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Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of adult T-cell leukemia (ATL) and HTLV-1-associated my-
elopathy/tropical spastic paraparesis (HAM/TSP). The HTLV-1 genome encodes the Tax protein that plays essential regulatory
roles in HTLV-1 replication and oncogenic transformation of T lymphocytes. Despite intensive study of Tax, how Tax interfaces
with host signaling pathways to regulate virus replication and drive T-cell proliferation and immortalization remains poorly
understood. To gain new insight into the mechanisms of Tax function and regulation, we used tandem affinity purification and
mass spectrometry to identify novel cellular Tax-interacting proteins. This screen identified heat shock protein 90 (HSP90) as a
new binding partner of Tax. The interaction between HSP90 and Tax was validated by coimmunoprecipitation assays, and colo-
calization between the two proteins was observed by confocal microscopy. Treatment of HTLV-1-transformed cells with the
HSP90 inhibitor 17-DMAG elicited proteasomal degradation of Tax in the nuclear matrix with concomitant inhibition of NF-�B
and HTLV-1 long terminal repeat (LTR) activation. Knockdown of HSP90 by lentiviral shRNAs similarly provoked a loss of Tax
protein in HTLV-1-transformed cells. Finally, treatment of HTLV-1-transformed cell lines with 17-DMAG suppressed HTLV-1
replication and promoted apoptotic cell death. Taken together, our results reveal that Tax is a novel HSP90 client protein and
HSP90 inhibitors may exert therapeutic benefits for ATL and HAM/TSP patients.

The human T-cell leukemia virus type 1 (HTLV-1) was the first
identified human retrovirus associated with a malignancy (1).

Currently, there are four distinct subtypes of HTLV (1–4); how-
ever, HTLV-1 exhibits the greatest pathogenicity. HTLV-1 is
linked to the genesis of a fatal malignancy of CD4�CD25� T lym-
phocytes known as adult T-cell leukemia (ATL). About 2 to 5% of
all HTLV-1-infected patients develop ATL after a long latent pe-
riod lasting decades, which then progresses rapidly and is highly
resistant to current chemotherapeutic regimens (2). HTLV-1 in-
fection is also associated with inflammatory diseases, most nota-
bly the neurological disorder HTLV-1-associated myelopathy/
tropical spastic paraparesis (HAM/TSP). Although disease occurs
in only a small percentage of HTLV-1-infected individuals, high
proviral load is a major risk factor for disease progression (3).

The HTLV-1 genome encodes a 40-kDa regulatory protein,
Tax, which controls HTLV-1 replication and also promotes the
oncogenic transformation of T lymphocytes (4, 5). Tax modulates
the activation of host signaling pathways and cell cycle regulators
to sustain T-cell proliferation and survival, ultimately resulting in
immortalization (6). One of the main targets of Tax essential for
cell transformation is the NF-�B pathway (7). NF-�B is an evolu-
tionarily conserved transcription factor family composed of het-
erodimeric proteins consisting of p65 (RelA), c-Rel, RelB, p50,
and p52 (8). NF-�B is sequestered in the cytoplasm by a family of
ankyrin-repeat-containing inhibitory proteins, most notably
I�B�, which is induced by NF-�B and suppresses signaling in a
negative-feedback loop (9). A large variety of stimuli, including
stress signals, proinflammatory cytokines, and virus infection ac-
tivate the I�B kinase (IKK) complex, consisting of the catalytic
subunits IKK� and IKK� and the regulatory subunit NEMO (also
known as IKK�) (10). IKK� phosphorylates I�B proteins to
trigger ubiquitin-dependent proteasomal degradation to allow

NF-�B to enter the nucleus and activate target genes (11). Tax
activates IKK and NF-�B persistently by interacting with NEMO
(12, 13); however, the exact mechanism of IKK activation by Tax
remains poorly understood. Tax mutants defective in NF-�B ac-
tivation are impaired in the immortalization of primary T cells
(14). In addition, NF-�B plays a key survival role in HTLV-1-
transformed cell lines and patient-derived ATL cells (15).

Tax plays an essential role in HTLV-1 replication by activating
transcription from the viral long terminal repeats (LTR) (16). Tax
activates the LTR mainly through the cyclic AMP (cAMP) re-
sponse element binding protein/activating transcription factor
(CREB/ATF) pathway. Tax interacts with CREB dimers and in-
creases the affinity of CREB for three highly homologous 21-bp
Tax-responsive elements in the LTR (17). The transcriptional co-
activators CREB-binding protein (CBP) and p300 are also re-
cruited to the CREB-Tax 21-bp repeat complex and play a key role
in chromatin remodeling (18). Through the concerted action of
these host transcription factors and coactivator proteins, Tax
strongly activates HTLV-1 gene expression.

Heat shock protein 90 (HSP90) is an evolutionarily conserved
molecular chaperone that plays an essential role in the folding,
maturation, and trafficking of nascent polypeptides (19). HSP90
substrates or clients play a critical role in growth control and cell
survival, many of which have been implicated in tumorigenesis
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(20, 21). HSP90 is comprised of three domains: an amino (N)-
terminal domain with ATP-binding and ATPase activity that as-
sists in client protein folding, a central domain involved in client
protein recognition, and a carboxyl (C)-terminal domain that
contains a dimerization motif and binding sites for other cochap-
erones (22). HSP90 catalyzes the hydrolysis of ATP to provide
energy for folding client proteins into their correct three-dimen-
sional conformations (23). Geldanamycin (GA) and its derivative,
17-demethylaminoethylamino-17-demethoxygeldanamycin (17-
DMAG), are potent HSP90 inhibitors and bind HSP90 at the N-
terminal ATP-binding domain to inhibit its protein chaperone
activity, resulting in protein misfolding and subsequent degrada-
tion (24). The HSP90 inhibitor 17-DMAG and other small-mol-
ecule inhibitors of HSP90 have been shown to exert potent anti-
tumor activity in preclinical models and have entered clinical
trials for various cancers (25).

In this study, we provide evidence that HTLV-1 Tax is a bona
fide client protein of HSP90. Tax interacts with HSP90, and treat-
ment of Tax-expressing cells with 17-DMAG elicited Tax protea-
somal degradation and attenuation of Tax-induced HTLV-1 LTR
and NF-�B activation. The inhibition of Tax by 17-DMAG sup-
pressed viral replication and triggered apoptotic cell death of
HTLV-1-transformed cell lines. These data suggest that HSP90
inhibitors may exert therapeutic benefits for ATL and HAM/TSP
patients.

MATERIALS AND METHODS
Biological reagents, plasmids, and antibodies. Human embryonic kid-
ney cells (HEK 293T) were purchased from ATCC. The HTLV-1-trans-
formed cell lines C8166, MT-2, and MT-4 were described previously (26).
HEK 293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM); C8166, MT-2, and MT-4 cells were cultured in RPMI medium.
Medium was supplemented with fetal bovine serum (10%) and penicillin-
streptomycin (1%). Expression vectors encoding pCMV4-Tax, Tax M22,
Tax M47, green fluorescent protein (GFP)-Tax, HTLV-1 LTR-Luc, and
NF-�B Luc. were described previously (27, 28). Flag-Tax was a gift from
U. Bertazzoni (29). HA-HSP90 beta was from William Sessa and obtained
from Addgene (plasmid 22487). HTLV-1 ACH.wt and ACH.M22 proviral
clones were generous gifts from Lee Ratner (30). The monoclonal anti-
Tax antibody was prepared from a Tax hybridoma (168B17-46-34) re-
ceived from the AIDS Research and Reference Program, NIAID, National
Institutes of Health. Alexa Fluor 555-conjugated donkey anti-mouse IgG
and Alexa Fluor 488-conjugated donkey anti-rabbit IgG were purchased
from Life Technologies. The FLAG M2 antibody was purchased from
Sigma. NEMO, I�B�, p50, Sp1, CD25, and lactate dehydrogenase (LDH)
antibodies were from Santa Cruz Biotechnology. IKK�, IKK�, HSP90,
CREB, TBK1, p65, AKT, GM-130, lamin B2, poly(ADP-ribose) polymer-
ase (PARP), caspase 3, lysine 48 (K48), and lysine 63 (K63) linkage-spe-
cific polyubiquitin antibodies were from Cell Signaling Technology. 20S
proteasome antibody was from Enzo Life Sciences. The monoclonal hem-
agglutinin (HA) antibody (12CA5) was from Roche Applied Science.
HTLV-1 p19 antibody was from ZeptoMetrix. �-Actin antibody was pur-
chased from Abcam. DAPI (4=,6-diamidino-2-phenylindole) and MG-
132 were purchased from EMD Biosciences. Bafilomycin A1 and ammo-
nium chloride were purchased from Sigma.

Transfections and reporter assays. 293T cells were transiently
transfected with GenJet In Vitro DNA Transfection Reagent (Signa-
Gen Laboratories). Luciferase reporter assays were performed 24 h
after DNA transfection, unless otherwise indicated, using the Dual-
Glo luciferase assay system (Promega). Firefly luciferase values were
normalized based on the Renilla luciferase internal control values.
Luciferase values are presented as “fold induction” compared to the
control transfected with empty vector.

MS. Flag-tagged Tax was cloned into the pNTAP-vector (InterPlay
Mammalian tandem affinity purification system; Agilent) to yield
pNTAP-Tax. 293T cells were transfected with pNTAP or pNTAP-Tax,
and lysates were prepared 48 h after transfection. Tax and associated pro-
teins were purified by a two-step immunoaffinity method, first by incu-
bation with streptavidin resin and streptavidin binding buffer. Next,
washed and eluted proteins were incubated with calmodulin resin and
calmodulin binding buffer, followed by washing and elution with calmod-
ulin binding buffer and calmodulin elution buffer, respectively. Purified
proteins were resolved on a 10% SDS-PAGE gel and stained using the
SilverQuest silver staining kit (Life Technologies). Bands visible in the
lysates from pNTAP-Tax-transfected cells, but not pNTAP vector, were
excised and subjected to mass spectrometry (MS) at the mass spectrome-
try/proteomic facility at Johns Hopkins School of Medicine. Proteins in
gel bands were reduced in 5 mM dithiothreitol (DTT) at 60°C for 45 min,
alkylated with 20 mM iodoacetomide at room temperature for 20 min in
the dark, and proteolyzed with 10 ng trypsin (Promega)/�l overnight at
37°C as previously described (31). Extracted peptides were analyzed by
liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis
using an LTQ Orbitrap Velos mass spectrometer interfaced with a nano-
Acquity ultrahigh-pressure liquid chromatography (UPLC) system. Pep-
tide sequences were identified from isotopically resolved masses in MS
and MS/MS spectra extracted with and without deconvolution using
Thermo Scientific Xtract and MS2-processor software with Proteome
Discoverer 1.3 (Thermo Scientific) software configured with the Mascot
version 2.1 search node. Data were searched against RefSeq version 2012,
assuming human species with oxidation on methionine and deamidation
of asparagine and glutamine as variable modifications and carbamido-
methyl on cysteine as a fixed modification. Mascot search results were also
imported into Scaffold (version 3.6.5) to validate MS/MS-based peptide
and protein identifications.

Immunoblotting, coimmunoprecipitations, and ubiquitination as-
says. Whole-cell lysates were generated by lysing cells in RIPA buffer (50
mM Tris-Cl [pH 7.4], 150 mM NaCl, 1% NP-40, 0.25% sodium deoxy-
cholate, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1� Roche com-
plete mini-protease inhibitor cocktail) on ice, followed by centrifugation.
Cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose
membranes, and subjected to immunoblotting. For coimmunoprecipita-
tions (co-IPs), lysates were diluted 1:1 in RIPA buffer and precleared with
protein A agarose beads (Roche Applied Science) for 60 min at 4°C. Pre-
cleared lysates were further incubated at 4°C overnight with the indicated
antibodies (1 to 3 �l) and protein A agarose. Immunoprecipitates were
washed three times with RIPA buffer followed by the addition of 20 �l 2�
Laemmli sample buffer (LSB) to elute bound proteins. An additional wash
with RIPA buffer supplemented with 1 M urea was performed for ubiq-
uitination assays.

ELISAs. HTLV-1 p19 enzyme-linked immunosorbent assays (ELISAs)
were performed according to the manufacturer’s instructions using su-
pernatants from MT-2 and 293T cells transfected with HTLV-1 proviral
clones. Values were expressed in mean pg/ml 	 standard errors of the
means (SEM) as calculated from a standard curve derived from recombi-
nant p19 provided in the HTLV-1 p19 ELISA kit (ZeptoMetrix).

Confocal microscopy. 293T and C8166 cells were cultured overnight
on glass coverslips coated with poly-L-lysine in 12-well plates. Cells were
fixed with 1% paraformaldehyde for 10 min and permeabilized with 0.2%
Triton X-100 for 10 min. The fixed cells were then incubated with Super-
Block buffer (Thermo Scientific) for 45 min followed by staining with
mouse anti-Tax and either anti-lamin B2, anti-CD25, anti-HSP90, or
anti-20S proteasome rabbit antibodies. In some experiments, Alexa Fluor
647 Phalloidin (Life Technologies) was used to stain the actin cytoskele-
ton. Finally, coverslips were incubated with Alexa Fluor 555-conjugated
donkey anti-mouse IgG, Alexa Fluor 488-conjugated donkey anti-rabbit
IgG (Life Technologies,), and DAPI to stain nuclei. Images were obtained
using a Nikon C1si confocal microscope.
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RT-PCR and qRT-PCR. Cells were treated with 0.5 �M 17-DMAG,
and RNA was isolated using the RNeasy minikit (Qiagen). RNA was con-
verted to cDNA using the First Strand cDNA synthesis kit for reverse
transcription (RT)-PCR (avian myeloblastosis virus [AMV]; Roche Ap-
plied Science). Quantitative real-time PCR (qRT-PCR) was performed
with an Applied Biosystems 7500 Real-Time PCR system using RT2 SYBR
green qPCR Mastermix (Qiagen). Gene expression was normalized to the
internal control 18S rRNA. RT-PCR was performed using platinum PCR
SuperMix (Life Technologies) to detect HTLV-1 p19 mRNA. GAPDH
was used as an internal control. The following primers were used for
qRT-PCR and RT-PCR: Tax forward primer, 5=-ATACCCAGTCTACGT
GTTTGGAG-3=; Tax reverse primer, 5=-CCGATAACGCGTCCATCGAT
G-3=; HTLV-1 p19 forward primer, 5=-CACCCCTTTCCCTTTCATTCA
CGA-3=; HTLV-1 p19, reverse primer, 5=-CCGGCCGGGGTATCCTTT
T-3=.

Subcellular fractionation. Subcellular fractionation was performed as
described previously (32, 33). Cytoplasmic, soluble, and insoluble nuclear
extracts were prepared using hypotonic buffer (20 mM HEPES, pH 8.0, 10
mM KCl, 1 mM MgCl2, 0.1% [vol/vol] Triton X-100, and 20% [vol/vol]
glycerol), hypertonic buffer (20 mM HEPES, pH 8.0, 1 mM EDTA, 20%
[vol/vol] glycerol, 0.1% [vol/vol] Triton X-100, and 400 mM NaCl), and
insoluble buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 1% [wt/vol] SDS,
1% [vol/vol] NP-40, and 10 mM iodoacetamide), respectively. For the
nuclear matrix, the cells were lysed sequentially to remove the cytoplasm,
nucleoplasm, and chromatin using the hypotonic buffer, hypertonic buf-
fer, and digestion buffer (200 U/ml DNase I, 100 mM NaCl, 300 mM
sucrose, 10 mM PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)], pH
6.8, 3 mM MgCl2, 0.5% Triton X-100, 1 mM PMSF, 1 �g/ml leupeptin,
and 1 �g/ml pepstatin A), respectively. After 3 washes with the high-salt
buffer (2 M NaCl, 300 mM sucrose, 10 mM PIPES, pH 6.8, 3 mM MgCl2,
0.5% Triton X-100, 1 mM PMSF, 1 �g/ml leupeptin, and 1 �g/ml pepsta-
tin A), the remaining pellet consisted of the nuclear matrix fraction. The
purity of the obtained fractions was confirmed by examining LDH (cyto-
plasm), Sp1 (soluble nuclear fraction), or lamin B2 (nuclear matrix). All
lysis buffers were supplemented with 1 mM PMSF and a protease inhibi-
tor cocktail (Roche Applied Science).

Knockdown of HSP90 and Tax with lentiviral shRNA. Two lentiviral
Mission short hairpin RNA (shRNA) clones targeting HSP90 beta were
obtained from Sigma. HEK 293T cells were transfected with the lentiviral
shRNA-targeting vectors pAX packaging plasmid and vesicular stomatitis
virus glycoprotein (VSV-G). After 48 h, the supernatants were collected
and centrifuged at 25,000 rpm for 2 h at 4°C. The supernatants were
removed, and the pellets were resuspended in ice-cold phosphate-buff-
ered saline (PBS). Viral stocks were used to infect C8166 and MT-2 cells
and selected with puromycin (1 �g/ml for C8166 cells and 2 �g/ml for
MT-2 cells). To suppress Tax expression in C8166 cells, the Tax sequence
5=-GCTTAGAGCCTCCCAGTGAAA-3= was selected for shRNA target-
ing. The PYNC352 lentiviral vector was used to express control or Tax
shRNA. Lentiviruses expressing Tax or control scrambled shRNA were
generated as described above. C8166 cells were infected with lentiviruses
and selected with puromycin (1 �g/ml) 48 h after infection.

Cell viability and proliferation assays. Cell viability was determined
using the CellTiter-Glo luminescent cell viability assay (Promega), which

quantitates ATP as a measure of metabolically active cells. Cells were
placed in 96-well plates and treated with 17-DMAG. A total of 100 �l of
suspended cells and 100 �l of CellTiter-Glo solution were mixed and
incubated at room temperature for 10 min, and the luminescence was
quantified with a GloMax96 microplate luminometer (Promega).

Statistical analysis. Data are expressed as mean fold increase 	 stan-
dard deviation relative to the control from a representative experiment
performed 3 times in triplicate. In the figures, an asterisk (*) indicates a P
value of 
0.05 as determined by Student’s t test.

RESULTS
HTLV-1 Tax interacts with HSP90. To gain more insight into the
molecular mechanisms of Tax regulation and oncogenesis, we
sought to identify new Tax-binding proteins. The InterPlay Mam-
malian tandem affinity purification (TAP) system was used to
purify Tax and its interacting proteins, which were then subjected
to mass spectrometry (LC-MS/MS) analysis to identify protein
complex components. Tax was cloned into the pNTAP expression
vector in frame with the streptavidin-binding peptide (SBP) and
calmodulin-binding peptide (CBP) affinity tags located upstream
of Tax. Tax fused with the SBP and CBP tags was still able to
activate NF-�B (Fig. 1A). 293T cells were transiently transfected
with pNTAP empty vector or pNTAP-Tax, and two consecutive
purification steps were conducted for the isolation of Tax and
associated protein complexes. Purified proteins were resolved by
SDS-PAGE, followed by silver staining, and the indicated pNTAP-
Tax-specific bands (1 to 8) were excised from the gel and subjected
to mass spectrometry (Fig. 1B). Known Tax-binding proteins, in-
cluding protein phosphatase 2A (PP2A) (34), were identified in
this screen (Table 1). HSP90 beta (a total of 25 peptides) was also
identified as a novel Tax-binding protein (Table 1) and was se-
lected for further study.

To validate the interaction between Tax and HSP90, co-IPs
were performed with epitope-tagged Tax and HSP90 plasmids
transfected into 293T cells. As shown in Fig. 1C (top), HSP90
interacted with immunoprecipitated Tax when both proteins
were overexpressed. The reciprocal IP in which HSP90 was immu-
noprecipitated also confirmed Tax and HSP90 interaction (Fig.
1C, bottom). To determine if endogenous Tax and HSP90 pro-
teins formed a complex, we next examined the interactions be-
tween Tax and HSP90 in the HTLV-1-transformed T-cell line
MT-2. Indeed, Tax interacted with HSP90 in MT-2 cells, and this
interaction was disrupted by treatment with the HSP90 inhibitor
17-DMAG (Fig. 1D). We next compared by Western blotting the
relative levels of endogenous HSP90 in Jurkat T cells with those of
HTLV-1-transformed cell lines MT-2, C8166, and MT-4. These
results indicated that HSP90 levels were similar in these four cell
lines (Fig. 1E). To determine where in the cells Tax and HSP90
interacted, we next performed confocal microscopy with 293T

FIG 1 HSP90 interacts with HTLV-1 Tax. (A) 293T cells were transfected with pNTAP-Tax, pRL-tk, and NF-�B-luciferase plasmids. After 24 h, cells were lysed
and subjected to a dual-luciferase assay. Lysates were subjected to immunoblotting with anti-Tax and antiactin. (B) 293T cells were transiently transfected with
pNTAP-Tax or pNTAP empty vector. Tandem affinity purification was performed using sequential purification steps with streptavidin and calmodulin resin.
The purified Tax and associated protein complexes were resolved by SDS-PAGE and silver staining. The bands indicated by the arrows were excised and subjected
to LC-MS/MS analysis. (C) 293T cells were transfected with Flag-Tax and HA-HSP90 plasmids as indicated. After 24 h, cell lysates were immunoprecipitated with
Flag antibody and immunoblotting was performed with anti-HA and anti-Flag (top panel). The reciprocal IP was also performed with HA antibody and
immunoblotting with anti-Flag (bottom panel). Lysates were subjected to immunoblotting with anti-HA, anti-Flag, and antiactin. (D) MT-2 cells were treated
with the HSP90 inhibitor 17-DMAG (0.5 �M) for 2 h as indicated. Cell lysates were immunoprecipitated with HSP90 beta antibody, and immunoblotting was
performed with anti-Tax and anti-HSP90 beta. (E) Jurkat, MT-2, C8166, and MT-4 cells were lysed and subjected to immunoblotting with anti-HSP90, anti-Tax,
and antiactin. (F) 293T cells were transfected with GFP-Tax and HA-HSP90 plasmids. After 24 h, cells were stained with DAPI, phalloidin, and anti-HA and
subjected to confocal microscopy. (G) C8166 cells were stained with DAPI, anti-Tax, and anti-HSP90 and subjected to confocal microscopy.
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cells transfected with GFP-Tax and HA-HSP90. HSP90 is known
to be predominantly a cytoplasmic protein (35), whereas Tax
shuttles between the nucleus and cytoplasm and can be found in
both compartments at steady state (36, 37). As expected, HSP90

was distributed mainly in the cytoplasm and GFP-Tax exhibited
punctate staining in both the nucleus and the cytoplasm (Fig. 1F).
Fractions of Tax and HSP90 were found to colocalize in the cyto-
plasm (Fig. 1F). Next, we examined by confocal microscopy the

TABLE 1 Tax-interacting proteins identified by MS/MS

Band
no. Protein

No. of unique
peptides

Molecular
mass (kDa)

1 Propionyl-coenzyme A carboxylase alpha chain, mitochondrial isoform A precursor 35 80
1 Heat shock protein HSP90-beta 25 83
1 Methylcrotonoyl-coenzyme A carboxylase subunit alpha, mitochondrial precursor 20 80
1 Heat shock protein HSP90-alpha isoform 1 7 98
1 Trifunctional enzyme subunit alpha, mitochondrial precursor 4 83
2 Heat shock cognate 71-kDa protein isoform 1 29 71
2 Heat shock 70-kDa protein 1A/1B 25 70
2 Dystrobrevin beta isoform 1 7 71
2 SAM domain- and HD domain-containing protein 1 4 72
2 Probable ATP-dependent RNA helicase DDX17 isoform 3 4 80
3 60-kDa heat shock protein, mitochondrial 29 61
3 Beta-2-syntrophin 27 58
3 T-complex protein 1 subunit alpha isoform A 11 60
3 Serine/threonine-protein phosphatase 2A 65-kDa regulatory subunit A alpha isoform 6 65
3 T-complex protein 1 subunit epsilon 4 60
3 MAGUK p55 subfamily member 2 2 62
4 Beta-2-syntrophin 27 58
4 Propionyl-coenzyme A carboxylase beta chain, mitochondrial isoform 1 27 58
4 Phenylalanine-tRNA ligase alpha subunit 8 58
5 ATP synthase subunit alpha, mitochondrial isoform A precursor 25 60
5 Tubulin beta chain 22 50
5 Propionyl-coenzyme A carboxylase beta chain, mitochondrial isoform 1 18 58
5 Tubulin alpha-1B chain 18 50
5 Heterogeneous nuclear ribonucleoprotein H 9 49
5 Tubulin beta-6 chain 5 50
5 Tubulin beta-4b chain 4 50
5 Aldehyde dehydrogenase X, mitochondrial precursor 4 57
6 Tubulin alpha-1b chain 5 50
6 Elongation factor 1-alpha 1 4 50
6 Elongation factor Tu, mitochondrial precursor 3 50
6 DnaJ homolog subfamily A member 2 3 46
6 DnaJ homolog subfamily A member 1 2 45
6 Heterogeneous nuclear ribonucleoprotein F 2 46
7 Mitochondrial import inner membrane translocase subunit TIM50 5 50
7 Replication factor C subunit 3 isoform 2 2 35
7 Protein transport protein Sec61 subunit alpha isoform 1 2 52
7 Nucleophosmin isoform 1 2 33
7 Galactokinase 2 42
8 Phosphate carrier protein, mitochondrial isoform B precursor 8 40
8 ATP synthase subunit gamma, mitochondrial isoform L (liver) precursor 6 33
8 40S ribosomal protein S3 5 27
8 40S ribosomal protein S3a 4 30
8 WD repeat-containing protein 82 4 35
8 Serine/threonine-protein phosphatase PGAM5, mitochondrial isoform 1 4 32
8 Pyrroline-5-carboxylate reductase 1, mitochondrial isoform 1 3 33
8 Guanine nucleotide-binding protein subunit beta-2-like 1 3 35
8 Sideroflexin-1 2 36

FIG 2 Inhibition of HSP90 promotes Tax degradation. (A) C8166, MT-2, and MT-4 cells were treated with 17-DMAG as indicated, and cell lysates were subjected to
immunoblotting with the indicated antibodies. (B) C8166 cells were treated with 17-DMAG (0.5 �M) for 4 h, stained with DAPI, anti-Tax (red), and anti-GM-130
(green), and subjected to confocal microscopy. The bottom right panel shows merged images. (C) C8166 cells were treated with 17-DMAG (0.5 �M), and RNA was
extracted for qRT-PCR analysis with Tax primers. (D) C8166 and MT-2 cells were infected with lentiviruses expressing two distinct HSP90 shRNAs and selected with
puromycin. Cell lysates were subjected to immunoblotting with anti-Tax, anti-HSP90, and antiactin. (E) 293T cells were transfected with Tax, Tax M22, and Tax M47
plasmids. After 24 h, the cells were treated with 17-DMAG (0.5 �M) as indicated and cell lysates were subjected to immunoblotting with anti-Tax and antiactin. (F) 293T
cells were transfected with HA-HSP90, Flag-Tax, Tax M22, and Tax M47 plasmids. After 24 h, cell lysates were immunoprecipitated with anti-Tax, and immunoblotting
was performed with anti-HA and anti-Tax. Lysates were subjected to immunoblotting with anti-HA, anti-Tax, and antiactin.
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localization of endogenous Tax and HSP90 proteins in the HTLV-
1-transformed cell line C8166. Tax strongly colocalized with
HSP90 in C8166 cells, both in the cytoplasm and in the nucleus
(Fig. 1G). HSP90 is known to translocate to the nucleus in re-
sponse to stress signals or interaction with viral proteins (38–40).
Taken together, HSP90 interacts with and colocalizes with Tax,
and this interaction is disrupted by HSP90 inhibitors.

HSP90 inhibitors induce Tax degradation. HSP90 inhibitors
such as geldanamycin and 17-DMAG potently induce the degra-
dation of HSP90 client proteins (40, 41). A total of three HTLV-
1-transformed cell lines, C8166, MT-2, and MT-4, were treated
with different concentrations of 17-DMAG for 24 h. As shown in
Fig. 2A (upper panel), 17-DMAG induced a substantial loss of Tax
protein in all three cell lines. Known HSP90 client proteins IKK�,
IKK�, NEMO, AKT, and TBK1 (42–46) were also examined by
immunoblotting as positive controls. MT-2 and MT-4 cells exhib-
ited greater sensitivity to IKK�, IKK�, NEMO, and AKT degrada-
tion than did C8166 cells (Fig. 2A). TBK1 degradation was not
strongly induced by 17-DMAG in any of the cell lines (Fig. 2A).
Levels of p65 and p50 were examined as negative controls, and as
expected, 17-DMAG did not promote the degradation of these
proteins (Fig. 2A). Based on these experiments, 0.5 �m 17-DMAG
was found to be the lowest concentration that triggers Tax degra-
dation; hence, this concentration was used in subsequent studies.
We next stimulated the same three cell lines with 0.5 �M 17-
DMAG to examine the kinetics of Tax degradation by immuno-
blotting. Tax was rapidly degraded (in 1 to 4 h) by 17-DMAG in
C8166 cells; however, Tax degradation occurred at later times (16
h) in MT-2 and MT-4 cells (Fig. 2A, lower panel). Confocal mi-
croscopy was next performed to examine the effect of 17-DMAG
on Tax staining and localization. Tax is known to reside together
with IKK within the cis-Golgi and colocalizes with GM-130 (a
cis-Golgi matrix protein) (47). Tax is also present in the nucleus in
punctate nuclear bodies, where it colocalizes with the SC-35 splic-
ing factor (48). Tax staining, particularly nuclear Tax, was sub-
stantially diminished by 17-DMAG (Fig. 2B). To confirm that
17-DMAG was influencing Tax protein stability but not transcrip-
tion, qRT-PCR was performed to examine the mRNA level of Tax
in C8166 cells after 17-DMAG treatment. Although Tax protein was
rapidly lost in response to 17-DMAG treatment in C8166 cells, Tax
mRNA was not influenced by HSP90 inhibition (Fig. 2C).

To rule out the possibility of spurious off-target effects of 17-
DMAG, we used lentiviral expressed shRNAs (a total of two) to
suppress HSP90 beta expression in C8166 and MT-2 cells. HSP90
knockdown was confirmed by immunoblotting, and shRNA
number 2 exhibited a greater capability of suppressing endoge-
nous HSP90 expression in both C8166 and MT-2 cells (Fig. 2D).
Knockdown of HSP90 correlated with diminished Tax protein in
C8166 and MT-2 cells (Fig. 2D). Thus, HSP90 is clearly essential to
prevent Tax degradation in HTLV-1-transformed cell lines.

We next examined the sensitivity of two well-characterized Tax
mutants, Tax M22 and Tax M47, to 17-DMAG stimulation. The
Tax M22 mutant contains alanine and serine residues substituted
for threonine and leucine at positions 130 and 131 and is defective
for NF-�B but retains CREB/ATF activation (49). The M47 mu-
tant contains arginine and serine residues substituted for two leu-
cines at positions 319 and 320 and is impaired in CREB/ATF but
retains NF-�B activation (49). As shown in Fig. 2E, 17-DMAG
induced the degradation of wild-type Tax, Tax M22, and Tax M47
with similar kinetics, suggesting that the Tax M22 and M47 mu-

tants were also regulated by HSP90. Indeed, Tax M22 and M47
were found to interact with HSP90 by co-IP in 293T cells (Fig. 2F).

17-DMAG induces proteasomal degradation of Tax in the
nuclear matrix. Experiments were next conducted to determine
the mechanisms of Tax degradation upon HSP90 inhibition. Deg-
radation of HSP90 client proteins occurs mainly via the ubiquitin-
proteasome pathway but may also occur through other mecha-
nisms such as autophagy (43). To explore the mechanisms of Tax
degradation induced by 17-DMAG, C8166 cells were treated with
17-DMAG together with inhibitors of the proteasome (MG-132)
or lysosome (bafilomycin A1 [BafA1] or ammonium chloride
[NH4Cl]), and Tax expression was examined by immunoblotting
in both soluble and insoluble compartments. Inhibition of the
proteasome partially blocked Tax degradation in the soluble com-
partment, whereas the lysosomal inhibitors had no effect (Fig.
3A). Interestingly, there was a substantial accumulation of Tax in
the insoluble fraction after treatment with both 17-DMAG and
MG-132 (Fig. 3A), suggesting that HSP90 inhibition results in Tax
proteasomal degradation in an insoluble compartment.

Proteins targeted to the proteasome for degradation are usually
conjugated with lysine 48 (K48)-linked polyubiquitin chains (50).
Thus, we used a K48 linkage-specific polyubiquitin antibody to
determine if Tax was conjugated with K48-linked polyubiquitin
chains after C8166 cells were treated with 17-DMAG and MG-
132. Treatment with 17-DMAG alone induced a modest increase
in Tax K48-linked polyubiquitination (Fig. 3B), probably since
most of the Tax protein was already degraded. However, when
degradation of Tax was blocked with MG-132 pretreatment, K48-
linked polyubiquitination of Tax was substantially increased (Fig.
3B). We also observed increased K63-linked polyubiquitination of
Tax using a K63-Ub linkage-specific antibody after MG-132 treat-
ment (Fig. 3C).

Tax was previously shown to be degraded by the proteasome in
the nuclear matrix (33). The nuclear matrix consists of the nuclear
framework found throughout the nucleoplasm and can be iso-
lated biochemically from the insoluble nuclear fraction. To deter-
mine where Tax proteasomal degradation occurred in response to
17-DMAG, biochemical fractionation was used to isolate cyto-
plasmic, soluble nuclear, and nuclear matrix fractions of C8166
cells for immunoblotting experiments. LDH served as a marker
for the cytoplasm, the transcription factor Sp1 was used as a
marker for the soluble nuclear fraction, and the intermediate fil-
ament protein lamin B2, which lines the nucleoplasmic side of the
inner nuclear membrane, was used as a marker for the nuclear
matrix. As shown in Fig. 3D, 17-DMAG treatment triggered a loss
of Tax protein in the cytoplasmic and nuclear fractions. However,
17-DMAG treatment combined with proteasome inhibition led to
the accumulation of Tax exclusively within the insoluble nuclear
matrix fraction (Fig. 3D). These data indicate that the nuclear
matrix constitutes the main cellular location of Tax proteasomal
degradation upon HSP90 inhibition.

To further examine Tax degradation by HSP90 inhibition,
confocal microscopy was conducted to visualize Tax along with
markers of the nuclear and plasma membranes. Since Tax pre-
dominantly accumulated in the insoluble fraction of cells treated
with 17-DMAG and MG-132 (Fig. 3A), C8166 cells were stained
with anti-Tax and either anti-lamin B2 (nuclear membrane
marker) or anti-CD25 (plasma membrane marker) upon HSP90
inhibition. In untreated C8166 cells, Tax was localized in both
cytoplasmic and nuclear compartments as expected (Fig. 3E). 17-
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FIG 3 HSP90 inhibition induces Tax proteasomal degradation in the nuclear matrix. (A) C8166 cells were treated with 17-DMAG (0.5 �M) and either DMSO,
MG-132 (20 �M), bafilomycin A1 (BafA1; 10 nM), or ammonium chloride (NH4Cl; 20 �M) as indicated. Cells were lysed and partitioned into soluble and
insoluble fractions and resolved by SDS-PAGE, and immunoblotting was performed with anti-Tax and antiactin. (B, C) C8166 cells were treated with 17-DMAG
(0.5 �M) and MG-132 (20 �M) as indicated, soluble and insoluble cell lysates were immunoprecipitated with anti-Tax, and immunoblotting was performed with
anti-K48 Ub (B), anti-K63 Ub (C), and anti-Tax. Lysates were also subjected to immunoblotting with anti-Tax and antiactin. (D) C8166 cells were treated with
17-DMAG (0.5 �M) and either DMSO or MG-132 (20 �M) as indicated, followed by fractionation into cytoplasmic, soluble nuclear, and nuclear matrix
fractions. Immunoblotting was conducted with anti-Tax, anti-LDH, anti-Sp1, and anti-lamin B2. (E) C8166 cells were treated with 17-DMAG (0.5 �M) and
MG-132 (20 �M) for 4 h as indicated and stained with DAPI, anti-Tax (red), anti-lamin B2 (left panel; green), and anti-CD25 (right panel; green). (F) C8166 cells
were treated with 17-DMAG (0.5 �M) and MG-132 (20 �M) for 4 h as indicated and stained with DAPI, anti-Tax (red), and anti-20S proteasome (green).
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DMAG treatment dramatically depleted the nuclear fraction of
Tax, leaving only a miniscule amount of cytoplasmic Tax (Fig.
3E). However, proteasome inhibition blocked Tax degradation by
17-DMAG and nuclear Tax was efficiently restored (Fig. 3E). Tax
did not colocalize with CD25 (Fig. 3E), thus excluding the plasma
membrane as a site for Tax degradation. Tax also did not appear to
colocalize with lamin B2; therefore, although Tax degradation oc-
curs within the nuclear matrix, it does not associate with lamin B2
(Fig. 3D).

A previous study has shown that Tax partially colocalizes with
nuclear proteasomes (51). Therefore, we next stained C8166 cells
with anti-Tax and anti-20S proteasome for confocal microscopy
studies. In untreated C8166 cells, Tax partially colocalized with
the 20S proteasome (Fig. 3F), consistent with a previous study
(51). Upon 17-DMAG treatment, most of the Tax protein was
depleted, and thus colocalization with the 20S proteasome was not
observed (Fig. 3F). However, 17-DMAG together with MG-132
treatment resulted in a robust colocalization of Tax and 20S pro-
teasome in the nucleus (Fig. 3F). It has been published that nu-
clear proteasomes are associated with the nuclear matrix, and
most abundantly in the perinucleolar area (52). Since Tax strongly
colocalized with the 20S proteasome in the nucleus after 17-

DMAG and MG-132 treatment, it is likely that HSP90 opposes
Tax K48-linked polyubiquitination and proteasomal degradation
in the nuclear matrix.

17-DMAG inhibits Tax activation of NF-�B and the HTLV-1
LTR. We next determined if Tax function was influenced in re-
sponse to HSP90 inhibition. Tax activation of the HTLV-1 LTR
was examined by dual-luciferase assays. Tax expression induced a
strong activation of the HTLV-1 LTR that was significantly
blocked by 17-DMAG (Fig. 4A). 17-DMAG treatment was associ-
ated with less Tax expression in the lysates, suggesting that dimin-
ished Tax expression by HSP90 inhibition impaired LTR activa-
tion (Fig. 4A). Since Tax activates the LTR mainly through the
CREB transcription factor, we next examined if 17-DMAG also
destabilized CREB. However, CREB stability was not influenced
by 17-DMAG in C8166 cells, although Tax was rapidly degraded
by the treatment (Fig. 4B).

Next, we investigated the effect of HSP90 inhibition on Tax-
mediated NF-�B activation. Tax activated an NF-�B luciferase
reporter in 293T cells that was diminished by 17-DMAG (Fig. 4C).
Again, 17-DMAG treatment was associated with lower Tax ex-
pression in the lysates (Fig. 4C), indicating that 17-DMAG does
not directly suppress Tax trans-activation of promoters but rather

FIG 4 17-DMAG inhibits Tax-induced HTLV-1 LTR and NF-�B activation. (A) 293T cells were transfected with Flag-Tax, pRL-tk, and HTLV-1-LTR luciferase
plasmids. After 24 h, the cells were treated with 17-DMAG (0.5 �M) for 16 h, and lysates were subjected to a dual-luciferase assay. Lysates were subjected to
immunoblotting with anti-Tax and antiactin. (B) C8166 cells were treated with 17-DMAG (0.5 �M) for the indicated times, and cell lysates were subjected to
immunoblotting with anti-CREB, anti-Tax, and antiactin. (C) 293T cells were transfected with Flag-Tax, pRL-tk, and NF-�B luciferase plasmids. After 24 h, the
cells were treated with 17-DMAG (0.5 �M) for 16 h and lysates were subjected to a dual-luciferase assay. Lysates were subjected to immunoblotting with anti-Tax
and antiactin. (D) C8166 cells and MT-2 cells were treated with the indicated concentrations of 17-DMAG for 24 h, and cell lysates were subjected to
immunoblotting with anti-I�B�, anti-Tax, and antiactin. Error bars represent the standard deviations of triplicate samples (*, P 
 0.05).
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reduces Tax expression. Since HSP90 inhibition also triggers IKK
degradation (43), it is likely that the combined effects of Tax and
IKK degradation suppressed Tax-mediated NF-�B activation. In
HTLV-1-transformed cell lines, IKK is persistently activated, re-
sulting in the constitutive phosphorylation and degradation of
I�B� (53). HTLV-1-transformed cell lines C8166 and MT-2 cells
were treated with different concentrations of 17-DMAG for 24 h,
and I�B� was detected by immunoblotting. As shown in Fig. 4D,
in the absence of 17-DMAG, I�B� was hardly detected, likely due
to its persistent degradation. However, upon 17-DMAG treat-
ment, Tax was degraded and I�B� levels were restored (Fig. 4D).
Thus, HSP90 inhibition strongly blocks NF-�B activation in
HTLV-1-transformed cell lines.

HSP90 inhibition suppresses HTLV-1 replication. We next
examined the effects of HSP90 inhibition on HTLV-1 replication.
MT-2 cells are commonly used as an efficient HTLV-1-producing

cell line; therefore, we initially examined the effect of 17-DMAG
on HTLV-1 replication in these cells. MT-2 cells were treated with
17-DMAG for different times, and immunoblotting was con-
ducted to detect Tax and HTLV-1 p19, a major core viral protein
encoded by the gag gene. 17-DMAG triggered a progressive de-
cline of both Tax and p19 with complete loss of both proteins by
48 h of treatment (Fig. 5A). Supernatants from these cells were
also subjected to an HTLV-1 p19 ELISA to quantitate the amount
of cell-free HTLV-1. In agreement with the p19 immunoblotting
results, there was significantly less cell-free HTLV-1 after 48 h of
treatment with 17-DMAG (Fig. 5B). The diminished p19 and
HTLV-1 levels in response to 17-DMAG treatment were likely due
to decreased Tax expression and a block in viral LTR activation
and transcription. To rule out direct effects of 17-DMAG on the
p19 protein, RT-PCR was performed to detect p19 mRNA. After
24 h of 17-DMAG treatment, p19 mRNA sharply declined

FIG 5 Inhibition of HSP90 blocks HTLV-1 replication. (A) MT-2 cells were treated with 17-DMAG (0.5 �M) for the indicated times, and cell lysates were
subjected to immunoblotting with anti-HTLV-1 p19, anti-Tax, and antiactin. (B) Supernatants from MT-2 cells shown in panel A were subjected to HTLV-1 p19
ELISA. (C) MT-2 cells were treated with 17-DMAG (0.5 �M) for the indicated times, and RNA was extracted for RT-PCR with p19 and GAPDH primers. (D)
MT-2 cells were infected with lentiviruses expressing control or HSP90 shRNAs. Immunoblotting was performed with anti-HTLV-1 p19, anti-HSP90, and
antiactin. (E) 293T cells were transfected with HTLV-1 proviral clones ACH.wt or ACH.M22, and after 24 h cells were treated with 17-DMAG (0.5 �M) for the
indicated times. Cell lysates were subjected to immunoblotting with anti-HTLV-1 p19, anti-Tax, and antiactin. (F) Supernatants of 293T cells from panel E were
subjected to HTLV-1 p19 ELISA. Error bars represent the standard deviations of triplicate samples (*, P 
 0.05).
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(Fig. 5C), indicating that the loss of p19 was due to transcriptional
deficits owing to Tax degradation.

To rule out off-target effects of 17-DMAG, we also suppressed
HSP90 expression in MT-2 cells using two distinct lentiviral
HSP90 shRNAs. Both HSP90 shRNAs effectively inhibited HSP90
expression as shown by immunoblotting (Fig. 5D). Knockdown of
HSP90 also resulted in decreased levels of p19 (Fig. 5D). These
results reinforce the notion that HSP90 plays a critical role in
supporting HTLV-1 replication.

The above-described experiments examined HTLV-1 replica-
tion in the context of a chronically infected HTLV-1-transformed
cell line. We next examined HTLV-1 replication directed by a
full-length HTLV-1 proviral clone. ACH.wt encodes wild-type
Tax, whereas ACH.M22 encodes the Tax M22 mutant impaired in
NF-�B activation (14). The HTLV-1 proviral clones were trans-
fected in 293T cells that were subsequently treated with 17-DMAG
for different times. Immunoblotting was conducted to examine
levels of Tax and p19. Expression of p19 and Tax was evident after
transfection of either ACH.wt or ACH.M22; however, 17-DMAG
elicited strong downregulation of both Tax and p19 (Fig. 5E).
Treatment with 17-DMAG for 48 h also resulted in a significant
decrease in HTLV-1 p19 detected in the supernatants of these cells
by ELISA (Fig. 5F). Taken together, these results suggest that in-
hibition of HSP90 by 17-DMAG or shRNA knockdown potently
suppresses HTLV-1 replication.

17-DMAG induces apoptosis of HTLV-1-transformed cells.
Tax and NF-�B are both essential for HTLV-1-induced oncogen-
esis and cell survival; therefore, we hypothesized that HSP90 inhi-
bition would induce apoptotic cell death of HTLV-1-transformed
cells. C8166 and MT-2 cells were treated with 17-DMAG for var-
ious times, and immunoblotting was conducted to detect cleaved
forms of PARP and caspase 3, indicative of apoptotic cell death.
Indeed, PARP and caspase 3 cleavage was detected after 48 h of
treatment with 17-DMAG in C8166 cells, whereas PARP and
caspase 3 cleavage occurred earlier in MT-2 cells (Fig. 6A). To
confirm that C8166 cells were dependent on Tax expression for
survival, we used a lentiviral shRNA to suppress Tax expression.
Indeed, knockdown of Tax induced apoptosis of C8166 cells as
revealed by cleaved PARP and caspase 3 (Fig. 6B). Trypan blue
staining also confirmed a significant decrease in the viability of
C8166 cells infected with lentiviruses expressing Tax but not con-
trol shRNA (data not shown). Therefore, it is likely that 17-
DMAG-induced degradation of Tax contributes to cell death of
HTLV-1-transformed cell lines.

We next examined the effect of 17-DMAG on the viability of
the HTLV-1-transformed cell lines C8166, MT-2, and MT-4 using
the CellTiter-Glo luminescent cell viability assay, which measures
metabolically active cells by quantifying ATP levels. 17-DMAG
promoted loss of cell viability for each of the tested cell lines be-
ginning at 24 h and increasing at 48 h (Fig. 6C). MT-2 cells ap-

peared to be more sensitive to 17-DMAG than MT-4 and C8166
cells (Fig. 6C).

We next examined the viability of C8166, MT-2, and MT-4
cells in response to different concentrations of 17-DMAG for 24
and 48 h. The HTLV-1-negative T-cell line Jurkat served as a neg-
ative control. As expected, Jurkat cells were largely insensitive to
cell death induced by 17-DMAG. Treatment of Jurkat cells with
17-DMAG for 24 h led to a modest decrease of cell viability at the
highest dose tested (10 �M), whereas all of the HTLV-1-trans-
formed cells exhibited cell death with concentrations as low as 0.1
�M (Fig. 6D). After 17-DMAG treatment for 48 h, Jurkat cells
exhibited greater sensitivity, and a modest loss of viability was
observed with a concentration of 2.5 �M (Fig. 6D). Nevertheless,
C8166, MT-2, and MT-4 cells exhibited a much greater sensitivity
to 17-DMAG with nearly complete loss of viability at concentra-
tions of 0.1 and 0.25 �M (Fig. 6D).

To determine if knockdown of HSP90 with shRNAs inhibited
the proliferation of HTLV-1-transformed cells, we used C8166
and MT-2 cells infected with lentiviruses expressing two HSP90
shRNAs. Metabolically active cells were quantified every 24 h for 4
consecutive days as a measure of proliferation. Cells expressing
control scrambled shRNA showed increased proliferation
throughout the time course (Fig. 6E). However, the proliferation
of C8166 and MT-2 cells with HSP90 knockdown was impaired
compared to cells expressing control shRNA (Fig. 6E).

DISCUSSION

In this study, we have demonstrated that HTLV-1 Tax is a novel
client protein of HSP90. Tax and HSP90 form a protein complex
that is sensitive to the HSP90 inhibitor 17-DMAG. HSP90 serves a
critical chaperone function for Tax and prevents its K48-linked
polyubiquitination and proteasomal degradation in the nuclear
matrix. Thus, inhibition of HSP90 with either shRNAs or 17-
DMAG promotes Tax degradation. 17-DMAG is therefore a po-
tent inhibitor of Tax and HTLV-1 replication and instigates apop-
totic cell death of HTLV-1-transformed cells (Fig. 6F).

Accumulating evidence indicates that Tax dynamically shuttles
between compartments in the cytoplasm and nucleus to carry out
specific functions (28, 54). Tax interacts with the IKK complex
within the cis-Golgi to persistently activate IKK and NF-�B signal-
ing (47, 55), while Tax localized within nuclear bodies is involved
in transcriptional regulation and may also regulate splicing
and the DNA damage response (48, 56, 57). Posttranslational
modifications of Tax including phosphorylation, ubiquitination,
SUMOylation, and acetylation have all been shown to regulate
Tax trafficking and/or function (58–60). A number of studies sup-
port the notion that Tax is a stable protein, but nevertheless, Tax
proteasomal degradation occurs mainly in the nucleus, specifi-
cally in the nuclear matrix (28, 33, 51). The E3 ligase PDLIM2
targets Tax for K48-linked polyubiquitination and proteasomal

FIG 6 17-DMAG promotes apoptotic cell death of HTLV-1-transformed cell lines. (A) C8166 and MT-2 cells were treated with 17-DMAG (0.5 �M) for the
indicated times, and the cell lysates were subjected to immunoblotting with anti-PARP, anti-caspase 3, and antiactin. (B) C8166 cells were infected with lentiviral
Tax or control shRNA, and lysates were subjected to immunoblotting with anti-Tax, anti-PARP, anti-caspase 3, and antiactin. (C) C8166, MT-2, and MT-4 cells
were treated with 17-DMAG (0.5 �M) or vehicle control for the indicated times. Cell viability was determined with CellTiter-Glo. (D) Jurkat, C8166, MT-2, and
MT-4 cells were treated with the indicated concentrations of 17-DMAG for 24 h (left) and 48 h (right). Cell viability was determined with CellTiter-Glo. (E)
C8166 and MT-2 cells infected with lentiviral HSP90 shRNAs were quantified for ATP levels at the indicated times using CellTiter-Glo. (F) Schematic model of
HSP90 regulation of Tax. HSP90 inhibition by 17-DMAG or shRNA induces Tax proteasomal degradation, leading to suppressed LTR and NF-�B activation,
HTLV-1 replication, and cell viability. Error bars represent the standard deviations of triplicate samples (*, P 
 0.05).
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degradation in the nuclear matrix (33). Our data are in agreement
with these studies since 17-DMAG triggers Tax association with
the 20S proteasome and degradation in the nuclear matrix. HSP90
may shuttle together with Tax and protect Tax from PDLIM2-
mediated K48-linked polyubiquitination and degradation in the
nucleus. It has been shown that arsenic trioxide and alpha inter-
feron (IFN-�) synergize to promote Tax degradation, and this
treatment regimen appears to be highly effective in a murine
model of ATL (61, 62). It will be interesting to determine if arse-
nic/IFN-� influences Tax interaction with HSP90.

HSP90 is a highly conserved and ubiquitously expressed pro-
tein that plays an important role in the folding, conformational
maturation, and trafficking of hundreds of client proteins (20).
HSP90 is mainly a cytoplasmic protein; however, we have found
that HSP90 is localized in both the cytoplasm and the nucleus of
HTLV-1-transformed cells. This is likely due to HSP90 interaction
with Tax, which shuttles between these compartments. Other viral
proteins such as the herpes simplex virus 1 (HSV-1) polymerase
and Kaposi’s sarcoma herpesvirus (KSHV) LANA have also been
shown to be localized in the nucleus together with HSP90 (39, 40).
Indeed, there are an abundance of viral proteins that utilize HSP90
for proper folding, stabilization, and/or trafficking; thus, HSP90
inhibitors represent a potent new class of antiviral drugs with ac-
tivity against a broad range of viruses, including influenza, hepa-
titis, and herpesviruses (63–65). Our results using chronically in-
fected HTLV-1-producing cell lines and proviral clones indicate
that HTLV-1 replication is also blocked by HSP90 inhibition.

In addition to inhibiting HTLV-1 replication, 17-DMAG also
potently suppresses NF-�B activation and induces the apoptotic
cell death of HTLV-1-transformed cell lines. These effects of 17-
DMAG are likely due not solely to Tax degradation but also to the
degradation of other HSP90 clients, including IKK and AKT and
possibly others. Indeed, other studies have found that IKK is sta-
bilized by HSP90 and that degradation of IKK by HSP90 inhibi-
tors leads to loss of viability of ATL cells (45, 66). Nevertheless, we
demonstrated that C8166 cells were critically dependent on Tax
expression for survival, suggesting that 17-DMAG-induced Tax
degradation clearly contributes to cell death in these cells. We
found that HTLV-1-transformed cells were much more sensitive
to 17-DMAG-induced cell death than were control Jurkat cells.
However, expression of Tax in Jurkat cells did not sensitize the
cells to 17-DMAG (data not shown). Heat shock proteins are fre-
quently overexpressed in solid tumors and hematological malig-
nancies, and these neoplasms exhibit increased dependence on
heat shock proteins compared to normal untransformed cells due
to stabilization of oncoproteins. This selective basis for targeting
cancer cells has led to considerable interest in 17-DMAG and
other HSP90 inhibitors as anticancer agents, and several clinical
trials with HSP90 inhibitors are ongoing (67). Based on our results
as well as previous studies, HSP90 inhibitors should be considered
for clinical use for ATL and HAM/TSP patients. While our man-
uscript was under review, Ikebe et al. demonstrated an efficacious
role of 17-DMAG in targeting Tax and improving survival in an
ATL mouse model (68). Although Tax is often downregulated by
genetic or epigenetic mechanisms in ATL leukemic cells (69),
HSP90 inhibitors also target IKK, which plays a critical role in the
survival of these malignant cells. HAM/TSP patients have high
proviral loads and elevated Tax expression; thus, HSP90 inhibi-
tion would be expected to target Tax and reduce HTLV-1 replica-
tion and proviral loads.

In conclusion, a mass spectrometry screen has identified
HSP90 as a novel Tax-interacting protein that protects Tax from
proteasomal degradation in the nuclear matrix. Inhibition of
HSP90 with shRNA or 17-DMAG destabilizes Tax and suppresses
Tax-induced NF-�B and viral LTR activation, leading to reduced
HTLV-1 replication and increased apoptotic cell death. This study
provides new insight into the regulation of Tax stability by host
factors and also suggests that HSP90 inhibitors may exert thera-
peutic benefits for ATL and HAM/TSP patients.
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