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ABSTRACT

Human T-cell leukemia virus type 1 (HTLV-1) is associated with adult T-cell leukemia (ATL) and transforms T cells in vitro. To
our knowledge, the functional role of reactive oxygen species (ROS)-generating NADPH oxidase 5 (Nox5) in HTLV-1 transfor-
mation remains undefined. Here, we found that Nox5a expression was upregulated in 88% of 17 ATL patient samples but not in
normal peripheral blood T cells. Upregulation of the Nox5a variant was transcriptionally sustained by the constitutive Janus
family tyrosine kinase (Jak)-STATS5 signaling pathway in interleukin-2 (IL-2)-independent HTLV-1-transformed cell lines, in-
cluding MT1 and MT2, whereas it was transiently induced by the IL-2-triggered Jak-STATS5 axis in uninfected T cells. A Nox in-
hibitor, diphenylene iodonium, and antioxidants such as N-acetyl cysteine blocked proliferation of MT1 and MT2 cells. Ablation
of Nox5a by small interfering RNAs abrogated ROS production, inhibited cellular activities, including proliferation, migration,
and survival, and suppressed tumorigenicity in immunodeficient NOG mice. The findings suggest that Nox5a is a key molecule
for redox-signal-mediated maintenance of the HTLV-1 transformation phenotype and could be a potential molecular target for
therapeutic intervention in cancer development.

IMPORTANCE

HTLV-1 is the first human oncogenic retrovirus shown to be associated with ATL. Despite the extensive study over the years, the
mechanism underlying HTLV-1-induced cell transformation is not fully understood. In this study, we addressed the expression
and function of ROS-generating Nox family genes in HTLV-1-transformed cells. Our report provides the first evidence that the
upregulated expression of Nox5« is associated with the pathological state of ATL peripheral blood mononuclear cells and that
Nox5a is an integral component of the Jak-STATS5 signaling pathway in HTLV-1-transformed T cells. Nox5a-derived ROS are
critically involved in the regulation of cellular activities, including proliferation, migration, survival, and tumorigenicity, in
HTLV-1-transformed cells. These results indicate that Nox5a-derived ROS are functionally required for maintenance of the
HTLV-1 transformation phenotype. The finding provides new insight into the redox-dependent mechanism of HTLV-1 transfor-
mation and raises an intriguing possibility that Nox5a serves as a potential molecular target to treat HTLV-1-related leukemia.

HTLV-1-infected T cells initially grow in an IL-2-dependent man-

H uman T-cell leukemia virus type 1 (HTLV-1) is the first hu-
ner, but over time, the cells become IL-2 independent (11). In

man oncogenic retrovirus shown to be etiologically associ-

ated with adult T-cell leukemia (ATL) (1, 2). ATL has a poor
prognosis because of its resistance to conventional chemotherapy,
and no effective therapy is currently available for ATL. HTLV-1
infects and transforms human peripheral blood T cells in vitro (3,
4), but the precise mechanism of HTLV-1 transformation of T
cells and the development of ATL after HTLV-1 infection are not
fully understood. A HTLV-1 genome pX region-encoded protein,
Tax, is thought to play a central role in activation, proliferation,
and transformation of T cells by transactivating various cellular
genes, including interleukin-2 (IL-2), IL-2 receptor a chain, and
NE-kB (5-7). However, advanced ATL cells do not always express
a significant amount of Tax and yet maintain the transformation
phenotype (8). This raised the possibility that cellular changes,
including constitutive NF-kB activation, replace Tax functions to
sustain neoplastic features (8, 9). Meanwhile, IL-2 stimulates nor-
mal T-lymphocyte activity and proliferation through the Janus
family tyrosine kinase (Jak)-STATS5 signaling pathway (10).

9080 jvi.asm.org

Journal of Virology

most cases, this transition seems to coincide with acquisition of
constitutive activation of Jak and STATS5 signaling (12, 13), but its
significance in the IL-2-independent growth mechanism remains
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only partly explained. These observations suggest that, to define
the functional role of HTLV-1 in malignant transformation, we
need to understand more of the as-yet-unidentified sequence of
intracellular signals essential for genetic and epigenetic interac-
tions between provirus and host genes.

Accumulating evidence suggests that low levels of reactive ox-
ygen species (ROS) act as second-messenger-like molecules in
multiple cellular processes, including proliferation, apoptosis,
and innate immunity. Superoxide (O, )-generating NADPH ox-
idase (Nox) family enzymes (Nox1 to Nox5 and Duoxes 1 and 2)
represent a major intracellular source for ROS (14, 15). In fact,
Nox1, Nox2, and Nox4 have been shown to play important phys-
iological and pathophysiological roles in cardiovascular, pulmo-
nary, and renal systems. Nox1 and Nox4 may be linked to devel-
opment of some types of cancers, including prostate and
pancreatic cancers (16, 17). In comparison, the function of Nox5
is poorly understood. Unlike Nox1 to Nox4, Nox5 comprises the
N-terminal EF hand (binding sites for calcium), in addition to the
heme-containing transmembrane and NADPH/flavin adenine di-
nucleotide (FAD)-binding cytoplasmic domains, which are well
conserved among the members of the Nox family and responsible
for electron transfer from NADPH to molecular oxygen (18).
There are five variants of Nox5, Nox5a, Nox58, Nox5y, Nox53,
and a truncated Nox5S, depending on the splice forms of N-ter-
minal portions (18, 19). Nox5a is present in spleen/lymph node
and Nox5B in testis, while the tissue-specific distribution of
Nox5v and Nox58 is unclear. With respect to cancer develop-
ment, acid-induced Nox5S has recently been implicated in Bar-
rett’s esophageal adenocarcinoma (20). However, it is largely un-
known how Nox5 functions in hematopoietic immune cells and
their pathological states.

In the present study, we addressed a functional role of Nox5 in
HTLV-1-transformed T cells. We found that Nox5a is a target
gene of the constitutively active Jak-STAT5 cascade in IL-2-inde-
pendent HTLV-1-transformed cells and that depletion of Nox5a.-
derived ROS impairs their ability to maintain the HTLV-1 trans-
formation phenotype, suggesting the involvement of Nox5a in
HTLV-1 pathogenesis.

MATERIALS AND METHODS

Cell lines and reagents. HTLV-1-infected T-cell lines (MT1, MT2, MT4,
and HUT102) (8, 21), HTLV-1-uninfected T-cell lines (HUT78, H9, Ju-
rkat, Molt-4, and Molt-17) (21), a HTLV-II-infected cell line (Mot) and a
Bcr-Abl-positive myeloid leukemia cell line (K562) were maintained in
RPMI 1640 supplemented with 10% fetal bovine serum (FBS). Diphe-
nyleniodonium (DPI), n-acetyl cysteine (NAC), pyrrolidine dithiocar-
bamate (PDTC), AG490, STI-571 (imatinib), and STAT5 inhibitor were
purchased from Calbiochem. Rabbit anti-Nox5 antibodies were produced
as described previously (22) or purchased from Novus Biologicals. Anti-
bodies against phospho-AKT (Thr308), AKT, phospho-extracellular sig-
nal-regulated kinase (ERK) (Thr202/Tyr204), ERK, STATS5, and phos-
pho-STATS5 (Tyr694) were purchased from Cell Signaling. pGD210-Bcr-
Abl was provided by T. Tauchi and pcDNA3.1-myc-STAT5B-CA by K.
Tkuta.

Human specimens. The study protocol was approved by the Human
Ethics Review Committee of Shinshu University, and all samples were
collected after obtaining informed consent from patients. Peripheral
blood mononuclear cells (PBMC) from healthy volunteers and ATL pa-
tients were purified by Ficoll-Hypaque gradient centrifugation (Amer-
sham Bioscience) as described previously (8).

Construction of siRNA and reporter plasmids. Duplex, small inter-
fering RNA (siRNA) oligonucleotides for human Nox5 and a nonspecific
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control were subcloned into the pSilencer 5.1-HI Retro vector (Ambion)
according to the manufacturer’s instructions. siRNAs were designed as
follows: 5'-GATCCACTCAAATTCCTCTTCCAGTTCAAGAGACTGG
AAGAGGAATTTGAGTTTTTTTGGAAA-3’ for siNox5a and 5'-GATC
CGCTCCATAAGGTGGACTTTTTCAAGAGAAAAGTCCACCTTATG
GAGCTTTTTTGGAAA-3' for siNox5a-I. pGL3-Nox5 was constructed
as follows: the fragment (—1502 to —11 from ATG in exon 3) of human
Nox5 gene which encompasses two putative STAT binding sequences of
TTCCCTTAA (—1380 to —1382 and —733 to —725) was PCR amplified
from HeLa cell genomic DNA and subcloned into pGL3basic (Promega)
at HindIIT sites.

Transfection and immunoblotting. Cells were transfected with the
indicated vectors or siRNAs utilizing Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. Cell lysates were prepared in
radioimmunoprecipitation assay (RIPA) buffer, and immunoblotting
analysis was performed using appropriate antibodies as described previ-
ously (23).

Isolation of stable transfectants. Packaging cells were transfected
with pSilencer 5.1-HI Retro vector carrying siNox5a or scrambled
siRNAs by using FuGene6 (Roche). The culture supernatant containing
viruses was harvested 72 h after transfection. MT1 and MT2 cells were
infected with retroviruses according to the manufacturer’s instructions
and subjected to selection with 350 pg/ml puromycin. Cloned cell lines
were maintained with 5 pg/ml puromycin.

Promoter activity assay. Jurkat T cells (4 X 10°) were transfected with
pGL3-Nox5a (0.4 pg) and pGD210-Bcer-Abl (0.4 pg) and treated with
STATS5 inhibitor (Calbiochem) for 24 h. Alternatively, MT1 and MT2 cells
were transfected with pGL3-Nox5a (0.4 pg) together with scrambled or
STATS5B siRNAs (Invitrogen). Cells were lysed, and lysates were subjected
to promoter activity assay with a reporter assay kit (Promega) according
to the manufacturer’s protocol.

Cell growth assay. Cells were grown in the presence or absence of
antioxidants and DPI, and live cells were counted.

Measurement of ROS production. Cells were inoculated into 96-well
plates and incubated with 200 wM luminol and 1 U of horseradish perox-
idase in Hanks balanced salt solution (HBSS) for 20 min at 37°C as de-
scribed previously (24). Luminescence was quantified by the use of a Lu-
mat LB9507 Luminometer (Berthold).

Annexin V-PE assay. The annexin V-phycoerythrin (PE) assay (BD
Biosciences) was performed according to the manufacturer’s instructions.
Briefly, cells were collected and stained with annexin V or Via probe. Cell
surface markers were analyzed with a FACScan flow cytometer, using the
software program BD FACStation-Data Management System (BD Biosci-
ences). Fractions of annexin V-positive cells were estimated.

RT-PCR and real-time PCR. Reverse transcription (RT) was per-
formed by the use of a ReverTra Ace kit (Toyobo). Real-time PCR was
performed with the specific primers (available upon request) for detection
of Nox5 by using TagMan gene expression (assay Hs00225846_m1; Ap-
plied Biosystems) (see Fig. 4B) or for detection of Nox isoforms by using
the Mesa green quantitative PCR (qPCR) MasterMix Plus for SYBR assay
protocol (Eurogentec) (see Fig. 2). The data were normalized to the ex-
pression levels of B-actin and calculated by the threshold cycle (AAC;)
method.

Cell migration assay. Cells were seeded in serum-free media into the
top of a Boyden chamber (BD Bioscience). Media containing 5% FBS
were added to the bottom of the chamber. After 24 h of incubation, the
migrated cells were stained with crystal violet and counted according to
the manufacturer’s protocol.

Tumorigenicity assay. NOG mice were obtained from the Central
Institute for Experimental Animals (Kawasaki, Japan). Cells (4 X 107)
were suspended in phosphate-buffered saline (PBS) and subcutaneously
injected into mice (6 mice for one group) as described previously (25).
Mice were sacrificed during the 4-to-5-week follow-up period after inoc-
ulation. Tumors were measured with an external caliper, and volume was
calculated as described previously (26).
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FIG 1 Effects of antioxidants and DPI on proliferation of HTLV-1-infected MT1 and MT2 cells. (A) MT1 and MT2 cells (5 X 10*) were cultured in the presence
or absence of the indicated amounts of NAC, PDTC, and DPI. The cell growth was determined at the indicated time intervals. The data represent means *
standard deviations (SD) (n = 3) of the results from four separate experiments. (B) Jurkat T cells (5 X 10*) were cultured in the presence of DPI (0.5 uM), PDTC
(14 pM), NAC (2 mM), or dimethyl sulfoxide (DMSO) for 48 h, and the cells were counted. The data represent means = SD (n = 3) of the results from three
separate experiments. For the data presented throughout panels A and B, statistical analysis was performed with one-way ANOVA, followed by Dunnett’s
multiple-comparison f test. P value for comparisons of chemical treatment versus vehicle, <0.05.

Immunohistochemistry. Tumor tissues were fixed, and tissue sec-
tions were embedded in paraffin and subjected to antigen retrieval in a
microwave in Tris-HCI-EDTA buffer (pH 8.0) as described previously
(27). Sections were incubated with anti-CD4 and anti-CD25 antibodies
(Thermo Fisher Scientific) and subsequently with horseradish peroxidase
(HRP)-conjugated secondary antibodies and were counterstained with
hematoxylin. 3,3’-Diaminobenzidine was used as a chromogen.

Statistical analysis. Data represent the means * standard deviations
of results from at least three separate experiments. Statistical analysis of
the results from the two groups was performed using Student’s t test.
One-way analysis of variance (ANOVA) was performed with two or more
groups, followed by Dunnett’s multiple-comparison test or the Bonfer-
roni test. Differences with P values of <0.05 were considered to be statis-
tically significant. All statistical analyses were performed with IBM SPSS
version 22 software.

RESULTS

ROS production is required for growth of HTLV-1-infected
cells. To understand the role of ROS-generating machinery in
HTLV-1-infected T cells, we first examined whether ROS genera-
tion is required for the growth of two HTLV-1-infected T-cell
lines, MT1 and MT2. DPI, a general inhibitor for Nox enzymes
and antioxidants, NAC, and PDTC decreased the growth rate of
cells (Fig. 1A). To achieve a similar level of inhibition, much lower
concentrations of these agents were required for uninfected Jurkat
T cells (Fig. 1B). This suggests that Nox family genes are involved
in ROS-mediated growth control of MT1 and MT2 cells.

To further explore the nature of the Nox isozymes involved,
the expression of Nox family mRNAs was examined. Real-time
PCR analysis revealed that Nox5 but not other Nox family mem-
bers was expressed in HTLV-1-infected cell lines, namely, MT1,
MT?2, MT4, and HUT102 (Fig. 2A). In contrast, the Nox5 tran-
scripts were not expressed in HTLV-1-uninfected T-cell lines (Fig.
2A) or in normal peripheral blood T cells (Fig. 2B). Notably, the
levels of Nox5 mRNAs were elevated in 15 of 17 PBMC samples
freshly isolated from ATL patients compared with those in normal
controls (Fig. 2B and Table 1). No significant correlation was
found between expression of other Nox isoforms and HTLV-1
infection/ATL pathogenesis (Fig. 2A and C). Thus, it is most likely
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that Nox5 is specifically upregulated in both HTLV-1-trans-
formed cell lines and a subset of primary ATL cells.

The Nox5a variant is expressed in MT1 and MT?2 cells. Pre-
vious reports described five Nox5 variants—those (c, 3, y, and d)
that differ in the sequence of the N-terminal calcium-binding do-
mains and a spliced short variant (Nox5S) lacking this domain
(18, 19). We therefore determined which of the Nox5 variants
exists in MT1 and MT2 cells. RT-PCR together with DNA se-
quencing showed that a primer set (primers a/b) generated a
433-bp fragment encompassing the region between exon 13 and
exon 17 common to Nox5L and Nox5S, whereas another primer
set (primers ¢/d) generated a 536-bp fragment which corresponds
to the region between exon 3 and exon 6 of Nox5a but not to that
of Nox5y, with an extra 84-bp insertion (Fig. 3A and B). More-
over, a primer set (primers d/e) specific to Nox58 and Nox53
generated no DNA fragment, indicating that Nox58, Nox5vy, and
Nox58 were not expressed. The data suggest that Nox5a was ex-
pressed but do not exclude the possibility of the presence of
Nox5S. Immunoblotting with antibodies against the COOH-end
region of Nox5 detected 75-kDa Nox5a but not the 60-kDa
Nox5S short variant in the cell lysates. Together, the data con-
firmed that the Nox5 variant in MT1 and MT2 cells is Nox5a
(Fig. 3C).

Nox5a siRNAs suppress ROS production in MT1 and MT2
cells. We next examined whether Nox5a-derived ROS are re-
quired for proliferation of MT1 and MT2 cells. To this end, two
siRNAs for Nox5a were tested for knockdown efficiency. Immu-
noblotting analysis with anti-Nox5a antibodies showed that load-
ing with siNox5a decreased the expression of Nox5a proteins
more efficiently than loading with siNox5a-I in MT2 cells (Fig.
4A). We therefore used siNox5a to disrupt endogenous Nox5a in
the subsequent experiment. Real-time PCR and immunoblot-
ting demonstrated that the amounts of both Nox5a mRNAs
and Nox5a proteins were decreased in Nox5a siRNA-trans-
fected MT1 and MT?2 cells (MT1siNox5 and MT2siNox5 cells)
compared with those in scrambled siRNA-transfected cells
(MT1SC and MT2SC cells) (Fig. 4B and C), which indicates
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FIG 2 Analysis of Nox family expression in HTLV-1-infected T-cell lines and ATL PBMC. (A) Total RNAs were extracted from various HTLV-1-infected (MT1,
MT2, MT4, and HUT102) and HTLV-1-uninfected (HUT78, H9, MOLT4, and MOLT17) T cells, and levels of mRNA expression of Nox family members were
analyzed by real-time PCR. Control data represent normal T cells. One-way ANOVA was performed to determine differences between HTLV-1-infected and
-uninfected cell lines. There was a statistically significant difference only in the Nox5 expression data (P < 0.05 versus control). (B) The levels of Nox5 mRNA
expression in ATL primary cells (Table 1) were examined by real-time PCR. CTL (control), normal PBMC. The data represent means = SD (n = 3) of results from
three separate experiments. (C) Comparison of levels of Nox isoform expression in ATL patient samples. A total of 6 samples were randomly selected from 17 ATL
patient samples which had been analyzed as described for panel B and subjected to the analysis of Nox isoform expression by real-time PCR. Control, normal
PBMC. B-Actin was used as an internal control. The data represent means = SD (n = 3) of results from three separate experiments. Note that, among the Nox
family members, only the levels of Nox5 were increased in the 6 ATL patient samples examined.

that Nox5a siRNAs eliminate the Nox5«a transcript from the
cells. Then, the effects of Nox5a siRNAs on intracellular pro-
duction of hydrogen peroxide were examined by a luminol
assay. Catalase-inhibitable ROS generation was significantly
attenuated in MT1siNox5a cells and MT2siNox5a cells com-
pared with control cells (Fig. 4D), suggesting the involvement
of Nox5a in ROS synthesis in HTLV1-infected cells. In control
experiments, Nox5a siRNAs did not suppress ROS production in
uninfected H9 cells (data not shown).

Effects of Nox5a siRNAs on both proliferation and cell sur-
vival of MT1 and MT?2 cells. Since growth of MT1 and MT?2 cells
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was inhibited by DPI, NAC, and PDTC (Fig. 1), we investigated
whether the suppression of Nox5a with Nox5a siRNAs blocks cell
proliferation. Both growth in liquid culture (Fig. 5A) and colony
formation (Fig. 5B) of MT1siNox5a and MT2siNox5a cells were
significantly reduced compared with those of MTISC and
MT2SC cells, respectively. Immunoblotting with anti-phos-
pho-ERK antibodies indicated that the activated, phosphory-
lated form of ERK, a key growth signal transducer, was dimin-
ished by knockdown of Nox5a (Fig. 4C). Neither cell growth
nor Erk/Akt activity was affected in uninfected H9 cells upon
transfection of Nox5a siRNAs (data not shown). These results
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TABLE 1 Clinical characteristics of ATL patients”

No. of WBC Atypical

Patient Disease type (X 10°/pl) lymphocytes (%)
1 Chronic 15.5 45

2 Chronic 11.9 41

3 Chronic 15.8 65

4 Acute 7.5 ND

5 Acute 41.8 87

6 Acute 15.7 24

7 Acute 26.8 86

8 Acute 8.3 ND

9 Acute 194.5 ND

10 Acute 17.9 20

11 Acute 21.2 49

12 Acute 30.0 56

13 Acute ND ND

14 Acute ND ND

15 Acute 65.6 66

16 Acute 17.8 54

17 Acute 117.2 57

4 WBC, white blood cells; ND, not determined.

suggest that Nox5a-derived ROS, at least in part, sustain pro-
liferation of MT1 and MT2 cells.

Inhibition of cell proliferation is frequently associated with in-
duction of apoptosis. We therefore explored whether ablation of
Nox5a with Nox5a siRNAs leads to cell death. Annexin V labeling
demonstrated that transfection of Nox5a siRNAs into MT1 and
MT?2 cells increased apoptosis induction compared with that of
scrambled controls when the transfected cells were serum starved
(Fig. 5C) or treated with a chemotherapeutic agent, adriamycin
(Fig. 5D). Furthermore, silencing of the Nox5a activity reduced
phosphorylation of AKT, a major cell survival signal mediator
(Fig. 4C). These data suggest that Nox5a endows MT1 and MT2
cells with the cell survival activity and that ablation of Nox5a
sensitizes the cells to proapoptotic agents. From the therapeutic
viewpoint, it is noteworthy that inactivation of Nox5« enhances
the efficacy of adriamycin.

Inhibition of Nox5a suppresses cell migration. We next ex-
amined the effects of Nox5a inhibition on the migratory activity
of MT1 and MT2 cells. A migration assay demonstrated that the
numbers of migrating cells were markedly reduced in MT1siNox5a
and MT2siNox5a cells (Fig. 5E), implying that Nox5« contributes to
motility of HTLV-1-transformed cells.

Nox5a expression is regulated by the Jak-STAT5 pathway. It
remains to be determined how the Nox5a activity is regulated in
the HTLV-1-transformed cells. Although the Tax viral transacti-
vator is known to affect numerous cell cycle progression genes
(28), it seems unlikely that Tax regulates Nox5a expression be-
cause we failed to detect induction of Nox5a expression following
overexpression of Tax (data not shown). Given that Jakl and Jak3
and their phosphorylation targets, STAT5A and STAT5B, are con-
stitutively activated in HTLV-1-transformed cells, thereby con-
trolling cellular proliferation (12, 13), we assumed that the Jak-
STAT5 pathway might be coupled to the Nox5a signaling.
RT-PCR analysis showed that treatment of MT1 and MT2 cells
with a Jak inhibitor, AG490, decreased the level of Nox5ae mRNAs
(Fig. 6A). Similarly, transfection of STAT5B siRNAs blocked con-
stitutive expression of Nox5a (Fig. 6C). Immunoblotting analysis
performed with anti-phospho-STAT5B antibodies confirmed
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that elevated tyrosine phosphorylation of STAT5B was blocked by
treatment with AG490 (Fig. 6E). Moreover, Nox5a was not up-
regulated in an HTLV-II-infected cell line, Mot, in which the Jak/
STAT pathway is not activated (29) (Fig. 6G). Thus, constitutive
activation of the Jak-STATS5 axis seems to sustain the expression of
Nox5a in HTLV-1-transformed cells.

The Jak-STAT5 pathway also plays a pivotal mediating role in
the IL-2 signaling involved in the growth and survival of T cells,
where ligation of IL-2 to IL-2 receptor 3 and +y chains results in
activation and recruitment of Jakl and Jak3 and phosphorylation
and nuclear translocation of STAT5A and STAT5B (30). We
therefore addressed the activation of Nox5a upon stimulation of
the IL-2 signaling pathway. IL-2 treatment induced expression of
Nox5a in Jurkat T cells, whereas both addition of AG490 and
transfection of STAT5B siRNAs suppressed induction of Nox5a
expression by IL-2 (Fig. 6B and D). Treatment with IL-2 or phor-
bol myristate acetate/phytohemagglutinin (PMA/PHA), which
involves Jak/STATS5, also induced Nox5a expression in normal
PBMC (Fig. 6H). The data implied that the activated Jak-STAT5
pathway targets the Nox5a gene in response to IL-2 stimulation.
Because STATS5 is constitutively phosphorylated and activated by
Bcr-Abl tyrosine kinase oncogene, the product of the t (9:22) (q34:
ql11) translocation in chronic myelogenous leukemia (CML) cells
(31), the expression level of Nox5a was examined in a CML cell
line, K562. Nox5a expression was spontaneously upregulated,

Long form Short form

1i2]3 i4 [516 | 718T9Tio[1112[13[a15[16[i7[18]
> < > <

c d a b
Long form Short form
—> —>
Nox5f [112]3]4]5]6]7][8]9[10[11]12113[14]15[16[17]18]
> < > <
d b

e a
Long form _ Short form

v
11213 i4 [516 | 7189 10[11[12[13[14[15[ 61 7[18]
> < > <

c d a b
Long form Short form
— yr—>
Nox58 [112]3JaT56 718 o Mo[i1[2M3M4Li5[16[7[18]
> < > <
e d b

a
v :extra insertion (84 bp)

B MT1 MT2
alb c/d e/ld alb c/d eld
600 bp
400 bp
c MT1MT2 H9
88 kD ‘7* Nox5a
60kDS

= -:- B-actin

FIG 3 Identification of Nox5a variants in MT1 and MT?2 cells. (A) A sche-
matic figure shows the configuration of exons in four Nox5 splice variants (a,
B, v, and 8) belonging to an L-form and in Nox5S, a short form lacking an
N-terminal calmodulin-like Ca>* binding domain. The exons were numbered
based on GenBank sequences as follows: o, AF353088; B, AF325189; v,
AF353089; 8, AF325190. Letters a to e indicate the positions of primers used for
PCR analysis as described for panel B. (B) Levels of mRNA expression of Nox5
variants in MT1 and MT?2 cells were analyzed by RT-PCR. Primers a, b, ¢, d,
and e were assigned as shown in Fig. 3A. PCR products were analyzed by
sequencing. (C) Lysates from MT1, MT2, and H9 cells were prepared and
subjected to immunoblotting with antibodies against the COOH-end peptide
of Nox5. B-Actin was used as a loading control.

September 2015 Volume 89 Number 17


http://www.ncbi.nlm.nih.gov/nuccore?term=AF353088
http://www.ncbi.nlm.nih.gov/nuccore?term=AF325189
http://www.ncbi.nlm.nih.gov/nuccore?term=AF353089
http://www.ncbi.nlm.nih.gov/nuccore?term=AF325190
http://jvi.asm.org

A 6 o

+
RN
%0 6\‘\

+
N

Nox5a |

B-actin ——— c——

B
100 [p<0.01 [p<0.01
23
s
53 %
X
SE
MT1 MT1 MT2 MT2
SC siNox5a SC siNox5a
(3
¢ O .@0'& o“g’6
'\% r\%\ %0 é&
SR
L R\ DRy

Nox5c Wl s e —

B-actin T — ——

Erk e sme e

pakt lip—- —

A s e e w55

D 0.06 MT1

MT2
T5<0.051 p<0.01 1p<0.01

catalase

catalase

FIG 4 Nox5a siRNA reduces both phosphorylation of Erk and AKT and ROS
production. (A) Lysates were prepared from MT2 cells transfected with scram-
bled siRNA (SC) or a Nox5-specific siRNA (siNox5a or siNox5a-1) and were
subjected to immunoblotting with anti-Nox5 or anti-f-actin antibodies. (B)
MT1 and MT2 cell lines stably transfected with Nox5a siRNA (MT1siNox5a
and MT2siNox5a) or scrambled siRNA (MT1SC and MT2SC) were estab-
lished. Expression levels of Nox5a mRNAs were examined by real-time PCR
using GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as an internal
control. The data represent means = SD (n = 3) of results from three separate
experiments. Student’s ¢ test was performed. (C) Expression levels of endoge-
nous Nox5a proteins in the indicated cell lines were determined by immuno-
blotting with anti-Nox5 antibodies.B-Actin was used as a loading control.
Alternatively, phosphorylation levels of Erk and AKT were examined by im-
munoblotting with anti-phospho-Erk and anti-phospho-AKT antibodies. (D)
Levels of intracellular ROS in MT1siNox5a, MT1SC, MT2siNox5a, and
MT2SC cells were measured by luminol assay in the presence or absence of
catalase (250 U/ml). The data represent means = SD (n = 4) of results from
three separate experiments. Statistical analysis was performed with ANOVA,
followed by the Bonferroni test.
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and this expression was blocked by an Abl-specific tyrosine kinase
inhibitor, STI-571, and, to a lesser extent, by AG490 (Fig. 6A).
STAT5B siRNAs also abrogated Nox5ae mRNAs (Fig. 6C). Fur-
thermore, increased STAT5B phosphorylation was attenuated
upon treatment with AG490 (Fig. 6E) and STI-571 (Fig. 6F). The
data suggest that Nox5a expression is also upregulated by Bcr-
Ab1 through phosphorylation of STAT5B in CML cells.

Transcriptional activation of the Nox5a promoter by
STATS. To further assess the transcriptional regulation of Nox5a
by STATS5, we created a luciferase reporter construct carrying the
—1502 to —11 (positions from ATG) region of the Nox5a pro-
moter, which contains two consensus STATS biding sequences (Fig.
7A). We found that STAT5B siRNAs markedly reduced the Nox5a
promoter activity in both MT1 and MT2 cells (Fig. 7B), indicating
that STAT5B induces the activation of the Nox5a promoter. The
Nox5a promoter activity was enhanced following overexpression of
Ber-Abl in Jurkat T cells, whereas this enhancement was diminished
by treatment with a STAT5 inhibitor (Fig. 7C). Furthermore, trans-
fection of a constitutively active STAT5B-CA mutant (32) enhanced
the Nox5a promoter activity (Fig. 7D). This suggests that STAT5
mediates Ber-Abl-induced activation of the Nox5a promoter, but we
do not formally rule out the possibility that STA5B binds to other sites
distinct from the predicted regions.

Nox5a siRNAs suppress tumor formation by HTLV-1-trans-
formed cells. To address the contribution of Nox5a to HTLV-1-
induced tumorigenesis, we tested whether HTLV-1-transformed
cells become less tumorigenic due to overexpression of Nox5a
siRNAs in a mouse xenograft assay. Scrambled siRNA- and Nox5a
siRNA-transfected MT2 cell lines were inoculated subcutaneously
into NOG mice. The animals have been used for successful en-
graftment of HTLV-1-transformed human T cells (33). While
scrambled siRNA-transfected cells produced a visible tumor
within a 4-week period, expression of Nox5a siRNAs resulted in a
marked decrease in the tumor growth rate (Fig. 8). Both a leuke-
mia-expressing T-cell marker, CD4, and an activating marker,
CD25 (IL-2Rat), were expressed in the tumor cells (Fig. 8). Thus,
Nox5a siRNAs inhibit the tumorigenicity of MT2 cells, suggesting
an important mediating role of Nox5a-derived ROS in HTLV-1-
dependent transformation.

DISCUSSION

HTLV-1 is the causative agent of ATL, a CD4" T-cell-specific
leukemia. The precise mechanism of the neoplastic growth of
HTLV-1-transformed T cells currently remains unclear. In the
present study, we demonstrated that Nox5a expression is upregu-
lated in HTLV-1-transformed cell lines. Augmented Nox5a-gen-
erated ROS are required for proliferation, migration, and survival
of HTLV-1-transformed cells, with accompanying ERK and AKT
phosphorylation cascades. Furthermore, ROS generation by
Nox5a contributes to formation of tumors derived from HTLV-
1-transformed cells in NOG mice. To our knowledge, this is the
first evidence that Nox5a-derived ROS play a critical biological
role in maintenance of the HTLV-1 transformation phenotype.
Identification and characterization of a putative sensor for
Nox5a-generated ROS, which would be crucial in understanding
the Nox5a action, have to await future investigation.

Another major finding is that the Nox5a promoter contains
STATS5 transcription factor binding sequences and that inhibition
of the STATS activity by either a Jak inhibitor or STAT5B siRNAs
suppresses Nox5a mRNA synthesis as well as Nox5a promoter
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FIG 5 Inhibition of Nox5 suppresses proliferation, cell survival, and migra-
tion of MT1 and MT?2 cells. (A) Growth rates of indicated cell lines in liquid
culture. Cells (5 X 10%) were plated, and the numbers of live cells were deter-
mined 48 h later. The cell numbers of MT1SC and MT2SC at 48 h were 1.5 X
10* and 1.0 X 10* respectively. The data represent means = SD (n = 3) of
results from three separate experiments. Student’s t test was performed. (B)
Cells (5 X 10%) were inoculated into 6-well plates in 1 ml of MethoCult
(H4230; Stemcell Technologies, Tukwila, WA) containing 10% FBS. Colonies
were counted 10 days later. The data represent means =SD (n = 3) of results
from three separate experiments. Student’s ¢ test was performed. (C and D)
MT1SC, MT1siNox5a, MT2SC, and MT2siNox5a cells were serum (FBS)
starved for 48 h (C) or treated with 4 pM adriamycin (Ad) for 48 h (D) using
the indicated combinations and subjected to an annexin V-apoptosis assay.
The data represent means * SD (n = 3) of results from four separate experi-
ments. One-way ANOVA was performed, followed by the Bonferroni test. (E)
Cells were plated and subjected to a cell migration assay as described in Mate-
rials and Methods. The data represent means = SD (n = 4) of results from
three separate experiments. Student’s ¢ test was performed.
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FIG 6 Nox5a expression is blocked by inhibition of Jak, BCR-Abl, and
STATS5. (A) MT1, MT2, and K562 cells were treated with 50 uM AG490 (Jak
inhibitor) or 250 nM STI-571 (BCR-ADb1 inhibitor) for 24 h, and levels of
Nox5a expression were examined by RT-PCR. (B) Jurkat T cells were treated
with IL-2 (100 ng/ml) in the presence or absence of 50 uM AG490 for 24 h, and
Nox5a expression was examined by RT-PCR. (C) MT1, MT2, and K562 cells
were transfected with STAT5B siRNA or scrambled siRNA, and the levels of
expression of Nox5a, STAT5A, and STAT5B were examined by RT-PCR. (D)
Jurkat T cells were transfected with STAT5B siRNAs or with scrambled siRNA
and stimulated with IL-2 (100 ng/ml) for 24 h or left unstimulated. The levels
of expression of Nox5a,, STAT5A, and STAT5B were examined by RT-PCR. In
the experiments whose results are shown throughout panels A to D, B-actin
was used as an internal control. (E and F) MT1, MT2, and K562 cells were
treated with 50 uM AG490 for 24 h (E); alternatively, HEK293 cells were
transfected with Bcr-Abl or control vector and treated with 250 nM STI-
571 for 24 h (F). Lysates were subjected to immunoblotting with anti-
phospho-STATS5 (Tyr694) and anti-STAT5 antibodies. (G) Nox5a is not
upregulated in HTLV-II-infected T cells. The levels of Nox5a expression in
Mot (HTLV-II-infected T cell line), MT1, and MT2 cells were examined by
RT-PCR. (H) Nox5a expression is induced in IL-2- or PHA/PMA-stimu-
lated PBMC. PBMC were treated with IL-2 (100 ng/ml) or PHA (100 ng/
ml)/PMA (5 ng/ml) for 24 h and subjected to RT-PCR analysis of Nox5a
expression. B-Actin was used as an internal control in the experiments
whose results are shown in panels G and H.

activity in MT1 and M T2 cells. HTLV-1-transformed cells exhibit
constitutive tyrosine phosphorylation of Jak3 and STAT5 (12, 13),
and lymphocytes isolated from HTLV-1-infected patients display
tyrosine phosphorylation of Jak3, STAT3, and STATS (34, 35).
STAT proteins are activated in many human cancers and serve as
oncoproteins by promoting cell proliferation (36). These obser-
vations suggest that sustained expression of Nox5a is induced as a
consequence of constitutive activation of the STATS5 transcrip-
tional activity by Jak in HTLV-1-transformed cells, contributing
to their growth. Meanwhile, the Jak-STATS5 pathway serves as the
major IL-2 downstream signaling pathway controlling T-lympho-
cyte function, including cell proliferation (10). Our data indicate
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FIG 7 Activation of Nox5a promoter activity through STATS5. (A) Schematic
structure of the 5'-flanking region of the Nox5a promoter. The consensus
STATS5-binding sites (TTCCCTTAA) are shown in the Nox5a promoter re-
gion (—1502 to —11 from ATG in exon 3) subcloned into pGL3basic. (B) MT1
and MT2 cells were transfected with pGL3-Nox5a (—1502 to —11) together
with STAT5B siRNAs or control siRNAs. Lysates were subjected to a reporter
assay. The data represent means = SD (n = 3) of results from three separate
experiments. Student’s ¢ test was performed. (C) Jurkat T cells were transfected
with pGL3-Nox5a (—1502 to —11) together with pGD210-Bcr-Ab1 or control
vectors and treated with STAT5 inhibitor (250 nM) for 24 h. Lysates were
subjected to a reporter assay. The data represent means = SD (1 = 3) of results
from three separate experiments. One-way ANOVA was performed, followed
by the Bonferroni test. (D) Jurkat T cells were cotransfected with pGL3-Nox5a
(—1502 to —11) together with the STAT5B-CA mutant or control vector and
subjected to a reporter assay. The data represent means = SD (1 = 3) of results
from three separate experiments. Statistical analysis was performed with Stu-
dent’s t test.

that IL-2 transiently induced expression of Nox5a in a Jak-
STAT5-dependent manner in non-HTLV1-transformed T cells,
which contrasts with the result of constitutive Nox5a expression
in IL-2-independent MT1 and MT2 cells. Thus, we speculate that
Nox5a functions as an integral component of Jak-STAT5-medi-
ated IL-2 signaling under normal circumstances and that HTLV-1
activates Nox5a by overriding the constitutive Jak-STATS5 signal-
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ing pathway. Although the modulation by the Tax HTLV-1 trans-
activator of the expression of various genes in HTLV-1-trans-
formed cells is well documented (7), Tax does not seem to regulate
Nox5a expression, because overexpression of exogenous Tax
failed to induce Nox5a (data not shown). p12', the gene product
of the HTLV-1 pX region, has been suggested to be an activator of
STATS5 (37). However, overexpression of p12'in Jurkat T cells did
not activate the Nox5a promoter activity (data not shown), which
makes it unlikely that p12' controls the transcription of Nox5a.
Further study is required for identification ofa HTLV-1 protein(s)
responsible for triggering the Jak-STAT5-Nox5a axis.

Our study also showed that Nox5a was expressed in 88% of 17
ATL patients’ PBMC samples, whereas no Nox5a was detected in
that of the health counterparts. This high incidence indicates that
Nox5a is expressed not only in HTLV-1-infected cell lines but also
in primary ATL cells. The finding suggests some correlation of
Nox5a expression with ATL development, although it is obvi-
ously necessary to study many more cases.

Examining the involvement of Nox5a in other hematopoietic
neoplasms, we found that Nox5a is also upregulated in Bcr-Abl-
positive CML cells but not Ber-Abl-negative HL-60 cells (data not
shown) and that Nox5a expression is induced by the Bcr-Abl
tyrosine kinase oncogene through phosphorylation of STAT5.
Thus, Nox5a participates in the bioactivity of CML as well as that
of HTLV-1-transformed T cells, indicating its wide-ranging roles
in hematologic malignancy. Nox5 was also suggested to be in-
volved in hairy cell leukemia, a chronic B-cell malignancy (38).

ROS have been implicated in the regulation of some biological
activities in HTLV-1-infected cells. For example, expression of
ATL-derived factor (ADF), a homologue of thioredoxin (TRX), is
enhanced in HTLV-1-infected cells, and ADF appears to be in-
volved in their autocrine growth (39, 40). ADF seems to transmit
signals by regulating ASK1 via a redox reaction. Since the interac-
tion of TRX-ASK1 is not affected by Nox isozyme-derived ROS
(41), itis unlikely that Nox5a participates in the ADF/ASK1 path-
way. p13, a HTLV-1-encoded protein located in mitochondria,
also increases ROS generation and thereby induces the death of
HTLV-1-infected cells, contributing to the turnover between nor-
mal and HTLV-1-transformed cells (42). However, Nox-depen-
dent ROS generation is not affected by the mitochondrial oxidase
inhibitor rotenone and appears to be functionally different from
mitochondrial ROS production (14). Thus, the current study has
significance in the sense that it revealed the alternative impact of
ROS signaling with respect to the biology of HTLV-1 infection.

In conclusion, our findings add a new dimension to the study

FIG 8 Tumor formation by Nox5a siRNA-transfected and control siRNA-transfected cell lines. MT2sc and MT2siNox5a cells were inoculated into NOG mice,
and the growth rate of tumor was monitored by measuring tumor volumes over a 4-week period. The data represent means = SD (n = 6). Student’s ¢ test was
performed. P > 0.05 (versus scrambled data at 4 to 14 days; P < 0.05 (versus scrambled data at 17 to 28 days). Tumor samples were immunostained with anti-CD4

and anti-CD25 antibodies and counterstained with hematoxylin-eosin (HE).
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of HTLV-1 neoplastic transformation by highlighting the tyrosine
kinase-based regulation of Nox5a redox signaling and its pivotal
role in the control of proliferation, survival, and motility of
HTLV-1-transformed cells. Because deficiency of Nox5a-depen-
dent ROS generation effectively suppresses the transformation
phenotype of HTLV-1-infected cells, our discovery points to an
intriguing possibility that Nox5a could be a potential molecular
target for therapeutic intervention in cancer development.
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