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1. Abstract

Breast cancer stem cells (BCSCs) are thought to give rise to breast cancer; however, there

is currently no appropriate therapy targeting BCSCs. BCSCs are thought to be maintained in

cancerous tissues by increased frequency of symmetric cell division at the expense of

asymmetric cell division, although how this occurs remains largely unknown. In the present

study, | discovered that the interaction between the Semaphorin (Sema)- molecules interacting

with CasL 3 (MICAL3) signaling is a key pathway in the symmetric division of cancer

stem-like cells. Knockdown of MICAL3 inhibited tumor sphere formation and tumor initiating

activity—properties of cancer stem-like cells—in patient-derived primary breast cancer cells

and in a patient-derived xenograft (PDX) model. Stimulation with Sema3A or 3B—Iigands

that activate the monooxygenase domain of MICAL3—induced tumor sphere formation;

complex formation involving MICAL3, CRMP2, and Numb (a key regulator of

symmetric-asymmetric division); and stabilization of Numb in breast cancer cells.

Overexpression of wild-type MICALS3, but not a version with a mutated monooxygenase

domain, increased tumor sphere formation. Moreover, Neuropillin-1 (NP1), a receptor for

Sema3, was specifically expressed at high levels in a BCSC-enriched population, and

NP1-positive cells induced tumor sphere formation. Finally, 1 showed that knockdown of

MICAL3 reduced symmetric division but increased asymmetric division in NP1-positive

cancer stem-like cells that express high levels of Numb. Thus, the



Sema3/MICAL3/CRMP2/Numb pathway appears to play a critical role in the symmetric
division of cancer stem-like cells to expand the pool of BCSCs, and the process is mediated
by the monooxygenase activity of MICALS3. | therefore provide a rationale for eradicating
BCSCs by blocking the symmetric division of cancer stem-like cells by targeting molecules in

this pathway.



2. Abbreviation

BCSCs; breast cancer stem cells

CRMP2; collapsin response mediator protein 2
EGF; epidermal growth factor

FAD; flavin adenine dinucleotide

FGF; fibroblast growth factor

HRG; heregulin

IGF2; insulin-like growth factor 2

MICAL3; molecules interacting with CasL 3
NADb; neutralizing antibody

NP; neuropilin

PDX; patient-derived xenograft

PLA,; proximity ligation assay

ROS; reactive oxygen species

SCM,; sphere culture medium

Sema; semaphorin



3. Introduction

Breast cancer is the most common type of cancer among women not only in Japan but also
throughout the world. The incidence of breast cancer and the number of deaths resulting from
the disease have increased among Japanese women in recent years, and are estimated to
further increase in the future, partly due to the prevalence of a westernized life style, and an

aging population.

Subtypes of breast cancer are classified clinically based on immunohistochemical staining
patterns of the tumor tissue as follows: luminal A, luminal B, HER2-positive, and triple
negative. The luminal A and luminal B subtypes are positive for hormone receptors, estrogen
or progesterone receptors, and the luminal B subtype shows a higher Ki67 index, meaning a
higher proliferative capacity, than the luminal A subtype®. The triple negative subtype stains
negative for the hormone receptors and for HER2. Recent advances in medical technology
have led to the development of molecular targeted therapy for breast cancer patients with
tumors that express the hormone receptors or HER2%®. In addition to endocrine therapy,
molecular therapies targeted against the receptor tyrosine kinase HER2/ErbB2 are commonly
used to treat breast cancer patients in the clinic, in cases HER2 is overexpressed in the cancer
tissues, referred to as HER2-positive cases*°. Conventional chemotherapy is used to treat the

triple negative subtype. Although a significant number of patients have responded well to this



approach, they may still experience metastasis or recurrence, even after complete tumor
resection and/or systemic treatment involving chemotherapy and/or radiotherapy. In particular,
some patients with tumors of the luminal B or triple negative subtype have shown a high
incidence of metastasis or recurrence. Tumor recurrence or metastasis may occur even after a
long latent period, which, in the case of breast cancer, can often be more than 10 years®. When
recurrence or metastasis occurs, patients show poor prognosis, because of a resistance to

anticancer drugs.

It was previously believed that tumors were comprised of a homogeneous population of
cancer cells, where mutations in the genome lead to abnormal cell proliferation, preventing
cell death. However, recent evidence indicates that tumors are in fact comprised of
heterogeneous cell types™®. It is thought that these heterogeneous tumor tissues are
maintained in a hierarchical organization involving a relatively small number of cancer stem
cells and higher numbers of dividing progenitor cells and differentiated tumor cells (Figure 1).
Cancer stem cells are thought to survive in their surrounding microenvironment, the so-called
cancer stem niche®*°. These niche cells include tumor cells, which are the progeny of the
cancer stem cells. It is thought that cancer stem cells may survive after systemic treatment by
using the niche cells to protect them from this stressful environment. Moreover, recent

evidence suggests that cancer cells themselves display plasticity, in that they can acquire



cancer stem cell properties***?. Hence, cancer stem cells are not easy to eliminate, and may
lead to metastasis and recurrence. Although it is likely that there are general mechanisms by
which the cancer stem cell-state is stabilized in the cancer stem cell niche, these molecular
mechanisms are largely unknown, and therefore there is still no targeted therapy against
cancer stem cells that can be clinically implemented. Thus, there is an urgent need to identify
molecules that play an important role in stabilization of the stem cell state, which would
provide a rationale for developing novel molecular targeted therapies against cancer stem

cells.

Breast cancer stem cells (BCSC) were first reported in 2003", when Al-Hajj et al.,
suggested their existence using patient-derived breast cancer cells. They showed enrichment
of BCSC in a CD44""CD24"" cell population sorted by flow cytometry, and that this cell
population had a high tumor-initiating activity when inoculated into the mammary fat pads of
immunodeficient mice. Subsequently, it has been reported that epithelial cell adhesion
molecule (EpCAM), CD10, B1 integrin (CD29), a6 integrin (CD49f), and CD133 may be
used as cell surface markers of BCSCs 2. It also has been reported that the Notch, Wnt,
Hippo and mTOR signaling pathways are involved in the self-renewing activity of BCSC and

in the tumorigenicity of breast cancer cells'®%%



The in vitro tumor sphere formation assay has been established as an assay for BCSC
(Figure 2). Tumor spheres are floating cell aggregates that include cancer stem-like cells.
These spheres are obtained by culturing cancer cells in a defined sphere culture medium
(SCM) that contains a cocktail of growth factors, including epidermal growth factor (EGF),
basic fibroblast growth factor (bFGF) and hormones. In breast cancer tissues, cancer cells
derived from epidermal tissues maintain contact with adjacent cells, resulting in the formation
of solid tumors. These tumor cells stimulate each other via adherent signals for their survival.
Normally, when these cells are trypsinized in vitro, the resulting single cells lose these
adherent signals, stop dividing and some will eventually undergo apoptosis. This phenomenon
is termed ‘anoikis’®*. However, it is thought that cancer cells with stem-like properties are
resistant to anoikis and are therefore able to divide in suspension. When these cells are
sufficiently diluted and cultured under floating conditions, they are able to divide, giving rise
to cell aggregates or spheres. Thus, a tumor sphere assay using patient-derived primary cancer
cells at early passages may facilitate the enrichment of cancer cells with stem-like properties
from the original the cancer tissue source. It is important to analyze primary cancer cells
because although cancer cell lines may have gained some properties of cancer stem cells,
when they are immortalized, they often lose the characteristics of the cancer tissues from
which they originated. It is technically difficult to culture primary breast cancer cells freshly

obtained from patients; however, | have established the necessary techniques.



By using patient-derived primary breast cancer cells, The laboratory which | belong to
previously showed, using patient-derived primary breast cancer cells, that a single growth
factor, heregulin (HRG), a ligand of HER3/ErbB3, was able to stimulate sphere formation in a
CD44""CD24"" cell population that is thought to be enriched for breast cancer stem cells,
but not in a control CD24"%" cell population, via activation of the HER2/3-PI3K/NFkB
pathway23 (Figure 3A and B). Given that the HER2/3-PI3K/NF«B pathway contributes to the
maintenance of cancer stem cells in breast cancer tissues, | employed a method to
systematically analyze the gene expression profiles over time in breast cancer cells upon
stimulation with HRG, in order to identify specific pathways that play a critical role in these
cancer stem cells and their niche (Figure 4A, B). This method uncovered a number of
candidate downstream molecules, many of which may play a role in the interaction between
cancer stem cells and their niche. Among these, | discovered that insulin-like growth factor 2
(IGF2) is produced by niche cancer cells and by cancer cells with stem-like properties. IGF2
binds to IGF-1R, which is specifically expressed in cancer cells with stem-like properties, and
activates the PI3K pathway, leading to expression of the ID1 transcriptional regulator, which

is required to maintain stemness (Figure 5, Tominaga et al., under reviewed).

Semaphorin The Semaphorin (Sema) family of membrane-bound or secreted proteins
comprises 20 members in vertebrates™. It was initially reported that Sema relays repulsive
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signals for axon guidance during development of the neural network?*?® (Figure 6).
Subsequently, it was reported that Semas are also secreted from immune cells, vascular
endothelial cells and several types of cancer cells, and play important roles by acting in an
autocrine or paracrine manner’>*°. Neuropilin (NP) and plexin form a receptor complex for
Semas®!. NP serves as the primary receptor for ligand binding, whereas the plexin coreceptor
transduces the Sema signal via the intracellular domain. Type 3 Semas contain seven members
(Sema 3A~G) in vertebrates®®. The function of type 3 Semas remains controversial in cancer,
because it has been reported that type 3 Semas can act as both tumor suppressors and
activators in a context-dependent manner®®**3 |t was recently reported that some type 3

Semas promote tumorigenesis, anti-apoptosis and metastasis>*®

. In particular, Sema 3C
promotes tumor survival by activating the Racl-NF«kB axis via the PlexnA/NP1 receptor

complex in glioma stem cells®’.

Genes encoding molecules interacting with CasL 3 (MICAL) family include five different
genes (MICAL1, 2, 3, L1, L2) in mammals®. MICAL is a multidomain signal transduction
protein that consists of a flavin adenine dinucleotide (FAD) - containing monooxygenase
domain and domains for interacting with multiple proteins (Figure 6). The MICAL family of
proteins has been shown to interact with several proteins including actin, Rab8, ELKS,
collapsin response mediator protein 2 (CRMP2) and Plexins***°. For example, MICAL
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directly regulates actin reassembly in Drosophila, through its FAD-containing
monooxygenase domain**?. The FAD-containing monooxygenase domain of mammalian
MICAL is required for its roles in Sema-dependent axon steering, axon guidance and synapse
button definition in the nervous system, through the generation of H,0,, a reactive oxygen
species (ROS)*. Sema3A stimulation activates the MICAL monooxygenase domain, which
generates H,0,. This in turn induces Cys>® which leads to the disulfide-linked homodimer
formation of CRMP2, and causes growth cone collapse*. However, the function of MICAL3

in cancer cells or stem cells is not fully understood.

When a stem cell divides into two daughter cells, there are two kinds of cell division;
symmetrical and asymmetrical®>™’. A stem cell produces two daughter cells by symmetric
division, which doubles the number of self-renewing stem cells. In contrast, asymmetric cell
division gives rise to two daughter cells, one of which is a differentiated cell and the other is a
self-renewing stem cell. It has been reported that cancer cells with stem-like properties have a
tendency to divide symmetrically, producing two daughter cancer stem cells, thus expanding

the cancer stem population.

Numb plays an important role in the regulation of symmetric-asymmetric cell division in

48,49

vertebrates™ ™ (Figure 7). In Drosophila, the Numb protein is localized to the basal side of
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neural stem cells in prophase®™. Numb is expressed in differentiated cells and regulates
asymmetric cell division. Conversely, in mammalian neural cells Numb protein is localized to
one side of the cell membrane in dividing stem or progenitor cells®*?. When a neural stem
cell or progenitor cell divides, the daughter cell that inherits the majority of the Numb protein
self-renews, whereas the other cell that inherits a lower amount of Numb protein,
differentiates to become a neuron. Other studies have reported that Numb induced asymmetric
division in colon cancer stem cells by acting as a negative regulator of Notch signaling®.

However, it remains largely unknown whether Numb has any role in BCSCs.
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4. Material and Methods
Reagents and antibodies

For immunoblotting, anti-MICAL3 (H-56, 1:200, Santa Cruz Biotechnology), anti-Numb
(C29G11, 1:1,000, Cell Signaling), anti-CRMP2 (C4G, 1:100, IBL) and anti-GAPDH
(D23H3, 1:5000, Millipore) primary antibodies, and horseradish  peroxidase
(HRP)-conjugated anti-rabbit or anti-mouse IgG secondary antibodies were used. For
immunostaining, an anti-Numb (1:100, Abcam) primary antibody and an Alexa 546
anti-mouse 1gG antibody secondary antibody were used. For flow cytometry, Alexa fluor
647-labeled anti-CD24, APC-H7 labeled anti-CD44 anti-NP1 (446921, R&D Biosystems)
conjugated antibodies were used. For the tumor sphere assay, an anti-NP1 primary antibody

(446921, R&D Biosystems) was used.

Cell lines and primary cell culture

The mammary The mammary epithelial cell line, MCF10A, and the breast cancer cell lines,
MCF7, T47D, BT20, BT474 and MDA-MB-436, were purchased from the American Type
Culture Collection (ATCC). Cells were cultured in RPMI 1640 culture medium (Nacalai
Tesque) containing, 10% fetal bovine serum (FBS; SAFC Biosciences), 100 units/ml
penicillin and 100 pg/ml streptomycin (Nacalai Tesque).

Cultured Cell lines were cultured in a humidified atmosphere at 37°C in 5% CO, and the
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culture medium was changed every 2 days. When cells reached subconfluence, they were
rinsed in phosphate buffered saline (PBS) (pH 7.4, Nacalai Tesque) and trypsinized with
0.25% Trypsin-EDTA Solution (Nacalai Tesque) for 1 min at 37°C, and passaged at ratios of

1:3~1:5.

Isolated Isolation of single cells from breast tumor tissues

Patient-derived tumor tissues were cut into < 5 mm® pieces in PBS. A mechanical
disaggregation system (Medimachine, Becton Dickinson) was used to obtain single-cell
suspensions from the solid tumors. A Medicon (50 um) device containing the tissues was
inserted into the Medimachine (BD™ Medimachine) and subjected to a 1 min pulse. The
resulting single-cell suspension was filtered through a 100-pum cell strainer (BD Falcon) and
washed with PBS. In the case of disaggregated cell clusters, the single-cell suspension was

incubated in Accumax (Innova Cell Technologies) at room temperature for 10 min.

Primary cell culture

To isolate Lin breast cancer cells, cells obtained from breast tumor specimens were
incubated with a mixture of biotin-conjugated antibodies against Lin cells. The antibody
mixture included a MACS lineage kit for depletion of hematopoietic and erythrocyte
precursor cells (CD2, CD3, CD11b, CD14, CD15, CD16, CD19, CD56, CD123 and CD235a,
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Miltenyi Biotec), endothelial cells (CD31, eBioscience) and stromal cells (CD140b,
Biolegend). After incubation, cells were separated using the MACS magnetic cell separation
system according to manufacturer instructions (Miltenyi Biotec). Isolated lineage-negative
(Lin") breast cancer cells were cultured in Human EpiCult™-B Medium Kit medium (Stem
Cell Technologies) that includes a supplement mix, freshly-prepared 0.48 pg/ml
hydrocortisone (Stem Cell Technologies), 2mM L-glutamine (Nacalai Tesque), 100 units/ml
penicillin and 100 pg/ml streptomycin.

Isolated single cells were cultured in a humidified atmosphere at 37°C in 5% CO, and the
culture medium was changed every 2 days. When cells reached subconfluence, they were
rinsed in PBS, trypsinized with Accumax for 10 min at room temperature, and passaged at a

ratio of 1:4.

Tumor sphere formation assay

I previously confirmed that patient-derived tumor cells plated at 5,000 cells/ml yield tumor
spheres that are clonally derived from single cells. Cells were therefore plated as single cell
suspensions in 24-well ultra-low attachment plates at a low density (5,000 cells/ml) to obtain
single cell-derived tumor spheres. The cells were grown in sphere culture medium (SCM),
which consists of serum-free Dulbecco’s modified Eagle’s Medium:Nutrient Mixture F-12
(DMEM/F-12) medium (GIBCO), 20 ng/ml EGF (Millipore), 20 ng/ml bFGF (PeproTech),
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B27 supplement (GIBCO) and heparin (Stem Cell Technologies), as previously described.
Alternatively, spheres were grown in DMEM/F-12 medium supplemented with 20 ng/ml
recombinant human HRG (R&D Systems Inc.), 200 ng/ml recombinant human Sema 3A
(R&D Systems Inc.) with or without anti-Neuropilin-1 antibody (clone R&D Systems Inc.).

Spheres with a diameter of > 75 um were counted after 4 to 7 days.

Construction of lentivirus vectors

For construction of the lentivirus plasmid vector for knock-down of the MICAL3 gene, the
short hairpin RNA (shRNA) sequence was inserted in the pENTR4-H1 vector (a kind gift
from H. Miyoshi, RIKEN, Tsukuba, Japan) as an entry vector.

100pg The pENTR4-H1 vector containing the shRNA sequence (100 pg) and a lentiviral
vector (150 ng/ul) (CS-RfA-EG) were used to perform recombination with a Gateway® LR
Clonase® Enzyme mix (Invitrogen) containing a proteinase K solution according to
manufacturer recommendations, to generate the ShRNA expression clone.

Lentivirus plasmid DNA (1000 ng/ul) was transducted into HEK293FT cells along with
packaging plasmids (pCMV-VSV-G-RSV-Rev and pCAGHIVgp) using the lipofectamine
transfection reagent (Invitrogen) and PLUS™ Reagent (Invitrogen). The medium was

changed after 16 h. High-titer viral stocks were prepared by ultracentrifugation.
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Transduction of cells with lentiviral vectors

The culture supernatant containing infection-competent virus particles was applied to
cultivated MCF7 cells or patient-derived breast cancer cells at a multiplicity of infection of
1:10, and was incubated for 24 hours at 37°C in 5% CO,. After incubation, GFP positive cells

were sorted using FACS Aria Il (BD Bioscience).

Small interfering RNA (siRNA)

For knock-down of MICALS3, breast cancer cell lines (MCF7, T47D, BT474, BT20 and
MBA-MB-467) or patient-derived breast cancer cells were seeded at a density of 1x10°
cells/well onto a 6-well plate. After incubation for 24 hours, cells were added to
ON-TARGETplus MICAL3 siRNA (GE Healthcare) and DharmaFECT transfection reagent
(GE Healthcare) in serum-free medium. The control was an ON-TARGETplus Non-targeting
SIRNA.

For knock-down of SEMA3B, CRMP2 and Numb, breast cancer cell lines were seeded at a
density of 5x10° cells/well onto a 6-well plate and were incubated with Stealth RNAi™
(Invitrogen) and Lipofectamine™ RNAIMAX transfection reagent (Invitrogen) according to
the manufacturer protocol. RNAI duplex (10 nM final concentration) and Lipofectamine™
RNAIMAX complexes were added to each well. The control was the Stealth™ RNAI
Negative Control with low GC content.
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SiRNA-transfected cells were incubated at 37°C in 5% CO, until the assay. Representative

data from three independent experiments using two types of sSiIRNA are shown.

Transiently transfection of plasmids

All expression vectors were a gift from Dr. Anna Akhmanova (Utrecht University, Utrecht,
The Netherlands)®. We used the following described expression vectors: GFP-MICALS3,
GFP-MICAL3-3G3W and GFP-MICAL3-N1. GFP-MICAL3 was generated from the human
cDNA clone, pF1KA0819, using a modified pEGFP-C1 vector. GFP-MICAL3-3G3W and
GFP-MICAL3-N1 were generated from GFP-MICAL3 using a PCR-based strategy. The
control was a pEGFP-C1 vector.

For transient transfection of plasmids, breast cancer cell lines were seeded at a density of
3x10° cells/well onto a 6-well plate. After incubation for 24 hours, the plasmids (1.8 pg) and a
PolyFect Transfection Reagent (Qiagen) in culture medium without antibiotics were added to

each well.

Flow cytometry

Primary cells from breast cancer tissues or cultured cells were dissociated into single cells
using Accumax and washed with PBS. To analyze the population of breast cancer stem cells,
single cells were sorted after staining with Alexa flour 647-labeled anti-human CD24 and
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APC-H7 labeled anti-human CD44 at 4°C for 20 min.
Dead cells were excluded using propidium iodide (PI) (Nacalai Tesque) staining. All flow
cytometric analyses were performed with a FACS Aria Il (BD Bioscience) and data were

analyzed using FlowJo software (Treestar).

Immunoblotting

For sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), the cultured
cells in 6-well plates were washed with PBS and then lysed with Lysis buffer containing RIPA
Buffer (Pierce), a Phosphatase Inhibitor Cocktail (Nacalai Tesque) and a Protease Inhibitor
Cocktail (Nacalai Tesque). For nonreducing SDS-PAGE, the cells were lysed in a buffer
containing 15 mM iodoacetamide (IAA, Sigma) and 1% SDS and incubated for 30 min at
37°C to block further oxidation of cysteine residues™.

The proteins Proteins were separated by SDS-PAGE and transferred to polyvinylidene
fluoride (PVDF) membranes. The membranes were blocked with 5% skim milk in PBS and
incubated with primary antibodies overnight at 4°C. After washing three times in PBS
containing 0.1% Tween 20, the PVDF membranes were incubated with the appropriate
secondary antibody at RT for 1 hour. Signals were developed using an Immobilon Western
Chemiluminescent HRP Substrate (Millipore), and were examined using a LAS3000 (Fujifilm,
Tokyo, Japan) imaging system.
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Immunostaining

Cultured cells were fixed in 4% Paraformaldehyde/PBS (Nacalai Tesque) at room
temperature (RT; 24°C) for 15 min. After washing in PBS containing 0.15 % Triton X-100 for
10 min, cells were incubated with 1% bovine serum albumin (Nacalai Tesque) at RT for 60
min to block nonspecific binding, and then were incubated with the primary antibody at 4°C,
overnight. After washing with PBS, cells were incubated with the appropriate secondary
antibodies at RT for 1 hour. Cells were coverslipped using glycerol containing DAPI (Sigma)

to stain the nuclei, and examined under a fluorescence microscope (Carl Zeiss).

In situ Proximity Ligation Assays (PLA)

For the analysis of interactions with proteins, a Duolink® in situ Proximity Ligation Assay
(Olink Bioscience) was used®. Cells were fixed in 4% Paraformaldehyde/PBS and washed
with PBS containing 0.15 % Triton X-100 to permeabilize the cells. Cells were incubated
overnight with the primary antibodies. After washing with PBS, both Probe marker PLUS
(positive oligonucleotide) and MINUS (negative complementary oligonucleotide) were used
as secondary antibodies. A detection reagent (red or green) was used to visualize protein
interactions. The total number of signal dots was counted separately in the nucleus and the

cytoplasm using a fluorescence microscope and analyzed using ImageJ.
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Xenografts

Eight-week-old female immunodeficient NOD/scid gamma (NSG) mice were anesthetized
with isofluorane (Abbott Japan). Ninety day-release B-estradiol (E2) pellets containing 0.72
mg of E2 (Innovative Research of America) were implanted subcutaneously into the back of
the neck, before 3 days in cell implantation. For PDXs, breast cancer tissues obtained from
breast cancer patients were cut into 1 mm squares and 5 pieces were suspended in Matrigel
(BD Biosciences) to produce 50 pl of the cell mixture. Five pieces per site, or cells expressing
the indicated constructs, were subsequently injected into the mammary fat pads of NSG mice.
When tumors reached > 100 mm?®, the mice were killed. To distinguish between the human
tumor cells and mouse cells in PDXs, FITC-labeled anti-mouse H-2Kd was used to label
mouse MHC Class I, and V450-labeled anti-rat CD45 (BD Pharmingen) was used to label
mouse leukocytes, concurrently. The population excluding the H-2Kd and CD45 positive cells
was isolated using flow cytometry. Tissue fragments were retransplanted into another cohort
of mice. For limiting dilution assays (LDAs), cells were suspended in 50 pl Matrigel (BD

Biosciences) and were injected subcutaneously into each mammary fat pad of NSG mice.

ELISA
To measure the level secreted Sema3B by SCM or HRG stimulation, a Human Semaphorin
3B ELISA Kit (Abbexa) was used. We collected culture supernatants from MCF7 cells treated
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with SCM or HRG for 16, 24 and 48 hours. Culture supernatants were incubated in plate
binding with a Sema3B antibody at 37°C for 2 hours. After washing, a detection antibody and
a HRP-conjugated antibody were incubated at 37°C each. Absorbance at 560 nm was

measured using a Wallac Victor 1420 multilabel counter (PerkinElmer).

H,0O, assay
The An Amplex red hydrogen peroxide/peroxidase assay kit (Invitrogen) was used to
measure hydrogen peroxide production from the purified enzymatic domain of MICALS3 as

d*%. For cell lysate experiments, HEK293FT cells (1x10° cells)

previously describe
transfected with GFP-fusion constructs were lysed using 120 pl lysis buffer containing 20
mM HEPES (pH 7.4), 100 mM NaCl, 1% NP-40 and Protease Inhibitor Cocktail. After
incubation at 4°C, lysates were cleared by centrifugation. Reactions were performed in a 100
ul volume, consisting of 50 ul of the cell lysate, 200 uM NADPH, Amplex red reagent
(10-acetyl-3,7-dihydroxyphenoxazine), and 0.1 U/ml horseradish peroxidase (HRP) in

reaction buffer. 1 uM H,O, was used as a positive control. Absorbance at 560 nm was

measured using a Wallac Victor 1420 multilabel counter.

Quantitative real-time (QRT)-PCR
Total RNA was prepared using the TRIzol Reagent (Invitrogen) and was transcribed into
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cDNA using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems).
Quantitative RT-PCR was performed using TagMan probes from Applied Biosystems,

according to manufacturer recommendations.

Microarray experiments

Cells were serum-starved for 16 hours prior to stimulation with heregulin (HRG) (100
ng/ml). DHMEQ (1 pg/ml) or LY294002 (1 pg/ml) was added 2 hours prior to HRG
stimulation. Total RNA was isolated every hour for up to 16 hours after each treatment using
TRIzol reagent (Life technologies). Alternatively, cells overexpressing IGF2 or control
vector-transduced cells were trypsinized and the single cell suspension was incubated
overnight. Total RNA was subsequently isolated using the TRIzol reagent. All samples
showed RNA Integrity Numbers (RIN) greater than 9.5 and were subjected to microarray
experiments according to manufacturer instructions. Total RNA samples (100 ng) were
labeled with Cyanine 3-CTP using a Low Input Quick Amp Labeling Kit (Agilent
Technologies). Hybridization was carried out using a Gene Expression Hybridization Kit
(Agilent Technologies) as follows: 1.65 mg of cRNA samples were fragmented (30 min at
60°C) and were then hybridized to a 4x180K Agilent Whole Human genome Oligo DNA
Custom Microarray (G4862A, Agilent Technologies). The array includes 46,117 unique
probes that were designed to identify transcripts of coding and predicted non-coding genes

24



including long intergenic non-coding RNAs (lincRNA). Microarrays were scanned using a

dynamic autofocus microarray scanner (Agilent DNA Microarray Scanner, Agilent

Technologies) under default parameters (Green PMT was set to 100%, and the scan resolution

was set to 5 um). Feature Extraction Software v9.1 (Agilent Technologies) was used to obtain

a raw signal value and a quality flag (Present [P], Marginal [M], or Absent [A]). After

aggregating all the scanned signals for the different time points, a parametric empirical Bayes

approach called ComBat was used to remove non-biological experimental variation or batch

effects (52). A 75 percentile normalization was then applied to remove between-experiment

distributional biases due to assay artifacts. To reduce outliers’ effects, signal values were

further smoothed for each gene under each condition by a moving average of length 3 with

equal weights.

Identification of gene sets up-regulated by the HER2/3—PI3K—NF«kB pathway at early

time points up to 6 hours and throughout the time course

In order to identify genes downstream of HER2/3—PI3K—NF-kB pathway at early time

points after stimulation (up to 6 hours), we first calculated average gene expression profiles at

the seven measured time points (0, and every hour thereafter) under each condition of the

study (N, no treatment; D, treatment with DHMEQ [NF-xB inhibitor]; LY, treatment with

LY294002 [PI3K inhibitor]; H, stimulation with HRG; HD, stimulation with HRG and
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treatment with DHMEQ); and HLY, stimulation with HRG and treatment with LY294002). The

potentially up-regulated genes downstream of HER2/HER3-PI3K-NFkB pathway at early

time points were selected based on the following criteria: Hj =1.25 Nj (Nj/Hj=0.8), Hj =

1.25 Dj (Dj/Hj=0.8), Hj =1.25 LYj (LYj/Hj=0.8), Hj =1.11 HDj (HDj/Hj=0.9), Hj =

1.11 HLY]j (HLYj/Hj=0.9). Fifty-seven transcripts were selected. A similar type of analysis

was used to identify candidate genes downstream of HER2/3-PI3K-NF-kB pathway

throughout the time course (from O hours to 16 hours). One hundred and eighty-nine

transcripts were selected. Raw and normalized microarray data are available from the Gene

Expression Omnibus (GEO) database (accession numbers GSE64073).

Study approval

All human breast carcinoma specimens were obtained from the University of Tokyo

Hospital, Minami Machida Hospital and Showa General Hospital. This study was approved

by the institutional review boards of the Institute of Medical Science, University of Tokyo, the

University of Tokyo Hospital, Minami Machida Hospital and Showa General Hospital (24—

29—1207). Written informed consent was received from all the participants prior to inclusion

in the study. Mice were handled according to the guidelines of the Institute of Medical

Science, University of Tokyo. The experiments were approved by the committees for animal

research at the Institute of Medical Science, University of Tokyo.
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Statistics

Student’s The student’s unpaired t-test was used to compare differences between two
samples and values of p < 0.01-0.05 (*), p < 0.001-0.01 (**) or p < 0.001(***) were
considered significant. Values are presented as means + SD. For sphere assay, the spheres
were counted and the percentage of sphere forming cells was determined for each group.
LDAs of frequency determinations, as well as the corresponding p values, were generated
using ELDA software, which took into account whether the assumptions for LDA were met
(http://bioinf.wehi.edu.au/software/elda/index.html, provided by the Water and Eliza Hall

Institute™®.
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5. Results
Sema3B and MICAL3 are downstream targets of the HER2/3-PI3K-NFkB pathway

In order to identify genes that are potentially regulated by HER2/3-PI3K-NF«B signaling, I
examined the gene expression profile of MCF7 breast cancer cells upon stimulation with
HRG, in the presence or absence of DHMEQ and LY?294002, which are specific inhibitors of
NF«B and PI3K, respectively. I selected a dose of 1 pg/ml for DHMEQ and 1 uM for
LY294002, as these have been previously shown to cause ~50% inhibition of HRG-induced
tumor sphere formation?® (Figure 4A). Upon stimulation with growth factors, the changes in
gene expression levels over time are highly dynamic. | examined expression levels every hour
for up to 16 hours after stimulation (Figure 4B). My criteria for candidate genes were that
their expression levels were increased following stimulation with HRG, but were reduced by
treatment with the inhibitors. Because | obtained data from many time points, | considered the
differences in expression levels to be significant, even if only < 1.5-fold at each time point.
Among the upregulated genes were several growth factors, cytokines and their receptors,
including Sema3B and its downstream target MICAL3 (Figure 4B), both of which are related
to Sema signaling. These results suggest that Sema3B and MICAL3 are downstream targets of

HER2/3-PI3K-NFkB pathway in breast cancer cells (Figure 28).
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Semas3s are key factors of tumor sphere formation of human breast cancer cells

Sema3B was one of the downstream targets of HER2/3-PI3K-NF«kB signaling identified

from the DNA microarray (Figure 8A) and high levels of Sema3B expression correlated with

a poor prognosis obtained from Prognoscan (http://www.abren.net/PrognoScan/) (Figure 8B).

I first confirmed the existence of secreted Sema3B in the culture supernatant in SCM or

following HRG stimulation using ELISA (Figure 8C). | next evaluated tumor sphere

formation in Sema3B knockdown MCF7 cells using Sema3B siRNA (Table3 and Figure 8D).

A reduction in secreted Sema3B significantly decreased tumor sphere formation in SCM or

following HRG stimulation (Figure 8E).

When Sema3A was the only growth factor present, it induced tumor sphere formation in

luminal type MCF7 and basal type BT20 cells (Figure 9A and B). These results suggest that

type 3 Semas, including Sema3A and 3B, play an important role in tumor sphere formation in

an autocrine or paracrine manner.

Expression of MICAL3 correlates with poor prognosis in breast cancer patients

Using a DNA microarray, | identified MICAL3 as one of the downstream targets of

HER2/3-PI3K-NF«B signaling (Figure 10A). To determine whether expression of MICAL3 is

upregulated in patient-derived breast cancer tissues, | examined its expression in breast cancer

tissues using the Oncomine cancer gene expression database (http://www.oncomine.com). |
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found that MICAL3 expression was higher in breast cancer tissues than in normal breast tissue
(Figure 10B). I next determined the correlation between MICALS3 expression and prognosis
using PrognoScan and showed that MICAL3 expression in breast cancer tissues can be
classified into high- and low-expressing groups. The high MICAL3-expression groups
displayed a significantly reduced distant metastasis free survival (DMSF) and relapse free
survival (RFS), compared with the low MICAL3-expression group (Figure 10C). These
results indicate that breast cancer patients with tumors that express high levels of MICAL3

show a poor prognosis.

MICAL3 induces stem-like properties in breast cancer cells

To elucidate the function of MICAL3 in BCSCs, | first evaluated the tumor sphere-forming
ability of human breast cancer cell lines and patient-derived primary breast cancer cells. To
knockdown MICAL3, cells were transfected with SMART pool siRNA (Figure 11A).
MICAL3 knockdown decreased sphere forming ability in many breast cancer cell lines,
including luminal type MCF7, HER2-positive type BT474, basal A type BT20 and basal B
type MBA-MB-436 cells (Figure 11B). I also studied MICAL3 knockdown using two
different siRNAs corresponding to non-overlapping sequences in MICAL3 (Figure 12A and
B) and showed that MICAL3 knockdown decreased sphere forming ability in MCF7 and
BT20 cell lines (Figure 12C). Next, | analyzed patient-derived primary breast cancer cells and
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found that MICAL3 knockdown suppressed the tumor sphere forming ability of

patient-derived breast cancer cells (Figure 1A and B).

Tumor-initiating activity is another measure of cancer stem cell properties. | generated

MICALS3 stable knockdown cells using a MICAL3 variant 1 ShRNA (Table 1 and Figure 14A).

I confirmed that MICAL3 knockdown suppressed tumor sphere forming ability in MCF7 cells

in vitro by transducing them with MICAL3 shRNA (Figure 14B). | next inoculated these cells

into the mammary fat pads of immunocompromised IL2-receptor yc-deficient (NSG) mice.

An estimate of the tumor-initiating cell frequency was much lower in MICAL3 variant 1

knockdown cells than in control cells (1/7,115 vs. 1/49,833, P = 0.0383; Figure 14C). Tumor

weight 30 days after transplantation was significantly decreased in MICAL3 variant 1

knockdown cells, compared to control cells (Figure 14D). This finding indicates that the

MICAL3 variant 1 has strong tumor-initiating activity. To assess tumorigenicity for MICAL3

using primary breast cancer cells, | established MICAL3 stable knockdown cells using two

different sShRNAs for MICALS3, corresponding to non-overlapping sequences (Figure 15A).

When 1 inoculated these cells into the mammary fat pads of NSG mice, tumor-initiating

activity was strongly inhibited in both MICAL3 knockdown cells (#1, 1/10 vs. 1/490, P =

2.01e-08; #2, 1/10 vs. 1/56, P = 0.0122 ;Figure 15B and C). These results indicate that

MICALZ3 plays an important role in tumor sphere formation in vitro and in tumor-initiating

activity in vivo, both in breast cancer cell lines and in primary breast cancer cells.
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Monooxygenase domain of MICALS3 has a key role for tumor sphere forming ability
MICAL3 contains a FAD-containing monooxygenase domain, a calponin homology (CH)
domain, LIM domain and a coiled-coil domain® (Figure 16A). To determine which of these
domains is required for tumor sphere formation in breast cancer cells, |1 used two DNA
constructs, MICAL3-3G3W and MICAL3-N1 (Figure 16A). MICAL3-3G3W is a
dominant-negative MICAL3 mutant in which the three glycines in the FAD binding motif
GXGXXG were mutated to tryptophans. This triple mutation was shown to abrogate the
function of Drosophila MICAL in axon guidance and actin disassembly***’". MICAL3-N1
lacks the C-terminal region containing the coiled-coil domain, which contributes to vesicle
fusion to the plasma membrane®. | transfected each construct into HEK293FT cells then
measured levels of H,O, production in the presence of 200 uM NADPH using an

enzyme-linked assay™**>*®

(The Amplex red hydrogen peroxide/peroxidase assay Kit; Figure
16B). Cells transfected with wild-type MICAL3 (MICAL3-WT) produced higher levels of
H,0, than controls (Figure 16C). In contrast, MICAL3-3G3W produced much lower levels of
H,0, than MICAL3-WT or MICAL3-NL1. It has been reported that the MICAL1 C-terminal
region has an autoinhibitory function in monooxygenase activity in the N-terminal region.
However, our results showed that MICAL3-N1 produced comparable levels of H,0, to
wild-type MICALS3. This finding indicates that the N-terminal region of MICAL3 does not

inhibit the production of H,O,.
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| next analyzed tumor sphere formation in MCF7 cells that were transiently transfected
with those constructs. When transfected cells were floating cultured in SCM and with
Sema3A stimulation, both MICAL3-WT and MICAL3-N1 were able to induce tumor sphere
formation (Figure 16D and E). However, tumor sphere forming ability was greatly inhibited
in MICAL3-3G3W transfected cells. These results indicate that the monooxygenase domain
of MICAL3 promotes tumor sphere formation by producing H,O, in human breast cancer

stem cells.

MICAL3 increases cancer stem-like properties through CRMP2 dimerization

It is known that MICAL forms a complex with PlexA, a receptor for Sema signal, and the
LIM domain of MICAL contributes to CRMP interaction®. I next investigated the interaction
between MICAL3 and CRMP2 using a Duolink® in situ Proximity Ligation Assay (PLA)>.
In situ PLA is a technique used to detect interactions between proteins inside a cell, and uses
fluorescein to generate valuable images (Figure 17A). In situ PLA is different from
conventional FRET / BRET and co-immunoprecipitation, and it is possible to detect the
interaction and localization of endogenous protein as spots visualized by microscopy. When
MCF7 cells were treated with SCM or Sema3A for 24 hours, the number of PLA dots was
increased in SCM- or Sema3A-stimulated cells (Figure 17B, C). In particular, a significant
number of PLA dots were detected in Sema3A-stimulated cells (Figure 17C). These results
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indicate that SCM or Sema3A stimulation induced the interaction between MICAL3 and

CRMP2 in human breast cancer cells.

To examine whether CRMP2 is involved in tumor sphere formation in human breast

cancer cells, MCF7 cells were transfected individually with two different CRMP2 siRNAs

(Table 3 and Figure 18A). CRMP2 knockdown cells showed remarkably decreased tumor

sphere formation in SCM or following Sema3A stimulation (Figure 18B and C).

I next examined whether dimerization of CRMP2 is induced by MICAL3-mediated ROS

activation in human breast cancer cells. | treated MCF7 cells with 1 uM H,0O; and loaded the

total lysates onto nonreducing SDS-PAGE. | found that intensities of the bands around 135

kD, corresponding to the disulfide-linked homodimers of CRMP2, were increased following

treatment with H,O, (Figure 19A). When MCF7 cells were stimulated with Sema3A, the

intensities of the bands around 135 kD, corresponding to the homodimers of CRMP2, were

increased (Figure 19B). Furthermore, MICAL3 knockdown using shRNA dramatically

reduced the intensities of the bands of the homodimers of CRMP2 (Figure 19C). These results

suggest that dimerization of CRMP2 is induced by MICAL3-mediated ROS activation in

human breast cancer cells.

MICAL3-mediated ROS production induces an interaction between CRMP2 and Numb

CRMP2 is known to directly interact with the amino-terminal fragment containing the PTB
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domain of Numb during axon growth in the nervous system>®®*. To examine whether CRMP2
interacts with Numb in breast cancer cells following Sema3A stimulation, | used in situ PLA.
MCF7 cells were transfected with MICAL3 siRNA and then treated with growth factors
(SCM) or Sema3A for 24 hours. The number of PLA dots was markedly increased following
treatment with SCM or Sema3A. MICALS3 knockdown significantly decreased the number of
PLA dots induced by SCM or Sema3A treatment (Figure 20A and B). To determine whether
the monooxygenase domain of MICALS3 is required for the interaction between CRMP2 and
NUMB, I transfected MCF7 cells with MICAL3-WT or 3G3W and then treated the cells with
growth factors (SCM) or Sema3A for 24 hours. The number of PLA dots was greatly reduced
in MICAL3-3G3W transfected cells, compared to MICAL3-WT transfected cells (Figure 21A
and B). These results indicate that the monooxygenase domain of MICALS is required for the
interaction between CRMP2 and Numb following treatment with SCM or Sema3A (Figure

27).

Numb increases cancer stem-like properties in Sema3A-stimulated breast cancer cells
via MICAL3

I next analyzed the amount of Numb protein using immunoblotting. Stimulation with
Sema3A increased the amount of Numb protein, whereas MICAL3 knockdown remarkably
decreased the amount of Numb protein (Figure 22A). When 1 transiently transfected the cells
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with cDNA constructs (control vector, MICAL3-WT, 3G3W or N1), the amount of Numb
protein was increased in cells expressing MICAL3-WT or N1, but not in cells expressing
MICAL3-3G3W (Figure 22B). To investigate whether Numb is involved in tumor sphere
formation, MCF7 cells were transfected individually with two types of Numb siRNA (Figure
22C). Tumor sphere formation was remarkably decreased in Numb knockdown cells treated
with SCM or Sema3A (Figure 22D). These results indicate that Sema3-induced activation of
the monooxygenase domain of MICAL3 induces CRMP2 dimerization and the interaction

between CRMP2 and Numb, and then stabilizes Numb protein for tumor sphere formation.

NP1 is expressed in a BCSC-enriched population and plays an important role in tumor
sphere formation

I found that NP1 was overexpressed in several human breast cancer cells compared to
MCF10A cells, a normal human mammary epithelial cell line (Figure 23A). In order to
examine the mechanisms by which Sema3 functions in breast cancer stem cells, | analyzed
NP1 expression in a CD44"9"CD24"" cell population that is enriched for BCSCs. | found that
NP1 was more strongly expressed in the BCSC-enriched population than in the other cell
population (Figure 23B). Moreover, the expression levels of NP1 were variable in the CD44"
cell population (Figure 24A and B). | then sorted patient-derived primary breast cancer cells
using an anti-NP1 antibody to obtain cell populations in which NP1 was expressed at either
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high or low levels. When | analyzed tumor sphere forming ability in these sorted cells, the
NP1"%" cell population, but not the NP1 cell population, gave rise to spheres (Figure 24C).
| next analyzed sphere formation in the presence of a NP1 neutralizing antibody (NAD).
Patient-derived primary breast cancer cells were sorted using the anti-NP1 antibody to obtain
the NP1"" cell population (Figure 25 A). Then cells were treated with SCM in the presence
of the NP1 NAb. Tumor sphere formation was greatly inhibited by the NP1 NAb (Figure 25 B

and C), indicating that cells with cancer stem-like properties express high levels of NP1.

MICAL3 promotes symmetric division of NP1 positive-cancer stem like cells through
stabilization of Numb

To analyze symmetric-asymmetric cell division, | performed a cell pair assay using
patient-derived breast cancer cells (Figure 26A). NP1-positive cells were isolated from
patient-derived breast cancer cells and were cultured at a low density for 24 hours. | then
changed the medium to SCM or medium containing Sema3A and continued to culture.
FBS-containing medium was used as a control. After 24 hours, single NP1-positive cells
divided into pairs of daughter cells that were stuck together (Figure 26B). When
patient-derived breast cancer cells were co-immunostained with anti-NP1 and anti-Numb
antibodies after the first cell division, the NP1-positive cells co-localized with the Numb
protein on the cell membrane or in the cytoplasm (Figure 26B). In symmetrically-divided
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cells, the Numb protein was strongly expressed and localized to both daughter cells. In

asymmetrically-divided cells, the Numb protein was expressed in only one of the daughter

cells, and was localized at the region where the cell was attached to the other daughter cell.

Interestingly, NP1 was co-expressed in the Numb-positive daughter cell but not in

Numb-negative daughter cell. When treated with SCM, 56% of cell divisions were symmetric,

producing two NP1-positive daughter cells, and 44% were asymmetric, producing one

NP1-positive daughter cell and one NP1-negative daughter cell (Figure 26C). These results

suggest that SCM treatment gives rise to more undifferentiated daughter cells by symmetric

cell division. | next investigated whether the type of cell division was altered by MICAL3

knockdown. The results of a cell paired assay showed that both SCM and Sema3A induced

asymmetric division during the first cell division of a NP1-positive cell (Figure 27A and B).

In contrast, MICAL3 knockdown markedly increased asymmetric division. This result is

consistent with the finding that MICAL3 promotes symmetric division of a NP1-positive

BCSC after SCM or Sema3A stimulation, which increases tumor sphere forming activity in

NP1-positive BCSC (Figure 29).
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6. Discussion

In the current study, | provide evidence that the Sema3/NP1/MICAL3/CRMP2/ NUMB

axis presents a novel mechanism for the maintenance of symmetric division of self-renewing

BCSCs to expand, at the expense of asymmetric cell division. To my knowledge, this is the

first report describing the molecular mechanisms that underlie how a cancer stem cell

population expands by symmetric division.

I used DNA microarray analysis to show that both Sema3B and MICAL3 are downstream

targets of the HER2/HER3-PI3K-NF«B pathway. The NF«B transcription factor complex can

activate Sema signaling by inducing the expression of both a Sema3B ligand and the

cytoplasmic signaling protein MICALS3, leading to self-renewal of BCSCs. Since expression

levels of MICALS3 are up-regulated in breast cancer tissues compared to normal breast tissues,

these represent cancer stem cell-specific mechanisms that control symmetric-asymmetric

division, and therefore it should be possible to target these key molecules and eradicate cancer

stem cells.

| found that Sema3A and Sema3B are key ligands of Sema signaling in cancer stem cells to

promote self-renewal during the first cell division. Sema3B was found in a DNA microarray

analysis of MCF7 cells treated with HRG, and was evaluated under HRG stimulation though
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the HER2/3-PI3K-NFkB signaling pathway. Sema3A is secreted from the tumor
microenvironment containing endothelial cells, and is expressed in different cell lines.
Therefore, self-renewal of BCSC is accelerated by Sema3A and Sema3B secreted from
different components within the tumor microenvironment, specifically in the cancer stem cell

niche, in an autocrine or paracrine manner.

Cancer stem cells generally have been thought to maintain low levels of ROS, resulting in
a resistance to anticancer drugs or radiation® ®. In contrast, it is reported that ROS plays
important roles for mediating intercellular signals in cancer stem cells in some cases. For
example, Racl-driven ROS generation is essential for the effect of APC loss on
Lgr5*-intestinal stem cells and progenitors®®. ROS signaling in the cancer stem cells is critical
for tumorigenesis. My data suggest that ROS, generated by the monooxygenase domain of
MICAL3 by stimulated with Sema3A, is critical for the symmetric division of self-renewing
cancer stem cells. ROS forms a disulfide-linked homodimer of CRMP2 and the
homodimerized CRMP2 then appears to stabilize the Numb protein. This is the first evidence
that Sema3-stimulated ROS production maintains the self-renewal of cancer stem cells,
through increased stability of the Numb protein. In this case, | consider that ROS is a key

factor to contribute to BCSCs maintenance.
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NP1 is a receptor for Sema3A and Sema3B and forms a complex with Plexins, transducers
of Sema signaling in the steady state. A Sema signal causes the formation of a complex with
MICAL3 and CRMP2 though the NP1/Plexin receptor complex®. Using in situ PLA, I
showed that Sema3A stimulation promoted the interaction between MICAL3 and CRMP2 in
breast cancer cells. Moreover, NP1 was expressed specifically in a BCSC-enriched population
in patient-derived breast cancer cells. The fact that NP1-positive cells but not NP-negative
cells induced tumor sphere formation suggests the strong association between NP1 expression
and cancer stemness. These results suggest that Sema signaling is significantly activated in
NP1 positive cells for inducing cancer stemness. | have concluded that NP1 positive cells may

be an important marker of BCSCs.

It has been reported that CRMP and Numb regulate centrosome movements by asymmetric
division of sensory progenitors in Drosophila®. However, it remains unproven whether Numb
is related to the maintenance of stemness, or to Notch signaling in cancer stem cells. | found
that Numb is necessary for tumor sphere formation, meaning that Numb participates in the
self-renewal of BCSCs. Moreover, by interacting with CRMP2 homodimers formed by H,0,
production via MICAL3, Numb works together with NP1-positive cells during the first cell
division. This finding that Numb may be an independent regulator of Notch signaling in
cancer stem cell division is important for understanding cancer stem cell biology.
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Drugs that target specific molecules may be used to eradicate cancer cells with stem-like

properties, and may lead to a cure, by preventing recurrence of the disease. However, it is

possible that a single drug will not sufficiently break the cancer stemness circuits. In the

current study, | provide a rationale for using a combination of several targeted drugs involved

in Sema signaling to regulate symmetric-asymmetric division. We found that MICALS3

knockdown inhibited tumor sphere formation and tumorigenicity in vivo and that

Sema3A-induced tumor spheres were reduced by a neutralizing antibody against NP1. Thus,

molecules involved in MICAL3-mediated Sema signaling, and specifically Semas and NP1,

could be good candidates for the therapeutic treatment of breast cancer. If and when such

target molecules related to Sema signaling are used in breast cancer therapy, it will be

important to develop detectable predictive biomarkers to select responsive patients at the early

stage of breast cancer. To this end, | think that it would be worth examining Sema3 protein

levels in breast cancer tissues or blood samples, as a liquid biopsy, of breast cancer patients.

However, this would need to be validated by examining a larger number of patients in a future

study.
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Figure 1

The concept of cancer stem cells

The cancer stem cells are few cells in tumor, but contain high tumorigenicity. Those cells have
self-renewal capacity and resistance to radiation and anticancer drug. Even when large
population of cancer cells are killed by anticancer drug, only a few cancer stem cells may
survive and cause tumor recurrence and metastasis.
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Figure 2

Methods to study cancer stem cells

Sphere forming activity in breast cancer stem cells (BCSC)-enriched population derived
from fresh cancer cells of breast cancer patients. Tumor sphere forming ability is a property of
cancer stem cells. Patient-derived xenografts (PDXs) are transplantable tumors grown from
the patient-derived breast cancer cells in mammary tissues of the immune-deficient mice.
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Potential inflammatory signaling pathways in BCSCs

(A) The sphere forming activity in cancer stem population derived from fresh cancer cells of
breast cancer patients. Tumor spheres can grow from cancer stem cell-enriched population but
not from non-cancer stem cell population. Tumor sphere formation is induced by treatment
with heregulin (HRG) or a cocktail of growth factors and hormones contained in sphere
culture medium (SCM), including EGF, bFGF and B27. (B) HRG, a ligand of HERS3, plays
important roles for tumor sphere formation of breast cancer stem cells through PI3K-NF«kB
pathway.
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MICALS3 and Semaphorin3B (SEMAS3B) are downstream targets of HRG-PI3K-NFkB
pathway.

(A) An experimental procedure of DNA microarray analysis. (B) A Venn diagram showed
downstream targets of HRG-PI3K-NF«B pathway that were upregulated at early time points
(primary target, up to 6 hours) and/or throughout the time course (all target, 0-16 hours) after
HRG treatment.
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Figure 5

Model of molecular mechanisms that stabilize the stemness of cancer cells.
HER2/HER3-PI3K-NF«kB pathway may trigger IGF2-P13K-ID1-1GF2 positive feedback
circuit (orange arrows) and PI3K-mediated feed-forward circuit (blue arrow) as fundamental
mechanisms of stabilization of the stemness state. In addition, HER2/HER3-PI3K-NF«B
pathway also leads to the production of many soluble factors that may regulate the
surrounding niche cells: cancer cells, cancer associated fibroblasts (CAFs), endothelial cells,
pericytes and immune cells.
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Figure 6

Signaling through MICAL protein

MICAL is a multidomain signal transduction protein containing an N-terminal
FAD-containing monooxygenase-like domain, and interacts with multiple proteins involved in
vesicle fusion to the plasma membrane and the cytoskeleton disassembly.

MO, monooxygenase; CH, calponin homology domain; LIM, Linl1, Isl-1, Mec-3 domain
(zinc binding); CC, coiled-coil domain
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Figure 7

Numb regulation of symmetric-asymmetric cell division

Expression of Numb regulates self-renewal or differentiation of neural stem cells in
Drosophila (Upper) and mouse (Lower).
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Sema3B secreted by SCM or HRG treatment, participate in sphere forming activity in

MCF7 cells.

(A) Time-course expression patterns of Sema3B mRNA by microarray analysis in MCF7 cells
after treatment with HRG (H) w/wo LY 294002 (LY) and DHMEQ (D). (B) Kaplan-Meier
plots for estimation of relapse free survival and disease free survival of patients with breast
cancer tissues showing low or high Sema3B expression analyzed by Prognoscan. (C)
Production of Sema3B in culture media was examined using ELISA upon stimulation with
HRG or SCM. n = 3. (D) Production of Sema3B in culture media was reduced by
knock-down of Sema3B. (E) SCM or HRG-induced tumor sphere formation of MCF7 cells
was reduced by knock-down of Sema3B. n = 4.
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Sema3A treatment induces sphere forming activity in MCF7 cells

(A) Representative phase contrast images of formed tumor spheres of MCF7 cells treated with
recombinant human Sema3A. Scale bar: 100 um. (B) Tumor sphere formation of MCF7 cells
(Luminal type, left panel) and BT20 cells (Basal type, right panel) increased by treatment of
Sema3A.
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Figure 10

Expression of MICAL3 is induced by HRG in breast cancer cells and correlation of
MICAL3 expression in breast cancer tissues with prognosis of the patients

(A) Time-course expression patterns of MICAL3 mRNA by microarray analysis in MCF7
cells after treatment with HRG (H) w/wo LY294002 (LY) and DHMEQ (D). (B) Comparison
of expression levels of MICAL3 mRNA in normal breast (NB) and breast cancer (BC) tissues
using Oncomine databases. (C) Kaplan-Meier plots for estimation of overall survival, distant
metastasis free survival and relapse free survival of patients with breast cancer tissues
showing low or high MICAL3 expression analyzed by Prognoscan.
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MICALZ3 is a key factor for tumor sphere formation of human breast cancer cell lines.
(A) Expression of MICAL3 mRNA by gRT-PCR in MCF7 (Luminal type), BT474
(HER2-enriched type), BT20 (Basal A type) or MM436 (Basal B type) with control or
MICALS3 siRNA (pool siRNA). (B) SCM (EGF/bFGF/B27) or HRG-induced tumor sphere
formation of human breast cancer cells was reduced by MICAL3 knock-down.
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Figure 12

MICALZ3 is a key factor for tumor sphere formation of human breast cancer cell lines.
(A) Expression of MICAL3 mRNA by gRT-PCR in MCF7 cells with control or MICAL3
SiRNA (individual siRNA). (B) Expression of MICALS3 protein by Immunoblotting in MCF7
cells with control or MICAL3 siRNA (individual siRNA). (C) SCM (EGF/bFGF/B27) or
HRG-induced tumor sphere formation of MCF7 cells (Luminal type) or BT20 cells (Luminal
type) was reduced by MICAL3 knock-down.
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Figure 13

MICALZS is a key factor for tumor sphere formation of patient-derived primary breast
cancer cells.
(A) Representative phase contrast images of formed tumor spheres of patient-derived primary
breast cancer cells using MICAL3 siRNA. Scale bar: 100 um. (B) SCM-induced tumor sphere
formation of patient-derived primary breast cancer cells was reduced by MICAL3
knock-down.
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Figure 14

Knock-down of MICAL3 variant 1 (v1) decreases sphere forming ability and tumor
initiating activity in MCF7 cells.

(A) Expression of MICAL3 protein by immunoblotting in MCF7 cells transduced with
control or MICAL3 v1 shRNA. (B) SCM (EGF/bFGF/B27)-induced tumor sphere formation
of MCF7 cells was reduced by MICAL3 knock-down. (C) 10* or 10° cells of MCF7 cells
transduced with shControl, shRNA for MICAL3 v1 were subcutaneously injected into the
mammary fat pads of the eight-week-old female NSG mice. Results were obtained after 30
days after implantation. Frequency determinations were generated using ELDA software. (D)
Tumor weight was measured at 30 days after implantation of MCF7 cells transduced with
shControl or shRNA for MICAL3 v1.
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Knock-down of MICAL3 v1 decreases sphere forming ability and tumor initiating
activity in patient-derived breast cancer cells.
(A) Expression of MICAL3 protein by immunoblotting in MCF7 cells transduced with
control or MICAL3 shRNA. (B) 10%, 10% or 10 cells of patient-derived breast cancer cells were
subcutaneously injected into the mammary fat pads of the eight-week-old female NSG mice.
Results were obtained after 60 days after implantation. Frequency determinations were
generated using ELDA software. (C) Representative images of tumors generated in mice
injected with cells described in (B). Scale bar: 1 cm.
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Figure 16

Monooxygenase domain of MICAL3 plays important role for tumor sphere formation.
(A) A schema of MICAL3 wild-type (WT) and mutants (3G3W and N1) constructs; MO,
monooxygenase domain; CH, calponin homology domain; LIM, Lin11, Isl-1, Mec-3 domain
(zinc binding); CC, coiled-coil domain. (B) Overview of the enzyme-linked assay used to
determine H,0, levels. (C) Measurement of H,O, production using lysates of HEK293T cells
transfected with the indicated constructs described in (A) in the presence of 200 uM NADPH.
(D) Representative phase contrast images of formed tumor spheres of MCF7 cells transfected
with the indicated constructs induced by SCM. Scale bar: 100 pum. (E) Tumor sphere
formation of MCF7 cells transfected with the indicated constructs induced by SCM or
Sema3A.
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Interaction between MICAL3 and CRMP2.

(A) A schema of Duolink® in situ Proximity Ligation Assay (PLA). (B) In situ PLA shows
the interaction between MICAL3 and CRMP2 in MCF7 cells as shown by red dots (arrows).
Nucleus was stained by DAPI. Scale bar: 40 um. (C) Quantification of the number of PLA
dots per cells. Scale bar: 40 um. 100 cells are counted and results showed by mean + SD.
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Figure 18

CRMP2 is a key factor for tumor sphere formation.

(A) Expression of CRMP2 protein by immunoblotting in MCF7 transfected with control or
CRMAP2 siRNA. (B) Representative phase contrast images of formed tumor spheres of
MCF7 cells transfected with CRMP2 siRNA induced by SCM (upper panels) or Sema3A
(lower panels). Scale bar: 100 um. (C) Tumor sphere formation of MCF7 cells transfected
with CRMP2 siRNA induced by SCM (left panel) or Sema3A (right panel).
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Figure 19

Sema3A-induced dimer formation of CRMP2 is inhibited by MICAL3 knock-down.

(A) Immunoblotting analysis of the expression of CRMP2 protein in MCF7 cells following
stimulation with or without 1uM H,0,. Cell lysates were immunoblotted with anti-CRMP2
antibodies under nonreducing conditions. Reducing condition was assayed as a positive
control. GAPDH was blotted as a loading control. (B) Immunoblotting analysis of the
expression of CRMP2 protein in MCF7 cells following stimulation with or without 200ng/ml
Sema3A. (C) Immunoblotting analysis of the expression of CRMP2 protein in MCF7 cells
transduced with control or MICAL3 shRNA by stimulation with or without 200ng/ml
Sema3A.
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Figure 20

MICALZ3 is required for the interaction between CRMP2 and NUMB in MCF7 cell
induced by SCM or Sema3A.

(A) In situ PLA showed interaction between CRMP2 and NUMB by SCM treatment for 24
hours and it was reduced by knock-down of MICAL3 in MCF7 cells. PLA dots (green)
indicate the interaction between CRMP2 and NUMB. Scale bar: 40 um (B) Quantification of
the number of PLA dots per cells shown in (A). 20 cells are counted and results showed by
mean + SD. (C) In situ PLA showed interaction between CRMP2 and NUMB by Sema3A
stimulation for 24 hours and it was reduced by knock-down of MICAL3 in MCF7 cells. PLA
dots (green) indicate the interaction between CRMP2 and NUMB. Scale bar: 40 um (D)
Quantification of the number of PLA dots per cells shown in (C). 20 cells are counted and
results showed by mean + SD.
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Figure 21

Monooxygenase domain of MICALZ3 is required for the interaction between CRMP2

and Numb in MCF7 induced by SCM or Sema3A.

(A) In situ PLA showed interaction between CRMP2 and NUMB by SCM treatment for 24
hours in MCF7 cells transfected with MICAL3-WT or 3G3W cDNA construct. PLA dots
(red) indicate the interaction between CRMP2 and Numb. Scale bar: 40 um (B)
Quantification of the number of PLA dots per cells shown in (A). 20 cells are counted and
results showed by mean + SD. (C) In situ PLA showed interaction between CRMP2 and
Numb by Sema3A stimulation for 24 hours in MCF7 cells transfected with MICAL3-WT or
3G3W cDNA construct. Scale bar: 40 um (D) Quantification of the number of PLA dots per
cells shown in (C). 20 cells are counted and results showed by mean + SD.
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Figure 22

Sema3A induces expression of Numb protein and knock-down of Numb reduces tumor
sphere formation

(A) Immunoblotting analysis of expression of Numb protein in MCF7 cells transfected with
control or MICAL3 siRNA by stimulation with or without Sema3A. (B) Immunoblotting
analysis of Numb protein in MCF7 cell transfected with the indicated constructs. (C)
Immunoblotting analysis of Numb protein in MCF7 cells transfected with control or Numb
siRNA. (D) Tumor sphere formation of MCF7 cells transfected with Numb siRNA induced by
SCM (left panel) or Sema3A (right panel).
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Figure 23

NP1 is predominantly expressed in BCSC-enriched population

(A) Expression of NP1 protein by immunoblotting in several human breast cancer cell lines
and non-cancerous MCF10A cells.

(B) FACS analysis of freshly obtained patient-derived breast cancer cells (Sample No.4). The
cells were sorted according to the expression of CD44 and CD24. The CD44""/CD24'""
BCSC-enriched population and the other population were then sorted according to the
expression of NP1.
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Figure 24

NP1-highly positive cell population shows strong sphere forming activity

(A) FACS analysis of freshly obtained patient-derived breast cancer cells (Sample No.5). The
cells were sorted according to the expression of CD44 and NP1. (B) NP1-highly positive cells
but not NP1-negative cells of patient-derived breast cancer cells induced tumor sphere
formation in SCM.
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Figure 25

NP1-highly positive cell population shows strong sphere forming activity

(A) FACS analysis of freshly obtained patient-derived breast cancer cells (Sample No.6). The
cells were sorted according to the expression of NP1. (B) Representative phase contrast
images of sphere formation by patient-derived breast cancer cells with highly positive NP1 in
the presence or absence of an anti-NP1 neutralizing antibody (NP1 NAb) in SCM. Scale bar:
100 um. (D) Quantification of the sphere forming activity of the cells with highly positive in
SCM. Sphere forming ability of NP1 highly positive cells was significantly reduced by
treatment with an NP1 NADb.
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Figure 26

NP1 and Numb co-localize in patient-derived breast cancer cells and SCM increases
symmetric cell division

(A) A schema of cell paired assay using patient-derived breast cancer cells.

(B) Immunofluorescence for Numb and NP1 in cell-paired assays showed co-localization of
the two proteins in patient-derived breast cancer cells. The nucleus was stained by DAPI.
Scale bar: 40 um (C) Quantificaiton of the percentage of symmetric/asymmetric division. 20
cells are counted and results showed by mean + SD.
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Figure 27

SCM or Sema3A-increased symmetric cell division is reduced by knock-down of
MICAL3

(A) Immunofluorescence for Numb and NP1 in cell-paired assays showed
symmetric/asymmetric cell division. Symmetric cell division was reduced by MICAL3
knockdown using siRNA. The nucleus was stained by DAPI. Scale bar: 40 um

(B) Quantification of the percentage of asymmetric or symmetric division of NP1 positive
cells. UT means untreated cells. 10 cells are counted and results showed by mean + SD.
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Figure 28
Semaphorin/MICAL3/CRMP?2 axis increases symmetric division of NP1-positive cancer
stem-like cells in human breast cancer
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Semaphorin/MICAL3/CRMP2 axis increases symmetric division of NP1-positive cancer

stem-like cells in human breast cancer
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siRNA (ON-TARGETplus) Target Sequence

MICAL3 #1 5’-CCAAGAGAAUGAACGGAUA-3’
MICALS3 #2 5’-CCGUACAGCCAUCGACUUA-3’
Table 1

The target sequences of MICAL3 siRNAs (ON-TARGETplus).

shRNA Sequence

5'-GATCCCCGTGTGCTTTGTAGGGTTCTACGTGTGCTGTCCGTAGAATCCTACAAAGCGCGCTTTTTGGAAAT-3’

Control 5’-CTAGATTTCCAAAAAGCGCGCTTTGTAGGATTCGACGGACAGCACACGTAGAACCCTACAAAGCACACGGG-3”

5’-GATCCCCGATGTGCGCTGGACTCGTATAACGTGTGCTGTCCG TTATATGAG TCCAGTGCACGTCTTTTTGGAAAT-3

MICAL3 variant 181 o, 1r GATTTCCAAAAAGACGTGCACTGGACTCATATCACGGACAGCACACG TTATACGAG TCCAGCGCACATCGGG-3"

5’-GATCCCCGGGAGTTCCTCCGACATGGAAACGTGTGCTGTCCGTTTTCATGTTGGAGGAGCTCCCTTTTTGGAAAT-3

MICAL3 variant 182 ¢, 1r GATTTCCAAAAAGGGAGCTCCTCCAACATGAAGACGGACAGCACACGTTTCCATGTCGGAGGAACTCCCGGG-3'

Table 2
The sequences of MICAL3 shRNA plasmids.
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siRNA (StealthTM RNAi)

Sequence

SEMA3B #1

NUMB #1

NUMB #2

CRMP2 #1

CRMP2 #2

5’-GACGGACACUAUGACGUCCUCUUCA-3’
5’-UGAAGAGGACGUCAUAGUGUCCGUC-3

5"-GACCGAUGGUUAGAAGAGGUGUCUA-3’
5"-UAGACACCUCUUCUAACCAUCGGUC-3’

5'-GAGAAAGAAGGAUGUUUAUGUUCCA-3’
5’-UGGAACAUAAACAUCCUUCUUUCUC-3'

5"-GGGUAAAUUCCUUCCUCGUGUACAU-3’
5"-AUGUACACGAGGAAGGAAUUUACCC-3’

5’-GCUCUUCAAAGAUCGCUUCCAGCUAA-3’
5’-UUAGCUGGAAGCGAUCUUUGAAAGC-3’

Table 3

The sequences of siRNAs (Stealth™ RNAI) .

84



