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Cancer stem-like cells (CSCs) are expanded in the CSC niche by
increased frequency of symmetric cell divisions at the expense of
asymmetric cell divisions. The symmetric division of CSCs is
important for the malignant properties of cancer; however,
underlying molecular mechanisms remain largely elusive. Here, we
show a cytokine, semaphorin 3 (Sema3), produced from the CSC
niche, induces symmetric divisions of CSCs to expand the CSC
population. Our findings indicate that stimulation with Sema3
induced sphere formation in breast cancer cells through neuropilin 1
(NP1) receptor that was specifically expressed in breast CSCs (BCSCs).
Knockdown of MICAL3, a cytoplasmic Sema3 signal transducer,
greatly decreased tumor sphere formation and tumor-initiating activ-
ity. Mechanistically, Sema3 induced interaction among MICAL3, col-
lapsin response mediator protein 2 (CRMP2), and Numb. It appears
that activity of MICAL3 monooxygenase (MO) stimulated by Sema3 is
required for tumor sphere formation, interaction between CRMP2
and Numb, and accumulation of Numb protein. We found that knock-
down of CRMP2 or Numb significantly decreased tumor sphere
formation. Moreover, MICAL3 knockdown significantly decreased
Sema3-induced symmetric divisions in NP1/Numb-positive BCSCs and
increased asymmetric division that produces NP1/Numb negative cells
without stem-like properties. In addition, breast cancer patients with
NP1-positive cancer tissues show poor prognosis. Therefore, the niche
factor Sema3-stimulated NP1/MICAL3/CRMP2/Numb axis appears to
expand CSCs at least partly through increased frequency of MICAL3-
mediated symmetric division of CSCs.
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reast cancer is the most common type of cancer among

women throughout the world (1). The increasing rate of mor-
tality due to breast cancer raises serious problems. Recent evidence
indicates that tumor tissues are composed of heterogeneous cell
populations including a relatively small number of cancer stem-like
cells (CSCs) and other differentiated cancer cells (2). CSCs tend to
survive irrespective of conventional chemotherapy, radiotherapy,
and following treatment with molecular targeted drugs, because
these treatment strategies target rapidly proliferating differentiated
cancer cells but not CSCs. Targeting CSCs is thus important to
improve the prognosis of cancer patients; however, molecular tar-
geting drugs against CSCs are still unmet needs.

Stem cells have the ability to self-renew and differentiate. A
stem cell divides into two daughter cells using one of two types of
cell division: symmetric and asymmetric (3, 4). With symmetric
division, a stem cell produces two identical daughter cells and
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doubles the number of self-renewing stem cells. In contrast,
asymmetric cell division gives rise to two different daughter cells:
one differentiated cell and one self-renewing stem cell. Recent
evidence suggests that CSCs have similar characteristics re-
garding cell division (4, 5). Researchers believe that the more
CSCs become malignant, the more they have a tendency to di-
vide symmetrically, producing two daughter CSCs and leading to
expansion of the CSC population. The molecular mechanisms of
how each type of CSC division is determined remain obscure. If
the mechanisms are clarified, a novel strategy for cancer therapy
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may be established to reduce the CSC population by inhibiting
symmetric division of CSCs.

In tumor tissues, CSCs are surrounded by a variety of cell types,
including differentiated cancer cells and endothelial cells that
comprise blood vessels (6). All these cells create a microenviron-
ment that is called the CSC niche. CSCs are thought to survive by
utilizing the CSC niche. We and other researchers previously
showed that breast cancer stem-like cells (BCSCs) maintain stem-
ness for their survival in the inflammatory microenvironment by
utilizing growth factors or cytokines that are produced by cancer
cells in the CSC niche (6-9). By systematically analyzing the gene
expression profile via activation of NF-kB, the inflammatory master
transcription factor complex, stimulated by the growth factor
heregulin (HRG), we identified several CSC niche factors that are
involved in maintenance of stemness of CSCs, including insulin-like
growth factor 2 (IGF2) and growth differentiation factor 15 (10, 11).
A gene encoding the cytokine Sema3B was among the top genes in
the list, and expression levels of MICAL3 were up-regulated (10).

The Sema family of membrane-bound or secreted proteins com-
prises 20 members in vertebrates (12). The type 3 Semas, including
Sema3A and Sema3B, are secreted proteins that were originally
discovered as ligands that relay repulsive signals for axon guidance
during development of neuronal tissues in brain (13). Sema3A and
Sema3B were subsequently shown to be involved in tumorigenesis in
a context-dependent manner (14). NP and Plexin form a receptor
complex for Semas (15). NP serves as the primary receptor for ligand
binding, whereas the Plexin coreceptor transduces the Sema signal
via the intracellular domain and activates MICAL.

MICAL is a cytoplasmic multidomain signaling protein that
consists of a flavin adenine dinucleotide (FAD)-containing
monooxygenase (MO) domain at the N terminus and domains
for interacting with multiple proteins (16). The MICAL family
of proteins comprises three major members in vertebrates:
MICALI1, MICAL2, and MICAL3. MICALSs have several func-
tions that include axon repulsion via formation of a complex with
CRMP (17). CRMP2 binds to tubulin heterodimers and induces
microtubule polymerization (12). When Sema binds to NP, the
MO domain in MICAL is activated and generates H,O,, a re-
active oxygen species (ROS) (18). Then, CRMP2 homodimers

CRMP2 binds to several other proteins, including Numb in
neurons (20). During axonal growth, CRMP2-bound Numb is
involved in endocytosis at the growth cone. Numb also plays an
important role in regulation of symmetric-asymmetric division
of neural cells (21, 22). In Drosophila neural cells, Numb is
expressed in differentiated cells and regulates asymmetric cell
division (23), whereas in mammalian neural cells, Numb protein
is expressed in dividing stem or progenitor cells (24, 25).

In this study, we provide evidence that Sema acts as a CSC
niche factor and stimulates NP/MICAL3/CRMP2/Numb axis,
leading to symmetric division and expansion of BCSCs.

Results

The Sema3-NP Receptor Axis Plays Important Roles in BCSCs in Vitro.
We first examined whether the Sema3 signaling plays roles for stem-
like properties of breast cancer cells (BCCs). The tumor sphere-
forming ability measures properties of CSCs in vitro (26). Sphere
culture medium (SCM), that contains a mixture of several growth
factors or hormones, is usually used to form tumor spheres. We
found that recombinant Sema3A induced tumor sphere formation
of BCCs, as a single cytokine, without other growth factors or
hormones (Fig. 1 A and B). To analyze the activation of Sema3
signaling through NP1, a receptor for Sema3A, we studied the ex-
pression of NP1. Compared with MCF10A (a normal human
mammary epithelial cell line), NP1 expression was elevated in all of
the breast cancer cell lines that we examined (Fig. 1C). NPI ex-
pression was higher in breast cancer tissues than in normal breast
tissues in the Oncomine database (https://www.oncomine.org/resource/
login.html) (SI Appendix, Fig. S1). Plexin A, another receptor for
Sema3, is expressed at similar levels in MCF10A and human
breast cancer cell lines (27). The CD247"°V/CD44™¢" cell pop-
ulation is known to be enriched by BCSCs (28). Tumor sphere
formation, induced by SCM, was observed in the CD247ov
CD44"e" patient-derived BCSC-enriched population, but not in
the CD24"°%/CD44~"°% non-BCSC population, as reported pre-
viously (8) (SI Appendix, Fig. S2). NP1 was expressed at higher
levels in the CD247"°¥/CD44™&" patient-derived BCSC-enriched
population than in the CD24~°%/CD44~"°" non-BCSC pop-
ulation (Fig. 1 D and E and SI Appendix, Fig. S3). Tumor sphere
formation of patient-derived BCCs significantly decreased in the
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antibody (Fig. 1H). We found that the NP1"¢" cell population, but
not the NP17" cell population, gave rise to tumor spheres either in
Sema3A-containing medium (Fig. 1 7 and J) or in SCM (SI Ap-
pendix, Fig. S4). In contrast, when patient-derived BCCs were sorted
using an anti-Plexin A4 antibody to obtain cell populations with
either high or low levels of Plexin A4 expression (SI Appendix, Fig.
S5), both populations formed tumor spheres with similar efficiency.
It is possible that other Plexin family proteins are expressed in these
cells. The stemness markers Nanog and ALDH1 were expressed at
higher levels, whereas the differentiation marker Cytokeratinl8
(CK18) was expressed at lower levels in the NP1€" cell population
than in the NP17"°" cell population (Fig. 1K). These results suggest
that Sema3A induces tumor sphere formation through NP1 re-
ceptor that is enriched in the BCSC population and that the Sema3-
NP1 axis is required for efficient tumor sphere formation in SCM.
Thus, NP1 would be a novel functional marker for BCSCs. In ad-
dition, we performed immunohistochemistry to examine in which
cell types Sema3A and NP1 are expressed by using breast cancer
tissues. Sema3A was stained in tumor cells, but not in endothelial
cells or stroma cells, whereas NP1 was stained in tumor cells and
endothelial cells, but not in stroma cells (SI Appendix, Fig. S6).

MICAL3 Plays a Critical Role in BCSCs. MICAL plays a central role in
Sema-NP1-stimulated axon repulsion signaling in the nervous
system (16). MICAL3 expression was higher in breast cancer tissues
than in normal breast tissues in the Oncomine database (Fig. 24).
The breast cancer patients with higher levels of MICAL3 expression
showed worse outcomes than those expressing lower levels of
MICALS3 in the gene expression profiles (Fig. 2B). The tumor
sphere-forming ability was significantly decreased by MICAL3
knockdown in BCCs (81 Appendix, Fig. S7A4) cultured either in SCM
(Fig. 2 C-E) or in Sema3A-containing medium (SI Appendix, Fig.
S8). We also performed in vitro limiting dilution assay (LDA) for
tumor sphere formation in patient-derived BCCs using two different
shRNAs for MICAL3. MICAL3 knockdown significantly decreased
tumor sphere-forming ability (SI Appendix, Figs. S7B and S9).
However, it did not significantly affect proliferation of BCCs cul-
tured in adherent condition in 10% serum-containing medium (S7
Appendix, Fig. S10). Tumor-initiating activity measures properties of
CSCs in vivo (26). We next analyzed a patient-derived xenograft
(PDX) model in which patient-derived BCCs were inoculated into
the mammary fat pads of immunodeficient mice. The tumor-
initiating activity was markedly decreased in MICAL3 knock-
down cells (Fig. 2 F and G and SI Appendix, Fig. S7TB). These
findings suggest that MICAL3 plays a critical role in BCSCs
in vitro and in vivo.

MO Domain of MICAL3 Plays Critical Roles in the Tumor Sphere-
Forming Ability. MICALZ3 includes a FAD-containing MO do-
main, a calponin homology (CH) domain, a LIM domain, and a
coiled-coil (CC) domain (Fig. 34) (29). To determine which of
these domains is required for tumor sphere formation in BCCs,
we used cDNA constructs, MICAL3-wild type (WT), MICAL3-
3G3W and MICAL3-N1 (Fig. 34). MICAL3-3G3W is a
MICAL3 mutant in which the three glycines in the FAD-binding
motif GXGXXG were mutated to tryptophan, resulting in a
defect in MO activity. Expression of MICAL3-3G3W abrogates
the function of Drosophila MICAL in axon guidance and actin
disassembly (30). MICAL3-N1 lacks the C-terminal region,
which contributes to vesicle fusion to the plasma membrane (31).
We transfected each construct into HEK293T cells and mea-
sured levels of H,O, production (18, 32, 33). As expected, cells
transfected with MICAL3-3G3W produced significantly lower
levels of H,O, than those with MICAL3-WT or MICAL3-N1
(Fig. 3B), indicating that the MO domain but not the C-
terminal region of MICALS3 is required for production of
H,0,. We next analyzed tumor sphere formation in BCCs
that were transiently transfected with those constructs. When
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Fig. 2. MICALS3 is a key factor for tumor sphere formation by human BCGs.
(A) Comparison of expression levels of MICAL3 mRNA in normal breast (NB)
and breast cancer (BC) tissues using Oncomine databases. (B) Kaplan-Meier
analysis of relapse-free survival of patients with breast cancer tissues showing
low or high MICAL3 expression. Median was used for cutoff values. Gene ex-
pression profiles GSE1379 (Upper) and GSE12276 (Lower) were used for anal-
ysis. (C) Cells were cultured in SCM that contains several growth factors and
hormones (epidermal growth factor, basic fibroblast growth factor, and B27)
in DMEM/F12. SCM-induced tumor sphere formation was decreased by MICAL3
knockdown; n = 4. (D) Representative phase contrast images of tumor sphere
formation by MICAL3 knockdown in patient-derived BCCs (patients 1 and 2).
(Scale bar: 100 pm.) (E) SCM-induced tumor sphere formation was decreased
by MICAL3 knockdown in patient-derived BCCs; n = 4. (F) Representative im-
ages of tumors generated in mice injected with patient-derived BCCs (patient
4). (Scale bar: 1 cm.) (G) The 103, 102 or 10 cells per site were s.c. injected into
the mammary fat pads of 8-wk-old female immunodeficient mice. Results
were obtained 60 d after implantation. Frequency determinations were gen-
erated using ELDA software (S/ Appendix, Ref. 1). Data are shown as mean +
SD. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t tests. For LDAs, the
method of Holm was used.

transfected cells were cultured in a floating condition, both
MICAL3-WT- and MICAL3-N1-transfected cells were able
to form more tumor spheres than empty vector (EV)-transfected
cells either in SCM (Fig. 3 C-F and SI Appendix, Fig. S11 A and
B) or in Sema3A-containing medium (Fig. 3D, Right). In contrast,
the tumor sphere-forming ability was much lower in MICAL3-
3G3W-transfected cells than in MICAL3-WT- or MICAL3-
Nl-transfected cells. These results suggest that the activity of
MICAL3 MO is required for tumor sphere formation.

Sema3A-Stimulated MICAL3 MO Induces Interaction Between MICAL3
and CRMP2 and CRMP2 Dimerization in BCCs. MICAL-mediated
H,0, production contributes to CRMP2 interaction for axon
repulsion (19). We next investigated the interaction between
MICAL3 and CRMP2 using a Duolink in situ proximity ligation
assay (PLA) (33). In situ PLA is a technique used to detect in-
teractions between proteins inside a cell due to generation of
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Fig. 3. MO domain of MICAL3 plays critical roles in tumor sphere formation.
(A) Schematic of WT MICAL3 and mutant (3G3W and N1) constructs. (B)
Measurement of H,0, production using lysates of HEK293T cells transfected
with the indicated constructs described in A in the presence of 200 pM
NADPH. As a positive control, cells were treated with 1 pM H,05; n = 3. (C
and E) Representative phase contrast images of tumor sphere formation by
MCF7 or patient-derived BCCs transiently transfected with the indicated
constructs cultured in SCM. (Scale bar: 100 pm.) (D and F) Tumor sphere
formation by MCF7 or patient-derived BCCs transfected with the indicated
constructs cultured in SCM; n = 3. Data are shown as mean =+ SD. *P < 0.05,
***P < 0.001 by Student’s t tests.

fluorescent dots in images. We found that the number of PLA
dots was greatly increased in BCCs in Sema3A-containing me-
dium (SI Appendix, Fig. S12 A and B). We next examined
whether the Sema3A-induced interaction between MICAL3 and
CRMP2 occurs in NP1-positive or NP1-negative patient-derived
BCCs using anti-NP1 antibody staining. We found that Sema3A
treatment greatly increased PLA dots in NPI1-positive cells
(NP1P°*), but not so in NP1-negative cells (NP1"°%?) (Fig. 4).
These results suggest that Sema3A treatment induces interaction
between MICAL3 and CRMP2 in human BCCs, especially in the
NP1-positive cells. We next examined whether dimerization of
CRMP2 is induced by Sema3A-stimulated activity of MICAL3
MO in BCCs. When we treated MCF7 cells with 1 pM H,0O, as a
control and separated the total lysates with nonreducing SDS/
PAGE, intensities of the bands around 135 kDa were found,
corresponding to disulfide-linked homodimers of CRMP2, sim-
ilarly observed in neuronal cells (SI Appendix, Fig. S13) (19).
When BCCs were stimulated with Sema3A, the intensities of
similar-sized bands were also increased (SI Appendix, Fig. S14 A
and B). Furthermore, MICAL3 knockdown using shRNA sig-
nificantly decreased the intensities of the bands of the homo-
dimers of CRMP2 (SI Appendix, Fig. S14B). It is likely that
dimerization of CRMP2 is induced by Sema3A-stimulated ac-
tivity of MICAL3 MO in BCCs. To examine whether the in-
crease of dimerization of CRMP2 is induced by MICAL3-
mediated H,O, production, we used (—)-epigallocatechin gal-
late (EGCG) that is one of the green tea components and a
selective inhibitor for MICAL MO (29, 34). In neuronal cells,
EGCG treatment inhibits Sema3-induced axon repulsion (35).
We found that Sema3A-induced dimerization of CRMP2 was
decreased by EGCG treatment, similarly observed in MICAL3
knockdown cells (SI Appendix, Fig. S154). Moreover, EGCG
treatment decreased tumor sphere-forming ability induced by
Sema3A in a dose-dependent manner (SI Appendix, Fig. S15 B
and C). Cell proliferation was not affected by EGCG treatment
(SI Appendix, Fig. S16). These results further support the notion
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that MICAL3-mediated H,O, production is required for
Sema3A-induced CRMP2 dimerization and tumor sphere for-
mation in BCCs.

MO Domain of MICAL3 Is Required for Sema3A-Induced Interaction
Between CRMP2 and Numb for Numb Stabilization. CRMP?2 directly
interacts with the amino-terminal fragment containing the
phosphotyrosine binding domain of Numb during axon growth in
the nervous system (20, 36). To examine whether CRMP2 in-
teracts with Numb in BCCs, we used in situ PLA. We transfected
MCEF7 cells with MICAL3 siRNA or transduced patient-derived
BCCs with MICAL3 shRNA and cultured the sorted NPI1-
positive cells in the presence or absence of Sema3A-containing
medium for 24 h. The number of PLA dots was greatly increased
in Sema3A-containing medium but not in the medium without
Sema3A (Fig. 5 A and B and SI Appendix, Fig. S17 A and B).
MICAL3 knockdown significantly decreased the number of PLA
dots in NP1-positive cells. To examine whether the MO domain
of MICALS3 is required for the interaction between CRMP2 and
Numb, BCCs were transiently transfected with cDNA constructs of
MICAL3-WT or MICAL-3G3W in Sema3A-containing medium
for 24 h. The PLA dots were observed much more in EGFP-positive
MICAL3-WT-transfected cells than in EGFP-positive MICAL3-
3G3W-transfected cells or empty vector (EV)-transfected cells (Fig.
5 C and D and SI Appendix, Fig. S18 A and B). These results suggest
that Sema3A treatment induces MICAL3 MO domain-dependent
interaction between CRMP2 and Numb in BCCs. To examine
whether Sema3A signaling regulates Numb protein in BCCs, we
analyzed the amount of Numb using immunoblotting. We found
that stimulation with Sema3A increased the amount of Numb
protein in BCCs (Fig. SE). However, MICAL3 knockdown or
EGCG treatment inhibited Sema3A-stimulated accumulation of
Numb protein in BCCs (Fig. 5 E and F). These data suggest that
Sema3A signaling induces accumulation of Numb protein via
MICALS3. In addition, CRMP2 or Numb knockdown cells (SI Ap-
pendix, Fig. S19) showed greatly decreased tumor sphere formation
cultured in Sema3A-containing medium (Fig. 5 G and H). All these
results suggest that Sema3A treatment induces MICAL3 MO
domain-dependent interaction between CRMP2 and Numb, lead-
ing to accumulation of Numb for sphere formation of BCCs.

Sema3A Induces Symmetric Division of NP1/Numb-Positive CSCs
Mediated by MICAL3. To analyze symmetric—asymmetric cell di-
vision, we performed a cell pair assay using patient-derived BCCs
(SI Appendix, Fig. S20). NP1-positive cells were sorted and cul-
tured at a low density for 48 h in the medium with or without
Sema3A. Single NP1-positive cells divided into pairs of daughter
cells that were stuck together after 24 h. When cells were
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Fig. 4. MO activity of MICAL3 is required for Sema3A-induced CRMP2 di-
merization and tumor sphere formation. (A) In situ PLA showed interactions
between MICAL3 and CRMP2 in patient-derived BCCs treated with 200 ng/mL
Sema3A for 24 h. After PLA, cells were further stained by an anti-NP1 antibody.
White arrowheads indicate NP1-positive cells. (B) Quantification of the number
of PLA dots per cell in NP1-positive (NP1P°) and -negative (NP1"°%) cells. Twenty
cells were counted for each condition. (Scale bar: 40 pm.) Data are shown as
mean + SD. ***P < 0.001 by Student's t tests.
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Fig. 5. MO domain of MICAL3 is required for the interaction between
CRMP2 and Numb for tumor sphere formation in human BCCs. (A) In situ PLA
showed interactions between CRMP2 and Numb in NP1-positive patient-
derived BCCs (patient 9) with 200 ng/mL Sema3A treatment for 24 h. PLA
dots (red) indicate the interaction between CRMP2 and Numb by immuno-
fluorescence. White arrowheads indicate control or GFP-positive MICAL3
shRNA transfected cells. Ctrl, control shRNA. (Scale bar: 40 um.) (B) Quanti-
fication of the number of PLA dots per cell as shown in A. Twenty cells were
counted for each condition. (C) The interaction between CRMP2 and Numb
was greater in MICAL3-WT-transfected cells than in MICAL3-3G3W-
transfected cells or in EV-transfected cells with Sema3A treatment for 24
h. PLA dots (red) indicate the interaction between CRMP2 and Numb by
immunofluorescence. (Scale bar: 40 um.) (D) Quantification of the number of
PLA dots per cell as shown in C. Twenty cells were counted for each condi-
tion. (E) Immunoblotting analysis of the expression of Numb in MCF7 cells or
patient-derived BCCs transduced with control or MICAL3 shRNA and stimu-
lated with or without 200 ng/mL Sema3A for 6 h. (F) Immunoblotting
analysis of the expression of Numb in MCF7 cells or patient-derived BCCs
treated with EGCG at the indicated concentrations and stimulated with or
without 200 ng/mL Sema3A for 6 h. Representative phase contrast images of
tumor sphere formation by CRMP2 knockdown (G, Left) or Numb knock-
down (H, Left) in MCF7 cells or BT20 cells. (Scale bar: 100 pm.) Sema3A-
induced tumor sphere formation was decreased by CRMP2 knockdown (G,
Right) or Numb knockdown (H, Right); n = 4. GAPDH was the loading control
for immunoblotting. Data are shown as mean + SD. *P < 0.05, **P < 0.01,
**%P < 0.001 by Student's t tests.

immunostained with anti-NP1 and anti-Numb antibodies after
the first cell division, we found that the NP1-positive cells were
costained with the Numb protein on the cell membrane or in the
cytoplasm (Fig. 64). In cells that divided symmetrically, the NP1
and Numb proteins were strongly coexpressed and localized in
both daughter cells. In cells that divided asymmetrically, the NP1

Tominaga et al.

and Numb proteins were coexpressed in only one of the daughter
cells, and neither protein was expressed at a detectable level in
the other daughter cell. Numb proteins tended to be localized in
the region where daughter cells were attached to each other.
Interestingly, we found few if any daughter cells that were single
positive for either NP1 or Numb. This finding suggests that
Numb proteins are stabilized in NP1-positive CSCs but not in
NP1-negative differentiated cells. When cells were cultured in
Sema3A-containing medium, the frequency of symmetric cell
division was greatly increased compared with control medium
without Sema3A [untreated (UT)] (Fig. 6B). These results sug-
gest that Sema3A treatment gives rise to more daughter CSCs
by symmetric cell division than the control medium. MICAL3
knockdown significantly decreased symmetric cell division in
Sema3A-containing medium (Fig. 6 C and D) up to the levels of
untreated cells. These findings suggest that Sema3A induces
symmetric division of NP1/Numb-positive BCSCs and that
MICALS3 plays critical roles for this process. From these results,
we proposed that the Sema3/NP1/MICAL3/CRMP2/Numb sig-
naling induces symmetric division of BCSCs. By inhibition of
MICAL3 MO activity or knockdown of each component in the
signaling pathway, the symmetric cell division may be inhibited,
leading to reduction of BCSCs.

Evaluation of Sema3/NP1/MICAL3 Expression in Breast Cancer Tissues.
NP1 binds to four semaphorins, Sema3A, Sema3B, Sema3C, and
Sema3D (15). To examine the significance of each semaphorin
and patient outcome, we analyzed two gene expression profiles
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Fig. 6. MICAL3 plays important roles in Sema3A-induced symmetric cell
division in breast CSCs. (A) Immunofluorescence for Numb and NP1 in cell
pair assays showed colocalization of the two proteins in two daughter cells
of the patient-derived BCSCs (patient 7) after symmetric (Sym) or asymmetric
(Asym) cell division. The nuclei were stained with DAPI. (Scale bar: 40 pm.) (B)
Quantification of the percentage of symmetric/asymmetric division in cell
pair assays conducted in the absence (UT) or presence of 200 ng/mL Sema3A.
Twenty cells were counted for each condition. Data are shown as mean + SD.
(C) Representative immunofluorescence images of cell pair assays using
patient-derived BCSCs (patient 4). (Scale bar: 40 um.) (D) Quantification of
the percentage of symmetric/asymmetric division in cell pair assays con-
ducted in the absence (=) or presence of 200 ng/mL Sema3A as shown in C.
Twenty cells were counted for each condition. (E) Kaplan—-Meier analysis of
overall survival according to the NP1 expression levels in human breast
cancer. Median of the area score (60) was used for cutoff values; n = 134. P
value was calculated by log-rank test. Data are shown as mean + SD. **P <
0.01, ***P < 0.001 by Student’s t tests.
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used for analysis of MICAL3 in Fig. 2B. We found that Sema3A
or Sema3B, but not Sema3C or Sema3D, showed significant
coexpression with MICAL3 (graphs surrounded by red frames in
SI Appendix, Fig. S21). The expression levels of each Sema3A,
Sema3B, or Sema3D alone did not show a significant association
with patient outcome, while the expression levels of both
MICAL3 and Sema3A showed significantly worse outcomes in
one gene expression profile. Expression levels of Sema3C
showed an inverse correlation with those of MICAL3 in one gene
expression profile and high expression of Sema3C was associated
with favorable prognosis in the other gene expression profile
(graphs surrounded by blue frames in SI Appendix, Fig. S21). To
examine the association between the expression levels of NP1 in
tumor cells from breast cancer tissues and the outcome of the
patients, we analyzed a tissue microarray of breast cancer tissues
using antibodies against human NP1 (SI Appendix, Fig. S22A).
Patients with high NP1 expression in tumor cells from their
breast cancer tissues showed a significantly reduced overall sur-
vival rate compared with those with low/negative NP1 expression
(P = 0.0159) (Fig. 6E). NP1 expression levels were higher in
tumor cells from breast cancer tissues with a triple negative
subtype than those in tumor cells from breast cancer tissues with
the luminal A subtype (P = 0.0179, ANOVA with Dunnett’s test)
(SI Appendix, Fig. S22B). Immunofluorescence studies using
antibodies against NP1 and Numb indicated the colocalization of
NP1 and Numb in human breast cancer tissue samples (S Ap-
pendix, Fig. S22C). Patients with higher levels of NP! in their
breast cancer tissues showed significantly reduced relapse-free
survival rate and distant metastasis-free survival rate compared
with those with low NPI expression in their gene expression
profiles (SI Appendix, Fig. S23) (37, 38). These results indicate
that patients with breast cancer having high NP1 expression
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levels in cancer tissues show poor prognosis. This is consistent
with the notion that NP1 signaling increases the symmetric di-
vision of CSCs, resulting in their increased number and worse
prognosis.

Discussion

In the current study, we discovered that the Sema3/NP1/
MICAL3/CRMP2/Numb axis may be a specific mechanism for
the maintenance of the symmetric division of self-renewing
CSCs. To the best of our knowledge, this report shows that
CSCs and neuronal cells utilize common signaling components
for the maintenance of symmetric cell division and for repulsion
cues or axonal growth, respectively. It is possible that the Sema3/
NP1/MICAL3/CRMP2/Numb axis is active in a portion of the
population in any subtype of breast cancer. Breast cancer pa-
tients with NP1™€" staining in tumor tissues showed poor prog-
nosis, and colocalization of Numb in breast cancer tissue samples
from these patients was observed, consistent with the notion that
NP1"&" CSCs are responsible for relapse or drug resistance.
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Medical Science, University of Tokyo. The experiments were approved by the
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