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Cancer stem cells (CSCs) initiate tumors and have a high resistance to conventional cancer therapy. Tranilast
is an orally active drug of low toxicity that exerts inhibitory effects on breast CSCs. This appears to depend on
its aryl hydrocarbon receptor (AHR) agonistic activity, but this receptor has diverse functions and it is unclear
how CSCs are inhibited. CSCs generate tumor spheres in low-adherence cultures, and we employed the
mammosphere-forming assay as a functional test for breast CSCs. Because NF-kB has a key role in mammo-
sphere formation and CSC-mediated tumor initiation, we examined that pathway. We also examined the
role of neuropilin-1 (Nrp1), which is a growth factor coreceptor linked to the tumorigenicity of some CSCs.
We found that tranilast concurrently suppressed mammosphere formation, Nrp1 expression and constitu-
tive NF-xB activation. Flow cytometric analysis revealed that a subpopulation of breast cancer cells bearing
breast CSC markers also expressed Nrp1. A blocking anti-Nrp1 antibody suppressed mammosphere forma-
tion. We examined whether there was a link between Nrp1 and NF-«B activation. The siRNA knockdown of
Nrp1 severely suppressed NF-kB activation and mammosphere formation. The phosphorylation of Akt and
ERK1/2 was also reduced, but to a lesser extent. We conclude that Nrp1 plays a key role in mammosphere
formation and this activity is linked to NF-kB activation. Thus, Nrp1 might be a target for therapy against

breast CSCs, and the anticancer drug tranilast suppresses its expression.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cancer stem cells (CSCs) represent a subpopulation of tumour
cells with a high capacity to generate new tumors [1-4]. Some
important features include a distinctive marker profile, self-
renewal, and formation of tumor spheres in low adherence cultures.
These cells display marked resistance to anti-cancer drugs, proba-
bly through multiple mechanisms including high expression of
the ABCG2 drug transporter [3]. This capacity of CSCs to resist che-
motherapeutic agents likely contributes to cancer relapse, and the
poor prognosis of many cancers. In view of this, there has been a
great interest in developing drugs that specifically inhibit CSCs.
We recently reported on the anti-CSC properties of tranilast [5],
which is an orally active drug of low toxicity developed to treat
allergy, but that has anti-proliferative and anti-tumor effects [6]. Our
studies revealed that tranilast inhibits tumor sphere (mammosphere)
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formation in culture and metastasis following xenotransplantation.
Furthermore, we found that it is an aryl hydrocarbon receptor
(AHR) agonist, and this accounted for its activity against CSCs, at
least in vitro [5]. The AHR is the receptor for dioxins and several
other toxicants, but it is now clear that it has many physiological
functions such as regulation of the cell cycle [7], hematopoietic
stem cell survival [8], and interaction with the estrogen receptor
(ER) [9] and NF-xB [10]. Because of this diversity of activities, it is
unclear which pathway(s) tranilast targets to inhibit CSCs.

Here, we first examined some of the effects of tranilast in the
mammosphere-forming assay, as a functional test for breast CSCs
[11]. Previous studies have shown that mammosphere culture en-
riches for cells capable of forming tumors in vivo, i.e., CSC-like cells
[11,12]. The formation of spheres by CSC-like cells in non-adherent
conditions results from their ability to resist anoikosis, unlike the
main population of cells [13]. This assay has the advantage that
it does not rely on specific markers to identify CSCs, as markers
can vary greatly from one breast cancer or cell line to another
[14]. Since NF-kB activation has a key role in the generation of
mammospheres and tumorigenicity of CSCs [15], we investigated
that pathway. We also examined the potential role of neuropilin-
1 (Nrp1), because it appears to play an important in some types
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of CSCs [16,17]. Nrp1 is a multifunctional growth factor (GF) core-
ceptor involved in angiogenesis and cancer [18].

In this report, we demonstrate that tranilast suppresses both
Nrp1 expression and NF-kB activation. Furthermore, we establish
a link between Nrp1 expression, NF-kB activation, and mammo-
sphere formation, which appears to be interrupted by tranilast.
These findings suggest that Nrp1 has a key role in breast CSC func-
tion, and might be a good target for anti-CSC therapy.

2. Materials and methods
2.1. Drug

Tranilast (N- [3,4-dimethoxycinnamoyl]anthranilic acid; MW =
327.3) was a kind gift of Dr. Richard Gilbert (St. Michael’s Hospital,
Toronto). It was dissolved in DMSO, and applied as described [19].

2.2. NF-kB assay

We used NK-«B p65 kit by Stressgen (USA), which is an ELISA
method to quantify activation of NF-kB, according to the manufac-
turer’s instructions. Extracts obtained from the tumour cells were
deposited in 96-well plates coated with a DNA oligonucleotide car-
rying the NF-xB consensus binding sequence. The attachment of
active NF-xB was detected with an antibody against the NF-xB
p65 subunit. It was expressed as relative luminescent units per
mg of protein in the extract.

2.3. Flow cytometric analysis and cell sorting

Flow cytometry analysis and cell sorting were performed by
methods we have previously described [5]. ALDH™ cells were iden-
tified by flow cytometric analysis using the ALDEFLUOR™ assay kit
(Stem cell technologies, Vancouver, BC) [20,21]. This involves an
ALDH-1-dependent enzymatic reaction generating an intracellular
fluorescent compound, BODIPY-aminoacetate.

2.4. Mammosphere culture

Mammospheres were grown in serum-free, low adherence
cultures, with a CnT-27 medium and growth additives (CellnTEC
Advanced cell systems, Bern, Switzerland), as we have previously
described [5]. The size and number of mammospheres were quan-
titated using Image ] software (NIH, USA).

2.5. Breast cancer cell lines

The cell lines used in this study were obtained from ATCC (Man-
assa, VA, USA). We have previously described the properties of
these cell lines and growth media [5]. CSC marker expression in
these cells has been reported by us and others [5,20-23].

2.6. siRNA knockdown and western blotting

Nrp1 expression was knocked down with siRNA from Santa
Cruz Biotechnology and Nrp2 expression was knocked down with
Nrp2-targeted SureSilencing siRNA (SA Biosciences/Qiagen), as
we have previously described [24]. Cell lysates were prepared
and Western blotting performed as described [19].

2.7. Inhibitors and antibodies
NF-xB inhibitors PS1145 dihydrochloride (Sigma) and pyrroli-

dine dithiocarbamate (PTDC, Tocris) were dissolved in DMSO and
used at 0.1-1 uM concentration separately or in combination.

PI3 K inhibitor LY294002 in DMSO solution was from Calbiochem.
Equivalent concentrations of DMSO were added to the control
cells.

Directly-labeled anti-human CD44 and anti-human CD24 anti-
bodies used in flow cytometry were from Biolegend. Monoclonal
anti-rat/human Nrp1 antibody (R&D Systems) was labeled with
Alexa Fluor 647 (Invitrogen, according to the manufacturer’s proto-
col). Rabbit polyclonal anti-Nrp1 antibody used for blocking was
from Santa Cruz Biotechnology.

2.8. Phosphoprotein kinase activity

The phosphorylation of Akt and ERK1/2 was evaluated by cellu-
lar ELISA (SA Biosciences/Qiagen), as we have previously described
[19]. The relative extent of target protein phosphorylation was cal-
culated by normalizing the values for the phosphoprotein-specific
antibodies to the pan-protein-specific antibodies for the same
experimental condition.

2.9. Statistical analysis

Statistical analyses were performed with the GraphPad Prism
5.0 program (GraphPad Software Inc., San Diego, CA). In each
in vitro experiment, the significance of differences between exper-
imental and control results was determined by either Student’s ¢
test or analysis of variance (ANOVA). Results are expressed as the
mean + SEM, unless stated otherwise.

3. Results and discussion

3.1. Tranilast concomitantly suppresses mammosphere formation,
Nrp1 expression and NF-kB activation

We have previously reported that tranilast can inhibit sphere
formation by breast cancer cell lines [5]. We examined two well-
studied breast cancer cell lines, i.e., MDA-MB-231 (abbreviated
MB-231), which is estrogen receptor/progesterone receptor/HER2
(ER/PR/HER2) triple-negative, and BT-474, which is ER/PR/HER2
triple-positive. Here, we show that tranilast inhibits sphere forma-
tion and there is concurrent suppression of Nrp1 expression and
NF-kB activation (Fig. 1A-C). Tranilast was applied at 200 uM con-
centration, which is pharmacologically relevant [5,19]. The cell
lines differ in that more than 90% of MB-231 cells are Nrpl1+
(Fig. 1B), compared to ~55% in BT-474 (Fig. 1C). The suppressive ef-
fect was analyzed by flow cytometry, and we observed that trani-
last induced a>70% reduction in the numbers of Nrp1* cells
(Fig. 1B and C).

NF-xB activation was evaluated with an ELISA assay that de-
tects NF-xB binding to its target DNA sequence. This pathway
was constitutively activated in both cell lines grown in mammo-
sphere culture, and tranilast-mediated suppression was strong in
both cases (Fig. 1A). We also examined the MCF-7 (ER/PR+) breast
cancer cell line, with or without selection for resistance to
mitoxantrone performed as described [5], and in all cases tranilast
suppressed NF-kB (data not shown). Thus, we observed that trani-
last suppresses NF-xB activation in a triple-negative (MB-231),
triple-positive (BT-474) and ER/PR-positive (MCF-7) cell line.

3.2. Nrp1 expression by breast CSC-like cells

Here, we examined whether cells bearing markers that have
been associated with CSC function also express Nrp1. Breast CSC-
like cells are found principally in the subpopulation of cells
expressing a high level of aldehyde dehydrogenase-1 (ALDHM), as
detected by the ALDEFLUOR assay [20,21]. However, not all these
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Fig. 1. Tranilast inhibits mammosphere formation, Nrp1 expression and NF-kB
activation. (A) MB-231 and BT-474 cells were cultured in the mammosphere assay
for 8 days with the partial replacement of the medium every third day. Note that
BT-474 forms well-demarcated round spheres, whereas MB-231 forms looser and
more irregular spheres, as we have previously described [5]. Tranilast (200 pM)
significantly inhibited (p < 0.01 vs. control) the number of mammospheres and NF-
KB activation in both cell lines. (B) Tranilast markedly inhibited Nrp1 expression by
MB-231 cells (flow cytometry). V= vehicle; T=tranilast. (C) Tranilast markedly
inhibited Nrp1 expression by BT-474 cells (flow cytometry). (B) and (C): Gray peak,
isotype control; solid-line peak, cells grown in medium with vehicle; dotted-line
peak, cells grown with tranilast (200 pM). The numbers of Nrp1 positive cells (as
gated from the isotype control) are shown in the histograms. Representative results
are shown, and similar results were obtained in three experiments.

cells are CSCs, and the marker profile of CSC-like cells differs con-
siderably from one cell line to another. In the MB-231 cell line,
1-5% of cells are ALDHM [5,21], and within this population the
ALDH"/CD44*/CD24 "% subpopulation is highly enriched in
CSC-like cells [21]. As in previous studies, we observed that ALDH™
MB-231 cells positively selected by fluorescence-activated cell
sorting (FACS) could form mammospheres, but the dull ALDH cell
population did not (data not shown). To examine Nrp1 expression
on MB-231CSC-like cells, we first positively sorted ALDH"/CD44*
cells by FACS, and then stained these cells for CD24 and Nrp1. As
seen in Fig. 2A, ~45% of ALDHM/CD44+/CD24 /% MB-231 cells
express Nrpl.

Marker expression is different in the BT-474 cell line, such that
very few cells (if any) express the CD44%/CD24 /'°" phenotype
[22,23] and these markers are not useful to identify CSCs. Because
the ALDHM phenotype associates with CSC-like features, we exam-
ined these cells. We have previously reported that approximately
5% of BT-474 cells are ALDH"™ [5]. Here, we show that ~20% of
ALDHM BT-474 cells expressed Nrp1 (Fig. 2B). Thus, in these two
cells lines, a subset of cells expressing markers previously associ-
ated with a CSC-like phenotype also expressed Nrp. In both cell
lines, the ALDHM/Nrp1* double-positive subpopulation is a small
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Fig. 2. Nrp1 is expressed by a subpopulation of CSC-like cells. (A) First, MB-231
were sorted by fluorescence-activated cell sorting (FACS) for ALDH"/CD44* double
marker expression. ALDH expression was determined with the ALDEFLUOR
reaction, and cell-surface expression of CD44 was detected with an antibody.
Second, the sorted cells were stained for cell-surface expression of Nrp1 and CD24
with antibodies. In this cell line, ALDH"/CD44"/CD24 " cells are highly enriched in
CSCs, and approximately 45% of these cells were positive for Nrp1 expression (left
upper quadrant). Two experiments yielded similar results. (B) BT-474 cells were
analyzed for ALDH" and Nrp1 expression by two-color flow cytometry. In this cell
line, CD44°/CD24~ are very rare and ALDH" was used as marker of CSCs.
Approximately 20% of ALDH™ cells expressed Nrp1 (appearing as a bright staining
peak in the histogram). Two experiments yielded similar results.

subset of the total cell population. However, Nrp1 cannot be con-
sidered a specific CSC marker, because it is also expressed by main
population cells (expressing low levels of ALDH).

3.3. Knockdown or blockade of Nrps prevents mammosphere
formation and NF-kB activation

To determine whether Nrps play a role in mammosphere for-
mation, we knocked down Nrp1 and Nrp2 expression with siRNA,
with an effective method we have previously described [24].
MB-231 cells express both Nrp1 and the homologous Nrp2 [25].
Because Nrp2 can duplicate many of the properties of Nrp1, in that
cell line we knocked down both Nrp1 and Nrp2. BT-474 express
only Nrp1, and in that cell line we knocked down only Nrp1. The
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downregulation of Nrp expression almost completely abolished We examined NF-kB signalling following siRNA knockdown of
the ability of the cells (MB-231 or BT-474) to form mammospheres, Nrps. Remarkably, Nrp knockdown markedly suppressed signaling
whereas sham siRNA knockdown had no effect (Fig. 3A and B). This in this pathway (Fig. 3C). Western blots confirmed effective
was not due to cell death, as viability was only slightly reduced knockdown of Nrps (Fig. 3D). To determine whether NF-kB block-
(not shown). ade was sufficient to prevent mammosphere formation, we added
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Fig. 3. Knockdown of Nrps with siRNA inhibits mammosphere formation. (A) and (B) MB-231 cells were treated with Nrp1- and Nrp2-targeted siRNA or scrambled siRNA
(sham-transfected control). Similarly, BT-474, which expresses only Nrp1, was treated with Nrp1 or scrambled siRNA. The cells were cultured in non-adherent conditions for
8 days, with medium being partially replaced every third day. In both cell lines, knockdown of Nrps almost completely prevented mammosphere formation. (C) In both MB-
231 and BT-474 cells lines Nrp knockdown markedly inhibited NF-kB activation (p < 0.01 vs. control). (A-C). These results are from a representative experiment, and in each
case three experiments yielded similar results. (D) Knockdown of Nrp1 and 2 was confirmed by Western blot. KD, knockdown.
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a mixture of two NF-kB inhibitors to cultures, i.e., PS1145 (IKK
inhibitor, which prevents activation of NF-kB) and pyrrolidine
dithiocarbamate (a potent inhibitor of NF-kB). Indeed, this also
prevented mammosphere formation (Fig. 4A). These findings
establish a link between Nrps and NF-kB activation in breast
sphere-forming cells, and suggest that inhibiting this pathway is
sufficient to block mammosphere formation.

NF-xB is a generic name for transcription factors constituted of
heterodimers of five subunits, i.e.,, RelA (p65), RelB, REL (c-Rel),
p50, and p52 [26,27]. The NF-kB complex resides in a latent form
in the cytoplasm, and is activated by several stimuli including
inflammatory mediators and growth factors. Activation depends
on the degradation of the inhibitory molecule IkBa by the NF-xB
essential modulator (NEMO)/IxB kinase (IKK)y-containing IKK
complex [27]. Thus, once activated, the IKK complex phosphory-
lates IxBaot, which results in its ubiquitination, proteasomal degra-
dation, and release of NF-kB for translocation into the nucleus. In
the canonical pathway, the p50/p65 heterodimer enters the nu-
cleus and induces the expression of genes principally regulating
cell survival and proliferation, as well as inflammation.

In our experiments, the NF-kB pathway might be activated by
several different stimuli [26]. Notably, there is previous evidence
that the PI3 K/Akt pathway plays a major role in NF-kB activation
in breast cancer cells [28]. Inhibition of Akt phosphorylation inter-
fered with mammosphere formation (Fig. 4A). Furthermore, the
Nrps boost responses to several growth factors known to activate
PI3 K/Akt [29], and Nrp expression has been linked to Akt phos-
phorylation in renal carcinoma cells [30]. Interestingly, we found
that Nrp knockdown moderately reduced Akt phosphorylation, as
well as ERK1/2 phosphorylation, as determined by cellular ELISA
(Fig. 4B). These inhibitory effects were not as great as the inhibition
of NF-xB. Nevertheless, these findings are consistent with Nrp1
knockdown leading to a lower response of cancer cells to growth
factors, and hence a reduction in the activation of all these path-
ways. However, further investigations are required to confirm this
hypothesis.

3.4. Nrp1 blockade with antibodies prevents mammosphere formation

To further establish that this was related to Nrp expression, we
treated BT-474 cells with an anti-Nrp1 polyclonal antibody. This
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treatment also inhibited mammosphere formation (Fig. 4A). Inter-
estingly, this treatment with antibodies induced rapid internaliza-
tion of Nrp1, as detected by confocal microscopy (data not shown).

In summary, we demonstrate that the Nrps are essential mole-
cules for mammosphere formation in well-studied breast cancer
cell lines. We report that mammosphere suppression with trani-
last, an AHR agonist drug, was associated with marked suppression
of both Nrp1 expression and NF-kB activation. Interestingly, we
previously observed that tranilast strongly suppresses Nrpl
expression of tumor cells in vivo, in a 4T1 murine mammary carci-
noma model (unpublished observation). Therefore, therapeutic
doses of tranilast can suppress Nrp1, but whether this contributes
to its anti-cancer effects has not been established. In subsequent
experiments we examined the potential role of Nrps.

Other authors have shown that activation of NF-«B is essential
for mammosphere formation by the MCF-7 breast cancer cell line
[15]. Here, we showed that inhibitors of NF-kB also suppress mam-
mosphere formation by the triple-positive BT-474 cell line. More-
over, it seems likely that tranilast acted at least in part by
suppressing this pathway, although it is also inhibits a number of
other pathways [19]. Indeed, there have been previous reports of
NF-kB suppression by tranilast [31,32], but the target of drug ac-
tion was not elucidated. Notably, tranilast failed to inhibit key
events in the NF-xB signaling pathway [31], and perhaps suppres-
sion occurs indirectly, i.e., as a consequence of action in another
pathway.

Tranilast inhibits the production of some inflammatory cyto-
kines (e.g., IL-1, TNF-o) and other mediators [19,33,34], which
can activate NF-kB. However, these inflammatory mediators might
not be present in sufficient amounts in the mammosphere assay.
Nonetheless, growth factors added to the sphere-forming assay
culture medium (bFGF and EGF), or produced by the tumors cells
(e.g., VEGF, HGF and TGF-B) can promote NF-kB activation. Nota-
bly, TGF- is suppressed by tranilast [19]. However, because trani-
last reduces the expression of Nrp1 this could mitigate the action
of other growth factors. VEGF, HGF, PDGF, TGF-B, and some FGFs
are known to interact with the Nrps, which act as coreceptors to
enhance the signaling response to these ligands [24,35-38]. It is
unclear whether Nrps can signal directly, but it appears more likely
that they interact with the conventional signaling receptors of
growth factors (e.g., VEGFR2, c-Met, and TGFBRI/RII) to enhance
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Fig. 4. Blockade or knockdown of Nrp1, and the role of key signaling pathways. (A) Mammosphere formation by BT-474 cells was significantly suppressed (p < 0.05 vs. non-
treated cells) by an inhibitor of PI3 K, LY294002 (20 uM), or a mixture of NF-kB inhibitors (PS1145 and PDTC at 0.1 and 0.5 pM, respectively), or a blocking anti-Nrp1 antibody
(20 pg/ml). A representative experiment is shown, and a repeat experiment yielded similar results. (B) Nrp1-knockdown and sham-transfected cells BT-474 cells, 72 h after
the transfection, were cultured in non-adherent plates under mammosphere-forming conditions for 24 h. Phosphorylation of Akt and ERK1/2 was quantified by cell ELISA,
and the extent of Akt and ERK1/2 phosphorylation was calculated as described in Methods. Nrp1 knockdown significantly reduced (p <0.05) both Akt and ERK1/2

phosphorylation, and two experiments yielded similar results. KD, knockdown.
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signaling. In view of this, we speculate that Nrps stimulate NF-xB
activation by boosting the response to growth factors present in
the mammosphere assay medium, and this warrants further
investigation.

Our studies show that mammosphere formation by CSC-like
cells is dependent on Nrp expression, and this is linked to NF-xB
activation. The drug tranilast suppresses both Nrp and NF-kxB and
this might explain at least in part its anti-CSC activity. Therapies
blocking the Nrp/NF-xB pathway may be effective against breast
CSCs, and of therapeutic benefit in breast cancer.
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