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of Cullin 1 to the SCF Complex
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Human T-cell leukemia virus type 1 (HTLV-1) is an oncogenic retrovirus that is the etiological agent of adult T-cell leukemia
(ATL). The HTLV-1 basic leucine zipper factor (HBZ), which is encoded by the minus strand of the provirus, is constitutively
expressed in all ATL patient cells and likely contributes to the development and maintenance of ATL. Furthermore, the overex-
pression of the myeloid cell leukemia 1 (MCL1) protein is frequently observed in hematological cancers as well as several other
types of cancers. Here, we found that the expression of HBZ in cells stabilized MCL1 protein expression and suppressed the
MCL1-mediated release of cytochrome ¢ from the mitochondria. This effect was mediated by inhibition of the ubiquitin-depen-
dent degradation of MCLI. In a serial binding assay, HBZ interacted with cullin 1 (CUL1) through a head-to-tail interaction. The
association between CUL1 and Skp1, which serves as the molecular scaffold for the components of SCF ubiquitin ligase com-
plexes, was markedly repressed in the presence of HBZ. Mechanistic analysis indicated that HBZ abrogated the CUL1 association
with Skp1, which in turn promoted the cellular expression of MCL1. This novel function of HBZ likely plays a role in the viral
pathogenesis of HTLV-1 and provides important insights into our understanding of the development of ATL.

H uman T-cell leukemia virus type 1 (HTLV-1) infects at least 5
million to 10 million people worldwide and is the causative
agent of adult T-cell leukemia (ATL) (1-4). In most cases,
HTLV-1 infection is transmitted through breast milk, blood cells,
and dendritic cells in vivo (5). The majority of HTLV-1 carriers do
not develop any significant clinical symptoms throughout their
lives; however, approximately 5% of HTLV-1-infected subjects
progress to ATL (6). Although ATL was discovered 40 years ago,
there is still no effective treatment for this disease, in part because
the underlying mechanisms of HTLV-1-mediated oncogenesis
have not been fully elucidated.

The HTLV-1 genome encodes three common retroviral struc-
tural and enzymatic proteins (gag, pol, and env proteins) and is
flanked by long terminal repeats (LTR) at each end. There is a pX
region located between the env gene and the 3" LTR (7). The plus
strand of the pX region encodes regulatory and accessory proteins,
including p121, p2 1y plS“, pSOH, Rex, and Tax (7). It is well estab-
lished that the Tax protein is a potent oncoprotein that either
strongly activates or inactivates the transcription of target genes as
well as interacts with numerous cellular factors that promote the
survival and immortalization of HTLV-1-infected T cells (8-13).
Interestingly, the Tax protein was detected in only 40% of ATL
cases (14, 15) due to nonsense mutations, insertions, deletions,
and epigenetic alterations, such as DNA methylation and histone
modifications of the 5 LTR of the HTLV-1 provirus (16-19).
These studies suggested that Tax is required for the virus to en-
hance viral spreading during the earliest stage of HTLV-1 infec-
tion but that it is not necessary for the development of ATL.

It has previously been reported that the HTLV-1 basic leucine
zipper factor (HBZ) is transcribed from the 3’ LTR of the HTLV-1
provirus (20). The HBZ protein contains a transactivation do-
main in its N-terminal region and a basic leucine zipper (bZIP)
domain in its C-terminal region (20, 21). Nuclear translocation of
HBZ is directed by three potential nuclear localization signals
(21). Also, HBZ contains a functional nuclear export signal motif
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within its N-terminal region and can shuttle between the cyto-
plasm and nucleus (22). Previous reports showed that HBZ inter-
acts with various cellular factors and modulates their functional
activities in both the cytoplasmic and nuclear compartments (22,
23). In contrast to Tax, HBZ is constitutively expressed in all ATL
patient samples because its 3" LTR is conserved and unmethylated
in ATL patient cells (24, 25). Although these studies suggest that
HBZ may play an important role in the pathogenesis of ATL, its
function has not yet been identified (26).

A recent study reported that myeloid cell leukemia 1 (MCL1)
enhances cell survival and antiapoptosis by suppressing cyto-
chrome c release from mitochondria. However, the overexpres-
sion of the MCL1 protein was markedly increased in several types
of human cancers, including breast cancer, lung cancer, and leu-
kemia (27, 28). While these data suggest that the abnormal expres-
sion of MCL1 may play an important role in carcinogenesis, there
are no reports of its role in the development of ATL. The purpose
of this study was to investigate the role of HBZ in regulating MCL1
expression in HTLV-1-infected cells.
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MATERIALS AND METHODS

Cell culture. HEK293T, NIH 3T3, and HeLa cells were cultured in Dul-
becco’s modified Eagle’s medium (Invitrogen) supplemented with 10%
fetal bovine serum (FBS; Biowest), 100 U/ml penicillin, and 100 pg/ml
streptomycin. Jurkat, MT-1, ATL43T, and SLB-1 cells were grown in
RPMI 1640 medium (Sigma) supplemented with 100 U/ml penicillin, 100
pg/ml streptomycin, and 10% FBS. All cells were maintained at 37°Cin a
5% CO, atmosphere.

Plasmid construction. The coding region for CULI was isolated by
reverse transcription-PCR (RT-PCR) from total RNA derived from hu-
man testicular tissue and was then cloned into the BamHI sites of pcDNA3
containing a 3X FLAG epitope tag, a 5X hemagglutinin (HA) epitope tag,
or a 6X Myc epitope tag at the N terminus. Primer CUL1-full length
(CULI1-full) was used, and the forward and reverse sequences were
5'-AAGGATCCATGTCGTCAACCCGGAGCC-3" and 5'-AAGGATCCT
TAAGCCAAGTAACTGTAGGTG-3', respectively, where the underlined
sequences here and in the primer sequences below denote restriction sites.
The plasmids used for expression of CULI deletion mutants were gener-
ated by PCR using pcDNA3-6 X Myc-CULI-full as a template. The prim-
ers and their sequences were as follows: CUL1-A, 5'-AAGGATCCATGT
CGTCAACCCGGAGCC-3' (forward) and 5'-AAGGATCCCTATGTGT
CAGCCAAAAATTGA-3' (reverse); CULI-B, 5'-AAGGATCCGAGAGA
TTTTATACCAGAGAGA-3' (forward) and 5'-AAGGATCCTTATTGCT
CGTTCAGATCTTTGCT-3' (reverse); and CUL1-C, 5'-AAGGATCCTT
CAAAAAGCACTTGACAAACT-3' (forward) and 5'-AAGGATCCTTA
AGCCAAGTAACTGTAGGTG-3" (reverse). The HBZ-related plasmids
and the expression plasmid for Tax have been described previously (22,
29). The coding region for MCL1 was obtained by RT-PCR from total
RNA derived from human testicular tissue and was cloned into the EcoRI
sites of pcDNA3 containing a 3X FLAG epitope tag or a 5X HA epitope
tag at the N-terminal region. Primer MCL1 was used, and the forward and
reverse sequences were as follows: 5'-AAGAATTCATGTTTGGCCTCAA
AAGAAACGC-3" and 5'-AAGAATTCCTATCTTATTAGATATGCC
AAA-3’, respectively. The coding regions for Rbx1, Skp1, and Fbw7 were
obtained by RT-PCR from total RNA derived from human testicular tis-
sue and were cloned into the BamHI/Xhol (Rbx1 and Skp1) or EcoRI
(Fbw7) sites of pcDNA3 containing a 3X FLAG epitope tag or a 6X Myc
epitope tag at the N-terminal region. The primers and their sequences
were as follows: Rbx1, 5'-AAGGATCCATGGCGGCAGCGATGGATGT
GGAT-3" (forward) and 5'-AACTCGAGCTAGTGCCCATACTTTTGG
AATT-3' (reverse); Skpl, 5'-AAGGATCCATGCCTTCAATTAAGTTGC
AGA-3' (forward) and 5'-AACTCGAGTCAAAGACAAAACTGTGTG
CTA-3' (reverse); and Fbw7, 5'-AAGAATTCATGAATCAGGAACTGCT
CTCTGT-3' (forward) and 5'-AAGAATTCTCACTTCATGTCCACATC
AAAGT-3' (reverse).

Immunoprecipitation and immunoblotting. HEK293T or NIH 3T3
cells (1 X 10° cells per 6-cm-diameter dish) were transfected with expres-
sion plasmids using the Lipofectamine 2000 reagent (Thermo Scientific
Lafayette) according to the manufacturer’s instructions. After 36 h, the
cells were lysed in 1 ml of lysis buffer (50 mM Tris-HCI [pH 8.0], 100 mM
NaCl, 0.5% NP-40, 1 mM EDTA, 50 mM NaF, 2 mM Na,;VO,, the Pefa-
bloc SC Plus inhibitor [Roche Diagnostics], a cOmplete protease inhibitor
cocktail tablet [Roche Diagnostics]), and the cell debris was removed by
centrifugation for 15 min. Lysates were incubated with antibodies for 1 h
at4°C, and antibody complexes were captured using protein G-Sepharose
beads (GE Healthcare Bio-Sciences AB) for 1 h at 4°C. The protein-bound
beads were washed four times with lysis buffer, and the immunoprecipi-
tated proteins were eluted in SDS sample buffer. The proteins were sepa-
rated by SDS-PAGE, transferred to a polyvinylidene difluoride membrane
(Polyscreen; PerkinElmer), blocked with 7.5% skim milk—phosphate-
buffered saline containing 0.05% Tween (PBST), probed with the appro-
priate antibodies, and developed by chemiluminescence. The antibodies
used in this study were specific for FLAG (antibody M2; Sigma), Myc
(antibody 9E10; Santa Cruz Biotechnology), HA (antibodies M132-3
[MBL] and 3F10 [Roche Diagnostics]), MCL1 (Abcam), a-tubulin (anti-
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body Ab-1; Calbiochem), horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (True blot; eBioscience), HRP-conjugated goat anti-rat
IgG (Jackson ImmunoResearch Laboratories), and HRP-conjugated goat
anti-rabbit IgG (Dako). The anti-HBZ-specific polyclonal antibody and
the anti-Tax-specific monoclonal antibody were previously described
(22, 30).

Lentiviral vector and transfection. The lentivirus-based transfection
system was a generous gift from H. Miyoshi (Riken, Tsukuba, Japan).
Short hairpin RNA (shRNA) targeting luciferase (Luc) was used as a neg-
ative control (pCS-RfA-CG-GFP-shLuc). HEK293T cells were transfected
with pCS-RfA-CG-GFP-shHBZ or pCS-RfA-CG-GFP-shLuc, a vesicular
stomatitis virus glycoprotein G (VSV-G)- and respiratory syncytial virus
(RSV) Rev-expressing construct (pCMV-VSV-G-RSV-Rev), and a pack-
aging construct (pMDLg-pRRE) in the presence of 25 mM chloroquine
using the Lipofectamine 2000 reagent. At 10 h posttransfection, 10 mM
sodium butyrate was added to the culture medium. After 16 h, the culture
medium was changed and fresh medium containing 10 mM forskolin was
added. Culture supernatants were collected 48 h after transfection and
concentrated 100- to 200-fold by ultrafiltration. The titers of the concen-
trated viruses were measured on SLB-1 cells on the basis of their levels of
green fluorescent protein (GFP) expression. Cells were infected at a mul-
tiplicity of infection of 20 in the presence of Polybrene (4 mg/ml).

In vivo ubiquitination assay. HEK293T cells (1 X 10° cells per 6-cm-
diameter dish) were transfected with expression plasmids using the Lipo-
fectamine 2000 reagent. At 24 h posttransfection, 30 puM MG132 (Wako
Pure Chemicals), a proteasome inhibitor, was added. After 15 h, trans-
fected cells were lysed in buffer A (8 M urea, 30 mM imidazole, 0.5%
Triton X-100, 100 mM HEPES-KOH [pH 7.5]) and incubated with 20
M Ni-nitrilotriaceticacid (NTA) beads for 2 h at room temperature. The
beads were washed with buffer B (8 M urea, 50 mM imidazole, 0.5%
Triton X-100, 100 mM HEPES-KOH [pH 7.5], 0.5 M NaCl). The
bound proteins were eluted with SDS sample buffer containing 5 mM
EDTA and then subjected to SDS-PAGE, followed by immunoblot
analysis (see Fig. 2A).

HEK293T cells were transfected with expression plasmids using the
Lipofectamine 2000 reagent. After treatment with 30 uM MG132 for 15 h,
the cells were lysed in 1 ml of lysis buffer C (50 mM Tris-HCI [pH 8.0], 150
mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxy-
cholate [Nakarai], Pefabloc SC Plus inhibitor, a cOmplete protease inhib-
itor cocktail tablet), and cell debris was removed by centrifugation for 15
min. The lysates were incubated with antibodies for 1 h at 4°C, and then
antibody complexes were captured with protein G-Sepharose beads for 1
h. The beads were washed four times with lysis buffer C, and immunopre-
cipitants were eluted. Samples were subjected to SDS-PAGE followed by
immunoblot analysis (see Fig. 6A).

Pulse-chase experiment. HEK293T cells were seeded on 6-well plates
(3 X 10 cells/well) and transfected with the appropriate expression plas-
mids. After 36 h, the cells were treated with 50 pM cycloheximide to
inhibit protein synthesis and were chased for the intervals indicated be-
low. Harvested cells were resolved by SDS-PAGE and analyzed by Western
blotting. Band intensities were measured using a LAS 3000 image analyzer
(Fuji film).

Quantification of cytochrome c release. Detection of cytochrome ¢
release was performed using a cytochrome ¢ enzyme-linked immunosor-
bent assay (ELISA) kit (R&D Systems). HeLa cells were cultured and
treated with 100 pM camptothecin, which induces the release of cyto-
chrome ¢, or control diluent for 6 h. The cell extracts were processed
according to the manufacturer’s protocol.

Semiquantitative RT-PCR analysis. Total RNA was extracted with
the Isogen reagent (Nippon Gene) following the manufacturer’s instruc-
tions. Then, total RNA was reverse transcribed using SuperScript IV re-
verse transcriptase (Invitrogen) following the manufacturer’s directions.
Samples were analyzed by semiquantitative PCR of MCL1 and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), and the resulting PCR
products were separated by electrophoresis on a 1.5% agarose gel. The
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primer sequences used were as follows: for MCL1, 5'-AAGGATCCATGT
TTGGCCTCAAAAGAAACGCGG-3' (forward) and 5'-AAGAAAAGCA
GCCTCGCGGGGGT-3' (reverse), and for GAPDH, 5'-ATGGGGAA
GGTGAAGGTCGG-3' (forward) and 5'-TGGAGGGATCTCGCTCC
TGG-3' (reverse).

RESULTS

HBZ regulates the stability of the MCL1 protein. Previous re-
ports described an association between abnormal levels of the my-
eloid cell leukemia 1 (MCL1) protein and the development of
some cancers (27, 28, 31). However, scientific studies do not sug-
gest alink between the level of MCL1 protein expression in HTLV-
1-infected cells and the pathogenesis of adult T-cell leukemia
(ATL) has not been studied. HTLV-1 bZIP factor (HBZ) is
thought to be necessary for the development of ATL. Therefore,
we examined whether the steady-state level of the MCL1 protein
in cells is controlled by HBZ. HBZ is expressed as an unspliced
isoform (HBZ-US) and as a spliced isoform (HBZ-SI) in ATL
patient cells (32). Moreover, the amino acid sequences of HBZ-US
and HBZ-SI are highly conserved, with the only difference being 6
amino acids in the N terminus (32). This experiment used the
HBZ-US (HBZ) expression vector. HEK293T cells were trans-
fected with a plasmid expressing FLAG-tagged MCL1 and an HA-
tagged HBZ expression vector. Overexpression of HBZ resulted in
increased MCL1 protein levels (Fig. 1A, lane 2).

It was recently reported that MCLI1 production is also modu-
lated by Tax (33). In this regard, we postulated that the level MCL1
may be increased by its coexpression with Tax and HBZ. We per-
formed Western blot analysis of MCL1 in HEK293T cells express-
ing FLAG-MCL1 with or without exogenous Tax and/or HBZ
expression (Fig. 1B). Similar to the findings presented in a previ-
ous report, the overexpression of Tax resulted in the stabilization
of MCL1 (Fig. 1B, lane 1 versus lane 2) (33). As expected, coex-
pression of Tax and HBZ dramatically increased the level of MCL1
protein (Fig. 1B, lane 1 versus lane 4).

Next, we examined the expression level of endogenous MCL1
in an HTLV-1-uninfected cell line (Jurkat cells) and HTLV-1-
infected cell lines (MT-1 and ATL43T cells). The cells were col-
lected and subjected to immunoblotting with the antibodies indi-
cated below. As shown in Fig. 1C, the expression level of
endogenous MCL1 was increased in HTLV-1-infected cells (lanes
2 and 3) compared to HTLV-1-uninfected cells (lane 1).

In our previous report, we established Jurkat cell lines (human
T lymphocytes) that constitutively expressed HBZ or the empty
control vector using a lentiviral expression system (22) and exam-
ined the endogenous levels of the MCL1 protein using immuno-
blot analysis. The MCL1 protein levels were significantly increased
in cells expressing HBZ (Fig. 1D, lane 2) compared to cells ex-
pressing the empty control vector (Fig. 1D, lane 1).

To determine whether the expression of short hairpin RNA
(shRNA) targeting HBZ in cells reduces endogenous MCL1 pro-
tein levels, shRNA against the HBZ plasmid construct was intro-
duced into the HTLV-1-infected cell line SLB-1. As shown in Fig.
1E, specific knockdown of endogenous HBZ resulted in reduced
expression of MCL1 (lane 2). Collectively, our findings revealed
that the stabilization of MCLL1 is enhanced by expression of HBZ.
Itis possible that the increased expression of MCL1 by HBZ occurs
at the transcriptional level. To confirm this point, we performed a
semiquantitative RT-PCR assay. When HEK293T cells were ex-
pressed with HBZ, the amount of MCL1 was decreased compared
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with that in empty vector-transfected cells (see Fig. S1 in the
supplemental material). These data indicate that the MCL1
mRNA level was significantly downregulated in the cells, in
spite of the prolonged stability of the MCL1 protein by the
expression of HBZ.

HBZ stabilizes the MCL1 protein by suppressing its ubiquiti-
nation. Itis generally accepted that most intracellular proteins are
degraded by the ubiquitin (Ub)-proteasome system, and the ma-
jority of proteasomal substrates are targeted for degradation by
conjugation to polyubiquitin chains. We therefore investigated
whether expression of HBZ modulates the ubiquitination of
MCLLI in cells. Histidine (His)-tagged Ub, HA-MCL1, and HBZ-
FLAG were coexpressed in HEK293T cells, as indicated in Fig. 2A.
After the cells were allowed to rest for 24 h posttransfection, the
cells were treated with the proteasome inhibitor MG132 for 16 h.
Total cell lysates from transfected cells were purified using Ni-
NTA beads and subjected to immunoblot analysis to detect polyu-
biquitinated MCL1. The expression of HBZ dramatically reduced
the level of ubiquitination of MCL1 compared to that in cells that
did not express HBZ (Fig. 2A, lane 2 versus lane 3).

In addition to determining whether HBZ regulated the steady-
state levels of MCL1 via ubiquitination, we performed a pulse-
chase analysis of MCL1 in HEK293T cells expressing MCL1 with
or without exogenous HBZ expression. The levels of the MCL1
protein declined more slowly in cells that expressed MCL1 and
HBZ (Fig. 2B, bottom) than in cells that expressed MCLI alone
(Fig. 2B, top). These data indicate that HBZ enhanced the stability
of the MCL1 protein by inhibiting its ubiquitination and degra-
dation.

The antiapoptotic BCL-2 family member MCL1 has been
shown to play a key role in protecting against apoptosis by inhib-
iting cytochrome c release from the mitochondria (34, 35). There-
fore, we postulated that the release of cytochrome ¢ would be
suppressed through MCLI protein stabilization by HBZ. Cyto-
chrome c levels were measured in transiently transfected HeLa
cells that were treated or not treated camptothecin for 6 h (Fig.
2C). As a positive control in these experiments, camptothecin in-
creased the level of cytochrome c release in untransfected cells
(Fig. 2C, lane 1 versus lane 2). On the other hand, camptothecin
treatment attenuated cytochrome c release in HBZ-overexpress-
ing cells (Fig. 2C, lane 2 versus lane 4), thus suggesting that HBZ
may be involved in the inhibition of cytochrome c release by sta-
bilizing the MCL1 protein.

Identification of CULLI as a cellular factor that interacts with
HBZ. In order to clarify the mechanism by which the MCL1 pro-
tein is stabilized by HBZ expression in cells, we focused on the
Skp-cullin-F box protein (SCF) complex, which is the well-recog-
nized cellular E3 ubiquitin ligase for MCL1. Cullin 1 (CULI1) is an
essential component of the SCF E3 ubiquitin ligase complex (36).
We identified CULI1 to be an HBZ-interacting protein. It is known
that the regulation of MCLI stability is controlled by SCF-medi-
ated ubiquitination (37). Thus, the interaction between HBZ and
CULL is expected to affect the stability of MCL1 via inhibition of
SCF-mediated degradation. To analyze the physiological interac-
tion of HBZ with CULI in mammalian cells, we performed a
coimmunoprecipitation (co-IP) experiment. In this study,
HEK293T cells were transfected with plasmids expressing HA-
tagged HBZ-US or HBZ-SI plus a FLAG-tagged CUL1 expression
vector. At 36 h after transfection, total cell lysates were harvested
and subjected to immunoprecipitation with an anti-HA antibody,
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FIG 1 HBZ regulates the stability of the MCLI protein. (A) HEK293T cells were cotransfected with 1 pg of a plasmid expressing FLAG-MCLI with (lane +) or
without (lane —) 3 ug of a plasmid expressing HBZ-HA. After 36 h, cell lysates were subjected to SDS-PAGE, followed by immunoblotting with anti-FLAG,
anti-HA, or anti-a-tubulin antibodies. (B) HEK293T cells were cotransfected with 0.5 g of a plasmid expressing FLAG-MCL1 with (lanes +) or without
(lanes —) 2.5 pg of a plasmid expressing Tax and HBZ-HA. After 36 h, cell lysates were subjected to SDS-PAGE, followed by immunoblotting with anti-FLAG,
anti-Tax, anti-HA, and anti-a-tubulin antibodies. (C) Lysates prepared from Jurkat, MT-1, and ATL43T cells were subjected to immunoblot analysis with
anti-MCLI, anti-HBZ, anti-Tax, and anti-a-tubulin antibodies. (D) The lentivirus-based expression system was used to create Jurkat cell lines that carried the
empty vector (lane 1) or that stably expressed HBZ (lane 2). Whole-cell lysates were prepared and subjected to immunoblot analysis with anti-MCL1, anti-HBZ,
and anti-a-tubulin antibodies. ¥, nonspecific bands. (E) SLB-1 cells were transduced with lentiviral particles containing shRNA targeting luciferase (control; lane
1) or HBZ (shHBZ; lane 2). Cell lysates were analyzed by immunoblotting using anti-MCL1, anti-HBZ, and anti-a-tubulin antibodies. WCL, whole-cell lysates;

IB, immunoblotting.

followed by SDS-PAGE and Western blotting using an anti-FLAG
antibody. HBZ-US and HBZ-SI were identified to be CUL1 bind-
ing partners (Fig. 3A, lanes 2 and 3).

To define the HBZ and CULI1 sequences responsible for the
interaction, we constructed deletion mutants (Fig. 3B and C) and
performed a co-IP assay. The following experiments used the
HBZ-US (HBZ) expression vector. As shown in Fig. 3D, HBZ was
detected in the immunocomplexes isolated from cells expressing
full-length CUL1 (CUL1-full), CUL1-A, and CUL1-C (lanes 2, 4,
and 8, respectively) but not CUL1-B (lane 6). Likewise, full-length
HBZ (HBZ-full), HBZ-N1, and HBZ-C interacted with CUL1
(Fig. 3E, lanes 2, 3, and 5, respectively) but not HBZ-N2 (Fig. 3E,
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lane 4). In order to identify more precisely which domains of HBZ
are necessary for the association with CUL1, we performed co-IP
assays using different combinations of HBZ and CULL1 expression
vectors. The C-terminal region of HBZ interacted with CUL1-A
(Fig. 3F, lane 6), while the N-terminal region of HBZ interacted
with CUL1-C (Fig. 3G, lane 3). Taken together, these findings
indicate that the head of HBZ interacts with the tail of CUL1
through a head-to-tail association.

Interaction between HBZ and CUL1 in the cytoplasm. HBZ is
known to have both a nuclear localization signal (NLS) and a
nuclear export signal (NES), and it constantly shuttles between the
nucleus and cytoplasm (21, 22). CULLI is localized predominantly
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FIG 2 The degradation of MCL1 by the ubiquitin-dependent pathway is controlled by HBZ. (A) NIH 3T3 cells were transfected (+) or not transfected (—) with
2 pg of pcDNA3-HA-MCL1 (HA-MCL1), pcDNA3-His-Ub (His-Ub), and pcDNA3-HBZ-FLAG (HBZ-FLAG), as indicated. After 24 h, the cells were treated
with 20 pM MG132 (a proteasome inhibitor) for 15 h. Following purification with Ni-NTA beads, bound proteins were detected by immunoblotting with
anti-HA antibody. Total protein levels in whole-cell lysates were analyzed by immunoblotting using anti-HA, anti-FLAG, and anti-a-tubulin antibodies. (B)
HEK293T cells were transfected with 1 g of a plasmid expressing FLAG-MCLI with (+) or without (—) 3 pg of a plasmid expressing HBZ-HA. After 36 h, the
cells were treated with 50 uM cycloheximide (a protein synthesis inhibitor) and then collected at the indicated times. Cell lysates were analyzed by immuno-
blotting using an anti-FLAG antibody. The intensity of each band was quantified and graphed. (C) HeLa cells were transfected (+) or not transfected (—) with
2 g of pcDNA3-HBZ (HBZ). After 36 h, the cells were treated with 100 uM camptothecin for 6 h. The level of cytochrome ¢ released was measured using a
cytochrome ¢ ELISA kit. Each value represents the mean from three independent experiments + SE (¥, P < 0.05). WCL, whole-cell lysates; IB, immunoblotting;

a.u., arbitrary units.

to the cytoplasm, thus suggesting that it would not interact with
the NES mutant of HBZ that is retained in the nucleus. To deter-
mine whether an interaction between CUL1 and HBZ occurred in
the cytoplasm, HBZ-related plasmids were generated as previ-
ously described and co-IP assays were performed (Fig. 4) (22).
Lysates were immunoprecipitated with an anti-HA antibody and
then immunoblotted using an anti-Myc antibody. The HA-HBZ-
NES mutant (mut) that was not exported to the cytoplasm dem-
onstrated a reduced interaction with CUL1 (Fig. 4B, lanes 2 and 3
versus lane 4). In contrast, we observed an association between
CULI and HBZ-NES-mut-PKI (NES), which was exported to
the cytoplasm (Fig. 4B, lane 5). Collectively, our results reveal
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that the nuclear export of HBZ is essential for its interaction
with CULI.

HBZ abrogates the interaction of CUL1 with Skp1. The CUL1
protein serves as a scaffold for the SCF complex, with its N-termi-
nal and C-terminal regions binding to an adaptor protein (Skp1)
and interacting with a RING protein (Rbx1), respectively (38). We
postulated that the association of CUL1 with Rbx1 and/or Skpl
would be impacted by its interaction with HBZ in HEK293T cells.
First, we tested whether HBZ affected the heterodimerization of
CULI and Rbxl1 in a co-IP assay. As shown in Fig. 5A, the forma-
tion of heterodimers between CUL1 and Rbx1 was not affected in
cells overexpressing HBZ (lane 2 versus lane 3). We next investi-
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nation of MCL1 via inhibition of SCF E3 ubiquitin ligase activ-

HBZ:WT. 'MVNEVSVGLFRCLPVPCPEDLLVEELVDGLLSL® ity. The expression vector FLAG-MCL1 was transfected into
HBZ-NES-mut MVNAAAAGLFRCLPVPCPEDLLVEELVDGAASA HEK293T CCHS together Wlth vectors containing Myc—tagged com-
ponents of the SCF complex. Lysates of the transfected cells were
B + Mye-CULA immunoprecipitated with an anti-Myc antibody, and the immu-
—‘5‘5‘;'}\ nopr‘ecipitgtes were rgsolved by SDS-P{\G.E followed by immuno-
FEZ blotting with an anti-HA antibody. Similar to previous reports,
wezia = 2 7 B4 E MCL1 polyubiquitination levels were directly related to SCF ubiq-
P uitin ligase activity (Fig. 6A, lane 2 versus lane 3). On the other
IB : anti-Myc hand, expression of MCL1 and SCF-related complexes together
—— with HBZ dramatically decreased the level of ubiquitinated MCL1
:;;2':!:'_:2 EI (Fig. 6A, lane 3 versus lane 4). These results reveal that SCF-me-
diated ubiquitination of MCL1 was attenuated by overexpression

e otz
| In Fig. 4B, we showed that the nuclear export ability of HBZ is
wcL | i i ii essential for the association with CULI. Therefore, to determine
I8 :anti-HA || 7 whether the nuclear export of HBZ to the cytoplasm is important
weL , for the stabilization of the MCL1 protein, HEK293T cells were
I8 +antl-a:twbulin transfected with an MCL expression vector with or without wild-

-

2 3 45

. ) oo type (WT) HBZ (HBZ-WT), HBZ-NES-mut, HBZ-NES-mut-
FIG 4 HBZ and CULI interact in the cytoplasm. (A) Schematic diagram of the

HBZ-NES mutant (HBZ-NES-mut) used in this study. Amino acids altered to
alanine are underlined. (B) HEK293T cells were cotransfected with 3 pg of
pcDNA3-Myc-CUL1 with (+) or without (—) 3 pg of pcDNA3-HBZ-un-
spliced form-HA (-US), pcDNA3-HBZ-spliced isoform-HA (-SI), pcDNA3-
HBZ-NES-mut-HA (-NES-mut), or pcDNA3-HBZ-NES-mut-PKI-HA [-PKI
(NES)]. After 36 h, cell extracts were prepared and subjected to immunopre-
cipitation (IP) using anti-HA antibody, followed by immunoblotting (IB) with
anti-Myc and anti-HA antibodies. Total protein levels in whole-cell lysates
(WCL) were analyzed by immunoblotting using anti-Myc, anti-HA, and anti-
a-tubulin antibodies.

gated whether the interaction between CUL1 and Skp1 was altered
by the overexpression of HBZ. As shown in Fig. 5B, when CUL1
and Skpl together with HBZ were coexpressed in cells, the
amount of the CULIL-Skpl heterodimers was significantly de-
creased compared with that in control cells (lane 2 versus lane 3).
These results suggest that HBZ strongly blocked the binding of
Skp1 to CUL1 and thus prevented the formation of CUL1-Skp1
complexes.

HBZ inhibits SCF ubiquitin ligase activity. We investigated
whether the expression of HBZ leads to decreased polyubiquiti-

PKI (NES), and SCF expression vectors (Fig. 6B). As previously
reported (37), the amount of MCL1 protein was significantly de-
creased via SCF E3 ligase-mediated degradation (Fig. 6B, lane 1
versus lane 2). On the other hand, expression of the SCF complex
together with HBZ-WT or HBZ-NES-mut-PKI (NES) (Fig. 6B,
lane 2 versus lanes 3 and 5) but not HBZ-NES-mut (Fig. 6B, lane
2 versus lane 4) restored MCLI levels. These findings suggest that
the cytoplasmic translocation of HBZ is required for the inhibi-
tion of MCL1 protein degradation by suppressing SCF-dependent
ubiquitination.

DISCUSSION

In this study, we revealed that HBZ promotes the stabilization of
MCLLI by inhibiting SCF E3 ubiquitin ligase activity (Fig. 1 and 2)
through its interaction with CUL1, which is a member of the SCF
complex. An interaction between HBZ and CULI in the cyto-
plasm of mammalian cells was confirmed (Fig. 3 and 4). Further-
more, it was reported that CUL1 forms the structural scaffold of
the SCF complex and binds to Skp1 and Rbx1. On the basis of our
findings, it is possible that HBZ blocks the interaction of CUL1
with Skp1 but not that with Rbx1 (Fig. 5).

FIG 3 The association between HBZ and CULI occurs by a head-to-tail interaction. (A) HEK293T cells were cotransfected with 3 pg of a plasmid expressing
FLAG-CULL1 with (+) or without (—) 3 g of a plasmid expressing the HBZ unspliced form-HA (-US) or the HBZ spliced isoform-HA (-SI). After 36 h, cell
extracts were prepared and subjected to immunoprecipitation using an anti-HA antibody, followed by immunoblot analysis with anti-FLAG and anti-HA
antibodies. Total protein levels in whole-cell lysates were analyzed by immunoblotting using anti-FLAG, anti-HA, and anti-a-tubulin antibodies. (B) Schematic
diagram of full-length CUL1 (CUL1-full) and the CULI deletion mutants (CUL1-A, CUL1-B, and CUL1-C) used in this study. Characteristic domains of CUL1
are indicated. (C) Schematic diagram of full-length HBZ (HBZ-full) and the deletion mutants (HBZ-N1, HBZ-N2, and HBZ-C) used in this study. Characteristic
domains of HBZ are indicated. (D) HEK293T cells were cotransfected with 3 pg of a plasmid expressing HBZ-HA with or without 3 g of a plasmid expressing
Myc-full-length CUL1, CUL1-A, CUL1-B, or CUL1-C. After 36 h, cell extracts were prepared and subjected to immunoprecipitation using an anti-HA antibody,
followed by immunoblot analysis with anti-Myc and anti-HA antibodies. Total protein levels in whole-cell lysates were analyzed by immunoblotting using
anti-Myc, anti-HA, and anti-a-tubulin antibodies. (E) HEK293T cells were cotransfected with 3 g of a plasmid expressing Myc-CUL1 with or without 3 pg of
a plasmid expressing full-length HBZ-HA, HBZ-N1-HA, HBZ-N2-HA, or HBZ-C-HA. After 36 h, cell extracts were prepared and subjected to immunopre-
cipitation using the anti-HA antibody, followed by immunoblot analysis with anti-Myc and anti-HA antibodies. Total protein levels in whole-cell lysates were
analyzed by immunoblotting using anti-Myc, anti-HA, and anti-a-tubulin antibodies. (F) HEK293T cells were cotransfected with 3 g of a plasmid expressing
Myc-CULI-A with or without 3 pg of a plasmid expressing HBZ-full-FLAG, HBZ-N1-FLAG, or HBZ-C-FLAG. After 36 h, cell extracts were prepared and
subjected to immunoprecipitation using an anti-Myc antibody, followed by immunoblot analysis with anti-FLAG and anti-Myc antibodies. Total protein levels
in whole-cell lysates were analyzed by immunoblotting using anti-FLAG, anti-Myc, and anti-a-tubulin antibodies. (G) HEK293T cells were cotransfected with
3 g of a plasmid expressing Myc-CUL1-C with or without 3 g of a plasmid expressing HBZ-full-HA, HBZ-N1-HA, or HBZ-C-HA. After 36 h, cell extracts were
prepared and subjected to immunoprecipitation using the anti-HA antibody, followed by immunoblot analysis with anti-Myc and anti-HA antibodies. Total
protein levels in whole-cell lysates were analyzed by immunoblotting using anti-Myc, anti-HA, and anti-a-tubulin antibodies. ¥, nonspecific bands; WCL,
whole-cell lysates; IB, immunoblotting; IP, immunoprecipitation.
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FIG 5 HBZ abrogates the interaction of CULI with Skp1 but not with Rbx1. HEK293T cells were cotransfected with 2 g of a plasmid expressing Myc-Rbx1 (A)
or Myc-Skp1 (B) with (+) or without (—) 1 g of a plasmid expressing HA-CULI and 5 pg of a plasmid expressing HBZ-FLAG, as indicated. After 36 h, cell
extracts were prepared and subjected to immunoprecipitation using anti-HA antibodies, followed by immunoblot analysis with anti-Myc and anti-HA anti-
bodies. Total protein levels in whole-cell lysates were analyzed by immunoblotting using anti-Myc, anti-HA, anti-FLAG, and anti-a-tubulin antibodies. The
intensity of each band was quantified and graphed (*, P < 0.05). WCL, whole-cell lysates; IB, immunoblotting; IP, immunoprecipitation.

It is well established that several viral oncoproteins modulate
the ubiquitin-proteasome pathway in order to avoid host cell de-
fenses. For example, the high-risk human papillomavirus (HPV)
E6 oncoprotein forms a complex with the host cell protein E6AP
ubiquitin ligase, leading to the degradation of substrate proteins,
such as p53 and PDZ domain-containing proteins (39, 40). In
addition, the human hepatitis B virus (HBV) X protein (HBx) is a
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potent transcriptional activator that binds to the CUL4A-based E3
ubiquitin ligase that contains DDB1 (41). Similarly, both the Vpr
and Vpx proteins encoded by the human immunodeficiency virus
(HIV) also interact with DDB1 (42, 43). Therefore, these proteins
are involved in the induction of cell cycle arrest at the G, phase and
the promotion of abnormal cell behavior. We have reported in
this study that the SCF complex, which acts as an E3 ubiquitin
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FIG 6 HBZ controls the stabilization of MCL1 by inhibiting SCF E3 ligase activity. (A) HEK293T cells were cotransfected with 1 pg of a plasmid expressing
Myc-MCL1 with (+) or without (—) 0.5 jug of a plasmid expressing HA-Ub, 2 pg of a plasmid expressing FLAG-CULL, FLAG-Skp1, and FLAG-tagged glycogen
synthase kinase 33 (FLAG-GSK3p), and 5 g of a plasmid expressing HBZ-FLAG. After 24 h, cells were treated with MG132 for 15 h. The cell extracts were
prepared and subjected to immunoprecipitation using an anti-Myc antibody, followed by immunoblot analysis with anti-HA and anti-Myc antibodies. Total
protein levels in whole-cell lysates were analyzed by immunoblotting using anti-Myc, anti-FLAG, and anti-a-tubulin antibodies. (B) HEK293T cells were
cotransfected with 0.5 pg of a plasmid expressing FLAG-MCLI with (+) or without (—) 1 pg of a plasmid expressing Myc-CUL1, Myc-Skp1, or Myc-GSK3 and
2.5 ng of a plasmid expressing HBZ-WT-HA, HBZ-NES-mut-HA, or HBZ-NES-mut-PKI (NES)-HA. After 36 h, the cell lysates were then subjected to
SDS-PAGE, followed by immunoblotting with anti-FLAG, anti-HA, and anti-a-tubulin antibodies. WCL, whole-cell lysates; IB, immunoblotting; IP, immu-

noprecipitation.

ligase, was repressed by the overexpression of HBZ. Hence, like
many other viral proteins, HBZ hijacks the host ubiquitin ligase-
mediated pathway to control the degradation of subcellular fac-
tors. In addition, many intracellular proteins are degraded by the
SCF ubiquitin-proteasome pathway. One of the cell cycle regula-
tors, p21, is well-known as a substrate of the SCF complex. Indeed,
enhanced stabilization of p21 was detected in cells transiently ex-
pressing HBZ (see Fig. S2 in the supplemental material). It was
previously reported that p21 is overexpressed at high levels in
HTLV-1-infected cell lines as well as in ATL and HTLV-1-associ-
ated myelopathy/topical spastic paraparesis patient samples (44).
The stability of p21 may be regulated by disruption of the function
of HBZ on the SCF complex. In addition, the c-Jun protein, which
is involved in the regulation of malignant transformation and tu-
mor progression, is one such protein (45). Interestingly, in a pre-
vious report, the expression level of c-Jun protein in HTLV-1-
infected cells was significantly higher than that in uninfected cells
(46). The dramatic downregulation of SCF activity by HBZ may
indirectly promote c-Jun stability.

A previous study showed that transient expression of MCL1
inhibits the autophagy induced by nutrient deprivation in cells,
whereas the stable knockdown of endogenous MCL1 by shRNA
markedly promotes autophagy under starvation conditions (47).
Autophagy is an intracellular bulk degradation system and has
emerged as a critical player in the control of host defense against
viral infection. Recently, we reported that starvation-induced au-
tophagy in cells constitutively expressing HBZ was significantly
suppressed by inhibition of the mTOR signaling pathway through
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an interaction between HBZ and GADD34 (22). Our results pre-
sented in this report suggest that HBZ strongly inhibits autophagy
not only by interacting with GADD34 but also by suppressing
MCLI degradation. Moreover, HBZ may play a key role in deter-
mining the cell fate.

There is a lot of evidence to suggest that abnormal expression
of the MCL1 protein contributes to the progression of human
cancers, including prostate, breast, ovarian, and cervical cancers
as well as melanoma and leukemia (27, 28, 31). Moreover, knock-
down of MCL1 expression using an shRNA system in several can-
cer cell lines resulted in a remarkable inhibition of tumor growth
(47). Therefore, it has been suggested that the MCL1 protein may
lead to the malignant progression of many human tumors. This
study showed that the association between HBZ and CULI led to
an increase in the level of the MCLI protein in cells by interfering
with the SCF-mediated polyubiquitination/degradation pathway.
Thus, HBZ may contribute to the development of ATL by stabi-
lizing MCL. Furthermore, a recent study reported increased
MCLLI stability by the HTLV-1 Tax protein during cell transfor-
mation (33). Tax and HBZ are known to have opposing functions
on the regulation of signaling pathways (48, 49). In HTLV-1-in-
fected cells, there are data to suggest cooperation between HBZ
and Tax proteins to promote MCL1 stabilization (33). However,
the expression of Tax during the late stage of HTLV-1 infection is
undetectable because the 5" LTR of HTLV-1 undergoes changes,
such as mutations and deletions (16-19). It is possible that the
dysfunction of CUL1 through its interaction with HBZ plays a
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crucial role in the stabilization of MCLI in ATL cells that no longer
express the Tax protein.

Future studies will be required to more clearly elucidate the
role of HBZ in HTLV-1-infected and ATL patient cells. The clas-
sification of ATL into the acute, lymphoma, chronic, and smol-
dering subtypes has been proposed. Although the chronic and
smoldering types of ATL have an indolent course, approximately
70% of cases of indolent-type ATL progress to the aggressive type
of ATL (50). The elucidation of the molecular mechanisms by
which HBZ contributes to leukemogenesis may facilitate the dis-
covery of a therapeutic target in ATL as well as the establishment
of a strategy for preventing blast crisis in the chronic and smolder-
ing types ATL.
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