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Multiple myeloma (MM) is an invariably fatal form of cancer charac-
terized by clonal proliferation of malignant plasma cells in the bone
marrow. The canonical Wnt signaling pathway is activated in MM
cells through constitutively active �-catenin, a messenger molecule
relevant to growth, survival, and migration of MM cells. The identi-
fication of a number of small molecular compounds, such as PKF115–
584, which disrupt the interaction of the transcriptionally active
�-catenin/TCF protein complex, provides valuable new therapeutic
tools to target an alternative pathway in MM independent of the
proteasome. Here we evaluated the transcriptional, proteomic, sig-
naling changes, and biological sequelae associated with the inhibition
of Wnt signaling in MM by PKF115–584. The compound blocks
expression of Wnt target genes and induces cytotoxicity in both
patient MM cells and MM cell lines without a significant effect in
normal plasma cells. In xenograft models of human MM, PKF115–584
inhibits tumor growth and prolongs survival. Taken together, these
data demonstrate the efficacy of disrupting the �-catenin/TCF tran-
scriptional complex to exploit tumor dependence on Wnt signaling as
a therapeutic approach in the treatment of MM.

drug therapy � Wnt signaling

Multiple myeloma (MM) is characterized by clonal prolifera-
tion of plasma cells (PCs) in the bone marrow (BM), usually

associated with elevated serum and urine monoclonal paraprotein.
It is the second most frequent hematological cancer in the United
States and remains largely incurable despite high-dose chemother-
apy with stem cell support. Novel agents such as thalidomide, the
immunomodulatory drug Revlimid, and the proteasome inhibitor
Bortezomib can achieve responses in patients with relapsed and
refractory MM; however, the median survival remains at 6 years,
with only 10% of patients surviving at 10 years, highlighting the
need for novel therapeutic agents (1).

The development and maintenance of MM tumors is dependent
on the BM microenvironment (2). Within the BM extracellular
milieu, a number of essential cytokines are secreted, including IL-6,
which induces growth and drug resistance (3, 4). In addition, BM
stromal cells (BMSCs) secrete Wnt ligands Wnt3A, Wnt5A,
Wnt10B, and/or Wnt16, which can activate Wnt signaling in MM
cells (5–7). Stimulation by these ligands induces proliferative and
self-renewal capacity in hematopoietic stem cells (HSCs), which in
turn give rise to the entire myelolymphoid repertoire (8–10). Wnt
signaling and expression of Wnt target genes are lost in B-lineage
cells derived from HSCs. However, the Wnt pathway is activated in
MM cells through an unknown mechanism and can trigger tumor
cell proliferation (7, 11).

The canonical Wnt pathway, mediated through the central
signaling molecule �-catenin, is commonly dysregulated in many
cancers (8). Binding of Wnt ligands to frizzled and low-density
lipoprotein receptors (LRP5 and LRP6) results in the inhibition of
GSK3�-kinase activity and the adenomatous polyposis coli/axin
complex. GSK3�-mediated phosphorylation of �-catenin targets
the protein for ubiquitination and subsequent degradation through
the proteasome. Nonphosphorylated �-catenin translocates to the

nucleus and binds to T cell factor (TCF) transcriptional factors,
BCL9, and Pygopus, thereby forming a transcriptional complex that
activates expression of downstream target genes such as c-MYC and
Cyclin D1 (12, 13). Cells with active �-catenin/TCF-regulated
transcription (CRT) are protected against apoptosis; conversely,
inhibition of canonical Wnt signaling activates the cell suicide
program (14, 15). Activating mutations in CTNNB1 that eliminate
N-terminal �-catenin phosphorylation sites, thereby resulting in
constitutive transcriptional activity, are commonly found in epithe-
lial tumors. Likewise, inactivating mutations in APC, AXIN, and
GSK3� can also deregulate CRT in a variety of cancers (16–18).

A prior study of Wnt activity in MM demonstrated that nearly all
primary MM cells and MM cell lines expressed �-catenin, whereas
expression was absent in normal PCs (7). The mechanism activating
aberrant �-catenin expression in MM cells is unknown; however,
expression of �-catenin was associated with transcriptional activity,
suggesting that it mediates growth of MM cells as in HSCs. MM cell
lines responded to the Wnt ligand Wnt3A, the GSK3�-inhibitor
lithium chloride, and an active mutant form of �-catenin with both
significantly increased proliferation and higher levels of nonphos-
phorylated nuclear �-catenin. Furthermore, growth of MM cell
lines was blocked on transfection with a dominant-negative form of
TCF4. No activating mutations of the �-catenin gene CTNNB1
were found in MM (7). These findings demonstrate that Wnt
signaling is active in MM, acts through CRT, and responds to Wnt
stimulants and/or inhibitors.

A high-throughput ELISA-based screening of compounds that
disrupt the formation of the �-catenin/TCF transcriptional complex
identified the small-molecule PKF115–584 as a candidate to block
CRT. Further study of PKF115–584 demonstrated the ability of the
drug to (i) inhibit immunoprecipitation of �-catenin from GST-
tethered TCF4, (ii) block the �-catenin/TCF transcriptional com-
plex DNA binding in an EMSA assay, (iii) specifically reduce Wnt
reporter activity, (iv) rescue the phenotype of Xenopus embryos
when injected with exogenous �-catenin, and (v) block Cyclin D1
and c-Myc expression as well as reduce growth in colon cancer cell
lines (19). Thus, the identification of the Wnt pathway influencing
MM proliferation, in conjunction with the availability of small-
molecule inhibitors of �-catenin/TCF interaction, set the stage for
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investigating the therapeutic benefits of targeting the canonical Wnt
pathway in MM.

In this study, we show that PKF115–584 significantly reduces
proliferation and viability in patient MM cells and MM cell lines,
including those resistant to established drug therapies, without a
major effect on PCs or BM mononuclear cells. The effect of
PKF115–584 on blocking the Wnt pathway was demonstrated by
using a reporter assay and expression profiling analysis, document-
ing down-regulation of Wnt target genes. PKF115–584 overcame
the protective/proliferative effects of coculturing cell lines with
BMSCs, treatment with Wnt3A, or the prosurvival cytokine IL-6.
We also document the in vivo efficacy of the drug in a murine
xenograft model of human MM. Taken together, these data provide
the preclinical framework for the evaluation of PKF115–584 and
other Wnt pathway inhibitors, alone and in combination, to improve
patient outcome in MM and other hematologic neoplasms driven
by active Wnt signaling.

Results
Expression of Wnt Pathway Genes in MM Cells. Previous studies have
documented activation of the canonical Wnt pathway in MM cells
(7, 11). We, therefore, first extended these findings by investigating
endogenous expression levels of Wnt pathway genes from a public
repository of normal PCs and patient MM tumor gene expression
profiles (20). A comparison of 24 PCs against 64 patient MM cells
showed many Wnt pathway genes to be significantly up-regulated
in tumors (Fig. 1A). These included upstream pathway members
frizzled and Wnt ligands, as well as �-catenin, TCF4, and BCL9,
which compose the transcriptional complex responsible for Wnt
signaling. Notably, a number of downstream Wnt target genes,
including c-MYC, Cyclin D1, CD44, and p16INK4, were also up-
regulated (Fig. 1A). We confirmed these findings by using an
independent set of normal PCs and MM tumors by Western blot
(Fig. 1B). These gene expression alterations in patient MM cells
were corroborated with immunoblotting results from MM cell lines,
which also showed high expression of �-catenin, TCF4, and c-MYC

in nearly all cases (Fig. 1C). Because �-catenin must be translocated
to the nucleus for its transcriptional activity, we next assessed
protein levels in nuclear and cytoplasmic fractions of MM cell lines.
Whereas PCs did not express �-catenin, MM cell lines demon-
strated phosphorylated �-catenin (inactive) migrating as a higher
band in the cytoplasmic fraction, and the nonphosphorylated
(active), lower migrating band was in the nuclear fraction (Fig. 1D).
The nuclear localization of �-catenin was further confirmed by
immunofluorescence studies (Fig. 1E). TCF4 was expressed in the
nuclei of both PCs and all MM cell lines studied (Fig. 1 C and D).
It colocalized with �-catenin in patient MM cells, suggesting an
interaction of the two proteins in the transcriptional complex (Fig.
1E). Indeed, expression of Wnt target oncogene c-MYC was high
in nearly all cell lines tested, further validating the gene expression
profiling data set. Cyclin D1 expression was minimally expressed in
most MM cell lines, and p21Cip levels were not associated with
c-MYC, suggesting additional levels of regulation of these genes
(Fig. 1C). The prevalence of activated Wnt signaling in MM patient
cells and MM cell lines therefore provides a rational basis for
targeting this pathway with the small-molecule inhibitor of both
�-catenin/TCF4 protein interaction and Wnt signaling, PKF115–
584 (19). Of the drug-sensitive MM cell lines expressing the highest
levels of �-catenin and c-MYC, the KMS34 and MM1S cell lines
were chosen for further in-depth study.

PKF115–584 Blocks �-Catenin/TCF Transcriptional Activity. Disruption
of the �-catenin/TCF complex and transcriptional activity by
PKF115–584 has been shown at the molecular level and in colon
cancer cell lines (19). To assess efficacy of PKF115–584 against
CRT in the context of MM cells in vitro, we transfected MM cells
with TOP-FLASH or FOP-FLASH Wnt reporter plasmids. When
treated with PKF115–584, reporter activity was significantly re-
duced in KMS34 and MM1S cells (Fig. 2A and data not shown). To
assess the ability of PKF115–584 to specifically block Wnt pathway
activation, we cotransfected MM cells with a �-catenin expression
vector, which dramatically increased reporter activity (�5-fold), but

Fig. 1. Expression of Wnt pathway genes in MM. (A) Gene expression heat map profiles of 24 PCs and 64 primary MM tumors. (B) Immunoblotting for Wnt signaling
proteins in CD138� plasma cells (PC) and MM primary tumors (MM). Loading controls, light chains. (C) MM cell lines. Nonspecific band (Left) and tubulin (Right). (D)
Detectionofactivated,unphosphorylatednuclear�-catenin inMMcell lines.Nuclear (N)andcytoplasmic (C) fractionsofMMcell lines.Loadingcontrol,LaminB-nuclear.
Incomplete N and C separation in PC sample shows some TCF4 and Lamin B signal in the cytoplasm. (E) Immunofluorescence confirming the nuclear localization of
�-catenin (red, Upper; green, Lower) and TCF4 (red) in a representative case of patient MM cells. Ig� and Ig� light chain expression identifies the cytoplasm of primary
MM cells, distinct from �-catenin signal. DAPI staining labels nuclei blue. Merged image shows colocalization of both signals in the nucleus.
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this effect was inhibited in response to PKF115–584 (Fig. 2A).
Furthermore, treatment with Wnt3A ligand stimulated reporter
activity, but was negatively regulated by PKF115–584 (Fig. 2B).
Similar results were obtained by using a GFP-based Wnt reporter
system [supporting information (SI) Fig. 6]. The effect of PKF115–
584 in blocking CRT was further investigated by expression pro-
filing analysis. Comparing MM cell lines treated with PKF115–584
versus vehicle-alone controls revealed contrasting expression pat-
terns for Wnt pathway members. Notably, c-MYC was among the
most suppressed genes in KMS34 and MM1S cells (Fig. 2 C and D).
Cyclin D1 expression was almost completely abrogated by drug
treatment. A number of genes upstream of the �-catenin/TCF
transcriptional complex were up-regulated, indicating a possible
compensatory mechanism of MM cells reliant on Wnt activity for
survival. These elevated expression levels also confirm that ob-
served down-regulation of genes was not due to overall cell death.
These findings were validated by immunoblotting for c-MYC and
Cyclin D1. The down-regulation of these genes followed a time- and

dose-dependent response at intervals from 0 to 12 h and doses of
0–250 nM PKF115–584 (Fig. 2 E and F). We did not detect changes
in the localization of �-catenin between nuclear and cytoplasmic
fractions by Western blot or immunofluorescence analysis (Fig. 2G
and data not shown).

Activation of Apoptosis Genes and Cell Cycle Arrest. Previous studies
have documented that inhibition of the Wnt pathway removes a
prosurvival signal and induces apoptosis (14, 15). Therefore, we
next investigated the effect of PKF115–584 treatment on the
activation of the cell suicide response. Western blot analysis of
treated cells documented activation of apoptosis-regulating genes
caspase-3, -8, -9, and PARP at the same drug concentrations and
time intervals showing down-regulation of c-MYC and Cyclin D1
(Fig. 2 E and F). We further analyzed changes in the cell cycle by
using BrdU incorporation and propidium iodide (PI) staining.
After PKF115–584 treatment, there was a decrease in KMS34 cells
entering the S phase (�6%) and progressing to mitosis in the G2

Fig. 3. Cell cycle arrest and cytotoxic effects of PKF115–584 in MM cell lines. (A and B) Representative examples of FACScan analysis with BrdU incorporation
plotted against PI in untreated (A) and treated (B) KMS34 cells. Cell cycle arrest is shown by an increase in the BrdUloPIlo G1 population. (Insets) Histograms of
PI staining. (C and D) Proliferation of MM cell lines sensitive (C) and resistant (D) to conventional therapies was inhibited by treatment with increasing
concentrations (0–800 nM) of PKF115–584. (E and F) This treatment also decreased cell viability of sensitive (E) and resistant (F) cell lines. (G and H)
Dose-dependent cytotoxicity in purified primary patient MM cells (G), but not PCs (H), upon PKF115–584 treatment.

Fig. 2. PKF115–584 inhibits the activity of the �-catenin/TCF transcriptional complex. (A) KMS34 cells transfected with indicated reporter plasmids either treated
or untreated with PKF115–584. Cotransfection with �-catenin expression vector where indicated. Mock-transfected cells with pcDNA3.1 displayed negligible
readings. RLU, relative light units. (B) KMS34 endogenous reporter activity is enhanced on addition of Wnt3A, but blocked with PKF115–584. (C) Gene expression
profiling of KMS34 and MM1S cell lines treated with PKF115–584. (D) Immunoblot validation of gene expression microarray results shown in C. (E) Increasing
concentrations of PKF115–584 with MM cell lines reduced after 6-h treatment. Under the same conditions, apoptotic regulators caspase-3, -8, -9, and PARP were
activated. (F) Gene expression changes after treatment for 6 and 12 h with 200 nM PKF115–584. (G) The nuclear and cytoplasmic distributions of �-catenin are
unaffected by PKF115–584 treatment in KMS34 cells at indicated concentrations. Loading controls: Actin, cytoplasmic; Lamin B, nuclear.
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phase (�4%), accompanied by an increase in subG1 cells (�11%)
(Fig. 3 A and B). Similar results were seen in the MM1S cell line
(data not shown). These data suggest that PKF115–584 triggers cell
cycle arrest with activating apoptotic signaling in MM cells in a
dose- and time-dependent manner.

PKF115–584 Inhibits Proliferation and Induces Cytotoxicity in MM Cell
Lines. Our findings described above, coupled with a previous study
by Derksen et al. (7) documenting that a dominant-negative form
of TCF4 was able to inhibit CRT and proliferation of MM cell lines
in vitro, prompted us to investigate the potential therapeutic benefit
of PKF115–584 in MM cell lines. PKF115–584 inhibited prolifer-
ation in cell lines sensitive (Fig. 3C) and resistant (Fig. 3D) to
conventional therapies in a dose-dependent fashion, with IC50
ranging between 150 and 450 nM. Reduction in proliferation
correlated with decreased viability in all cell lines and was also
triggered in a dose-dependent manner (Fig. 3 E and F). PKF115–
584 also had activity against patient MM cells, with an IC50 �150
nM (Fig. 3G). In contrast, PKF115–584 did not trigger cytotoxicity
in PCs and BM mononuclear cells isolated from four healthy
volunteers (Fig. 3H and data not shown). Furthermore, we found
synergistic activity with PFK115–584 and established anti-MM
therapies dexamethasone and Bortezomib (SI Fig. 7). These results
indicate that MM cells are dependent on Wnt activation for growth
relative to PCs, suggesting a favorable therapeutic index for
PKF115–584.

PKF115–584 Overcomes Protective Effects from BMSCs, Wnt3A, and
IL-6 Stimulation. Cytokines and/or growth factors produced by
BMSCs have a profound effect on the growth and survival of MM
cells, as well as resistance to dexamethasone (3, 21, 22). In partic-
ular, the secretion of Wnt ligands by BMSCs may activate Wnt
signaling in MM. Moreover, MM cells secrete Wnt ligands (7, 11),
suggesting an autoregulatory loop. Proliferation of KMS34 and
MM1S cells cocultured with BMSCs was blocked in a dose-
dependent fashion by PKF115–584, indicating the drug can over-
come the stimulatory and protective effects of the BM microenvi-
ronment (Fig. 4A). Similarly, proliferation triggered by Wnt3A
ligand or IL-6 was also inhibited by PKF115–584 in both KMS34
and MM1S cells (Fig. 4 B and C).

In Vivo Efficacy of PKF115–584 in a Murine Xenograft Model of Human
MM. The data described above suggest that PKF115–584 pos-
sesses significant anti-MM activity in vitro. We next sought to
assess its efficacy against MM cells in vivo by using a xenograft
mouse model of human MM. SCID mice were transplanted (i.v.)

with KMS34 cells stably expressing GFP (KMS34-GFP�). After
1 week, mice were treated with PKF115–584 or vehicle alone
every other day. Beginning �2 weeks post-MM cell line trans-
plantation, when mice began to appear moribund, they were
killed for necropsy, UV light examination, and histopathologic
analysis; Kaplan–Meier survival curves were prepared (Fig. 5A).
On gross examination under filtered UV light, we noted the
formation of small, GFP� tumor nodules along the gastrointes-
tinal track of mice receiving vehicle alone. PKF115–584-treated
mice, however, rarely developed metastatic tumors. Represen-
tative examples are shown in Fig. 5B. Pathological analysis of
affected control mice revealed leukemic KMS34-GFP� MM
cells circulating within the bloodstream and BM (Fig. 5B, yellow
arrows). In contrast, tumor cells were found less frequently, if at
all, in PKF115–584-treated mice. Furthermore, survival of the
PKF115–584-treated animals was significantly prolonged com-
pared with controls (P � 0.005). Notably, BM hematopoiesis was
adversely affected in PKF115–584-treated mice, leading to some
degree of BM hypoplasia, anemia, and generalized wasting in
some animals (Fig. 5B). This observation may be related to the
inhibition of Wnt signaling in HSCs, which is vital for their
self-renewal and proliferative capacity, thereby leading to de-
pleted stem cell populations and impaired regeneration of the
BM stroma (9).

Discussion
The activity of the canonical Wnt signaling pathway, mediated
through �-catenin, plays a significant oncogenic role in many

Fig. 4. PKF115–584 inhibits KMS34 and MM1S cell growth and synergizes
with conventional therapies. (A) Proliferation in cocultures with BMSCs is
inhibited by increasing PKF115–584 concentration. (B and C) Increased MM
cell proliferation triggered by IL-6 (B) and Wnt3A (C) conditional media were
blocked by PKF115–584.

Fig. 5. In vivo efficacy of PKF115–584. (A) KMS34-GFP� cells were injected
into SCID mice. Kaplan–Meier survival curve of control and PKF115–584-
treated animals is shown. Black arrow indicates initiation of drug regimen. (B)
Gross anatomical and histopathological analysis of animal tissues upon ne-
croscopy. UV excitation showed GFP� tumor nodules along the gastrointes-
tinal tract of untreated mice. H&E stain of liver capillaries revealed leukemic-
circulating KMS34-GFP� cells and BM populations (yellow arrows).
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epithelial cancers and some hematologic neoplasms (8). Although
�-catenin expression is lost in normal differentiated B-lineage PCs,
�-catenin expression, CRT, and Wnt ligand expression are gained
through an unknown mechanism in MM cells. Our independent
analysis of the Wnt pathway in the transcriptome of patient MM
tumors versus PCs, as well as tumor-associated stromal cells (data
not shown), confirmed an up-regulation of nearly all Wnt signaling
pathway members. Furthermore, expression of the central Wnt
signaling molecule �-catenin was seen predominantly in the non-
phosphorylated, active form and translocated to the nucleus in the
majority of MM cells.

We hypothesized that targeting this pathway may represent a
novel therapeutic approach to treat MM. The identification of
molecular inhibitors of the �-catenin/TCF4 complex provided an
opportunity for investigating the biological sequelae of inhibiting
Wnt signaling in MM. We have shown here that Wnt transcriptional
activity was specifically blocked in MM cell lines in response to
treatment with PKF115–584, evidenced by reduced Wnt-responsive
luciferase reporter expression, even with exogenous �-catenin or
Wnt3A signal, and corresponded with down-regulation of CRT
target genes c-MYC and Cyclin D1. However, some upstream Wnt
pathway components as well as some downstream target genes were
up-regulated in response to PKF115–584, which may reflect dif-
ferences in the regulation of Wnt genes according to cell type
(lymphoid vs. epithelial tissues). Moreover, some target genes
displayed contrasting patterns of expression in response to drug
treatment. The mechanisms of activating and regulating Wnt
pathway genes in MM are currently under investigation.

Importantly, PKF115–584 induced cell cycle arrest and apoptosis
in MM cells through activation of apoptotic regulators. The pro-
liferation and viability of MM cell lines were significantly inhibited
in a time- and dose-dependent manner. IC50 values ranged from 150
to 450 nM, which are clinically achievable. Similar cytotoxic effects
were also seen in patient MM cells, but not in normal PCs. Although
BMSCs confer protection against conventional therapies, PKF115–
584 maintained MM cell cytotoxicity even in the presence of
BMSCs or other prosurvival factors. Finally, we observed syner-
gistic anti-MM activity in combinational experiments with Bort-
ezomib and dexamethasone. Altogether, we believe our data
strongly support the evaluation of a Wnt pathway antagonist, such
as PKF115–584, in combinational clinical protocols.

Although transplanted human MM cells in SCID mice were
effectively treated by PKF115–584, the role of the Wnt pathway in
the BM HSCs (9) likely accounts for hypoplastic BM in treated
mice. This apparent deleterious effect of the drug in the stem cell
compartment supports preclinical studies by using Wnt inhibitors in
the treatment of myeloid and lymphoid leukemia, particularly in
patients with chronic myeloid leukemia in blast crisis (23) and
pre-B-ALL associated with E2A-Pbx1 transcription factor and
enhanced Wnt signaling (5).

However, Wnt signaling within the BM is essential for osteoblast
differentiation and maintaining bone density (24). Dikkopf-1, an
inhibitor of Wnt signaling and expressed by primary MM cells,
uncouples bone absorption by promoting osteoclast activity and
blocking osteogenesis, leading to the development of bone lytic
lesions (25). Therefore, the inhibitory effect of PKF115–584 against
Wnt signaling may exacerbate bone disease in some MM patients.
Collectively, these considerations highlight the need for additional
preclinical studies to investigate possible toxicities to define optimal
dosage and schedules of drug administration, both alone and in
combination with other therapies.

Our studies further provide the rationale for synthesizing mole-
cules targeting Wnt signaling for high-throughput screening, facil-
itated by the use of Wnt reporter systems in MM cells. Finally, our
studies highlight the need to identify the specific ligands produced
in the BM microenvironment, as well as the corresponding receptor
on MM cells, to enhance our understanding of the role of Wnt
signaling in MM pathogenesis and develop novel and more specific

therapies such as monoclonal antibodies to further target this
pathway.

Materials and Methods
Cell Lines and Reagents. Cultured MM cell lines included MM1S
(Dex-sensitive) and MM1R (Dex-resistant) from Steven Rosen
(Northwestern University, Evanston, IL); RPMI8226, Dox40
(doxorubicin-resistant), and LR5 (melphalan-resistant) from Wil-
liam Dalton (Moffit Cancer Center, Tampa, FL); OPM2 and
KMS34 from Leif Bergsagel (Mayo Clinic, Scottsdale, AZ); OPM1
from Edward Thompson (University of Texas Medical Branch,
Galveston, TX); and IL-6-dependent INA-6 cells from Renate
Burger (University of Erlangen-Nuernberg, Germany). With the
exception of Wnt3A stimulation experiments, cell lines were main-
tained in RMPI 1640 media containing 10% FBS (Sigma–Aldrich,
St. Louis, MO), 2 �mol/liter L-glutamine, 100 units/penicillin, and
100 �g/ml streptomycin (Life Technologies, Paisley, U.K.). Samples
for expression profiling shown in Fig. 1A were obtained and
described previously (20). BM specimens were obtained from MM
patients after informed consent under the auspices of a Dana–
Farber Cancer Institute Institutional Review Board-approved pro-
tocol. Mononuclear cells (Cambrex, Hopkinton, MA) separated by
Ficoll–Hypaque density sedimentation were used to establish long-
term BMSC cultures as described previously (26, 27). Plasma cells
(CD138�) from healthy donors were purified by using magnetic
beads (Miltenyi Biotec, Auburn, CA). Wnt3A-conditioned media
were collected from cultured L cell (kindly provided by Stuart
Rudikoff, National Cancer Institute/National Institutes of Health,
Bethesda, MD) supernatants as previously described (11). Lyoph-
ilized PKF115–584 was acquired from Novartis (Basel, Switzer-
land), resuspended in DMSO (10 mM), and frozen at �20°C until
use. Dexamethasone (Sigma–Aldrich) and Bortezomib were used
as previously described (28).

Gene Expression Profiling. The gene expression data for results
shown in Fig. 1A were obtained from the National Center for
Biotechnology Information Gene Expression Omnibus (GEO;
www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO series
accession no. GSE4452 (20). For drug treatment, KMS34 and
MM1S cells (5 � 106) were cultured with 100 nM PKF115–584 for
16 h, washed in PBS, and resuspended in TRIzol Reagent (Invitro-
gen, Carlsbad, CA). RNA was extracted according to the manu-
facturer’s protocol, purified by using an RNeasy kit (Qiagen,
Valencia, CA), and run on an Affymetrix (Santa Clara, CA) U133A
2.0 array chip as per the manufacturer’s instructions. Expression
data were analyzed in DChip Analyzer 4.0 (29) by using invariant-
set normalization (perfect match only) and model-based expression
index to summarize the expression value for each probe set; a
�2-fold change (90% confidence interval) between treated and
untreated samples was identified as significant (30). Hierarchical
clustering was performed by using one Pearson correlation distance
and average linkage.

TOP-/FOP-FLASH Wnt Reporter. MM cells (5.0 � 105) were trans-
fected with TOP-FLASH or FOP-FLASH Wnt reporter plasmids
(Millipore Corporation, Billerica, MA) containing wild-type or
mutant TCF DNA binding sites or empty vector pcDNA3.1(�) by
using FuGENE 6 (Roche Diagnostics, Indianapolis, IN) according
to the manufacturer’s protocol. Cells were also cotransfected with
the hRL-Null Renilla plasmid. To determine Wnt activity in
response to stimulation, TOP-/FOP-FLASH-transfected cells were
either (i) cotransfected with wild-type �-catenin (generously pro-
vided by Hans Clevers, Hubrecht Laboratory, the Netherlands) or
pcDNA3.1, or (ii) treated with control or Wnt3A-conditioned
medium for 12 h before treatment with 200 nM PKF115–584 for an
additional 12 h. Reporter activity was assayed by using the Dual
Luciferase Assay System (Promega, Madison, WI). Results were
normalized to total protein amounts and Renilla values of each
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sample. The reporter assay results represent the average of three
independent transfection experiments. The TOP-/FOP-GFP Wnt
reporter (9) is described in SI Fig. 6.

Immunoblotting. Total-cell lysates for Western blots were prepared
as previously described (27). Immunoblotting was done by using
antibodies against �-catenin (CAT5-H10; Zymed Laboratories,
South San Francisco, CA), TCF4 (6H5–3; Upstate Biotechnology,
Lake Placid, NY), c-MYC (OP10; Calbiochem, San Diego, CA), as
well as caspase-3, -8 (IC12), -9, PARP, Cyclin D1 (DSS6), and p-Akt
(Ser-473) (Cell Signaling Technology, Danvers, MA). Anti-PTEN,
p-STAT3 (B-7), p-ERK (E-4), ERK2 (D-2), and tubulin (D-10)
primary antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). The BCL9 antibody was from polyclonal rabbit
serum (D.R.C., unpublished data). Secondary antibodies conju-
gated to horseradish peroxidase, as well as loading control antibody
pan-actin-HRP (C-11), were acquired from Santa Cruz Biotech-
nology. Nuclear and cytoplasmic fractions were prepared as pre-
viously described (31).

Immunofluorescence. Cytospin samples of cultured MM cell lines
were prepared by using a cytocentrifuge (Thermo Shandon,
Waltham, MA). Cells spun onto cytoslides (Thermo Shandon) were
fixed and stained as described previously (32). Anti-� and -� light
chain antibodies conjugated to FITC were obtained from Dako-
Cytomation (Carpinteria, CA). �-catenin (CAT5-H10; Zymed
Laboratories) and TCF4 antibodies (6H5–3; Upstate Biotechnol-
ogy) were added for 2 h at room temperature and then washed three
times in PBS. Primary antibodies were visualized with secondary
antibodies conjugated to FITC or rhodamine (5 �g/ml; Southern
Biotechnology Associates, Birmingham, AL).

�-Catenin Localization. MM cells (5.0 � 106) were cultured with 0,
200, and 800 nM concentrations of PKF115–584 for 12 h under
standard conditions. Cells were pelleted and washed with 1� PBS
before nuclear and cytoplasmic fractions were separated for
immunoblotting.

Proliferation and Cell Viability Assays. DNA synthesis was measured
by incorporation of [3H]thymidine (Amersham Biosciences, Pisca-
taway, NJ) as described previously (33). Briefly, 3 � 104 cells were
incubated in a 96-well plate (Costar, Cambridge, MA) with or
without BMSC, IL-6, or Wnt3A in the presence of PKF115–584 for
40 h. Cells were pulsed with 0.5 �Ci 3TdR per well for the last 8 h,

and scintillation counts were measured by using LKB Betaplate
(Wallac, Gaithersburg, MD). Human IL-6 (R&D Systems, Min-
neapolis, MN) was used at a concentration of 10 ng/ml for stimu-
lation assays. Proliferation with Wnt3A conditional media was
performed in serum-free media as described previously (7, 11).
Experiments were performed in triplicate and repeated three times.

Colormetric assays were used to assess cell viability after treat-
ment with PKF115–584 at indicated concentrations for 40 h. WST-1
reagent (Roche) was then added, with metabolic conversion of
tetrazolium WST-1 salt to formazan by mitochondrial enzymes.
Absorbance readings were measured after 4 h on a spectropho-
tometer (Molecular Devices, Sunnyvale, CA) at a 450-nm wave-
length and referenced against 650-nm readings.

Cell Cycle Analysis. Cell cycle analysis was assessed by using BrdU
incorporation and PI staining by using standard procedures (34).
KMS34 or MM1S cells (1 � 106) were incubated with 200 nM
PKF115–584 for 12 h and then analyzed on a FACScan cytometer.

In Vivo Experimentation. To generate stable GFP-expressing
KMS34 cells, we first created lentiviral particles containing a vector
with GFP under the constitutively active cytomegalovirus promoter
by cotransfecting 293T cells by using the five plasmid methodology
(a generous gift of Richard Mulligan, Children’s Hospital, Boston,
MA) (35, 36). FACScan analysis confirmed that KMS34-GFP�

cells highly expressed GFP. We then injected (i.v.) 10-week-old
NOD.CB17-PrkdcSCID/J mice (The Jackson Laboratory, Bar Har-
bor, ME) with 1 � 106 KMS34-GFP� cells; treatment began 1 week
later. Control mice (n � 9) received DMSO, whereas treated mice
(n � 10) received 0.16 mg/kg PKF115–584 every other day via i.p.
injections. The cohorts were monitored daily. Severely morbid
animals were killed, and autopsies were performed. GFP tumor
nodules were visualized by using the LT-9500 florescent light box
(Lighttools Research, Encintas, CA). All tissues were formalin-
fixed and embedded in paraffin, sectioned, and stained with H&E.
All animal experiments were approved by and conform to the
standards of the Institutional Animal Care and Use Committee at
the Dana–Farber Cancer Institute.
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