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A B S T R A C T

In normal cells, aberrant oncogene expression leads to the accumulation of cytotoxic metabolites, including
reactive oxygen species (ROS), which can cause oxidative DNA-damage and apoptosis as an intrinsic barrier
against neoplastic disease. The c-Myc oncoprotein is overexpressed in many lymphoid cancers due to c-myc gene
amplification and/or 8q24 chromosomal translocations. Intriguingly, p53 is a downstream target of c-Myc and
hematological malignancies, such as adult T-cell leukemia/lymphoma (ATL), frequently contain wildtype p53
and c-Myc overexpression. We therefore hypothesized that p53-regulated pro-survival signals may thwart the
cell's metabolic anticancer defenses to support oncogene-activation in lymphoid cancers. Here we show that the
Tp53-induced glycolysis and apoptosis regulator (TIGAR) promotes c-myc oncogene-activation by the human T-cell
leukemia virus type-1 (HTLV-1) latency-maintenance factor p30II, associated with c-Myc deregulation in ATL
clinical isolates. TIGAR prevents the intracellular accumulation of c-Myc-induced ROS and inhibits oncogene-
induced cellular senescence in ATL, acute lymphoblastic leukemia, and multiple myeloma cells with elevated c-
Myc expression. Our results allude to a pivotal role for p53-regulated antioxidant signals as mediators of c-Myc
oncogenic functions in viral and non-viral lymphoid tumors.

1. Introduction

The increased metabolic output and energy requirements of onco-
genically-transformed cells begs the fundamental question –How do
cancer cells avoid the oxidative damage and cytotoxicity inherently
associated with the chemical byproducts (e.g., ROS or reactive nitrogen
species) of metabolism (Vafa et al., 2002; Maya-Mendoza et al., 2015;
Olenchock and Vander Heiden, 2013)? Mounting evidence suggests
that p53-regulated pro-survival signals may aid in the dysregulated
expression or activation of cellular oncogenes through the modulation
of metabolic pathways which counter the potentially deleterious impact
of oncogene-induced oxidative stress (Bensaad et al., 2009; Wang and
Gu, 2014; Maddocks et al., 2013; Maillet and Pervaiz, 2012 ;

Karawajew et al., 2005). The TIGAR protein is a 2,6-bis-fructose-
phosphatase which regulates glycolysis through the Pentose-phosphate
pathway and prevents the accumulation of ROS by increasing the levels
of NADPH and reduced glutathione (Bensaad et al., 2006, 2009; Li and
Jogl, 2009; Cheung et al., 2012). Importantly, elevated TIGAR expres-
sion is associated with aggressive tumor phenotypes and may serve as a
key therapy-determinant in colorectal carcinomas, breast carcinomas,
multiple myeloma (MM), nasopharyngeal carcinomas, lung cancers,
and malignant gliomas (Cheung et al., 2013; Yin et al., 2014; Wong
et al., 2015; Chen et al., 2015; Ko et al., 2016; Pena-Rico et al., 2011).
Qian et al. (2016) have demonstrated that small-interfering RNA
(siRNA)-knockdown of TIGAR sensitizes cytogenetically normal-acute
myelogenous leukemia cells to apoptosis induced by the chemical
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glycolysis inhibitor, 2-deoxy-D-glucose. Further, Cheung et al. (2016)
have shown that TIGAR is induced by the Wnt target gene, Myc, and
protects against the intracellular accumulation of damaging mi-
tochondrial ROS in three-dimensional tissue culture and murine APC-
depletion models of intestinal cell proliferation. Our studies to define
the molecular mechanisms of c-Myc deregulation in HTLV-1-induced T-
cell cancers prompted us to investigate whether p53-dependent pro-
survival signals might contribute to the cooperation between trans-
forming viruses and cellular oncogenes during viral carcinogenesis
(Awasthi et al., 2005; Romeo et al., 2015).

The HTLV-1 is an oncoretrovirus that transforms CD4+ T-cells and
deregulates lymphoproliferative pathways associated with the devel-
opment of ATL –an aggressive hematological malignancy that is re-
fractive to most anticancer treatments (Johnson et al., 2001; Bangham
and Ratner, 2015). The HTLV-1 p30II protein suppresses proviral gene
expression through transcriptional and posttranscriptional mechanisms
(Nicot et al., 2004, 2005; Younis et al., 2004; Michael et al., 2006)
which allows HTLV-1-infected cells to evade host immune-surveillance
pathways as a prerequisite for the establishment of persistent infections
and neoplastic disease (Edwards et al., 2011; Valeri et al., 2010; Bartoe
et al., 2000). In the Awasthi et al. (2005) paper, we demonstrated that
amino acid residues 99–154 of p30II interact with the TIP60 acetyl-
transferase, and p30II enhances the oncogenic potential of c-Myc by
stabilizing c-Myc-TIP60 transcriptional interactions on the promoters of
c-Myc-responsive genes. We have further shown that p30II protects cells
against c-Myc-dependent apoptosis in the presence of genotoxic stress
(Romeo et al., 2015). The acetylation of the tumor suppressor p53 on
lysine residue K120 by TIP60 is known to modulate the p53 pro-
apoptotic response (Tang et al., 2006; Sykes et al., 2006; Kurash et al.,
2008; Dar et al., 2013). We therefore speculated the inhibition of
TIP60-mediated p53 K120-acetylation by HTLV-1 p30II could suppress
c-Myc-induced apoptosis (Chen et al., 2010; Hermeking and Eick, 1994;
Juin et al., 2002) and promote the survival of oncogene-addicted tumor
cells through the p53-regulated induction of TIGAR (Bensaad et al.,
2006). Consistent with this notion, Li et al. (2012) have demonstrated
that transgenic mice containing a triple K→R acetylation-defective
mutant of p53 (K117R+K161R+K162R; the K117 position is equivalent
to human K120) maintained their ability to transcriptionally induce
TIGAR and suppressed stress-induced ROS. However, Bensaad et al.
(2009) have shown that cells which were siRNA-depleted of p53 re-
tained significant, albeit reduced, TIGAR expression that was sufficient
to suppress nutrient starvation-induced autophagy. Here we demon-
strate that the HTLV-1 latency-maintenance factor p30II activates p53
and cooperates with the c-Myc oncoprotein by suppressing oncogene-
induced ROS and cellular senescence through the induction of mi-
tochondrial TIGAR expression. Furthermore, elevated TIGAR expres-
sion coincides with oncogenic c-Myc dysregulation in viral and non-
viral hematological malignancies, including HTLV-1+ ATL, acute
lymphoblastic leukemia (ALL), and MM. The siRNA-knockdown of
TIGAR in ATL, ALL, and MM tumor cell-lines resulted in the increased
accumulation of ROS and oxidative stress. The inhibition of TIGAR
could represent an “Achilles heel” whereby to sensitize oncogene-ad-
dicted cancer cells to oncogene- and chemotherapy-induced oxidative
damage.

2. Results

2.1. The HTLV-1 latency protein p30II induces aberrant
lymphoproliferation beyond crisis

We have previously demonstrated that amino acid residues 99–154
of HTLV-1 p30II interact with the MYST-family acetyltransferase TIP60
(Fig. 1A), and p30II cooperates with the c-Myc oncoprotein by stabi-
lizing c-Myc/TIP60 transcriptional interactions on the promoters of c-
Myc-responsive genes (Awasthi et al., 2005; Romeo et al., 2015). The
physiological significance of the p30II/c-Myc axis is likely to promote

proviral replication by inducing the proliferation of latently HTLV-1-
infected cells. To test this possibility, we transduced human peripheral
blood mononuclear cells (hu-PBMCs) with lentiviral vectors that ex-
press a HTLV-1 p30II-Green Fluorescent Protein (p30II-GFP) fusion,
p30II (hemagglutinin-tagged, HA-tagged) protein, or GFP control, and
cultured the cells in the presence of recombinant human interleukin-2
(hu-IL-2) with selection on Blasticidin in 96-well microtiter plates. The
cultures were then repeatedly passaged, expanded, and monitored for
long-term proliferation (LTP) beyond crisis (i.e., > 4 months). Indeed,
these studies revealed that both lentiviral-p30II-GFP and lentiviral-p30II

(HA) induced aberrant lymphoproliferation and the LTP of transduced
hu-PBMCs, as compared to the pLenti 6.2/V5-DEST vector or lentiviral-
GFP control (Fig. 1B–D). It is presumed, however, that cooperation with
other retroviral proteins (e.g., Tax or HBZ; Lavorgna et al., 2014; Choi
and Harhaj, 2014; Swaims et al., 2010; Bellon et al., 2010; Satou et al.,
2006; Mitagami et al., 2015; Boxus et al., 2009; Arnold et al., 2008) or
somatic gene deregulation is likely required for continuous T-cell im-
mortalization leading to dysplastic transformation.

2.2. HTLV-1 p30II cooperates with c-Myc and induces oncogenic cellular
transformation, dependent upon p53 transcriptional activity

As the p53 tumor suppressor is a downstream target of c-Myc (Chen
et al., 2010, 2013; Roy et al., 1994; Reisman et al., 1993; Zindy et al.,
1998) and TIP60 is a transcriptional cofactor for both p53 and c-Myc
(Awasthi et al., 2005; Tang et al., 2006; Sykes et al., 2006; Frank et al.,
2003; Patel et al., 2004), we next investigated whether HTLV-1 p30II

might influence the expression of the p53 protein. For these studies, we
performed immunofluorescence-microscopy to visualize the induction
of p53 protein expression in human HFL1 fibroblasts that were trans-
duced with lentiviral-HTLV-1 p30II-GFP or lentiviral-HTLV-1 p30II (HA-
tagged) expression vectors, as compared to a lentiviral-GFP negative
control or untransduced (mock) cells (Fig. 1E). The immortalized HFL1
cell-line has a stable pseudodiploid karyotype, grows as a uniform
monolayer, and contains wildtype inducible p53. Using Carl Zeiss Ax-
iovision software, we quantified the nuclear colocalization between the
p30II (HA-tagged) and p53-specific immunofluorescent signals in
transduced cells (Fig. 1E, graph at bottom right). The induction of p53
protein expression by lentiviral-HTLV-1 p30II in transduced HFL1 cells,
compared to the lentiviral-GFP negative control or mock cells, was also
quantified by measuring the relative fluorescence-intensity of the p53-
specific signal in 100 cells per sample using Carl Zeiss Axiovision
software and these data are summarized in Supplementary Fig. S1. We
also confirmed that p30II induces p53 in HeLa cells and Jurkat T-lym-
phocytes transfected with either a p30II-GFP expression construct,
pcDNA3.1-GFP, or an empty vector by immunoblotting (Figs. 1F and
G). A pCEP4-wildtype-p53 expression construct (Hermeking et al.,
1997) was included as a positive control in Fig. 1F. The p53 protein in
HeLa cells is constitutively degraded in a ubiquitin-dependent manner
as a result of the human papillomavirus-18 E6 oncoprotein and the E6-
Associated Protein (E6AP; Huibregtse et al., 1991; Talis et al., 1998).
Thus, it is significant that p30II countered the HPV-induced destabili-
zation of p53 in HeLa cells (Fig. 1F). We further demonstrated that
HTLV-1 p30II (HA-tagged) induces p53 protein expression in trans-
fected cultured hu-PBMCs (Fig. 1H). To determine if p30II influences
p53-dependent transcriptional activation, we measured the transcrip-
tional output of a pG13-luciferase reporter plasmid (which contains two
consensus p53-binding sites; El-Deiry et al., 1993) in HT-1080 fi-
brosarcoma cells, cotransfected with increasing amounts of a pEGFP-
N3-HTLV-1 p30II-GFP expression construct or lentiviral-p30II-GFP.
pCEP4-wildtype-p53 was included as a positive control. The HTLV-1
p30II-GFP fusion moderately stimulated p53-dependent transactivation,
compared to the overexpression of (pCEP4) wildtype p53 (Fig. 1I). As
both the c-Myc oncoprotein and p53 are often overexpressed in acute
and lymphoma-stage ATL clinical isolates (Zane et al., 2012; Mengle-
Gaw and Rabbitts, 1987; Peller and Rotter, 2003), it is possible that
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p53-regulated target genes could mediate the cooperation between
HTLV-1 p30II and c-Myc and contribute to disease progression (Awasthi
et al., 2005; Romeo et al., 2015). To determine if p53 influences on-
cogenic cellular transformation by p30II/c-Myc, we performed foci-
formation assays, as described in Awasthi et al. (2005) and Romeo et al.
(2015), using immortalized HFL1 fibroblasts which typically grow as a
monolayer (Supplement Fig. S2A). The cells were cotransfected with
expression constructs for c-Myc and/or HTLV-1 p30II-GFP in various
combinations, or with increasing amounts of pCEP4-wildtype-p53 or
pCEP4-p53-R175H (a dominant-negative DNA-binding mutant of p53;
Hermeking et al., 1997). Surprisingly, these studies revealed that
overexpression of wildtype p53, together with p30II/c-Myc, resulted in
significantly more transformed foci (39−54) than p30II/c-Myc
(28−34) (Fig. 1J). The expression of HTLV-1 p30II-GFP, c-Myc, and
p53 within individual colonies was visualized by immunofluorescence-
microscopy (Fig. S2A). The loss of cellular contact-inhibition in trans-
formed foci, compared to mock control cells, was evidenced by DAPI
nuclear-staining (Fig. S2A). The dominant-negative p53-R175H DNA-
binding mutant inhibited foci-formation by p30II/c-Myc (resulting in
14–18 foci at the highest concentration of p53-R175H; Fig. 1J), sug-
gesting that p53-dependent transactivation is required for the onco-
genic cooperation between p30II and c-Myc (Awasthi et al., 2005;
Romeo et al., 2015). We also measured the relative fluorescence-in-
tensities of the p30II-GFP and c-Myc signals in the presence or absence
of p53-R175H in transiently-transfected HFL1 cells to rule out the
possibility that the p53-R175H mutant might negatively affect the ex-
pression of p30II-GFP and/or c-Myc (Fig. S2B). Intriguingly, TIP60
acetylates lysine residue K120 of p53 in response to genotoxic stress
and differentially modulates the transcriptional activation of p53-
regulated pro-apoptotic genes (Tang et al., 2006; Sykes et al., 2006;
Kurash et al., 2008; Dar et al., 2013). Our results in Supplementary Fig.
S3 demonstrate that HTLV-1 p30II inhibited the K120-acetylation of
p53 induced by c-Myc overexpression, which suggests p30II could
modulate the expression of p53-regulated target genes to cooperate
with the c-Myc oncoprotein (Awasthi et al., 2005; Romeo et al., 2015).

2.3. HTLV-1 p30II induces TIGAR antioxidant-signaling which suppresses
oncogene-induced ROS and oxidative stress

Emerging evidence points to a potential pro-tumorigenic role for
p53-regulated metabolic effectors in certain human cancers (Wang and
Gu, 2014; Vousden and Prives, 2009). In particular, the increased ex-
pression of TIGAR reduces damaging ROS levels (Bensaad et al., 2006,
2009) and has been shown to correlate with aggressively proliferating
tumor cell phenotypes. As aberrant c-Myc overexpression results in the
accumulation of cytotoxic metabolic byproducts, including ROS, asso-
ciated with c-Myc-induced single-stranded DNA-breaks, oncogene-in-
duced cellular senescence, and apoptosis (Vafa et al., 2002; Maya-

Mendoza et al., 2015; Olenchock and Vander Heiden, 2013; Hermeking
and Eick, 1994; Juin et al., 2002, 1999; Reimann et al., 2007; Wall et al.,
2013), we investigated whether HTLV-1 p30II induces TIGAR as a pos-
sible mechanism for the cooperation between p53 and c-Myc (see Fig. 1J
and S2A). Lentiviral-p30II-GFP resulted in increased TIGAR expression
that localized in cytoplasmic structures resembling mitochondria in
transduced HFL1 fibroblasts (Fig. 2A). The TIGAR protein has been
shown to target mitochondria under hypoxic conditions through inter-
actions with Hexokinase-2 and Hypoxia-inducible factor-1α activation
(Cheung et al., 2012). We confirmed that p30II induces mitochondrial
localization of TIGAR by labeling the lentiviral-p30II-GFP-transduced
cultures with MitoTracker Orange (Fig. 2B). Further, we demonstrated
that p30II-GFP induces TIGAR in transfected 293 HEK cells and Jurkat T-
lymphocytes using SDS-PAGE and immunoblot analyses (Figs. 2C–E).
The induction of TIGAR by HTLV-1 p30II was dependent upon p53
transcriptional activity, as Calu-6 cells (a non-small-cell lung carcinoma
cell-line which is null for p53; Mulloy et al., 1998) expressing p30II-GFP
did not exhibit increased TIGAR protein levels (Supplement Fig. S4). To
knockdown TIGAR expression, HT-1080 cells were repeatedly trans-
fected with a small-interfering RNA targeted against tigar transcripts
(siRNA-tigar), a scrambled RNA (scrRNA) negative control, or mock
empty vector. Immunoblotting results demonstrated that siRNA-tigar
inhibits endogenous TIGAR expression, as compared to the scrRNA
control (Fig. 2F). We also confirmed the specificity of siRNA-tigar by
cotransfecting the cells with a pcDNA3.1-TIGAR (FLAG-tagged) expres-
sion construct (Fig. 2G; Bensaad et al., 2006). We next assessed whether
TIGAR is required for the oncogenic cooperation between HTLV-1 p30II

and c-Myc (Fig. 1J and S2A; Awasthi et al., 2005; Romeo et al., 2015).
Human HFL1 fibroblasts were cotransfected with various combinations
of p30II-GFP, c-Myc, and/or TIGAR expression constructs, in the pre-
sence or absence of siRNA-tigar or a scrRNA control, and oncogenic foci-
formation was monitored over a three-week period. These findings de-
monstrate that TIGAR overexpression, either with p30II-GFP or c-Myc,
resulted in higher numbers of transformed foci (Fig. 2H). The expression
of HTLV-1 p30II-GFP in the transformed colonies was visualized by di-
rect-fluorescence microscopy (Fig. 2I). siRNA-tigar-knockdown of TIGAR
expression inhibited foci-formation by p30II/c-Myc, relative to the
scrRNA negative control (Fig. 2H). The oncogenic overexpression of c-
Myc resulted in the accumulation of intracellular ROS which was
countered by HTLV-1 p30II or the co-expression of TIGAR (FLAG) in
cotransfected cells stained with the fluorescent chemical ROS-probe,
CM-H2DCFDA (Figs. 3A–E). siRNA-tigar-knockdown of TIGAR expression
blocked the ability of p30II to effectively suppress c-Myc-induced ROS
(Figs. 3A–E). The targeted siRNA-knockdown of TIGAR expression,
compared to the scrRNA and relative to a tubulin protein-loading con-
trol, was confirmed by SDS-PAGE and immunoblotting (Fig. 3D). These
data indicate that TIGAR plays a key role in the oncogenic cooperation
between HTLV-1 p30II and c-Myc.

Fig. 1. The HTLV-1 p30II protein activates p53 and induces oncogenic cellular transformation with c-Myc which is dependent upon p53 transcriptional activity. (A) The predicted
structure of the HTLV-1 p30II protein with amino acid residues comprising the TIP60-binding domain (aa residues 99–154) highlighted in white (Awasthi et al., 2005; Romeo et al., 2015).
(B and C) Primary hu-PBMCs were transduced with pLenti-HTLV-1 p30II-GFP, pLenti-HTLV-1 p30II (HA-tagged), pLenti-GFP control, or empty pLenti 6.2/V5-DEST vector and cultured in
the presence of recombinant hu-IL-2 (50 U/ml) and selected on Blasticidin (5 μg/ml). Untransduced mock cells are shown for comparison. The transduced cultures were repeatedly
passaged and monitored for long-term proliferation, as defined by continuous growth beyond crisis (> 4 months). Data presented in the graph are from 192 experimental replicates. The
scale bars represent 0.2 mm. (D) Immunoblot analysis of p30II-GFP expression in Molt-4 lymphoblasts transduced with various dilutions of a concentrated lentiviral HTLV-1 p30II-GFP
virus stock. (E) The induction of p53 protein expression in human HFL1 fibroblasts that were transduced with pLenti-HTLV-1 p30II-GFP or pLenti-HTLV-1 p30II (HA) expression vectors,
as compared to a pLenti-GFP negative control, was visualized by immunofluorescence-microscopy. Untransduced mock cells are also shown. DAPI-nuclear staining is provided in the DIC
overlay images. The scale bars represent 20 µm. The nuclear colocalization between the HTLV-1 p30II (HA-tagged, green) and p53 (red)-specific fluorescent signals in the bottom panels
was quantified using Carl Zeiss Axiovision 4.8 software and is represented in the heat-map graph. (F-H) The induction of p53 protein expression by HTLV-1 p30II-GFP or HTLV-1 p30II

(HA) in transfected HeLa cells, Jurkat lymphocytes, and cultured hu-PBMCs was detected by SDS-PAGE and immunoblotting. A pCEP4-wildtype p53 expression construct was included (F,
right lane) as a positive control. Relative Actin levels are shown for reference. (I) HT-1080 fibrosarcoma cells were cotransfected with a pG13-luc reporter plasmid, which contains two
copies of the consensus p53-binding sequence (El-Deiry et al., 1993), and increasing amounts of pCEP4-wildtype p53 (as a positive control) or pEGFP-N3-HTLV-1 p30II-GFP, or the pLenti-
HTLV-1 p30II-GFP expression construct. Relative luciferase activities were measured and normalized for equivalent total cellular protein levels. The averaged data from three experiments
are shown. (J) Oncogenic foci-formation was assessed by cotransfecting HFL1 fibroblasts with expression constructs for c-Myc and HTLV-1 p30II-GFP, in the presence of increasing
amounts of pCEP4-wildtype p53 or pCEP4-p53-R175H (a dominant-negative DNA-binding mutant of p53; Hermeking et al., 1997). The transfected cultures were monitored for foci-
formation (i.e., loss of cellular contact-inhibition) over a three-week period (see Fig. S2A). Error bars represent the standard deviation between replicate data sets (n=3) for the duplicate
experiments shown.
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2.4. HTLV-1-infected T-cell-lines and primary ATL tumor samples contain
elevated TIGAR levels and oncogenic c-Myc overexpression

Human HT-1080 fibrosarcoma cells stably expressing the infectious
HTLV-1 ACH.p30II mutant provirus, defective for p30II production,
were impaired for the mitochondrial induction of TIGAR, as compared
to wildtype ACH (Figs. 4A–C; Kimata et al., 1994; Silverman et al.,
2004). The transiently-amplified HT-1080 clones which contained ei-
ther ACH.wt or the ACH.p30II mutant provirus did not exhibit sig-
nificant differences in the production of infectious virus particles, as
determined by measuring the levels of extracellular p19Gag core antigen
released into culture supernatants by Anti-HTLV-1 p19Gag ELISAs
(Fig. 4D). The virus-producing HTLV-1-transformed SLB1 lymphoma
cell-line was included as a positive control (Fig. 4D). We also did not
observe any discernable differences in the proliferation rates of the HT-
1080 ACH.wt and ACH.p30II proviral clones by flow-cytometry-based
cell-cycle analyses (Supplemental Fig. S5). Moreover, the HTLV-1-

transformed lymphoma cell-lines, MJG11 and SLB1, exhibited elevated
TIGAR protein levels that coincided with c-Myc overexpression, com-
pared to control donor-derived hu-PBMCs (Figs. 4E and F). Results in
Figs. 4G and H further demonstrate that cultured HTLV-1-infected acute
ATL cell-lines (ATL-1 and ATL-7) as well as primary buffy-coat ATL
tumor isolates contained elevated TIGAR levels associated with onco-
genic c-Myc expression, as compared to control hu-PBMCs. For a more
direct comparison, we admixed HTLV-1-infected ATL-1 lymphoblasts
with cultured hu-PBMCs and performed immunofluorescence-micro-
scopy to assess the relative TIGAR expression in these cells (Fig. 4I). The
ATL-1 cells were positive for the HTLV-1 gp21 envelope glycoprotein
(middle panels, Fig. 4I). We then compared the relative expression of
TIGAR in hu-PBMCs transduced with lentiviral-p30II-GFP to admixed
mock control lymphocytes. The results in Fig. 4J demonstrate that
p30II-GFP-expressing cells contained significantly higher TIGAR protein
levels than mock control cells.

Fig. 2. HTLV-1 p30II induces the expression and mitochondrial localization of TIGAR which is required for its oncogenic cooperation with c-Myc. (A) Human HFL1 fibroblasts were
transduced with pLenti-HTLV-1 p30II-GFP, pLenti-GFP, or the empty pLenti 6.2/V5-DEST vector and the expression of TIGAR was visualized by immunofluorescence-microscopy. The
HTLV-1 p30II-GFP and GFP were detected by direct-fluorescence. DAPI nuclear-staining and Texas Red-Phalloidin staining of the Actin cytoskeleton are provided for reference. The scale
bars represent 20 µm. (B) The mitochondrial localization of TIGAR in HFL1 fibroblasts transduced with pLenti-HTLV-1 p30II-GFP was confirmed by immunofluorescence-microscopy in
cells that were co-labeled with MitoTracker Orange. DAPI nuclear-staining is provided in the merged image. (C and D) The induction of p53 and TIGAR protein expression in 293 HEK
cells and Jurkat lymphocytes expressing HTLV-1 p30II-GFP was detected by immunoblotting. The cells were also transfected with pCEP4-wildtype p53 as a positive control (Hermeking
et al., 1997). (E) Densitometry quantification of the TIGAR protein expression in 293 HEK cells shown in C. (F) HT-1080 fibrosarcoma cells were repeatedly transfected with an siRNA
targeted against tigar transcripts (siRNA-tigar) or a scrambled RNA (scrRNA) control and the knockdown of endogenous TIGAR expression was detected by immunoblotting. (G) HT-1080
cells were transfected with a CMV-TIGAR (FLAG-tagged) expression construct (Bensaad et al., 2006) and siRNA-tigar or a scrRNA control, and the knockdown of FLAG-tagged TIGAR was
detected by immunoblotting. (H) The effects of TIGAR overexpression or siRNA-tigar knockdown of TIGAR expression upon oncogenic foci-formation by HTLV-1 p30II-GFP and c-Myc
were determined by cotransfecting HFL1 fibroblasts and then monitoring the formation of transformed colonies over a three-week period. The scrRNA was included as a negative control.
The averaged data from three experiments are shown. (I) The expression of the HTLV-1 p30II-GFP fusion was visualized in the transformed colonies by direct-fluorescence microscopy.
DIC phase-contrast images (right panels) are provided for reference.
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2.5. siRNA-knockdown of TIGAR sensitizes ATL and other hematological
cancer cells with c-Myc dysregulation to oncogene-induced ROS and
cytotoxicity

We next sought to determine whether the induction of TIGAR by
HTLV-1 p30II could prevent oncogene-induced cellular senescence, due
to oxidative damage, in cells expressing c-Myc (Vafa et al., 2002; Maya-
Mendoza et al., 2015; Olenchock and Vander Heiden, 2013; Reimann
et al., 2007). The overexpression of c-Myc resulted in increased cellular
senescence in transfected HT-1080 cells which was prevented by trans-
ducing the cultures with lentiviral-p30II (HA) or through the co-expres-
sion of FLAG-tagged TIGAR (Figs. 5A and B). The repeated cotransfec-
tion of siRNA-tigar, but not the scrRNA negative control, countered the
ability of lentiviral-p30II to protect against oncogene-induced cellular
senescence (Figs. 5A and B). These findings suggest that inhibiting
TIGAR could potentially sensitize HTLV-1-transformed ATL tumor cells
to oncogene-induced oxidative damage and cytotoxicity. To test this

possibility, HTLV-1-transformed SLB1 lymphoma cells were repeatedly
transfected with either siRNA-tigar or a scrRNA control, and subse-
quently stained with the fluorescent ROS-probe CM-H2DCFDA, or X-Gal
to detect senescence-associated Beta-galactosidase. The chemical un-
coupler, CCCP, was included as a positive control. Our results in
Figs. 5C–E demonstrate that siRNA-tigar-knockdown of TIGAR resulted
in increased ROS accumulation and oxidative stress associated with the
induction of cellular senescence in HTLV-1-transformed SLB1 lymphoma
cells. Furthermore, as other hematological malignancies are also known
to contain c-Myc overexpression (Kanungo et al., 2006; Nagy et al.,
2003; Selvanayagam et al., 1988; Shou et al., 2000; Delgado and Leon,
2010), we examined the levels of c-Myc and TIGAR in representative
acute lymphoblastic leukemia (ALL: CCRF-CEM, CCRF-HSB2, Molt-4,
Rs4;11), multiple myeloma (MM: MM.1R, NCI-H929, RPMI 8226,
U266B1), and Sezary syndrome (SS: HuT-78) cell-lines by im-
munoblotting. All of the ALL and MM tumor cell-lines (with the excep-
tion of U266B1) contained high levels of c-Myc which coincided with

Fig. 3. The induction of TIGAR by HTLV-1 p30II prevents the accumulation of oncogene-induced cytotoxic ROS. (A-C) The inhibition of c-Myc-induced ROS by HTLV-1 p30II (HA) or
TIGAR (FLAG) was determined by transfecting HT-1080 cells with CβF-c-Myc and then transducing the cultures with pLenti-HTLV-1 p30II (HA) or the empty pLenti 6.2/V5-DEST vector.
In certain samples, CMV-TIGAR (FLAG), siRNA-tigar, or the scrRNA control was also included. The cells were stained with the fluorescent ROS-specific chemical probe, CM-H2DCFDA, and
the number of ROS-positive cells per field was counted in duplicate or triplicate using fluorescence-microscopy. DIC images are provided for comparison. Replicate data sets are shown for
single representative experiments in panels B and C. (D) The expression of TIGAR, c-Myc, and p53 proteins in HT-1080 cells containing HTLV-1 p30II and/or oncogenic c-Myc, and
cotransfected with siRNA-tigar or the scrRNA negative control, was detected by SDS-PAGE and immunoblotting. Relative tubulin levels are shown as a protein-loading control. (E) The
levels of intracellular ROS in HT-1080 cells expressing various combinations of c-Myc, HTLV-1 p30II (HA), TIGAR (FLAG), or the empty pLenti-6.2/V5-DEST vector and either siRNA-tigar
or a scrRNA control were determined by measuring the relative fluorescence-intensities of the CM-H2DCFDA fluorescent probe within individual cells using Carl Zeiss Axiovision 4.8
software. Each data point in the graph represents an average of 19 cells.
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elevated TIGAR expression (Fig. 5F). The SS cell-line, HuT-78, contained
moderately increased c-Myc expression, but did not exhibit higher
TIGAR expression (Fig. 5F). We therefore tested whether inhibiting
TIGAR could cause oncogene-induced oxidative stress and cytotoxicity in
representative ALL (RS4;11) and MM (NCI-H929) tumor cell-lines. As
shown in Figs. 5G and H, the siRNA-tigar-knockdown of TIGAR resulted
in increased ROS accumulation in transfected Rs4;11 and NCI-H929
cells, as compared to the scrRNA negative control. The micrographs of
CM-H2DCFDA-staining and DIC phase-contrast images are provided in

Supplementary Fig. S6. These findings demonstrate the inhibition of
TIGAR antioxidant-signaling broadly induces oxidative stress and cyto-
toxicity in ATL, ALL, and MM tumor cells which overexpress the c-Myc
oncoprotein.

3. Discussion

The aberrant activation or expression of cellular oncogenes can lead
to metabolic toxicity –as a result of cumulative physiological stress,

(caption on next page)
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which serves as an intrinsic barrier against the development of neo-
plastic disease. However, many leukemias and lymphomas express high
levels of the c-Myc oncoprotein, due to 8q24 chromosomal transloca-
tions and/or c-myc gene amplification, and bypass oncogene-associated
cytotoxicity through mechanisms that remain to be fully elucidated
(Reimann et al., 2007; Kanungo et al., 2006; Nagy et al., 2003;
Selvanayagam et al., 1988; Delgado and Leon, 2010). Here we have
demonstrated that elevated TIGAR expression coincides with oncogenic
c-Myc deregulation in hematological cancers, and TIGAR antioxidant-
signaling protects lymphoid tumor cells against the deleterious effects
of c-Myc-induced ROS (Vafa et al., 2002; Bensaad et al., 2009). Gorrini
et al. (2007) have reported that c-Myc induces a DNA-damage-like re-
sponse which is dependent upon TIP60-mediated acetyltransferase ac-
tivity. Further, several studies have shown that K120-acetylation of the
p53 tumor suppressor protein by TIP60 differentially modulates the
p53-dependent pro-apoptotic response (Tang et al., 2006; Sykes et al.,
2006; Kurash et al., 2008; Dar et al., 2013). Our previous work has
demonstrated that the HTLV-1 latency protein p30II interacts with
TIP60 (Awasthi et al., 2005; Romeo et al., 2015); and p30II inhibits the
c-Myc-induced K120-acetylation of p53 (Supplement Fig. S3). The in-
duction of TIGAR by HTLV-1 p30II required functional p53, as the p53-
null Calu6 cell-line (Mulloy et al., 1998) transfected with pEGFP-N3-
HTLV-1 p30II-GFP did not exhibit increased TIGAR expression
(Supplement Fig. S4). The HTLV-1 p30II protein cooperates with c-Myc
to promote aberrant lymphoproliferation, and the induction of TIGAR
by p30II prevents oncogene-induced cytotoxicity and c-Myc-induced
oxidative damage in virus-infected cells (Vafa et al., 2002; Maya-
Mendoza et al., 2015; Awasthi et al., 2005; Romeo et al., 2015;
Hermeking and Eick, 1994; Juin et al., 2002, 1999; Reimann et al.,
2007; Gorrini et al., 2007). The p30II protein is required for the
maintenance of a high proviral titer in in vivo models of HTLV-1 pa-
thogenesis (Edwards et al., 2011; Valeri et al., 2010; Silverman et al.,
2004). Our studies have demonstrated that p30II promotes the survival
of HTLV-1-transformed cells through the activation of p53-regulated
antioxidant signals to prevent oncogene-induced oxidative damage and
cytotoxicity. These findings allude to a possible pro-tumorigenic role
for p53 in HTLV-1-induced T-cell malignancies –consistent with the fact
that acute ATL clinical isolates frequently contain wildtype p53 and c-
Myc overexpression (Zane et al., 2012; Mengle-Gaw and Rabbitts,
1987).

We have shown that elevated TIGAR expression coincides with c-
Myc deregulation in primary ATL patient samples and ATL, ALL, and
MM lymphoid tumor cell-lines; and the siRNA-knockdown of TIGAR
resulted in significantly higher cytotoxic ROS levels associated with c-
Myc-induced cellular senescence. The expression of TIGAR is upregu-
lated by Myc in response to Wnt-signaling in an APC-deficient mouse
model of intestinal cell proliferation (Cheung et al., 2016). However,
the fact that the U266B1 (MM) and HuT-78 (SS) cell-lines did not
contain increased TIGAR protein levels, suggests c-Myc overexpression

alone is not sufficient to induce TIGAR in lymphoid cells (Fig. 5F).
These findings are in agreement with those of Cheung et al. (2016)
which demonstrated increased TIGAR expression was observed in B-cell
lymphoma tumors, but not the pre-neoplastic tissues, of Eμ-Myc
transgenic mice in which Myc expression is driven by the im-
munoglobulin heavy-chain enhancer. Our results lend support to an
emerging paradoxical role for p53-regulated antioxidant signals in
promoting c-Myc oncogenic functions in viral and non-viral hemato-
logical cancers, and suggest inhibiting TIGAR may be a plausible
strategy to sensitize ATL tumor cells to oncogene-induced ROS or an-
ticancer chemotherapy drugs that induce oxidative stress.

4. Materials and methods

4.1. Generation of lentiviral constructs and virus particle concentration

The pLenti-HTLV-1 p30II-GFP and pLenti-HTLV-1 p30II (HA-tagged)
constructs which express a translation-optimized version of p30II were
generated by amplifying the p30II nucleotide coding sequence in the
pEGFP-N3-HTLV-1 p30II-GFP and pMH-HTLV-1 p30II (HA) plasmids,
respectively (Nicot et al., 2004), by polymerase chain reaction (PCR)
and subcloning the DNA fragments into the GATEWAY pCR8/GW/
TOPO entry vector (Invitrogen). The constructs were sequenced using
M13 forward and reverse oligonucleotide primers (Lone Star Labs), and
Clonase recombination reactions were subsequently performed to insert
the cloned products into the pLenti 6.2/V5-DEST destination vector
(Invitrogen). The lentiviral constructs were then cotransfected, together
with packaging mix plasmids, into 293FT HEK cells (Invitrogen) and
the cultures were monitored for the presence of syncytia. After four
days, the supernatants were collected, clarified by centrifugation and
passed through a 0.22 µm polyethersulfone filter; and infectious pseu-
dotyped lentivirus particles were concentrated by ultracentrifugation at
44,000 rpm and 4 °C for 24 h on a 20% (w/v) sucrose-TSE (10mM Tris
[pH 7.5]-100mM NaCl-10mM EDTA) cushion using a Beckman 70.1 Ti
rotor. The virus pellets were resuspended in TNE (10mM Tris [pH 7.4]-
100mM NaCl-1 mM EDTA) buffer and stored in aliquots at− 80 °C until
ready for experimental use.

4.2. Oligonucleotide primers used to generate lentiviral constructs

The following DNA oligonucleotide primers were used in PCR am-
plification reactions (a Kozak consensus sequence was created sur-
rounding the AUGfMet initiation codon of the p30II coding sequence and
is underlined): HTLV-1 p30II (HA-tagged): 5′-AAGGTACCCC
ACCATGGCACTTTGCTGTTTCGCCTTCTCAGCCCC-3′ and 5′-AAGCGG
CCGCTTAAGCGTAGTCTGGGACG-3′; HTLV-1 p30II-GFP: 5′-AAGGTAC
CCCACCATGGCACTTTGCTGTTTCGCCTTCTCAGCCCC-3′ and 5′-AAGC
GGCCGCTTATTTGTAGAGCTCATCCATGCCATG-3′. The GFP nucleotide
coding sequence was amplified by PCR using the oligonucleotide

Fig. 4. The infectious HTLV-1 ACH.p30II mutant provirus, defective for p30II production, is impaired for the induction of TIGAR. (A) The expression of TIGAR in HT-1080 cells stably
expressing the HTLV-1 ACH.wildtype and ACH.p30II mutant proviral clones was detected by immunoblotting. Actin protein levels are shown for comparison. (B) The induction of TIGAR
expression in HT-1080 cells containing the HTLV-1 ACH.wildtype or ACH.p30II mutant provirus was visualized by immunofluorescence-microscopy. Mitochondrial localization of the
TIGAR protein was detected by co-labeling the cells with MitoTracker Orange. The expression of HTLV-1 gp21 was detected by immunofluorescence-microscopy. DAPI nuclear-staining is
provided in the merged images. The scale bars represent 10 µm. (C) The relative levels of TIGAR protein in cells containing the HTLV-1 ACH.wildtype or ACH.p30II mutant provirus
(gp21-positive cells) was measured using Carl Zeiss Axiovision 4.8 software. The graphed data represent 10 individual cells per sample; and the relative fluorescence-intensities of the
TIGAR signal were quantified over a constant 5 µm2 surface area in each cell. (D) Equivalent virus production by HT-1080 clones stably expressing the HTLV-1 ACH.wildtype or ACH.p30II

mutant provirus was confirmed by quantifying the amounts of extracellular p19Gag core antigen by ELISAs (Zeptometrix). Virus-containing supernatants were collected at 1-week and 2-
week intervals; and data from two representative clones are shown relative to an HTLV-1 p19Gag protein standard curve. The SLB1 (HTLV-1-producing) lymphoma cell-line was included
as a positive control. (E) The relative levels of TIGAR and c-Myc were compared in HTLV-1-transformed lymphoma T-cell-lines (MJG11 and SLB1) and activated cultured hu-PBMCs. Actin
is shown for reference. (F) TIGAR protein expression in HTLV-1-transformed SLB1 lymphoblasts was compared to activated cultured hu-PBMCs obtained from three different donors. (G
and H) The TIGAR is overexpressed in cultured (ATL-1, ATL-4, and ATL-7) and primary (ATL-8, ATL-9, ATL-10, ATL-11, and ATL-12) HTLV-1-infected ATL clinical isolates and correlates
with increased c-Myc expression, as compared to activated cultured hu-PBMCs. (I) The relative expression of TIGAR in HTLV-1-infected ATL-1 lymphoblasts was compared to uninfected,
activated cultured hu-PBMCs by admixing the samples and then immediately performing immunofluorescence-microscopy. The HTLV-1-infected ATL-1 samples were differentially
identified by immunostaining to detect gp21. DAPI nuclear-staining is provided in the TIGAR signal (red) micrographs. DIC images are also shown for reference. (J) The relative levels of
TIGAR were compared in admixed hu-PBMCs that were either transduced with pLenti-HTLV-1 p30II-GFP or mock treated. DAPI nuclear-staining is provided in the TIGAR signal (red)
micrographs; and the HTLV-1 p30II-GFP and TIGAR signals are merged in the DIC overlay images. The scale bars represent 10 µm.
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primers: 5′-AAGGTACCATGGCTAGCAAAGGAGAAGAA-3′ and 5′- AAG
CGGCCGCTTATTTGTAGAGCTCATCCATGCCATG-3′. The HTLV-1 p30II

(HA-tagged), HTLV-1 p30II-GFP, and GFP primer pairs introduce KpnI
and NotI restriction endonuclease cleavage sites which facilitated the
rapid screening of transformant clones. The viral titers were empirically
determined by monitoring syncytia formation and transducing HT-1080
fibrosarcoma cells (ATCC no. CCL-121) or Molt-4 lymphoblasts (ATCC
no. CRL-1582) with serial-dilutions of the concentrated virus stocks,
followed by analyzing lentiviral expression of HTLV-1 p30II-GFP and
GFP by direct fluorescence-microscopy, and by performing immuno-
fluorescence-microscopy and Western blotting to detect HTLV-1 p30II

(HA), HTLV-1 p30II-GFP, and GFP. The GFP and HTLV-1 p30II-GFP
fusion were detected with a monoclonal Anti-GFP (GFP-20) antibody
(Sigma-Aldrich) and the HA-tagged HTLV-1 p30II protein was detected
using the monoclonal Anti-HA (12CA5) primary antibody (Roche).
Actin was detected using a goat polyclonal Anti-Actin (C-11) primary
antibody (Santa Cruz Biotechnology).

4.3. Cell lines, transfections and oncogenic foci-formation

The HT-1080 fibrosarcoma cells were cultured in collagen-coated
vessels in Eagle's Minimum Essential Medium (EMEM. ATCC), supple-
mented with 10% heat-inactivated fetal bovine serum (FBS, Biowest),
penicillin (100 U/ml), streptomycin sulfate (100 μg/ml), and genta-
mycin sulfate (20 μg/ml, Invitrogen), and incubated at 37 °C and 5%
CO2. The HFL1 fibroblasts (ATCC No. CCL-153) were cultured in F-12K
medium (ATCC), supplemented with 10% FBS, penicillin, streptomycin
sulfate, and gentamycin sulfate at 37 °C and 5% CO2. 293 HEK cells
(ATCC No. CRL-1573) were grown in EMEM, supplemented with 10%
FBS and antibiotics, at 37 °C and 5% CO2. The HTLV-1-infected ATL-1,
ATL-4, and ATL-7 acute leukemia T-cell-lines (Awasthi et al., 2005)
were cultured in RPMI-1640 medium, supplemented with 20% FBS,
recombinant human interleukin-2 (hu-IL-2, 50 U/ml, Roche), and an-
tibiotics, and incubated at 37 °C and 10% CO2. The HTLV-1-infected
lymphoma T-cell-line, MJG11 (ATCC No. CRL-8294) was grown in
RPMI-1640 medium, supplemented with 20% FBS and antibiotics; and
the HTLV-1-infected T-cell-line, SLB1, was cultured in Iscove's Modified
Dubecco's Medium (IMDM, ATCC), supplemented with 10% FBS and
antibiotics, and incubated at 37 °C and 10% CO2. Primary HTLV-1-in-
fected ATL clinical isolates (ATL-8, ATL-9, ATL-10, ATL-11, and ATL-
12) were generously provided by T. Ikezoe (Kochi University Hospital,
Japan). The acute lymphoblastic leukemia cell-lines: CCRF-CEM (ATCC
No. CCL-119), CCRF-HSB2 (ATCC No. CCL-120.1), Molt-4 (ATCC No.
CRL-1582), and Rs4;11 (ATCC No. CRL-1873), multiple myeloma-
plasmacytoid cell-lines: MM.1R (ATCC No. CRL-2975), NCI-H929
(ATCC No. CRL-9068), RPMI 8226 (ATCC No. CCL-155), U266B1
(ATCC No. TIB-196), and Sezary syndrome T-cell-line, HuT-78 (ATCC
No. TIB-161), were cultured according to ATCC recommended proce-
dures. All cell-lines were negative for mycoplasma contamination. All
transfections were carried out using SuperFect (Qiagen) or Lipofecta-
mine LTX (Invitrogen) transfection reagents. Luciferase assays were
performed using the Promega Luciferase Assay System with Reporter
Lysis Buffer, as described in Romeo et al. (2015) to quantify p53-

dependent transcriptional activation induced by HTLV-1 p30II. The
pEGFP-N3-HTLV-1 p30II-GFP expression construct (Nicot et al., 2004)
and PG13-luc reporter plasmid (El-Deiry et al., 1993) were kindly pro-
vided by G. Franchini (NCI/NIH). Oncogenic cellular transformation/
foci-formation experiments were performed as previously described in
Awasthi et al. (2005) and Romeo et al. (2015), using immortalized
human HFL1 fibroblasts which typically grow as a monolayer. In brief,
the cells were cotransfected with various combinations of CβF-c-Myc,
pEGFP-N3-HTLV-1 p30II-GFP, and pCEP-wildtype p53 or pCEP-
p53R175H (Hermeking et al., 1997), and foci-formation (i.e., loss of
contact-inhibition) was monitored by microscopy over a three-week
period. The expression of HTLV-1 p30II-GFP in individual p30II-GFP/c-
Myc-transformed colonies was observed by direct fluorescence-micro-
scopy. In certain samples, the cells were cotransfected with siRNA-tigar
or a scrambled scrRNA control. To generate transiently-amplified
clones expressing the HTLV-1 ACH.wt and ACH.p30II mutant proviruses
(Bartoe et al., 2000; Kimata et al., 1994), HT-1080 fibrosarcoma cells
were transfected with plasmids which contain the full-length molecular
clones of ACH.wt or ACH.p30II and then plated by limiting dilution on
poly-D-lysine-coated 96-well microtiter plates. The cells were main-
tained in EMEM in high-glucose (4.5 g/L), supplemented with 10%
heat-inactivated FBS, penicillin (100 U/ml), streptomycin sulfate
(100 μg/ml), and gentamycin sulfate (20 μg/ml), and incubated at 37 °C
and 5% CO2. The transfected cells were continuously cultured in the
presence of azidothymidine (50 μM. Sigma-Aldrich), and HTLV-1-pro-
ducing HT-1080 clones were identified by detecting the p19Gag core
antigen in culture supernatents by performing HTLV-1 p19Gag ELISAs
(Zeptometrix) at 1-week and 2-week intervals using a Berthold Tristar
plate reader. Virus production by the individual ACH.wt and ACH.p30II-
containing clones was quantified relative to a p19Gag protein standard
curve, and compared to the HTLV-1-infected SLB1 lymphoma T-cell-
line as a positive control.

4.4. Long-term proliferation of lentiviral-transduced hu-PBMCs

The ability of HTLV-1 p30II to promote the aberrant long-term
proliferation (i.e., continuous growth beyond crisis, > 4 months) of
human peripheral blood mononuclear cells (hu-PBMCs) was de-
termined by transducing donor-derived buffy-coat hu-PBMCs with the
pLenti-6.2/V5 DEST empty vector, pLenti-GFP, pLenti-HTLV-1 p30II

(HA), or pLenti-HTLV-1 p30II-GFP virus particles, and then plating the
cells on BD-Biocoat poly-D-lysine-coated 96-well microtiter plates.
Primary buffy-coat hu-PBMCs were isolated from whole-blood, diluted
with phosphate-buffered saline (PBS), pH 7.4, and Lymphocyte
Separation Medium (MP Biomedicals), by centrifugation at 1850 rpm
and 25 °C. Human-PBMCs were stimulated with phytohemagglutinin
(PHA, 10 ng/ml. Sigma-Aldrich) and expanded in the presence of re-
combinant hu-IL-2 for three days prior to lentiviral transductions. The
HTLV-1 p30II-GFP and GFP were visualized in transduced hu-PBMCs by
direct fluorescence-microscopy. The cultures were maintained in RPMI-
1640 medium (ATCC) with high-glucose (4.5 g/L), supplemented with
20% heat-inactivated FBS, penicillin (100U/ml), streptomycin sulfate
(100 μg/ml), and gentamycin sulfate (20 μg/ml), in the presence of

Fig. 5. siRNA-knockdown of TIGAR expression sensitizes viral and non-viral hematological tumor cells to oncogene-induced ROS. (A and B) The HTLV-1 p30II and TIGAR proteins
prevent c-Myc-induced cellular senescence in HT-1080 cells. The cells were first transfected with CβF-c-Myc and/or CMV-TIGAR (FLAG) and then transduced with pLenti-HTLV-1 p30II

(HA) or the empty pLenti-6.2/V5-DEST vector. After five days, the cultures were fixed and stained using X-Gal to detect senescence-associated Beta-galactosidase expression (blue signal).
Certain samples were also cotransfected with siRNA-tigar or a scrRNA control. The scale bars represent 20 µm. Replicate data sets are shown for a single representative experiment. (C-E)
HTLV-1-transformed SLB1 lymphoma cells were repeatedly transfected with siRNA-tigar or a scrRNA control and the cultures were stained using the fluorescent ROS-specific chemical
probe, CM-H2DCFDA, and fluorescence-microscopy was performed to visualize and quantify intracellular ROS accumulation (C, top panels). The transfected SLB1 cells were then stained
with X-Gal to detect senescence-associated Beta-galactosidase expression (C, lower panels). Wide-field images of cellular senescence (dark stained cells in DIC + X-Gal) are provided below
the color micrographs. The chemical uncoupler, CCCP, was included as a positive control. (F) The expression of TIGAR and c-Myc in acute lymphoblastic leukemia (ALL: CCRF-CEM,
CCRF-HSB2, Molt-4, and Rs4;11), multiple myeloma (MM: MM.1R, NCI-H929, RPMI 8226, and U266B1), and Sezary syndrome (SS: HuT-78) tumor cell-lines, compared to activated
cultured hu-PBMCs, was detected by immunoblotting. Actin protein levels are shown for reference. (G and H) ALL (RS4;11) and MM (NCI-H929) tumor cell-lines were repeatedly
transfected with siRNA-tigar or a scrRNA control, and then stained with CM-H2DCFDA to detect intracellular ROS by fluorescence-microscopy. CCCP was included as a positive control.
Replicate data sets for representative individual experiments are shown in the graphs.
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recombinant hu-IL-2 and incubated at 37 °C and 10% CO2. The trans-
duced clones were selected on Blasticidin (5 μg/ml), repeatedly pas-
saged, and expanded in culture for more than 7 months. The data
presented represent 192 experimental replicates. Informed consent was
obtained from all subjects for the isolation and use of donor-derived hu-
PBMCs; and all protocols and experimental procedures conformed to
the principles set out in the WMA Declaration of Helsinki and the
Department of Health and Human Services Belmont Report and were
approved by the SMU Human Subjects Research-Institutional Review
Board.

4.5. siRNA-inhibition of TIGAR

Small-interfering RNA-mediated knockdown of TIGAR expression
was achieved by repeatedly transfecting the cells with a 2′-
O,4′aminoethylene bridged nucleic acid (BNA)-modified siRNA-tigar
oligonucleotide with the sequence: 5′-AUAUACCAGCAGCUGCUGC-3′
with phosphorothioate linkages at the 5′ and 3′ ends. As a negative
control, the cells were transfected with a 2′-O-methyl-uridine-modified
scrambled scrRNA oligonucleotide with the sequence: 5′-UUACCGAG
ACCGUACGUAU-3′ and terminal phosphorothioate bonds
(Biosynthesis). All RNA transfections were performed using HiPerFect
transfection reagent (Qiagen). The knockdown of TIGAR protein levels
was confirmed by immunoblotting and verified by inhibiting the ex-
pression of FLAG-tagged TIGAR in cells that were cotransfected with a
CMV-TIGAR (FLAG) construct (Bensaad et al., 2006). The endogenous
TIGAR protein was detected by immunoblotting using a monoclonal
Anti-TIGAR (G2) primary antibody (Santa Cruz Biotechnology) and
FLAG-epitope-tagged TIGAR was detected using a monoclonal Anti-
FLAG M2 antibody (Sigma-Aldrich).

4.6. Immunofluorescence-microscopy and mitochondrial staining

Immunostaining to detect the expression and subcellular distribu-
tion of the TIGAR, wildtype p53, p53-R175H mutant, and HTLV-1 p30II

(HA-tagged) proteins by immunofluorescence-microscopy was per-
formed using primary antibodies, in combination with appropriate
fluorescence-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories), as previously described in Romeo et al.
(2015). The TIGAR protein was detected using a rabbit polyclonal Anti-
TIGAR antibody, referenced in Bensaad et al. (2006), or Anti-TIGAR
(M-209) from Santa Cruz Biotechnology. The p53 protein was detected
using a monoclonal Anti-p53 (DO-2) primary antibody (Santa Cruz
Biotechnology). Relative fluorescence-intensity measurements to com-
pare the expression of HTLV-1 p30II-GFP and c-Myc in cotransfected
HFL1 fibroblasts containing the p53-R175H mutant were performed
using Carl Zeiss Axiovision 4.8 software. The c-Myc oncoprotein was
visualized using a monoclonal Anti-c-Myc (9E10) antibody (Santa Cruz
Biotechnology). The HTLV-1 envelope glycoprotein was detected in the
ATL-1 cell-line using a goat polyclonal Anti-HTLV-1 gp21 (vC-17) an-
tibody (Santa Cruz Biotechnology). All fluorescence- and immuno-
fluorescence-microscopy analyses were performed on a Zeiss Ax-
ioimager Z2 fluorescence microscope equipped with an Apotome
optical slider. To detect the mitochondrial localization of the TIGAR
protein, the cells were labeled with MitoTracker Orange (Molecular
Probes) diluted in the growth medium for 45min at room temperature,
then washed 2× with serum-free medium, fixed, and immunostained
for subsequent fluorescence-microscopy analysis.

4.7. Measurement of ROS and cellular senescence

The accumulation of oncogene-induced intracellular ROS was de-
tected by staining c-Myc-expressing HT-1080 cells, or HTLV-1-infected
SLB1 lymphoma cells, Rs4;11 ALL lymphoblasts, and NCI-H929 MM
plasmacytoid cells with the fluorescent chemical ROS probe, 5-(and-6)-
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester

(CM-H2DCFDA. Molecular Probes). The cells were fixed with 2% for-
maldehyde and 0.2% glutaraldehyde in PBS, pH 7.4, for 15min at room
temperature, washed 2× with PBS, and the relative percentages of
ROS-positive cells were determined by counting duplicate or triplicate
visual fields using fluorescence-microscopy, and compared to the total
number of cells in DIC (phase contrast) images. The chemical un-
coupler, carbonyl cyanide 3-chlorophenylhydrazone (CCCP. Sigma-
Aldrich), was included as a positive control. For suspension cultures,
the cells were incubated for 30min at 37 °C and 10% CO2 on 96-well
plates that were pretreated with 1mg/ml Concanavalin A (Sigma-
Aldrich) and poly-D-lysine prior to staining. Single-cell intracellular
ROS levels were determined by measuring the relative fluorescence-
intensity of the CM-H2DCFDA chemical ROS probe across a randomly-
positioned 5 µm2 surface area using Carl Zeiss Axiovision 4.8 software
in 19 different individual cells per sample. The effects of inhibiting
TIGAR upon intracellular ROS levels in HTLV-1-infected SLB1 lym-
phoma cells, Rs4;11 ALL lymphoblasts, and NCI-H929 MM plasmacy-
toid cells were determined by repeatedly transfecting the cells with
siRNA-tigar, or a scrambled scrRNA control, and then staining with the
fluorescent chemical ROS probe, CM-H2DCFDA. The percentages of
ROS-positive cells were determined by counting duplicate visual fields
using fluorescence-microscopy, as compared to the total number of cells
per field in DIC images.

To determine the effects of HTLV-1 p30II and TIGAR expression
upon oncogene-induced cellular senescence, HT-1080 cells were
transfected with CβF-c-Myc and/or CMV-TIGAR (FLAG) and then
transduced with pLenti-HTLV-1 p30II (HA) or the pLenti-6.2/V5-DEST
empty vector. After five days, the cultures were stained using X-Gal to
detect senescence-associated Beta-galactosidase (SA-β-gal) expression.
The cells were rinsed with PBS, pH 7.4, and then fixed in a solution of
2% formaldehyde and 0.2% glutaraldehyde in PBS for 15min at room
temperature. The samples were washed 2× with PBS and subsequently
stained with the X-Gal-Staining Solution (37.2mM citric acid/sodium
phosphate, 140mM NaCl, 2 mM MgCl2, 0.5mM potassium ferrocya-
nide, 0.5 mM potassium ferricyanide, 1 mg/ml X-Gal, and 2% N-N-di-
methylformamide, pH 6.0) at 37 °C overnight in a dry incubator
without CO2. The SA-β-gal-positive (blue) senescent cells were quan-
tified by counting duplicate visual fields. To determine the effects of
inhibiting TIGAR expression upon oncogene-induced cellular senes-
cence, lentivirus-transduced c-Myc (and/or HTLV-1 p30II)-expressing
HT-1080 cells, or HTLV-1-infected SLB1 lymphoblasts, were repeatedly
transfected with siRNA-tigar or a scrambled scrRNA control using
HiPerFect reagent, and the cultures were stained to detect SA-β-gal as
described.

4.8. Statistical analysis

The statistical significance of experimental data sets was determined
based upon their Student's t-distribution values in two-tailed unpaired
tests (alpha= 0.05) and calculated P-values using the Shapiro-Wilk
normality test and Graphpad Prism 7.03 software. Error bars indicate
the standard deviation between replicate samples. The significance
values were defined as: ****P < 0.0001, ***P < 0.0002,
**P < 0.0021, *P < 0.0332. The siRNA-tigar-knockdown of TIGAR
expression produced similar or nearly identical results in the ROS-de-
tection and cell senescence experiments in different cellular back-
grounds and, therefore, single experiments with replicate data points
were performed for some of these studies.
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