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Key Points

• Profiling of the Wnt/b-
catenin pathway reveals
overexpression of Wnt5a,
LEF-1 and TCF-1 in ATL
patient cells.

• ATL cells overexpress
Wnt5a, which enhances
osteoclastogenesis and
may contribute to the
osteolytic bone lesions and
hypercalcemia.

Adult T-cell leukemia/lymphoma (ATL) is etiologically linked to infection with the

human T-cell leukemia/lymphoma virus type 1 (HTLV-I). ATL is classified into 4

distinct clinical diseases: acute, lymphoma, chronic, and smoldering. Acute ATL is

the most aggressive form, representing 60% of cases and has a 4-year survival of

<5%. A frequent complication and cause of death in acute ATL patients is the

presence of lytic bone lesions and hypercalcemia. We analyzed the Wnt/b-catenin

pathway because of its common role in cancer and bone remodeling. Our study

demonstrated that ATL cells do not express high levels of b-catenin but displayed

high levels of LEF-1/TCF genes along with elevated levels of b-catenin (LEF-1/TCF

target genes) responsive genes. By profiling Wnt gene expression, we discovered

that ATL patient leukemia cells shifted expression toward the noncanonical Wnt

pathway. Interestingly, ATL cells overexpressed the osteolytic-associated genes—Wnt5a,

PTHLH, and RANKL. We further show that Wnt5a secreted by ATL cells favors osteoclast

differentiation and expression of RANK. Our results suggest that Wnt5a is a major

contributing factor to the increase in osteolytic bone lesions and hypercalcemia found in

ATL patients. Anti-Wnt5a therapy may prevent or reduce osteolytic lesions found in ATL patients and improve therapy outcome.

(Blood. 2013;121(25):5045-5054)

Introduction

Wnt signaling has a role in embryonic development, adult homeostasis,
and disease and acts through the canonical and noncanonical b-catenin
pathways. Wnt signaling is required for the self-renewal of normal and
neoplastic stem cells in the hematopoietic system, and activation of
b-catenin may contribute to acquisition of the self-renewal capacity of
leukemia stem cells.1,2 The noncanonical Wnt pathway results in
changes in cell polarity, motility, migration, and axon guidance.
The noncanonical Wnt pathway also antagonizes the canonical Wnt
pathway, which is b-catenin–dependent and plays an important role
in cellular proliferation, fate, and differentiation. Activation of the
b-catenin pathway has been demonstrated in several cancer types
and is involved in the pathogenesis of leukemia/lymphomas, such as
acute myelogenous leukemia (AML), chronic lymphocytic leuke-
mia, mantle cell lymphoma, and a subset of T-cell non-Hodgkin
lymphomas.3-5 In addition, primary patient samples from acute
lymphoblastic leukemia (ALL), AML, and multiple myeloma
(MM) have abnormal methylation of Wnt antagonists.6-8 In the
absence ofWnt signaling,b-catenin is phosphorylated and degraded
by a complex consisting of glycogen synthase kinase 3 (GSK3-b),
adenomatous polyposis coli, casein kinase 1, and axin.9 Wnt
signaling can relieve b-catenin degradation through activation of
Dishevelled, which blocks phosphorylation by GSK3-b.

Wnt signaling is also recognized as a key developmental pathway
involved in osteoblast differentiation. Deregulation of, or mutations
in, low-density lipoprotein receptor–related protein-5 (LRP5), LRP6,
Frizzled-9, Wnt10b, and Wnt5a have been shown to disrupt bone
regulation.10 Activation of the noncanonical Wnt pathway by Wnt5a
also leads to enhanced osteoclastogenesis by increasing the expression
of RANK, which is impaired in mouse knock-outs of Wnt5a or its
receptor, Ror2.11

We have previously shown that overexpression of the human
T-cell leukemia/lymphoma virus type 1 (HTLV-1) posttranscrip-
tional regulator p30 leads to an increase in phosphorylated GSK3-b
on Ser9.12 Phosphorylation of Ser9 on GSK3-b by AKT results in
GSK3-b inhibition and subsequent b-catenin activation.13 How-
ever, the effects of p30 and Tax, another viral gene involved in
initiating tumorigenesis, have not been studied in Wnt/b-catenin
signaling. Furthermore, no study has been performed to examine the
role of Wnt ligands or the downstream pathways they alter in
HTLV-I–infected cells or adult T-cell leukemia/lymphoma (ATL)
patient samples. One of the most serious and frequent complications
arising in ATL patients is hypercalcemia as a result of increased
osteolytic bone lesions. Bone resorption releases growth factors that
drive proliferation of tumorigenic cells. Studies have shown that
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overexpression of bone resorption factors, RANKL, PTHrP,
interleukin (IL)-1, and MIP-1a, frequently occur in acute ATL
patient samples and are linked to a worsening of symptoms in
ATL.14,15

Given the link between Wnt signaling and osteoclastogenesis,
we examined the Wnt/b-catenin pathway in HTLV-I–infected cells
and ATL patients. Here, we report that in vitro established HTLV-I
cell lines activate the Wnt canonical pathway through Tax and p30-
mediated increases in b-catenin transcriptional activity. In contrast,
primary ATL patient samples do not express detectable b-catenin
and instead overexpress LEF-1/TCF factors.

We also found that leukemic cells from ATL patients express
high levels of the pro-osteoclastic genes, Wnt5a, RANKL, and
PTHLH. Importantly, Wnt5a secreted by ATL cells was able to
induce osteoclast differentiation in vitro, which could be prevented
by the addition of Wnt5a antibodies to the culture media. Overall,
our data support a model in which osteolytic lesions in ATL
patients are byproducts of an altered Wnt/b-catenin pathway and
overexpression of Wnt5a.

Methods

Cells culture and patient samples

293T and the pre-osteoblastic mouse cell line, C2C12, were obtained from
the ATCC (Manassas, VA) and cultured in DMEM with 10% fetal bovine
serum. HTLV-I cell lines and the human T-cell lymphoblast cell line,
Jurkat, were maintained in RPMI supplemented with 10% fetal bovine
serum. The ATL-like cell lines, MT1, TL-Om1, and ED-40515(2), were
kindly provided by Dr Michiyuki Maeda (Kyoto University). IL-2 (50 U/mL)
was added to the HTLV-I immortalized cell lines, 1185 and LAF. Cells
were treated with 2.5 mM MG132 (Sigma-Aldrich, St. Louis, MO) and
10 mM LiCl (Invitrogen, Carlsbad, CA) (see figure legends). Patient
samples were obtained after informed consent was provided and in
agreement with regulations for the protection of human subjects according
to the National Institutes of Health (NIH) guidelines.

RNA extraction, PCR, and real-time quantitative PCR

RNAwas extracted using TRIzol (Invitrogen) and treatedwithDNaseI (Roche
Applied Science, Indianapolis, IN). Total RNA was reverse-transcribed using
the RNA-to-cDNA synthesis kit (Applied Biosystems, Carlsbad, CA). cDNA
was used in polymerase chain reaction (PCR) tests, with GAPDH ampli-
fication in nonsaturating conditions used as a control. PCR products were
visualized by electrophoresis using 1.8% agarose gels stained with ethidium
bromide. Quantitative real-time PCR was performed using RT2 Real-time
SYBR Green PCR master mix (SABiosciences, Valencia, CA) on the
StepOnePlus Real-time PCR System (Applied Biosystems), with GAPDH
expression serving as an internal control. Fold change is calculated as the
ratio of normalized expression of the target gene divided by the normalized
expression of the control sample. Primers are provided as supplemental
data (supplemental Table 1).

Luciferase assays

293T cells were transfected using Polyfect Transfection reagent (Qiagen,
Valencia, CA). PMH-p30, pc-Tax, and TOPflash luciferase (which contains
3 copies of the b-catenin–responsive, TCF binding site) were used in
transfections. Cell extracts were lysed in 13 passive lysis buffer (Promega,
Madison, WI) and analyzed using the Luciferase Reporter Assay System
(Promega), according to the manufacturer’s instructions. Luciferase assays
were performed at least twice from independent experiments, and results
were normalized to Renilla luciferase or protein concentration, as described
in the figure legends.

Western blot analysis

Total protein extracts were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and probed with the following anti-
bodies: HA/3F10 (Roche Applied Science), b-catenin (BD Transduction
Laboratories, San Jose, CA), pGSK3-b Ser 9 (Cell Signaling, Danvers,
MA), GSK3-b(H-76) (Santa-Cruz, Santa Cruz, CA), and actin (C11)
(Santa-Cruz). Anti-mouse–Tax antibody (NIH AIDS Reagent Program)
was kindly provided by Dr John Brady (NCI).

Cell cycle and flow cytometry

1185 cells were grownwith 20% serum and 50U/mL IL-2 or removed of serum,
IL-2, and treated with 0.1mM hydroxyurea (Sigma-Aldrich) for 48 hours. RNA
was extracted for real-time PCR or lysates were stained with propidium iodine
(Invitrogen) for cell-cycle analysis using the LSRII flow cytometer.

Coculture system and alkaline phosphatase assay

C2C12 cells were seeded onto 0.4-mM Transwell plates one day before
induction. MT1-pTRIPZ orMT1-DKK-1 Tet-inducible cell lines were added
to the Transwells inserts. When indicated, Wnt5a antibody (R&D Systems,
Minneapolis, MN) or Rabbit IgG control antibody (Santa-Cruz), 50 ng/mL
rWnt3a (R&D Systems), 30 ng/mL recombinant RANKL (rRANKL)
(PeproTech, Rocky Hill, NJ), or 100 ng/mL rBMP-2 (R&D Biosystems)
was added to the Transwells. After 48 hours, RNA was extracted from the
C2C12 cells and used for real-time quantitative PCR analysis. For alkaline
phosphatase (ALP) activity, C2C12 cells were cultured for 5 days, as stated
before. Cells were lysed in assay buffer, and enzyme activity was determined
after incubation at 30 C using the Alkaline Phosphatase Activity
Colorimetric Assay Kit (BioVision, Milpitas, CA). Measurements were
taken at 405 nm using an Anthos 2010 microplate reader (Biochrom,
Holliston, MA). Enzyme activity was normalized to total protein
concentration (Bio-Rad, Hercules, CA). The MT1-DKK-1 cell line was
established by cloning DKK-1 into the pTRIPZ inducible, lentiviral vector
(Thermo Scientific, Waltham, MA). High titer virus was produced in
293T cells by cotransfection with the VSV-G and pDLN packaging system
and used to infect MT1 cells. Stable cell lines were obtained by puromycin
selection. DKK-1 expression was induced with 2 mg/mL doxycycline.

Results

The Wnt/b-catenin pathway is constitutively activated in

HTLV-I–transformed cells

We first performed Western blot analysis on total cellular extracts
derived from HTLV-I cell lines and examined the level of b-catenin.
As a reference, we compared expression to the non–HTLV-I-infected
t-cell line, Jurkat, because it expresses high levels of b-catenin and
has an activeWnt-canonical pathway. Peripheral blood mononuclear
cells (PBMCs) were used as a negative control. Results showed
significant levels of b-catenin protein expression in the HTLV-I cell
lines, MT2, MT4, 1185, and LAF, and lower levels of b-catenin in 2
of the 3 ATL cell lines (Tl-Om1 ED-40515(–)) (Figure 1A and
supplemental Figure 1). We then determined whether the HTLV-I
cells were responsive to Wnt signaling by examining the expression
of nuclear and cytoplasmic b-catenin. b-catenin localization was
highly variable among theHTLV-I cell lines, with themajority of cell
lines containing both nuclear and cytoplasmic b-catenin (data not
shown).

b-catenin interacts with transcriptional coactivators, such as
LEF-1, TCF-1, and TCF-4, to activate TCF/LEF-1-target genes. In
general, expression of these coactivators in HTLV-I–infected cells
were readily detectable (as determined by low Ct values). However,
LEF-1/TCF genes were expressed at significantly lower levels
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when compared with Jurkat T cells or primary PBMCs (Figure 1B).
Because of the expression of b-catenin in HTLV-I cell lines, we then
examined downstream targets that are representative of an active
Wnt/b-catenin pathway. Consistent with the elevated levels of
b-catenin, we found high expression of the target genes, c-myc,
survivin, vascular endothelial growth factor (VEGF), c-jun, COX-
2, and cyclin D1 in HTLV-I–transformed cells (Figure 1C). Jurkat
was chosen as a reference because these genes are all expressed
at high levels in this cell line, and Jurkat cells have an active
canonical Wnt pathway. The fact that b-catenin/TCF target genes
are differentially expressed among different cell lines suggests that
additional cellular pathways or viral proteins may regulate the
expression of these genes.

We next sought to investigate whether defects in canonical or
noncanonical Wnt signaling might explain the constitutive activation
of the b-catenin pathway in HTLV-I–transformed cells. Canonical
Wnt signaling is typically associated with an active b-catenin signal.
Gene expression for canonical Wnts (Wnt1, Wnt2, Wnt3, Wnt3a,
Wnt8a, Wnt8b, Wnt9a, Wnt10a, and Wnt10b) was monitored by
PCR analysis on cDNA from HTLV-I cells (MT2, MT4, 1185,
and LAF) and ATL cell lines (MT1, ED-40515(–), and TL-Om1)
and was compared with the HTLV-I–negative controls Jurkat and

PBMCs. We also monitored the expression of noncanonical Wnts
(Wnt4, Wnt5a, Wnt5b, Wnt7a, Wnt7b, Wnt11, andWnt16b), which
are typically independent of b-catenin and regulate diverse
pathways such as planar cell polarity or calcium signaling, as well
as various Wnt coreceptors (LRP5, LRP6, Ror1, Ror2, and RYK).
Our results showed increased expression of Wnt1 and/or Wnt2
in some HTLV-I cell lines (Figure 1D). Wnt3 and Wnt10a were
expressed in all HTLV-I cell lines, including controls, whereas
Wnt3a, Wnt8a, Wnt8b, and Wnt9a were not detected in any of the
HTLV-I cell lines, ATL cell lines (supplemental Figure 1) or the
controls PBMCs and Jurkat. The only canonical Wnt gene that was
expressed in HTLV cells compared with PBMCs was Wnt10b.
Previous studies showed that Wnt10b promotes osteoblastogenesis
and acts as a regulator of bone formation.16 Analyses of the
noncanonical Wnts revealed no change in Wnt4 and absence of
Wnt7a, Wnt7b, Wnt11, and Wnt16b expression (Figure 1E and
supplemental Figure 1). However, Wnt5a was strongly expressed in
all HTLV-I cell lines (Figure 1E) and ATL lines (supplemental
Figure 1). Wnt5a is a key noncanonical Wnt ligand and has roles in
b-catenin–independent pathways, including proliferation, differenti-
ation, migration, adhesion, and polarity.17 The analyses of Wnt
coreceptors demonstrated similar expression patterns to PBMCs,

Figure 1. HTLV-I cell lines express varying levels of b-catenin but remain responsive to Wnt stimulation. (A) Western blot analysis of b-catenin expression from total

cellular extracts of PBMCs, Jurkat, and HTLV-I cell lines. Extracts were normalized to actin expression. (B) Real-time PCR was performed on b-catenin cotranscription

factors, TCF-1, TCF-4, and LEF-1 from cDNA derived from HTLV-I cell lines. Real-time PCR was performed in duplicate and samples were normalized to GAPDH expression.

Fold change was calculated by comparing values with resting PBMCs (R.PBMCs). (C) Real-time PCR expression of Wnt/b-catenin downstream target genes, c-myc, survivin,

VEGF, c-jun, COX-2, and cyclin D1 from total cDNA from HTLV-I cell lines. Real-time PCR was performed in duplicate. Fold change was calculated by comparing values with

Jurkat normalized gene expression. (D-F) PCR amplification of typical canonical Wnts (D), noncanonical Wnts (E), and their coreceptors (F) from cDNA derived from HTLV-

I–transformed (MT2 and MT4) and immortalized (1185 and LAF) cell lines. Resting PBMCs (R.PBMCs) and the non–HTLV-I T-cell line, Jurkat, were used as controls. GAPDH

amplification in nonsaturating conditions served as a control for the quality and quantity of the samples.

BLOOD, 20 JUNE 2013 x VOLUME 121, NUMBER 25 ACTIVATION OF THE NONCANONICAL Wnt PATHWAY IN ATL 5047

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/121/25/5045/1367304/5045.pdf by guest on 18 M

ay 2024



with the exception of LRP5 and tyrosine kinase–like orphan
receptor 2 (Ror2). The data suggested that Ror2 is highly expressed
in HTLV-I cell lines (Figure 1F).

Viral proteins Tax and p30 increase b-catenin transcriptional

activity in HTLV-I–infected cells

Previous studies showed that the assembly of a signalosome-
basedWnt/b-catenin complex inhibits GSK3-b activation, a negative
regulator of b-catenin. This process involves Wnt5a, Frizzled-7,
Ror2, and Dishevelled, triggering phosphorylation of low-density
LRP, which then acts as a competitive inhibitor of GSK-3b.
Accordingly, the elevated levels of Wnt5a and Ror2 found in
HTLV-I–transformed cells would predict decreased phosphoryla-
tion of GSK3-b at Ser9. Our results, however, clearly indicated that
GSK3-b is inactivated by increased Ser9 phosphorylation in HTLV-
I–transformed cells (Figure 2A) and some ATL lines (supplemental
Figure 1). This also suggests that although the combination of high
Wnt5a and Ror2 expression may induceWnt5a-mediated inhibition
of canonical signaling, it may not be the case in HTLV-I cell lines.
In fact, recent studies with Ror1 and Ror2 double knockouts
demonstrate that these receptors are not required for Wnt5a-
mediated effects on canonical Wnt signaling.18 Instead Wnt5a may
be competing with otherWnts in binding to LRP5/6 or other Frizzled
receptors, and may have effects other than targeting GSK3-b.

Several pathways are known to target GSK3-b for degradation,
including growth factors that stimulate the mitogen-activated protein

kinase, phosphoinositide-3-kinase (PI3K)/AKT, or Wnt pathways.
Given the fact that the PI3K/AKT pathway is active in HTLV cells,
we hypothesized that PI3K/AKT may be inhibiting GSK3-b.19 We
found that inhibition of PI3K kinase activity with LY294002 led to
a loss of p-GSK3b, resulting in decreased b-catenin expression in
all cell lines (with the exception of MT2, for which LY294002 did
not inhibit GSK3-b) (data not shown). Together these data suggest
that in HTLV-I cell lines, b-catenin expression is in part regulated
through the inhibition of GSK3-b activity. Previous studies have
demonstrated that MT2, MT4, 1185, LAF, and MT1– express
detectable levels of Tax, whereas ED-404515(–) and Tl-Om1
have no detectable Tax expression (and low levels of b-catenin;
supplemental Figure 1), suggesting that Tax may play a role in
inactivation of GSK3-b. In addition, we have previously published that
another viral factor, p30, increases phosphorylation and inactivates
GSK3-b in human monocytes.12 Therefore, we hypothesized that both
Tax and p30 might be responsible for the constitutive activation of the
b-catenin pathway in HTLV-I–transformed cells. Transient trans-
fection of Tax or p30 independently was sufficient to increase the levels
of inactive p-GSK3-b at Ser9 (Figure 2B). Consistent with these results
and the data presented in Figure 1C, HTLV-I cell lines express Tax and
p30 (Figure 2C).

To confirm increased b-catenin transcriptional activity by Tax
and p30, we transfected 293T cells with a TCF-reporter plasmid
and measured the level of b-catenin activity. Tax expression led to
a dose-dependent increase in b-catenin transcriptional activity
(Figure 2D). Similar to Tax, we found p30 could also induce

Figure 2. Tax and p30 increase b-catenin transcriptional activity through AKT and/or p38 pathways. (A) Western blot analysis of phosphorylated GSK3-b (Ser9)

expression from total cellular extracts of R.PBMCs, Jurkat, and HTLV-I cell lines. Extracts were normalized to actin expression. (B) Western blot analysis of total cellular

extract for phosphorylated GSK3-b (Ser9) from 293T cells transfected with pc-Tax (0.5 mg) or PMH-p30 (2.0 mg). Extracts were analyzed 48 hours after transfection and

normalized to actin expression. Western blots were stripped and reprobed for GSK3-b expression. Tax and HA-p30 expression were demonstrated in the transfected lysates.

(C) PCR analysis of Tax and p30 expression in HTLV-I cell lines. Jurkat cDNA was used as a negative control. (D) pc-Tax (0.1, 0.2, and 0.5 mg) and PMH-p30 (0.5, 1.0, and

2.0 mg) were transfected into 293T cells along with the TOPflash luciferase reporter plasmid. Cellular extracts were used in luciferase assays to measure the level of b-catenin

activity. All experiments were performed in duplicate, and values represent the average reading normalized to Renilla luciferase or protein concentration. Error bars represent

the population standard deviation for each sample. (E) 293T cells were transfected with or without 1.0 mg PMH-p30, along with 0.1 mg of wild-type or mutant Tax and the

TOPflash reporter plasmid, and analyzed as in (D). (F) 293T cells were transfected as in (B) and analyzed for b-catenin expression by real-time PCR. Real-time PCR was

performed in duplicate, and samples were normalized to GAPDH expression. Fold change was calculated by comparing values with PMH-transfected cell–normalized gene

expression. (G) 293T cells were transfected as in (D). Total extracts were analyzed 48 hours after transfection and normalized to actin expression. Tax and HA-p30

expression were demonstrated in the transfected lysates. (H-I) 293T cells were transfected in duplicate with 0.1 mg pc-Tax (H) or 1.0 mg PMH-p30 (I), along with 1.0 mg of

dominant-negative AKT (DN AKT) or dominant-negative p38 (DN p38), and the TOPflash reporter plasmid. Values represent the average reading normalized to protein

concentration. Error bars represent the population standard deviation for each sample.
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b-catenin transcriptional activity, albeit at a lower level (Figure 2D).
In addition, we found that the combination of Tax and p30 viral genes
could stimulate expression of b-catenin target genes (data not shown).

To gain insights into the mechanism(s) used by Tax, we used
Tax and Tax mutants, which are impaired in the activation of either
the NF-kB (M22 and G148V) or cAMP-responsive element
binding protein/activating transcription factor (CREB/ATF) (M47
and K88) pathways. Tax mutants M22 and G148V enhanced
b-catenin transcriptional activity in the presence or the absence of
added p30 (Figure 2E). However, M47 and K88 were not able to
significantly activate b-catenin transcriptional activity above basal
levels (Figure 2E). These results demonstrate that Tax-mediated
activation of b-catenin occurs in a CREB/ATF-dependent manner,
and independently of NF-kB activation. Interestingly, coexpression
of p30 enhanced Tax-induced b-catenin transcriptional activity
(Figure 2E). Our data also suggest that p30 increases Tax’s effect on
b-catenin transcriptional activity, only when a Tax mutant retaining
CREB activity is used. These results further imply that signaling
pathways used by p30 and Tax are distinct. Although neither Tax
nor p30 alteredb-catenin gene expression (Figure 2F), we found that
Tax and p30 expression led to an increase in the total amount of
b-catenin protein (Figure 2G).

Because phosphorylation on serine 9 of GSK3-b is mediated by
the MAP kinase-activated protein kinase-1 or AKT pathways to
suppress GSK3-b–mediated degradation of b-catenin, we transfected
293T cells with Tax and a dominant-negative form of AKT or p38.
Dominant-negative AKT inhibited Tax-mediated transactivation of
the TOPflash reporter plasmid, whereas a dominant-negative form of
p38 did not (Figure 2H). This suggests that Tax-mediated activation
of b-catenin transcriptional activity occurs in an AKT-dependent,
p38-independent manner. In contrast, both AKT and p38 are involved
in p30-mediated activation ofb-catenin activity, because activation of
b-catenin transcriptional activity by p30 was inhibited by both AKT
and p38 dominant-negative plasmids (Figure 2I).

Absence of active b-catenin is compensated by elevated levels

of LEF-1/TCF transcriptional coactivators in ATL

patient samples

Surprisingly, we found no detectable full-length b-catenin protein in
freshly isolated ATL patient samples (Figure 3A). However, high
levels of cleaved b-catenin were detected. This observation was not
the result of nonspecific protein degradation in our protein samples,
as shown by detection of STAT3, a protein with similar size to full-
length b-catenin. In contrast to HTLV-I cell lines transformed in
vitro, only a few ATL patients displayed inactivated phosphorylated
GSK3-b (Figure 3A). Because the low levels of full-length b-catenin
observed in ATL patients correlated with increased active GSK3-b,
and not with b-catenin RNA expression levels (Figure 3B), we
hypothesized that GSK3-b may target b-catenin to the proteasome.
Treatment with MG132, to inhibit proteasome-mediated processing,
led to a significant increase in the levels of full-length and mono-
ubiquitinatedb-catenin in ATL cell lines, ED-40515(–) and TL-Om1
(Figure 3C). These results suggest that the absence of full-length
b-catenin in ATL cells was related to intracellular processing through
the proteasome. We further hypothesized that if b-catenin is targeted
for degradation by nonphosphorylated, active GSK3-b, treatment of
cells with lithium chloride (LiCl), an inhibitor of GSK3-b, should
restore b-catenin expression. In fact when ATL cells ED-40515(–) or
Tl-Om1 were treated with LiCl, the levels of full-length b-catenin
significantly increased (Figure 3D). Despite the low levels of full-
length b-catenin expression in ATL cells, the b-catenin target genes,

c-myc, survivin, VEGF, c-jun, COX-2, and cyclin D1, were highly
expressed in ATL cells with little Tax or p30 expression (Figure 3E).
We also found that in general, LEF-1/TCF-1 were overexpressed and
higher than TCF-4 gene expression, except in the cases of 2 different
patients (ATL5 andATL7) (Figure 3F). In 2 additional ATL patients,
the pattern was the opposite, and TCF-4 was expressed at higher
levels than LEF-1/TCF-1 (ATL6 and ATL15).

We then analyzed the underlying mechanism by which LEF-1
and TCF expression was increased in ATL patient samples
compared with HTLV-I cell lines. In vitro, HTLV-I cell lines
are highly proliferative, whereas ATL patient samples exhibit
moderate growth and do not exhibit excessive proliferation ex
vivo. To test whether LEF-1 and TCF expression was dependent
on the level of proliferation, we removed IL-2 and serum from the
HTLV-I immortalized cell line, 1185, which is dependent on
exogenous IL-2 for growth.20 The cells were treated with hy-
droxyurea to arrest cells in G0/G1 (Figure 3G) to determine the
effect on LEF-1, TCF-1, and TCF-4 expression. After cell-cycle
arrest, we found a significant increase in LEF-1 (5-fold), TCF-4
(5-fold), and TCF-1 (50-fold) expression, as seen by real-time
PCR analysis (Figure 3H). This suggests that in slow or non-
proliferating cells, such as ATL patient samples, LEF-1/TCF
gene expression is enhanced and may compensate for the lack of
a constitutively active Wnt/b-catenin pathway.

Profiling of the Wnt pathway in ATL patient samples

demonstrates activation of noncanonical Wnts and high levels

of Wnt5a

We next analyzed ATL patient samples for expression of the
Wnt pathway. Gene expression for canonical Wnts (Wnt1, Wnt2,
Wnt3, Wnt3a, Wnt8a, Wnt8b, Wnt9a, Wnt10a, and Wnt10b) was
monitored by PCR analysis on cDNA from freshly isolated ATL
PBMC samples and compared with HTLV-I–negative PBMCs as
a control. We also monitored the expression of noncanonical Wnts
(Wnt4, Wnt5a, Wnt5b, Wnt7a, Wnt7b, Wnt11, and Wnt16b) and
Wnt coreceptors (LRP5, LRP6, Ror1, Ror2, and RYK). Overall,
some differences were observed between ATL samples and HTLV-
I–transformed cell lines in vitro. Wnt10b and Ror2 were highly
expressed in cell lines but were absent inATL samples (Figure 4A,C).
A common feature to both HTLV-I cell lines and ATL samples was
the high levels of Wnt5a expression (Figure 4B). To further confirm
this data and get more accurate results, we performed real-time PCR
for Wnt5a. Our data showed overexpression of Wnt5a in approxi-
mately 75% of acute ATL samples (Figure 4D). In addition to
Wnt5a’s role in Wnt signaling, it has also been shown to enhance
osteoclastogenesis.11 This is significant because hypercalcemia and
osteolytic bone lesions are frequently reported in patients with acute
ATL.21 This suggests that Wnt5a may play a role in bone resorption
and the subsequent hypercalcemia in acute ATL patients. Thus, we
compared the levels of PTHLH (PTHrP, parathyroid hormone–like
hormone) and RANKL (TNFSF11, tumor necrosis factor [ligand]
superfamily, member 11), which have previously been reported to
be elevated in ATL patients and are involved in hypercalcemia.15,22

We found that these genes were also overexpressed in about 85% of
ATL patients (Figure 4E-F). These results suggest that ATL cells
display constitutive activation of the noncanonicalWnt pathway and
that elevated Wnt5a may be implicated in bone resorption.

Wnt5a secreted by ATL cells induces osteoclast differentiation

In addition to ATL patient samples, we also found that Wnt5a was
overexpressed in ATL cell lines (Figure 5A and data not shown).
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The levels were significantly elevated compared with PBMCs and
Jurkat cells, which are reported to have low levels of Wnt5a because
of promoter methylation. To test the role of the canonical and
noncanonical Wnt pathways in osteoclastogenesis in ATL patients,
we used the myoblast cell line, C2C12, which can differentiate into
osteoblast or osteoclasts. Because C2C12 cells are very sensitive to
culture conditions and spontaneously differentiate if left to reach
confluency, we first demonstrated the C2C12 pre-osteoblastic state
with the potential to differentiate into osteoclasts in our experimental
conditions. We seeded cells from the Wnt5a-expressing ATL cell
line, MT1, into a Transwell insert placed over C2C12 cells. As has
been previously reported, an increase in the activity of the
osteoblastic marker, ALP, was detected in C2C12 cells 5 days after
stimulation with recombinant bone morphogenic protein (rBMP-2)
(Figure 5B).23 To demonstrate the specificity of these data, we
established a DKK-1, Tet-inducible MT1 cell line, in which DKK-1

expression could be induced by doxycycline. In agreement with
previously published studies, we found that DKK-1 secreted byMT1
cells was able to inhibit osteoblastic differentiation of C2C12 after
rBMP-2 incubation, as shown by reduced levels of ALP activity
(Figure 5B). Real-time PCR confirmed that DKK-1 was induced in
the MT1 cells (Figure 5C).

Because ATL patients have decreased expression of the majority
of canonicalWnts, we tested whetherWnt3a, the key inducer ofWnt/
canonical signaling, could disrupt the OPG/RANKL/RANK system
in myoblasts cultured with ATL cells, because this system is the final
mediator of osteoclastogenesis.24 Addition of recombinant Wnt3a
(rWnt3a) to C2C12 cells cocultured with MT1 cells increased the
expression of the osteoblastic marker, OPG, but had no effect on
RANK expression (Figure 5D). Consistent with the role of canonical
signaling on osteoblastogenesis, rWnt3a mediated a slight down-
regulation of RANKL, a key activator of osteoclasts (Figure 5D).

Figure 3. ATL patient samples express high levels of b-catenin cotranscriptional genes, TCF-1 and LEF-1. (A) Western blot analysis of b-catenin, phosphorylated

GSK3-b (Ser9), and STAT3 expression from total cellular extracts of 6 ATL patient samples. Extracts were normalized to actin expression. (B) Real-time PCR analysis of

b-catenin expression from cDNA from ATL patients. Samples were normalized to GAPDH expression, and the fold change was calculated by comparing values with R.

PBMCs’ normalized gene expression. (C) ATL cell lines were treated with MG132 (2.5 mM) or dimethyl sulfoxide control for 8 hours, followed by Western blot analysis on total

cellular extract with b-catenin antibody. The upper band corresponds to mono-ubiquitinated b-catenin, the middle band corresponds to wild-type b-catenin, and the lower band

corresponds to degraded b-catenin after MG132 treatment. (D) ATL cell lines were treated with 10 mM LiCl for 24 hours. Total cell lysates were normalized to actin expression

before Western blot analysis with b-catenin or p-GSK3b (Ser9). (E) Real-time PCR expression of Wnt/b-catenin downstream target genes, c-myc, survivin, VEGF, c-jun,

COX-2, and cyclin D1from total cDNA from ATL patients. Fold change was calculated by comparing values with Jurkat-normalized gene expression. The ATL patient cDNAs

were additionally analyzed for Tax and p30 expression by qualitative PCR. Jurkat and LAF cDNA were used as negative and positive controls, respectively. (F) Real-time PCR

for TCF-1, TCF-4, and LEF-1 from cDNA derived from ATL patients. Real-time PCR was performed in duplicate and samples were normalized to GAPDH expression. Fold

change was calculated by comparing values with R.PBMC-normalized gene expression. (G) Cell cycle analysis of 1185 cells treated with or without IL-2, serum, and

hydroxyurea after 48 hours. (H) Cells were treated as in (G) and analyzed by real-time PCR analysis. Real-time PCR was performed in duplicate and samples were

normalized to GAPDH expression. Fold change was calculated by comparing values with nontreated 1185 cells’ normalized gene expression.
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We next aimed to demonstrate the role of noncanonical Wnt
signaling, as mediated by the secretion of Wnt5a, in osteoclasto-
genesis in ATL cells. We took advantage of the fact that MT1 cells
expressed high levels of Wnt5a (Figure 5A) and set up a Transwell
systemwith myoblasts in the presence or absence ofWnt5a antibodies
(Figure 5E). As we expected, blocking Wnt5a signaling with Wnt5a
antibodies caused a reduction in RANK expression in the myoblast
cells. Our results demonstrate a further, significant reduction inRANK
receptor expression whenWnt5a secretion is blocked fromMT1 cells
in the presence of Wnt5a-specific antibodies (Figure 5F). This is in
accordancewith published results, demonstrating thatWnt5amediates
bone resorption by increasing RANK expression on pre-osteoblasts.11

BecauseMT1 cells cannot produce RANKL, we also performed these
experiments in the presence of recombinant rRANKL and similar
results were obtained. This demonstrates that the Wnt5a produced by
ATL cells is sufficient to modulate the expression of RANK in the
absence of RANKL. The decrease in RANK expression observed in
the presence of Wnt5a antibodies was not linked to nonspecific
toxicity, as was shown by unchanged levels of RANKL expression
(Figure 5F). Finally, we tested early B-cell factor22 (EBF2) gene
expression, a key regulator of RANK-RANKL signaling and
osteoblast-dependent differentiation of osteoclasts.25 We found that
inhibition of Wnt5a secretion from ATL cells was sufficient to
significantly elevate EBF2 expression in myoblasts (Figure 5F).
Wnt5amediation of EBF2 expression occurred only in the presence of
rRANKL. Together our results suggest that in ATL cells, inhibition of
canonical signaling and increases in noncanonical signaling through
secretion of Wnt5a play an important role in bone lytic lesions and
may contribute to hypercalcemia.

Discussion

Hypercalcemia is a severe complication arising in .80% of acute
ATL patients and serves as a major prognostic factor for acute ATL
disease outcome.26 Osteolytic bone lesions have been reported in acute
ATL patients, alongwith elevated levels of RANKL,MIP-1a, PTHrP,
and IL-6, and are believed to contribute to hypercalcemia.14,21,27-29

Our results described herein reveal differential regulation of Wnt/
b-catenin signaling between leukemic cells from ATL patients and
HTLV-I cell lines. We found readily detectable levels of b-catenin
expression in HTLV-I cell lines, with no detectable expression of
active b-catenin in ATL patient samples. The large variation in
b-catenin expression between HTLV-I cell lines is in agreement with
previous reports, which found variable levels of b-catenin protein
expression between different leukemia cell lines and even within
HTLV-I, Tax-expressing cells.30 Reports demonstrate that the main-
tenance of chronic myelogenous leukemia stem cells is dependent on
the Wnt/b-catenin pathway, whereas other reports demonstrate that
inhibition of b-catenin can have different effects on proliferation
depending on the initial b-catenin levels and that b-catenin can even
induce apoptosis.30,31 Because of the variable levels of b-catenin in
HTLV-I cells and ATL patient samples, we believe that cellular
dependency on b-catenin will be cell type–specific in HTLV-
I–infected cells.

In general, activated b-catenin accumulates in the nucleus,
where it acts as a cotranscription factor with LEF-1 and TCF to
stimulate transcription of target genes. LEF-1 is expressed in
various leukemias and can increase c-myc, cyclin D1, and COX-2

Figure 4. Wnt gene profiling demonstrates elevated expression of Wnt5a in ATL patient samples. (A-C) PCR amplification of typical canonical Wnts (A), noncanonical

Wnts (B), and their coreceptors (C) from cDNA derived from ATL patient samples. R.PBMCs were used as controls. GAPDH amplification in nonsaturating conditions served

as a control for the quality and quantity of the samples. Open boxes highlight genes differentially expressed between R.PBMCs and ATL patients. (D-F) Real-time PCR

analysis of Wnt5a, PTHLH, and RANKL expression from cDNA derived from ATL patients. Samples were normalized to GAPDH expression and the fold change was

calculated by comparing values to R.PBMCs normalized gene expression.
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expression.32 Therefore, increased expression of LEF-1 and TCF-1
in ATL cells may sustain activation of target genes, even in the
presence of low levels of active b-catenin. How the expression of
LEF-1 and TCF-1 is regulated in ATL patients is under consideration
but may reflect the undifferentiated state of these cells compared with
established, differentiated cell lines. Hematopoietic stem cells also
express high levels of LEF-1, whereas LEF-1 and TCF-1 expression
are diminished in mature T cells.33 TCF-4 has also been shown to
bind and activate the c-myc promoter.34 Furthermore, studies have
demonstrated overexpression of TCF-4 in ATL patient samples and
its role in activating the anti-apoptotic protein, BIRC5 promoter.35

Our analysis looked at the levels of LEF-1 but did not determine the
expression of alternatively spliced isoforms of this gene. It is possible
that alternative isoforms of LEF-1 may be expressed in HTLV-
I–infected cells, but were not detected in this assay, and may serve an
additional role in tumorigenesis.

We also found constitutive phosphorylation of GSK3-b (Ser9),
in all HTLV-I–infected cell lines that demonstrated high levels of
b-catenin, suggesting that inactivation of GSK3-b plays a vital role

in elevating b-catenin protein levels in these cells. We found that the
combination of p30 and Tax can act through the AKT and/or p38
pathways to increase b-catenin transcriptional activity. We found
that Tax and p30 could increase the expression of genes activated by
b-catenin, but whether this occurred indirectly or through b-catenin
is still unknown. The loss of b-catenin in ATL patient samples is
similar to what is observed in MM, where nuclear b-catenin is lost
with progression of disease.36 However, leukemic cells from ATL
patients still retained high expression levels of LEF-1 and TCF-1,
along with downstream b-catenin targets (c-myc, survivin, VEGF,
c-jun, COX-2, and cyclin D1), suggesting that although active
b-catenin expression is absent or greatly reduced, leukemic cells
from ATL patients have found alternative ways to elevate or mimic
activation of b-catenin signaling. This supports the hypothesis that
deregulation of at least 1 component of b-catenin signaling is
characteristic of leukemic cells.30

The role of Wnt5a in cancer cells has been conflicting and seems
to be cancer type–specific. Although Wnt5a is downregulated in
AML, ALL, and breast and hepatocellular carcinomas, Wnt5a is

Figure 5. Wnt5a is involved in osteoblast differentiation in ATL cells. (A) Real-time PCR analysis of Wnt5a expression from cDNA derived from ATL cell lines. Samples

were normalized to GAPDH expression and the fold change was calculated by comparing values with R.PBMCs’ normalized gene expression. Jurkat expression served as

a negative control. (B) C2C12 and doxycycline-treated MT1-DKK1 or MT1-pTRIPZ cells were cultured in 0.4 mM Transwell plates with or without 100 ng/mL rBMP-2. After 5

days, C2C12 cells were lysed and used in alkaline phosphatase assays. ALP activity was measured as the amount of pNP generated in mmol per volume of the sample per

reaction time and normalized to protein concentrations. Results are representative of 2 independent experiments. (C) MT1 cells stably expressing DKK-1 were induced with or

without 2 mg/mL doxycycline (Dox) for 72 hours. Real-time PCR was performed on cDNA for DKK-1 expression and normalized to GAPDH expression. Results are

representative of 2 independent inductions. (D) C2C12 cells were cocultured with MT1-pTRIPZ cells on 0.4 mM Transwell plates. Three hours after culturing, 50 ng/mL rWnt3a

was added and cells were grown at subconfluence for an additional 48 hours. RNA was extracted from C2C12 cells and used for real-time PCR analysis. Results are

representative of 2 independent experiments. Samples were normalized to GAPDH expression and the fold change was calculated by comparing values with C2C12 cells

without rWnt3a-normalized gene expression. (E) Model demonstrating the C2C12 Transwell system used in the study. MT1 cells were seeded in a Transwell insert and

C2C12 cells were seeded at subconfluency on the bottom of the plate. Secreted Wnt5a was blocked by the addition of anti-Wnt5a antibody. (F) C2C12 cells were cultured in

a Transwell plate with and without MT1-TRIPZ cells and with or without Wnt5a antibody. Three hours after the addition of MT1-pTRIPZ cells and Wnt5a antibody, 30 ng/mL of

rRANKL or control was added. Cells were cultured for a further 48 hours, after which RNA was extracted and used for real-time PCR. Results are representative of 2

independent experiments. Samples were normalized to GAPDH expression and the fold change was calculated to control normalized gene expression.
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overexpressed in melanoma, gastric, pancreatic, prostate, and
non–small-cell lung cancers.37 Wnt5a cannot transform cells and
instead is believed to advance, but not initiate, certain cancer types.
In those cancers with increased Wnt5a expression, Wnt5a was
shown to increase cell invasion and proliferation. Wnt5a can signal
through Ror2 to induce migration and invasion; however, unlike in
HTLV-I cell lines, we did not find expression of Ror2 in leukemic
cells from ATL patients. In addition, the absence of Ror2 when
LRP5 and Frizzled-4 are overexpressed, leads to Wnt5a-mediated
increases in b-catenin transcriptional activities.38 Ror2, a trans-
membrane receptor for Wnt factors that activates noncanonical
pathways, is frequently repressed by aberrant promoter hyper-
methylation in human colon cancer cell lines and primary tumors,
and its epigenetic-dependent loss can be pro-tumorigenic. We also
found that Wnt antagonists, DKK-1, -2, and -3, which bind to the
LRP6 coreceptor, were downregulated by promoter hypermethyla-
tion in HTLV-I–transformed cells and ATL cells and could also be
reexpressed after treatment with hypomethylating agents (data not
shown). Epigenetic repression of other Wnt inhibitors such asWIF-1,
DKK-1, sFRP-1, and sFRP-2 could directly promote tumorigenesis
in colon cancer cells by promoting constitutive Wnt signaling.39

Given the role of canonical Wnt signaling in bone development,
and the high percentage of ATL patients with bone lesions and
hypercalcemia, we expected that expression of noncanonical, pro-
osteolytic Wnts would be favored over canonical Wnts that are
generally pro-osteoblastic. This is the first report to examine this
pathway and the expression ofWnt ligands in HTLV-I–infected cells
and leukemic cells from ATL patients. Our data demonstrate that the
pro-osteolytic ligand, Wnt5a, is highly expressed in 75% of ATL
patients. During the review of this manuscript, another group
published a study demonstrating increased Wnt5a expression in
HTLV-I cell lines and ATL patients associated with viral HBZ
expression.40 Because Wnt5a has been shown to increase osteoclas-
togenesis by enhancing RANK expression in osteoclast precursors,
we investigated whether secreted Wnt5a from ATL cells can have
a similar effect. We also tested EBF2 because its expression has been
linked to osteoblast differentiation. Our results demonstrated that
ATL cells stimulate osteoclast differentiation and secreted Wnt5a is
responsible for increases in RANK. In the presence of rRANKL

expression, which is also overexpressed in ATL patients, Wnt5a
could decrease EBF2 expression. The fact that Jurkat cells, an
ALL cell line, do not have high expression of Wnt5a owing to
methylation of the Wnt5a promoter further supports our study.41

ALL patients do not normally have lytic bone lesions, whereas
ATL patients do, correlating elevated Wnt5a expression with
osteoclastogenesis. Therefore, ATL patients may benefit from anti-
Wnt5a therapy. Not only could anti-Wnt5a treatment suppress
metastasis in ATL, as it has been shown to do in other cancers, it
may also reduce osteolytic bone lesions and hypercalcemia levels in
ATL patients.8,40,42
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