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Abstract

The human T-cell leukaemia virus type 1 and type 2 (HTLV-1/HTLV-2) antisense proteins HBZ
and APH-2 play key roles in the HTLV lifecycles and persistence in the host. Nuclear Factors
Associated with double-stranded RNA (NFAR) proteins NF90/110 function in the lifecycles of
several viruses and participate in host innate immunity against infection and oncogenesis. Using
GST pulldown and co-immunoprecipitation assays we demonstrate specific novel interactions
between HBZ/APH-2 and NF90/110 and characterised the protein domains involved. Moreover
we show that NF90/110 significantly enhance Tax mediated LTR activation, an effect that was
abolished by HBZ but enhanced by APH-2. Additionally we found that HBZ and APH-2 modulate
the promoter activity of survivin and are capable of antagonising NF110-mediated survivin
activation. Thus interactions between HTLV antisense proteins and the NFAR protein family have
an overall positive impact on HTLV infection. Hence NFARs may represent potential therapeutic
targets in HTLV infected cells.
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1. Background

Human T-cell leukaemia virus type 1 (HTLV-1) is the causative agent of two distinct
pathologies; adult T-cell leukaemia (ATL), an aggressive malignancy of CD4+/CD25+T-
lymphocytes, and a chronic neurodegenerative disorder termed HTLV-1-associated
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myelopathy/tropical spastic paraparesis (HAM/TSP) (Poiesz et al., 1980; Hinuma et al.,
1981; Kaplan et al., 1990). HTLV-2 is closely related to HTLV-1 however, despite sharing
similar genetic organisation and expression strategies, HTLV-2 has not been linked to the
development of ATL or any malignancy (Cavallari et al., 2013; Bender et al., 2012; Ciminale
et al., 2014; Rende et al., 2012). Instead infection is associated with non-malignant
lymphocyte proliferation, elevated platelet counts and milder neurological disorders (Araujo
and Hall, 2004; Roucoux and Murphy, 2004; Bartman et al., 2008).

HTLV-1 and -2 encode the regulatory proteins Tax1 and Tax2 which are pivotal to HTLV-1
pathogenesis (Higuchi and Fujii, 2009). Interaction of Tax1 with CREB/ATF and p300/CBP
complexes enhances their affinity for CAMP responsive elements within the viral long
terminal repeats (LTRs) and hence potently activates viral gene expression (Zhao and Giam,
1991; Suzuki et al., 1993; Jiang et al., 1999). Moreover activation of NF-xB pathways by
Tax1 plays central roles in T-cell transformation (Currer et al., 2012; Grassmann et al., 2005)
and in the development of leukaemia/lymphoma in Tax1 transgenic animals (Hasegawa et
al., 2006). ATL cells display constitutive NF-xB activation despite the loss of Tax1
expression due to genetic and epigenetic modification of the 5’/LTR (Matsuoka and Jeang,
2007; Nasr et al., 2011), indicating that while Tax1 is critical for T-cell transformation,
additional viral/cellular interactions are responsible for the later stages of leukaemogenesis.

The antisense strand of the HTLV-1 genome encodes a regulatory protein, termed HTLV-1
bZIP factor (HBZ) (Gaudray et al., 2002). HBZ is recognised as a key player in HTLV-1
pathogenesis as its constitutive expression in HTLV-1 infected cells and ATL cells appears to
be fundamental to ATL and HAM/TSP progression (Saito et al., 2009; Satou et al., 2006,
2011). HBZ often exhibits opposing effects compared to Tax1; for instance, the interaction
between HBZ and CREB prevents association of CREB to CRE present in the HTLV-1 LTR
resulting in inhibition of HTLV-1 gene expression (Gaudray et al., 2002). Moreover, HBZ
modulates both the AP-1 (Basbous et al., 2003; Thebault et al., 2004; Matsumoto et al.,
2005) and canonical NF-xB (Zhao et al., 2009) pathways in an opposing manner to Tax1.
While HBZ expression is dispensable for viral replication and cellular immortalisation, it
plays an important role in the maintenance of infection, evidenced by its ability to enhance
T-cell proliferation and promote viral persistence (Arnold et al., 2006; Arnold et al., 2008).
Transgenic expression of HBZ in a murine model induces increased T-cell proliferation in
addition to the development of T-cell lymphomas and chronic inflammation, suggesting a
key role in HTLV-1 pathogenesis (Satou et al., 2011).

HTLV-2 also exploits 3’LTR transcription to express its antisense protein, APH-2 (antisense
protein of HTLV-2) (Halin et al., 2009), however little is known about the role of APH-2 in
HTLV-2 infection. Similarly to HBZ, APH-2 inhibits Tax2-mediated LTR trans-activation
through its interaction with CREB (Halin et al., 2009; Yin et al., 2012). APH-2 can also
modulate the AP-1 pathway; APH-2 interacts with c-Jun, JunB and JunD resulting in
stimulation of their transcriptional activity, which stands in contrast to HBZ (Marban et al.,
2012). Unlike HBZ, APH-2 is not capable of promoting T-cell proliferation in vitro, while
lymphocytosis in HTLV-2-infected individuals is not attributed to APH-2. Remarkably
inoculation of APH-2 knockout mutant viruses in a rabbit model results in increased proviral
loads and immunological responses compared to wild-type HTLV-2-infected rabbits (Yin et
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al., 2012), suggesting that the expression of APH-2 may in fact hinder the spread of HTLV-2
infection, likely contributing to its decreased pathogenicity compared to HTLV-1.

The NFAR protein family are double-stranded RNA binding proteins encoded by the //£3
gene, which by differential splicing produces at least five distinct mRNA species encoding
proteins that differ primarily in their C-terminus (Reichman et al., 2003). NFAR proteins are
particularly renowned for their roles in regulating cellular and viral gene expression at both
transcriptional and post-transcriptional levels, having critical functions in mRNA stability,
export and translational events (Reichman et al., 2003; 2002; Corthesy and Kao, 1994; Kao
et al., 1994; Shim et al., 2002; Kuwano et al., 2010; Shi et al., 2007). More recently it has
been established that the NFAR family may also play a role in cancer progression.
Transcriptional and post-transcriptional regulation of several key cancer genes by NFAR
proteins, particularly the anti-apoptotic factor survivin, is associated with oncogenesis
(Vumbaca et al., 2008; Hu et al., 2013; Nakamura et al., 2012).

In addition to their role in tumourigenesis, NFAR proteins play a key role in host innate
antiviral defence, primarily due to their direct interaction with the interferon-inducible
dsRNA-dependent protein kinase (PKR) (Saunders et al., 2001). PKR is induced by viral
invasion and its activation causes suppression of viral and cellular translation (Galabru and
Hovanessian, 1987; Hovanessian, 1989; Rhoads, 1993). NFARs are known substrates of
PKR and recent studies have demonstrated that during viral infection NFARs are retained on
the polysomes where they are capable of interacting with viral mMRNA and suppressing viral
mRNA translation in an EIF2a-independent manner (Harashima et al., 2010). Additionally
NFAR proteins appear to moonlight as regulators of numerous clinically significant viral
lifecycles including HIV-1, hepatitis C virus, hepatitis B virus, influenza, adenovirus, ebola
and dengue viruses. As a result of both their nucleic acid and protein binding capabilities,
NFARSs can regulate these viral lifecycles at multiple levels, resulting in enhancement or
inhibition of viral amplification, depending on the virus in question (Wang et al., 2009; Isken
etal., 2007; Agbottah et al., 2007; Urcuqui-Inchima et al., 2006, 2011; Shabman et al.,
2011; Gomila et al., 2011; Gwizdek et al., 2004).

Given that NFARs are associated with a broad spectrum of viral infections, it led us to
speculate whether NFARs may regulate the HTLV lifecycles. The aim of this study was to
characterise the role of NFARs in HTLV infection, namely through comparative interaction
and functional studies encompassing HBZ and APH-2. This study highlights that HBZ and
APH-2 are novel interacting partners of the NFAR family and indicate that these interactions
impact on viral and cellular gene expression.

2. Material and methods

2.1. Yeast two-hybrid screen

The yeast two-hybrid screen was performed by Myriad Pharmaceuticals, Salt Lake City, UT,
USA. Full length HBZ or APH-2 were used as bait to screen T-cell, brain and stem cell
cDNA libraries for possible interactions. Positive “hits” were confirmed by nutritional and
colorimetric selection.
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2.2. Cell culture

293T and HeLa cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Life Technologies) supplemented with 10% foetal bovine serum (FBS) (Gibco, Life
Technologies). Jurkat, HTLV-1-infected cell lines, MT2 and C91-PL, and ATL cell lines
ATL-CR, ATL-TH and were maintained in RPMI 1640 medium (Gibco, Life Technologies)
containing 10% FBS and 100 ug/ml penicillin-streptomycin (Gibco, Life Technologies). The
two ATL cell lines were established from Brazilian patients with ATL and were previously
described (Miyatake et al., 2013). To establish these cell lines, PBMCs isolated from
patients with ATL were cultured in the presence of recombinant IL-2. After long-term
culture, they acquired IL-2 independence. The HTLV-2-infected cell line, Mo, was cultured
in RPMI 1640 medium containing 20% FBS and 100 pg/ml penicillin-streptomycin (Gibco,
Life Technologies). Cells were cultured under standard tissue culture conditions.

2.3. Plasmid constructs

The expression plasmids encoding GST-APH-2, GFP-APH-2, FLAG-HBZ and FLAG-
APH-2, FLAG-APH-2AncbZIP and FLAG-APH-2 (1-93) were previously described
(Marban et al., 2012). To obtain the GST-HBZ construct, we generated an HBZ PCR
product using the pcDNA-HBZ-Myc-His (kindly provided by Dr. Jean-Michel Mesnard,
Université de Montpellier, France) as a template. The HBZ PCR product was then digested
with BamHI/EcoRI and cloned into the pGEX-2 T (GE Healthcare). The NF110a-His
construct used in GST pulldowns was generated by firstly amplifying an NF110a cDNA
fragment from pcDNA3.1-NF110a by PCR and cloning into pBAD/myc-His C vectors using
EcoRI. The pFLAG-HBZ mutants pFLAG-HBZAAD, pFLAG-HBZACD and pFLAG-
HBZAbZIP were constructed using site-directed mutatgenesis (Phusion® Site-Directed
Mutatgenesis kit, Thermo Scientific) using pFLAG-HBZ as a template and the primers: 5'-
CAGCGACGGGCTGAGGAG - 3’ and 5-AAGCTTGTCGTCATCGTCTTTG - 3 for
pFLAG-HBZAAD; 5-CAGGAGCGCCGTGAGCG - 3’ and 5'-
CTGCTTTCTCCGGGCAAC - 3 for pFLAG-HBZACD; 5'-
GAATTCATCGATAGATCTGATATCGGTA - 3’ and 5-CTGCTTTCTCCGGGCAAC - 3/
for pFLAG-HBZAbZIP. The NFAR-encoding plasmids, pcDNA3.1-NF90a and pcDNA3.1-
NF110a were kindly provided by Prof. Glen Barber, University of Miami, FL, USA. The
NF110a mutants NF110a-167-394 and NF110a-398-603 were generated by cloning the
respective cDNAs as EcoRI fragments obtained from pcDNA3.1-NF110a into pCAGGS
vectors. The pEGFP-HBZ-Sp1 was a kind gift from Dr. Jean-Michel Mesnard, Université de
Montpellier, France. HTLV-1-LTR-luc, HTLV-2-LTR-luc, pCAGGS-Tax-1-His and
pCAGGS-Tax2B-His were previously described (McCabe et al., 2013; Sheehy et al., 2006).
The HTLV-1 (pACH) and HTLV-2 (pH6neo) proviral clones were kindly provided by Prof.
Lee Ratner, Washington University, St. Louis, MO, USA and Prof. Patrick Green, Ohio State
University, Columbus, OH, USA, respectively. The human survivin promoter pLuc-Hsp-281
luciferase reporter construct was available from CH3 BioSystems™.

2.4. Transfections

293T cells were transiently transfected using Lipofectamine™ 2000 (Life Technologies)
according to the manufacturer’s guidelines. Transfections of HeL a cells were performed
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using Turbofect™ (Thermo Scientific) following the manufacturer’s instructions. The
HTLV-1 and HTLV-2 proviral clones were transfected into HeLa cells using PolyFect® as
per manufacturer’s protocol. The overall DNA concentration was normalised for all
transfections by use of the relevant parent plasmid.

2.5. Western blotting and antibodies

Cellular lysates were subjected to SDS-PAGE and transferred to PVDF membranes (GE
Healthcare) using standard procedures. Membranes were probed using the SNAP i.d.™
system (Merck Millipore), using the indicated antibodies. The antibodies were used in
Western blotting and immunofluorescence procedures were as follows: anti-FLAG (Sigma-
Aldrich, F7425), anti-ILF3 (Abcam, ab92355), anti-His (Clontech 631212), anti-a-tubulin
(Abcam, ab7291), anti-survivin (R&D Systems, AF886), anti-HTLV-1/2 p24 (Zeptometrix
75/4.21.11), Alexa Fluor 594-conjugated goat anti-rabbit IgG (Life Technologies, A-11012)
and Alexa Fluor 488-conjugated goat anti-mouse 1gG (Life Technologies, A-11001).
Densitometry analysis of western blot protein bands was performed using LI-COR Image
Studio™ Lite software.

2.6. GST pulldown assays

Glutathione-S-transferase (GST) and GST-fusion proteins were expressed and purified from
Escherichia coli (E.coli) BL21 as previously described (Marban et al., 2012). The NF110a
protein was expressed in £.coli Top10F and purified using a nickel resin (QIA-GEN). For
the pulldown assays, GST and GST-fusion proteins were immobilised onto Gluthathione
Sepharose™ 4 Fast Flow resin (GE Healthcare) overnight. Following incubation, purified
NF110a was incubated with GST and GST-fusion proteins for a further 24 h. Resins were
washed in a GST wash buffer (0.5% Triton® X-100 in PBS) and bound proteins were eluted
from the beads using GST elution buffer (50 mM Tris—HCI pH 8.0 containing 10 mM
reduced glutathione). Interactions were analysed by Western blotting using an anti-ILF3
antibody and Coomassie Brilliant Blue staining.

2.7. Co-immunoprecipitations

293T cells were transfected with the relevant amounts of expression constructs as indicated
in the individual using Lipofectamine™ 2000 (Life Technologies) according to the
manufacturer’s guidelines. Transfected cells were incubated for 24 h and lysed in a buffer
containing 1X TBS, 0.005M EDTA, 1% Triton® X-100 supplemented with protease
inhibitors (Complete Protease Inhibitor Cocktail EDTA-free, Roche) or RIPA buffer
containing 50 mM Tris—-HCI pH8, 150 mM NaCl, 1% Triton® X-100, 0.1% SDS, 0.5%
sodium deoxycholate supplemented with protease inhibitors as indicated in Cellular lysates
were subjected to co-immunoprecipitation with an anti-FLAG M2 resin (Sigma-Aldrich)
overnight at 4 °C. The beads were then washed 3 times in the relevant buffer. Co-
immunoprecipitations were analysed by western blot using anti-FLAG, anti-His and anti-
ILF-3 antibodies.
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2.8. Immunofluorescence

HeLa cells were seeded onto chamber slides and transiently transfected with the indicated
expression vectors using Turbofect™ transfection reagent (Thermo Scientific) according to
the manufacturer’s protocol. Transfected cells were incubated for 24 h. The HTLV-1
(pACH) and HTLV-2 (pH6neo) proviral clones were transfected into HeLa cells using
PolyFect transfection reagent (QIAGEN) as per the manufacturer’s recommendations and
incubated for 48 h. All cells were fixed with 4% paraformaldehyde for 10 min at room
temperature (RT), and permeabilised using 0.5% Triton® X-100/PBS for 10 min at RT. All
slides were blocked in 0.02% Tween 20/5% FBS/10% goat serum in PBS for 1 h at room
temperature. To stain endogenous NFARs, slides were incubated with an anti-ILF-3
antibody for 2 h followed by Alexa Flour 594-conjugated goat anti-rabbit IgG for 1 h at
room temperature. HTLV-1 and HTLV-2 p24 capsid gene products were detected by
incubating the cells with an anti-HTLV-1/2 p24 antibody (Zeptometrix 75/4.21.11) for 2 h at
RT, followed by incubation with Alexa Fluor 488-conjugated goat anti-mouse 1gG for one
hour at RT. Nuclei were stained using DAPI (Sigma-Aldrich) and slides were mounted in
ProLong Gold Anti-Fade (Life Technologies). Images were obtained by use of a Zeiss
Axiolmager MI fluorescent microscope and Axiocam HR camera.

2.9. Knockdown of NFARs by siRNA

The control and NFAR-specific siRNA duplexes targeting both NF90 and NF110 were: 5’-
AAGCCACTGATGCTATTGGGC-3" and were purchased from QIAGEN. Briefly,
approximately 40,000 HeLa cells were seeded into individual wells of a 24-well plate and
transfected with 40 pmol siRNA using Lipofectamine™ RNAIMAX according to the
manufacturer’s recommendations. 72 h post-siRNA transfection, the cellular lysates were
prepared and knockdown was validated for each experiment by Western blot analysis using
anti-ILF3 and anti-a-tubulin antibodies.

2.10. Luciferase reporter gene assays

293T or Hel a cells were transfected with either HTLV-1-LTR-Luc, HTLV-2-LTR-Luc or
human survivin promoter pLuc-Hsp-281 and different combinations of expression vectors as
indicated using Lipofectamine™ 2000 (Life Technologies) or Turbofect™ (Thermo
Scientific), respectively. Transfected cells were lysed in Cell Culture Lysis Reagent and
luciferase assays were performed as previously described using the Luciferase® Assay
System (Pro-mega) (Sheehy et al., 2006). Luciferase values were normalised for all samples
with the respective protein concentrations obtained by performing a BCA assay (Pierce™
BCA Protein Assay Kit, Thermo Scientific).

2.11. YM155 treatments

The survivin inhibitor YM155 was purchased from Calbiochem. 1 x 108 MT2 or Mo cells
were seeded into a 24-well plate and treated with 100 nM of YM155 or DMSO as a control
for 48 h. 293T cells were seeded into individual wells of a 6-well dish and treated with 100
nM YM155 or DMSO for 24 h. Cells were harvested for various analytical procedures.
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2.12. p1992d ELISA assays

The concentration of HTLV matrix p19929 protein was quantified in the cell culture
supernatants from MT2 and Mo cells collected 48 h post-YM155 treatment using a
commercially available ELISA kit (Retrotek HTLV1/2 p19 antigen, Zeptometrix), following
the manufacturer’s recommendations.

3. Results

3.1. Screening of HTLV-2 APH-2-interacting proteins using the yeast two-hybrid system

In contrast to HTLV-1 HBZ, very little is known about the role of APH-2 in HTLV-2
infection. In order to investigate the function of APH-2, we employed a yeast two-hybrid
approach to screen cDNA libraries to identify potential APH-2 interactions. One of the most
common interactors identified from that study was cDNAs corresponding to NF110a,
encoded by the 7//f3gene [GenBank: NM_012218]. Alternative splicing of the //f3gene
produces at least five distinct mMRNA species encoding individual protein isoforms
(Reichman et al., 2003; Duchange et al., 2000) (Fig. 1A). The predominant protein isoforms
have approximate molecular masses of 90 kDa and 110 kDa, termed NF90 and NF110,
respectively. NF90 and NF110 exhibit significant homology having identical N-terminal and
central regions, but divergent C-termini. Differential splicing events give rise to the insertion
of a four amino acid sequence (NVQK), separating NF90 and NF110 into two further
isoforms; NF90b and NF110b, while it is absent in NF90a and NF110a (Patino et al., 2015).
A further NFAR isoform is referred to as NF90c or NF90ctv (NF90 C-terminal variant),
however it is presently unclear whether this variant is an artefact of cloning or if it is a bona
fide, naturally occurring variant in vivo (Reichman and Mathews, 2003). NF90 and NF110
possess several important functional domains, notably two double-strand RNA binding
domains (DRBDs) that facilitate their interaction with RNA species, in addition to nuclear
export and localisation signals (NES and NLS, respectively) which permit their nuclear-
cytoplasmic shuttling (Masuda et al., 2013). The C-terminally extended NF110 isoforms
bear a GQSY-rich motif which is absent from NF90 isoforms.

We firstly analysed the expression levels of NF90 and NF110 in two HTLV-1 chronically
infected cell lines (MT2 and C91), a HTLV-2 chronically infected cell line (Mo) and two
ATL cell lines (ATL-CR and ATL-TH) compared to control uninfected Jurkat cells (Fig.
1B). The ATL-CR and ATL-TH cell lines were established from patients with ATL and viral
gene expression is silenced in these cells (Miyatake et al., 2013, 2015). The status of HBZ
expression in the ATL-CR and ATL-TH cell lines was not investigated. While NF90 and
NF110 proteins were abundantly expressed in all the cell lines tested, densitometry analysis
of western blot bands revealed lower or equivalent levels of expression of both proteins
compared to the HTLV uninfected Jurkat cell line.

3.2. HTLV-1 HBZ and HTLV-2 APH-2 interact with NFAR members in vitro and in vivo

To verify the findings of the yeast two-hybrid screen, we firstly sought to confirm the
interaction between APH-2 and NF110a. Additionally we investigated whether the HTLV-1
antisense protein HBZ may also interact with NF110a. To this extent we performed GST
pulldown assays, using GST, GST-APH-2, GST-HBZ and NF110a-His purified from E.coli

Virology. Author manuscript; available in PMC 2016 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Murphy et al.

Page 8

(Fig. 1C). Our results illustrate that NF110a-His binds both GST-APH-2 and GST-HBZ but
not GST, indicating direct specific physical interactions between these proteins /n vitro.

We next investigated whether HBZ and APH-2 interact with endogenous NFARS /17 vivo. To
this extent we transfected 293T cells with either FLAG-HBZ or FLAG-APH-2 constructs.
Cellular lysates were subjected to co-immunoprecipitation using an anti-FLAG M2 resin and
resultant interactions were analysed by western blotting using anti-FLAG and anti-ILF3
antibodies. We demonstrate that endogenous NF90/NF110 can be precipitated in the
presence of but not in the absence of HBZ expression (Fig. 1D). Furthermore we report a
specific interaction between APH-2 and endogenous NF90/NF110 (Fig. 1E). Thus these data
demonstrate specific interactions between HBZ and APH-2 and endogenous NF90 and
NF110 in mammalian cells.

3.3. The central domain of HBZ and the N-terminus of APH-2 are involved in the
interaction with endogenous NF90 and NF110

We next sought to ascertain the domains in HBZ or APH-2 that mediate their interaction
with endogenous NF90 and NF110. HBZ contains three interaction domains, namely an
activation domain (AD), a central domain (CD) and a basic leucine zipper motif (bZIP).
These functional domains are responsible for the ability of HBZ to bind numerous cellular
factors which in turn leads to modulation of certain cellular signalling pathways (Zhao and
Matsuoka, 2012). To determine the domain of HBZ that binds endogenous NF90 and
NF110, we transfected 293T cells with plasmids encoding full length HBZ or the indicated
HBZ deletions (Fig. 2A). Protein complexes from transfected lysates were precipitated using
an anti-FLAG M2 resin and interactions were analysed by western blotting using antibodies
directed against the FLAG epitope and ILF3. Our data shows that HBZ proteins lacking the
central domain failed to interact with NF90 or NF110, leading us to conclude that the central
domain of HBZ is responsible for mediating its interaction with NFAR members (Fig. 2B).

Similar experiments were performed to determine the region of APH-2 that binds
endogenous NF90 and NF110. APH-2 harbours a non-conventional bZIP domain (ncbZIP),
as it contains seven instead of six amino acids between the sixth and the seventh leucine. In
addition APH-2 contains an LXXLL and an IXXLL motif located in its C-and N-termini,
respectively (Halin et al., 2009). Two deletion mutants were used in the APH-2 deletion
analysis studies; APH-2AncbZIP lacks the non-conventional bZIP domain, while APH-2 1—
93 represents the N-terminal portion of APH-2 that contains its IXXLL motif (Fig. 2C).
293T cells were transfected with the indicated plasmids and an anti-FLAG M2 resin
precipitated the interacting proteins from transfected lysates before being investigated by
western blot analysis. Our results demonstrate that the non-canonical bZIP domain of
APH-2 does not mediate its interaction with endogenous NF90 and NF110, and that the N-
terminal region of APH-2, namely amino acids 1-93 is sufficient for these interactions (Fig.
2D).

3.4. The N-terminal domain of NF110a binds HBZ and APH-2

We also wished to determine the protein domains in NF110a that mediate its interaction with
HBZ and APH-2 in mammalian cells. Data obtained from our yeast two-hybrid screen
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indicates that the minimum domain in NF110a required for the interaction between APH-2
and NF110a lies between amino acids 174-603 (Fig. 2E). Based on this evidence we
generated two different expression constructs encompassing either the N-terminal EIF2a
homology region and the nuclear localisation signals (NLS) (NF110a-167-394), or the C-
terminal double-stranded RNA binding domains —1 and —2 (NF110a-398-603), respectively
(Fig. 2E). These NF110a mutated plasmids were co-transfected together with either HBZ or
APH-2 expression plasmids into 293T cells and lysates were immunoprecipitated using an
anti-FLAG M2 resin. Western blot analyses of precipitated complexes show that the N-
terminal region of NF110a containing the EIF2a-homology region and the NLS is
responsible for binding to not only HBZ but also APH-2 (Fig. 2F and G).

3.5. Subcellular localisation of HTLV antisense proteins and NFARs

While NF90 and NF110 are principally nuclear-localising proteins, several lines of evidence
suggest that they shuttle between the nuclear and cytoplasmic compartments as a result of
specific cellular stimuli (Harashima et al., 2010; Larcher et al., 2004; Pfeifer et al., 2008;
Parrott et al., 2005). Next we sought to examine the subcellular localisation of HBZ, APH-2
and endogenous NFARs in HeL a cells (Fig. 3A). HeLa cells were transfected with
expression vectors encoding GFP, GFP-HBZ or GFP-APH-2 (green). Endogenous NFARS
were detected using an anti-ILF3 antibody that detects both NF90 and NF110, followed by
Alexa Fluor 594 staining (red). Nuclei were stained using DAPI (blue) and the subcellular
distribution of these proteins was visualised by fluorescence microscopy. GFP exhibited
diffuse staining throughout the cells examined, and as has been previously demonstrated
NFARs were localised in the nucleolar compartment, in addition to diffusely in the
nucleoplasm (Viranaicken et al., 2011) (Fig. 3A; Panel 1). GFP-HBZ was localised
exclusively in the nuclear compartment, and exhibited its characteristic speckled pattern
(Fig. 3A; panel 2) (Hivin et al., 2005). GFP-APH-2 distribution was predominantly nuclear
and accumulated in a granular pattern; however we did observe some staining outside of the
nucleus which is in agreement with a previously report (Fig. 3A; panel 3) (Halin et al.,
2009). Despite having determined that HBZ and APH-2 interact with endogenous NFARs by
co-immunoprecipitation assays, NFARs do not appear to colocalise to the same nuclear
region as the HTLV antisense proteins (Fig. 3A; merged panels). Moreover the expression
HBZ and APH-2 did not result in redistribution of NFARs to the cytoplasm.

3.6. NFARs are required for HTLV-1 and HTLV-2 LTR transactivation

Previous studies have demonstrated that NF90 and NF110 have the ability to alter the
activity of various cellular and viral promoters in transfected mammalian cells (Reichman et
al., 2003, 2002; Shi et al., 2007; Agbottah et al., 2007). Thus to gain some insight into the
functionality of NFARs in the HTLV lifecycles, we sought to investigate whether NFARS
affect basal or Tax-mediated HTLV-1 or -2 LTR activation. In terms of HTLV-1, we
observed that NFAR knockdown resulted in approximately 70% reduction in both basal (Fig.
4A) and Tax1-mediated LTR activation, suggesting that NFARs are required for HTLV-1
gene transcription (Fig. 4B). Moreover HBZ-mediated inhibition of basal or Tax1 LTR
activation was further reduced to approximately 10% in NFAR knockdown cells indicating
that the combined effect of HBZ expression and NFAR inactivation reduces basal and Tax1
mediated LTR activation by 90%. Thus these data suggest that HBZ may target NFARs as a
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means of inhibiting Tax1-mediated HTLV-1 LTR activation. Similar trends were observed
for HTLV-2 LTR activity, where repression of NFARs inhibited basal (Fig. 4C) and Tax2-
mediated LTR activity by approximately 50-70% (Fig. 4D). In control siRNA-treated cells,
APH-2 inhibits basal LTR activity by approximately 35% (Fig. 4C), while Tax-mediated
LTR transactivation was inhibited by approximately 20% by APH-2 (Fig. 4D). We observed
that, in contrast to HBZ, NFAR knockdown had little or no effect on the ability of APH-2 to
inhibit basal or Tax2-mediated LTR activation (Fig. 4C and D), suggesting that unlike HBZ,
NFAR proteins may not be targeted by APH-2 to repress HTLV-2 LTR activation. We also
investigated whether ectopic expression of NF90a or NF110a in the absence or presence of
HBZ or APH-2 may modulate Tax-mediated transactivation of the HTLV-1 and -2 LTRs
(Fig. 4E and F). Overall our results indicate that overexpression of NF90a and NF110a
substantially upregulates luciferase activity driven by the activation of the HTLV LTRs,
however a number of disparities were observed between the viral promoters. Firstly, NF90a
and NF110a are more potent activators of Tax1-mediated HTLV-1 gene transcription
compared to HTLV-2 (6-8 fold compared to 2-3 fold, respectively) (Fig. 4E lanes 2 and 4
compared to Fig. 4F lanes 2 and 4). Secondly, NF110a appears to promote HTLV-1 LTR
transactivation to a greater extent than NF90a, whereas the opposite was observed for
HTLV-2 (Fig. 4E lanes 2 and 4 compared to Fig. 4F lanes 2 and 4). Interestingly, stark
differences in NFAR-mediated LTR activation were observed in the presence of the
respective HTLV antisense proteins. We observed that HBZ has the ability to strongly
repress NFAR-mediated HTLV-1 LTR transactivation to almost undetectable levels (Fig. 4E,
lanes 3 and 5). Conversely, expression of APH-2 resulted in a synergistic upregulation of
NFAR-mediated HTLV-2 LTR activity (Fig. 4F, lower panels, lanes 3 and 5).

3.7. Regulation of HTLV replication by NFARs

Previous reports have established that NFARs can either promote or impede viral replication.
For instance, NFAR protein members negatively regulate HIV-1, influenza and Ebola
propagation (Wang et al., 2009; Agbottah et al., 2007; Urcuqui-Inchima et al., 2006; Pfeifer
et al., 2008; Krasnoselskaya-Riz et al., 2002), whereas hepatitis C virus, adenovirus and
dengue virus exploit NFAR function to aid their amplification (Isken et al., 2007; Gomila et
al., 2011; Gwizdek et al., 2004). Therefore we wished to elucidate whether NFARs may also
regulate HTLV-1 and HTLV-2 replication. Given that the antiviral properties of NFARs
mediated through the PKR pathway are strongly related to NFAR redistribution and
sequestration in the cytoplasm following infection, we initially sought to determine the
possible impact of HTLV infection on the localisation of endogenous NFARs. To this extent
we transfected HeLa cells with either the HTLV-1 (pACH) or HTLV-2 (pH6neo) proviral
clones and stained the cells for endogenous NFARs (Fig. 5A). We found that HTLV-1 and
HTLV-2 p2498d capsid proteins exhibited the expected punctate localisation throughout the
cytoplasm (Fig. 5A, panels 1 and 2) and the presence of HTLV-1 or HTLV-2 infection did
not result in redistribution of NFARs from the nucleus to the cytoplasm (Fig. 5A panels 1
and 2). Given that NFARs are retained in the nucleus during HTLV infection, this analysis
indicates that NFARs are not participating in PKR-mediated innate immune responses
against HTLVs.
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In order to investigate the effect of NFARs on HTLV replication we initially sought to
knockdown NFARS in the HTLV-1 infected cell line MT2 and the HTLV-2 infected cell line
Mo using siRNA or shRNA. However despite repeated attempts we failed to achieve
reproducible knockdown of NFAR proteins in HTLV infected cells using these methods. As
an alternative strategy, we decided to utilize the small molecule survivin inhibitor, YM155,
which was shown in previous studies to bind NF110 and inhibit its ability to activate
survivin expression (Nakamura et al., 2012; Nakahara et al., 2007; Yamauchi et al., 2012).
We hypothesised that even though YM155 does not knockdown NFARS per sg, it inhibits it’s
activity and as such represents a valid means of investigating the role of NFARs in HTLV
replication. To this end we incubated HTLV-1 (MT2) or HTLV-2 (Mo) infected cells with
YM155 and quantified p19929 levels in the supernatants by ELISA from YMZ155-treated and
untreated cells. Our results indicate that YM155 treatment resulted in not only reduced
survivin expression (Fig. 5B and C, lower panels) but also inhibited the production of viral
particles released from Mo cells by almost 70% (Fig. 5C) while the effect was considerably
less pronounced in MT2 cells, which exhibited a marginal 12% decrease of p19929 (Fig. 5B).
We also analysed intracellular levels of p24929 from YM155-treated and untreated cells and
found that consistent with the ELISA results, YM155 treatment of MT2 and Mo cells
resulted in a reduction of p24929 levels (Fig. 5B and C, lower panels). Thus these results
suggest that NFARs may promote HTLV replication which may be due to their ability to
activate survivin expression and repress apoptosis.

3.8. HTLV-1 HBZ and HTLV-2 APH-2 regulate survivin expression

Survivin is a member of the inhibitor of apoptosis (IAP) protein family that is frequently
highly expressed in many cancer cell types and positively correlated with tumour
progression (Coumar et al., 2013). Based on studies showing that survivin expression is
elevated in HTLV-1-infected cell lines and samples from ATL patients (Kamihira et al.,
2001; Che et al., 2006) and our findings that HBZ and APH-2 interact with NFAR proteins,
which are known survivin activators (Nakamura et al., 2012; Yamauchi et al., 2012), we
sought to investigate whether the HTLV antisense proteins may play a role in NF110-
mediated regulation of survivin expression. We initially determined the effect of HBZ or
APH-2 on survivin promoter activity. Using luciferase reporter constructs that contain —1257
(data not shown) or —281 regions of the survivin promoter relative to the transcription start
site (Fig. 6A), we can show that HBZ, and to a lesser extent APH-2, activate the survivin
promoter in a dose-dependent manner (Fig. 6B and C). Similarly to previously published
data (Nakamura et al., 2012), we observed an approximate 10-fold increase in survivin
promoter activity in the presence of overexpressed NF110a compared to basal levels using
either —281 to +30 (Fig. 6D) or —1257 to +30 (data not shown) survivin promoter constructs.
This suggests that the minimum promoter sequence required for activation of the survivin
promoter by NF110a spans —281 base pairs relative to the transcription start site, as has been
previously reported (Nakamura et al., 2012). We found that HBZ and APH-2 inhibit
NF110a-mediated transactivation of the survivin promoter, with HBZ having a significantly
greater inhibitory effect compared to APH-2 (Fig. 6D). Given that HBZ and APH-2 regulate
survivin gene activation, we next wished to determine whether this regulation resulted in
regulation of survivin protein levels (Fig. 6E). Our results reveal that ectopic expression of
HBZ and APH-2 results in only a minor increase in survivin protein expression. Altogether
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these results clearly show that HBZ and to a lesser extent APH-2 regulate survivin gene
expression and both can down regulate NF110a-mediated survivin expression at a
transcriptional level.

4. Discussion

The NFAR proteins belong to the double stranded RNA-binding protein (DRBP) family of
proteins and were first identified as factors involved in transcriptional and post-
transcriptional gene regulation (Reichman et al., 2003; Shim et al., 2002; Shi et al., 2007;
Reichman and Mathews, 2003; Pfeifer et al., 2008). Recent studies have shown that while
these proteins are involved in host antiviral innate immune responses, their abnormal
expression in several cancers is linked to severity of disease, indicating their diverse roles in
health and disease. In the present study, we investigated physical and functional interactions
between the HTLV antisense proteins HBZ and APH-2 and NFAR proteins.

Using GST pulldown and co-immunoprecipitation assays we show that HBZ and APH-2
specifically interact with NF90/110 /in vivoand in vitro, thus confirming the interactions
obtained from the yeast two-hybrid system. We demonstrate that the N-terminal region of
NF110a comprising amino acids 167—-394 and not the C-terminal 398-603 encompassing the
RNA-binding domains, is responsible for its binding to not only HBZ but also APH-2. We
acknowledge that the relative expression level of the 398-603 mutant is inherently lower
than that of the 167-394 mutant, and it could therefore be argued that the higher expression
of the 167-394 mutant promoted its interaction with HBZ and APH-2. However given the
results from several independent experiments we are satisfied that amino acids 167-394 of
NF110a are at least sufficient for its interaction with the HTLV antisense proteins.

HBZ harbours several domains that are responsible for its association with numerous
cellular factors (Zhao and Matsuoka, 2012). We show here that the central domain of HBZ
facilitates its interaction with endogenous NF90 and NF110. We accept that the expression
level of the CD mutant is lower than wild type HBZ or the other mutants however this result
coincides with a previous report (Satou et al., 2011), whereby the authors conclude an
interaction between Foxp3 and the HBZ CD despite the inherently lower relative expression
of the CD domain. Recent studies have shown that the central domain of HBZ is responsible
for suppressing the transcriptional activation of the pro-apoptotic gene Bim, by binding and
sequestering its critical transcriptional activator, FoxO3a, equating to novel function of the
central domain in ATL cell proliferation and oncogenesis (Tanaka-Nakanishi et al., 2014).
The central domain contains two of the three nuclear localisation signals required to
facilitate the distinct nuclear localisation exhibited by HBZ (Hivin et al., 2005). Even though
we found that NFAR proteins bind HBZ through the central domain which contains its
nuclear localisation signals, NFARs do not affect the nuclear localisation of HBZ as seen in
our immunofluorescence data. We report that while the non-canonical bZIP domain of
APH-2 is not involved in the /n vivo interaction with NF90 and NF110, the region between
amino acids 1-93 which contains the IXXLL motif mediates this interaction. Of the limited
studies conducted on APH-2, this is the first study to show that the N-terminus of APH-2
mediates its interaction with cellular factors.
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While NFARs are predominantly nuclear/nucleolar localising proteins, they may also
display cytoplasmic localisation during specific cellular events, particularly in response to
viral infection (Harashima et al., 2010). For instance, the association of NF90, NF110 and
NF45 with mRNA ribonucleoprotein (RNP) complex in the nucleus facilitates mRNA export
and translation in the cytoplasm from where they are reshuttled back to the nucleus.
However in the event of viral infection and phosphorylation by PKR, NFARs are retained on
the polysomes where they are capable of interacting with viral mMRNA and suppressing viral
mRNA translation (Harashima et al., 2010). Our immunofluorescence studies indicate that
NFARs are retained in the nucleus in the presence of HBZ, APH-2 expression or HTLV-1 or
HTLV-2 infection suggesting that NFARs do not participate in innate immune responses
against HTLV. Despite clearly showing that NFAR proteins interact with HBZ and APH-2
both in vitroand in vivo, detailed computational analysis of fluorescence microscopy images
(data not shown) revealed that NFARs did not localise to the same distinct foci occupied by
HBZ or APH-2. The reasons for the lack of colocalisation are unclear but may be related to
disparities in the cell lines employed for co-immunopreciptions and immunofluorescence or
differences in the experimental conditions used in both assays.

Several studies have shown that NFARs can both positively and negatively regulate
transcription from several viral promoters in mammalian cells. For instance, NF90 inhibits
transcription from the major late 1 promoter of adenovirus, whereas it activates transcription
from the cytomegalovirus (CMV) and SV40 promoters (Reichman et al., 2002; Saunders et
al., 2001). Moreover, NF90 binds the TAR element present in HIV-1 transcripts and in turn
disrupts Tat-TAR interaction, resulting in suppression of Tat-mediated transcriptional
activation of the HIV-1 LTR (Agbottah et al., 2007). In this study, the combination of
knockdown and overexpression studies clearly demonstrates that NFARs are required for
activation of both the HTLV-1 and -2 LTRs. Even though the mechanisms involved have not
been determined, these data suggest that NFARs may cooperate with the core HTLV
transcriptional machinery including CREB, ATF, SRF and CBP/p300 complexes to enhance
activation of HTLV promoters. NF110 was previously shown to be present in a transcription
regulation complex with p300 at the $-globin locus (Karmakar et al., 2010). Moreover recent
studies have shown that NFAR proteins function as transcriptional coactivators and
physically interact with coactivators such as CREB, SRF and ATF-1 (Nakadai et al., 2015),
thus it is possible that NF110 may cooperate with the p300 complex to activate HTLV gene
expression. We show that HBZ expression together with NFAR knockdown results in a
cumulative repression of Tax-mediated LTR activity by approximately 90%. The ability of
APH-2 to repress basal and Tax2B-mediated LTR was unaffected by NFAR knockdown.
These results suggest that HBZ but not APH-2 may target NFARs in part to inhibit HTLV
LTR transcription. The disparities in the levels of LTR repression by HBZ or APH-2 in the
presence of reduced levels of NFAR expression might be related to the fact that HBZ
inhibits LTR activation by forming hetrodimers with CREB/ATF-1 and p300/CBP
complexes (Gaudray et al., 2002; Lemasson et al., 2007; Hagiya et al., 2011; Clerc et al.,
2008; Cook et al., 2011), while APH-2 only binds CREB (Halin et al., 2009; Yin et al.,
2012). Our overexpression studies illustrate that HBZ strongly represses NFAR-mediated
LTR activation, again indicating that NFARs may be targeted by HBZ to repress HTLV-1
gene transcription. Conversely, the opposite was true for APH-2 in relation to HTLV-2.
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These results suggest that in the presence of high levels of NFAR expression, which is likely
the case in HTLV-infected cells, the propensity of HBZ to inhibit LTR transactivation
dominates over NFAR’s ability to transactivate the promoter, whereas the repressive effect
of APH-2 is unable to counteract NFAR-mediated LTR activation. This observation is in
accordance with a previous report showing that the inhibitory potential APH-2 is
significantly attenuated compared to HBZ (Yin et al., 2012). Although we are unable to
explain the reasons for the contrasting functions of the antisense proteins under these
conditions, HBZ and APH-2 have been previously shown to exert distinct functional effects,
for instance on the on the AP-1 pathway. Several studies have elucidated that HBZ represses
the transcriptional activation of several AP-1 family members (Basbous et al., 2003;
Matsumoto et al., 2005; Hivin et al., 2007; Clerc et al., 2009), whereas APH-2 potentiates
their activation (Marban et al., 2012). Altogether these studies demonstrate the role of
NFARs in HTLV gene transcription, and highlight the differential functional capacities of
the HTLV antisense proteins relative to LTR transactivation.

The association of NFARs with certain viral nucleic acids or proteins has been shown to
impact either positively or negatively on viral replication. The interaction between the
hepatitis C virus NS5a protein and NFAR members triggers the formation of a loop structure
within the HCV genome that has been shown to be indispensable for viral replication (Isken
et al., 2007). Conversely, knockdown of NF90 expression results in significant enhancement
of influenza A polymerase activity and viral replication (Wang et al., 2009). A lack of
relocalisation of NFARs from the nucleus to the cytoplasm was observed in de novo HTLV
infected cells which suggest that NFARs do not play a role in innate immune responses to
HTLV infection. We did however observe that treatment of HTLV infected cells with
YM155, which has been shown to suppress the ability of NF110 to activate survivin gene
expression (Gwizdek et al., 2004), results in reduced viral replication in MT2 and Mo cells.
This is consistent with previous studies reports showing that YM155 causes apoptosis of
ATL cells (Mitobe et al., 2015; Chen et al., 2013). As YM155 inhibits NF110-mediated
survivin expression, this effect could be due to induction of apoptosis in treated cells,
however further analysis would be required to confirm this. Another possibility is that
YM155 may suppress HTLV replication by inhibiting NFAR-mediated activation of the viral
LTRs as we have shown in this study. Overall these results support the view that NF110
promotes the survival of HTLV infected cells which, together with our data showing that
NFARs activate HTLV transcription, suggests that these proteins enhance the survival of
infected cells and hence viral persistence.

Elevated levels of //f3expression are reported in non-small cell lung carcinoma, ovarian
cancer and nasopharyngeal carcinoma (Guo et al., 2008, 2012; Fung et al., 2000; Zhu and
Yu, 2010). Moreover the intensity of nuclear NF110 staining in breast tumour specimens
was correlated with disease severity and knockdown of NFARs in a breast cancer animal
model significantly diminished breast tumour outgrowth and lung metastasis (Hu et al.,
2013). Therefore these studies, as well as their role in survivin regulation suggest an
important link between NFARs and oncogenesis. Our studies demonstrate that HBZ, and to
a lesser extent APH-2 significantly upregulates survivin expression. To our knowledge this is
the first report showing that APH-2 can regulate survivin, though both Tax1 (Kawakami et
al., 2005; Banerjee et al., 2008), and recently, HBZ (Mitobe et al., 2015) have been
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demonstrated to modulate survivin. As elevated levels of survivin are linked to the
pathogenesis of HTLV-1, our study coupled with the work of Mitobe et al. Mitobe et al.,
(2015) strongly supports a role for HBZ in survivin regulation. In that study (Mitobe et al.,
2015), the authors employed methodologies that distinguished between HBZ RNA and
protein activity on survivin gene transcription. Their analysis indicates that #BZ RNA
functions as an anti-apoptotic factor by upregulating survivin expression, whereas HBZ
protein predominantly modulates the transcription of immune-related genes and promotes
proliferation and apoptosis leading to the suggestion that #BZ RNA likely compensates for
the apoptosis-promoting effects of HBZ protein. Even though our study did not discriminate
between HBZ RNA or protein, our data demonstrates that HBZ and APH-2 regulate survivin
expression through the —281 to +30 region of the survivin promoter, which encompasses the
region —84 to +34 bp recently reported to be involved in survivin activation by HBZRNA
(Mitobe et al., 2015). Hence we suspect that the effect of HBZ on survivin expression that
we observe may be due to #BZRNA rather than its protein product. Our finding that HBZ,
and to a lesser extent APH-2 antagonise the ability of NF110a to enhance survivin
expression was unexpected given that all proteins individually can activate survivin
expression. This raises the possibility that HBZ/APH-2 may compete with NF110a for
promoter binding or alternatively the physical interaction between these proteins renders
NF110a unavailable to optimally activate the promoter.

5. Conclusions

In conclusion we have identified the NFAR family as novel interaction partners of the HTLV
antisense proteins HBZ and APH-2. We demonstrate that NFAR proteins enhance the
activity of Tax proteins and HTLV replication. Additionally we show that HBZ and APH-2
modulate survivin expression, as well as demonstrating that they are capable of antagonising
NF110-mediated survivin activation. Thus interactions between HTLV antisense proteins
and the NFAR protein family have an overall positive impact on HTLV infection and may
contribute to the survival of infected cells.
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Fig. 1.

H'?’Lv-l HBZ and HTLV-2 APH-2 interact with NFARs /n vitroand in vivo. (A) Schematic
representation of NFAR isoforms. The functional domains are indicated and are as follows:
RCN: region containing NES; EIF2a homology: region homologous to EIF2a; DZF: double
zinc finger; NLS: nuclear localisation signal; DRBD-1/-2: double-stranded RNA binding
domain -1 and -2; RG: arginine/glycine rich domain; GQSY: GQSY-rich region. (B)
Expression levels of endogenous NF90 (90 kD) and NF110 (110 kD) in various cell lines.
Equal amounts of whole cell extracts from Jurkat, HTLV-1 transformed cell lines, MT2 and
C91, a HTLV-2 transformed cell line, Mo and ATL cell lines, ATL-TH and ATL-CR were
electrophoresed on an 8% polyacrylamide gel and immunoblotted with antibodies directed
against ILF3 which detects both NF90 and NF110, in addition to a-tubulin antibodies. For
densitometry analysis of protein bands the individual signals for NF90 and NF110 in all cell
lines were quantified and normalised against the signal for a-tubulin. To determine fold
changes normalised values for HTLV and ATL cell lines were expressed relative to
normalised values for uninfected Jurkat cells. The figures shown beneath the immunoblot
denote the intensities of NF90 and NF110 relative to Jurkat cells (C) GST pulldown assays
were performed by incubating purified NF110a with GST, GST-APH-2 or GST-HBZ
immobilised on GST resin. The eluates were analysed by immunoblot with anti-ILF-3
antibodies (left panel) and coomassie blue staining (right panel). NF110a input corresponds
to 20% of total NF110a loaded to each pulldown. M indicates protein molecular-weight
marker. The arrows indicate purified GST, GST-APH-2 and GST-HBZ used in the pulldown
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assays. (D-E) HBZ and APH-2 interact with endogenous NF90 and NF110 /n vivo. 293T
cells seeded in 60 mm cell culture dishes were transiently transfected with 8 ug pFLAG-
HBZ (D) or pFLAG-APH-2 (E) expression vectors as indicated. Immunoprecipitations were
performed using an anti-FLAG M2 resin and precipitates were analysed by western blot
using anti-FLAG and anti-ILF3 antibodies. IP: immunoprecipitation; WCL: whole cell
lysate.
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Fig. 2.
Deletion mapping of HBZ, APH-2 and NF110a interaction domains. (A) Schematic of HBZ

and deletion mutants used in co-immunoprecipitations. Functional domains are: AD:
activation domain; CD: central domain; bZIP: basic leucine zipper. Black boxes represent
the LXXLL motifs. (B) NFARs interact with HBZ central domain. 293T cells were seeded
into 60 mm cell cultures dishes and transfected with 8 g of pFLAG-HBZ or pFLAG-
HBZAAD and 10 pg of pFLAG-HBZACD or pFLAG-HBZADZIP as indicated. 24 hours
post-transfection cells were lysed in RIPA buffer containing 50 mM Tris—HCI, 150 mM
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NaCl, 1% Triton® X-100, 0.1% SDS, 0.5% sodium deoxycholate. An anti-FLAG M2 resin
was used to precipitate protein complexes from lysates overnight. Interactions were analysed
by western blot using anti-FLAG and anti-ILF3 antibodies. (C) Schematic of APH-2 and
mutants used in co-immunoprecipitations. Functional domains are: IXXLL: LXXLL-like
motif; ncbZIP: non-canonical basic leucine zipper domain; LXXLL: LXXLL motif. (D)
293T cells were seeded into 60 mm cell cultures dishes and transfected with 8 mg of full
length APH-2 or the indicated mutants. Lysates from transfected cells were prepared using a
buffer containing 1X TBS, 0.005M EDTA, 1% Triton-X 100 24 h post-transfection and
subjected to immunoprecipitation using FLAG M2 resin. Precipitates were analysed by
western blot using anti-FLAG and anti-ILF-3 antibodies. (E) Schematic representation of
NF110a and mutants used in co-immunoprecipitations. Mutants are: NF110a-167-394
incorporating the EIF2a-homology region and NLS; 398-603 incorporating two double-
stranded RNA-binding domains (DRBD-1/-2). Y2H represents the minimum domain in
NF110a required for interaction with APH-2 obtained from yeast two-hybrid screen. (F and
G) HBZ and APH-2 interact with NF110a 167-394. 293T cells were seeded into 60 mm cell
cultures dishes and co-transfected with 2 ug pPCAGGS-NF110a-167-394-His or 8 ug
pCAGGS-NF110a-398-603-His and 4 pg pFLAG-HBZ (F) or pFLAG-APH-2 (G) as
indicated. Cells were lysed in 1X TBS, 0.005M EDTA, 1% Triton-X 100 buffer as above.
Interactions were analysed by immunoblotting using anti-FLAG and anti-His antibodies.
Arrows indicate specific protein bands.
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NFAR DAPI Merge

h ----

Fig. 3.
Subcellular localisation of HTLV antisense proteins and endogenous NFARs in HeLa cells.

(A) Immunofluorescence experiments were carried out on HelLa cells transfected with 750
ng of pEGFP, pEGFP-APH-2, pEGFP-HBZ (green). Endogenous NFARs were detected
using anti-1ILF3 antibodies, followed Alexa Fluor 594® staining (red). Location of nuclei
was determined using of DAPI (blue). Scale bar denotes 10 um.
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NFARs are required for HTLV-1 and HTLV-2 basal and Tax-mediated LTR activation. (A-
D) Effect of NFARs on basal and Tax-mediated LTR transactivation. Approximately 40,000
HelL a cells were seeded into individual wells of 24-well cell culture dishes and transfected
with 40 pmol of NFAR-specific or control siRNA. 24 h post-siRNA transfection, HeLa cells
were co-transfected with 100 ng HTLV-1 or HTLV-2 LTR luciferase reporter constructs, 20
ng pCAGGS-Tax1 or -Tax2B, and 50 ng pFLAG-HBZ or -APH-2 as indicated. Luciferase
assays were performed on lysates 72 hours post-siRNA transfection and were normalised
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against protein concentration. The average of three independent experiments is shown.
Results are plotted as percentage luciferase activation relative to the control, which was
assigned the arbitrary value of 100%. Error bars represent standard deviation. Asterisk (*) or
(**) indicates statistical significance of p=<0.05 or p=<0.01 respectively obtained by two-
tailed Student’s #test. Shown beneath is NFAR knockdown and a-tubulin expression in cells
used in luciferase assays assessed by subjecting normalised cellular lysates to western blot
analysis using anti-ILF3 and anti-a-tubulin antibodies. (E-F) Effect of NFO0/NF110 ectopic
expression on HTLV-1 and HTLV-2 LTR transactivation. 293T cells seeded into individual
wells of 6-well cell culture dishes were co-transfected with 500 ng HTLV-1 or HTLV-2 LTR
luciferase reporters, 100 ng pCAGGS-Tax1 or -Tax2B, 2 ug pcDNA3.1-NF90a or -NF110a
and 3 ug FLAG-HBZ or -APH-2 as indicated. Luciferase activities were measured 48 h post-
transfection and normalised against protein concentration. The average of three independent
experiments is shown and values are expressed as fold luciferase change relative to the
control which was assigned the arbitrary value of 1. Error bars represent the standard
deviation. Asterisk (*) or (**) indicates statistical significance of p=<0.05 or p=<0.01
respectively obtained by two-tailed Student’s #test. Levels of NF90a, NF110a, Tax1, Tax2B,
HBZ, APH-2 and a-tubulin expression in the cellular lysates used in the luciferases assays
was determined by western blot analysis and are shown beneath.
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Fig. 5.

Regulation of HTLV replication by NFARs. (A) HTLV infection does not induce NFAR
relocalisation. HelLa cells were transfected with 750 ng HTLV proviral clones pACH
(HTLV-1) or pH6neo (HTLV-2) (green). HTLV p24 capsid proteins were detected using an
antibody against HTLV-2 p24, followed by Alexa Flour 488® staining. Endogenous NFARs
were stained as in Fig. 3A. (B—-C) YM155 inhibits HTLV replication. MT2 and Mo cells
were treated with 100 nM of YM155 (control: 0.2% DMSQ). 48 h post-YM155 treatment,
cellular supernatants were collected and cells were lysed in RIPA buffer. P19929 levels in the
supernatants were quantified by ELISA and cellular lysates were immunaoblotted with anti-
p24939, anti-survivin and anti-a-tubulin antibodies. The average of three independent
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experiments + standard deviation is shown. Data are represented as percentage change
compared to the P19929 levels obtained for YM155-untreated cells which was set arbitrarily
to 100%. Asterix (**) indicates statistical significance of p= <0.01 obtained by two-tailed
Student’s #test.
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Fig. 6.

HTLV-1 HBZ and HTLV-2 APH-2 regulate survivin gene expression. (A) Schematic
representation of the survivin promoter luciferase reporter constructs used in (B-D). This
shows the approximate location of Sp1, NF-xB and p300 transcription factors adapted from
(Kawakami et al., 2005; Banerjee et al., 2008; Mityaev et al., 2008). (B—-C) HBZ and APH-2
regulate survivin promoter activity. 293T cells were co-transfected with pLuc-Hsp-281 to
+30 survivin promoter luciferase reporter constructs and increasing amounts of pFLAG-
HBZ or pFLAG-APH-2 as indicated. Luciferase assays were performed on cellular lysates
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48 h post-transfection. Data are represented as the fold change survivin induction relative to
the control, which was assigned the arbitrary value of 1. The average of three independent
experiments + standard deviation is shown. Asterisk (**) indicates statistical significance at
a level of p< 0.01 obtained by two-tailed Student’s £test. (D) HBZ and APH-2 inhibit
NF110a-mediated survivin promoter transactivation. 293 T cells were cotransfected with
pLuc-Hsp-281 to +30 survivin promoter luciferase reporter constructs and FLAG-NF110a,
FLAG-HBZ or FLAG-APH-2 expression constructs as indicated. Luciferase assays were
performed as in (B—C). The average of three independent experiments 7 standard deviation
is shown. Results are represented as the fold change survivin induction relative to the
control, which was assigned the arbitrary value of 1. The asterisk (*) or (**) indicates
statistical significance at a level of p< 0.05 or p< 0.01, respectively obtained using a two-
tailed Student’s #test. (D) HBZ and APH-2 promote survivin protein expression. 293T cells
were seeded into individual wells of a 6-well cell culture dish and transfected with 5 ug of
pFLAG-HBZ or pFLAG-APH-2. 48 hours post-transfection the cellular lysates were
prepared using RIPA buffer containing 50 mM Tris—-HCI, 150 mM NaCl, 1% Triton® X-100,
0.1% SDS, 0.5% sodium deoxycholate. Total protein levels in the lysates were measured
using a BCA assay. Equal amounts of the whole cell extracts were electrophoresed on 12%
and 15% polyacrylamide gels, followed by immunoblot using anti-FLAG, anti-survivin and
anti-tubulin antibodies.
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