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The HTLV-1 Latency-Maintenance Factor p30II Induces the 
Phosphorylation and Hypoxia-Independent Mitochondrial Targeting of 
TIGAR Analogous to Tyrosine Kinase Receptor-Signaling and Suppresses 
Oncogene-Induced Oxidative Toxicity

ABSTRACT

The Human T-Cell Leukemia Virus Type-1 (HTLV-1) is a complex oncoretrovirus that infects CD4+ T-cells and 
causes an aggressive lympho-neoplastic disease, known as Adult T-Cell Leukemia/Lymphoma (ATLL). Our earlier 
studies have demonstrated that the HTLV-1 latency-maintenance factor p30II interacts with TIP60, prevents TIP60-
mediated K120-acetylation of the TP53 protein, and induces hypoxia-independent mitochondrial targeting of the 
TP53-Induced Glycolysis and Apoptosis Regulator (TIGAR) a 2,6-bisfructose-phosphatase that suppresses the 
accumulation of damaging Reactive Oxygen Species (ROS) in proliferating cells. Here, we demonstrate that p30II 
induces serine-phosphorylation of the TIGAR associated with its targeting to mitochondrial membranes in HTLV-
1-transformed ATLL lymphocytes. Our studies have further revealed that tyrosine kinase growth factor receptor-
signaling similarly induces serine-phosphorylation and mitochondrial targeting of the TIGAR correlated with Myc-
dependent cellular proliferation. These findings allude to a conserved mechanism for the modulation of TP53-
dependent pro-survival functions by viral oncoproteins and mitogenic signals to protect proliferating cells against 
metabolic oxidative toxicity. Moreover, we demonstrate that lentiviral-siRNA-knockdown of TIGAR expression in 
immunodeficient NOD/scid mice engrafted with HTLV-1+ SLB1-Green Fluorescent Protein (GFP) tumor cells 
effectively inhibited lymphomagenesis and CNS metastasis in vivo, suggesting that TIGAR could be a plausible target 
for antiviral therapy to treat HTLV-1-associated cancers.

Keywords: HTLV-1; p30; Viral oncoprotein; ATLL; TIGAR; p53; c-Myc; Mitochondria; ROS; Phosphorylation

INTRODUCTION

The Human T-Cell Leukemia Virus Type-1 (HTLV-1) is a delta 
oncoretrovirus that infects and transforms CD4+ T-cells and causes 
Adult T-Cell Leukemia/Lymphoma (ATLL) a rare, yet aggressive 
hematological malignancy often associated with therapy-resistance and 
almost invariably poor clinical outcomes. HTLV-1-infections are also 
etiologically linked to a progressive demyelinating neuroinflammatory 
disease, known as HTLV-1-Associated Myelopathy/Tropical Spastic 
Paraparesis (HAM/TSP), as well as several other auto-inflammatory 
diseases, including infectious dermatitis, rheumatoid arthritis, uveitis, 
keratoconjunctivitis, sicca syndrome, and Sjögren’s syndrome. It 
is estimated there are 10-20 million HTLV-1-infected individuals 
worldwide with most living in the tropical equatorial regions of 

Southeast Asia (i.e., Japan, China, Taiwan, Malaysia, and the 
Philippines), Australia and Melanesia, Northern and Central Africa, 
the Middle East, Central and South America, and islands of the 
French West Indies in the Caribbean. In the United States, Hawaii 
and Florida have highest incidences of ATLL, due largely to early 
population migrations from HTLV-1 endemic areas [1-3].

The transmission of HTLV-1 typically requires direct intercellular 
contact with infected lymphocytes, as extracellular particles are poorly 
infectious, and occurs across a virological synapse, via intercellular 
conduits/nanotubules or viral surface biofilms [4-6]. Primary infection 
is most often postnatally from mother-to-infant through breastfeeding, 
but, similar to the Human Immunodeficiency Virus (HIV), HTLV-
1 transmission can occur through sexual intercourse, intravenous 
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drug use/needle sharing, or the transfusion of contaminated blood 
or blood products [2,7,8]. The development of HTLV-1-associated 
neoplastic disease (myelodysplastic syndrome or ATLL) results in 

~3%-5% of infected individuals, usually following a prolonged latency 
period of 30-40 years, and can progress into the tertiary form of disease: 
Acute T-cell leukemia or non-Hodgkin’s T-cell lymphoma, which are 
associated with secondary metastasis (to the bone, liver, spleen and 
other lymphoid tissues, or CNS), hypercalcemia, osteolytic lesions, and 
generally poor clinical prognoses [2,3,8].

The HTLV-1 has a complex proviral genome that encodes several 
regulatory products from alternatively-spliced transcripts, including the 
major viral transactivator TaxIV, RexIII, p8I, p12I, p13II, p30II, and 
an antisense-encoded basic domain/leucine zipper protein HBZ, from 
a highly conserved 3’ nucleotide sequence, known as the pX region. 
The HBZ, p13II, and p30II proteins have all been shown to inhibit 
Tax-dependent LTR transactivation, viral replication, and suppress the 
expression of HTLV-1 antigens, albeit through different mechanisms, 
and are considered to be latency-maintenance factors [1,9-16]. The 
mRNA transcripts for the pX-ORF-I (p8I/p12I) and ORF-II (p13II/
p30II) gene products were detected in freshly isolated lymphocytes from 
HTLV-1-infected individuals, as well as in HTLV-1+ cell-lines derived 
from patients with ATLL and HAM/TSP [17,18]. Furthermore, studies 
using rabbit and rhesus macaque models of HTLV-1 infection have 
demonstrated that the p13II and p30II products are important for the 
survival of infected cells and maintenance of a high proviral titer in 
vivo [19-21]. Consistent with their roles in latency-maintenance for the 
establishment of persistent infections, Pique have isolated cytotoxic 
T-lymphocytes specific for the pX ORF-II products (p13II/p30II) 
from HTLV-1-infected asymptomatic carriers and HAM/TSP patients, 
indicating these pX-II proteins are chronically expressed throughout 
infection [22]. It is likely that p30II (and p13II) functionally cooperate 
with other viral proteins, such as Tax and/or HBZ, and modulate their 
molecular interactions with host cellular components during retroviral 
pathogenesis.

Although the HTLV-1 transactivator protein Tax has been shown to 
phosphorylate and stabilize the p53 tumor suppressor and inhibit p53-
dependent apoptosis, the p53 gene is infrequently mutated in most 
HTLV-1+ ATLL clinical isolates and Zane have demonstrated that wild-
type p53 functions and the Wip1 phosphatase are required for Tax-
dependent tumorigenesis in vivo in transgenic mice [23,24]. Similarly, we 
have demonstrated that the HTLV-1 p30II protein inhibits the TIP60-
mediated acetylation of p53 on lysine residue K120 and transactivates 
the expression of p53-regulated pro-survival genes, including tigar 
[25]. The TIGAR is a 2.6-bis-fructose-phosphatase that localizes to the 
outer membranes of mitochondria and suppresses the accumulation 
of Reactive Oxygen Species (ROS) associated with activation of the 
Myc protooncogene [26-29]. P53 is a downstream target of Myc and 
aberrant oncogenic activation of c-Myc induces genomic instability, 
p53-dependent oxidative DNA-damage, and cellular apoptosis [30-
36]. Our earlier studies have further demonstrated that p30II activates 
TIGAR and functionally cooperates with c-Myc (as well as with the 
other viral oncoproteins Tax and HBZ) and enhances its oncogenic 
transforming potential in foci-formation assays by inhibiting oncogene-
induced oxidative stress and genotoxicity [25,37]. Whereas Cheung, et 
al., have reported that TIGAR localizes to mitochondrial membranes 
under hypoxic conditions (0.1% vol/vol O2) through a mechanism 
requiring the activation of Hypoxia-Inducible Factor-1 Alpha (HIF-1α) 
and molecular interactions with Hexokinase-2 (HK2), we surprisingly 
discovered that p30II induces hypoxia-independent mitochondrial 
targeting of the TIGAR protein in lentiviral p30II-transduced cells and 
HTLV-1 ACH-infected cells grown under normoxic conditions (20% 

vol/vol O2) [25,38].

The present study provides new insight into the molecular mechanisms 
by which p30II induces the mitochondrial targeting of TIGAR and 
comparatively analyzes the ability of HTLV-1 p30II to suppress c-Myc-
induced oxidative toxicity with activation of the Myc protooncogene in 
proliferating cells. Here, we demonstrate that HTLV-1 p30II induces 
serine-phosphorylation of the TIGAR protein to promote its hypoxia-
independent mitochondrial targeting which helps protect proliferating 
HTLV-1-infected T-lymphocytes against damaging ROS as a result of 
increased metabolism. Importantly, these studies have shown that 
p30II modulates TIGAR’s subcellular trafficking and antioxidant 
functions through a conserved mechanism analogous to cellular 
tyrosine kinase growth factor-receptor signaling. Lentiviral siRNA-
knockdown of TIGAR expression resulted in the accumulation of 
ROS and cytotoxicity in the HTLV-1+ ATLL SLB1 T-cell line and 
inhibited lymphomagenesis and CNS metastasis in an in vivo NOD/
scid xenograft model of HTLV-1-induced T-cell lymphoma, which 
suggests that targeting TIGAR could be a plausible strategy for 
antiviral/antiretroviral therapy. 

MATERIALS AND METHODS

Cell lines and culture conditions

The HT-1080 fibrosarcoma cell line (CCL-121; ATCC, Manassas, VA) 
was cultured in collagen-coated plastic tissue culture vessels (Greiner 
Bio-One, Monroe, NC) in Eagle’s Minimum Essential Medium 
(EMEM; ATCC), supplemented with 10% heat-inactivated fetal 
bovine serum (FBS; Biowest, Bradenton, FL), penicillin (100 U/ml), 
streptomycin sulfate (100 µg/ml), and gentamycin sulfate (20 µg/ml), at 
37˚C under 5% CO

2
 in a humidified incubator. The A431 squamous 

carcinoma cell line (CRL-1555; ATCC) was grown in Dulbecco’s 
Modified Eagle’s Medium (DMEM; ATCC), supplemented with 
10% FBS and antibiotics, at 37˚C under 5% CO

2
. The 293 Human 

Embryonic Kidney (HEK) cell line (CRL-1573; ATCC) and 293FT 
cells (R70007; Invitrogen, Waltham, MA) were cultured in EMEM 
with 10% FBS and antibiotics and incubated at 37˚C and 5% CO

2
. 

The HTLV-1+ MJG11 T-cell line (CRL-8294; ATCC) was cultured in 
Roswell Park Memorial Institute 1640 (RPMI-1640) Medium (ATCC), 
supplemented with 20% FBS and antibiotics, at 37˚C under 10% 
CO

2
; and the HTLV-1+ SLB1 T-cell line (kindly provided by Dr. P 

Green, et al the Ohio State University-Comprehensive Cancer 
Center) and the stable HTLV-1+ SLB1-GFP cell-line were grown in 
Iscove’s Modified Dulbecco’s Medium (IMDM) with 10% FBS and 
antibiotics and incubated at 37˚C under 10% CO

2
 [39]. The Jurkat 

E6.1 lymphoblastoid cell line (TIB-152; ATCC) was cultured in RPMI-
1640 Medium, supplemented with 10% FBS and antibiotics, at 37˚C 
under 5% CO

2
 in a humidified incubator. All cell lines were tested 

negative for mycoplasma contamination.

Lentiviral packaging and transduction 

The lentiviral-HTLV-1 p30II-GFP, lentiviral-siRNA-tigar, and 
pLenti-6.2/V5-DEST empty vector were packaged to generate 
infectious VSV-G-pseudotyped virus particles by cotransfecting the 
lentiviral expression constructs, together with the packaging mix 
plasmids (pLP1, pLP2, pLP/VSV-G; Invitrogen), into 293FT HEK 
cells using the Lipofectamine 2000 transfection reagent (Invitrogen) 
per the manufacturer’s recommended protocol. The cultures 
were monitored for the production of syncytia over four days and 
then the cells were pelleted by centrifugation at 260 x g at room 
temperature for 7 minutes and the virus-containing supernatants 
were collected, clarified by centrifugation, and filtered through 
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a 0.22 µm polyethersulfone filter. The pseudo typed lentiviral 
particles were concentrated by ultracentrifugation at 181,866 x g 
and 4˚C for 24 hours on a 20% (w/v) sucrose-TSE (10 mM Tris 
(pH 7.5), 100 mM NaCl, 10 mM EDTA) cushion using a Beckman 
70.1 Ti rotor. The pelleted lentiviruses were resuspended in TNE 
(10 mM Tris (pH 7.4), 100 mM NaCl, 1 mM EDTA) buffer and 
stored in frozen aliquots at -80˚C until ready for use.

HT-1080 fibrosarcoma cells were transduced on 8-chamber Nunc 
Permanox culture slides (ThermoFisher Scientific, Waltham, MA) 
with lentiviral-HTLV-1 p30II-GFP or an empty pLenti-6.2/V5-
DEST vector as negative control, labeled with the MitoTracker 
Orange (Molecular Probes, Waltham, MA) mitochondrial probe, 
and then fixed and stained with a rabbit polyclonal Anti-TIGAR 
primary antibody (Santa Cruz Biotechnology, Dallas, TX) and 
Alexa Fluor 488-conjugated donkey Anti-Rabbit IgG fluorescent 
secondary antibody (Jackson Immunoresearch Laboratories, 
West Grove, PA) and the samples were subsequently analyzed by 
confocal microscopy to visualize and quantify the colocalization 
of the TIGAR protein in mitochondrial structures. To determine 
the effects of inhibiting TIGAR expression upon intracellular ROS 
production and in vivo tumorigenesis and metastasis, the HTLV-
1 SLB1 and HTLV-1 SLB1-GFP T-cell-lines were transduced with 
either lentiviral-siRNA-tigar to knockdown TIGAR protein levels 
or an empty pLenti-6.2/V5-DEST vector control. The siRNA-
inhibition of TIGAR protein expression was confirmed by Sodium 
Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
and immunoblot analysis.

Plasmids, transfections, and antibodies

The following plasmids and expression constructs were used for 
these experiments: pEGFP-N3-HTLV-1 p30II-GFP, CβF-c-Myc 
(FLAG-tagged), CβS vector, pLenti-HTLV-1 p30II-GFP, pLenti-
siRNA-tigar, and pLenti-6.2/V5-DEST empty vector (Invitrogen) 
[15,25,40,41]. All plasmid DNA transfections were performed using 
either Lipofectamine LTX with Plus Reagent or Lipofectamine 
2000 transfection reagent (Invitrogen) per the manufacturer’s 
recommended protocols.

The antibodies used for these studies were: Rabbit polyclonal Anti-
TIGAR (M-209; Santa Cruz Biotechnology), mouse monoclonal 
Anti-TIGAR (F-5; Santa Cruz Biotechnology), rabbit polyclonal 
Anti-Beta Actin (Abcam, Cambridge, UK), goat polyclonal Anti-
Beta Actin (C-11; Santa Cruz Biotechnology), mouse monoclonal 
Anti-Alpha Tubulin (TU-02; Santa Cruz Biotechnology), Rabbit 
Polyclonal Anti-GFP (FL; Santa Cruz Biotechnology), mouse 
monoclonal Anti-Phospho-threonine, mouse monoclonal Anti-
Phospho-serine, mouse monoclonal Anti-Phospho-tyrosine 
(Millipore-Sigma, St. Louis, MO), rabbit monoclonal Anti-
TOMM20 (EPR15581-54; Abcam), rabbit monoclonal Anti-IkB 
alpha (E130; Abcam), mouse monoclonal Anti-c-Myc (9E10; 
Millipore-Sigma), mouse monoclonal Anti-FLAG M2 (Millipore-
Sigma), mouse monoclonal Anti-Acetyl-K120-p53 (10E5; Abcam), 
rabbit monoclonal Anti-Acetyl-K373-p53 (EP356(2)AY; Abcam), 
rabbit polyclonal Anti-p53 (FL-393; Santa Cruz Biotechnology), 
mouse monoclonal Anti-p53 (DO-2; Santa Cruz Biotechnology), 
Alexa Fluor 488-conjugated donkey Anti-Rabbit IgG (H+L) 
fluorescent secondary antibody, Alexa Fluor 488-conjugated 
donkey Anti-Mouse IgG (H+L) fluorescent secondary antibody, 
Rhodamine (TRITC)-conjugated donkey Anti-Rabbit IgG (H+L) 
fluorescent secondary antibody, Peroxidase-conjugated donkey 
Anti-Mouse IgG (H+L) secondary antibody, Peroxidase-conjugated 

donkey Anti-Goat IgG (H+L), and Peroxidase-conjugated goat Anti-
Rabbit IgG (H+L) secondary antibody (Jackson Immunoresearch 
Laboratories).

Immunoprecipitations and western blotting

To detect the expression of individual proteins and posttranslational 
modifications by immunoprecipitations, the cultured cells were 
harvested and pelleted by centrifugation at 260 x g at 4˚C for 7 min 
and then the samples were resuspended in 500 µl of RIPA buffer 
(0.15 M NaCl, 50 mM Tris-Cl, pH 7.4, 0.5% sodium deoxycholate, 
0.5% Nonidet P-40, 0.1% Sodium Dodecyl Sulfate (SDS)) 
containing 50 ng/ml each of the protease inhibitors: Pepstatin, 
leupeptin, chymostatin, bestatin, and antipain-dihydrochloride 
(Roche Molecular Diagnostics, Pleasanton, CA). The samples 
were lysed by repeated freeze-thawing and passaging through a 
27-gauge tuberculin syringe, or sonication over an ice-bath using 
a Misonix S-4000 model instrument and microtip probe (Cole 
Parmer, Vernon Hills, IL) set at 70% amplitude. Alternatively, 
mitochondrial and cytoplasmic fractions were prepared by 
harvesting and centrifuging the cells at 260 x g at 4˚C for 10 min. 
The mitochondria were isolated using a Qproteome Mitochondria 
Isolation kit (Qiagen, Germantown, MD) per the manufacturer’s 
recommended protocol. The cells were lysed by sonication, 
clarified by centrifugation at 1200 x g at 4˚C for 10 min, and 
then the supernatants were transferred to new 1.5 ml microtubes. 
The samples were centrifuged again at 6400 x g at 4˚C for 10 min 
and the microsomal fractions were transferred to separate 1.5 ml 
microtubes. The mitochondrial pellets were resuspended in 1 ml 
of ice-cold Mitochondrial Storage Buffer (Qiagen) and washed by 
centrifugation at 6400 x g at 4˚C for 20 min and resuspended in 
100 µl of Mitochondrial Storage Buffer (Qiagen) for subsequent 
analysis. The purity of the isolated mitochondrial and cytoplasmic 
fractions was confirmed by performing denaturing SDS-PAGE, 
followed by Western blotting with primary antibodies to detect 
the mitochondrial membraneprotein (TOM20) and IκB-α as a 
cytoplasmic marker. Immunoprecipitations were carried out by 
lysing the cells in 500 µl of RIPA buffer (0.15 M NaCl, 50 mM 
Tris-HCl, pH 7.4, 0.5% sodium deoxycholate, 0.5% Nonidet P-40, 
0.1% SDS) containing protease inhibitors. The samples (250 µl) 
were mixed with 20 µl of a 50% slurry of Protein-G agarose beads 
(Invitrogen) and 3 µl-5 µl of the antibodies and incubated overnight 
at 4˚C with gentle rotation. The bound complexes were then 
pelleted by centrifugation at 5000 x g at 4˚C for 5 min, washed 2X 
with RIPA buffer, and resuspended in 30 µl of 2X Laemmli Sample 
Buffer with 2-mercaptoethanol (Biorad Laboratories, Hercules, 
CA). The samples were denatured by heating at 95˚C for 5 min 
and then briefly centrifuged at 10000 x g for 2 min. The cellular 
proteins were subsequently resolved by SDS-PAGE on a 12.5% 
polyacrylamide gel with a 4% stacking layer and electrophoresed 
using a 0.025 M Tris-0.19M glycine, pH 8.3, running buffer. The 
proteins were transferred for 1 hr onto a Protran BA83 0.2 mm 
nitrocellulose membrane (Whatman, Maidstone, UK) using a 
model 77 PWR semi-dry unit (Amersham Biosciences, Little 
Chalfont, UK) and Tris-glycine Transfer Buffer (48 mM Tris 
base, 39 mM glycine, 0.037% (w/v) SDS, 20% (v/v) methanol). 
Western blotting was performed by blocking the membranes for 
1 hr at room temp with gentle agitation in BSA Blocking Buffer 
3% (w/v) bovine serum albumin and 0.5% (v/v) Tween-20 in 
phosphate buffered saline, PBS, pH 7.4). The membranes were 
then incubated with primary antibodies (diluted 1:1000) in 
BLOTTO Buffer (50 mM Tris-HCl, pH 8.0, 2 mM CaCl

2
, 80 mM 
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NaCl, 0.2% (v/v)) IGEPAL-CA630, 0.02% (w/v) sodium azide, 
and 5% (w/v) nonfat dry milk) for 2 hours with gentle agitation. 
The membranes were then washed 2X with BLOTTO Buffer for 
10 minutes and incubated with appropriate Peroxidase-conjugated 
secondary antibodies (diluted 1:500 in BLOTTO) for another 1.5 
hours on an orbital shaker. The samples were later washed 2X with 
BLOTTO Buffer and once with TMN Buffer (100 mM Tris-HCl, 
pH 9.5, 5 mM MgCl2, 100 mM NaCl) for 10 min each, and the 
membranes were developed by chemiluminescence imaging using 
Pierce ECL Western Blot Reagent (ThermoFisher Scientific) and a 
ChemiDoc Touch imaging system with densitometry quantitation 
of the protein bands using Image Lab 6.0.1 software (Biorad 
Laboratories). For the mitochondrial and cytoplasmic fractions, 
the phosphorylated TIGAR protein was immunoprecipitated using 
monoclonal Anti-Phospho-Serine or Anti-Phospho-Tyrosine (as a 
negative control) antibodies and the relative Mit/Cyt Phospho-
Ser Indices were calculated by dividing the ratio of mitochondrial 
phospho-Ser: phospho-Tyr by the ratio of cytoplasmic phospho-Ser: 
Phospho-Tyr signals.

For the in vivo tumorigenesis experiments, the HTLV-1+ SLB1 
ATLL cell-line was transduced with either lentiviral-siRNA-tigar 
to knockdown TIGAR protein expression, or an empty pLenti 
vector as negative control. The cells were harvested and pelleted by 
centrifugation at 260 x g at 4˚C for 7 minutes, then the samples 
were resuspended in 100 µl of 1x Lysis Buffer (Promega, Madison, 
WI) and lysed by sonication over an ice-bath, followed by repeated 
freeze-thawing. The samples were clarified by centrifugation 
at 5000 x g for 5 minutes at 4˚C and subsequently analyzed by 
SDS-PAGE and immunoblotting. The inhibition of TIGAR 
protein expression was demonstrated using rabbit polyclonal Anti-
TIGAR and goat polyclonal Anti-Beta Actin primary antibodies 
(diluted 1:1000) and appropriate Peroxidase-conjugated secondary 
antibodies (diluted 1:500). The immunoblot signals were detected 
using chemiluminescent imaging, quantified by densitometry, and 
normalized relative to Actin protein levels.

Measuring intracellular ROS

The effects of inhibiting TIGAR upon the accumulation of 
damaging Reactive Oxygen Species (ROS) were determined by 
plating HTLV-1+ SLB1 T-lymphoblasts on an 8-chamber tissue-
culture slide and then transducing them with either an empty 
lentiviral vector or a lentiviral-siRNA-tigar expression construct 
to knockdown TIGAR protein expression. The samples were 
stained with the ROS-specific fluorescent chemical probe, 5-(and-
6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, acetyl 
ester (CM-H2DCFDA, 2.5 µM; Invitrogen), rinsed 3X with PBS, 
pH 7.4, and fixed for 15 minutes at room temp in a solution of 
2% formaldehyde/0.2% glutaraldehyde/PBS. After fixation, the 
solution was removed and the slides were washed 3X with PBS, 
pH 7.4, and then fluorescence mounting medium (KPL) and glass 
coverslips were added. The samples were analyzed by confocal 
microscopy and the relative percentages of ROS (CM-H2DCFDA)-
positive cells were quantified by counting each visual field in-
triplicate at 200X magnification.

In vivo tumorigenesis and CNS metastasis

To determine if the siRNA-inhibition of TIGAR might influence in 
vivo tumorigenesis by HTLV-1, immunodeficient NOD/scid mice 
(Charles River Laboratories, Wilmington, MA) were anesthetized by 

gas inhalation of 3%-5% isoflurane/O2 and then intraperitoneally 
engrafted with 1 x 106 of a stable HTLV-1+ SLB1-Green 
Fluorescent Protein (SLB1-GFP) cell-line that had been previously 
transduced with a either lentiviral-siRNA-tigar expression vector or 
an empty pLenti vector control using a sterile 27-gauge tuberculin 
syringe. For comparison, another group of animals was injected 
with the Vehicle alone (i.e., sterile Ca2+/Mg2+-free PBS, pH 7.4) as 
a negative control [39]. The experimental animals (n=3 per sample 
group) were monitored daily for any changes to their overall health 
status (signs of lethargy, morbidity, rough fur, pain, discomfort, 
or difficulty eating, drinking, or with ambulation) or abdominal 
distension associated with HTLV-1-induced lymphomagenesis. 
After 10-12 weeks, the animals were humanely sacrificed and the 
tumor tissues and any affected secondary organs (e.g., spleen, 
pancreas, liver, and brain) were harvested, weighed and measured 
using a digital caliper. The tumor volumes were determined using 
the calculation: (D x d2)/2, where ‘D’ equals the longest diameter 
and ‘d’ equals the shortest diameter. The tissues were fixed in 10% 
neutral-buffered formalin (3.75% formaldehyde, 33.3 mM sodium 
phosphate monobasic, 45.8 mM sodium phosphate dibasic, in 
distilled deionized water, pH 6.8), embedded in Histoplast IM 
paraffin (ThermoFisher Scientific) blocks, and then processed and 
sectioned using a Microm HM360 rotary microtome for analysis 
by confocal microscopy. The in vivo xenograft studies of HTLV-1 
tumorigenesis were performed in accordance with protocol No. 
A16-001-HARR which was approved by the Southern Methodist 
University-Institutional Animal Care & Use Committee.

Microscopy and confocal imaging

Confocal imaging was performed on a Zeiss LSM800 inverted 
microscope system with an Airyscan super-resolution detector 
and using either a Plan-Apochromat 20X/0.8 objective, or Plan-
Apochromat 40X/1.3 or 63X/1.4 oil immersion objectives (Carl 
Zeiss Microscopy, Gottingen, Germany). The colocalization 
between TIGAR and the fluorescent MitoTracker Orange probe 
or the mitochondrial membrane protein TOM20 was quantified 
across a randomly positioned 5 µm square area using the ZEN OS-
Colocalization module and Pearson correlation coefficient (Carl 
Zeiss Microscopy). The expression of lentiviral-HTLV-1 p30II-GFP 
was visualized by fluorescence microscopy using an inverted Nikon 
Eclipse TE2000-U microscope and D-Eclipse C1 confocal system 
equipped with 633 nm and 543 nm He/Ne lasers and 488 nm 
Ar lasers and using a Plan-Apochromat 20X/0.75 objective lens 
(Nikon Instruments, Melville, NY). The tumor tissues and affected 
secondary organs from in vivo HTLV-1 tumorigenesis experiments 
were imaged using a Zeiss Discovery.V8 stereomicroscope equipped 
with an AxioCam HRc color camera (Carl Zeiss Microscopy).

Data analysis 

The statistical significance of experimental data sets was determined 
using unpaired two-tailed Student’s t-tests (alpha=0.05) and 
calculated P-values using GraphPad Prism 8.0 software (GraphPad 
Software, San Diego, CA), with the P-values defined as: 0.1234 (ns), 
0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****). NCSS PASS 
2020 sample-size statistical software (NCSS Statistical Software LLC, 
Kaysville, UT) was used for the power determinations for in vivo 
studies. All experiments were performed at least three times (N-value 
≥ 3) with the exception of the in vivo xenograft tumorigenesis studies 
in NOD/scid mice which used three animals per sample group.
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RESULTS

HTLV-1 p30II induces serine-phosphorylation of 
the TIGAR protein associated with its hypoxia-
independent mitochondrial targeting.

The expression of TIGAR is regulated by p53, TAp63, TAp73, 
NRF2, SP1, CREB, and/or Myc-dependent transcriptional 
activation [26-29,42-46]. Our earlier studies have demonstrated 
that the HTLV-1 latency protein p30II interacts with the MYST-
family acetyltransferase TIP60 (a cofactor for both Myc and p53) 
[47-57]; and inhibits TIP60-mediated p53-K120-acetylation, 
prevents p53-dependent apoptosis, and activates Myc and p53-
dependent transcription, including tigar gene expression in HTLV-
1-transformed ATLL cells [25,37,47,58]. Whereas others have 
shown that a significant fraction of the TIGAR protein translocates 
from the cytoplasm to the outer membranes of mitochondria under 
conditions of hypoxia or ischemic injury, which requires HIF-1α 
activation and molecular interactions with HK2 [26-28,38,59,60], 
we have previously demonstrated that the viral p30II protein 
induces hypoxia-independent mitochondrial targeting of TIGAR 
which protects HTLV-1-infected cells against oncogene (i.e., Tax, 
HBZ, and c-Myc)-induced oxidative genotoxicity [25,37,58]. These 
findings were reproduced in HT-1080 cells (which contain wild-
type p53 and inducible tigar expression); that were transduced with 
a lentiviral-HTLV-1 p30II-Green Fluorescent Protein (p30II-GFP) 
expression vector [25,37]. These cells have a higher cytoplasmic-to-
nuclear ratio which facilitates easier visualization of mitochondrial 
structures (in contrast to lymphoid cells). The results in Figures 
1A and 1B demonstrate that the TIGAR protein colocalized 
with the mitochondria-specific fluorescent probe, MitoTracker 
Orange (Invitrogen), in lentiviral-HTLV-1 p30II-GFP transduced 
cells as determined by immunofluorescence-confocal microscopy. 
Importantly, the molecular mechanisms by which p30II promotes 
the intracellular trafficking and mitochondrial targeting of TIGAR 
remains to be fully elucidated. We therefore investigated whether 
p30II could induce posttranslational phosphorylation of the 
TIGAR protein. As shown in Figure 1C, the lentiviral-HTLV-1 
p30II-GFP induced the expression of TIGAR in transduced cells, 
as compared to the empty lentiviral vector control (Input lanes). 
Using a panel of phospho-specific monoclonal antibodies, the 
phosphorylated TIGAR protein was immune precipitated with 
Protein-G agarose beads and then detected by Western blotting. 
Surprisingly, these experiments revealed that HTLV-1 p30II 
specifically induces serine-phosphorylation, but not threonine-or 
tyrosine-phosphorylation, of the TIGAR protein (Figure 1C). To 
confirm these results and delineate the p30II-responsive signaling 
pathway(s) that may be involved, we examined the effects of various 
chemical kinase-inhibitors (i.e., wortmannin, staurosporine, and 
SB203580) upon p30II-induced TIGAR phosphorylation. As 
shown in Figure 1D, the p30II-GFP induced the expression and 
serine-phosphorylation of the TIGAR protein in transfected cells, 
as compared to an empty vector control (Input lanes). However, 
the chemical inhibitor, wortmannin (a broad-specificity inhibitor 
of phosphatidylinositol-3-kinase, PI3K), but neither staurosporine 
(an inhibitor of protein kinase C and other calcium-dependent 
kinases) nor SB203580 (a p38MAPK inhibitor), effectively blocked 
the serine-phosphorylation of TIGAR by the HTLV-1 p30II 
protein (Figure 1D). Based upon these findings, we next sought 
to determine if phosphorylation regulates the hypoxia-independent 
mitochondrial targeting of TIGAR by the viral p30II protein. For 

these experiments, HT-1080 cells were transduced with lentiviral-
HTLV-1 p30II-GFP or an empty lentiviral vector as negative control, 
and mitochondrial and cytoplasmic fractions were prepared using 
a Qproteome Mitochondria Isolation kit (Qiagen). The expression 
of p30II-GFP was visualized by fluorescence-microscopy (Figure 
1E)-micrograph. The expression and subcellular distribution 
of TIGAR were analyzed by immunoblotting; and the purity of 
mitochondrial fractions was confirmed using the outer membrane 
protein, TOM20, as a mitochondrial marker and the Inhibitor of 
kappa B-alpha (IκB-α) as an indicator of the cytoplasmic fractions 
(Figure 1E). Consistent with our previous observations, the levels 
of TIGAR were markedly induced in p30II-GFP expressing cells 
with a significant portion targeted to the mitochondrial fraction 
(Figure 1E). Immunoprecipitations were then performed using 
monoclonal Anti-Phospho-Serine or Anti-Phospho-Tyrosine 
(as a negative control) antibodies and Protein-G agarose beads 
and the bound phosphorylated TIGAR protein was detected 
by immunoblotting. The Mit/Cyt Phospho-Ser Indices were 
calculated as described in the Materials and methods section. 
These experiments revealed that HTLV-1 p30II induces the serine-
phosphorylation of TIGAR which correlates with its hypoxia-
independent targeting to mitochondrial membranes, and further 
provides mechanistic evidence that posttranslational modifications 
and phospho-signaling regulate the intracellular trafficking and 
mitochondrial antioxidant functions of the TIGAR (Figure 1E).

Figures 1A and 1B demonstrates HT-1080 cells were transduced 
with a lentiviral HTLV-1 p30II-GFP expression construct, labeled 
with MitoTracker Orange (red signal), and immunofluorescence-
confocal microscopy was performed using an Anti-TIGAR 
primary antibody (green signal). The colocalization between the 
MitoTracker Orange and TIGAR-specific fluorescent signals 
was measured using the ZEN OS Colocalization tool (Carl Zeiss 
Microscopy; n-value=20). The data is mean ± SD; (Figure 1C)-
HT-1080 cells were transduced either with lentiviral HTLV-1 
p30II-GFP or an empty lentiviral vector as negative control. The 
expression of the p30II-GFP, TIGAR, and Actin proteins was 
detected by immunoblotting and the relative levels of TIGAR were 
quantified by densitometry and normalized relative to Actin (Input 
panels). Immunoprecipitations were performed using monoclonal 
phospho-specific antibodies: Anti-Phospho-Serine, Anti-Phospho-
Threonine, and Anti-Phospho-Tyrosine (Millipore-Sigma), and 
Protein-G agarose beads (Invitrogen) and the relative amounts of 
the precipitated phosphorylated proteins were detected by Western 
blotting using a polyclonal Anti-TIGAR antibody; (Figure 1D)-The 
cells were transfected with either CMV-HTLV-1 p30II-GFP or an 
empty CβS vector as negative control and then the cultures were 
treated with various chemical kinase inhibitors: wortmannin (20 
nM), staurosporine (12.5 nM), or SB203580 (50 nM; Millipore-
Sigma). The expression of p30II-GFP and TIGAR was detected 
by immunoblotting. The relative levels of TIGAR were quantified 
by densitometry with normalization to Actin (Input panels). 
Immunoprecipitations were performed using a monoclonal Anti-
Phospho-Serine antibody and the precipitated phosphorylated 
TIGAR protein was detected by immunoblotting. (Figure 1E) HT-
1080 cells were transduced with either lentiviral HTLV-1 p30II-
GFP or an empty lentiviral vector, lysed by sonication, and isolated 
mitochondrial and cytoplasmic fractions were prepared using a 
Qproteome Mitochondria Isolation kit (Qiagen). The expression 
of TIGAR was detected by immunoblotting; and the purity of 
the mitochondrial and cytoplasmic fractions was confirmed by 
detecting the mitochondrial outer membrane protein, TOM20, 
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protein (asterisk) was detected by immunoblotting and quantified 
by densitometry, and the relative Mitochondrial/Cytoplasmic 
Phospho-Ser Indices were calculated as described in the materials 
and methods. All the data in Figures 1A-1E is representative of at 
least three independent experiments (Figure 1).

and IkB-α as a cytoplasmic marker (Input panels). The HTLV-
1 p30II-GFP protein was visualized by fluorescence-microscopy 
(right). Immunoprecipitations were performed with the isolated 
mitochondrial and cytoplasmic fractions using monoclonal 
Anti-Phospho-Serine and Anti-Phospho-Tyrosine (as a negative 
control) antibodies. The precipitated phosphorylated TIGAR 

Figure 1:  HTLV-1 p30II induces serine-phosphorylation of the TIGAR protein associated with its targeting to mitochondrial membranes. 
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protein was phosphorylated on serine residues in the +hEGF/
Control sample and this was not significantly diminished in the 
+hEGF/Staur or +hEGF/SB203580 samples. We also observed 
that expression of the TIGAR protein was increased in growth 
factor-stimulated cells. However, wortmannin-treatment markedly 
inhibited the serine-phosphorylation of TIGAR in response to 
EGF-receptor signaling (Figure 2C). These findings were further 
validated by immunofluorescence-confocal microscopy analysis 
which demonstrated the stimulation of cells with hEGF resulted 
in the hypoxia-independent mitochondrial targeting of TIGAR 
within 1-2 hours (Figures 2D and 2E). Mitochondrial structures 
were labeled using a primary antibody that recognizes TOM20 
(red signal in micrographs); and the colocalization of the TIGAR-
specific (green) fluorescent signal with TOM20 resulted in a 
yellowish fluorescent signal in the Anti-TOM20/TIGAR merged 
images (Figure 2D). The colocalization between the TIGAR/
TOM20-specific fluorescent signals was measured across a 
randomly positioned 5µm2 area using the Carl Zeiss Microscopy-
Zen OS Colocalization module and the Pearson colocalization 
coefficient (Figure 2E). The results shown in Figures 2F and 2G 
demonstrate that, although TIGAR strongly colocalized with 
the TOM20-mitochondrial signal in hEGF-stimulated cells that 
were treated with staurosporine, the chemical kinase inhibitor 
wortmannin effectively blocked the mitochondrial localization of 
TIGAR in +hEGF/Wortmannin treated cells (Figures 2F and 2G). 
These data collectively suggest that both HTLV-1 p30II and tyrosine 
kinase-receptor (hEGFR) signaling induce serine-phosphorylation 
and hypoxia-independent mitochondrial targeting of the TIGAR 
protein, possibly through a conserved mechanism, associated with 
Myc-dependent mitogenic activation in proliferating cells.

Figure 2A demonstrates A431 squamous carcinoma cells were 
stimulated with human recombinant EGF (hEGF, 2 µg/ml; 
Roche Applied Science) in complete growth medium over a 12 
hr time-course. At regular intervals, the cells were harvested and 
lysed in RIPA buffer and the expression of TIGAR and Myc was 
detected by immunoblotting and quantified by densitometry with 
normalization to Actin (Input panels). Immunoprecipitations 
were performed using various monoclonal phospho-specific 
antibodies (i.e., Anti-Phospho-Serine, Anti-Phospho-Threonine, 
and Anti-Phospho-Tyrosine) and Protein-G agarose beads, and the 
precipitated phosphorylated TIGAR protein (asterisk) was detected 
by Western blotting. (Figure 2B)-293 HEK cells were stimulated with 
hEGF (2 µg/ml) for 2 hr and then subsequently lysed by sonication 
over an ice-bath, and mitochondrial and cytoplasmic fractions 
were prepared using a Qproteome Mitochondria Isolation kit. The 
purity of the isolated fractions was confirmed by immunoblotting to 
detect TOM20 and IkB-β. The expression of TIGAR was detected 
by immunoblotting (the overexposed image shows increased 
TIGAR present in the mitochondrial fraction of hEGF-stimulated 
cells). Immunoprecipitations were performed using Anti-
Phospho-Serine and Anti-Phospho-Tyrosine (as a negative control) 
antibodies and Protein-G agarose beads and the relative levels of 
precipitated phosphorylated TIGAR (asterisk) were detected by 
immunoblotting and the Mitochondrial/Cytoplasmic Phospho-Ser 
Indices were calculated. (Figure 1C)-293 HEK cells were stimulated 
with hEGF for 2 hr in the absence or presence of various chemical 
kinase inhibitors: wortmannin (20 nM), staurosporine (12.5 nM), 
or SB203580 (50 nM), and the expression of TIGAR was detected 
by immunoblotting and quantified with normalization to Actin 
protein levels (Input panels). Immunoprecipitations were performed 
using a monoclonal Anti-Phospho-Serine antibody and the relative 

Tyrosine kinase receptor-signaling activates TIGAR and 
induces its serine-phosphorylation and mitochondrial 
targeting associated with Myc-dependent mitogenic 
functions

The aberrant unscheduled activation of c-Myc proliferative 
signaling results in oxidative genomic DNA-damage, cellular 
senescence, and p53-dependent apoptosis and is an intrinsic barrier 
against neoplastic disease [30,34-36,61-64]. Nevertheless, the myc 
protooncogene is a downstream transcriptional target of many 
mitogenic/proliferative signaling pathways, including tyrosine 
kinase growth factor-receptors (e.g., Epidermal Growth Factor-
Receptor (EGFR)) [65-68], and Myc induces the entry of cells 
into the S-phase of the cell-cycle by controlling the expression of 
cyclin D2 [69-71]. We thus hypothesized the induction of TIGAR 
by Myc and/or p53 could counter the oxidative genotoxicity 
associated with Myc activation and thereby promote the survival of 
proliferating cells in response to tyrosine kinase-receptor-signaling. 
Indeed, Cheung et al., have demonstrated that Wnt/Beta-catenin-
signaling induces tigar gene expression through Myc activation 
in an APC-deleted in vivo model of intestinal carcinogenesis; and 
that c-Myc also upregulates TIGAR in a transgenic Eµ-Myc mouse 
model of B-cell lymphoma where c-Myc expression is driven by 
an IgH promoter [29]. Inhibitors of the tyrosine kinase-receptor, 
c-Met, have been shown to downregulate TIGAR expression in 
nasopharyngeal carcinomas; and TIGAR induces the Epithelial-
To-Mesenchymal Transition (EMT) and tumor cell invasiveness 
by Hepatocyte Growth Factor (HGF, or scatter factor)/Met 
receptor-signaling in non-small-cell lung cancers [72,73]. We first 
analyzed the expression of TIGAR and Myc by immunoblotting 
over a time-course in A431 squamous carcinoma cells that were 
stimulated in vitro with recombinant human EGF (hEGF, 2 µg/
ml). The results in Figure 2A (Input lanes) demonstrate that the 
TIGAR protein was rapidly induced associated with Myc activation 
in hEGF-stimulated cells. Immunoprecipitations of these cell 
extracts using various phospho-specific monoclonal antibodies 
revealed that TIGAR is strongly phosphorylated on serine residues, 
but not on threonine or tyrosine, in response to EGFR signaling 
(Figure 2A). To determine if tyrosine kinase-receptor signaling 
induces serine-phosphorylation of the TIGAR protein associated 
with its translocation to mitochondrial membranes, 293 HEK 
cells were treated with recombinant hEGF for 2 hours and then 
mitochondrial and cytoplasmic fractions were prepared using a 
Qproteome Mitochondria Isolation kit. The purity of the fractions 
was confirmed by immunoblotting to detect the mitochondrial 
marker, TOM20, and the cytoplasmic protein, IκB-α (Figure 2B). 
These studies demonstrated that the TIGAR protein significantly 
localizes to mitochondrial membranes in response to tyrosine 
kinase-receptor signaling (Figure 2B), input lanes; see Overexposed 
immunoblot). We next performed immunoprecipitations on the 
isolated fractions and found that the TIGAR protein was strongly 
phosphorylated on serine residues in the mitochondrial fraction 
from hEGF-stimulated cells, but not Untreated (UT) cells (Figure 
2B). To determine which kinase signaling pathways may be 
involved in the EGF-induced hypoxia-independent mitochondrial 
targeting of TIGAR, 293 HEK cells were stimulated with hEGF 
for 2 hours, either in the absence or presence of various chemical 
kinase inhibitors (i.e., wortmannin, staurosporine, or SB203580), 
and the serine-phosphorylated TIGAR was then analyzed by 
immunoprecipitation and Western blotting with densitometric 
quantitation. The results in Figure 2C demonstrate that the TIGAR 
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with the induction of p53-K373-acetylation and the inhibition of 
c-Myc-dependent p53-K120-acetylation (Figure 3B). These results 
suggest that tyrosine kinase-receptor signaling and the HTLV-1 
p30II protein similarly induce p53-K373-acetylation by p300 and 
inhibit TIP60-mediated p53-K120-acetylation, associated with the 
induction of TIGAR, to promote Myc proto-oncogene activation 
and counter oncogene-induced cytotoxicity in proliferating cells.

Figure 3A demonstrates 293 HEK cells were plated with serum-
starvation (i.e., 0.05% FBS) overnight and then stimulated with 
hEGF (2 µg/ml) in complete medium for either 2 hr or 4 hr. 
Untreated (UT) cells are shown for comparison. The cells were 
subsequently harvested by scraping, lysed in RIPA buffer, and 
the relative expression of the TIGAR, Myc, and p53 proteins was 
detected by immunoblotting and quantified by densitometry with 
normalization to Tubulin (Input panels). Immunoprecipitations 
were performed using mouse monoclonal Anti-Acetyl-K120-p53 
(10E5) and rabbit monoclonal Anti-Acetyl-K373-p53 (EP356(2)
AY) antibodies (Abcam) and Protein-G agarose beads and the 
bound acetylated p53 protein was detected by immunoblotting 
with densitometric quantitation. (Figure 3B)-293 HEK cells 
were co-transfected with CβF-c-Myc (FLAG-tagged) and either 
CMV-HTLV-1 p30II-GFP or an empty CβS vector as negative 
control, and the relative expression of TIGAR and p53 was 
detected by immunoblotting and quantified with normalization 
for Tubulin. The FLAG-tagged c-Myc oncoprotein and HTLV-1 
p30II-GFP were also detected by immunoblotting (Input panels). 
Immunoprecipitations were performed using Anti-Acetyl-K120-p53 
and Anti-Acetyl-K373-p53 antibodies as described in A and the 
acetylated p53 protein was detected by Western blotting. All the 
data in A and B is representative of at least three independent 
experiments (Figure 3).

The TIGAR protein is serine-phosphorylated 
associated with its mitochondrial targeting in HTLV-1-
transformed ATLL lymphoblasts

We next investigated whether the TIGAR protein is phosphorylated 
on serine-residues associated with its mitochondrial localization 
in HTLV-1-transformed ATLL T-cell-lines (SLB1 and MJG11), 
as compared to HTLV-1-negative Jurkat E6.1 lymphoblasts. As 
shown in Figure 4A (Input lanes) and consistent with our previous 
reports, the TIGAR was significantly upregulated in HTLV-1+ 
ATLL lymphocytes compared to the negative control Jurkat T-cells 
[25,37]. Also, the TIGAR protein was strongly phosphorylated on 
serine-residues (but not on threonine or tyrosine) in the HTLV-
1+ SLB1 and MJG11 ATLL cell-lines, in contrast to the HTLV-1-
negative Jurkat cells (Figure 4A). We then prepared mitochondrial 
and cytoplasmic fractions from the HTLV-1+ ATLL cell-lines 
(SLB1 and MJG11) using a Qproteome Mitochondria Isolation kit 
and analyzed the subcellular distribution of the TIGAR protein 
by immunoblotting. The purity of mitochondrial fractions was 
confirmed by detecting the outer membrane protein TOM20; and 
IκB-α was detected as a marker for the cytoplasmic fractions (Figure 
4B). In agreement with reports by others, the TIGAR protein was 
predominantly localized in the cytoplasm with a minor portion 
targeted to the outer membranes of mitochondria in HTLV-1+ 
ATLL cells (Figure 4B) [26,27,38]. The phosphorylated TIGAR 
protein was immunoprecipitated from the isolated cytoplasmic 
and mitochondrial fractions using Anti-Phospho-Serine and 
Anti-Phospho-Tyrosine (as a negative control) monoclonal 
antibodies and Protein-G agarose beads and then detected by 

amounts of precipitated phosphorylated TIGAR were detected by 
Western blotting and quantified with densitometry. (Figures 2D 
and 2E)-293 HEK cells were stimulated with hEGF (2 µg/ml) over 
a 12 hr time-course and the mitochondrial targeting of the TIGAR 
protein was visualized by immunofluorescence-confocal microscopy 
using rabbit monoclonal Anti-TOMM20 (red signal) and mouse 
monoclonal Anti-TIGAR (green signal) primary antibodies and 
appropriate fluorescent secondary antibodies. Scale bar, 20 µm. 
The colocalization between the TOM20 and TIGAR-specific 
fluorescent signals was measured using the ZEN OS Colocalization 
tool. Twenty individual cells were quantified for each data point 
(n-value=20). (Figures 2F and G)-293 HEK cells were stimulated 
with hEGF for 2 hr in the absence or presence of various chemical 
kinase inhibitors as in C, and immunofluorescence-confocal 
microscopy was performed to visualize the colocalization between 
the TIGAR (green signal) and TOM20 (red signal) proteins. Twenty 
individual cells were quantified for each data point (n-value=20). 
The asterisks denote statistical significance as determined using 
unpaired two-tailed Student’s t-tests (**P<0.0021). All the data in 
A-G is representative of at least three independent experiments 
(Figure 2).

Both HTLV-1 p30II and tyrosine kinase growth factor-
receptor signaling inhibit K120-acetylation of the 
TP53 protein and induce TP53-K373-acetylation 

Aberrant c-Myc oncogenic expression can activate the p53 tumor 
suppressor (through E-box enhancer elements within the p53 
gene promoter and stabilization of the p53 protein by p14ARF (or 
p19ARF in mice); and induce oxidative DNA-damage, genotoxicity, 
and p53-dependent cellular apoptosis [30-36,61-64,74-77]. Several 
studies have demonstrated the acetylation of p53 on lysine residue 
K120 by TIP60 (or Kat5) differentially modulates the expression of 
p53-regulated pro-apoptotic genes; and the TIP60 acetyltransferase 
mediates the c-Myc oncogene-induced DNA-damage response 
[51,54,56,57,61,78-80]. Conversely, the p53 tumor suppressor is 
acetylated on lysine residues K320 and K373/K382 by PCAF and 
p300, respectively, and mediates the expression of p53-dependent 
cell-cycle checkpoint regulators and growth-arrest genes, including 
p21Waf1/Cip1 and gadd45 [81-83]. We therefore next sought to 
determine if Myc proto-oncogene activation and the induction 
of mitochondrial TIGAR by tyrosine kinase-receptor signaling 
or the HTLV-1 p30II protein are associated with differential 
posttranslational modifications of the p53 tumor suppressor. 293 
HEK cells were stimulated in vitro for 2 hrs or 4 hrs with hEGF and 
then the expression of Myc and p53 was analyzed by immunoblotting 
and densitometric quantitation. The results in Figure 3A (Input 
lanes) demonstrate that the expression of these factors was increased 
in the hEGF-stimulated cells, as compared to untreated control 
cells. The K120-acetylated and K373-acetylated p53 proteins were 
immunoprecipitated from extracts prepared form these cells and, as 
shown in Figure 3A (IP lanes), Tyrosine Kinase-Receptor (EGF-R) 
mitogenic signaling resulted in robust p53-K373-acetylation but did 
not induce p53-K120-acetylation which is associated with cellular 
apoptosis [51,52]. We then compared the effects of the HTLV-1 
p30II protein upon c-Myc-induced p53-acetylation in transfected 
cells. Consistent with oxidative genotoxicity and a p53-dependent 
DNA-damage response induced by aberrant c-Myc oncogenic 
expression, the overexpression of c-Myc resulted in higher levels 
of p53-K120-acetylation as compared to untreated cells (Figure 
3B). Surprisingly, HTLV-1 p30II-GFP increased the expression 
of the TIGAR protein in c-Myc-expressing cells which correlated 
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SLB1 and MJG11, using a Qproteome Mitochondria Isolation kit 
(Qiagen) per the manufacturer’s suggested protocol. The purity of 
the isolated fractions was confirmed by performing Western blots 
to detect the mitochondrial outer membrane protein, TOM20, 
and IkB-α as a cytoplasmic marker. The input levels and subcellular 
distribution of the TIGAR were assessed by immunoblotting 
(Input panels). Immunoprecipitations were performed using Anti-
Phospho-Serine or Anti-Phospho-Tyrosine (as a negative control) 
antibodies and Protein-G agarose beads and the phosphorylated 
TIGAR protein was resolved by 12.5% Tris-Glycine SDS-PAGE 
and detected by immunoblotting with densitometric quantitation. 
The relative Mitochondrial/Cytoplasmic Phospho-Ser Indices were 
calculated as described in the Materials and methods. Figure 4C 
demonstrates the hypoxia-independent mitochondrial targeting 
of TIGAR in the HTLV-1+ ATLL SLB1 T-cell-line was visualized 
by labeling the cells with MitoTracker Orange (red signal) and 
then performing immunofluorescence-confocal microscopy 
using a rabbit polyclonal Anti-TIGAR (M-209) primary antibody 
(Santa Cruz Biotechnology) and Alexa-Fluor 488-conjugated 
donkey Anti-Rabbit IgG fluorescent secondary antibody (Jackson 
Immunoresearch Laboratories; green signal). DAPI nuclear-staining 
(blue signal) is provided for reference. Scale bar, 20 µm. Figure 4D 
shows the effects of the chemical kinase inhibitors: Wortmannin 
(20 nM), staurosporine (12.5 nM), or SB203580 (50 nM) upon 
the mitochondrial localization of TIGAR in the HTLV-1+ ATLL 
T-cell-lines, SLB1 (left graph) and MJG11 (right graph), were 
determined by labeling the treated cells with MitoTracker Orange 
and then performing immunofluorescence-confocal microscopy 
using an Anti-TIGAR primary antibody. The colocalization 
between the MitoTracker Orange and TIGAR-specific fluorescent 
signals was measured across a standard 5 µm2 area using the ZEN 
OS Colocalization tool and Pearson correlation coefficient (Carl 
Zeiss Microscopy). Twenty individual cells were analyzed for each 
data point (n-value=20). The data is mean ± SD. N-value=3. The 
asterisks denote statistical significance as determined using unpaired 
two-tailed Student’s t-tests (**P<0.0021). All the data in Figures 4A-4D 
is representative of at least three independent experiments (Figure 4).

immunoblotting with densitometric quantitation. The results from 
these experiments demonstrate that the serine-phosphorylation of 
TIGAR specifically correlated with its localization in mitochondrial 
fractions (Figure 4B). To further confirm these findings, the 
subcellular distribution of TIGAR was analyzed in HTLV-1-
transformed ATLL cells (MJG11 and SLB1) and HTLV-1-negative 
Jurkat T-lymphocytes by immunofluorescence-confocal microscopy. 
The mitochondrial structures in these cells were labeled with 
MitoTracker Orange (Invitrogen). As depicted in the micrographs 
in Figure 4C, the TIGAR-specific (green) signal significantly 
overlapped with the MitoTracker Orange (red) signal and resulted 
in yellowish colocalization in the merged images, in contrast to 
Jurkat T-cells which exhibited little TIGAR expression consistent 
with the immunoblotting results in Figure 4A and produced a 
more reddish orange color in the merged images. Importantly, the 
results in Figure 4D demonstrate that the chemical kinase inhibitor 
wortmannin, but neither staurosporine nor SB203580, inhibited 
the mitochondrial targeting of TIGAR and colocalization between 
the TIGAR/MitoTracker Orange fluorescent signals in the HTLV-
1-transformed ATLL cell-lines, MJG11 and SLB1, as compared to 
the Jurkat negative control cells. These findings suggest that the 
serine-phosphorylation of TIGAR modulates its mitochondrial 
antioxidant functions and could help protect HTLV-1+ ATLL cells 
against oncogene-induced oxidative stress and genotoxicity. siRNA-
inhibition of TIGAR expression results in the accumulation of 
cytotoxic ROS in HTLV-1-transformed ATLL T-cells.

Figure 4A demonstrates the expression of TIGAR in the HTLV-
1-transformed ATLL T-cell-lines, SLB1 and MJG11, as compared 
to Jurkat E6.1 lymphocyte was detected by immunoblotting and 
quantified by densitometry with normalization to Tubulin levels 
(Input panels). Immunoprecipitations were performed using 
various phospho-specific monoclonal antibodies: Anti-Phospho-
Threonine, Anti-Phospho-Tyrosine, and Anti-Phospho-Serine 
(Millipore-Sigma) and Protein-G agarose beads (Invitrogen) 
and the relative amounts of the bound phosphorylated TIGAR 
protein were analyzed by immunoblotting and quantified with 
densitometry. (Figure 4B)-Mitochondrial and cytoplasmic extracts 
were prepared from the HTLV-1-transformed ATLL T-cell-lines, 

Figure 2:  Epidermal growth factor-receptor mitogenic signaling activates TIGAR and induces its serine-phosphorylation and mitochondrial targeting 
associated with Myc-dependent cellular proliferation.
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Figure 3:  Both HTLV-1 p30II and tyrosine kinase growth factor-receptor-signaling inhibit lysine K120-acetylation of the p53 protein and induce 
K373-acetylation of p53 that correlates with Myc activation. 

Figure 4:  The TIGAR protein is serine-phosphorylated associated with its hypoxia-independent mitochondrial targeting in HTLV-1-transformed 
ATLL lymphoblasts. 



11

Harrod R, et al. OPEN ACCESS Freely available online

J Antivir Antiretrovir, Vol.17 Iss.2 No:100035 7

Vehicle control (i.e., sterile Ca2+/Mg2+-free PBS, pH 7.4), or 1 x 
106 HTLV-1+ SLB-GFP cells that were transduced with a pLenti 
empty vector or pLenti-siRNA-tigar expression vector. The animals 
were housed in an IVC rack and monitored closely for signs of 
tumor development (e.g., abdominal distension, weight loss, or 
lethargy), distress, or general morbidity (e.g., rough fur, difficulty 
with ambulation, eating, or drinking). After 10-12 weeks, the 
animals were humanely sacrificed and necropsies were performed 
to harvest the primary tumor tissues and any affected secondary 
organs (spleen, liver, pancreas, and brain). Two-out-of-three of 
the SLB-GFP/pLenti vector animals developed submandibular 
lymphoma tumors with corresponding enlargement of the spleen, 
CNS metastasis, and severe neurological symptoms i.e., a ‘rolling’ 
phenotype that resembled cerebellar ataxia; (Figures 5D and 5E) 
[84]. No tumors or other pathology was observed in the Vehicle 
control or SLB1-GFP/pLenti-siRNA-tigar experimental animals 
(Figures 5D and 5E). Intriguingly, we discovered the HTLV-1+ 
SLB1-GFP/pLenti tumor cells had metastasized to the brain and 
were primarily present in the cerebellum of the two animals which 
had lymphomas and exhibited neurological dysfunction. The 
brain tissues from these mice showed obvious tissue pathologies 
as compared to the brains of the SLB1-GFP/pLenti-siRNA-tigar 
animals (Figure 5F). While we recognize the preliminary nature 
of these findings due to the small number of animals used, these 
results demonstrate that the inhibition of TIGAR correlates with 
reduced HTLV-1 tumorigenesis in vivo; and the FACS-isolation of 
brain metastatic SLB1-GFP/pLenti tumor cells for transcriptome 
analysis could yield valuable insight into the mechanisms that 
govern CNS homing associated with brain metastasis during ATLL 
or the CNS targeting of HTLV-1+ T-lymphocytes related to HAM/
TSP (Figure 5A).

To determine if the TIGAR protects HTLV-1+ ATLL cells against 
oncogene-induced cytotoxicity, HTLV-1-transformed SLB1 
lymphoblasts were transduced with a lentiviral-small interfering 
RNA-tigar (siRNA-tigar) vector that specifically targets tigar mRNA 
transcripts and inhibits TIGAR protein expression, compared to 
an empty lentiviral vector as negative control (Figure 5A) [25]. 
TIGAR protein levels were analyzed by immunoblotting and 
quantified by densitometry (Figure 5A). Next, as shown in Figures 
5B and 5C, the HTLV-1+ SLB1 ATLL cell-line was transduced with 
either lentiviral-siRNA-tigar or an empty vector as negative control, 
and the intracellular accumulation of damaging ROS was detected 
by staining the cells with a fluorescent chemical ROS probe, CM-
H2DCFDA (green signal; Invitrogen), and followed by confocal 
microscopy analysis. The relative percentages of ROS (CM-
H2DCFDA)-positive cells were quantified by counting triplicate 
visual fields at 200X magnification with comparison to the total 
numbers of cells in each field (visualized using a Differential 
Interference Contrast (DIC) filter). These data demonstrate 
that the lentiviral-siRNA-inhibition of TIGAR resulted in the 
accumulation of cytotoxic ROS in transduced HTLV-1+ SLB1 
lymphoblasts (Figures 5B and 5C).

Lentiviral-siRNA-inhibition of TIGAR prevents HTLV-1-induced 
tumorigenesis and CNS metastasis in engrafted NOD/scid 
animals

We next tested whether the lentiviral-siRNA-tigar knockdown of 
TIGAR could inhibit lymphomagenesis in vivo by a tumorigenic 
HTLV-1+ SLB1-Green Fluorescent Protein (GFP) T-cell-line that 
is stably transduced with lentiviral-GFP [39]. For these studies, 
immunodeficient NOD/scid mice (n=3 per sample group) were 
anesthetized and then injected intraperitoneally with either a 

Figure 5:  siRNA-knockdown of TIGAR expression leads to the accumulation of damaging ROS in HTLV-1-transformed ATLL cells and inhibits 
tumorigenesis in vivo. 
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apoptotic genes [51-53]. Indeed, we have previously demonstrated 
that p30II inhibits TIP60-mediated K120-acetylation of the p53 
tumor suppressor and induces p53-dependent expression of 
the TIGAR which mediates the oncogenic cooperation between 
p30II and other viral (Tax, HBZ) or cellular (c-Myc) oncoproteins 
by suppressing the accumulation of oncogene-induced ROS 
[25,37]. Affymetrix U133 microarray analysis using a dominant-
negative TIP60 mutant identified 250 genes whose expression 
was modulated by the HTLV-1 p30II protein, either in a TIP60-
dependent or TIP60-independent manner [47].

The p30II protein is essential for the establishment of a persistent 
infection and the maintenance of a high proviral titer in vivo; and 
rabbits inoculated with irradiated human T-cell-lines expressing an 
infectious p30II-defective mutant of the HTLV-1 ACH molecular 
clone exhibited reduced proviral PBMC loads as compared to the 
wild-type ACH provirus [19,20]. Furthermore, DNA-sequencing 
revealed that the provirus-positive animals that had been inoculated 
with the mutant ACH.p30.1 clone exhibited reversion back to 
the wild-type ACH nucleotide sequence [20]. Also, Willems have 
shown that deletion of the R3 and G4 open reading frames (which 
are analogous to the HTLV-1 p30II/p13II and p12I products) in 
the Bovine Leukemia Virus (BLV) resulted in diminished infectivity 
and viral transmission in vivo in BLV-infected sheep, consistent 
with an essential role for p30II in retroviral pathogenesis [86]. 
Valeri have further demonstrated that p30II is required for viral 
persistence and replication in infected rhesus macaques, and that a 
p30II-defective mutant HTLV-1 provirus was impaired for its ability 
to replicate in human dendritic cells which could serve as an in vivo 
reservoir for the virus [21]. 

Although, the p30II protein contains a functional Transcriptional 
Activation Domain (TAD), spanning a residues 62-220, which 
induces CREB-dependent transactivation, the p30II protein 
has been shown to interact with the transcriptional coactivator/
histone acetyltransferase p300 and inhibits the formation of 
Tax/CREB/p300/Tax-Responsive Element (TRE) quaternary 
complexes on the viral promoter and blocks Tax-dependent HTLV-
1 LTR transactivation which was countered through the exogenous 
expression of p300 or the p300 Kinase-Inducible Exchange (KIX) 
domain [2,12-14,87]. Also, the p30II protein interacts with the 
viral Rex protein and the cellular nuclear export factor CRM-1 
in nucleolar foci and negatively regulates Tax-dependent HTLV-1 
proviral gene expression and replication by preventing the nuclear 
export of tax/rex pX mRNA transcripts [15,16,88]. The trans 
expression of p30II as well as its HTLV-2 synologue, p28II, from 
cDNAs has been shown to inhibit the functions of the proviral 
Tax-1/2 and Rex-1/2 proteins and to repress HTLV-1 and HTLV-2 
gene expression in vitro [16]. However, unlike p30II, the HTLV-2 
p28II protein lacks a functional TAD and there is no evidence that 
p28II directly modulates cellular or viral transcription [89]. Using a 
p28II-deleted HTLV-2 proviral clone, the p28II protein was shown 
to be essential for in vivo replication and the survival of HTLV-2 
provirus-positive cells in vivo in infected rabbits [89]. The ability 
of HTLV-1 p30II (and the HTLV-2 synologue p28II) to suppress 
the expression of viral antigens and induce proviral latency and 
inhibit innate pro-inflammatory IFN-y signaling are likely key to 
its essential roles in HTLV-1 pathogenesis and persistence in vivo.

Baydoun have reported that p30II inhibits homology-directed 
DNA damage-repair and postulated that p30II could promote 
the accumulation of genetic mutations and thus increase the 
risk of oncogenic transformation [90]. Indeed, these findings are 

HTLV-1-transformed ATLL SLB1 T-cells were transduced with 
either a lentiviral siRNA-tigar expression vector or an empty 
lentiviral (pLenti 6.2/V5-DEST) vector as negative control, and 
the relative expression of TIGAR was detected by immunoblotting 
and quantified by densitometry with normalization to Actin. UT, 
untransduced cells. (Figure 5B and 5C) HTLV-1+ SLB1 T-cells were 
plated on an 8-chamber tissue-culture slide and then transduced 
as in A. The intracellular accumulation of ROS was visualized by 
staining the cells with a chemical ROS-specific fluorescent probe, 
CM-H2DCFDA (Invitrogen; green signal), and then performing 
confocal microscopy. Scale bar, 20 µm. A differential interference 
contrast (DIC) filter was included in merged images to visualize 
all cells within the field. Graphical 2.5D merged images (CM-
H2DCFDA + DIC) are shown at right in C. The relative percentages 
of ROS (CM-H2DCFDA)-positive HTLV-1+ ATLL SLB1 cells 
were quantified by confocal microscopy and counting each visual 
field in-triplicate at 200X magnification. The data is mean ± 
SD. N-value=3. The asterisks denote statistical significance as 
determined using unpaired two-tailed Students t-tests (**P<0.0021). 
Figures 5D and 5E shows Immunodeficient NOD/scid mice were 
injected intraperitoneally with a Vehicle control or HTLV-1+ SLB1-
GFP lymphoblasts that were transduced with a pLenti empty vector 
or pLenti-siRNA-tigar (n=3 per sample group). After 10-12 weeks, 
the animals were humanely sacrificed and the primary tumors were 
weighed and their volumes were calculated by measuring with a 
digital caliper. Figure F demonstrates Brain pathology and CNS 
(cerebellar) metastases were observed in two HTLV-1+ SLB1-GFP/
pLenti vector animals which had lymphoma tumors and exhibited 
neurological symptoms, as compared to the SLB1-GFP/pLenti-
siRNA-tigar mice (see green cells in lower left panel). Scale bar, 20 
µm.

These comparative studies have shown that both the HTLV-1 
latency-maintenance factor p30II and tyrosine kinase-receptor 
signaling modulate the posttranslational acetylation of TP53 and 
induce the serine-phosphorylation and mitochondrial targeting 
of TIGAR which protects proliferating cells against metabolic 
oxidative stress and genotoxicity through potentially analogous 
mechanisms.

DISCUSSION

In the present study, we have demonstrated that the HTLV-1 
latency-maintenance factor p30II augments p53 lysine K373-
acetylation and induces the expression and mitochondrial targeting 
of TIGAR by inducing its serine-phosphorylation in a manner 
analogous to tyrosine kinase receptor-signaling. Although p30II 
represses the expression of HTLV-1 antigens, the p30II protein 
interacts with the Myc protooncogene and promotes S-phase cell-
cycle progression and aberrant proliferation of p30II-expressing 
T-lymphocytes [2,25,47,58]. Awasthi have demonstrated that the 
endogenous p30II protein is recruited to Myc-containing TRRAP/
NuA4 transactivation complexes on the cyclin D2 gene promoter 
in HTLV-1-transformed ATLL T-cell-lines (MJG11, HuT-102, 
ATL-1) [47]. Through biochemical in vitro binding studies using 
purified recombinant HTLV-1 p30II-Glutathione-S-Transferase 
(GST) fusion proteins (wild-type and deletion mutants) and co-
immunoprecipitations in transfected cells, aa residues 99-154 of 
p30II were found to interact with the acetyltransferase TIP60, also 
known as Kat5 [2,47]. TIP60 is a transcriptional cofactor for both 
c-Myc and p53 [48,50-52,61,85] and several studies have shown that 
acetylation of the p53 tumor suppressor on lysine residue K120 by 
TIP60 differentially regulates the p53-dependent expression of pro-
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the results obtained for HTLV-1 p30II-GFP in transfected cells, 
the phosphorylation and mitochondrial targeting of TIGAR in 
HTLV-1+ ATLL cells was blocked by the chemical inhibitor of 
phosphoinositide kinases, wortmannin, but not by staurosporine 
or SB203580 (Figure 4D). Importantly, siRNA-knockdown of 
TIGAR expression resulted in the intracellular accumulation of 
damaging ROS in the HTLV-1+ ATLL SLB1 cell-line (Figures 5A-
5C) and inhibited lymphomagenesis in vivo in NOD/scid mice 
that were IP engrafted with lentiviral siRNA-tigar-transduced 
HTLV-1+ SLB1-GFP cells (Figures 5D and 5E). Whereas CNS 
(cerebellar) metastasis and aberrant brain lesions were observed in 
some HTLV-1+ SLB1-GFP/pLenti vector animals which exhibited 
T-cell lymphomas and neurological ataxia-like symptoms, the 
lentiviral siRNA-knockdown of TIGAR markedly inhibited HTLV-
1 tumorigenesis and CNS metastasis in the experimental animals 
(Figures 5D-5F).

CONCLUSION

These findings allude to a key pro-survival role for the activation 
of TIGAR’s mitochondrial antioxidant functions by the viral 
p30II protein in HTLV-1-associated lymphopathogenesis and the 
development and progression of ATLL. Although the specific site(s) 
of serine-phosphorylation within the TIGAR protein associated 
with its translocation to mitochondrial membranes remains to be 
biochemically identified, there are putative MAPK D-motif target 
sequences at aa residues 203-209 and 214-224 and an S/P site at 
positions 157-163 which could be phosphorylated by the HTLV-1 
p30II oncoprotein and/or tyrosine kinase growth factor receptor-
signaling. Our present studies have shown that Serphosphorylation 
is required for the trafficking of TIGAR to mitochondria and the 
suppression of damaging oncogene-induced ROS. There are several 
possible mechanisms whereby phosphosignaling could regulate the 
subcellular translocation of TIGAR: 1) Ser-phosphorylation could 
promote molecular interactions between TIGAR and HK2 or 
another cellular factor on the outer membranes of mitochondria, 
or alternatively; 2) The phosphorylated TIGAR protein might be 
recognized by a molecular chaperone that contains a Mitochondrial 
Targeting Sequence (Mts). Our results further suggest that targeting 
the TIGAR protein may be a plausible antiviral/antiretroviral 
strategy to treat HTLV-1-induced hematological cancers. Moreover, 
as the upregulation of TIGAR has been linked with therapy-
resistance and aggressive disease phenotypes for many types of 
cancers, including malignant gliomas, esophageal, nasopharyngeal, 
gastric, renal cell, and HPV+ cervical carcinomas, in addition 
to multiple myeloma, lymphoblastic leukemia, acute myeloid 
leukemia, ATLL, and chronic lymphocytic leukemia, the ability 
to therapeutically target TIGAR or the kinases that regulate its 
antioxidant functions could have broader implications for the 
treatment of viral and non-viral cancers.
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in agreement with our data demonstrating that p30II induces 
S-phase progression and genomic DNA-endoreduplication [47,58], 
cooperates with cellular (c-Myc) and other viral (Tax and HBZ) 
oncoproteins and induces oncogenic transformation/foci formation 
[37,47,58] as well as the long-term proliferation beyond crisis/
immortalization of primary human PBMCs [25], and enhances the 
in vitro survival of cellular clones expressing the infectious HTLV-1 
ACH provirus [91]. With the present study, we have addressed the 
intriguing question of whether the ability of the viral p30II protein 
to suppress Myc-induced oxidative stress and cytotoxicity through 
the activation of TIGAR mechanistically resembles the induction 
of Myc-dependent S-phase entry by tyrosine kinase receptors in 
normal proliferating cells.

The activation of mitogenic growth factor receptor-signaling 
induces the expression of protooncogenes, including c-Myc and 
c-Fos, associated with genomic DNA-replication and cellular 
proliferation [65,66,92,93]. In particular, tyrosine kinase 
receptors, such as the EGFR (or Erbb2), enhance Myc-dependent 
transactivation upon ligand-binding which stimulates the 
expression of downstream Myc-responsive proliferative genes (e.g., 
cyclin D2) containing E-box (CACGTG) enhancer elements within 
their promoters. Leone have shown that the induction of cyclin 
E-cdk2 proliferative activity and the entry of cells into S-phase are 
dependent upon cooperation between Ras and Myc [94]. As p53 
is a downstream target of Myc [30-35,61,77], we thus investigated 
whether tyrosine kinase-receptors which activate Myc might inhibit 
p53-K120-acetylation and induce TIGAR to promote mitogenic 
cell proliferation and protect against Myc-associated oxidative 
stress and cytotoxicity. Indeed, the data in Figures 2A-2G and 3A 
demonstrate that hEGF-stimulation resulted in increased TIGAR 
protein expression that correlated with the induction of the Myc 
protooncogene. Also, growth factor receptor-signaling resulted in 
the increased phosphorylation of the TIGAR protein on serine 
residues and correlated with its hypoxia-independent targeting to 
mitochondrial membranes (Figures 2A-2G). The hEGF-induced 
phosphorylation and mitochondrial localization of TIGAR 
were inhibited by treatment with the chemical kinase inhibitor, 
wortmannin, but not staurosporine or SB203580 (Figures 2C, 
2F, and 2G). Interestingly, the data in Figure 3A demonstrate 
that, although hEGF-receptor-signaling resulted in increased Myc 
expression, this did not coincide with p53-K120-acetylation, but 
rather, led to enhanced p53-K373-acetylation which is associated 
with p300 activity [81,95]. As the recruitment of TIP60 to p53 
requires methylation of the p53 tumor suppressor on lysine residue 
K372 by the methyltransferases Set7/9 which facilitates binding 
by the TIP60 chromodomain [53], it is possible that acetylation 
by p300 may have prevented the recruitment of Set7/9 and 
inhibited p53 K372-metylation. We further observed that the 
HTLV-1 p30II protein inhibited TIP60-mediated acetylation of 
p53 on lysine K120 in response to oncogenic c-Myc expression 
and resulted in increased p53 K373-acetylation (Figure 3B). The 
activation of TIGAR by either EGFR-signaling or the viral p30II 
protein coincided with the inhibition of p53 K120-acetylation 
and induction of p53 K373-acetylation, suggesting that p30II 
modulates the posttranslational modifications of p53 and induces 
TIGAR through a conserved mechanism which resembles tyrosine 
kinase growth factor-receptor-signaling. The TIGAR protein was 
phosphorylated on serine residues in HTLV-1-transformed ATLL 
T-cell-lines (i.e., MJG11, HuT1-2, and SLB1), as compared to Jurkat 
lymphocytes, associated with its hypoxia-independent localization 
to mitochondrial membranes (Figures 4A and 4B). Similar to 
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