAR. NIAR is characterized by impairment of color vision and contrast acuity, 

functional deficits of Muller cells, optic nerve degeneration, loss of ganglion cells and 

microangiopathic infarctions called "cotton wool spots"15
-
18

• The severity ofNIAR-associated 

ocular manifestations increases with the progression of AIDS disease19
• Since HIV-positive 

patients are living longer due to improved treatment of opportunistic infections, 

complications associated with NIAR are expected to become more severe resulting in 

progressive vision loss. While visual loss associated with NIAR is well recognized, little is 

known about the mechanism ofNIAR pathogenesis, except that infection with HIV is solely 
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Figure 2. Role of Tat in AIDS progression and AIDS-associated pathologies 20
• 

HIV-Tat protein acts as the main transactivating factor of HIV and is required for 

replication of HIV. Tat protein can be actively released by HIV-infected cells and is 

detected in the serum of HIV-infected patients. Extracellular Tat is able to enter 

latently HIV- infected cells and activate the transcription of the viral genome. 

Furthermore, extracellular Tat promotes HIV-I co-receptors expression, thus inducing 

a self-perpetuating permissiveness for HIV-I infection. Extracellular Tat exerts a 

variety of biological activities. Tat is associated with AIDS-related dementia, 

immunosuppressiori., as well as two of the most frequent cancers associated with AIDS: 

Kaposi's sarcoma and B cell lymphoma. Furthermore, Tat can cause oxidative stress 

and glutamate-induced excitotoxicity and it may be related to the noninfectious AIDS 

retinopathy. 



Fig.2 
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responsible for the condition. The presence of mv virions in retinal tissue has been 

demonstrated microscopically at necropsy from patients with AIDS21
. 

HIV has been isolated from the aqueous and vitreous humor of AIDS patients 22
•
23

. HIV 

can directly infect and replicate in human retinal cells 22
•
24

•
25

; moreover, HIV-infected 

macrophages_ present in ocular tissues would also contribute to NIAR pathogenesis. While the 

infection with HIV as the cause of NIAR is indisputable, the molecular events linking the 

virus infection to the pathogenesis ofNIAR remain largely unidentified. 

It is documented that in the central nervous system, HIV infection leads to oxidative 

stress and glutamate toxicity with subsequent neuronal cell death. These processes underlie 

the pathogenesis of neurological complications associated with AIDS 26
-
28

, collectively 

known as AIDS dementia or neuroAIDS. Reduced glutathione (GSH) levels in blood and 

erythrocytes of AIDS patients precipitate oxidative stress. Elevation of extracellular 

glutamate levels and activation of N-methyl-D-aspartate (NMDA) receptors contribute to 

excitotoxicity 26
-
28

• It is not known whether oxidative stress and glutamate-induced 

excitotoxicity occur in retina as a result of HIV infection. While oxidative stress and 

excitotoxicity associated with HIV infection in the brain have been documented at the 

phenomenological level, our knowledge of molecular events leading to decreased GSH levels 

and increased glutamate toxicity is far froni complete: Our studies focus on Tat as the 

mediator of oxidative stress and excitotoxicity in retina in HIV infection because it is 

implicated in the pathogenesis of AIDS dementia 29
•
33

• While several other HIV- I proteins are 

also neurotoxic, including gpl20, Nef, and Vpu, there is overwhelming evidence for the 

involvement of Tat in AIDS-associated neurological complications. Exogenous 
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administration of Tat, in vitro and in vivo, leads to neuronal cell death 34
•
35

• In vitro and in 

vivo data obtained in brain clearly implicate Tat in the reduction of cellular GSH levels and in 

the activation ofNMDA receptor 26
"
28.It is not known whether oxidative stress and glutamate

induced excitotoxicity occur in retina as a result of HIV-I infection. Previous studies in our 

lab found decreased levels of glutathione in ARPE-19 after exposure to HIV-I Tat. This 

suggested that Tat was the primary mediator of retinal complications in NIAR. We 

hypothesized that Tat-induced oxidative stress and excitotoxicity in retinal cells (RPE, retinal 

ganglion cells, and Muller cells) played an important role in the pathogenesis of NIAR. And 

we initiated studies to investigate the effect of HIV -1 Tat on RPE cells with emphasis on the 

transporters involved in the process of oxidative stress and excitotoxicity in the RPE. 

B. Retina and Retinal Pigment Epithelium (RPE) (Fig. 3) 

The eye is a specialized structure designed to collect and convert light into neural signals. 

The mammalian retina is composed of retinal pigment epithelium and three neural layers: the 

outer nuclear layer, the inner nuclear layer, and the ganglion cell layer. The outer nuclear 

layer contains the nuclei of the rod and cone photoreceptor cells. Photoreceptor cells are the 

primary neuronal cells responsible for photo-transduction. The photoreceptor cells consist of 

outer segments which are in close contact with the microvilli of RPE. The inner nuclear layer 

contains bipolar cells, horizontal cells and amacrine cells and nuclei of Millier cells. The 

ganglion cell layer contains the third order neurons whose axons form the optic nerve. 
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Figure 3. Structure of retina and retinal pigment epithelium 36 

The retinal pigment epithelium (RPE) is a monolayer of cuboidal cells attached to the 

vascular choroid. At its basal side, the RPE basement membrane forms part of the 

double layered Bruch's membrane. At their apical side, the RPE cells contain microvilli 

which interdigitate with the outer segments of the photoreceptor. At it lateral side; the 

RPE contains tight junctions, which is important in the formation of the blood-retina 

barrier. The neural retina is composed of multiple layers. The outer nuclear layer 

consists of the nuclei ofrod and cone cells. The outer plexiform layer is made up of the 

synapses between the terminal processes of the rod and cone cells, the bipolar cells, and 

the horizontal cells. The inner nuclear layer consists of the nuclei of the bipolar cells, the 

horizontal cells, the amacrine cells, and the Muller cells. The inner plexiform layer is 

made up of the synaptic connections between the bipolar, amacrine, and ganglion cells. 

The ganglion cell layer consists of the nuclei of the ganglion cells. 
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The retinal pigment epithelium consists of a single layer of cells which is attached to the 

vascular choroid. The apical side of the RPE cells shows multiple microvilli, which 

interdigitate with the outer segments of the photoreceptor cells. The lateral sides of RPE cell 

are in close contact with those of adjacent RPE cells to form tight junctions. This tight 

junction constitutes the outer retinal-blood barrier. RPE cells absorb scattered light and also 

phagocytose membranous discs, which are shed by photoreceptor outer segments 37
• RPE 

cells were also thought to release factors, which have trophic effects upon the neural retina, 

promoting both the differentiation and survival of photoreceptor cells 38
• Furthermore, RPE 

cells are responsible for the transport of nutrients from the vascular choroid into the subretinal 

space. 

ARPE-19 is a human RPE cell line developed by Dr. Hjelmeland in 1996 39
• This cell 

line has structural and functional properties characteristic ofRPE cells in vivo. Recently, we 

initiated studies to investigate the influence of HIV-I Tat on gene expression in retinal 

pigment epithelium (RPE), with special emphasis on the expression of the genes coding for 

plasma membrane transporters. In these studies, we stably expressed HIV-I Tat protein in the 

ARPE-19 cell line and monitored the differential expression of genes in control ARPE-19 

cells and in Tat-expressing ARPE cells by genechip analysis. We found that more than 100 

genes were differentially regulated by Tat in these cells with more than 2-fold change in 

expression. To understand the biological significance of these Tat targets in RPE, we used the 

Affimetrix software GeneSpring to classify the differentially expressed genes on the basis of 

their biological functions ( e.g., cell death, cell growth and maintenance, enzymes, transporters, 

transcription factors, etc). The profile of gene expression influenced by HIV-I Tat 



Table I. The profile of differential gene expression between control ARPE-19 and Tat

ARPE-19 

The GeneChip Human Genome Ul33A from Affymetrix was employed for the analysis of 

differential gene expression between control ARPE-19 cells and Tat expressing ARPE-19 

cells. Total RNA samples from control-ARPE-19 and Tat-ARPE-19 were prepared in our lab 

and were sent to the Genomics Core Facility to process genechip array analysis. The 

experiments were repeated three times. All of these genes were annotated by using the 

Affimetrix software GeneSpring and categorized on the basis of their biological process, 

cellular component, and molecular function. Tat/Control ratio was calculated as the mean 

from values in the three experiments. 



Table I. The profile of differential gene expression between control ARPE-19 and Tat-ARPE-19 

Function Description (* ratio means expression level of gene in Tat-ARPE-19/ expression level in control ARPE-19) 

Biological Process 
Cell death 

Cell death-regulatory protein GRIM19 

similar to gb:J03934 NAD(P)H DEHYDROGENASE (HUMAN);, mRNA sequence. 

similar to gb:X07834 SUPEROXIDE DISMUTASE PRECURSOR (HUMAN);, mRNA sequence. 

Programmed cell death 8 (apoptosis-inducing factor) 

Death-associated protein kinase I 

Programmed cell death 2 

Homo sapiens cDNA clone IMAGE:3647703 3', mRNA sequence. 

Death-associated protein kinase 3 

Homo sapiens cDNA clone IMAGE:323922 3', mRNA sequence. 

Cell growth and maintenance 

Homo sapiens cDNA clone IMAGE:433 I 724 5', mRNA sequence. 

Homo sapiens cDNA clone IMAGE:3910566 5', mRNA sequence. 

Peroxisome proliferative activated receptor, gamma 

Opioid growth factor receptor 

Table I- I 

ratio* 

6 

4.2 

3 

2.8 

0.32258 

0.32258 

0.32258 

0.30303 

0.27778 

7.8 

7.4 

6.2 

5.2 



Transporter I, ATP-binding cassette, sub-family B (MDR/TAP) 

Heat shock 27kD protein 2 

Solute carrier family 7, (cationic amino acid transporter, y+ system) member 11 

Nerve growth factor, beta polypeptide 

Solute carrier family 6 (neurotransmitter transporter, creatine), member 8 

CDC6 (cell division cycle 6, S. cerevisiae) homolog 

Homo sapiens cDNA clone IMAGE:2296820 3', mRNA sequence. 

FXYD domain-containing ion transport regulator 5 

Transforming growth factor, beta I 

CDC6 (cell division cycle 6, S. cerevisiae) homolog 

Apoptosis iuhibitor 5 

ATPase, Ca++ transporting, type 2C, member I 

Solute carrier family 21 (organic anion transporter), member 11 

Solute carrier family 16 (monocarboxylic acid transporters), member 4 

Growth arrest-specific 7 

Solute carrier family 7 (cationic amino acid transporter, y+ system), member I 

Putative L-type neutral amino acid transporter 

Ecotropic viral integration site 5 

Amino acid transporter system A I 

Fibroblast growth factor 18 

Table I- 2 

3.8 

3.8 

3.8 

3.6 

3 

3 

2.6 

2.6 

2.4 

2.4 

2 

0.33333 

0.33333 

0.32258 

0.3125 

0.3125 

0.3125 

0.30303 

0.30303 

0.27027 



Enzyme linked 

Ectonucleotide pyrophosphatase/phosphodiesterase 2 (autotaxin) 

Growth arrest-specific 1 

Latent transforming' growth factor beta binding protein 2 

Solute carrier family 21 (organic anion transporter), member 3 

protein-serinethreonine kinase gene 

Protein tyrosine phosphatase, receptor type, fpolypeptide (PTPRF), interacting protein (liprin), alpha 1 

Serine/threonine kinase 12 

Protein tyrosine phosphatase, receptor type, K 

Protein tyrosine phosphatase, non-receptor type 13 (APO-l/CD95 (Fas)-associated phosphatase) 

Integrin receptor signalling 

Integrin-Iinked kinase 

Integrin beta .i binding protein 

Integrin, alpha 6 

Integrin, beta 4 

Homo sapiens cDNA clone IMAGE:4139065 5', mRNA sequence. 

Homo sapiens cDNA clone IMAGE:4718390 5', mRNA sequence. 

Homo sapiens cDNA clone cdAADAI I 5', mRNA sequence. 

Integrin, beta-like I (with EGF-like repeat domains) 

A disintegrin-Iike and metalloprotease (reprolysin type) with thrombospondin type I motif, 5 (aggrecanase-2) 

Table I- 3 

0.27027 

0.25 

0.2439 

0.23256 

5 

4 

3 

2 

0.3125 

2.2 

2 

0.33333 

0.33333 

0.32258 

0.32258 

0.3125 

0.30303 

0.27778 



Integrin, alpha 4 (antigen CD49D, alpha 4 subunit ofVLA-4 receptor) 

Protein Kinase cascade 

Homo sapiens cDNA clone IMAGE:2355114 3' 

Signal transducer and activator of transcription 1, 9 lkD 

N-myc (and STAT) interactor 

Phorbol-12-myristate-13-acetate-induced protein 1 

Signal transducer and activator of transcription I, 9 lkD 

wk95g09.xl NCI_CGAP _Lu19 Homo sapiens cDNA clone IMAGE:2423200 3', mRNA sequence. 

Signal transducer and activator of transcription 6, interleukin-4 induced 

Homo sapiens cDNA clone IMAGE:1676847 3' 

Prostatic binding protein 

Homo sapiens cDNA clone IMAGE:2559426 3' 

Pregnancy 

Viral life cycle 

Pregnancy specific beta-1-glycoprotein 5 

Pregnancy specific beta-1-glycoprotein 3 

Homo sapiens cDNA clone IMAGE:489884 3', mRNA sequence. 

Basic helix-loop-helix domain containing, c,Iass B, 2 

Pregnancy specific beta-1-glycoprotein 1 

Pregnancy specific beta-1-glycoprotein 4 

Table I- 4 

0.26316 

10.8 

6.4 

5.6 

4.4 

3.6 

3.4 

2.6 

2.4 

0.33333 

0.3125 

3.6 

3.2 

3.2 

3 

2.8 

2.2 



Baculoviral IAP repeat-containing 3 

Myxovirus (influenza) resistance 2, homolog ofmurine 

Baculoviral IAP repeat-containing 5 (survivin) 

Finkel-Biskis-Reilly murine sarcoma virus ubiquitously expressed (fox derived) 

BCL2/adenovirus EIB 19kD-interacting protein 3-like 

Dual specificity phosphatase 3 ( vaccinia virus phosphatase VH I-related) 

Baculoviral IAP repeat-containing 5 (survivin) 

V-erb-a avian erythroblastic leukemia viral oncogene homolog-like 4 

Ecotropic viral integration site 5 

Cellular component 

Chromatin 

Cytochrome 

SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily f, member I 

Nucleosome assembly protein I-like I 

Nucleosome assembly protein I-like 3 

Homo sapiens cDNA clone IMAGE:1664264 

NAD(P)H dehydrogenase, quinone I 

Cytochrome b-245, alpha polypeptide 

Table I- 5 

7 

3.2 

2.6 

2.2 

2.2 

2 

2 

0.3125 

0.30303 

3.4 

0.33333 

0.18182 

4.2 

2.6 

2 



Cytoplasm . 

Cytochrome P450, subfamily I (dioxin-inducible), polypeptide I (glaucoma 3, primary infantile) 

Interferon-induced, hepatitis C-associated microtubular aggregate protein (44kD) 

Myosin regulatory light chain 2, smooth muscle isoform 

Prion protein interacting protein 

Myosin VIIA (Usher syndrome 1B (autosomal recessive, severe)) 

Beclin I (coiled-coil, myosin-like BCL2-interacting protein) 

Homo sapiens cDNA clone IMAGE:2834924 3', mRNA sequence. 

Protein tyrosine phosphatase, receptor type, fpolypeptide (PTPRF), interacting protein (liprin), alpha I 

alternatively spliced isoform; Homo sapiens TNNTI gene, exons 1-11 (and joined CDS). 

Triple functional domain (PTPRF interacting) 

BCL2/adenovirus EIB 19kD-interacting protein 3-like 

Thioredoxin interacting protein 

Homo sapiens cDNA clone IMAGE:342116 

Apoptosis inhibitor 5 

Erbb2-interacting protein ERB!N 

TRAF family member-associated NFKB activator 

Intermediate filament protein syncoilin 

E3 ubiquitin ligase SMURF2 

Par-3 (partitioning defective 3, C.elegans) homolog 

Table I- 6 

0.2 

7.4 

4.4 

3 

2.8 

2.8 

2.8 

2.6 

2.4 

2.2 

2.2 

2 

2 

2 

2 

0.33333 

0.29412 

0.27778 

0.25 



Cytosol 

Sulfotransferase family, cytosolic, IC, member I 

Sulfotransferase family, cytosolic, IA, phenol-preferring, member I 

5'-nucleotidase (purine), cytosolic type B 

Extracellular matrix 

Golgi 

apparatus 

Mitochondria 

Homo sapiens cDNA clone IMAGE: 1709688 

Extracellular matrix protein I 

Homo sapiens cDNA clone IMAGE:884810 

EGF-containing fibulin-like extracellular matrix protein 2 

Homo sapiens cDNA clone Incyte 3948614 

Collagen, type IV, alpha I 

Collagen, type IV, alpha 2 

Matrix metalloproteinase 2 (gelatinase A, 72kD gelatinase, 72kD type IV collagenase) 

_Piccolo (presynaptic cytomatrix protein) 

Golgin-67 

Mitochondrial import receptor Tom22 

Serine hydroxymethyltransferase 2 (mitochondrial) 

Table I- 7 

6.4 

2.4 

0.33333 

6 

4.6 

3.4 

2.2 

2.2 

0.33333 

0.32258 

0.3125 

0.27027 

5.4 

6.2 

4.8 



Nuclear 

Mitochondrial ribosomal protein L 17 

Homo sapiens cDNA clone IMAGE:324014 

Superoxide dismutase 2, mitochondrial 

Phosphoenolpyruvate carboxykinase 2 (mitochondrial) 

Translocase of inner mitochondrial membrane 23 homo log (yeast) 

Uncoupling protein 2 (mitochondrial, proton carrier) 

Mitochondrial translational initiation factor 2 

Nuclear antigen Sp I 00 

Small nuclear ribonucleoprotein polypeptide N 

Nuclear receptor subfamily 3, group C, member 2 

Interferon-induced protein 41, 30kD 

Nuclear antigen Sp JOO 

Nuclear receptor subfamily I, group H, member 3 

RNA, U2 small nuclear 

Homo sapiens cDNA clone IMAGE:1676847 

Nuclear antigen Sp I 00 

Interferon-induced protein 41, 30kD 

Mitochondrial translational initiation factor 2 

Homo sapiens cDNA clone IMAGE:3906044 

Table I- 8 

3.8 

3 

2.8 

2.4 

2.4 

2 

0.33333 

6.6 

5.4 

4.4 

3.8 

3.6 

3 

2.8 

2.4 

2.4 

2.4 

0.33333 

0.32258 



Homo sapiens cDNA clone IMAGE:346686 

Molecular function 

Apoptosis related function 

Oncogene 

Cyclin 

Homo sapiens cDNA clone IMAGE:2355114 

Caspase I, apoptosis-related cysteine protease (interleukin I, beta, convertase) 

Apoptosis-associated speck-like protein containing a CARD 

Secreted frizzled-related protein I 

Programmed cell death 8 (apoptosis-inducing factor) 

Apoptosis inhibitor 5 

RAB38, member RAS oncogene family 

RAB4, member RAS oncogene family 

V-erb-a avian erythroblastic leukemia viral oncogene homolog-like 4 

Sarcospan (Kras oncogene-associated gene) 

Cyclin-E binding protein I 

Prostaglandin 12 (prostacyclin) synthase 

CyclinH 

Table I- 9 

0.2439 

10.8 

9.2 

4.6 

3.6 

2.8 

2 

2.4 

0.33333 

0.3125 

0.28571 

3.6 

2.4 

0.33333 



ATPase 

Dehydrogenase 

Enzyme 

Homo sapiens cDNA clone IMAGE:2713163 3', mRNA sequence. 

Proteasome (prosome, macropain) 26S subunit, ATPase, 4 

Homo sapiens cDNA clone CS0DI015YE19 5 prime, mRNA sequence. 

Proteasome (prosome, macropain) 26S subunit, non-ATPase, 4 

Human acid sphingomyelinase (ASM) gene 

A TPase, Ca++ transporting, type 2C, member I 

Homo sapiens cDNA clone IMAGE:2160035 

Homo sapiens cDNA clone IMAGE: 1664264 

NADH dehydrogenase (ubiquinone) I beta subcomplex, 8 (19kD, ASH!) 

NADH dehydrogenase (ubiquinone) Fe-S protein 8 (23kD) (NADH-coenzyme Q reductase) 

Sorbitol dehydrogenase 

Aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl transferase 

NAD(P)H dehydrogenase, quinone I 

Homo sapiens cDNA clone IMAGE:4299431 3', mRNA sequence. 

Methylmalonate-semialdehyde dehydrogenase 

Dihydropyrimidine dehydrogenase 

Aldo-keto reductase family I, member C3 (3-alpha hydroxysteroid dehydrogenase, type II) 

Table 1-10 

0.30303 

6.6 

5.4 

2.8 

2.4 

0.33333 

0.28571 

4.2 

3 

3 

2.6 

2.6 

2.6 

2.2 

0.33333 

0.32258 

0.26316 



general 

Esterase 

Isomerase 

Caspase I, apoptosis-related cysteine protease (interleukin I, beta, convertase) 

Human DNA sequence from clone RPI l-l lD8 on chromosome 6 

Ubiquitin-conjugating enzyme E2L 6 

NADH dehydrogenase (ubiquinone) Fe-S protein 8 (23kD) (NADH-coenzyme Q reductase) 

Ubiquitin-conjugating enzyme E2L 3 

Homo sapiens cDNA clone CSODI009YKI I 5 prime, mRNA sequence. 

Inhibitor of DNA binding 4, dominant negative helix-loop-helix protein 

Protein phosphatase methylesterase-1 

2',3'-cyclic nucleotide 3' phosphodiesterase 

Human acid sphingomyelinase (ASM) gene, exons a, and alternative a (3' end), b and c (5' end). 

Phosphodiesterase IC, calmodulin-dependent (70kD) 

Ectonucleotide pyrophosphatase/phosphodiesterase 2 (autotaxin) 

Homo sapiens cDNA clone IMAGE: 1738029 3', mRNA sequence. 

Glucose phosphate isomerase 

Peptidylprolyl isomerase B (cyclophilin B) 

Peptidylprolyl isomerase C (cyclophilin C) 

Homo sapiens cDNA clone ADBBFA03 5', mRNA sequence. 

Table 1-11 

9.2 

5 

4.8 

3 

2.6 

0.21277 

0.22222 

3.2 

2.4 

2 

0.33333 

0.27027 

0.18868 

3 

2.6 

2.6 

2 



Kinases 

Oxidase 

Phosphatase 

protein-serinethreonine kinase gene 

Homo sapiens cDNA clone IMAGE:1705106 

Serine/threonine kinase 12 

Homo sapiens cDNA clone IMAGE:2394789 3', mRNA sequence. 

Phosphoenolpyruvate carboxykinase 2 (mitochondrial) 

Pyruvate kinase, muscle 

Neurogranin (protein kinase C substrate, RC3) 

Protein kinase C, nu 

D-aspartate oxidase 

Glutathione peroxidase 3 (plasma) 

Homo sapiens cDNA clone IMAGE:2620775 

Lysyl oxidase-like 1 

Aldehyde oxidase I 

Protein phosphatase methylesterase-1 

Homo sapiens cDNA clone IMAGE:273122 3', mRNA sequence. 

Protein tyrosine phosphatase, receptor type, fpolypeptide (PTPRF), interacting protein (liprin), alpha 1 

Dual specificity phosphatase I 0 

Table 1-12 

5 

3.4 

3 

2.8 

2.4 

2.2 

2 

2 

7.8 

2.6 

2.4 

0.32258 

0.27778 

3.2 

3 

2.6 

2.2 



Phosphodiester 

Protease 

Dual specificity phosphatase 3 (vaccinia virus phosphatase VHl-related) 

Protein tyrosine phosphatase, receptor type, K 

Dual specificity phosphatase 4 

Protein phosphatase 2 (formerly 2A), regulatory subunit B" (PR 72) 

Homo sapiens cDNA clone IMAGE:1587441 sequence. 

Acylphosphatase 2, muscle type 

Protein phosphatase 1B (formerly 2C), magnesium-dependent, beta isoform 

Protein tyrosine phosphatase, non-receptor type 13 (APO-1/CD95 (Fas)-associated phosphatase) 

LP AP for lysophosphatidic acid phosphatase 

Ectonucleotide pyrophosphatase/phosphodiesterase 2 (autotaxin) 

2',3'-cyclic nucleotide 3' phosphodiesterase 

Human acid sphingomyelinase (ASM) geue, exons a, and alternative a (3' end), b and c (5' end). 

Phosphodiesterase IC, calmodulin-depeudent (70kD) 

Ectonucleotide pyrophosphatase/phosphodiesterase 2 (autotaxin) 

Homo sapiens cDNA clone IMAGE: 1738029 3', mRNA sequen~e. 

Homo sapiens cDNA clone IMAGE:2355114 

Caspase 1, apoptosis-related cysteine protease (interleukin 1, beta, convertase) 

Ubiquitin specific protease 18 

Table 1-13 

2 

2 

0.33333 

0.33333 

0.33333 

0.32258 

0.32258 

0.3125 

0.30303 

0.27027 

2.4 

2 

0.33333 

0.27027 

0.18868 

10.8 

9.2 

7.6 



Reductase 

Synthase 

Proteasome (prosome, macropain) subunit, beta type, 8 (large multifunctional protease 7) 

Proteasome (prosome, macropain) subunit, beta type, 9 (large multifunctional protease 2) 

Caspase I, apoptosis-related cysteine protease (interleukin I, beta, convertase) 

Complement component I, s subcomponent 

Ubiquitin specific protease I 0 

Human acid sphingomyelinase (ASM) gene, exons a, and alternative a (3' end), b and c (5' end). 

Cathepsin D (lysosomal aspartyl protease) 

Protease, serine, 12 (neurotrypsin, motopsin) 

SUMO-I-specific protease 

tu04d02.xl NCI_CGAP _Fr28 Homo sapiens cDNA clone IMAGE:2250051 3', mRNA sequence. 

A disintegrin-like and metalloprotease (reprolysin type) with thrombospondin type I motif, 5 

Homo sapiens cDNA clone IMAGE:1664264 

NADH dehydrogenase (ubiquinone) Fe-S protein 8 (23kD) (NADH-coenzyme Q reductase) 

NAD(P)H dehydrogenase, quinone I 

Guanosine monophosphate reductase 

Crystallin, zeta ( quinone reductase) 

Aldo-keto reductase family I, member C3 (3-alpha hydroxysteroid dehydrogenase, type II) 

WW domain-containing oxidoreductase 

Table 1-14 

6.6 

5.8 

5 

4.2 

2.8 

2.4 

2.2 

0.33333 

0.32258 

0.3125 

0.27778 

4.2 

3 

2.6 

2.2 

0.32258 

0.26316 

0.18519 



Transferase 

Prostaglandin E synthase 

Hydroxymethylbilane synthase 

Prostaglandin 12 (prostacyclin) synthase 

Prostaglandin E synthase 

Glutamate-ammonia ligase (glutamine synthase) 

Homo sapiens cDNA clone HEMBBI001564 

Sulfotransferase family, cytosolic, l C, member I 

Glycine amidinotransferase (L-arginine:glycine amidinotransferase) 

Serine hydroxymethyltransferase 2 (mitochondrial) 

Glutathione S-transferase theta 2 

ADP-ribosyltransferase (NAD+; poly (ADP-ribose) polymerase)-like 3 

Sulfotransferase family, cytosolic, l C, member I 

Aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl transferase 

Carbohydrate (N-acetylglucosamine-6-0) sulfotransferase 2 

Dolichyl-phosphate (UDP-N-acetylglucosamine) N-acetylglucosaminephosphotransferase I 

Sulfotransferase family, cytosolic, IA, phenol-preferring, member I 

Putative methyltransferase 

Methionine adenosyltransferase II, alpha 

Glutathione S-transferase pi 

Table 1-15 

3.4 

2.6 

2.4 

2.2 

0.3125 

0.20833 

6.4 

6.2 

4.8 

3.6 

3.6 

3.4 

2.6 

2.6 

2.6 

2.4 

2.4 

2.2 

2.2 



MHCantigen 

Homo sapiens mRNA for glucuronyltransferase I, complete eds. 

O-linked N-acetylglucosamine (GlcNAc) transferase 

Glycosyltransferase AD-017 

Heparan sulfate 2-O-sulfotransferase 

Homo sapiens cDNA clone CS0DC021 YF13 5 prime, mRNA sequence. 

Homo sapiens cDNA clone IMAGE:1334685 

Major histocompatibility complex, class I, B 

heavy chain; Human MHC class I HLA-J gene, exons 1-8 and complete eds. 

Major histocompatibility complex, class I, E 

Transcription factor 

Signal transducer and activator of transcription I, 9lkD 

Signal transducer and activator of transcription 6, interleukin-4 induced 

E74-like factor 3 (ets domain transcription factor, epithelial-specific) 

Homo sapiens cDNA clone IMAGE:2248455 

Ligand binding or carrier 

Solute carrier family 7, (cationic amino acid transporter, y+ system) member 11 

Solute carrier family 6 (neurotransmitter transporter, creatine), member 8 

Homo sapiens cDNA clone IMAGE:2296820 3', mRNA sequence. 

Uncoupling protein 2 (mitochondrial, proton carrier) 

Table 1-16 

2 

0.33333 

0.32258 

0.3125 

0.28571 

0.2439 

2.2 

2 

2 

6.4 

2.6 

2.2 

0.33333 

3.8 

3 

2.6 

2 



Structural Protein 

DNA binding 

Solute carrier family 21 (organic anion transporter), member I I 

Solute carrier family 7 (cationic amino acid transporter, y+ system), member I 

Solute carrier family 21 (organic anion transporter), member 3 

Extracellular matrix_protein I 

SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily f, member I 

Glutathione peroxidase_ 3 (plasma) 

Homo sapiens cDNA clone JMAGE:2620775 

EGF-containing fibulin-like extracellular matrix protein 2 

Homo sapiens cDNA clone Incyte 3948614 

Flap structure-specific endonuclease I 

Gelsolin (amyloidosis, Finnish type) 

Matrix metalloproteinase 2 (gelatinase A, 72kD gelatinase, 72kD type JV collagenase) 

Homo sapiens cDNA clone IMAGE:! 192096 

Piccolo (presynaptic cytomatrix protein) 

Synuclein, alpha (non A4 component of amyloid precursor) 

Signal transducer and activator of transcription I, 91kD 

Signal transducer and activator of transcription 6, interleukin-4 induced 

E74-like factor 3 (ets domain transcription factor, epithelial-specific) 

Table 1-17 

0.33333 

0.3125 

0.23256 

4.6 

3.4 

2.6 

2.4 

2.2 

2.2 

2 

0.32258 

0.3125 

0.30303 

0.27027 

0.2439 

3.6 

2.6 

2.2 



Homo sapiens cDNA clone IMAGE:2248455 0.33333 

Homo sapiens cDNA clone IMAGE:2253362 0.30303 

Inhibitor of DNA binding 4, dominant negative helix-loop-helix protein 0.22222 

Ligand 

Homo sapiens cDNA clone IMAGE:2355114 J0.8 

Secreted frizzled-related protein I 4 

Nerve growth factor, beta polypeptide 3.6 

Pentaxin-related gene, rapidly induced by IL- i beta 3 

LPS-induced TNF-alpha factor 2.6 

Transforming growth factor, beta I 2.4 

EGF-containing fibulin-like extracellular matrix protein 2 2.2 

Secreted frizzled-related protein 4 0.32258 

Homo sapiens cDNA clone JMAGE:3313858 3', mRNA sequence. 0.3125 

Integrin, beta-like I (with EGF-like repeat domains) 0.30303 

Msh (Drosophila) homeo box homolog 2 0.30303 

Homo sapiens cDNA clone JMAGE:2592880 3', mRNA sequence. 0.29412 

Fibroblast growth factor 18 0.27778 

Latent transforming growth factor beta binding protein 2 0.2439 

Ubiquitin 

Ubiquitin specific protease I 8 7.6 

Table 1-18 



Transporter 

Human DNA sequence from clone RPI 1-11D8 on chromosome 6 

Ubiquitin-conjugating enzyme E2L 6 

Ubiquitin specific protease I 0 

Ubiquitin-conjugating enzyme E2L 3 

E3 ubiquitin ligase SMURF2 

Homo sapiens cDNA clone CS0DI009YKl 1 5 prime, mRNA sequence. 

Transporter I, ATP-binding cassette, sub-family B (MDR/TAP) 

Solute carrier family 7, (cationic amino acid transporter, y+ system) member 11 

Solute carrier family 6 (neurotransmitter transporter, creatine), member 8 

Homo sapiens hxCT mRNA for cystineglutamate exchanger, complete eds 

Homo sapiens cDNA clone IMAGE:2296820 3', mRNA sequence. 

FXYD domain-containing ion transport regulator 5 

A TPase, Ca++ transporting, type 2C, member I 

Solute carrier family 21 ( organic anion transporter), member 11 

Solute carrier family I 6 (monocarboxylic acid transporters), member 4 

Solute carrier family 7 (cationic amino acid transporter, y+ system), member I 

Putative L-type neutral amino acid transporter 

Amino acid transporter system A 1 

Solute carrier family 21 (organic anion transporter), member 3 

Table 1-19 

5 

4.8 

2.8 

2.6 

0.27778 

0.21277 

3.8 

3.8 

3 

2.8 

2.6 

2.6 

0.33333 

0.33333 

0.32258 

0.3125 

0.3125 

0.30303 

0.23256 
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in ARPE-19 is listed in the Table 1. This list included the up-regulation of the genes coding 

for the amino acid transporter x· c and for the creatine transporter, and the down-regulation of 

the gene coding for the organic anion transporting polypeptide OATP-A. 

C. Transporters affected by HIV-Tat in retinal pigment epithelium 

1. Cystine/glutamate exchanger (x-,) 

Cystine/glutamate exchanger, known as x·0, mediates the Na+-independent, 

electroneutral exchange of cystine and glutamate 40
• Under physiological conditions, x·0 

transports cystine into the cells coupled to the efflux of intracellular glutamate. This vectorial 

transfer is facilitated by the inside-to-outside transmembrane gradient of glutamate and the 

outside-to-inside transmembrane gradient of cystine that normally exist across the plasma 

membrane of most cells. This transport system plays a critical role in glutathione homeostasis 

because cellular synthesis of glutathione is limited by intracellular levels of cysteine. The 

transport system x·0 supplies cells with this rate-limiting amino acid. Cystine transported into 

cells via x·0 is effectively reduced to cysteine for cellular utilization. Glutathione is a very 

important antioxidant necessary for protection of the cells against oxidative damage and 

therefore x·0 assumes significance as a transport system closely associated with the cellular 

antioxidant machinery. x·0 is a heterodimeric transporter, consisting ofa light chain and a 

heavy chain 41
•
42

• Whereas th~ light chain is solely responsible for the transmembrane 

transport function, the heavy chain combines with the light chain during biosynthesis via a 

disulfide linkage and facilitates the trafficking of the heterodimeric complex to the plasma 

membrane. The heavy chain is known as 4F2hc and the light chain as xCT. The light chain 

has been cloned from mou~e and human tissues 4347
. The relevance of this transport system to 
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cellular antioxidant processes is highlighted by the observations that cells exposed to 

oxidative stress upregulate this transport system. This has been shown in a variety of 

cell/tissue types, including macrophages 44
, retinal pigment epithelial cells 45, conjunctiva! 

epithelial cells 48
, blood-brain barrier 49

, and blood-retinal barrier50
• This oxidative stress

induced upregulation involves increased synthesis of the light chain alone or the light chain as 

well as the heavy chain depending on the cell/tissue type and the oxidative stimulus. The 

transcription factor Nrf2 participates in this oxidant-induced upregulation ofx-c 51•52. The 

induction of this transport system in response to oxidative stress is one of the mechanisms 

used by tissues in an attempt to increase the cellular levels of the antioxidant glutathione and 

provide protection against the oxidative insult. 

Recent studies 53 have shown that x-c also plays a critical role in the regulation of 

extracellular levels of glutamate in the brain. This is not surprising because X-c is expressed 

widely in the brain 54 and this transport system mediates the efflux of glutamate. Thus, x-c 

contributes to the non-synaptic source of extracellular glutamate in the brain. Since glutamate 

is an excitotoxin to neurons, increased activity of this transport system may cause 

excitotoxicity by elevating the extracellular levels of this amino acid. There is evidence that 

the transport function ofx-c in the brain plays an important role in cocaine withdrawal and 

cocaine abuse 55
• In addition, quisqualic acid is a high-affinity substrate for x-c and it has been 

shown recently that transport of this compound into hippocampal neurons via x-c is a 

prerequisite for the induction of quisqualic acid sensitization 56• 

Infection with human immunodeficiency virus HIV type 1 in humans is associated with 

decreased levels of glutathione in tissues and in circulation 57
•
58

• Since glutathione not only 
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participates as an antioxidant but also is important for conjugation of various drugs and 

xenobiotics necessary for their subsequent elimination from the body, glutathione deficiency 

seen in HIV-1 infection contributes to oxidative damage as well as drug toxicity often found 

in humans in association with HIV-1 infection 26
•
59

•
60

• There is evidence to indicate that the 

HIV-I-induced decrease in glutathione levels in host cells may provide an advantage to the 

virus for enhanced proliferation 61
•
62

• There are also data to show that the decrease in 

glutathione levels in host cells is directly related to virus infection rather than a secondary 

effect associated with any other pathological consequences of virus infection 63•64• The 

influence ofHIV-1 infection on glutathione levels in infected cells appears to be caused 

primarily by Tat as evident from transgenic animal studies as well as from studies with 

mammalian cells heterologously expressing the Tat protein 29
•
30

. Recent studies by Choi et al 

30 have focused on the molecular mechanism of HIV-1 Tat-induced decrease in glutathione 

levels in the liver and erythrocytes of Tat-transgenic mice. These studies have shown that the 

expression ofHIV-1 Tat in mice leads to down-regulation ofy-glutamylcysteine synthetase, 

the rate-limiting enzyme in the synthesis of glutathione. This enzyme consists of a catalytic 

subunit and a regulatory subunit 65
• It is the regulatory subunit that is down-regulated in Tat

transgenic mice with no change in the expression of the catalytic subunit 30• 

While visual loss associated with NIAR is well recognized, little is known about the 

mechanism of NIAR pathogenesis, except that infection with HIV-1 is solely responsible for 

the condition. HIV-1 can directly infect and replicate in human retinal microglia 66• While the 

infection with HIV-I as the cause of NIAR is indisputable, the molecular events linking the 

virus infection to the pathogenesis ofNIAR remain largely unidentified. There is unequivocal 

evidence for disruption of GSH biosynthesis in AIDS patients resulting in reduced GSH 
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levels in tissues and blood and hence in oxidative stress 58
•
67

"
70 and for the role of Tat in this 

phenomenon 17
•
29

•
32

• We asked whether the expression of x·0 is influenced by Tat in retina 

using ARPE-19 cells as a model system 70
• 

2. OATP-A 

Organic anion transporting polypeptides (rodents: Oatps; human: OATPs) constitute a 

rapidly expanding transporter family ofpolyspecific membrane transporters 71
•
72

• Although 

some members of this transporter superfamily are selectively expressed in rodent and human 

livers, where they are involved in the hepatic clearance of albumin-bound compounds from 

portal blood 73
, most Oatps/OA TPs are expressed in multiple tissues including the blood

brain barrier (BBB), choroid plexus, lung, heart, intestine, kidney, placenta and testis 74
• 

The first human OATP, now called OATP-A (SLC21A3), was cloned from the liver; it 

also exhibits strong expression in the brain 75
•
76

• OATPsA contains 670 amino acids and 

exhibits the common 12-transmembrane domain topology, characteristic of all members of 

the Oatp/OA TP gene family so far identified. OATP-A mediates the transport of opioid 

peptides across blood-brain barrier. &-opioid receptor agonists [D-penicillamine] enkephalin 

(DPDPE) and deltorphin II are substrates ofOATP-A with Kt values of202 µMand 330 µM 

respectively. The OATP-A-mediated deltorphin II transport is inhibited by the endogenous 

peptide Leu-enkephalin, and the opiate antagonists naloxone and naltrindole 75
•
76

• 

3. Creatine transporter (CRTI) 

Creatine plays an essential role in the storage and transmission of phosphate-bound 

energy due to conversion of creatine to phosphocreatine catalyzed by creatine kinase. 



Creatine is present at high concentrations, particularly in tissues subject to high metabolic 

demands, such as the retina, brain, heart, and muscle 77
•
78

• 
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Creatine in the body is maintained by biosynthesis mainly in the liver and kidney, and by 

dietary supplementation. Other tissues such as the heart, skeletal muscle, brain and retina 

accumulate creatine by concentrative uptake from blood by a creatine transport system 77• 

The blood-retinal barrier (BRB) shields the retina from the circulating blood. Nutrients must 

be obtained from the choroidal circulation in avascular retinas (e.g., rabbit), and also from 

retinal vascular circulation in vascularized retinas ( e.g., human and mice). Creatine and 

phosphocreatine are lost from tissues due to spontaneous conversion to creatinine (-1.7%/day) 

which diffuses out of the cells and is excreted by the kidney. Creatine required by the retina 

must be obtained by transport across the BRB 79
• 

There are two genes coding for creatine transporter and the two transporters are known as 

CRT! and CRT2. CRT! is expressed ubiquitously and the ability of CRT! to transport 

creatine has been demonstrated unambiguously. CRT2 has been described only at the gene 

level. Its expression seems to be restricted to testes. Whether CRT2 can transport creatine is 

unknown 80
• 

The creatine transporter (CRT!) is present in retinal capillary endothelial cells 81 • CRT! 

is also expressed in all cells of developing and adult retina except the Millier cells 82
• The 

expression of CRT! in the ocular tissue allows creatine transport from the circulation to retina. 

This transport mechanism is energized by a Na+ gradient, a er gradient, and a membrane 
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potential with a Na +:cr:creatine stoichiometry of 2: 1: 1 83
• There is little information available 

about the factors regulating CRTl gene expression 80• 

C. Tat-transgenic mice 

Several Tat transgenic mice models with either tissue-specific or global expression of 

Tat have been generated in different laboratories 84 85 30
• However, none of these models 

represented the expression pattern of Tat in AIDS patients. To study the effects ofHIV-1 Tat 

on ocular tissues in vivo, we generated Tat-transgenic mice in which the expression of the 

transgene was restricted to MHC class II-positive immune cells (macrophages, B cells, and 

dendritic cells). This was done using a targeting construct derived from a vector (pDOI-5) 

(Fig. 4) used for the expression of foreign cDNAs in the MHC class II-positive cells of 

transgenic mice 86
• 

The expression of Tat transgene is under the control of an immune cell-specific promoter 

(Ea). The expression pattern of Tat in our transgenic mouse model is comparable to that in 

HIV-infected patients; therefore, it offers an appropriate model to study the effects of Tat 

related to the pathogenesis ofNIAR. The strategy to generate the DOI-Tat transgenic mice is 

summarized in the Figure 5. 

Summary of Overview 

Tat is the major transactivator that is required for replication of HIV. It can be released 

into the circulation of persons with HIV-I infection and the extracellular Tat exerts a variety 

of biological effects on manunalian cells. The literature showed that Tat was associated with 

the AIDS-dementia, Kaposi's sarcoma and B cell lymphoma. 



17 

Figure 4. Schematic diagram of the structure of pDOI-Tat transgene construct 

pDOI-5 Tat transgene construct consists of pDOI vector and transgene HIV-I-Tat (1-72) 

and the total size is 7680 bp. pDOI-5 is a targeting vector used for the expression of foreign 

cDNAs in the MHC class II -positive cells of transgenic mice. This vector contains a 

fragment of the rabbit P-globin gene which provides an intron as well as a polyadenylation 

signal. The trans gene was inserted into this vector in the middle of the rabbit p-globin gene 

such that the expression of the transgene is driven by the promoter of the murine MHC class 

II gene Ea. The ampicillin resistance gene is used for clone screening. The entire first exon 

of the Tat gene was amplified by PCR using the pGEM-2 Tat plasmid as the template and 

the resulting product was subcloned into pGEM-T Easy vector. The insert, 441 bp in length, 

was then released by digestion with EcoRI and ligated into pDOI-5 vector at EcoRI site in 

the middle of the rabbit P-globin gene. The construct was sequenced to identify the clone in 

which the transgene was in the right orientation so that its expression was under the control 

of the promoter Ea gene. 
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Figure 5. Generation of Tat-transgenic mice 

The female B6 and male CBA mice were crossed each other and fertilized eggs were 

freshly harvested. pDOI-Tat was inject into the male pronucleus of eggs, and injected eggs 

were implanted in a pseudopregnant ICR mouse. After the successful implant, the !CR mice 

developed pups which may carry the Tat transgene. Screening the F2 mice was done by 

genomic PCR ofHIV-1 Tat. Two heterozygous Tat mice were mated each other and their 

offsprings was monitored by genotyping. 

18 



Fig. 5. 

F1 

86 (female) CBA (male) r+ I ~ Tat 

F2 

X ~ 
Transgene 

~0000~ ~ 
Microinjection of ONA into fertilized eggs 

D 
> 

~ ICR (foster mother) 

Screening of 
transgenic mice by c=:::) 
genotype analysis 

Positive mice crossed 
with each other to 

determine germline 
transmission 



19 

Non-infectious AIDS retinopathy is observed in more than {i5% of AIDS patient. The 

HIV is the only pathogen responsible for NIAR. It is documented that oxidative stress and 

excitatory caused by Tat was implicated in the pathophysiology of AIDS-associated dementia. 

Previous work in our laboratory found that the level of GSH was decreased under the 

expression of exogenous HIV-1 Tat. Decreased GSH can cause oxidative stress. This 

suggested that Tat may be responsible for the NIAR by the similar mechanism as AIDS

associated dementia. 

x·0 is a cystine/glutamate exchanger which transports cystine into the cells coupled to the 

efflux of intracellular glutamate under physiological condition. This transport system plays a 

critical role in glutathione homeostasis because cellular synthesis of glutathione is limited by 

intracellular levels of cysteine. Glutathione is a very important antioxidant necessary for 

protection of the cells against oxidative damage and therefore x·0 assumes significance as a 

transport system closely associated with the cellular antioxidant machinery. At the same time, 

levels of glutamate are closed related with this transporter. Elevation of extracellular 

glutamate levels and activation ofNMDA receptors contribute to excitotoxicity. Therefore, it 

would be interesting t_o study the effect of Tat on the ocular tissue. The retinal pigment 

epithelium (RPE) is responsible for transcellular transfer of nutrients from choroidal blood 

into the subretinal space to nourish the photoreceptor cells. RPE should express different 

transporters including x·c. We asked whether the expression x·0 was influenced by Tat in the 

eye using ARPE cell as a cellular model system and Tat transgenic mice as an in vivo model 

system. To identify the target genes for Tat in ARPE-19 cells, we initiated the genechip 

analysis of differentially expressed genes in control ARPE-19 cells versus Tat-expressing 



ARPE-19 cells. Furthermore, we studied some of the target genes affected by Tat in details 

and explored the possible role in the pathogenesis of AIDS-related disease. 
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Specific Aims of the current project 

1. Characterization of Tat-transgenic mouse 

We generated a transgenic Tat-mouse line in which the expression of the transgene was 

restricted to macrophages, B cells, and dendritic cells. To characterize these transgenic mice, 

we performed the genotyping of mouse by genomic PCR of Tat to confirm the integration 

HIV-I Tat transgene into the mouse genome. Then we confirmed the expression of HIV-I Tat 

in peritoneal macrophages and in the ocular tissue. There is evidence in the literature 

showing that HIV-I Tat decreases glutathione levels in the liver and in the erythrocytes by 

down-regulation of the GCS light subunit 30
• Therefore, we monitored the levels ofGSH and 

expression of GCS-LS in RPE in control and Tat-transgenic mice. 

2. Investigation of influence of HIVl-Tat on the x ·0 system in retinal pigment epithelium 

The profile of gene expression affected by HIV- I Tat in ARPE-19 cells(Table 1 ), shows 

that xCT is up-regulated about two-fold. xCT is the light chain of cystine/glutamate 

exchanger x·0• which plays an essential role in supplying cysteine for de novo synthesis of 

glutathione. HIV- I Tat is associated with decreased levels of glutathione seen in AIDS 

patients. Since we hypothesized that oxidative stress caused by HIV-Tat is involved in the 

pathogenesis of non-infectious AIDS retinopathy, it would be of interest to investigate the 

influence of HIV-I Tat on the expression and activity of this transporter. Therefore, we first 

used control and Tat-expressing ARPE-I 9 cells to assess the influence of HIV- I Tat on the 

levels of glutathione, expression of enzymes related to glutathione synthesis and degradation, 



and the expression and activity ofx·0• Subsequently, the results were confirmed with ocular 

tissues collected from control mice and Tat-transgenic mice. 

3. Study of the effects ofHIVl-Tat on uptake ofdeltorphin II in RPE 
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According to the profile of gene expression affected by IDV-1 Tat in ARPE-19 cells 

(Table 1), OATP-A is down-regulated abqut three-fold. Since OATP-A transports opioid 

peptides such as DPDPE, deltorphin II, and Leu-enkephalin 87
, we investigated the influence 

of HIV-1 Tat on deltorphin II uptake in ARPE-19 cells. Deltorphin II is a natural 6 opioid 

peptide agonist, which binds 6 opioid receptor and plays an important role in analgesia88• 

4. Investigation of effects of HIVl-Tat on the expression and activity of creatine 

transporter in RPE 

The genechip analysis showed that CRT! is upregulated by HIV-I Tat in ARPE-19 cells. 

Retina contains high concentrations of creatine and phosphocreatine and CRT! in RPE is 

responsible for accumulating creatine from the circulation into the subretinal space. Since 

creatine plays an essential role in energy homeostasis in the retina, it was interesting to study 

the regulation of creatine transporter by the llV-1 Tat in RPE using Tat expressing ARPE-19 

cells and Tat-transgenic mouse model. 

5. Investigation of the influence ofTat-(1-72) versus Tat-(1-101) on the regulation of 

expression of transporters in RPE 

During the course of the present project, we demonstrated that the expression of Tat-(1-

72) in ARPE-19 cells led to marked changes in the expression of various genes related to 

oxidative stress, excitotoxicity, and apoptosis. We confirmed these findings in transgenic 
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mice expressing the same one-exon Tat. We employed the one-exon Tat in these studies 

based on the evidence that most of the biological effects of Tat reside in the first 72 amino 

acids. But, HIV-1 infected individuals are exposed to full-length Tat coded by both exons 

rather than to truncated Tat coded only by the first exon. Therefore, to understand the in vivo 

relevance of our findings to AIDS patients, it is essential to know whether the biochemical 

changes observed in ARPE-19 cells in response to the expression ofTat-(1-72) are also seen 

in response to the expression of the full-length Tat coded by the two exons. For this purpose, 

we will generate a stable ARPE-19 cell line that expresses the two-exon Tat, i.e., Tat-(1-101), 

and compare the Tat-induced changes in various transport systems in this cell line with those 

observed in the cell line expressing the one-exon Tat. 
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II. MATERIALS AND METHODS 

MATERIALS 

1. Vectors 

The HIV-1 Tat cDNA construct in pGEM2 vector ( catalog # 909) and Reporter construct 

pU3R-III CAT (catalog #330) were obtained from the NIH AIDS Research & Reference 

Reagent Program (Rockville, MD, U. S. A.). The pDOI-5 vector, used in the generation of 

transgenic mice with targeted expression of the transgene in MHC class II-positive cells, was 

kindly provided by Dr. D. Mathis (Harvard University). The pEGFP-Nl was purchased from 

Clontech (Palo Alto, CA, U.S.A). The pGEM-T Easy was purchased from Promega (Madison, 

WI, U.S.A). 

2. Antibodies 

The monoclonal antibody specific for HIV-1 Tat (catalog# 4138) was obtained from the 

NIH AIDS Research and Reference Reagent Program (Rockville, MD). The polyclonal 

antibody against 4F2hc, raised in the rabbit, was obtained from Santa Cruz Biotechnology 

(Santa Cruz, CA). This antibody recognizes mouse and human 4F2hc. The polyclonal 

antibody against xCT was kindly provided by Dr. Sylvia Smith (Medical College of Georgia). 

It was generated in the rabbit using the antigenic peptide MVRKPVVATISKGGY that 

corresponds to the amino acid sequence 1-15 in mouse xCT. This antibody also recognizes 
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human xCT as there is only a single amino acid difference in the antigenic peptide between 

mouse and human xCT sequences (Ala versus Ser at position 8). Rabbit anti-human creatine 

transporter (Catalog# CRTl 1-S) was purchased from Alpha Diagnostic International (San 

Antonio, TX). The monoclonal antibody for ERK2 (Cat# sc1647) were obtained from Santa 

Cruz Biotechnology, Inc. The secondary antibodies (anti-rabbit IgG), labeled with Cy-3 and 

fluorescein isothiocyanate (FITC), were purchased from Jackson Immunolaboratories 

(Baltimore, MD). 

3. Cell lines and mice 

The human RPE cell line ARPE-19 was obtained from the American Type Culture 

Collection (Manasses, VA). ARPE-19 cell line stably transfected with empty pcDNA3 vector 

was already available in our laboratory prior to initiation of the present project. ARPE-19 cell 

line stably transfected with the !st exon ofHN-1 Tat was also already available in laboratory 

prior to initiation of the present project 70
• ARPE-19 cell line stably transfected with full

length two-exon HIV-I Tat was established as a part of this project. ARPE-19 cell lines were 

maintained in the medium that contained D-MEM/F12 1:1 + L- glutamine + 10%FBS + 1% 

antibiotics. For stably transfected ARPE-19 cell lines, 100 µg/ml G-418 was added to the 

above medium. 

C57BL/6 mice were purchased from Harlan Sprague-Dawley Inc (Indianapolis, IN). 

C57BL/6 mouse expressing the one-exon HIV-I Tat, Tat (1-72), under the control of the 

immune cell-specific promoter Ea, was generated in our lab 70
• C57BL/6 mouse expressing 

HN-1 full length two-exon HIV-I Tat, Tat-(1-101), under the control of the chicken j3-actin 

promoter was kindly provided by Dr. Maxson (University of Southern California, Los 
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Angeles, CA)14. The DNAs extracted from the tail biopsies were used for analysis the 

germline transmission by genomic PCR to determine the integration of HIV-1 Tat. Tat 

positive transgenic mice were intercrossed to maintain the transmission of HIV-1 Tat. Food 

and water were provided ad lib. 

4. Chemicals 

[3H]-Glutamate (sp. radioactivity, 38.5 Ci/mmol), [3H]-leucine (sp. radioactivity, 60 

Ci/mmol), [3H]-alanine (sp. radioactivity, 40_ Ci/mmol), [3H]-arginine (sp. radioactivity, 57 

Ci/mmol), and [3H]-tryptophan (sp. radioactivity, 29 Ci/mmol) were obtained from 

PerkinElmer Life Sciences, Inc. (Boston, MA). [Tyrosyl-3, 5-3HJ-Deltorphin II (2-D-Ala) (sp. 

radioactivity, 38.5 Ci/mmol) was also obtained from PerkinElmer Life Sciences, Inc. (Boston, 

MA, U.S. A.). Creatine [4-14C] (sp. radioactivity, 55 mCi/mmol) was obtained from 

American Radiolabeled Chemicals Inc. (St.Louis, MO U.S.A). Unlabeled opioid peptides and 

the opioid receptor antagonists (naloxone and naltrexone) were purchased from Sigma 

Chemicals (St. Louis, MO, U. S. A.). 

5. Other reagents 

Lipofectamine 2000 and Trizol reagent were purchased from Invitrogen (Carlsbad, CA, 

U.S.A). Unlabeled creatine was purchased from Sigma Chemicals (St. Louis, MO, U. S. A.). 

Glutathione detection kit was purchased from Chemicon international (Temecula, CA, U. S. 

A). 
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METHODS 

1. RNA isolation using Trizol reagent 

The ocular tissues were homogenized in 10 ml Trizol reagent per 50-100 mg of tissue 

using a power homogenizer. The RPE eyecups were prepared from control mice and Tat 

transgenic mice as described previously89
• For ARPE-19 and other stable ARPE-19 cell 

lines, the cells were lysed directly by adding Trizol reagent. 10 ml Trizol was used for 

each 75 cm2 or 15 ml for each 150 cm2 flask. The lysate was transferred to a 50 ml 

centrifuge tube and 0.2 volume of chloroform was added into the tube containing the 

tissue homogenate or cell lysate. Closed the cap tightly and mixed the sample. The 

samples wee centrifuged for 10 min at 10,000 ·g @ 4 °C. The top layer was removed with a 

pipet and transfered to a new tube. An equal volume of isopropanol was added to the tube 

and mixed well. The samples were centrifuged for 30 min at 10,000 g@4°C. The 

supernatant was removed and the pellet was washed with 15 ml 70% EtOH. RNA pellets 

were dried at 37°C for 5 min and dissolved in dH2O. (Amount of dH2O used depends on 

amount of RNA in tube - Use 50 µl dH2O for 75 cm2 flask. Measure the absorbance of 

the final solution at 260/280 nm with a spectrophotometer. Messenger RNA was isolated 

from total RNA by using Oligo(dT)_-cellulose affinity chromatography. 

2. Genechip array analysis 

The GeneChip Human Genome Ul33A from Affymetrix (Cat#900366) is a single array 

representing 14,500 well-characterized human genes that can be used to explore human 

biology and disease processes. HG Ul33A was employed for the analysis of differential gene 
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expression between control ARPE-19 cells and Tat expressing ARPE-19 cells. Total RNA 

samples from control-ARPE-19 and Tat-ARPE-19 were prepared in our lab and were sent to 

the Genomics Core Facility to process genechip array analysis. The experiments were 

repeated three times. In data analysis, we applied a threshold that eliminated all genes that 

were not increased or decreased by at least a 2-fold change in a comparison between Tat 

expressing cell and control cell. All of these genes were annotated by using the Affimetrix 

software GeneSpring and categorized on the basis of their biological process, cellular 

component, and molecular function. Tat/Control ratio was calculated as the mean from values 

in the three experiments. 

3. Vector construction 

1). pcDNA3.l-Tat-(1-101) 

Genomic DNA from Jat transgenic mice obtained from Dr.R.Maxon was used as the 

template for PCR with appropriate primers to amplify the full-length two-exon Tat. The 

primers were: 5'-GTCAACATAGCAGAATAGGCAT-3' (sense primer) and: 5'

GTACCCATCCGGATATAGTTC-3' antisense primer). The PCRproduct was directly 

cloned into pGEM-T-Easy Vector. The insert was then released by EcoRI digestion and 

subcloned into pcDNA.3.1 expression vector. The positive clones were sequenced to confirm 

the sequence of Tat and orientation of the insert. 

2). pU3RIII-EGFP 

The pU3RIII CAT construct, obtained from the NIH AIDS Research and Reference 

Reagents Program, contains a Tat-responsive HIV-1 LTR and the reporter gene CAT. To 

simplify the screening, we constructed pU3RIII-EGFP by replacing the reporter gene CAT with 
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the reporter gene EGFP. This was done as follows. The pU3R-III CA Twas double digested 

with BamHI and Hind III to remove CAT, and then the vector pU3RIII was purified. The EGFP 

gene was amplified by PCR from the commercially available vector pEGFP-Nl. 

The primers used for PCR were: 

5'ATAAAGCTTACCATGGTGAGCAAGGGC3' (sense) 

5'GCGGATCCTGTAACCATTATAAGCTGC 3' (Antisense). 

The sense primer contained Hindlll restriction site (indicated by underline) and the antisense 

primer contained BamH I restriction site (indicated by underline). The PCR product ofEGFP 

was subcloned into pGEM-T easy vector and then the insert was released by BamH I and 

Hindlll double digestion. The EGFP fragment was ligated with PU3RIII to form pU3RIII

EGFP. 

4. Transient transfection with lipofectamine 

One day before transfection, 0.2 X 105 control ARPE-19 cells and Tat-ARPE-19 cells in 

200 µl growth media without antibiotics per well of were seeded on chamber slides separately. 

For the transient transfection of pU311I-EGFP construct, pU3RIII-EGFP (0.4 µg) was diluted in 

50 µl of Opti-MEM I reduced Serum Medium without serum. Also 2.0 µl lipofectamine 2000 

was diluted in 50 µl of Opti-MEM I medium and incubated for 5 min at room temperature. 

Then the diluted DNA and diluted lipofectamine were combined and incubated for 20 min at 

room temperature to allow the DNA-lipofectamine complex to form. Then the cells in the 

chamber were washed with Opti-MEM I medium and then 100 µl ofDNA-lipofectamine 

complex was added into each well of the chainber. The cells were incubated for 36 h without 

changing of medium and EGFP was detected under fluorescence microscope. 
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5. Stable transfection by electroporation 

ARPE-19 cells were cultured in DMEM/F12 media with 10% FBS in a 150 cm2 

flask. Cells were trypsinized and resuspend in the medium. 10 million cells were 

transferred to a 15 ml tube and precipitated by centrifugation in a table top microfuge at 

speed 4 for 5 min. The pellets were washed by PBS and then were resuspend in 800 µ1 

cold PBS. 10 µg purified pcDNA3.1 or pcDNA3.1-Tat plasmid was mixed with the cells 

and the mixture was transferred into the cold cuvette (0.4 cm gap). Electroporated the 

cells with a voltage of 0.95 kv and capacitor of 25 µF using the Gene Pulser. After 

electroporation, chilled the cuvette on ice for 5 min. Te electroporated cells were 

transferred into a 50 ml tube containing 40 ml of warm culture medium. Mixed the cells 

by pipetting up and down and 8 ml of cell suspension was aliquoted into each dish. Cells 

were cultured for 48 h without disturbing. At the same time, one dish of ARPE-19 cell 

was prepared for control antibiotics effects in the screening process. After the 48 h 

recovery period, the selection medium (regular medium + 500 µg/ml G418) was used and 

changed every 1-2 days. When all control cells died, decreased the concentration of G418 

to 100 µg/ml to maintain the transfected cell lines. The positive clones were picked up 

using autoclaved column ring. Amplified the clone and screened the positive clone by 

different methods. The expression of HIV-I Tat in the stably transfected cell line (Tat

ARPE-19) was confirmed by the analysis of Tat mRNA and Tat protein. 

6. Reverse Transcription 

Synthesis of cDNA from total RNA was done using the GeneAmp RNA PCR kit from 

Perkin-Elmer. For each RNA sample, add the following components: 



1µ1 random hexamers (2.5 µM), lµl RNA (1 µg/µl), lµl Oligo (dT) primer and 1 µI 

dH20. Denature the RNA by incubation at 70° C/10 min➔ 4 °c 5min in PCR machine. 

Then 16 µI of RT master mixture was added to each denatured RNA sample. The mixture 

included 4 µl MgC!i, 2 µl l0xPCR buffer, 2 µl dGTP, 2 µl dATP, 2 µl dTTP, 2 µl 
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dCTP, 1 µI RN Ase inhibitor, and 1 µI Reverse transcriptase. Mixed the sample and started 

reverse transcription using this program: 42 °c 1 h ➔ (65 °c, 50 sec➔ 42 °c 5 min) 10 cycles 

➔ 99 °c 5 min➔ 4°C 00 • The RT products were storeed_at -8.0°G. 

7. PCR (TaKaRa Taq™) 

To amplification of gene from cDNA or genomic DNA, the PCR was performed using 

kit provided by TaKaRa. For each 100 µI reaction volume, 10 µ110 X PCR buffer, 8 µI 

dNTPs(2.5 mM), 0.5 µI Taq enzyme (5 units/µ!), 1 µl sense primer (20 µM), I µI antisense 

primer (20 µM), 2 µI template (50 ng/µl), 77.5 µI ddH2O were mixed well and transferred 

into the thin-wall PCR tube. The following PCR program was used. 94 °c 3 min ➔ (94 °c 1 

min ➔ 58 OC Jmin ➔72 OC 1 min) 30 cycles ➔ 72 OC 10 min ➔ 4 OC 00 

To application of different genes, the specific primers for target gene were used and the 

annealing temperature was adjusted according to the property of the primers and templates. 

8. Semiquantitative RT-PCR 

We used the commercially available kit QuantumRNA ™ (Ambion) for the determination 

of the relative levels of mRNAs of transporters. This methodology uses 18S RNA as the 

internal standard and the Competimer™ technology to modulate the amplification efficiency 

of a PCR template without affecting the performance of other targets in a multiplex PCR. For 
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each target mRNA, we determined the linear range for the generation of PCR product with 

respect to cycle number and the optimal ratio of 18S rRNA primers:Competimers so that the 

18S rRNA internal control was amplified at a level approximately similar to the target mRNA. 

Total RNA was used in these experiments. PCR primers specific for target transporters were 

used for amplification of the respective mRNA. For 18S RNA, the universal primers provided 

in the kit were used. The PCR products were size-fractionated on agarose gels and stained 

with ethidium bromide. The intensities of 18S RNA bands and target mRNA bands were 

quantified using the ImageQuaNT (version 4.2a) software. For each RNA sample, the signal 

obtained for the amplicon of the target RNA was divided by the signal obtained for the 18S 

RNA amplicon. This yielded a corrected relative value for the target RNA in each sample. 

These values were used for comparison of the steady-state levels of mRNAs for target 

transporters in the cell line or ocular tissue. 

The following primers (Table II) were used for comparative analysis of mRNA levels of 

target genes between control ARPE-19 and Tat-ARPE-19 cells or mRNA levels in ocular 

tissue between control and transgenic mice. 



33 

Table II. 

Primers used for semiquantitative RT-PCR 



Table II. 

Genes_ Gene ID Primers (sense and anti-sense) Predicted 

size (hp) 

MousexCT AB022345 5'CTC CAT CAT CAT CGG CAC CGT C 3' 747 

5'TGC AGCAGC TCC TCC GCA CTG A 3' 

Mouse4F2bc MM4F2H 5' GGC GCC GTGGTT ATC ATC GTTC 3' 599 

5' TCG CTG GTG GAT TCA AGT ATG T 3' 

Mouse r-GCS-HS BC041809 5' CAA CAC TGT GGA GGC CAA TAT GAG 3' 586 

5' TCT CTC CTC CCG TGT TCT ATC ATC 3' 

Mouse r-GCS-LS BC022487 5' TGA CAT GGC ATG CTC CGT C 3' 513 

5' GTG GGT GTG AGCTGG AGTTAAGAG 3' 

HumanCRTI NM_005629 5'TAC GCC TCC ATG GTG ATC GTC TTC3' 627 

5'GAT GAT GGC GTC CTI GTA GCA GTD' 

MouseCRTI NM_l33987 5'TATTCAAAGGTCTGG GCT ATG 3' 943 

S'CTT TGG AAA CGG AAG TAG TAG G 3" 

Human OATP-A NM_0l3272 5' TGG CATTGG ATG TGT GGTTAT G 3' 464 

5' CAC CGACCC AAC GAG TGT CAG T 3' 
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9. Immunocytochemistry 

Immunocytochemistry method was used to evaluate the expression of HIV-I Tat in 

the Tat-ARPE-19 cells. Control ARPE-19 and Tat-ARPE-19 cells were seeded in the 

chamber slides. One day later, the cells were fixed by ice-cold methanol for 5 min, 

washed with 0.01 washed with 0.01 M PBS (pH 7.4) and blocked by universal blocking 

reagents for 30 min. They were incubated with the primary monoclonal antibody against 

active HIV-Tat (1:200) overnight at 4°C. Negative control sections were treated 

identically with buffer only. Slides were rinsed and incubated for 1 hour with anti-FITC 

antibody (1 :500). Cells were viewed by epifluorescence using standard fluorescence 

excitation and emission filters. DAPI was used for nuclear staining. 

10. Histologic processing and immunolocalization 

Normal C57BL/6 mice were killed by CO2 asphyxiation followed by cervical 

dislocation. For studies using frozen sections, eyes were enucleated and oriented in OCT so 

that the 10-µm-thick sections included a full length ofretina approximately along the 

horizontal meridian, passing through the ora serrata and the optic nerve in both the temporal 

and nasal hemispheres. Eyes were flash frozen, and the cryosections were prepared and 

mounted on slides (Superfrost; Fisher Scientific, Pittsburgh, PA). They were stained with 

hematoxylin and eosin and used for morphologic studies. Additional cryosections were used 

for inununohistochemical studies ofx-c and creatine transporters in the normal ocular tissue. 

Cryosections of eyes were fixed in ice-cold acetone for 5 min, washed with 0.01 M PBS 

(pH 7.4) and blocked with universal blocking reagent for 60 min. They were incubated with 

the primary antibodies specific for xCT or 4F2hc or CRT! (1 in 200, 1 in 500, and 1 in 500 

dilution, respectively). Negative controls were performed by blocking the anti-xCT antibody 
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with 20 µg/ml of the antigenic peptide for 30 min prior to incubation with tissue sections. In 

the case of 4F2hc and CRTl, negative controls were performed by incubating the tissue 

sections without the primary antibody. Detection of the antibody-specific signals were carried 

out by immunofluorescence using Cy-3-conjugated anti-rabbit IgG for xCT, FITC

conjugated anti-rabbit IgG for 4F2hc, and Cy-3-conjugated anti-rabbit IgG for CRTl. Tissues 

were viewed by epifluorescence using standard CY-3 or FITC fluorescence excitation and 

emission filters. 

11. Western Blotting 

To measure the expression ofxCT, 4F2hc, and CRTl in the control ARPE-19 and Tat

ARPE-19 at the protein level, western blot was performed. Control ARPE-19 and Tat-ARPE-

19 cells were cultured in DMEM/F12 medium until they are confluent. Cells were washed 

with 0.01 M PBS and lysed in cold lysis buffer (50 mM Tris-HCl [pH 7.4], containing 1 % 

Triton-X-100, 10 mM EDTA, 2 mM Na3VO4, 0.5% deoxycholate, l0mM sodium 

pyrophosphate, and 50 mM NaF) containing a protease inhibitor cocktail (1 tablet/IO mL lysis 

buffer; Complete Mini; Roche Applied Science) and were sonicated for 30 seconds. Cell 

debris was removed by centrifugation at 20,000g for 15 minutes at 4°C. Protein concentration 

in the supernatant was determined according to the method of Lowry et al 90
• Equivalent 

amounts of protein (30 µg) from total cell lysates were boiled in Laemmli's buffer for 5 

minutes and analyzed by 10% SDS-PAGE 91
• Separated proteins were transferred to 

nitrocellulose membranes and were blocked for 1.5 hours with TBS-0.1 % Tween-20 

containing 5% nonfat milk. Membranes were incubated overnight with anti-xCT antibody 

(1 :500), anti-4F2hc (1: 1000), and anti-CRT! (1 :250) respectively. The membranes were 

washed with TBS-0.1 % Tween-20 three times to remove the unbound antibodies and then 



probed with HRP secondary antibody (1 :2000) for 2 hours, and washed and the proteins 

visualized with the ECL system. Membranes were washed and reprobed with anti-ERK2 

antibody (1 :2000). Densitometric scans of the membranes were performed using a digital 

imaging system (Alphalmager 2200; Alpha Innotech Corp., San Leandro, CA). 

12. Northern blot analysis 

36 

The expression ofxCT, 4F2hc, OATP-A, and CRTl mRNA in control ARPR19 and 

Tat-ARPE19 were analyzed by northern hybridization. Poly (A)+ mRNA was isolated with a 

commercially available kit (MACS; Miltenyi Biotec, Auburn, CA) and size-fractionated on a 

denaturing agarose gel. PCR product derived from human xCT (gene ID: AF252872), human 

4F2hc (gene ID: AH001404), human OATP-A (gene ID:NM_0l3272) and human CRTl 

(gene ID: NM_005629) were labeled with [cr-32P]-dCTP and us.ed as the probes. 

Hybridization of each gene was performed in ultrasensitive hybridization solution 

(ULTRAHyb; Ambion) for 18 hours at 42°C. The blots were washed two times (30 minutes 

each) at 60°C in a solution containing 2x SSC (0.15 M NaCl and 15 mM sodium citrate [pH 

7]) and 0.5% SDS (sodiumdodecyl sulfate). The same blot was stripped and reprobed with 

[32P]- p actin (gene ID: NM_00l 101) or OCTN2 (gene ID: AB015050) as an internal control. 

Hybridization signals were detected by exposure of x-ray film. Densitometric scans of the 

signal were performed using a digital imaging system (Alphalmager 2200; Alpha Innotech 

Corp., San Leandro, CA). 

The intensity of the human xCT, human 4F2hc mRNA signal was normalized with that of 

the OCTN2 mRNA signal to correct for potential differences in RNA loading. While the 

intensity of human OATP-A and human CRTl mRNA was normalized with intensity of the 

p actin mRNA signal. 



13. Generation of transgenic Tat-mouse 

13-A. Preparation of targeting vector 
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We generated a transgenic Tat-mouse in which the expression of the transgene was 

restricted to MHC class II-positive immune cells (macrophages, B cells, and dendritic cells). 

This was done using a targeting construct derived from a vector (pDOI-5) used for the 

expression of foreign cDNAs in the MHC class II-positive cells of transgenic mice86
• This 

vector contains a fragment of the rabbit ~-globin gene which provides an intron as well as a 

polyadenylation signal to aid the export of the transgene transcript from the nucleus and also 

to stabilize the transcript. The transgene was inserted into this vector in the middle of the 

rabbit ~-globin gene such that the expression of the trans gene is driven by the promoter of the 

murine MHC class II gene Ea placed upstream 9fthe rabbit ~-globin gene. The entire first 

exon of the Tat gene was amplified by PCR using the pGEM-2 Tat plasmid as the template 

and the resulting product was subcloned into pGEM-T Easy vector 

Sense primer: 5'-GTCAACATAGCAGAATAGGCAT-3'; 

Antisense primer: 5'-GTACCCATCCGGATATAGTTC-3'). 

The insert, 441 bp in length, was then released by digestion with EcoRI and ligated into 

pDOI-5 vector at EcoRI site in the middle of the rabbit ~-globin gene. The construct was 

sequenced to identify the clone in which the transgene was in the right orientation so that its 

expression was under the control of the promoter Ea gene. This targeting construct (Fig.4) 

was used to generate the transgenic mouse line. 

13-B. Screening of Tat-transgenic mice 

The HIVI-Tat transgene was detected in the founders and their offspring by PCR using 

HIV-Tat specific primers and mouse tail genomic DNA. Approximately 5 mm of tail cut from 3· 
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week-old mice was lysed in 500 µl oflysis buffer by incubating at 55 °c overnight with 

agitation in a hybridization oven. The lysis solution was a mixture of 465 µl STE buffer, 10 µl 

20 mg/ml proteinase Kand 25 µ110% SDS. After complete digestion, 100 µI SM NaCl and 

500 µI chloroform were added to each sample, mixed well, and centrifuged at 12,000rpm for 30 

min at 4 °c. The supernatant was taken out into a new tube and the DNA was precipitated by 

isopropanol. The DNA was dissolved in the water and the concentration of DNA was adjusted 

to S0ng/µl. 

13- C. Analysis of the expression of Tat mRNA and protein in transgenic mouse 

The expression of Tat mRNA was assessed by RT-PCR using primers specific for Tat 

and total RNA isolated from tissues. The expression of Tat protein was analyzed in 

macrophages. This was done by western blot using a monoclonal antibody specific for Tat. 

The Enhanced ChemiLuminescence system (PerkinElmer Life Sciences, Inc., Boston, MA) 

was used for detection. Macrophages were isolated from peritoneal lavage five days after 

intraperitoneal injection with autoclaved Brewers thioglycollate broth. Cells were harvested 

from the peritoneal lavage, washed twice with phosphate-buffered saline, and then cultured in 

Delbecco's Minimum Essential Medium, supplemented with 2 mM glutamine, penicillin (100 

units/ml), streptomycin (100 µg/ml), and 10% fetal bovine serum. Non-adherent cells were 

remov_ed by gentle washing of the culture wells. The adhered macrophages were then 

collected to prepare cell lysates for western blot analysis. 

14. In situ hybridization 

To localize the mRNA transcript encoding CRTI in the ocular tissues, in situ 

hybridization was performed on mouse eyes. For the preparation of the mouse CRT I-specific 
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riboprobe, a 0.6 kb RT-PCR product of mouse CRTl was cloned into pGEM-T-Easy vector. 

The primers for mouse CRTl are the same as used for semi-quantitative PCR for mouse 

CRTl. For the preparation of the sense riboprobe, used as a negative control, the subcloned 

plasmid was linearized with SacII and the cDNA insert was transcribed using T7 RNA 

polymerase. For the preparation of the antisense riboprobe, the subcloned plasmid was 

linearized with NdeI and the cDNA insert was transcribed using SP6 RNA polymerase. The 

riboprobes were labeled with digoxigenin using the digoxigenin-labeling kit (Boehringer

Mannheim). 

Eyes from normal B6 mice were enucleated, frozen immediately in Tissue-Tek OCT 

sectioned at 10 µm thickness, and fixed in 4% paraformaldehyde. Following our published 

protocol 92
, sections were rinsed in ice-cold PBS and treated with active 1 % 

diethylpyrocarbonate prepared in PBS to facilitate penetration of the labeled probes. Sections 

were permeabilized further with proteinase K (1 µg/ml) in PBS for 4 min. The proteinase K 

activity was stopped by rinsing the slides in glycine (2 mg/ml) in PBS. Sections were washed 

in PBS, equilibrated in SxSSC, and were prehybridized for 2 hat 58°C in 50% (v/v) 

formamide, SxSSC, 2% (w/v) blocking reagent (provided with the DIG Nucleic Acid 

Detection Kit), 0.1 % wt/vol N-lauroylsarcosine, and 0.02% (w/v) sodium dodecyl sulfate. 

Sections were hybridized with the probes (1 µg/ml) and were incubated overnight at 58°C. 

They were washed twice in 2xSSC at room temperature, twice in 1 xSSC at 55°C, and twice 

in 0.lxSSC at 37°C. For immunologic detection of the probe, sections were washed in a 

buffer containing 0.1 M maleic acid and 0.15 M NaCl (pH 7.5) and were blocked with the 

same buffer containing 1 % blocking reagent. The anti-DIG-AP was diluted 1 :3000, and slides 

were incubated with this antibody for 2 h at room temperature. Sections were washed in the 

preceding wash buffer containing levamisol (200 µg/ml) twice for 10 min and were 
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equilibrated with a buffer containing 100 mM Tris-HCl (pH 9.5), 100 mM NaCl, and 50 mM 

MgCh. The color reaction was developed in NBT/BCIP. Slides were washed in distilled 

water. The precipitation of purplish-red color in the tissue indicated a positive reaction and it 

could be visualized in the sections. 

15. Uptake measurements in control ARPE-19 cells and Tat-ARPE-19 cells 

Control ARPE-19 cells and Tat-ARPE-19 cells were maintained in 75-cm2 culture flasks 

in DMEM/F-12 medium in the presence of fetal bovine serum (10%) and G418 (100 µg/ml). 

For uptake measurements, cells were released by trypsin treatment and seeded in 24-well 

culture plates at an initial density of 0.1 x 106 cells/well. The culture medium was replaced 

with fresh medium on the second day following the initial seeding and uptake measurements 

·were made on the third day. The medium was removed by aspiration and uptake buffer 

containing radiolabeled substrate was added to the cells to initiate uptake. After incubation at 

37 °C, uptake was terminated by the removal of the medium and washing of the cells with 

ice-cold uptake buffer. The cells were then dissolved in I% sodium dodecyl sulfate in 0.2 N 

NaOH and used for measurement of radioactivity. 

The uptake buffer in most experiments was 25 mM Hepes/Tris (pH 7.5), containing 140 

mM NaCl, 5.4 mM KCl, 1.8 mM CaCh, 0.8 mM MgSO4, and 5 mM glucose. When the 

influence of Na+ on the uptake process was investigated, the concentration of NaCl in the 

uptake buffer was adjusted, as desired, by isoosmotically replacing NaCl with N-methyl-D

glucamine chloride. To assess the influence of er on the uptake process, the composition of 

the uptake medium was modified by replacing KC! and CaCh with equimolar concentrations 

of potassium gluconate and calcium gluconate and the concentration of NaCl was adjusted, as 
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desired, by isoosmotically replacing NaCl with sodium gluconate. Saturation kinetics was 

analyzed by fitting the data to Michaelis-Menten equation. The Michaelis constant, K,, was 

calculated by non-linear regression analysis and then confirmed by linear regression. Na+

and er -activation kinetics were analyzed by fitting the data to the Hill equation and the Hill 

coefficients for Na+ and er (nH; the number of Na+ and er ions involved in the activation 

process) and the Ko.5 values (the concentration ofNa+ and er needed for half-maximal 

activation) were determined from the analysis. Again, these constants were first calculated by 

non-linear regression methods and subsequently confirmed by linear regression methods. 

To assess the influence of glutathione supplementation and glutathione depletion on the 

transport activity ofx·0 system, control ARPE-19 cells and Tat-ARPE-19 cells were cultured 

for 48 h in control medium, in medium supplemented with 2 mM glutathione, and in medium 

containing 0.2 mM buthionine sulfoxirnine, an inhibitor of glutathione synthesis. The 

transport activity of system x· c was then measured in these cells by monitoring the uptake of 

glutamate in the absence ofNa+. 

Experiments were repeated three times, each experiment done in duplicate, and the 

results are given as mean± S. E. 

16. Measurement of y-glutamyl transpeptidase activity and amount of glutathione 

The activity ofy-glutamyl transpeptidase in control ARPE-19 cells and Tat-ARPE-19 

cells was measured with cell homogenates using y-glutamyl p-nitroanilide as the substrate in 

the presence of 10 mM glycylglycine in 0.1 M Tris/HCl buffer (pH 9) as described previously 
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93•94• The enzyme-mediated release of p-nitroaniline was quantified by absorbance at 410 nm. 

The enzymatic reaction was carried out at 3 7° C. 

Cellular levels of glutathione in control ARPE19 and Tat-ARPE19 were measured using 

a commercially available kit (Chemicon International, Temecula, CA). The kit employs 

monochlorobimane, a dye that has a high affinity for reduced glutathione. It can bind other 

thiols such as cysteine but with a much lower affinity. The unbound dye is nonfluorescent 

whereas the glutathione-bound dye fluoresces blue. Fluorescence was measured using a 

fluorometer and the intensity of fluorescence was used to determine the levels of glutathione. 

To measure the total amount of glutathione in the RPE of mice, the eye-cups from aged 

matched C57BL/6 mice and Tat transgenic mice were mechanically separated guided by Dr. 

Sylvia Smith. Two eye-cups from the mouse were combined and considered as one sample. 

Then the eye-cups were homogenized in 200µ1 cold PBS solution. The homogenates were 

centrifuged and the supernatant was used for measurement of glutathione using glutathione 

detection kit. 
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III. RESULTS 

1. Characterization of Tat-transgenic mice 

1) Genotyping of transgenic mice 

We performed genomic PCR with DNA isolated from mouse tail to confirm the 

integration of HIV-1 Tat in the mouse genome. With PCR primers used for DOI-Tat 

transgenic targeting vector, PCR yielded an expected 441-bp product in most of the 

Founder (F2) mice (Fig.6). Offsprings of transgenic founders transmitted the Tat gene 

with a normal Mendelian inheritance pattern, regardless of whether the founder was 

mosaic or multi-integrant. Since the Tat is an exogenous gene from HIV genome and 

there is no counterpart in the mouse genome, the existence of Tat in the mice will be 

due to the integration of Tat into the mouse genome. The transgenic line was 

maintained as heterozygote and all offsprings were genotyped to determine which 

were transgenic. 

2) Detection of HIV-1 Tat in peritoneal macrophages and ocular tissue of transgenic 

mice 

Since the expression of exogenous Tat is under control of Ea promoter, only the 

cells expressing MHC II molecules will express Tat protein. Macrophage is a classical 

cell which highly expresses MHC II molecules. Therefore, macrophages were used to 

measure the expression of Tat. Fig.7, Panel A, shows that Tat protein was detectable in 

macrophages of this mouse line by western blot. The expression of Tat in whole eye 



was detected by RT-PCR and it shows that Tat mRNA exists in ocular tissues of the 

transgenic mice, most likely from the RNA derived from the Tat-expressing immune 

cells (e.g., retinal microglial cells) present in the eye (Fig.7-B). The expression of Tat 

was not detectable in macrophages or ocular tissues of the control mouse. 
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Figure 6. Genotyping of mice by genomic PCR with Tat-specific primers 

To screen the integration of HIV-I-Tat in the mouse genome, a small piece of tissue 

from the tail was removed and the DNA was extracted. Genomic PCR of HIV-I Tat 

was used to examine the Tat gene. Tat positive mice was crossed each other to 

maintain the transgenic strain. All offsprings were monitored for the transmission of 

Tat gene. 

F2: offspring ofC57BL/6 and CBA 

F3: offsprings from F2 parents 

F4: offsprings from F3 parents 

FS: offsprings from F4 parents 
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Figure 7. Characterization of Tat-transgenic mice 

(A) The expression of the transgene Tat in Tat-transgenic mice was demonstrated by 

the detection of the Tat protein (Western blot) in macrophages isolated from the Tat

transgenic mice (Tat Mm-). Macrophages isolated from control mice (Con Mm-) were 

negative for the transgene protein product. (B) The expression of Tat mRNA was 

detectable by RT-PCR in the ocular tissues of the transgenic mice, most likely from 

the RNA derived from the Tat-expressing immune cells ( e.g., microglial cell) present 

in the ocular tissues. 18S RNA was analyzed in the same RNA samples as internal 

control. Three age matched control C57BL/6 mice and three Tat transgenic mice were 

used for each experiment. 

Con Eye: eyes from C57BL/6 mice 

Tat Eye, eyes from Tat-transgenic mice 
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2. Influence ofHIV-1-Tat on cystine/glutamate exchanger 

1) Influence of Tat on glutathione levels and y-glutamyl transpeptidase activity in 

ARPE-19 cells 

47 

The expression of HIV -1 Tat in mammalian cells and in transgenic mice has been shown 

to reduce the levels of glutathione 29.3°·85
• There have been no studies reported in the literature 

on the influence of HIV Tat on glutathione homeostasis in the retina and therefore we 

determined whether there were differences in glutathione levels between control ARPE-19 

cells and Tat-expressing ARPE-19 cells. We found that the cellular levels ofglutathione were 

reduced by 45% in Tat-ARPE-19 cells compared to control ARPE-19 cells (14 ± 0.2 versus 

8.4 ± 0.1 nmol/mg of protein in control ARPE-19 cells and in Tat-ARPE-19 cells) (Fig. 8). 

We then measured the activity of the plasma membrane enzyme y-glutamyl transpeptidase in 

these cells to determine whether the expression of Tat in ARPE- I 9 cells influences the 

activity of this enzyme. Studies by other investigators 30 have shown that the expression of 

Tat reduces glutathione levels and that this decrease is the result of Tat-induced 

downregulation of y-glutamylcysteine synthetase, the rate-limiting enzyme in the synthesis of 

glutathione 65
• y-Glutamyl transpeptidase is also an important enzyme in glutathione 

metabolism95
• This is a cell surface enzyme that is expressed widely in mammalian cells and 

plays a role in the hydrolysis of extracellular glutathiorie. The influence of Tat on this enzyme 

has never been studied. Since the blood levels of glutathione are reduced in individuals 

infected with HIV-I, it is of importance to know whether y-giutamyl transpeptidase plays any 

role in HIV-I-induced decrease in glutathione levels in circulation. Our data show that the 

expression of Tat in ARPE-I9 cells markedly upregulates the activity of this enzyme (Fig. 8). 

The activity ofy-glutamyl transpeptidase in Tat-ARPE-19 cells was 



48 

Fig. 8. Influence of Tat on glutathione levels and y-glutamyl transpeptidase activity in 

ARPE-19 cells 

Cellular levels of glutathione were measured in control ARPE-19 cells (Control) and in Tat

expressing ARPE-19 cells (TAT). Corresponding cell homogenates were used to measure the 

activity ofy-glutamyl transpeptidase (y-GTPase). 
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4-fold higher than in control ARPE-19 cells. These data show that, in addition to the 

downregulation of glutathione biosynthesis, increased degradation of extracellular glutathione 

may also play a role in glutathione depletion caused by HIV-1 Tat. 

2) Influence of Tat on the activity of system x; 

Our initial hypothesis was that, since tpe expression of Tat in ARPE-19 cells decreased 

the cellular levels of glutathione which corroborated the findings in other mammalian cells 

and in transgenic animal models, the Tat-expressing ARPE-19 cells would exhibit decreased 

expression and activity of the transport system x-0 • The rationale for this hypothesis was as 

follows. The transport system x-c supplies the cells with the rate-limiting amino acid cysteine 

for glutathione synthesis and therefore the Tat-induced decrease in glutathione levels may 

involve not only the downregulation of y-glutamylcysteine synthetase, the rate-limiting 

enzyme in glutathione synthesis, and the upregulation of y-glutamyl transpeptidase but also 

the downregulation ofx-c to limit the availability of the precursor amino acid cysteine. To test 

this hypothesis, we measured the transport function of x-c in control and Tat-expressing 

ARPE-19 cells. Since x-c is a cystine/glutamate exchanger, the transport activity of this 

system can be monitored not only as the Na+-independent uptake of [35S]-cystine, in which 

case the system mediates the cellular uptake of [35S]-cystine in exchange for intracellular 

glutamate, but also as the Na+-independent uptake of [3H]-glutamate, in which case the 

system mediates the cellular uptake of [3H]-glutamate in exchange for unlabeled glutamate 

from inside the cells. We routinely prefer to use the latter approach for the measurement ofx-0 

activity because of the unstable nature of 35S radiolabel. Thus, x-c, which catalyzes 

cystine/glutamate exchange under physiological conditions, mediates glutamate/glutamate 

exchange under the experimental conditions. Furthermore, since the measurements were 
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Fig. 9. Influence of Tat on the activity of system x·c 

(A) The transport activity of system x·c was measured in control ARPE-19 cells (Control) 

and in Tat-expressing ARPE-19 cells (TAT) by determining the uptake of [3H]-glutamate 

(5 µM) with 15 min incubation in the absence of Na+. The specificity of Tat effect on 

system x·c was investigated by measuring the uptake;under identical conditions, of four 

other amino acids (leucine, alanine, arginine, and tryptophan) whose uptake is not 

mediated by system x·c• The concentration of these amino acids during uptake was 5 µM. 

(B) The substrate specificity of the glutamate uptake process that was induced by Tat was 

investigated by assessing'the influence of various unlabeled amino acids (2.5 mM) on the 

uptake of [3H]-glutamate (5 µM) in control ARPE-19 cells (Control) and in Tat

expressing ARPE-19 cells (TAT). 
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made in the absence of Na+, there was no contribution to glutamate uptake by any of the 

members of the EAAT family which are Na+-coupled glutamate transporters. The results of 

these studies showed that the transport activity of x-c did not decrease as a result of Tat 

expression as we originally hypothesized but increased markedly. The uptake of glutamate in 

Tat-expressing ARPE-19 cells was 2.7-fold higher than in control ARPE-19 cells (Fig. 9A). 

This effect was specific because the uptake of leucine, alanine, arginine, and tryptophan was 

not altered in these cells due to Tat expression when measured under identical conditions. 

Substrate specificity studies showed that the uptake of [3H]-glutamate in control cells and in 

Tat-expressing cells was completely inhibited only by unlabeled glutamate and cystine (Fig. 

9B). Cysteine inhibited the uptake but to a much lesser extent. Other amino acids tested 

(aspartate, leucine, alanine, glutamine, serine, proline, and glycine) did not have any effect on 

[3H]-glutamate uptake. Moreover, the Tat-induced increase in [3H]-glutamate in these cells 

was completely abolished when measured in the presence of excess amount of unlabeled 

glutamate and cystine. These data show that the uptake of [3H]-glutamate measured in these 

cells occurred exclusively via system x·c and that the Tat-induced increase in [3H]-glutamate 

uptake was entirely due to this transport system. 

3) Kinetic analysis of system xc· in control ARPE-19 cells and in Tat-expressing ARPE-

19 cells 

To determine the influence of Tat on the kinetic parameters ofx·c, we performed kinetic 

analysis of this transport system (Fig. l0A). The uptake of glutamate was saturable in control 

cells as well as in Tat-expressing cells. The Michaelis-Menten constant (K,) was not found to 

be influenced by Tat expression. The values for K, in control ARPE-19 cells and in Tat

ARPE-19 cells were 230 ± 20 and 215 ± 15 µM, respectively. However, the value for the 
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Fig. 10. Kinetic analysis of system x· c in control ARPE-19 cells and in Tat-expressing 

ARPE-19 cells 

(A) Uptake of glutamate was measured in control ARPE-19 cells (•) and in Tat-expressing 

ARPE-19 cells (o) over a concentration range of0.05 - 0.75 mM with 15 min incubation in 

the absence of Na+. (B) Uptake of [3H]-glutamate (2 µM) was measured in control ARPE-19 

cells ( •) and in Tat-expressing ARPE-19 cells ( o) with 15 min incubation in the absence of 

Na+ but in the presence of increasing concentrations of cystine. 
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maximal velocity (Vmax) increased 2.6-fold in Tat-expressing cells compared to control cells 

(8.3 ± 0.3 versus 3.1 ± 0.2 nmol/mg ofprotein/15 min, respectively). Since x·c mediates the 

influx of cystine under physiological conditions and it is the entry of this amino acid into cells 

that is functionally related ·to glutathione synthesis, it was necessary to evaluate the K, value 

for this amino acid in control cells and in Tat-expressing cells. This was done by using 

cystine as a competitor for [3H]-gutamate for uptake via x·c and determining the JC50 value 

(i.e., the concentration of cystine necessary for half-maximal inhibition of glutamate uptake). 

The JC50 value is an indirect measure of the affinity of the transport system for cystine. These 

studies showed that the expression of Tat in ARPE-19 cells did not have any significant effect 

on the JC5o value (98 ± 17 µMin control cells and 77 ± 6 µMin Tat-expressing cells) (Fig. 

1 OB). Taken together, these data show that Tat increases the maximal velocity of system x·c 

without altering the substrate affinity. 

4) Effect of Tat on the steady-state mRNA and protein levels ofxCT and 4F2hc in 

control ARPE-19 cells and in Tat-expressing ARPE-19 cells 

Northern analysis was carried out to determine the influence of Tat on the steady-state 

levels of mRNAs for the two subunits (xCT and 4F2hc) that comprise system x·c (Fig. l lA). 

The expression of Tat in ARPE-19 cells increased the mRNA levels for both subunits. After 

correction for differences in RNA loading using OCTN2 mRNA signals as the internal 

control, the Tat-induced increase in steady-state mRNA levels was 3-fold for xCT and 2.7-

fold for 4F2hc. The protein levels of xCT and 4F2hc were also increased by 2-fold in Tat

ARPE-19 cells compared to control cells as detected by western analysis (Fig. 118). 
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Figure 11. Effect of Tat on the steady-state mRNA and protein levels of xCT and 4F2hc 

(A) Northern analysis of steady-state levels of mRNA for xCT and 4F2hc in control ARPE-

19 cells (control) and in Tat-expressing ARPE-19 cells (TAT). The same blot was analyzed 

for OCTN2 mRNA as an internal control. (B) Western blot analysis of xCT and 4F2hc 

protein levels in control ARPE-19 cells .(C) and in Tat-expressing ARPE-19 cells (Tat). The 

same blot was analyzed for ERK2 protein levels as an internal control. 
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5) Influence of Tat on system Xe- activity under conditions of glutathione 

supplementation and glutathione depletion 
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The data presented thus far show clearly that the expression of Tat in ARPE-l 9 cells 

decreases the cellular levels of glutathione whereas the expression and activity of system x-c 

are upregulated by Tat. Obviously, the decrease in glutathione levels caused by Tat is not due 

to the Tat-induced changes in x-0 expression. The down-regulation of y-glutamylcysteine 

synthetase activity shown by other investigators 30 and the upregulation of y-glutamyl 

transpeptidase activity described in the present study most likely provide the molecular basis 

for the Tat-induced decrease in cellular levels of glutathione. Then the question arises as to 

whether the decrease in glutathione levels caused by Tat expression is responsible for the 

upregulation of system x-0• There is unequivocal evidence for the up-regulation of x-c by 

oxidative stress in a variety of experimental model systems 44.45
,
4s-5o. Therefore, it is possible 

that Tat-induced decrease in glutathione levels in ARPE-19 cells causes oxidative stress 

which in turn leads to the upregulation of system x-0 as a cellular response to oxidative stress 

in an attempt to increase glutathione synthesis. If this is indeed the case, glutathione 

supplementation and glutathione depletion should influence the effect of Tat on X-c expression. 

To test this possibility, we first cultured the control ARPE-19 cells and Tat-ARPE-19 cells in 

the presence of 2 mM glutathione for 2 days and then measured the transport activity of x-0 

(Fig. 12). As expected, glutathione supplementation did decrease the activity of system x-0 in 

control cells and in Tat-expressing cells. However, the Tat-induced upregulation of x-0 was 

maintained in the absence of glutathione as well as in the presence of glutathione. The Tat

induced stimulation ofx-0 activity was 2.5 ± 0.1-fold in the absence of 
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Fig. 12. Influence of Tat on system x-, activity under conditions of glutathione 

supplementation and glutathione depletion 

Control ARPE-19 cells (Control) and Tat-expressing ARPE-19 cells (TAT) were cultured for 

2 days in the absence or presence of 2 mM glutathione (GSH) or 0.2 mM buthionine 

sulfoximine (BS). Uptake of [3H]-glutamate (5 µM) was then measured in these cells with 15 

min incubation in the absence of Na+. Uptake measured in control ARPE-19 cells under 

normal culture conditions was taken as l 00%. 
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glutathione and the value remained unchanged (2. 7 ± 0.2-fold) in the presence of glutathione. 

We then investigated the effect of glutathione depletion on Tat-induced upregulation of x·0• 

This was done by culturing the control cells and the Tat-expressing cells in the presence of 

0.2 mM buthionine sulfoximine, a specific inhibitor of -y-glutamylcysteine synthetase. The 

depletion of cellular glutathione by this maneuver increased the activity of system x·0 in 

control cells as well as in Tat-expressing cells (Fig.12). This shows that oxidative stress 

caused by glutathione depletion does indeed induce x·0 activity. However, there was no 

change in the influence of Tat on the expression and activity of system x·0• Even in the 

presence ofbuthionine sulfoximine, the expression ofTat led to a 2.3 ± 0.1-fold increase in x· 

. . 
c activity. These data show that the influence of Tat on x·0 expression is independent of the 

cellular status of glutathione. 

6) Glutathione levels in RPE-eyecup in control mice and Tat-transgenic mice 

We determined the levels of glutathione in RPE-eyecups obtained from control mice and 

Tat-transgenic mice. There was a significant decrease in the levels of glutathione in the RPE 

ofTat-transgenicmice compared with control mice (control mice, 80.1 ±4.5 nmol/mg protein; 

Tat-transgenic mice, 65.5 ± 0.4 nmol/mg protein, P < 0.05) (Fig 13). 

7) Analysis of steady-state levels ofmRNA ofxCT, 4F2hc and heavy and light 

subunits of-y-glutamylcysteine synthetase (-y-GCS-HS and -y-GCS-LS) in RPE-eye 

cups from control mice and Tat-transgenic mice 

When we analyzed the steady-state levels ofxCT mRNA and 4F2hc mRNA in RPE

eyecups obtained from the transgenic mice, we found that the steady-state levels of xCT and 

4F2hc mRNAs were increased approximately two-fold in the Tat-expressing mice compared 
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Figure 13. RPE glutathione levels in control mice and Tat-transgenic mice 

RPE-eyecups were mechanically separated from control mice and Tat-transgenic mice 

guided by Dr. Sylvia Smith. The tissue homogenates were used to measure the total 

levels of glutathione. Three age matched control C57BL/6 mice and three Tat 

transgenic mice were used for the experiments. And the measurement was repeated 

three times. Student's t -.Test were used for the statistical analysis of the mean value 

of glutathione between the C?ntrol mice and Tat mice. * Significantly different from 

control (P < 0.05). 
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with control mice (Fig. 14) . We also evaluated the expression ofl-glutarnylcysteine 
/ 

synthetase, the rate-limiting enzyme in the synthesis of glutathione, in RPE-eyecups obtained 

from control and Tat-transgenic mice (Fig. 14) . There was no change in the steady-state 

levels ofrnRNA for the heavy subunit between control and Tat-transgenic mice, but the 

steady-state levels ofrnRNA for the light subunitwere decreased by 60% in Tat-transgenic 

mice compared with control mice. 

8) Expression pattern ofxCT and 4F2hc in mouse retina 

We performed irnrnunofluorescent localization studies to evaluate the expression 

pattern ofxCT and 4F2hc in mouse retina. These studies showed both subunits of Xe-to be 

expressed widely in retinal cells (Fig.15) . The expression is evident in the retinal pigment 

epithelium, outer nuclear layer consisting of photoreceptor cells, inner nuclear layer 

consisting ofMilllercells, and neuronal cells (bipolar, arnacrine, and horizontal cells), and 

the layer of retinal ganglion cells. 
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Figure 14. Steady-state levels of 4F2hc mRNA and xCT mRNA in control mice and in 

Tat-transgenic mice 

Semi-quantitative RT-PCR for analysis of steady-state levels of rnRNA for 4F2hc, xCT, and 

heavy and light subunits of y-glutamylcysteine synthetase (y-GCS-HS and y-GCS-LS) in 

control RPE-eye cups (C) and in transgenic RPE-eyecups (T). 18S RNA was analyzed in the 

same RNA samples as internal control. 
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Figure 15. Immunolocalization of the two subunits of system x-c (xCT and 4F2hc) in 

mouse retina 

Retinal sections were probed with antibodies specific for each of these subunits. (A) 

Hematoxylin and eosin staining. (B) Expression pattern ofxCT as detected by Cy-3-

conjugated secondary antibody (red fluorescence). (C) Negative control for xCT 

expression where the primary antibody was first neutralized with excess antigenic 

peptide and then used for incubation with retinal sections. (D) Expression pattern of 

4F2hc as detected by FITC-conjugated secondary antibody (green fluorescence). (E) 

Negative control for 4F2hc expression where the primary antibody was omitted. rpe, 

retinal pigment epithelium; on!, outer nuclear layer consisting of photoreceptor cells; 

in!, irmer nuclear layer consisting of Muller cells and neuronal cells (bipolar, amacrine, 

and horizo_ntal cells); gel, ganglion cell layer. 
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3. Influence ofHIV-1 Tat on the uptake ofdeltorphin in AREP-19 cells 

1) Analysis of the expression of OATP-A in control ARPE-19 cells and Tat

ARPE-19 cells 
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Genechip analysis of differentially expressed genes in ARPE-19 cells in response to Tat 

showed the down-regulation ofOATP-A. To confirm this result, semiquantitative RT-PCR 

was carried out to determine the steady-state levels ofmRNAs for OATP-A. 18S rRNA was 

used as an internal control. The mRNA levels ofOATP-A in Tat-ARPE-19 cells were 

markedly reduced compared to control ARPE-19 cells (Fig. l 6A). There are several transcript 

variants ofOATP-A genes and the size of the transcripts can be 2.3 kb, 2.9 kb, and 3.4 kb 96
• 

To determine whether Tat influences the levels of any specific transcript, Northern analysis 

was done (Fig. 16B). The results showed four different specific hybridization signals for the 

OATP-A, three of them were consistent with the transcript variants reported by Dr.Lee96and 

the other one was new variant. The 2.3 kb signal was more prominent. No hybridization 

signal was detected in Tat-ARPE-19 cells. ll -actin was used as the internal control and the 

hybridization signal was similar in both cell line. These data show that the Tat-induced down

regulation ofOATP-A involved all transcripts. 

2) Time course and ion-dependence of deltorphin uptake in control ARPE-19 

and Tat-ARPE-19 cells 

The data above show that OATP-A is silenced by HIV-1 Tat at the mRNA level. Since 

deltorphin II is one of the substrates for OATP-A, we performed the deltorphin II uptake in 



63 

Figure 16; Effect of Tat on the steady-state levels of mRNA of OATP-A 

(A) Semiquantitative RT-PCR for analysis of steady-state levels ofmRNA for OATP-A in 

control ARPE-19 cells (C) and Tat-ARPE-19 cells (T). (B) Northern blot analysis ofsteady

state levels ofmRNA ofOATP-A in control ARPE-19 cells (C) and Tat-ARPE-19 cells (T). 
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control ARPE-19 cells and in Tat-ARPE-19 cells and expected that uptake of deltorphin 

would be decreased in Tat-ARPE-19 cells. Fig. 17 A describes the time course of deltorphin II 

uptake in control ARPE-19 cells and in Tat-ARPE-19 cells. To our surprise, the result was 

opposite; the uptake in Tat-expressing cells was about 6 to 10-fold higher than in control cells. 

Deltorphin uptake was linear up to 30 min in both cell lines in the presence of Nae!. The 

uptake in both cell lines was obligatorily dependent on Na+ as well as er (Fig. 17B ). 

Removal ofNa+ or er from the uptake medium resulted in 85-95% decrease in deltorphin 

uptake in control cells and in Tat-expressing cells. These data show that the deltorphin uptake 

detected in ARPE-19 cells occurs via a Na+- and er -dependent process irrespective of 

whether or not the cells express HN-1 Tat. Because OATP-A was a sodium independent 

transporter, uptake of deltorphin in Tat-ARPE-19 should be mediated by some other transport 

system. We conclude that ARPE-19 cells express a Na+- and er -dependent transport system 

for deltorphin II and that the expression ofHN-1 Tat leads to the up-regulation of this 

transport system. 

3) Saturation kinetics and Na+_ and er -activation kinetics of deltorphin uptake 

in Tat-ARPE-19 cells 

Since the Tat-expressing cells exhibit much higher activity of the deltorphin transport 

system than the control cells, we used the former to characterize the saturation kinetics and 

Na+- and er -activation kinetics of the transport system. In the presence ofNael, deltorphin 

II uptake was saturable with a Michaelis-Menten constant (K1) of 46 ± 5 µM (Fig. 18A). With 

the concentration of er kept constant at 140 mM, increasing concentrations of Na+ increased 

the uptake in a sigmoidal manner (Fig. 18B). The Hill coefficient (nH; the number of Na+ ions 

involved in the activation process) for the Na+-activation process was 3.0 ± 0.7. With the 
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Figure 17. Time course and ion-dependence of deltorphin uptake in control ARPE-19 

and Tat-ARPE-19 cells 

(A) Uptake of [3H] deltorphin II (50 nM) was measured in control ARPE-19 and Tat-ARPE-

19 cells for different periods in the presence of NaCl. (B) Upt~e of [3H]deltorphin II (50 nM) 

was measured in control ARPE-19 and Tat-ARPE-19 cells for 30 min in the presence ofNa+ 

and er (NaCl), in the absence of Na+ but in the presence of er (NMDG chloride), or in the 

absence of Cr bµt in the presence ofNa+ (Na gluconate). 
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Figure 18. Saturation kinetics and Na•- and er -activation kinetics of deltorphin uptake in Tat

ARPE-19 cells 

(A) Uptake of deltorphin II was measured in the presence of NaCl for 30 min over a deltorphin II 

concentration range of 10-1000 µM. Inset: Eadie-Hofstee plot. (B) Uptake of ['HJ deltorphin II (50 nM) 

was measured for 30 min in the presence of varying concentrations of Na• (2.5-140 mM), with er 

concentration kept constant at 140 mM. Inset: Hill plot. (C) Uptake of ['HJ deltorphin II (50 nM) was 

measured for 30 min in the presence of varying concentrations of er (10-140 mM), with Na• concentration 

kept constant at 140 mM. Inset: Hill plot. 
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Table ill 

Inhibitor Structure [3H]Deltorphin II 

uptake 

pmol/mg % 

protein/JO min 

Control 7.76 ± 0.27 100 

Gly-Gly-Gly 9.68 ± 0.39" 125 

L-Tyrosine 7.52±0.15 97 

L-Proline 7.31 ± 0.20 94 

Glycine 7.23 ± 0.14 93 

Carnosine P-Ala-His 6.21 ± 0.08° 80 

Tyr-Pro 5.72± 0.09" 74 

D-Tyrosine 4.05 ± 0.09" 52 

Tyr-MIF-1 Tyr-Pro-Leu-Gly-NH2 9.20±0.15° 119 

P-Lipotropin Tyr-Gly-Gly-Phe 6.26±0.31· 81 

P-Casomorphin Tyr-Pro-Phe-Pro-Gly-Pro- 2.03 ± 0.05° 26 

lie 

Deltorphin II Tyr-DAla-Phe-Glu-Val- o.34 ± o.oo· 4 

Val-Gly-NH2 

[ des-Tyr 1 ]Met-Enkephalin Gly-Gly-Phe-Met 0.74± 0.03° 10 

Met-Enkephalin Tyr-Gly-Gly-Phe-Met 0.50 ± 0.01 • 6 



Met-Enkephalinamide Tyr-Gly-Gly-Phe-Met-NH2 0.69 ± 0.01' 9 

Leu-Enkephalin Tyr-Gly-Gly-Phe-Leu 0.15 ± 0.01' 2 

11-Neo-endorphin(l-6) Tyr-Gly-Gly-Phe-Met-Lys 0.19 ± 0.01· 3 

Dynorphin A(l-6) Tyr-Gly-Gly-Phe-Leu-Arg · 0.12± o.oo· 2 

[Met5,Arg6,Phe7]Enkephalin Tyr-Gly-Gly-Phe-Met- 0.11 ± 0.01' 

Arg-Phe 

[Met5,Arg6,Gly7,Leu8]Enkephalin Tyr-Gly-Gly-Phe-Met- 0.09±0.01' 

Arg-Gly-Leu 

Dynorphin A( 1-7) Tyr-Gly-Gly-Phe-Leu- 0.10 ± 0.02' 

Arg-Arg 

Dynorphin B( 1-9) Tyr-Gly-Gly-Phe-Leu- 0.08 ± 0.01' 

Arg-Arg-Gln-Phe 

Dynorphin A(l-13) Tyr-Gly-Gly-Phe-Leu- 0.07 ± 0.01' 

Arg-Arg-lle-Arg-

Pro-Lys-Leu-Lys 

Naloxone opiate receptor antagonist 8.38 ± 0.10 108 

Naltrexone opiate receptor antagonist 8.22± 0.15 106 
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various forms of dynorphin. Of note are the findings that naloxone and naltrexone, two of the 

well known non-peptide opiate antagonists, did not compete with deltorphin for the uptake 

process. These data show that the deltorphin transport system identified in Tat-ARPE-19 cells 

preferentially recognize endogenous opioid peptides as substrates. This unique substrate 

selectivity of the transport system is also seen in control ARPE-19 cells (Table IV). 

5) Relative affinities of endogenous opioid peptides for the transport system 

To determine the relative affinities of various endogenous opioid peptides for the 

transport system, we investigated the dose-response relationship for the inhibition of the 

uptake of [3H] deltorphin II by these peptides in Tat-ARPE-19 cells. The !Cso values, 

calculated from these dose-response curves, are given in Table V. Dynorphin A containing 13 

amino acids showed highest affinity for the transport system with an IC so value of 0.38 ± 0.03 

µM. This was followed by [Arg6, Gly7, Leu8] Met-enkephalin, dynorphin B (1-9), dynorphin 

A(l-6), dynorphinA(l-7), [ Arg6,Phe7]Met-enkephalin, Leu-enkephalin, Met

enkephalinamide, [des-Tyrl]Met-enkephalin, Met-enkephalin, and deltorphin IL The !Cso 

values for these peptides were in the range of 2.5 - 40 µM. 
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Table IV 

Substrate selectivity oft/1e deltorp/1in II transport system in contro/ARPE-19 cells 

ARPE-19 cells stably transfected with pcDNA vector alone were used as control cells . 

. Uptake of [3H] deltorphin II (50 nM) was measured in these cells for 30 min in the presence 

of NaCl. Final concentration of opioid peptides/antagonists was 1 mM. • p <0.05 compared 

to control. 



Table IV 

Opioid peptide/antagonist [
3H]Deltorphin IT uptake 

pmol/mg protein/30 min % 

Control 1.08 ± 0.015 100 

Deltorphin II 0.17 ± 0.006' 16 

Met-Enkephalin 0.06 ± 0.004' 5 

[Met5,Arg6,Phe7]Enkephalin 0.05 ± 0.001· 4 

[Met5,Arg6,Gly7,Leu8]Enkephalin 0.04 ± 0.00 I' 4 

Dynorphin A(l-6) 0.06 ±0.001' 5 

Dynorphin A(l -7) 0.05 ± 0.002· 5 

Dynorphin A(l-13) 0.04±0.001' 4 

Dynorphin B(l-9) 0.06 ± 0.000· 5 

Naltrexone 1.12 ± 0.02 104 

Naloxone 1.01 ±0.00 94 
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Table V 

Relative affinities of endogenous opioid peptides/or tl1e deltorp/1in II transport system in 

Tat-ARPE-19 cells 

JC50 values (i.e., concentration of the peptide needed for 50% inhibition) were calculated 

from the dose-response curves in Fig. 4 for the inhibition of [3H] deltorphin II (25 nM) uptake 

by the peptides. 



TableV 

Opioid peptide ICso (µM) 

DynorphinA13 0.4 ± 0.1 

[Met5,Arg6,Gly7,Leu8]Enkephalin 2.5 ± 0.4 

Dynorphin B(l-9) 3.1 ±0.6 

Dynorphin A(l-6) 4.2±0.6 

DynorphinA(l-7) 7.3 ± 1.9 

[Met5,Arg6,Phe7]Enkephalin 9.1 ± 1.7 

Leu-Enkephalin 9.5 ± 1.8 

Met-Enkephalinamide 13.0 ±2.7 

[ des-Tyr I ]Enkephalin 31.9 ± 5.5 

Met-Enkephalin 33.2 ±4.4 

Deltorphin II 38.8±4.6 



4. The effect ofHIV-1 Tat on creatine transporter in ARPE-19 cell and 

mouse retina 
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1) Analysis of the expression of creatine transporter mRNA in control ARPE-19 

cells and Tat-ARPE-19 cells 

Genechip analysis of differentially expressed genes in ARPE-19 cells in response to 

Tat showed the up-regulation of creatine transporter (CRTl). To confirm these findings, 

semiquantitative RT-PCR was carried out and 18S rRNA was used as an internal control. 

The mRNA level ofCRTl in Tat-ARPE-19 cells show 2-fold increase compared to control 

ARPE-19 cells (Fig.19A). To confirm the RT-PCR results, Northern analysis was carried 

out (Fig. 19B). The results showed two different specific hybridization signals (3.0 and 4.1 

kb) for the creatine transporter. These might represent two different alternative splice 

variants of the transporter mRNA. The 4.1 kb signal was more prominent. This signal was 

then used to quantify the steady-state levels of the transporter mRNA after adjustment for 

the fl -actin hybridization signal. The ratio of the transporter signal to the fl -actin signal 

was 3.3-fold greater in Tat-expressing cells than in control cells. The protein level of CRT! 

was also increased by 2-fold in Tat-ARPE-19 cells compared to control cells as detected by 

western analysis (Fig. l 9C). These data show that the expression of CRTl is induced by 

HIVl-Tat in ARPE-19 cells. 
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Figure 19. Influence of Tat on the steady-state levels of CRTl mRNA and protein 

Semiquantitative RT-PCR was carried out to determine the influence of Tat on the steady

state levels ofmRNAs for CRTl. 18S rRNA was used as an internal control (Fig.19A). To 

confirm the RT-PCR result, Northern analysis was carried out (Fig. 19B). .13 -actin was 

used as an internal control. The protein level ofCRTl was measured in Tat-ARPE-19 cells 

comparing to control cells by western analysis (Fig. 19C). 
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2) Time course aud ion-dependence of creatiue uptake in control ARPE-19 cells 

and Tat-ARPE-19 cells 

Fig. 20A describes the time course of creatine uptake in control ARPE-19 cells and in 

Tat-ARPE-19 cells. When measured in the presence ofNael, creatine uptake was linear up to 

45 min in both cell lines. But, the uptake in Tat-ARPE-19 cells was about 2- to 3-fold higher 

than in control cells. The uptake in both cell lines was obligatorily dependent on Na+ as well 

as er (Fig. 20B). Removal of Na+ or er from the uptake medium resulted in 80-95% 

decrease in creatine uptake in control and Tat-expressing ARPE-19 cells. These data show 

that the creatine uptake detected in ARPE-19 cells occurs via a Na+ - and er -dependent 

process irrespective of whether or not the cells express HIV-1 Tat. We conclude that ARPE-

19 cells express a Na+- and er -dependent transport system for creatine and that the 

expression of HIV-1 Tat leads to the up-regulation of this transport system. 

3) Saturation kinetics of creatine uptake in control ARPE-19 cells and Tat

ARPE-19 cells 

The uptake of creatine was saturable in control cells as well as in Tat-expressing cells 

(Fig 2 lA). In both cell types, the uptake data fitted very well to the Michaelis-Menten 

equation describing a single saturable system. The increase in creatine uptake observed in 

Tat-expressing cells was entirely due to an increase in the maximal velocity of the uptake 

process, with no change in the affinity of the transporter for its substrate. The values for the 

maximal velocity (Vmax) in control cells and Tat-expressing cells were 1.1 + 0.1 and 3.2 + 

0.2 nmol/mg protein/45 min, respectively. The values for the Michaelis-Menten constant (Kt) 

in control cells and Tat-expressing cells were 36 + 6 µMand 31 + 3 µM, respectively. 
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Figure 20. Time course and ion-dependence of creatine uptake in control ARPE-

19 cells and Tat-ARPE-19 cells 

(A) Uptake of[14C] creatine (5 µM) was measured in control ARPE-19 and Tat

ARPE-19 cells for different periods in the presence of NaCL (B) Uptake of [14C] 

creatine (5µM) was measured in control ARPE-19 cells and Tat-ARPE-19 cells for 45 

min in the presence of NaCl (presence of both Na+ and Cl·), N-methyl-D-glucamine 

chloride (presence of Cl· but absence of Na+), or sodium gluconate (presence of Na+ 

but absence of Cl·). 
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Figure 21. Saturation kinetics of creatine uptake in control ARPE-19 cells and 

Tat-ARPE-19 cells 
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(A) The uptake ofcreatine was measured in control ARPE-19 cells and Tat-ARPE-19 

cells for 45 min in the presence of NaCl over a creatine concentration range of 5-250 

µM. The uptake was then analyzed by the Michaelis-Menten equation describing a 

single saturable system using the non-linear regression method. (B) The data were 

also analyzed by the Eadie-Hofstee method using linear regression. 
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Fig. 21B describes the same data analyzed by the Eadie-Hofstee method using the linear 

regression and the results were consistent with the data analyzed by Michaelis-Menten 

equation. 
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4) Na+- and Cr- activation kinetics of creatine uptake in control ARPE-19 cells 

and Tat-ARPE-19 cells 

The uptake of creatine was activated by increasing concentrations of Na+ in control cells 

as well as in Tat-expressing cells. The relationship between the uptake rate and the Na+ 

concentration was sigmoidal, indicating the involvement of more then one Na+ per transport 

cycle. Hill analysis indicated that the value for nH was 2.1 + 0.2 and 2.2 + 0.1 in control 

cells and Tat-expressing cells, respectively (Fig. 22A). With the concentration ofNa+ kept 

constant at 140 mM, increasing concentrations of er also increased the uptake, but the 

relationship between the uptake rate and er concentration was hyperbolic (Fig. 22B). The 

value for the Hill coefficient (ntt) for the er -activation process was 1.3 + 0.2 and 0.9 + 0.1 

in control cells and Tat-expressing cells, respectively. These data show that the Na+:cr 

:creatine stoichiometry for the transport process was 2: 1: 1. 

5) Expression pattern of creatine transporter in the mouse retina 

The expression pattern of CR Tl in ocular tissues was determined in the mouse eye by in 

situ hybridization and by immunostaining with an anti-CRTl polyclonal antibody. Figure 

23A shows the normal structure of the retina by hematoxylin and eosin staining. In situ 

hybridization results show that CR Tl is expressed widely in retinal cells (Fig 23B). The 

expression was evident in the retinal pigment epithelium, outer nuclear layer consisting of 

photoreceptor cells, inner nuclear layer consisting bipolar cells, horizontal cells, and amacrine 
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Figure 22. Na+- and er- activation kinetics of creatine uptake in control ARPE-19 cells 

and Tat-ARPE-19 cells 

(A) The uptake of creatine (5 µM) was measured in control ARPE-19 cells and Tat-ARPE-

19 cells for 45 min in the presence of increasing concentrations ofNa+ (2.5 -140 mM). The 

concentration of Cl-was kept constant at 140 mM. (B) The uptake ofcreatine (5 µM) was 

measured in control cells and Tat-expressing cells for 45 min in the presence of increasing 

concentrations of CI- (2.5-140 mM). The concentration ofNa+ was kept constant at 140 mM. 

The uptake data were then analyzed by the Hill equation and the value for the Hill coeffient 

(nH) was determined. This value represented the number of Na+ and Cl involved in the 

transport of creatine per transport cycle. 
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Figure 23. The distribution of CRTl mRNA by in situ hybridization and CRTl protein 

by immunofluorescence detection 

(A) Hematoxylin and eosin staining. (B) Retina sections probed with antisense digoxigenin

labeled mouse CRT! riboprobe. (C) Retina sections probed with sense digoxigenin-labeled 

mouse CRTl riboprobe (negative control). (D) Expression pattern of CRTl as detected by 

Cy-3-conjugated secondary antibody (red fluorescence). (E) Negative control for CRT! 

expression where the primary antibody was omitted. 

rpe, retinal pigment epithelium; on!, outer nuclear layer consisting of photoreceptor cells; in!, 

inner nuclear layer consisting of Muller cells and neuronal cells (bipolar, amacrine, and 

horizontal cells); gel, ganglion cell layer. 
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cells, and the layer of retinal ganglion cells. The sense probe of CRT! was used as negative 

control and no signal was detected (Fig 23C). The expression pattern of CRT! (red color) by 

immunostaining (Fig 23D) was basically consistent with the mRNA expression pattern. 

Furthermore, it showed that CRT! was highly expressed in ganglion cells. With the omission 

of the primary antibody (negative control), no signal was detected (Fig 23E). 

6) Influence of Tat on the expression of CRTl in ocular tissues of control mice 

and transgenic mice 

To determine whether Tat has similar effects on the expression of CRT! in intact 

animals, we used Tat-transgenic mice. We found that the steady-state levels of CRT! was 

increased approximately two-fold in the neural retina or eyecup of the Tat expressing 

transgenic mice compared with neural retina or eyecup in the control mice by 

semiquantitative RT-PCR (Figure 24). 18S rRNA was used as internal control and CRTl/18S 

was calculated as the parameter for the expression level of CRT!. 
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Figure 24. Semiquantitative RT-PCR for the analysis of steady-state of levels of 

CRTl mRNA in control mice (C) and Tat-transgenic mice (T) 

18S rRNA was analysis in the same RNA samples as the internal control. CRTl/18S 

ratio was calculated as the parameter for the expression level of CRTl. 



Fig. 24 

RPE-eye cup Neural retina 

C T C T 

CRT1 

185 

0.55 1.08 0.50 0.93 CRT1/185 ratio 



5. Compare the effect ofTat-(1-72) and Tat-(1-101) on the regulation of 

transport systems in ARPE-19 cells 

82 

1) Analysis of the expression of Tat mRNA in ARPE-19 cells stably transfected 

with pcDNA-Tat-(1-72) or pcDNA-Tat-(1-101) 

We performed RT-PCR with RNA isolated from ARPE-19 cells transfected with 

pcDNA-Tat-(1-72) and from ARPE-19 cells transfected with pcDNA-Tat-(1-101) to confirm 

the expression of appropriate Tat mRNA in respective cell lines. With PCR primers spanning 

the region between translation start codon and the stop codon, RT-PCR yielded, as expected, 

a 219-bp product (72 amino acids) with RNA from the one-exon Tat expressing ARPE-19 

cell line and a 306-bp product (101 amino acids) with RNA from the two-exon expressing 

ARPE-19 cell line (Fig.25 ). No signal was detected with control ARPE-19 cells. 

2) Detection of functional Tat in ARPE-19 cells stably transfected with pcDNA

Tat-(1-72) or pcDNA-Tat-(1-101) 

Fig.26 shows that immunopositive Tat was detectable in both cell lines. To demonstrate 

that both Tat-(1-72) and Tat-(101) were functional in these cells, we used a reporter construct 

in which the expression ofEGFP was under the control of HIV-I LTR. The expression of 

GFP in Tat-expressing cells was evident irrespective of whether the cells express the one

exon Tat or the two-exon Tat. Neither Tat nor GFP was detectable in control cells transfected 

withpcDNA3 alone. ARPE-19 cells were of human origin and HIV-I Tat inhuman cells was 

known to interact with cyclin Tl and the Tat-cyclin Tl complex was capable of binding to 

HIV- I L TR for activation of downstream genes. 



Figure 25. RT-PCR evidence for the expression of Tat mRNA in ARPE-19 cells 

stably transfected with pcDNA-Tat-(1-72) or pcDNA-Tat-(1-101) 

83 

Control ARPE-19 cells were negative. Cells expressing the one-exon Tat gave a 219-

bp product whereas cells expressing the two-exon Tat gave a 306-bp product. 



Fig. 25. 



Figure 26. Immunopositive Tat was detectable in both cell lines 

(A). The expression of GFP in Tat-expressing ARPE cells was evident irrespective of 

whether the cells express the one-exon Tat or the two-exon Tat (B). Control cells were 

negative for Tat as well as GFP. 
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3) Comparison of four different transport systems in control ARPE-19 cells and 

in Tat-expressing ARPE-19 cells 

We compared between the two cell lines the activities of four different transport systems: 

deltorphin transport system, creatine transporter, amino acid transporter x-c, and the excitatory 

amino acid transporter EAAT. The expression of the one-exon Tat enhanced the activities of 

the first three transport systems and reduced the activity of EAA T as we had shown 

previously 97-99_ Similar changes were observed in the cell line expressing the two-exon Tat 

(Fig. 27), demonstrating that Tat induced comparable functional changes in ARPE-19 cells 

irrespective of whether the cells expressed the one-exon Tat or the two-exon Tat. 
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Figure 27. Comparison of four different transport systems in control cells and in 

Tat-expressing cell lines. 

The activities of deltorphin transport system, creatine transporter, amino acid 

transporter x-c, and the amino acid transporter EAATwere measured in ARPE-19 cells 

expressing either the one-exon Tat or the two-exon Tat. 
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IV. DISCUSSION 

Extracellular Tat is a pleiotropic factor that induces a broad range of biological effects in 

numerous cell types. It is involved in the complex pathogenesis of AIDS. Visual dysfunction 

in HIV-positive patients without infectious retinopathy is being quite common in AIDS 

patients 19
. Until recently, little research focused on noninfectious ocular pathology in HIV 

disease. In this study, we utilized genechip analysis from control ARPE-19 cell and Tat 

expressing ARPE-19 cells and deciphered some of the cellular changes associated with Tat. 

More than 100 genes were differentially regulated by Tat in these cells with more than 2-fold 

change in expression. Considering the complex of the gene profile, we categorized the 

differentially expressed genes on the basis of biological processes, cellular components, and 

biological functions. Among these genes included the up-regulation of the genes coding for 

the amino acid transporter x·c and for the creatine transporter, and the down-regulation of the 

gene coding for the organic anion transporting polypeptide OATP-A. 

A. Influence ofHIV-1-Tat on cystine/glutamate exchanger 

The expression of Tat in mammalian cells and in transgenic mice has been shown to 

reduce the levels of glutathione29
•
30

•
85

• There have been no studies reported in the literature on 

the influence of Tat on glutathione homeostasis in the retina. Our studies showed for the first 

time that expression of Tat inARPE-19 cells leads to a significant decrease in glutathione 

levels. y-Glutamyl transpeptidase is also an essential enzyme in glutathione metabolism 95
• 

This is a cell surface enzyme that plays a role in the hydrolysis of extracellular glutathione. 

The influence of Tat on this enzyme has never been studied. This prompted us·to examine the 
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influence of Tat on the expression and activity of this enzyme in ARPE-19 cells. Our data 

showed that y -glutamyl transpeptidase was upregulated by Tat in these cells. Studies by other 

investigators have shown that y -glutamylcysteine synthetase, the rate-limiting enzyme for the 

synthesis of glutathione, is downregulated in the liver of Tat-transgenic mice and that the Tat

dependent downregulation is specific for the catalytic subunit (light subunit) of the enzyme 30
• 

In the present study, we showed for the first time that the expression of this enzyme is 

downregulated in the retina from Tat-transgerµc mice. As demonstrated in the liver by Choi et 

al 30
, it is the light subunit of the enzyme that is affected by Tat in retina also. These studies 

suggest that the expression of Tat in transgenic mice leads to a decrease of both intracellular 

and extracellular glutathione levels. The downregulation of y -glutamylcysteine synthetase is 

expected to decrease the synthesis of glutathione·, and the upregulation ofy -glutamyl 

transpeptidase is expected to enhance the breakdown of extracellular glutathione. Together, 

these changes caused by Tat in the expression of these two critical enzymes contribute to the 

depletion of glutathione caused by Tat. 

Our initial hypothesis was that, because the expression of Tat in ARPE-19 cells 

decreased the cellular levels ofglutathione, the Tat-expressing ARPE-19 cells would exhibit 

decreased expression and activity of the transport system Xe-- The rationale for this hypothesis 

was as follows. The transport system Xe- supplies the cells with the rate-limiting amino acid 

cysteine for glutathione synthesis and therefore the Tat-induced decrease in glutathione levels 

may involve the downregulation ofxe-to limit the availability of the precursor amino acid 

cysteine. But our studies produced unexpected results. The activity of system Xe- was not 

downregulated by Tat as we initially hypothesized, but was upregulated. Kinetic analyses 

showed that Tat-induced upregulation of system Xe- was associated with an increase in the 

maximal velocity without any significant change in the substrate affinity. These findings were 



supported by parallel changes in the steady-state levels of mRNA and protein of the two 

subunits that constitute the functional system Xe-: 4F2hc and xCT. 

89 

Our studies thus showed clearly that the expression of Tat in ARPE-19 cells decreased 

the cellular levels of glutathione, whereas the expression and activity of system Xe- were 

upregulated by Tat. Obviously, the decrease in glutathione levels caused by Tat was not due 

to the Tat-induced changes in Xe- expression. The downregulation of y-glutamylcysteine 

synthetase activity and the upregulation of y-glutamyl transpeptidase activity described in the 

present study most likely provide the molecular basis for the Tat-induced depletion of 

glutathione. Then, the question arises as to whether the decrease in glutathione levels caused 

by Tat expression is responsible for the upregulation of system Xe-- There is unequivocal 

evidence for the upregulation of Xe - by oxidative stress in a variety of experimental model 

systems 44
•
45

•
43-so_ Therefore, it is possible that a Tat-induced decrease in glutathione levels in 

ARPE-19 cells causes oxidative stress that in turn leads to the upregulation of system Xe- as a 

cellular response to oxidative stress in an attempt to increase glutathione synthesis. If this is 

indeed the case, glutathione supplementation and glutathione depletion should influence the 

effect of Tat on Xe- expression; but this was not the case. Glutathione supplementation did 

decrease and glutathione depletion did increase the activity of system Xe-, but the upregulation 

caused by Tat was not influenced by the glutathione supplementation or glutathione depletion. 

Therefore, the Tat-induced upregulation of the expression and activity of system Xe- is 

independent of the glutathione status of the cell. 

We confirmed the upregulation of system Xe- by Tat observed in ARPE-19 cells in a 

transgenic mouse model. In these transgenic mice, the Tat protein is expressed exclusively in 

MHC class II-positive cells. Thi~ mouse model is a close approximation ofHIV-1 infection in 
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humans based on the similarity of the tissue distribution of Tat expression. In ARPE-19 cells 

stably expressing Tat, we found an upregulation ofxCT as well as 4F2hc. The results were 

similar in Tat-transgenic mice when the expressionofxCT and 4F2hc was analyzed in RPE

eyecups. Our data showed that both subunits of system Xe- were expressed widely in the retina. 

Therefore, we conclude that the increase in the expression ofxe- in the ocular tissues of the 

Tat-transgenic mice occurs not only in RPE cells but also in other cell types within the retina. 

Based on these findings, we propose a model to describe the molecular events involved 

in the initiation of oxidative stress and excitotoxicity in the retina by Tat (Fig. 28). We 

speculate that the observations made in the ARPE-19 cell line with respect to the effects of 

Tat are applicable to most retinal cell types such as the Millier cells and ganglion cells. These 

cells are exposed to Tat present in the circulation in individuals infected with HIV-1. It has 

been shown that exposure of mammalian cells to recombinant Tat in the extracellular medium 

leads to changes in gene expression, indicating Tat's ability to enter these cells to produce its 

biological effects 29• Tat reduces the endogenous synthesis of glutathione in the cells by 

downregulating the expression of the rate-limiting enzymey-glutamylcysteine synthetase. It 

also reduces the levels of glutathione by upregulating the membrane-bound extracellular 

enzyme y-glutamyl transpeptidase. This results in oxidative stress. In addition, Tat 

upregulates the expression of Xe-, which enhances the release of glutamate into the 

extracellular space in the retina. This causes excitotoxicity. Our previous studies have shown 

that in vivo exposure of retina in mice to elevated levels of glutamate leads to apoptotic cell 

death in the retinal ganglion cell layer 100
• 
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Figure 28. A model identifying the molecular components that are involved in IDV-1 

Tat-induced pathogenesis of oxidative stress and excitotoxicity in retina 

GSH, glutathione; y-GT, y-glutamyl transpeptidase; A, any acceptor 

molecule for y-GT. 
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We speculate that the findings of the present study may underlie the pathogenesis of 

noninfectious AIDS retinopathy, the most commonly observed visual condition in patients 

with AIDS 15•18. Noninfectious AIDS retinopathyis associated solely with the primary 

pathogen HIV-1 and is distinct from infectious retinopathy in AIDS, which is caused by 

opportunistic infections such as cytomegalovirus. Noninfectious AIDS retinopathy is 

characterized by thinning of the retinal nerve fiber layer and loss of ganglion cells 
101

•
104

, 

functional defects involving Muller cells and neurons of the inner retina 105
, as well as 

microangiopathy 106.1°7• Thus, noninfectious AIDS retinopathy leads to significant functional 

visual deficits 15•18• We hypothesize that the oxidative stress and excitotoxicity induced by Tat 

in RPE and other retinal cells play a major role in the retinal dysfunction associated with 

noninfectious AIDS retinopathy. However, we point out that the suggested relevance of the 

findings of the present study to the pathogenesis of noninfectious retinopathy remains 

speculative at this time. Direct demonstration of retinal disease in Tat-transgenic mice at 

morphologic and functional levels would be crucial to establishing the clinical relevance of 

the present findings. 
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B. Influence of HIV-1-Tat on the uptake of deltorphin 

Here we showed for the first time that human RPE cells express a Na+- and er -coupled 

active transport system for a variety of opioid peptides consisting of 4-13 amino acids. To our 

knowledge, such a transport system has not been identified previously in any mammalian cell. 

A family of transport systems for bioactive peptides has been described in the blood

brain barrier and this family consists of at least four distinct subtypes, known as peptide 

transport systems 1-4 (PTS-1, PTS-2, PTS-3, and PTS-4) 108·109, but none of these transport 

systems exhibits the ion-dependence and substrate selectivity characteristics of the opioid 

peptide transport system described in this study. Among the four subtypes of PTS family, 

PTS-1 is almost exclusively responsible for the transport of enkephalins 110
• However, the 

transport system reported in the present study is not related to PTS-1 because there are 

marked differences between the two systems in terms of energy dependence and substrate 

specificity. PTS-1 is an energy-independent facilitative transport system 108"110 whereas the 

transport system described in the present study is a Na+- and er -coupled transport system. 

The opioid-related peptide Tyr-MIF-1 is widely used as a selective model substrate for PTS-

1109, but this peptide is not recognized by the opioid peptide transport system in RPE cells. In 

addition, dynorphin A13 exhibits almost 10-fold higher affinity than the shorter dynorphins, 

which are made of only 6-9 amino acids, for the opioid peptide transport system in RPE cells 

whereas, among the various dynorphins tested, dynorphin 1-8 shows the highest affinity for 



94 

PTS-1 110
• These data show that none of the peptide transport systems, known to exist in the 

blood-brain barrier, represents the transport system described in the current study. 

Another transport system for the synthetic opioid peptide [D-penicillamine2
•
5
] 

enkephalin (DPDPE) has been described in the blood-brain barrier 111
•
112

• But, unlike the 

opioid peptide transport system in RPE cells, this system does not recognize Leu-enkephalin 

as a substrate. Tue organic anion transporting polypeptides such as rat Oatp I and Oatp2 and 

human OATP-A and OATP8 can transport Leu-enkephalin and deltorphin II as does the 

opioid peptide transport system in RPE cells, but these transport systems are Na+ -

independent87
•
113

•
114

. Furthermore, the non-peptide opioid receptor antagonist naloxone is a 

substrate for these organic anion transporting polypeptides 87 whereas the opioid peptide 

transport system identified in RPE cells in the present study does not interact with this 

compound. Although OATP-A is down-regulated in the Tat-ARPE-19 cell line, the uptake of 

deltorphin II is much higher than control ARPE-19 cells. Tue discrepancy can be explained 

by uptake of deltorphin II by multiple transport systems. Tue uptake of deltorphin II mediated 

OATP-A is sodium-independent with a Kt value of 330 µM. Tue novel opioid transport 

system found in Tat-expressing ARPE-19 cells transports deltorphin II in a sodium-dependent 

manner with a Kt value of 38 µM. The novel opioid transport system has much higher 

affinity for deltorphin II compared to the affinity of deltorphin for OATP-A. 

PEPTl and PEPT2, expressed in the mammalian intestine, kidney, brain, and lung, are 

peptide transport systems, but these transporters recognize only dipeptides and tripeptides as 

their substrates and exclude peptides larger than tripeptides 115
-
117

_ Moreover, PEPTl and 

PEPT2 are Na+-independent and are driven by a transmembrane Ir gradient. 
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Finally, an oligopeptide transport system (OPT!) has been described in Saccharomyces 

cerevisiae that can transport enkephalins, but this yeast transport system is Ir-coupled and 

recognizes not only enkephalins but also the non-peptide opiate receptor antagonist naloxone 

118. Thus, based on the ion-dependence and substrate selectivity characteristics, the opioid 

peptide transport system described in RPE cells in the present study is not identical to any of 

the previously identified transport S:(Stems in mammalian cells that can interact with opioid 

peptides. Since opioid peptides are involved in important biological functions in mammalian 

tissues, the newly identified ion-coupled active transport system, selective for a variety of 

endogenous opioid peptides, is likely to play a crucial role in the biology of these peptides. 

As important as the discovery of this new opioid peptide-selective active transport 

system in mammalian cells is the finding that HIV-I Tat up-regulates this transport system. 

We have identified this transport system in RPE cells. We do not know yet the distribution 

pattern of this transport system in tissues other than RPE in mammals. Since endogenous 

opioid peptides function as neurotransmitters, we speculate that the newly identified transport 

system may also be expressed in the brain to modulate the extracellular levels of these 

peptides. Endogenous opioid peptides include Leu-enkephalin, Met-enkephalin, and 

dynorphins, all of which are high-affinity substrates for the newly identified transport system. 

The plasma levels of enkephalin-like material in man are in the range of 0.1-1 nM 119 and the 

plasma half-lives for these peptides are in the range of 2-10 min 120
•
121

• These peptides are 

present in the central nervous system and gastrointestinal tract. The concentrations of 

enkephalins within the synapses of enkephalinergic neurons are likely to be several-fold 

higher than the plasma levels. It is currently believed that the half-lives of enkephalins in the 
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plasma are determined primarily by peptidases in the circulation 122
• The results of the present 

study suggest that the newly identified opioid transport system is also likely to play a 

significant role in the disposal of enkephalins from the circulation by mediating their entry 

into cells. These peptides serve as ligands for different classes of opiate receptors that are 

expressed on the plasma membrane of target cells 123
•
124

• In addition to these plasma 

membrane receptors, mammalian cells express a nuclear receptor for enkephalins 125
• This 

receptor, known as opioid growth factor receptor (OGFr), plays a crucial role in cell 

proliferation and wound healing. The opioid peptide transport system might serve as an 

important determinant of not only the ligand concentration in the extracellular medium for 

interaction with the plasma membrane receptors but also the ligand concentration in the 

intracellular medium for interaction with the nuclear receptor. Changes in the expression 

levels of this transport system are likely to lead to significant alterations in cellular signaling 

mediated by these receptors and consequently in the biological functions of opioid peptides. 

Therefore, the up-regulation of the transport system by HIV-I Tat may have important 

clinical and pathological consequences in patients infected with HIV-I. 

C. Influence ofHIV-1 Tat on creatine transporter 

Creatine transporter is expressed in the retinal pigment epithelium in intact retina 82 and 

we have confirmed the expression of creatine transporter in ARPE-19 cells. This transporter 

in RPE is important in the transfer of creatine from the circulation into subretinal space. 

There is little information in the literature on the regulation of the creatine transporter. 

The creatine kinase/creatine phosphate.(CK/CrP) system plays an important role in 

cellular energy homeostasis. CK isoenzymes, which reversibly generate ATP from CrP, are 



compartmentalized at cellular sites where energy is produced or utilized. It has been noted 

that the expression of CK is induced in cells infected by several DNA viruses, implicating a 

role for cellular energy modulation as an important step for efficient viral replication 126• 

97 

Here we show for the first time that the expression of the creatine transporter is induced 

by HIV-I Tat. HIV-1 is a retrovirus that preferentially infects in CD4 helper T cells. HIV-1 

Tat is a powerful transactivation factor for the replication of HIV-1. Since replication of 

HIV-1 virus is an energy-consuming process, large amount of phosphocreatine may be 

required. The upregulation of the creatine transporter by HIV-1 Tat found in Tat-expressing 

ARPE-19 cells may be relevant in the initial stage of HIV- I infected CD4 helper T cells, and 

it will permit more energy for efficient HIV-I replication. 

D. Influence of Tat-(1-72) versus Tat-(1-101) on the regulation of transport 

systems in ARPE-19 cells 

Tat is a small protein encoded by two exons in the HIV-I genome. Tat-(1-72), coded by 

the first exon, contains all the necessary information for its transactivation on HIV-I genome 

and for most of its biological effects on host cells. However, HIV-I-infected individuals are 

exposed to full-length Tat coded by both exons rather than to truncated Tat coded only by the 

first exon. To compare the effect of Tat-(1-72) and full length Tat on the ARPE-19 cells, we 

generated a stable ARPE-19 cell line that expresses the two-exon Tat, i.e., Tat-(1-101), and 

compared the Tat-induced changes in various transport systems in this cell line with those in 

the cell line expressing the one-exon Tat. We compared between the two cell lines the 

activities of four different transport systems: deltorphin transport system, creatine transporter, 

amino acid transporter x·0, and the amino acid transporter EAAT. The expression of the one-
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exon Tat enhances the activities of the first three transport systems and reduces the activity of 

EAAT as we have shown previously. Similar changes are observed in the cell line expressing 

the two-exon Tat, demonstrating that Tat induces comparable functional changes in ARPE 

cells irrespective of whether the cells express the one-exon Tat or the two-exon Tat. 
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V.SUMMARY 

HIV-I Tat protein is a pleiotropic factor that induces a variety of biological effects in 

numerous cell types. Here we generated Tat-expressing ARPE-19 cell lines and analyzed the 

influence of Tat on gene expression in these cells. We found that more than I 00 genes were 

differentially regulated by Tat in these cells with more than two-fold change in expression. 

Because of the expertise of our research team in transporter field, we focused on the 

transporter genes that are regulated by the Tat. This included the upregulation ofx-c and 

creatine transporter, and the down-regulation ofOATP-A. 

Expression of Tat in ARPE-19 cells led to a 45% decrease in glutathione levels and a 4-

fold increase in y-glutamyl transpeptidase activity. The transport function of x-c was 

upregulated 2.7-fold and this upregulation was associated with an increase in the maximal 

velocity of the transport system with no change in substrate affinity. This was accompanied 

by a parallel increase in the steady-state levels of mRNAs specific for xCT and 4F2hc, the 

two subunits of x-0 • The change in mRNA levels correlated approximately with the 

corresponding protein levels. The influence of Tat on the expression of x-0 in these cells was 

independent of the cellular status of glutathione. These results were confirmed in a transgenic 

mouse model in which the transgene Tat was expressed in a tissue-specific manner in MHC 

class II-positive immune cells. The two subunits of x-0 are widely expressed in different 

retinal cell types. We speculate that the cellular levels of glutathione are decreased and the 

expression of X-c is enhanced in the retina of patients with HIV-I infection, leading to 

oxidative stress and excitotoxicity. The results of the present study may thus provide the 
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molecular basis for the pathogenesis of noninfectious AIDS retinopathy, a clinical condition 

associated with visual deficits in AIDS patients in the absence of concurrent opportunistic 

infections. 

The endogenous opioid peptides enkephalins, dynorphins, and endorphins consist of five 

or more amino acids. These peptides participate in a multitude of biological functions in 

mammalian cells by interacting with different subtypes of opiate receptors located on the 

plasma membrane and in the nucleus. Here we report on the identification of a new peptide 

transport system in the human retinal pigment epithelial (RPE) cells that transports a variety 

of endogenous opioid peptides with high affinity. We identified this novel, hitherto 

unrecognized, transport system when we were analyzing the differential effects of HIV-I Tat 

on various transport processes in RPE cells. This transport system is markedly induced by 

Tat. This opioid transport system is energized by transmembrane Na+- and er gradients and 

is distinct from any of the previously identified transport systems for opioid peptides in 

mammalian cells. Free amino acids, dipeptides, tripeptides, and non-peptide opiate receptor 

antagonists are excluded by this newly identified transport system. The affinities of 

endogenous opioid peptides for this system are in the range of 0.4-40 µM. The identification 

of the high-affinity Na+- and er -coupled transport system in mammalian cells that is specific 

for endogenous opioid peptides and is induced by HIV-I Tat is of significance not only to the 

biology of opioid peptides but also to the pathology of HIV-I infection in humans. 

The transport function ofeRTI was upregulated 3-fold by HIV-I Tat and this 

upregulation was associated with an increase in the maximal velocity of the transport system 

with no change in substrate affinity. This was accompanied by a parallel increase in the 
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steady-state levels ofmRNAs specific for CRT!. The change in mRNA levels correlated 

approximately with the corresponding protein levels. These results were confirmed in the Tat

transgenic mouse. CRT! is widely expressed in different retinal cell types. There is very little 

information available regarding the factors regulating CRT! gene expression. Since creatine 

plays a role in the storage and transmission of energy, the upregulation of CRT! by HIV-I 

Tat may have important implications in the replication of HIV-I. 

Tat is a small protein encoded by two exons in the HIV-I genome. Tat-(1-72), coded by 

the first exon, contains all the necessary information for its transactivation on HIV-I genome 

and for most of its biological effects on host cells. We compared the effects ofTat-(1-72) and 

full-length Tat (1-101) on the ARPE-19 cells. The response of transporters to Tat-(1-72) is 

similar to the response to Tat-(1-101) in ARPE-19 cells. This proves that the first exon 

contains all the information necessary for the regulation of transporters in ARPE- I 9 cells 

investigated in the present study. 
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