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Key Points

• Sp1 transcription factor (TF)
is activated in WM.

• Dual inhibition of Sp1 and
MYD88 pathways induces
synergistic cell death in WM
cells.

Sp1 transcription factor controls a pleiotropic group of genes and its aberrant activation

hasbeen reported inanumberofmalignancies, includingmultiplemyeloma. In this study,

we investigate and report its aberrant activation in Waldenström macroglobulinemia

(WM). Both loss of and gain of Sp1 function studies have highlighted a potential

oncogenic role of Sp1 in WM. We have further investigated the effect of a small molecule

inhibitor, terameprocol (TMP), targeting Sp1 activity inWM. Treatmentwith TMP inhibited

the growth and survival and impaired nuclear factor-kB and signal transducer and

activator of transcription activity in WM cells. We next investigated and observed that

TMP treatment induced further inhibition of WM cells in MYD88 knockdown WM cells.

Moreover,weobserved thatBruton’s tyrosinekinase, a downstream target ofMYD88signalingpathway, is transcriptionally regulated

by Sp1 in WM cells. The combined use of TMP with Bruton’s tyrosine kinase or interleukin-1 receptor-associated kinase 1 and 4

inhibitors resulted in a significant and synergistic dose-dependent antiproliferative effect in MYD88-L265P–expressing WM cells. In

summary, these results demonstrate Sp1 as an important transcription factor that regulates proliferation and survival of WM cells

independent of MYD88 pathway activation, and provide preclinical rationale for clinical development of TMP in WM alone or in

combination with inhibitors of MYD88 pathway. (Blood. 2014;123(17):2673-2681)

Introduction

Gene expression and proteomic studies have advanced our un-
derstanding of Waldenström macroglobulinemia (WM) and identi-
fied potential therapeutic targets.Whole-genome sequencing identified
somatic mutation involving the MYD88 gene in more than 90% of
tumor samples from patients with WM and non-IgM lymphoplasma-
cytic lymphoma.1 MYD88 L265P mutation enables the expansion of
WM cells with activation of nuclear factor-kB (NF-kB) signaling
through the induction of Bruton’s tyrosine kinase (BTK) and
interleukin-1 receptor-associated kinase 1 and 4 (IRAK 1/4).2

Therapeutics targeting BTK and IRAK 1/4 are under investigation
in WM in both a preclinical and a clinical setting. Despite these
advances, WM remains incurable with a 5-year survival rate of
50%.3 Therefore, the search for novel therapeutic agents targeting
deregulated signaling pathways specifically present in WM is
ongoing.

Sp1 is a ubiquitous zinc finger transcription factor (TF) that binds
guanine-cytosine–rich elements in the promoter region of inducible
genes. Lines of evidence demonstrate that overactivation of Sp1
occurs frequently in a wide variety of human tumors and that high
Sp1 expression correlates with aggressive biology and poor clinical
outcome of these tumors.4-6 Inhibition of Sp1, both by small
interfering RNA (siRNA) knockdown and by pharmacologic agent
tetra-O-methyl nordihydroguaiaretic acid, terameprocol (TMP)which

competitively inhibits Sp1-DNA binding, has demonstrated antipro-
liferative activity in a number of solid tumors.7-9 Based on our previous
observation that Sp1 transactivation plays an important functional role
in myeloma,10 we have investigated its impact on WM cells, both
directly and in relationship toMYD88 pathway activation.Ourfindings
showthatSp1 is constitutively active inWMcellswith an important role
in tumor cell growth and survival, independent of MYD88 signaling.

Materials and methods

Cells

TheWMcell lines (WSU-WM, BCWM.1, andWMCL-1) and IgM-secreting
low-grade lymphoma cell lines (MEC-1 and RL) were cultured in RPMI
1640 containing 10% fetal bovine serum (Sigma Chemicals), 2 mmol/L
L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin (GIBCO).
Bone marrow (BM) mononuclear cells and primary WM cells from BM
aspirates from multiple myeloma patients following informed consent and
Dana-Farber Cancer Institute’s Institutional Review Board approval were
isolated using Ficoll-Hypaque density gradient sedimentation. Primary WM
cells were obtained using CD19 micro-bead selection (Miltenyi Biotec) with
more than 90% purity, as confirmed by flow cytometric analysis. This study
was conducted in accordance with the Declaration of Helsinki.
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siRNA

RNA interference was done by using the TranSilent Human Sp1 siRNA
(Panomics Inc., Redwood City, CA). Nontargeting scrambled negative
control siRNA (Panomics Inc.) was used as negative control. Briefly,MWCL1
andBCWM1cellswere transiently transfectedwith Sp1 siRNAwith the use of
Amaxa technology (KIT V, Program T-030).

Transfection of Sp1 plasmid

A plasmid encoding human Sp1, pCAGGS, was kindly provided by
Dr Ferruccio Galbiati (University of Pittsburgh, PA). Transfection was
performed with the use of Amaxa technology.

Chromatin immunoprecipitation assays

WM cells were left untreated or treated with TMP (10 mM) for 24 hours.
Briefly, cells were cross-linked with 1% formaldehyde for 10 minutes at
37°C. The cross-linked chromatin was then extracted, diluted with lysis
buffer, and sheared by sonication. The chromatin was divided into equal
samples for immunoprecipitationwith anti-Sp1, anti-IgG (negative control)
polyclonal antibody (Millipore). The immunoprecipitates were pelleted by
centrifugation and incubated at 65°C to reverse the protein-DNA cross-
linking. The DNA was extracted from the elute by the QIAquick PCR
Purification Kit (Qiagen). Purified DNAwas subjected to polymerase chain
reaction (PCR). The sequences of the PCR primers used were as follows:
primers specific for a region (2264 to 231) in the survivin promoter
spanning 7 putative Sp1 binding sites: sense, 59-TTCTTTGAAAAGCA
GTCGAGGGG-39, antisense, 59-CGCGATTCAAATCTGGCGGTTA-39;
the region from 2272 to 118 bp of the vascular endothelial growth factor
promoter was amplified using the following primers: sense, 59-ccgcgg
gcgcgtgtctctgg-39, antisense, 59-tgccccaagcctccgcgatcctc-39; SIRT1 pro-
moter containing the putative Sp1 binding site: sense, 59-GTGACCCGT
AGTGTTGTGGTC-39, antisense, 59-CATCTTCCAACTGCCTCTCTG-39;
and negative control: sense, 59-ATGGTTGCCACTGGGGATCT-39, anti-
sense, 59-TGCCAAAGCCTAGGGGAAGA-39. Dihydrofolate reductase
primers were purchased from Millipore.

Quantitative reverse-transcription polymerase chain

reaction analysis

Expression of human survivin transcripts was determined using real-time
quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) based
on TaqMan fluorescence methodology, following manufacturer protocols
(Applied Biosystems, Foster City, CA). Relative expression was calculated
using the comparative d d (Ct) method.

Enzyme-linked immunosorbent assay (ELISA) for Sp1 and

NF-kB transcription activity

Nuclear protein was extracted with a Nuclear Extraction Kit (Panomics Inc.)
and quantified using the Bio-Rad Protein Assay Kit. A total of 15 mg of
nuclear protein from each treatment were analyzed for Sp1 or NF-kB activity
using the Transcription Factor ELISA Kit (Panomics Inc.), according to the
manufacturer’s instructions.

Immunoblotting

Western blotting (WB) was performed to delineate expression levels of total
protein (Sp1, survivin, caspase-3, poly ADP ribose polymerase (PARP),
BTK, NF-kB, and signal transducer and activator of transcription (STAT3),
and phospho-specific isoforms of NF-kB and STAT3. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)was used as loading control (Santa Cruz
Biotechnology).

TF activity profiling assay

The activity of 48 TFs was analyzed using the TF Activation Profiling Plate
Array I (Signosis Inc.) according to the manufacturer’s instructions. Six
micrograms of nuclear protein extracts was assayed per sample. TF activities

inWM cells were compared with the activities in normal B cells, and selected
based on fold-change method (#21.5 or $1.5).

Reagents

Tumor cells were treated with and without TMP (Erimos Pharmaceuticals),
and/or inhibitors of IRAK 1/4 kinase function (407601, EMDJ) and BTK
(ibrutinib; Pharmacyclics Inc.). Drug interactions were assessed by CalcuSyn
2.0 software (Biosoft), which is based on the Chou-Talalay method. When
combination index (CI) 5 1, this equation represents the conservation
isobologram and indicates additive effects. CI,1 indicates synergism; CI.1
indicates antagonism.

Cell proliferation, viability, and apoptosis assay

WM cell proliferation was measured by [3H]-thymidine (PerkinElmer,
Boston, MA) incorporation assay and bromodeoxyuridine staining, as
previously described.10 Cell viability was analyzed by CellTiter-Glo (CTG)
(Promega). Study of caspase activity was performed using Caspase-Glo 3/7
Assay (Promega). Apoptosis was evaluated by flow cytometric analysis
following Annexin-V and propidium iodide staining.

In vivo study

The in vivo efficacy of TMP was tested in a murine xenograft model using
BCWM1 cell line injected subcutaneously (s.c.) in severe combined
immunodeficiency (SCID) mice. Following detection of tumor, mice were
treated with either vehicle or TMP (50 mg/kg) s.c. for 5 consecutive days/
week for 2 weeks. Tumor growth was measured as previously described.10

Statistical analysis

The statistical significance of differences was analyzed using the Student
t test; differences were considered significant when P# .05.

Results

Modulation of Sp1 activity affects cell growth and viability

in WM

We screened DNA-binding activities of 48 TFs using a TF
activation-profiling array (Signosis, Sunnyvale, CA) in order to
identify TFs specifically activated in WM cells as compared with
normal cells. As shown in Figure 1A, AR, E2F1, MEF2, Pax-5, and
Sp1 DNA-binding activities were at least 1.5-fold higher in both
MWCL1 and BCWM1 cells compared with normal CD191 cells
from healthy donors (N5 2), with Sp1 being the most significantly
activated TF (5.786 0.37-fold increase) in bothWM cell lines. This
finding, along with our previous observation of a deregulated Sp1
activity in myeloma,10 prompted us to further investigate its role in
WM. We observed that WM and low-grade lymphoma cell lines
exhibit significantly increased levels of Sp1 DNA-binding activity
compared with peripheral blood derived CD191 cells from normal
donors (N 5 3) using an ELISA-based assay specific for Sp1
(Figure 1B). We also confirmed that the enhanced Sp1 activity is
associated with high nuclear levels of Sp1 protein in tumor cells
compared with normal cells by WB analysis (Figure 1C).

To further evaluate the potential oncogenic role of Sp1 in WM,
we examined the effect of Sp1 inhibition in two WM cell lines,
BCWM1 and MWCL1. These cells were transfected with Sp1
siRNA, and the gene silencingwas confirmed at gene expression and
protein level by real time PCR (data not shown) andWB (Figure 1D),
respectively, after 2 days of transfection. Sp1 knockdown in WM
cells led to decreased WM cell viability, as evaluated by CTG
(Figure 1E). We have also evaluated the antiproliferative effect of
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Sp1 silencing in the absence and presence of primary bone marrow
stromal cells (BMSCs) isolated from WM patients (Figure 1F).
Conversely, overexpression of Sp1 promoted cell growth and in-
creased IgM production in the BCWM1 cell line (data not shown).
These results demonstrate the role of Sp1 in WM cell growth and
survival, and provide a rationale to therapeutically target Sp1 inWM,
using small molecule inhibitors of Sp1.

We, therefore, evaluated the antitumor activity of TMP, a
previously reported Sp1 inhibitor in WM. TMP exposure led to
inhibition of DNA synthesis in WM and IgM-secreting low-grade
lymphoma cell lines in a dose- (Figure 2A) and time-dependent (data
not shown) fashion, and G1 cell-cycle arrest with concomitant
reduction of cells in S phase (Figure 2B). Moreover, we observed
inhibition of cell survival in both WM cell lines, as well as purified
primary cells from 2 WM patients after 24 hours of treatment with
TMP (Figure 2C).A time-dependent inductionof PARPand caspase-3
cleavage was also observed upon TMP treatment (Figure 2D). Given
the growth promoting effect of interaction between WM cells and

BMSCs, we evaluated the antiproliferative effect of TMP in the
context of the BM milieu. Treatment with TMP suppressed WM-
BMSC interaction-mediated growth of WM cell lines, as well as
purified primary cells from 2WMpatients (Figure 2E), whereas it had
no effect on the viability of BMSCs (data not shown). Finally,we have
evaluated the effect ofTMP invivo in an s.c. xenograftmousemodel in
which BCWM1 cells were injected s.c. in SCID mice. After devel-
opment of the tumor (approximately 3weeks fromcell injection),mice
were treated either with placebo or TMP for 5 consecutive days/week.
As shown in Figure 2F, a reduction in the tumor growth was observed
inmice treatedwith TMP as comparedwith control mice. The reduced
tumor volume observed in treated mice may be a reflection of the
effects of TMP on both proliferation, as well as survival.

We further confirmed inhibition of Sp1 binding by TMP to
known Sp1 responsive promoters by chromatin immunoprecipita-
tion assay and reduction of survivin at protein levels by WB in cells
treated with TMP (Figure 3A-B). We also evaluated and confirmed
reducedmessengerRNA levels of survivin inWMcell lines after Sp1

Figure 1. Sp1 DNA-binding activity is high in WM cells and affects tumor growth and viability. (A) Nuclear extracts from MWCL1, BCWM1, and normal CD191 cells

were analyzed using TF activation ELISA array. TF activation profile differences in cancer and normal cells were quantitatively analyzed and compared. TFIID was used as

loading control. The radar chart displays fold change values (from 0 to 7) in MWCL1 and BCWM1 cells relative to CD191 normal cells. (B) Nuclear extracts from WM and low-

grade lymphoma cell lines were analyzed for Sp1 activity using the Sp1 TF ELISA kit, which measures Sp1 DNA binding activity. To analyze the specificity of the DNA-binding

complexes, cold competition was performed (data not shown). Absorbance was obtained with a spectrophotometer at 450 nm and presented as optical density. Blue, red, and

green lines show mean Sp1 binding activity of WM, low-grade lymphoma, and normal CD191 cells, respectively. (C) Equal amounts of nuclear and cytoplasmic protein

extracts from MWCL1 (MW), BCWM.1 (BC), WSU-WM (WS), RL, MEC, and CD191 normal cells from 2 healthy donors were subjected to WB analysis using anti-Sp1 ab. p84,

and GAPDH were used as loading controls for nuclear and cytoplasmic fractions, respectively. (D) BCWM1 and MWCL1 cell lines were transfected using different

concentrations of TranSilent Human Sp1 siRNA or scrambled siRNA (Scr). Cell lysates were obtained 48 hours after transfection and subjected to WB analysis to assess

decrease in the Sp1 protein expression posttransfection using anti-Sp1 and GAPDH abs. WB analyses confirmed reduction in Sp1 protein level following transient transfection

of WM cells with Sp1 siRNA compared with cells transfected with control Scr. (E) The effect of Sp1 knockdown on cell survival in WM cells transfected with Sp1 or control siRNA

were assessed by CellTiter Glo assay and presented as change relative to control cells. (F) WM cell lines transfected with 2 mM of Sp1 siRNA or control siRNA were cultured in the

absence or presence of BMSC for 24 hours. Tumor cell growth was evaluated by [3H]thymidine uptake and presented as a percentage of cell growth compared with Scr.
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knockdown (Figure 3C). Conversely, overexpression of Sp1 in-
creased the survivin level (Figure 3D), confirming that survivin is an
Sp1-transcriptionally regulated gene in WM cells.

Inhibition of Sp1 activity impairs NF-kB and STAT3 signaling

pathways in WM cells

Since Sp1 interacts with other TFs influencing their activity, we
analyzed activities of various TFs in nuclear extracts from MWCL1
cells following Sp1 knockdown or followingTMP treatment using the
TF activity array.We observed decreased activity of 17 TFs (out of 47
studied) following Sp1 knockdown and/or TMP treatment, including
STAT1, STAT3, and NF-kB; whereas activity of other TFs such as
p53, TCF/LEF, and Myc-Max, were not affected (Figure 4A).
Enforced expression of Sp1 significantly induced NF-kB p65 (RelA)
luciferase activity, and TMP was able to overcome this effect
(Figure 4B). Moreover, we observed inhibition of basal and TNFa-
induced NF-kB p65 DNA binding activity in nuclear extracts from

TMP-treated cells (Figure 4C). Finally, immunoblotting analysis
showed inhibition of NF-kB p65 phosphorylation after both siRNA-
mediated and pharmacologic inhibition of Sp1 (Figure 4D). Taken
together, these data demonstrate that both Sp1 siRNA and TMP
significantly suppress basal and TNFa-stimulated NF-kB transcrip-
tional activity in WM cells. Similarly, we observed inhibition of IL-
6–induced STAT3 phosphorylation by TMP (Figure 4E). NF-kB and
janus kinase-STAT3 signaling mediate the production of IL-6, which
have a well-established role in the maintenance of many hematologic
malignancies.11 We have confirmed reduced IL-6 expression levels
by TMP- and siRNA-mediated Sp1 knockdown in BCWM1 and
MWCL1 WM cell lines by qRT-PCR (data not shown).

Sp1 inhibition decreases BTK and induces synergistic growth

inhibitory effects with inhibitors of MYD88 pathways in WM

MYD88L265Pmutation has been reported inmore than 90%of tumor
samples from patients with WM or non-IgM lymphoplasmacytic

Figure 2. Pharmacologic inhibition of Sp1 by TMP decreases WM cell growth. (A) WM and lymphoma cell lines were treated with various concentrations of TMP (1 to

20 mM) for 48 hours, and cell growth was assessed by [3H]thymidine uptake. Data are presented as a percentage of untreated cell proliferation. (B) Flow cytometric analysis of

bromodeoxyuridine (BrDU) incorporation was performed after treatment of BCWM1 cells with the inhibitor for 24 hours. Data shown are percentage of cells in the different

phases of the cell cycle. (C) BCWM.1, MWCL1, and primary CD191 WM cells (WM1 and WM2) were cultured with different concentrations of TMP for 24 hours. Cell survival

was assessed by CTG, and presented as a percentage of growth of vehicle-treated cells. (D) BCWM.1 cells were left untreated or treated with 10 mM of TMP for different time

points. Cells were then subjected to WB analysis using PARP and caspase-3 abs. GAPDH ab was used as loading control for WB analysis (right). Densitometric quantitation

of band intensity was performed using ImageJ software. Data were normalized to GAPDH. Fold change compared with time5 0 is shown on graph (left). (E) BCWM.1, WSU-

WM, MWCL1, and primary CD191 WM cells (WM3 and WM4) were cultured in the absence (-) or presence (1) of BMSC from WM patients at different concentrations of TMP

for 48 hours. Cell proliferation was assessed by [3H]thymidine uptake, and presented as percentage of growth of vehicle-treated cells cultured in the absence of BMSC

(100% 5 control). (F) BCWM1 cells were injected s.c. in SCID mice. Treatment started following detection of tumor (approximately 3 weeks from cell injection). Mice were

treated either with 50 mg/kg of TMP or placebo s.c. daily for 2 weeks. Tumors were measured in two perpendicular dimensions once every week.
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lymphoma. MYD88 is an adaptor molecule in toll-like receptor and
interleukin-1 receptor signaling. Inhibition of MYD88 signaling
decreased NF-kB activity and survival of WM cell lines expressing
MYD88 L265P, and activated B-cell–type diffuse large-cell lym-
phoma. We evaluated the interaction between Sp1 and MYD88
pathways in WM. For these studies, we have used BCWM1 and
MWCL1 cell lines which expressed the MYD88 L265P mutation as
a heterozygous variant, as reported in previous reports.1,2,12,13 We
first investigated the impact ofMYD88 on the sensitivity ofWM cells
to Sp1 inhibition, analyzing the effect of TMP on MYD88-silenced
cells. MYD88 knockdown significantly inhibits BCWM1 cell growth
compared with scrambled cells, and the antitumor effect was more
pronounced upon treatment with TMP (Figure 5A). Increased tumor
cell killing in response to dual Sp1 and MYD88 inhibition was asso-
ciated with more robust inhibition of basal and induced NF-kB
binding (Figure 5B). Both MYD88 L265P expressing BCWM1 and
MWCL1 WM cells were then cultured in the absence or presence of
the IRAK1/4 kinase inhibitor 407601, for 24 hours. The combination
treatment drugs markedly reduced WM cell growth (Figure 5C-D).
We also observed a significant inhibition of cell survival after 48
hours of treatment with combination therapy (data not shown).

These results prompted us to investigate the nature of the inter-
action between Sp1 and MYD88 pathways. We have first observed

that MYD88 knockdown failed to modulate Sp1 expression and/or
activity (data not shown). In addition, no changes in the expression of
MYD88 or its downstream molecular intermediates IRAK 1/4 after
genetic and pharmacologic inhibition of Sp1 in WM cells were
observed (data not shown).

Recent studies have shown that BTK binds to, and is activated
in response to MYD88 L265P mutation in WM cells.2 BTK is an
important downstream adapter for B-cell–receptor signaling that is
constitutively active in MWCL1 and BCWM1 cells. Recent clinical
data suggest remarkable activity of ibrutinib, the first-in-class
covalent inhibitor of BTK, in WM.14 Interestingly, Sp1 has been
identified as one of the major TF regulators of BTK expression by
binding and activating its promoter.15,16 We observed that treatment
with TMP dramatically reduced BTK at messenger RNA (data not
shown) and protein levels inWMcells in a time- and dose-dependent
way (Figure 6A). Based on these results showing that Sp1 regulates
BTK expression in WM cells, we next examined the impact of dual
inhibition of Sp1 with TMP and BTK with the inhibitor ibrutinib on
WM cell growth. BCWM1 and MWCL1 cells were simultaneously
treated with different concentrations of both drugs for 24 hours. The
combination treatment resulted in significant time- (data not shown)
and dose-dependent inhibition of cell growth evaluated by thymidine
uptake (Figure 6B), as well as inhibition of cell survival evaluated by

Figure 3. Survivin is transcriptionally regulated by Sp1 in WM cells. (A) BCWM.1 cells were treated with 10 mM of TMP for 24 hours, and purified DNA from chromatin

immunoprecipitated with anti-Sp1 and anti-IgG polyclonal antibody was subjected to PCR using primers specific for selected gene promoter regions. The y-axis represents

average enrichment over IgG from at least 2 independent experiments normalized to input. (B) BCWM.1 cells with or without TMP treatment at stated concentrations for

24 hours. Cells were then subjected to WB analysis using anti-survivin and anti-GAPDH abs. (C) Survivin expression in BCWM1 and MWCL1 cells transfected with either

Sp1-specific siRNA or Scr were analyzed by qRT-PCR. Data were first normalized to GAPDH and then to the signal from control cells. Data are presented as mean of fold

change compared with control 6 SEM of 3 biological replicates. (D) A plasmid encoding human Sp1, pCAGGS, was transfected in BCWM1 cells using nucleofection.

BCWM.1 cells overexpressing Sp1 were evaluated for the expression of survivin by qRT-PCR 2 days after transfection.
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CTG (data not shown). The Chou and Talalay analysis confirmed
synergistic anti-WM activity of TMP plus ibrutinib, with a CI,1.0
with all tested doses (Figure 6C-D). Moreover, a significant activa-
tion of caspase 3/7 was observed after treatment with combined
versus single-agent therapy (Figure 6E), as well as a more pro-
nounced inhibition of p-STAT3 activity (Figure 6F).

We next evaluated whether these combinations could lead to
either additive or synergistic induction of apoptosis on WM cells.
BCWM.1 cells were cultured with TMP (10mM) for 24 hours, in the
presence or absence of ibrutinib and/or IRAK 1/4 kinase inhibitor;
22% of BCWM.1 cells was in early apoptosis after treatment with
TMP, which was increased to 52% and 69% in the presence of 1mM
ibrutininb, or 10 mM 407601, respectively, indicating synergistic
effect (Figure 6G). Finally, we observed that neither the single agent

nor the combination triggered death of healthy donor peripheral
blood mononuclear cells, suggesting a favorable therapeutic index
(data not shown).

Discussion

Recent studies have reported a high frequency of theMYD88 L265P
somatic mutation in patients with WM. The mutation confers a
survival advantage in WM cells, providing the rationale for the use
of inhibitors targeting MYD88 and/or its downstream pathways for
the treatment of WM. However, additional MYD88-independent
pathways may drive the disease. Deregulation of Sp1 has been
observed in many cancers and diseases, including myeloma.17 Our

Figure 4. Inhibition of Sp1 activity impacts NF-kB and STAT3 pathways in WM cells. (A) Nuclear extracts from Sp1 knockdown or TMP-treated MWCL1 cells were

analyzed for TF activation using a TF profiling array. Relative fold changes from corresponding control are plotted. (B) BCMW1 cells were electroporated with control or Sp1

expression vector, NF-kB luciferase reporter plasmid, and pRL-TK to normalize for different transfection efficiencies; following electroporation, cells were treated with vehicle

or 10 mM TMP, and 24 hours later luminescence was measured using the Dual-Luciferase assay kit and the GloMax microplate luminometer. Results are expressed as

a percentage of Firefly/Renilla ratio of control-transfected cells. Whole lysates from these transfected cells were immunoblotted using anti-Sp1 and anti-a-tubulin (Santa Cruz

Biotechnology) antibodies. (C) BCWM.1 cells were cultured with TMP (10 mM) for 24 hours, and then TNF-a was added for the last 20 minutes. NF-kB p65 TF binding to its

consensus sequence on the plate-bound oligonucleotide was analyzed in nuclear extracts. The results represent means6 SD of triplicate experiments. (D) Whole cell lysates

from Scr, or Sp1-specific siRNA- or control, or TMP-treated BCWM.1 cells were subjected to WB using anti–p-NF-kB p65, -NF-kB p65, and -GAPDH antibodies. (E) BCWM1

cells were treated with IL-6 with and without TMP and assessed by WB analysis using anti–p-STAT3, -STAT3, and -GAPDH antibodies.
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study demonstrates Sp1 as being one of the most activated TFs in
WMcells when comparedwith normal B cells. By gain of and loss of
Sp1 function studies, we demonstrate that Sp1 signaling was sup-
portive of WM growth and survival. Moreover, targeting Sp1 activity
with the small molecule TMP, significantly inhibits cell proliferation
and induces cytotoxicity in a dose- and time-dependentmanner inWM
cells, suggesting that specific inhibition of Sp1 activity may be an
interesting potential therapeutic. TMP is a semi-synthetic small mole-
cule that disrupts the interaction between Sp1 and guanine-cytosine-
rich motifs, thereby inhibiting Sp1 transcriptional activity.8,18-20 We
have observed the inhibition of Sp1 binding to known Sp1-responsive
promoters by TMP using chromatin immunoprecipitation assay, and
decreased expression levels of Sp1-regulated proteins, confirming that
the antitumor activity of TMP inWM occurs via selective targeting of
Sp1 activity.

Moreover, the effect of Sp1 inhibition on WM cell growth and
survival was partly achieved through interference with NF-kB and
STAT3 signaling pathways. These functional data establish a new
oncogenic pathway inWM:Sp1 activity promotingNF-kBand janus
kinase-STAT3 signaling, which mediate cell growth and survival.

Both NF-kB and STAT3 are downstream targets ofMYD88 and key
pathways involved in the pathophysiology of WM, raising the
possibility thatMYD88 andSp1 pathways are interconnected inWM
cells. MYD88 knockdown significantly increased the sensitivity of
WM cells to Sp1 inhibition, without affecting its expression and/or
activity. These results provided the rationale to investigate the
activity of combination treatment with TMP and known inhibitors of
the MYD88 pathway signaling.

Yang et al have recently established that BTK, a critical com-
ponent in the signalosome that regulates B-cell proliferation and
differentiation, as a downstream target of MYD88 L265P signaling
inWMcells.2 Therefore, inhibition of BTKwith a selective inhibitor
may have indirect effects on MYD88 L265P-related activation in
WM. Importantly, BTK is transcriptionally regulated by Sp1,21 and
in this study,weconfirm this interactionbydemonstrating thedramatic
reduction in BTK levels inWM cells with TMP treatment. Ibrutinib is
a covalent, irreversible, and highly selective BTK inhibitor,22 which is
already showing promising clinical activity in WM and other B-cell
malignancies.14 The combined use of Sp1 andBTK inhibitors resulted
in significant and synergistic dose-dependent decrease of growth and

Figure 5. Dual inhibition of MYD88 and Sp1 activity leads to synergistic killing in WM cells, and suppression of NF-kB activity. (A) BCWM.1 cells were transfected

with either Scr or MYD88-specific siRNA; 24 hours after transfection, BCWM1 cells were treated with either vehicle or TMP and cultured for an additional 24 hours. Cell

proliferation was assessed by thymidine uptake and presented as a percentage of control. (B) BCWM.1 cells were transfected with either Scr or MYD88-specific siRNA;

48 hours after transfection, WM cells were treated with either vehicle or TMP and cultured for an additional 4 hours. TNF-a was added for the last 20 minutes. NF-kB p65 TF

binding to its consensus sequence on the plate-bound oligonucleotide was analyzed in nuclear extracts. The results represent means 6 SD of triplicate experiments. (C-D)

BCWM1 and MWCL1 cells were cultured in the absence or presence of IRAK 1/4 inhibitor peptide 407601 and TMP for 24 hours. Cell growth was assessed by [3H]thymidine

uptake assay and presented as a percentage of control cells (untreated cells). Data are mean6 SD (n5 3). CIs and fractions affected were generated with CalcuSyn software

for each set of combination. CI ,1, CI values 5 1, and CI values .1 indicate synergism, additive effect, and antagonism, respectively.
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survival in WM cells. We also report that MYD88 L265P and Sp1
independently mediate the activation of NF-kB and STAT3. WM
patientsmay therefore, benefit from therapies targeting Sp1 alone or in
combination with agents targeting the MYD88 pathway or its down-
stream targets. Sp1 inhibition could also be a good combination
therapy with the MYD88 inhibitor in activated B-cell–like, diffuse
large B-cell lymphoma with L265P mutation23 and in multiple
myeloma in combination with BTK inhibitors. However, further
detailed analysis of single agent and combination in vitro and in
vivo in animal models is required as preclinical studies in order to
plan future clinical trials.

In conclusion, the results obtained in this study demonstrate Sp1 as
an important TF in WM and provide a rationale to therapeutically
target Sp1 in WM using small molecule inhibitors of Sp1 expression
and activity. TMP provides an important possibility for therapeutic
targeting of Sp1; its safety has been established in several clinical
trials,24,25 indicating that TMP could be a useful therapeutic for
treating WM. Importantly, our data indicate the need for further
detailed investigations that may eventually lead to combination
clinical trials in WM.
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Figure 6. TMP decreases BTK expression and enhances growth inhibitory effect of ibrutinib against WM cells. (A) BCWM1 cells with or without TMP treatment at various

concentrations for 24 hours were subjected to WB analysis using anti-BTK and GAPDH. (B) BCWM1 (left) and MWCL1 cells (right) were cultured in the presence of different doses

of ibrutinib and TMP alone, or in combination for 24 hours. Cell growth was assessed by [3H]thymidine uptake and presented as a percentage of control cells (untreated cells). Data

are means 6 SD (n 5 3). (C) CIs and fractions affected are shown in the graphs (upper panel) and in the tables (lower panel) for BCWM1 (left) and MWCL1 (right) cell lines. (D)

Caspase 3/7 activity was evaluated in BCWM1 and MWCL1 after single and combination drug treatment using Caspase-Glo 3/7 assay. (E) Total and phosphorylated STAT3 levels

in cell lysates from cells treated with or without TMP and ibrutinib alone or in combination were evaluated with STAT3 (Total/Phospho) InstantOne ELISA. (F) BCWM1 cells were

treated with TMP (10 mM), 407601 peptide (10 mM), ibrutinib (1 mM), or combined therapy for 48 hours, followed by Annexin V/propidium iodide staining and flow cytometry analysis.
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