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Abstract

The MUCL1-C oncoprotein is adirect activator of the canonical NF-xB Rel A/p65 pathway
and is aberrantly expressed in human multiple myeloma cells. However, it isnot known if
multiple myeloma cells are sensitive to disruption of MUC1-C function for survival. The present
studies demonstrate that peptide inhibitors of MUC1-C oligomerization block growth of human
multiple myeloma cdlsin vitro. Inhibition of MUC1-C function also blocked (i) the interaction
between MUC1-C and NF-xB p65 and (ii) activation of the NF-xB pathway. In addition,
inhibition of MUC1-C in multiple myeloma cells was associated with activation of the intrinsic
apoptotic pathway and induction of late apoptosignecrosis. Primary multiple myeloma cells, but
not normal B-cells, were also sensitive to MUC1-C inhibition. Significantly, treatment of
established U266 multiple myeloma xenografts growing in nude mice with alead candidate
MUC1-C inhibitor resulted in complete tumor regression and lack of recurrence. These findings
indicate that multiple myeloma cells are dependent on intact MUC1-C function for constitutive

activation of the canonical NF-xB pathway and for their growth and survival.
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Introduction

The nuclear factor-kB (NF-xB) pathway is constitutively activated at high frequency in
human multiple myeloma cells by mechanisms that are largely unknown (Chauhan et al., 1996;
Hideshimaet al., 2001). The NF-xB proteins (RelA/p65, RelB, c-Rel, NF-xB1/p50 and NF-
kB/p52) are ubiquitously expressed transcription factors that localize to the cytoplasmin
complexes with members of the IkB family of inhibitor proteins (Hayden and Ghosh, 2008). In
response to stimulation, the high molecular weight IxB kinase (IKKo, IKK and IKKy) complex
phosphorylates 1B proteins and induces their ubiquitination and degradation. In turn, NF-xB is
released for nuclear translocation and activation of NF-kB target genes that contribute to
inflammatory responses, cellular proliferation and survival (Karin and Lin, 2002). Inthe
canonical NF-xB pathway, NF-xB Rel A/p65-1kxBoc complexes shuttle between the nucleus and
cytoplasm (Hayden and Ghosh, 2008). Activation of this pathway, for example in the response
to tumor necrosis factor-o. (TNFor), induces IKKB-mediated phosphorylation and degradation of
lkBo with a shift in targeting of NF-kB p65 to the nucleus. Significantly, downregulation of the
constitutively activated canonical NF-xB pathway in multiple myeloma cells by diverse agents
that block IKKP isassociated with inhibition of growth and induction of death (Annunziata et
al., 2007; Hideshima et al., 2009; Hideshima et al., 2002; Hideshima et al., 2006; Jourdan et al.,
2007). Mutationsin genes encoding positive and negative regulators of canonical NF-xB
signaling have been identified in a subset of multiple myeloma cells (Annunziata et al., 2007).
Moreover, noncanonical NF-xB signaling involving IKK o as an upstream effector of NF-
kB2/p52 and RelB is activated in certain multiple myeloma cells as a consequence of mutations

in genes that regulate this pathway (Annunziata et al., 2007; Keats et al., 2007). These
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observations have suggested that both the canonical and noncanonical NF-kB pathways may
contribute to the malignant multiple myeloma phenotype (Hideshima et al., 2009). However, the
findings that most multiple myeloma cells are sensitive to agents that target IKK [ have

provided support for the importance of the canonical NF-xB pathway in maintaining their

growth and survival.

The MUCL oncoprotein is aberrantly expressed by most, if not all, multiple myeloma cell
lines and primary patient samples (Baldus et al., 2007; Burton et al., 1999; Cloosen et al., 2006;
Kawano et al., 2008; Paydas et al., 2001; Takahashi et al., 1994; Treon et al., 1999). MUC1
consists of two subunits that form a heterodimeric complex at the cell membrane (Kufe, 2009).
The extracellular MUC1 N-terminal subunit (MUC1-N) isthe mucin component of the
heterodimer. The MUC1 C-terminal transmembrane subunit (MUC1-C) has a 58 amino acid
extracellular domain that interacts with galectin-3 and functions as a cell surface receptor (Kufe,
2009; Ramasamy et al., 2007). MUC1-C also consists of a 72 amino acid cytoplasmic domain
that is sufficient for inducing transformation (Huang et a., 2005). In addition toitslocalization
at the cell membrane, MUC1-C accumulates in the cytoplasm and is targeted to the nucleus of
multiple myelomacells (Li et a., 2003). Of potential functional importance, silencing of MUC1
expression in multiple myeloma cells is associated with increased sensitivity to the induction of
apoptosis (Kawano et al., 2008). Notably, the MUC1-C cytoplasmic domain binds directly to
IKKb and contributes to activation of the IKK complex (Ahmad et al., 2007). Moreover, the
MUCI1-C cytoplasmic domain binds directly to NF-xB p65 and blocks the interaction of NF-xB
p65 and itsinhibitor 1xBa, thus further promoting activation of the canonical NF-xB pathway

(Ahmad et al., 2009). The interaction between MUC1-C and NF-xB p65 is detectable on the
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promoters of NF-kB target genes. For example, MUC1-C-NF-xB p65 complexes occupy the
Bcl-xL gene promoter, where MUC1-C contributes to NF-xkB-mediated induction of Bcl-xL
expression (Ahmad et a., 2009). The MUC1-C cytoplasmic domain contains a CQC motif that

isnecessary for its oligomerization and thereby localization of MUCL1-C to the nucleus (Leng et

al., 2007). Importantly, inhibition of MUC1-C oligomerization in epithelial cells with a peptide

drug, designated GO-201, blocks the interaction between MUC1-C and NF-xB p65 and
decreases the expression of NF-xB target genes (Ahmad et al., 2009). These findings have
provided support for a model in which MUC1-C isadirect activator of NF-xB p65 and that

targeting of MUC1-C function blocks activation of the canonical NF-xB pathway.

In the present work, we show that peptide inhibitors of MUC1-C oligomerization block
constitutive activation of NF-kB p65 and induce death of multiple myelomacellsin vitro. The
results also demonstrate that inhibiting MUC1-C is highly effective in the treatment of human
multiple myeloma xenografts in nude mice. The findingsindicate that disrupting MUC1-C

function has a dominant-negative effect on multiple myeloma growth and survival.
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Materialsand Methods

Céll culture. Human U266, RPM 18226, KM S28PE, MM.1R and H929 multiple
myeloma cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum, 100 U/ml penicillin, 100 ug/ml streptomycin and 2 mM L-glutamine.
Primary multiple myeloma cells and normal B cells were prepared as described (Ryan et al.,
2005; Vasir et a., 2005) and suspended in RPM1 1640 medium containing 10% human AB
serum (Sigma), penicillin and steptomycin. Cells were treated with the GO-201, GO-203, CP-1
and CP-2 peptides synthesized by AnaSpec Inc. Viability was determined by trypan blue

exclusion.

Analysisof cell cycledistribution and apoptosis/necrosis. Cellswerefixed in 80%
ethanol and incubated in PBS containing 40 ug/ml RNaseand 5 ug/ml propidium iodide (PI).
Cdll cycle distribution was determined by flow cytometry. Cells were also incubated with

Pl/annexin V (BD Biosciences Pharmingen) and analyzed by flow cytometry.

I mmunopr ecipitation and immunaoblotting. Whole cell and nuclear lysates were
prepared from subconfluent cells as described (Ahmad et al., 2009; Joshi et al., 2009). Soluble
proteins were precipitated with anti-MUC1-C (Ab5; Lab Vision). The immunoprecipitates and
cell lysates were subjected to immunaoblotting with anti-NF-xB p65 (Santa Cruz Biotechnology),
anti-MUC1-C, anti-lamin B (EMD), anti-f-actin (Sigma), anti-Bcl-xL (Santa Cruz
Biotechnology), anti-caspase-9 (Cell Signaling Technology), anti-PKCd (Santa Cruz
Biotechnology) and anti-PARP (Cell Signaling Technology). Immune complexes were detected

with horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence
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(GE Hedlthcare).

Chromatin immunopr ecipitation assays. Soluble chromatin was prepared as described
(Ahmad et al., 2009) and precipitated with anti-p65 or a control nonimmune 1gG. For PCR, 2 ul

from a 50 ul DNA extraction were used with 25 to 35 cycles of amplification.

M easurement of ROSlevels. Cellswereincubated with 2 uM hydroethidine (HE)
(Polyscience, Inc) for 20 min at room temperature. Conversion of HE to ethidium was measured

by excitation at 470 nm and emission at 590 nm (Yin and Kufe, 2003).

Multiple myeloma tumor xenograft model. Four to six week old BALB/c nu/nu mice
(Charles River Laboratories) were injected subcutaneously with 1 x 107 U266 cells in the flank.
When tumors were ~100 mm®, the mice were pair-matched into control and treatment groups of
10 mice each, excluding those with tumors not within 15% of the mean volume. PBS (control
vehicle), 30 mg/kg GO-203 and 30 mg/kg CP-2 were administered by intraperitoneal injection
each day for 21 days. Another group was treated with 30 mg/kg GO-203 each day for 5
days/week x 3 weeks. Tumor volume (V) was calculated using the formulaV=L? x W/2, where
L and W are the larger and smaller diameters, respectively. Tumors were evaluated by staining

with H&E.
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Results

Inhibition of MUC1-C function suppresses growth of multiple myeloma cells. U266,
RPM 18226 and KM S28PE multiple myeloma cells express the MUC1-N and MUC1-C subunits
as determined by flow cytometry and immunoblot analysis (Supplemental Fig. S1) (Kawano et
al., 2008). To assess senditivity to inhibition of MUC1-C, U266 cells were treated with GO-201,
a peptide inhibitor of MUC1-C oligomerization that was derived from the MUC1-C cytoplasmic
domain (CQCRRKNY GLDIFP, all L-amino acids) and linked at the N-terminusto 9 Arg
residues ([R]o) for cell permeability (Fig. 1A) (Rainaet al., 2009). Asacontrol, cells were also
treated with the CP-1 peptide ([R]o-AQARRKNY GLDIFP) that isineffective in blocking
MUCI1-C oligomerization (Fig. 1A) (Rainaet a., 2009). GO-201, but not CP-1, inhibited
U266 cell growth (Fig. 1A). In concert with this response, GO-201 treatment was associated
with asubstantial arrest of cellsin G1 and G2 phases (Fig. 1B). RPM 18226 cells aso responded
to GP-201, and not CP-1, with decreases in growth and accumulation of cellsin G1 and G2
phases (Figs. 1C and D; Supplemental Fig. S2A). Moreover, similar results were obtained with
KM S28PE cells (Supplemental Fig. S2B). These findingsindicated that targeting MUC1-C

oligomerization inhibits growth of multiple myeloma cells.

GO-201 inhibits NF-kB activation and induces death of multiple myeloma cells.
Previous studies have demonstrated that MUC1-C interacts directly with NF-xB RelA p65 and
that inhibition of MUC1-C function with GO-201 in breast cancer cells blocks targeting of
MUC1-C and NF-xB p65 to the nucleus (Ahmad et al., 2009). Consistent with these effects,
treatment of U266 cells with GO-201, and not CP-1, decreased nuclear levels of both MUC1-C

and NF-xB p65 (Fig. 2A). A similar downregulation of nuclear MUC1-C and NF-xB p65 was
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observed when RPM 18226 cells were treated with GO-201 (Fig. 2B). These results and the
dependence of multiple myeloma cells on the NF-xB p65 pathway for survival raised the
possibility that GO-201 could induce cell death. Indeed, treatment of U266 cells with GO-201
was associated with both Pl and annexin V staining, consistent with the induction of late
apoptosis/necrosis (Fig. 2C, left). Similar effects with approximately 60% of the GO-201-treated
U266 cells exhibiting a late apoptotic/necrotic response were obtained in repetitive experiments
(Fig. 2C, right). In addition and importantly for the specificity of GO-201, treatment with CP-1
had little if any effect (Fig. 2C). RPM18226 cells also responded to GO-201 and not CP-1 with
the induction of late apoptosis/necrosis (Fig. 2D, l€eft) that was confirmed in repetitive
experiments (Fig. 2D, right). GO-201 treatment of KM S28PE cells was further associated with
decreasesin nuclear MUC1-C and NF-xB p65 (Supplemental Fig. S3A) and late
apoptotic/necrotic death (Supplemental Fig. S3B), indicating that this response to inhibition of

MUC1-C function is observed in diverse multiple myeloma cells.

Effects of GO-203 on growth of multiple myeloma cells. GO-201 has potential
disadvantages as a therapeutic agent in that L-amino acids are susceptible to degradation by
proteases in plasma and the tumor microenvironment. Consequently, we synthesized a shorter
configuration with D-amino acids, designated GO-203 ([R]o-CQCRRKN), to circumvent
proteol ytic degradation and thereby increase stability (Fig. 3A). Asfound with GO-201, GO-203
was effective in inhibiting growth of U266 (Fig. 3A) and RPM 18226 (Fig. 3B) cells. GO-203
was also effective in inducing late apoptosis/necrosis of these cells (data not shown). By
contrast, the D-amino acid control CP-2 ([R].-AQARRKN) had no effect on growth or survival

of U266 and RPM 18226 cells (Figs. 3A and 3B). To further assess the activity of GO-203
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against other multiple myeloma cells, we studied the MUC1-positive MM.1R and H929 lines.
Treatment of MM.1R cdlswith GO-203, and not CP-2, was associated with inhibition of growth
(Supplemental Fig. S4A) and induction of |ate apoptosis/necrosis (data not shown). Similar
effects were obtained in the response of H929 cells to GO-203 exposure (Supplemental Fig.
$4B). These results indicate that the U266, RPM 18226, KM S28PE, MM .1R and H929 céll lines
studied each responded to MUC1-C inhibition with loss of survival. Nonetheless, this broad
activity does not exclude the possibility that other multiple myeloma cell lines will be resistant to
the effects of GO-203. Analysis of primary multiple myeloma cells by flow cytometry further
demonstrated expression of MUCL in over 70% of the population (Fig. 3C, upper panels). Short
term culture of the primary multiple myeloma cells further showed that viable cell number is
significantly decreased in response to GO-203 treatment as compared that obtained with CP-2
(Fig. 3C, lower panel). By contrast, GO-203 had no apparent effect on viability of normal B
cells (Fig. 3D). Thesefindingsindicate that GO-203 is active against multiple myeloma cell

lines and primary cells,

GO-203 blocks activation of the NF-xB pathway. The demonstration that GO-201
decreases nuclear MUC1-C and NF-xB p65 levels provided the basis for more detailed studies
on the effects of GO-203 on activation of the NF-xB pathway. MUC1-C associates with NF-kB
p65 in human carcinoma cells (Ahmad et al., 2009). Coprecipitation studies demonstrated that
MUC1-C aso associates with NF-xB p65 in U266 cdlls (Fig. 4A, left). Moreover, this
interaction was decreased by treatment of U266 cells with GO-203 and not CP-2 (Fig. 4A, left).
The association of MUC1-C and NF-xB p65 was also detectable in RPM 18226 cells and

downregulated by GO-203 treatment (Fig. 4A, right). Asfound with GO-201, nuclear targeting
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of MUC1-C and NF-kB p65 was decreased by GO-203 in U266 (Fig. 4B, |eft) and RPM18226
(Fig. 4B, right) cells. Previous work showed that MUC1-C promotes NF-kB p65 occupancy of
the Bcl-xL gene promoter and increases Bcl-xL expression (Ahmad et al., 2009). To determine if
GO-203 affects occupancy of the Bel-xL promoter by NF-xB p65, we performed chromatin
immunoprecipitation (ChlP) assays of the NF-xB responsive element (RE; GGGACTGCCC,; -
367 to -358) (Grillot et al., 1997). In U266 cells, occupancy of the Bcl-xL promoter by NF-xB
p65 was decreased in the response to GO-203 treatment (Fig. 4C, left). Similar results were
obtained in ChIP studies of GO-203-treated RPM 18226 cells (Fig. 4C, right). Moreover, in
concert with this decrease in NF-xB p65 occupancy of the Bcl-xL promoter, GO-203 treatment
was associated with downregulation of Bcl-xL expression (Fig. 4D). These findings demonstrate
that inhibition of MUC1-C blocks constitutive activation of the NF-xB p65 pathway in multiple

myeloma cdlls.

GO-203 induces activation of theintrinsic apoptotic pathway. NF-xB promotes cell
survival through the induction of target genes, like Bcl-xL, that attenuate the induction of
apoptosis (Dutta et al., 2006; Luo et a., 2005). The demonstration that GO-203 inhibits the NF-
kB p65 pathway thus prompted assessment of whether GO-203 induces multiple myeloma cell
death by activating the apoptotic pathway. In thisregard, staining of GO-203-treated U266 cells
with Pl and annexin V supported the induction of late apoptosis/necrosis (Fig. 5A). Concurrent
exposure of the U266 cells to zV AD-fmk to block caspase activation demonstrated a >50%
decrease in cells staining with both Pl and annexin V (Fig. 5A). The response of RPM 18226
cellsto GO-203 was similarly inhibited by zV AD-fmk, indicating that GO-203 induces death, at

least in large part, by an apoptotic mechanism (Supplemental Fig. S4C). NF-xB also blocks cell
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death by inducing genes that encode antioxidant proteins (Luo et al., 2005). In addition, MUCL1
attenuates stress-induced disruption of redox balance (Yin and Kufe, 2003). In concert with
inhibition of MUC1-C function and NF-xB p65 activation, treatment of U266 cells with GO-
203, and not CP-2, was associated with increases in reactive oxygen species (ROS) levels (Fig.
5B, left) that were confirmed in repetitive experiments (Fig. 5B, right). GO-203 treatment of
U266 cells was also associated with activation of caspase-9 and cleavage of PKCo and PARP,
which are cagpase-3 substrates (Fig. 5C). RPM 18226 cells similarly responded to GO-203 with
activation of caspase-9 and PKCd and PARP cleavage (Fig. 5D), consistent with induction of the

intrinsic apoptotic pathway.

Activity of GO-203 against U266 tumor xenograftsin mice. To assess antitumor
activity of GO-203, U266 tumor xenografts (~100 mm?®) cells were established in the flanks of
nude mice. Intraperitoneal administration of GO-203 at 30 mg/kg/d x 21 days completely
inhibited growth as compared to that obtained with the vehicle (PBS) (Fig. 6A). Dosing of GO-
203 on adifferent schedule at 30 mg/kg/d x 5 days/wk for 3 weeks was associated with a partial
slowing of growth over 12 days and then a progressive decline in tumor volume (Fig. 6A). No
further treatment was administered after day 21. However, the tumors treated on both GO-203
schedules continued to regress and were no longer palpable by day 28 (Fig. 6A). In contrast to
these results, treatment with CP-2 at 30 mg/kg/d x 21 days had no apparent effect on tumor
growth (Fig. 6A). On day 28, one mouse from each GO-203 treatment group was sacrificed to
assess the tumor implantation site. No remaining tumor was evident visually at the site or by
spread to other organs. Histologic examination of the implantation sites from both GO-203

treatment groups showed small foci of remaining tumor cells with pyknotic nuclel and loss of
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cellular architecture (Fig. 6B). Micein both GO-203-treated groups were followed for 180 days

without evidence for reappearance of tumor.
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Discussion

MUC1-C contributesto constitutive activation of the canonical NF-kB pathway in
multiple myeloma cells. The mechanisms responsible for constitutive activation of the
canonical NF-xB pathway in multiple myeloma cell lines and primary patient samples are
largely not known. Certain multiple myeloma cells have increased NIK expression or
inactivating TRAF3 mutations that can contribute to NF-xB p65 activation (Annunziata et al.,
2007). However, the identification of additional effectors that activate the canonical NF-kB
pathway in multiple myeloma cells has remained elusive. Indeed, the present studies
demonstrate that inhibitors of MUC1-C oligomerization are effective in downregulating NF-xB
p65 activation in diverse multiple myelomacdll lines. Aberrant expression of MUC1 in multiple
myeloma cells (Baldus et al., 2007; Burton et a., 1999; Cloosen et a., 2006; Kawano et al.,
2008; Paydas et al., 2001; Takahashi et al., 1994; Treon et al., 1999) is associated with
accumulation of the MUC1-C subunit in the cytoplasm and nucleus (Li et al., 2003).
Importantly, MUCL1-C contributes to activation of the NF-xB pathway through direct binding to
NF-xB p65 (Ahmad et al., 2007). The present results demonstrate that inhibition of MUC1-C
with GO-203 blocks binding of MUC1-C to NF-xB p65. We also found that inhibition of
MUC1-C function is associated with decreased nuclear targeting of both MUC1-C and NF-xB
p65. The decrease in nuclear MUC1-C is explained by the demonstration that MUC1-C
oligomerization, which is blocked by targeting the CQC motif with GO-201 and GO-203, is
necessary for its nuclear transport (Leng et al., 2007). Recent evidence obtained from carcinoma
cells has supported arole for MUC1-C in promoting nuclear localization of NF-xB p65 and its
occupancy on the promoters of target genes (Ahmad et al., 2009). In multiple myeloma cells,

silencing MUC1 was associated with decreased nuclear targeting of NF-xB p65 (Kawano et al.,
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2008). Moreover, the present results demonstrate that inhibition of MUC1-C with GO-203
decreases nuclear NF-kB p65 levels and occupancy of p65 on the Bcl-xL promoter. These
findings indicate that MUC1-C oligomerization contributes to constitutive activation of the

canonical NF-xB pathway in multiple myeloma cells.

Inhibition of MUC1-C induces late apoptosis/necr osis of multiple myeloma cells.
Sensitivity of different multiple myelomacell linesto MLN120B, an IKK[ inhibitor, varies
widely in terms of growth arrest and induction of apoptosis (Annunziata et al., 2007; Hideshima
et a., 2009). The divergent response of multiple myeloma cells to IKKP inhibition may be
dictated by addiction to other signals; for example; activation of the noncanonical NF-kB
pathway (Hideshimaet al., 2009). Alternatively, direct activation of NF-xB p65 by MUC1-C
could circumvent, at least in part, the strategy of inhibiting upstream signals conferred by IKK[.
In this context, MUC1-C competes with [kBo for binding to NF-xB p65 and thereby can bypass
IKKB-mediated IxBo degradation for activation of the pathway (Ahmad et al., 2009). The
present results further demonstrate that multiple myeloma cells with predominantly canonical
NF-xB activation (RPM 18226, H929) exhibit similar responses to GO-203-induced growth
arrest and death as those with upregulation of both the canonical and noncanonical pathways
(U266, MM.1R) (Hideshima et a., 2009). In addition to its interaction with NF-xB p65, MUC1-
C blocks stress-induced increases in ROS (Yin et a., 2007; Yin et a., 2009; Yin and Kufe, 2003)
and is targeted to the mitochondrial outer membrane where it attenuates rel ease of pro-apoptotic
effects (Ren et a., 2004). In concert with these effects, inhibition of MUC1-C functionin
multiple myeloma cells with GO-203 was associated with disruption of redox balance. GO-203

treatment was also associated with downregulation of Bcl-xL expression and activation of the
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intrinsic apoptotic pathway. Moreover, inhibition of MUC1-C in diverse multiple myeloma cell
lines was associated with Pl and annexin V staining, consistent with induction of late
apoptosis/necrosis. Inhibition of caspases with zZVAD-fmk partialy blocked GO-203-induced
cell death, indicating that apoptosisis a predominant response of multiple myeloma cellsto this
agent. By contrast, breast and prostate cancer cells responded to MUC1-C inhibition with
increases in ROS levels and the induction of necrotic cell death (Joshi et al., 2009; Rainaet al.,
2009). Given thedifficultiesin distinguishing late apoptosis from necrosis (McGahon et al.,
1995), the present results thus do not exclude the possibility that some of the multiple myeloma
cells may have died by a necrotic response. In addition, although multiple myeloma cells are
dependent on the canonical NF-xB pathway for growth and survival, the response to MUC1-C
inhibition could include downregulation of other signalsthat, in concert with loss of NF-xB p65
activation, contribute to cell death. Targeting dependence on specific oncoproteins has been
associated with circumventing mutations and/or activation of alternative pathways (Weinstein
and Joe, 2008). Therefore, further studies will be needed to determine whether targeting MUC1-
C and thereby constitutive NF-xB activation in multiple myeloma cells will result in the

emergence of resistance.

Blocking MUC1-C oligomerization has a dominant-negative effect on multiple
myeloma cell survival. Silencing of MUCL in KM S28PE multiple myeloma cells had no
apparent effect on survival (Kawano et al., 2008). By contrast, the present results demonstrate
that inhibition of MUC1-C oligomerization induces death of KM S28PE and other multiple
myeloma cell lines. These distinct observations indicate that sudden blocking of MUC1-C

oligomer formation has a dominant-negative effect that is not found with MUC1-C silencing. In
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this context, stable expression of an oligomerization-defective MUC1-C mutant in carcinoma
cells blocks colony formation and tumorigenicity, consistent with a dominant—negative function
for transformation (Leng et a., 2007). In addition and importantly, these peptide inhibitors of
MUCI1-C have had little if any effect on growth and survival of MUC1-negative cells, supporting
the specificity of this approach (Joshi et al., 2009; Raina et al., 2009). The development of
inhibitors that directly block MUC1-C oligomerization has thus made it possible to assess
dependence on MUCL1-C function for multiple myeloma cell growth and survival. Death of
multiple myeloma cell lines and primary cellsto MUCL1-C inhibition with GO-201 in vitro thus
provided thefirst evidence for sensitivity to disruption of MUC1-C function. However, because
peptides with L-amino acids are susceptible to degradation by proteases, we studied the effects
of (i) converting the GO-201 sequence to D-amino acids and (ii) decreasing the number of amino
acids after the critical CQC motif. We found that GO-203 retained activity and, importantly, was
more stable than GO-201 in mouse and human plasma (unpublished data). Toxicity studies of
GO-203 in mice further indicated that this agent has little if any effect on normal organ function,
including hematopoietic parameters. In the present work, nude mice bearing U266 xenografts
were treated daily with GO-203 based on a plasma half-life of ~12 h for thisagent. In addition,
experience with MUC1-C inhibitorsin breast and prostate cancer models indicated that daily
treatment for 21 d is needed to achieve complete regressions (Joshi et al., 2009; Rainaet al.,
2009). Indeed, GO-203 treatment of U266 tumor xenografts each day for 21 d or 5 d per week
for 3 weeks was associated with slowing of growth and then complete disappearance after
stopping therapy. By contrast, CP-2 treatment had no effect on U266 tumor growth. These
findings and those obtained from in vitro studies thusindicate that certain multiple myeloma

cells are sensitive to disruption of MUC1-C function for their growth and survival. In this
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regard, MUC1-C could represent atarget for the treatment of multiple myeloma patients with the
clinical development of cell penetrating peptides, like GO-203, or small molecules that are

designed to disrupt MUC1-C oligomerization.
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Figurelegends

Figurel. GO-201inducesarrest of U266 and RPM 18226 cell growth. A. Amino
acid sequences of GO-201 and CP-1 linked to a poly-Arg transduction domain (Rainaet al.,
2009). U266 cells were left untreated (diamonds) and treated with 5 uM GO-201 (triangles) or
CP-1 (sguares) each day for 3d. Viable cell number was determined by trypan blue exclusion.
B. U266 cells were left untreated (Control) and treated with 5 uM GO-201 or CP-1 each day for
3d. Celswerefixed and analyzed for cell cycle distribution by flow cytometry. C and D.
RPM 18226 cells were |eft untreated (Control) and treated with 5 uM GO-201 or CP-1 each day
for 3d. Viable cell number as determined by trypan blue exclusion is expressed as the mean+SD

of three determinations (C). Cells were analyzed for cell cycle distribution (D).

Figure 2. GO-201 blocks nuclear targeting of NF-xB p65 and induces late
apoptosignecrosis. A and B. U266 (A) and RPM18226 (B) cells were left untreated (Control)
and treated with 5 uM GO-201 or CP-1 each day for 2 d. Nuclear lysates were immunoblotted
with the indicated antibodies. C and D. U266 (C) and RPM18226 (D) cells were left untreated
(Control) and treated with 5 uM GO-201 or CP-1 each day for 3 d. Cells were stained with
Pl/annexin V and analyzed by flow cytometry (Ieft). The percentage of cells positive for both Pl
and annexin V isindicated in the upper right quadrants. The results are expressed as the

percentage (mean+SD of three determinations) of |ate apoptotic/necrotic cells (right).

Figure 3. GO-203isan effective inhibitor of multiple myeloma cell growth and
survival. A. D-amino acid sequences of GO-203 and CP-2 linked to a poly-Arg transduction

domain. U266 cells were left untreated (Control; CTL) and treated with 5 uM GO-203 or CP-2
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each day for 4 d. Viable cell number as determined by trypan blue exclusion is expressed asthe
mean+SD of three determinations. B. RPM 18226 cells were left untreated (diamonds) and
treated with 5 uM GO-203 (triangles) or CP-2 (squares) each day for the indicated days. Viable
cell number was determined by trypan blue exclusion. C. Primary multiple myeloma cells were
isolated from the bone marrow of a patient with >90% CD138+ cells, incubated with a control
IgG or an anti-MUCL antibody and analyzed by flow cytometry (upper panels). The percentage
of MUCL positive cellsisindicated in the panels. The primary multiple myeloma cells were | eft
untreated (Control; CTL) and treated with 5 uM GO-203 or CP-2 each day for 6 d. Viable cell
number as assessed by trypan blue exclusion is expressed as the mean+SD of three
determinations (lower panel). P values were determined by the student’st-test. D. Normal
peripheral blood B-cells were left untreated (diamonds) and treated with 5 uM (squares) or 10
uM (triangles) GO-203 each day for the indicated days. Viable cell number was determined by

trypan blue exclusion.

Figure4. GO-203inhibits constitutive activation of the NF-xB p65 pathway. U266
(Ieft) and RPM 18226 (right) cells were left untreated (Control) and treated with 5 uM GO-203 or
CP-2 each day for 2d. A. Anti-MUC1-C precipitates were immunobl otted with anti-p65 and
anti-MUC1-C. B. Nuclear lysates were immunoblotted with the indicated antibodies. C.
Soluble chromatin was precipitated with anti-p65. The final DNA extractions were amplified by
PCR with pairs of primersthat cover the NF-xB response element (-597 to -304) in the Bcl-xL

promoter. D. Whole cell lysates were immunoblotted with the indicated antibodies.

Figure5. GO-203 induces activation of the intrinsic apoptotic pathway. A. U266
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cells were left untreated (Control) and treated with 5 uM GO-203 or 5 uM CP-2 each day for 3
d. For the GO-203-treated cells, 5 uM zVAD-fmk was added during the last 24 h. Cells were
stained with Pl/annexin V and analyzed by flow cytometry. The percentage of cells positive for
both Pl and annexin V isindicated in the upper right quadrants (left). The results are expressed
as the percentage (mean+SD of three determinations) of late apoptotic/necrotic cells (right). B.
U266 cells were left untreated (Control; CTL) and treated with5 uM GO-203 or 5 uM CP-2
each day for 3d. ROS levels were determined by oxidation of HE and flow cytometry (l€eft).
The results are expressed as relative ROS levels (mean+SD of three determinations) as compared
to that obtained with Control cells (right). C and D. U266 (C) and RPM18226 (D) cells were | eft
untreated (Control) and treated with 5 uM GO-203 or CP-2 each day for 3d. Lysateswere

immunoblotted with the indicated antibodies.

Figure 6. GO-203 induces completeregressionsof U266 tumors. BALB/c nu/nu
mice were injected subcutaneously in the flank with 1 x 10" U266 cells. The mice were pair
matched when the tumors were ~100 mm?®. Treatment groups consisted of 10 mice injected
intraperitoneally with PBS (vehicle control; squares), 30 mg/kg GO-203 (circles) or 30 mg/kg
CP-2 (triangles) each day for 21 d. Another group was treated with 30 mg/kg GO-203
administered each day for 5 days per week x 3 weeks (diamonds). Mice were weighed twice
weekly and tumor measurements were performed every 2 d. There was no weight lossin any of
the groups. The results are expressed as the mean tumor volume with a SE of <15% (A). There
was no evidence for recurrence in the two GO-203 treatment groups at 180 days. U266 tumors

and tumor implantation sites harvested on day 28 were stained with H& E (B).
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A U266 GO-203 + Figure 5ABCD
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Figure 6AB
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