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Neuropilin-1 is upregulated by
Wnt/3-catenin signaling and is
important for mammary stem cells
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Published online: 08 September 2017 : Wnt/B-catenin signaling is instrumental for the development of mammary gland and the properties
. of mammary stem cells (MaSCs). The Wnt signaling downstream effectors that engage in regulating
MaSCs have not been extensively studied. Here, we report that Neuropilin-1 (Nrp1) expression is
induced by Wnt/3-catenin signaling in MaSCs, and its function is critical for the activity of MaSCs. Nrp1
is particularly expressed in MaSCs that are marked by the expression of Protein C Receptor (Procr).
Knockdown of Nrp1 by shRNA diminishes MaSCs’ in vitro colony formation and in vivo mammary gland
reconstitution ability. Similar results are seen when antagonizing Nrp1 using a dominant negative
peptide. In genetic experiments, deletion of Nrp1 results in delay of mammary development. In
. addition, knockdown of Nrp1 inhibits MMTV-Wnt1 tumor growth in xenograft. Our data demonstrate
: that Nrplis critical for mammary development and tumorigenesis, revealing new insights into MaSC
. regulation and targeting stem cells in treatment of breast cancer.

The mammary gland is an epithelial organ, with a tree-like pattern of ductal networks. The majority of mammary
. development occurs postnatally. At the onset of puberty at around 3 weeks of age in mice, in response to ovarian
. hormones, the preexisting rudimentary ductal tree rapidly expands and extends across the fat pad, occupying the
- whole mammary fat pad by approximately 7 weeks of age'. Highly elongated basal cells and cuboidal luminal cells
. compose the two main cellular lineages of the nulliparous and non-pregnant mammary gland. The basal cell pop-
ulation (Lin~, CD24%, CD29"/CD49f") is able to generate new mammary glands in transplantation assays, thus
representing a mammary stem cells (MaSCs)-enriched population®®. More recently, study from our lab reveals
a more refined MaSC population that is marked by the expression of Protein C Receptor (Procr). Procr™ MaSCs
. are composed of about 3-8% of total basal cells depending on the genetic background. Procr* MaSCs have the
: highest reconstitution efficiency in transplantation assays compared to total basal cells and other known basal
subpopulation®.
Wnt/3-catenin signaling has been implicated in almost all stages of mammary development and is instrumen-
. tal for MaSC self-renewal and expansion activities (reviewed in refs 5-7). Studies have directly addressed Wnts as
niche factors for MaSCs®°. In 3D Matrigel cultures, addition of Wnt3A or Wnt4 proteins to MaSC-enriched basal
cell culture can maintain stem cell properties and promote MaSC expansion. The retention of stem cell properties
is demonstrated by the ability of the cultured cells to efficiently reconstitute mammary glands in transplanta-
. tion®’. In an attempt to identify Wnt targets specifically expressed in MaSCs, microarray analysis of cultured
' MaSC-enriched basal cells was performed, leading to the discovery of the MaSC specific surface marker Procr*.
. The microarray analysis also suggests other new Wnt downstream target genes in mammary epithelial cells, which
are potentially critical for the activities of MaSCs.
Neuropilin-1 (Nrpl) is a single-pass transmembrane glycoproteins, with a small cytoplasmic domain and
: multiple extracellular domains'. Nrp1 binds to a variety of ligand families, functioning as co-receptors in a com-
. plex with other transmembrane receptors!’. The class 3 semaphorins (SEMA3) and vascular endothelial growth
. factor (VEGF) family are well established ligands for Nrp1'>'. Evidence has revealed that the Nrp1 also interacts
: with other growth factors'’. Nrp1 and it close family member Nrp2 are mostly known for the regulation of cell
motility, particularly with respect to neural and vascular development!?-'7. Nrp1 may play a role in epithelial cells
as well. Robust Nrpl expression has been found in human epithelial tumor cells derived from lung, breast, pros-
. tate, pancreatic, and colon carcinomas!!. Nrp1 has also been implicated in the migration and survival of breast
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cancer cells'®2%, however its potential role in MaSCs and in normal mammary development remains elusive.
In this study, we identified Nrpl as a novel target of Wnt/3-catenin signaling. We showed that the expression
of Nrpl is enriched in Procr™ MaSCs, and that Nrp1 plays an essential role in MaSC property maintenance and
MMTV-WntI mammary tumor growth.

Results

Nrpl is upregulated by Wnt signaling in Procr™ MaSCs.  Previous studies established in vitro cul-
ture system in which MaSC properties can be maintained using purified Wnt proteins®. In this culture system,
mammary basal cells (Lin~, CD24*, CD29") were isolated using fluorescence-activated cell sorting (FACS) and
cultured in 3D Matrigel in the presence or absence of Wnt3A proteins*. Microarray was performed using the
cultured cells to identify downstream effectors of Wnt signaling in regulating MaSCs (Fig. 1A). Among the candi-
dates whose expressions were increased in the presence of Wnt3A, which included Axin2 and Procr, we identified
Nrpl (Fig. 1A). Quantitative PCR (qPCR) confirmed that Nrp1 expression is upregulated by Wnt3A treatment
(Fig. 1B). Upregulation of Axin2 in this condition served as a positive control (Fig. 1B).

Sequence analysis revealed six putative TCF-binding elements (TBEs) at the promoter and distal region and
five putative TBEs at the first intron of Nrp1 (Fig. 1C). To test whether the (3-catenin can directly associated
withNrp1I, we performed chromatin immunoprecipitation (ChIP) assays. We used 3-catenin antibody to immu-
noprecipitate chromatin DNA in mouse mammary cells and examined specific binding of the following: 9 sep-
arate fragments containing the TBE of Nrp1; a fragment without TBE at Nrpl promoter region which acted as a
negative control; and a fragment with one TBE at the Axin2 promoter as a positive control. As shown in Fig. 1D,
the 3-catenin antibody immunoprecipitated TBE1 and TBE2 at the promoter, and TEB7, TBE 10/11 at the intron,
whereas no precipitation was observed in the negative control. These data suggest that Nrp1 is a target of the
Wnt/(3-catenin pathway in mammary cells.

To investigate the expression pattern of Nrpl in the mammary gland, we isolated basal (Lin~, CD24", CD29M),
luminal (Lin—, CD24%, CD29'") and stromal cells (Lin~, CD24~) from 8-week old nulliparous mice, and analyzed
Nrpl levels by qPCR. We found that in the epithelial compartment, Nrp1 is markedly higher in basal cells than
that in luminal cells, while it displays the highest level in stromal cells (Fig. 1E). Similar expression patterns were
observed in mammary gland at pregnant day 14.5 (Fig. 1F). The expression of NrpI was further examined in
basal cells in higher resolution. MaSCs (Lin~, CD24*, CD29", Procr*) and the other basal cells (Lin~, CD24*,
CD29", Procr™) were isolated from mature nulliparous female mice. We found that Nrp1 is expressed at a higher
level (4.5 fold increase) in Procr* MaSCs by qPCR analysis (Fig. 1G). Immunofluorescent staining in mammary
gland section confirmed the Nrp1 expression pattern. We observed that a small population of basal cells is Nrp1™*
(5.48 +1.93%), whereas no Nrpl1™ cells are found in luminal cells (n = 1,000 basal or luminal cells) (Fig. 1H). Of
note, a large number of Nrp1™* cells were seen in the stromal compartment (Fig. 1H), which is consistent with the
qPCR results. To investigate whether Nrp1* basal cells coincide with Procr* MaSCs, we utilized Procr-tdTomato
knock-in (ProcrCreERT2-IREStdTomatoy m oy35e model, in which tdTomato serves as a reporter for Procr expression®.
Immunostaining indicated that there is a substantial overlap of Nrp1 and tdTomato expression in basal compart-
ment, in which about 34% of Procr™ basal cells were Nrp1™ (116 out of 348 Procr™ basal cells) (Fig. 1I). This can
be explained by the potential heterogeneity of the Procr* basal cells. In contrast, very few Procr™ basal cells were
Nrpl* (11 out of 838 Procr~ basal cells, 1.3%). Together, these data suggest that in the epithelial compartment,
Nrpl is highly expressed in Procr™ MaSCs.

Nrp1lis critical for MaSC activities in vitro and in vivo.  Next, we investigated the role of Nrp1 in MaSCs
in vitro. Isolated basal cells from nulliparous mice were infected with lentivirus containing GFP tagged Nrpl
shRNA. Infected cells were placed in 3D Matrigel culture and the formed colonies were visualized by GFP. To
minimize potential off-target effect, two independent sh-RNAs were constructed for Nrpl knockdown. The
knockdown efficiency of sh-Nrp1 was confirmed by qPCR analysis (Fig. 2A). We observed that knockdown of
Nrp1 results in reduction of colony sizes (Fig. 2B), suggesting a decreased proliferation. Reduced EdU incorpo-
ration in Nrp1 knockdown cells corroborated with the idea (Fig. 2C). In addition, TUNEL staining suggested no
discernable difference in cell death upon Nrp1 knockdown (Fig. 2D). Furthermore, we found that colony num-
bers were decreased in serial passages when Nrpl expression is inhibited (Fig. 2E), suggesting that the numbers
of stem cell-like cells were decreased in each passage. These data suggest that Nrpl is critical for MaSCs in vitro
colony formation.

We next investigated the impact of NrpI knockdown on MaSCs in transplantation assays. Mammary cells
were isolated and virally infected by Nrp1 shRNA with GFP tag, the successfully infected cells were FACS-isolated
by GFP expression and transplanted to cleared fat pads of recipients (illustrated in Fig. 3A). We found that knock-
down of Nrp1 by either shRNA leads to significantly decreased repopulating efficiency, reduction of fat pad filling
(Fig. 3B). To determine whether the ligand binding function of Nrp1 is important for MaSCs, we utilized the
extracellular domain of Nrp1, a soluble form of Nrp1l (sNrp1), which inhibits the association of Nrp1 with its
ligands®!. sNrpl was overexpressed in MaSCs using GFP tagged lentivirus, infected cells were FACS-isolated
and transplanted to cleared fat pads. Enhanced expression of sNrpI was confirmed by qPCR analysis (Fig. 3C).
Consistently, sNrpl overexpression resulted in reduced repopulation efficiency and fat pad filling (Fig. 3D), sug-
gesting a decrease in MaSC numbers. Together, these data suggest that Nrp1 is critical for the regenerative capac-
ity of MaSCs in vivo.

Nrplisimportant for mammary development. To investigate the function of Nrp1 in development,
we utilized the Nrp1 flox allele'?, and generated K14-Cre;Nrp 1/ through genetic crosses. K14 is expressed in all
mammary epithelial cells during embryonic development, subsequently it is restricted in basal cells after birth.
Thus, K14-Cre primarily facilitated deletion of NrpI in mammary basal cells. The 4™ pair of mammary glands were
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Figure 1. Nrpl is upregulated by Wnt signaling in MaSCs. (A) Mammary basal cells were FACS-sorted from
8-week-old nulliparous mammary gland and cultured in 3D Matrigel in the presence of Wnt3A protein or vehicle.
Microarray analysis of the cultured cells indicated that Nrp1 was upregulated with Wnt3A treatment. 1 and 2
represented two independent experiments. (B) qPCR analysis validating the increased expression of Nrp1 in
Wnt3A treated cells. Axin2 serves as a positive control. (C) Schematic illustration of the promoter and first intron
of mouse Nrp1. TCF-binding elements (TBEs) and negative control region are indicated. Ex, Exon; Int, Intron.

(D) ChIP-qPCR analysis with anti-(3-catenin antibody. qPCR results were normalized to HPRT. Axin2 promoter
region with known effective TEB serves as positive control. (E,F) qPCR analysis of nulliparous mammary gland (E)
and pregnant day 14.5 (P14.5) (F) indicating that Nrp1I expression is higher in basal cells compared to luminal cells,
and it has the highest expression in stromal cells. (G) gPCR analysis of FACS-isolated Procr™ and Procr™ basal cells
from nulliparous mammary gland indicating that Nrp1 is mainly expressed in Procr™ basal cells. Data are pooled
from three independent experiments, are presented as mean £ SEM. ***P < 0.001. (H) Immunohistochemistry
indicating that Nrp1 is expressed in a subpopulation of basal cells (arrow). Basal cells are marked by the expression
of Keratin 14 (K14) in red. (I) Immunohistochemistry indicating Nrp1 expression (green) in a tdTomato™ Procr-
expressing cell (Procr-tdT). Scale bar, 20 pm.
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Figure 2. Nrpl expression is important for MaSC colony formation in vitro. (A) gPCR analysis validating the
Nrp1 knockdown efficiency of two independent shRNAs. Data are pooled from three independent experiments,
are presented as mean + SEM. ***P < 0.001. (B) Representative images of colonies upon infection with
scramble or Nrpl shRNAs (sh-1, sh-2) viruses (top panels), and quantification of colony sizes at cultured

day 6 (bottom panels). Each dot represents one colony. Scale bar, 20 um. Data are presented as mean + SEM.
*#%4P < 0.001. (C) Representative images of EAU labeled basal colonies (top panels). EQU* cell percentages
(EAU™ cells/DAPI* cells in each colony) were quantified at day 6 (bottom panel). Each dot represents one
colony. Scale bar, 20pum. Data are presented as mean & SEM. *P < 0.05, **P < 0.01. (D) Representative images
of TUNEL staining of basal colonies (top panels). TUNEL" cell percentages (TUNEL" cells/DAPI™ cells in each
colony) were quantified at day 6 (bottom panels). Each dot represents one colony. Scale bar, 20pm. Data are
presented as mean + SEM. (E) Serial passage of basal colonies after lentiviral infection with scramble or Nrp1l
shRNAs. The colony numbers of each passage were quantified.

harvested at 7-week old. We observed a delay in ductal extension in K14-Cre;Nrp 1" mice, compared to K14-Cre
and K14-Cre;Nrp '+ littermate controls (Fig. 4A,B). qPCR analysis in FACS-isolated basal cells confirmed the
decrease of Nrp1 expression (Fig. 4C). These results suggest that Nrp1 is important for mammary development.
Next, we investigated whether Nrp1 influences lineage commitment using K14-Cre;Nrp I";R26-mTmG mice.
The expressed Cre recombinase in basal cells would result in excision of the stop cassette in the reporter, thus
marking the basal cells and their progeny, including luminal cells, with membrane-bound GFP (mG). The mam-
mary glands were harvested at 6-week old. In whole mount imaging, consistently we observed a delayed ductal
extension phenotype in K14-Cre;Nrp 1";R26-mTmG when compared to the control (Fig. 4D). FACS analysis of
the isolated primary cells indicated that 46.9% of basal cells and 71.7% of luminal cells expression mG (Fig. 4E).
There were no significant differences of mG™ cell percentage compared to the control (Fig. 4E,F), suggesting that
Nrpl deletion does not affect basal luminal cell fate commitment.

Towards a more specific deletion of NrpI in MaSCs, we generated Procr-CreERT2;Nrp ! mice. Tamoxifen
(TAM) was administered in pubertal mice at 3-week old every other day for 3 times, the phenotype resulted from
Nrpl deletion was evaluated at 4 weeks later (Fig. 5A). At 7-week old, the TAM-treated control mammary glands
(Procr-CreERT2 and Procr-CreERT2;Nrp 1V*) had almost completed the epithelium extension and occupied the
whole fat pad (Fig. 5B). Strikingly, deletion of Nrp1 in Procr-CreERT2;Nrp 1"/ mice completely prevented the
growth of the epithelium: the forefront of the epithelium halted at a position where the forefront was at the
initiation of NrpI deletion (at around the lymph node) (Fig. 5B,C). qPCR analysis in FACS-isolated basal cells

SCIENTIFICREPORTS |7: 10941 | DOI:10.1038/541598-017-11287-w 4



www.nature.com/scientificreports/

~— A ~— A ~— A
A isolate ECs +shRNA-GFP tag FACS sort Inject into
letiviral infection GFP+ cells fat pad

o0
LX)
B Number of Number of . Repopulating
cells injected outgrowth Fat pad filled Frequency
50,000 10110 @ x @ x2Q x1 1/4,509.5
Scramble 20,000 6/6 Q@@ x(®xi (2,057.8-
9,882.2)
10,000 8/8 Qx@xQx
*k%k
50,000 412 ©Ox®x1Oxs 1/74,745.3
Nrp1-Sh1 20,000 2/6 Ox1 6)(1 O X4 (37,840.0-
10,000 3110 Ox®xQx 4
50,000 310 C©x®xOx1 57808
Nrp1-Sh2 20,000 218 Cx ®x1Oxs 36,7522

10,000 412 ©Ox1 ®x:O xs 144,164.2)

(@)

D

Number of Number of Repopulating

0.6- sﬁ’iﬂ cells injected outgrowth Fat pad filled Frequency

é 50,000 8/8 ®x @G x D X1 1/4,756.6
< 04 Vector 20,000 1010 @xs@ x2x@ x2(®x1  (2,191.1-
Q 10,326.1)
S 10,000 6/6
2 @®x: @ x:Q x
ﬁ 0-2' **k%k
< 50,000 2/8
& Ox1 Bx1O xs 1/108,093.1

. sNrp1 20,000 28 @©Ox1 ®x1O xe (44,134.7-

Vector sNrp1 10,000 1/6 Q X1 O X5 264,737.8)

Figure 3. Inhibition of Nrpl attenuates MaSCs’ reconstitution ability in vivo. (A) Schematic illustration of
transplantation assay setup. Mammary epithelial cells (ECs) were isolated from 8-week-old nulliparous mice,
followed by infection with scramble or NrpI shRNAs lentivirus. After 6 days of culture, positively infected cells
(GFP™) were FACS isolated and transplanted into the cleared fat pad of 3-week-old nude mice and allowed for
the formation of mammary outgrowth. (B) 10,000 or 20,000 or 50,000 of infected cells were injected into each
of the cleared fat pad, and the mammary outgrowth were examined at 8 weeks post transplantation. Number of
outgrowths and percentage of fat pad filled are shown. Representative images of different percentage of fat pad
filled are shown on the right panels. Data are pooled from three independent experiments. (C) qPCR analysis of
soluble Nrp1 (sNrpl) expression in infected (GFP*) epithelial cells. (D) 10,000 or 20,000 or 50,000 of infected
cells with vector or sNrp1 overexpression were injected into each of the cleared fat pad, and the mammary
outgrowths were examined at 8 weeks post transplantation. Data were pooled from three independent
experiments. Data are presented as mean = SEM. ***P < 0.0001.

confirmed the decrease of Nrp1 expression (Fig. 5D). These data reinforced that Nrpl plays an important func-
tional role in MaSC and its deficiency affects mammary development.

Nrpl knockdown inhibits MMTV-Wnt1 tumor growth. MMTV-Wnt] mammary tumor is a malig-
nancy that has close association with MaSCs*?%. Considering the important role of Nrp1 in MaSCs, we examined
its impact in MMTV-Wnt1 tumor growth. Immunofluoescent staining in tumor section suggested a sporadic
pattern of Nrpl* cells in MMTV-Wntl tumor epithelial compartment (Fig. 6A). Immunostaining of lineage
marker suggested that Nrpl™ cells are exclusively expressed in K14" basal cells (Fig. 6A-C). qPCR analysis of
FACS-isolated tumor cells confirmed the Nrpl expression pattern (Fig. 6D). To investigate the role of Nrp1 in
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Figure 4. Loss of Nrp1 in basal cells compromises mammary development. (A) Representative images of
whole mount carmine staining for 7-week old K14-Cre, K14—Cre;Nrp1ﬂ’ +and K14—Cre;Nrp1ﬂ’ﬂ mice. Dash

line, forefront of epithelium extension; dash line circle, lymph node (L.N.). Scale bar, top panels, 2mm; bottom
panels, 2mm. (B) Quantification of the mammary duct extension in K14-Cre, K14-Cre;Nrp/V* and K14-
Cre;Nrp "M mice. The distance from L.N. to epithelium forefront was measured. n =3 mice in each group. Data
are presented as mean + SEM. *##P < 0.0001. (C) gPCR analysis validating the NrpI knockout efficiency using
FACS-isolated basal cells. (D) Whole mount imaging of mammary glands with lineage-traced mGFP at 6-week
old. (E,F) FACS analysis indicating the proportion of basal and luminal cells, and the percentages of mG+ cells
in basal and luminal compartments (E). Quantification indicating no significant differences of mG+ cell
percentage in either basal or luminal compartment when comparing the Nrp1 knockout (fl/fl) and the Ctrl
(fl/4) (F). n=3 mice in each group.
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Figure 5. Loss of Nrpl in MaSCs severely delays mammary development. (A) Experimental setup for Nrp1
conditional knockout using Procr-CreERT2 line. TAM was administrated at 3-week at every other day for a
total of three times, mammary glands were harvest at 7-week. (B) Whole mount carmine staining of 7-week

old Procr-CreERT?2, Procr—CreERTZ;Nrplﬂ/ +and Procr—CreERTZ;Nrplﬂ/ﬂ mammary glands. Dash line, epithelial
front; dash line circle, LN. Scale bars, 2mm. (C) Quantification of the mammary duct extension in Procr-
CreERT2 (+/+), Procr-CreERT2;Nrp 1"+ (fl/+) and Procr-CreERT2;Nrp 1M (1/fl) mice. The distance from

L.N. to epithelium forefront was measured. n =4 mice in each group. Data are presented as mean &= SEM.

*#*P < 0.0001. (D) qPCR analysis validating the Nrp1 knockout efficiency in FACS-isolated basal cells. Data are
presented as mean £ SEM. ***P < 0.0001.

tumorigenesis, isolated MMTV-Wnt] mammary tumor cells were infected by Nrp1 shRNA. The infected cells that
are marked by GFP expression were engrafted to the fat pad of nude recipients. We found that Nrp1 knockdown
drastically inhibits tumor formation and attenuates tumor growth, when compared with the scramble control
(Fig. 6E,F). These data suggest that Nrp1 plays an important role in MMTV-WntI tumor growth.

Discussion
Nrp1 have been studied extensively for their roles in neural development and to some extent vascular develop-
ment, but their potential contribution to epithelial tissues has not been investigated extensively. In this study, we
investigated the functional role of Nrpl in mammary development. We revealed the connection of Wnt/B3-catenin
signaling and Nrpl expression in the mammary gland. In the epithelium compartment, Nrpl was mainly
expressed in Procr™ MaSCs. In vitro colony formation and in vivo transplantation experiments demonstrated
that Nrpl is critical for the activity of MaSCs. We provided genetic evidence that deletion of Nrpl compromises
mammary development. Furthermore, inhibition of Nrp1 attenuated MMTV-Wnt]l mammary tumor growth.
The specific Nrp1 expression in Procr™ MaSCs was suggested by FACS analysis with elaborated surface mark-
ers and qPCR analysis, and further confirmed by immunofluorescent staining. Nrpl was highly expressed in
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Figure 6. Knockdown of Nrpl inhibits MMTV-Wnt1 tumor growth. (A-C) Immunostaining indicating the
expression of Nrpl (green) in MMTV-Wntl tumor sections. Basal cells were marked by K14 expression (red in
A, blue in B), luminal cells were marked by K8 (red in B). Nrp1*K14" cells were indicated by arrows (A and B).
K8 cells were indicated by arrowheads (B). The percentages of Nrp1™ cells were quantified in basal and luminal
populations (C). Scale bar, 20 um. Data are presented as mean & SEM. ***P < 0.0001. (D) qPCR analysis of
FACS-isolated basal and luminal cells in the tumor indicating Nrp1 expression is higher in basal cells. Data are
pool from three independent experiments and presented as mean &= SEM. ***P < 0.0001. (E,F) Primary cells
were isolated from MMTV-Wntl tumor and infected with scramble (Sc) or NrpI shRNA (sh-Nrp1) lentivirus.
After 6 days of culture, infected cells were FACS-sorted and injected into fat pad of 8-week-old nude mice.
Tumor volume was measured as indicated (E). Inserted image showing the tumors harvested at day 31 post
surgery (E). Tumor weights were measured at day 31 post surgery (F). Data are pooled from three independent
experiments and presented as mean &= SEM. ***P < 0.0001.

mesenchymal cells surrounding the mammary epithelium, while Nrp1 in the epithelial compartment was mainly
expressed in Procr™ basal cells. Considering Procr™ MaSCs are localized in ducts, and are excluded from the
TEBs in development mammary gland*, it is logical that Nrp1 expression would not be found in TEB epithelium.
These analysis in high resolution and conclusions are contrary to a previous report, in which individual TEB or
duct segments were isolated under dissecting microscope, followed by microarray and qPCR analysis, which led
to a conclusion that Nrpl is equally expressed in both TEB and duct®. Consider the abundant Nrp1 expression
in surrounding mesenchymal cells revealed in current study, we believe that the Nrp1 expression detected from
isolated mammary fragments (comprising both epithelium and mesenchyme) are most likely contributed by the
Nrpl in mesenchymal compartment.

Nrp1 has a structural homolog, Nrp2, with 44% amino acid identity. They differ in their regulation and
function (reviewed in ref. 11). Nrp2 has also been reported to contribute towards branching morphogenesis
of mammary epithelial cells**. Nrp2 is expressed preferentially in the TEBs of developing glands. Deletion of
Nrp2 using MMTV-Cre results in defects in branching morphogenesis**. VEGF165, an isoform of VEGE, induces
Nrp2-dependent branching morphogenesis as demonstrated in vitro 3D culture model with a mouse mammary
cell line**. In this study, we found that Nrp1 is particularly expressed in Procr™ MaSCs, distinct from the TEB
enriched expression of Nrp2; Nrp1 is a Wnt-target gene in the mammary epithelium while Nrp2 is not (data not
shown). Our data demonstrated the critical role of Nrp1 for the activities of MaSCs and the development of mam-
mary gland, yet the mechanism by which Nrp1 functions in MaSC remains to be elucidated. Mammary epithelial
cells express VEGF?*, implying a possibility that VEGF is a potential ligand for Nrp1 in MaSCs. Considering
that Nrps function as co-receptor for other growth factor, including fibroblast growth factor (FGF) family®,
galectin-1%, hepatocyte growth factor/scatter factor (HGF/SF)*-?, transforming growth factor-31 (TGF-31)**31,
platelet-derived growth factor (PDGF)?, and integrin receptors®, thus it is possible that Nrp1 also mediates the
impact of other ligands in MaSCs.

Excessive expression of both NRPs has been detected in breast cancer cells'®**, associated with poor progno-
sis?>36. Overexpression of NRPs is shown to enhance growth and correlate with invasion in various tumor types,
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including breast cancer!®-2%-%¢37 In this study, our data demonstrated that Nrp1 is expressed in MaSCs of normal
mammary tissues. Knockdown of Nrp1 expression in MMTV-Wnt1 inhibited the growth of mammary tumors.
Our findings reinforced the close association between MMTV-Wnt1 mammary tumor and MaSCs* %%, and sug-
gested Nrpl as a target to inhibit this type of breast cancer.

In conclusion, our results demonstrated the upregulation of Nrpl by Wnt/3-catenin signaling in the mam-
mary epithelium, exhibited the specific expression of Nrpl in MaSCs, and revealed its critical functional roles
in mammary development and tumorigenesis. Results presented in this study reinforce the connection of
Wnt/3-catenin signaling and the function of MaSC, providing new insight into targeting stem cells in breast
cancer through antagonizing Nrp1.

Experimental Material and Procedures

Experimental mice. The K14-Cre, Procr-CreERT2-IRES-td Tomato, Nrp1°* and MMTV-WntI mice were
used. Nrp1/** mice were purchased from Jax (005247). All experimental mice were treated according to the pro-
tocols approved by the Animal Care and Use Committee of Shanghai Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences.

Isolation of primary mammary cells.  The fat pads were isolated from 8-week-old nulliparous or other
specified-stage female mice. Fat pads were minced and placed in appropriate volume (1 g/10 ml) digestion mix
(RPMI 1640 with 25 mM HEPES, 5% fetal bovine serum, 1% penicillin-streptomycin-glutamine, 300 U/ml type 3
collagenase (Worthington) and digested for 2h in a 100 rpm/min shaker at 37 °C, give a good shake every 15 min.
Cells were pelleted and treated with red blood lysis buffer (Sigma) for 5min, single cell suspension was obtained
by subsequential incubation with 0.25% trypsin-EDTA at 37 °C for 5 min and 0.1 mg/ml DNase I (Sigma) for
5min with gentle pipetting, and then filtrated through 70-pum cell strainer.

Cell labeling and flow Cytometry. For cell labeling, the following antibodies were used: FITC conju-
gated CD31, CD45, TER119 (BD Pharmingen); CD24-PE-Cy7, CD29-APC (Biolegend), Procr-PE (eBioscience).
Antibody incubation was performed on ice for 15 min in PBS with 5% fetal bovine serum. Before the FACS sort-
ing, cells were filtrated through 45-pum cell strainer, and cells were sorted by using a FACSJazz (BD).

Preparation of vectors and lentivirus. To construct shRNA vectors, the annealed oligonucleotides were
ligated to pLKO.1-EGFP, which was modified by replacement of the puromycin-resistance gene with EGFP. The
target sequences of ShRNAs were listed: Scramble shRNA: 5-TCCTAAGGTTAAGTCGCCCTCG-3'; Nrpl shl:
5"-TGGCTGCAAGATAACAGATTA-3'; Nrpl sh2: 5'-CCAGAGAATCATGATCAACTT-3'. The extracellu-
lar domain of mouse Nrpl (NM_008737.2) were amplified by PCR from E14.5 cDNA, and then cloned into
pHIV-EGFP to overexpress sNrpl proteins. Recombinant lentiviral particles were produced in HEK293 cells by
a polyethylenimine, linear (MW 25,000, Polysciences) transfection system. Lentiviral particles were concentrated
38-fold by ultracentrifugation (Beckman Coulter) for 2hours at 27,000 rpm, 4°C.

Colony formation assay. FACS sorted cells were infected with lentivirus in a ultralow attachment clus-
ter at a density of 3 x 10° cells/ml overnight, and resuspended at a density of 4 x 10° cells/ml in chilled 100%
growth-factor-reduced Matrigel (BD Bioscience), 50 pl/well of 24 wells cluster. The mixture was plated in 37°C
incubator for polymerization before being cultured with growth medium (DMEM/F12 1:1, 50 ng/ml EGF (Sigma)
and ITS (1:100; Sigma)) which was changed the other day. Primary colony numbers were counted and the colony
sizes were measured after 6 days culture. For passaging colonies, the medium was aspirated, and Matrigel was
incubated in 500 ul of dispase (BD Bioscience) for 1h at 37°C. Colonies were released from Matrigel and single
cells were obtained by incubation in 0.05% Trypsin-EDTA for 5-10min at 37 °C. Single cells were then resus-
pended in Matrigel as described above at the same density.

EdU labelling. Half of in vitro culture colony growth medium was aspirated, replaced with growth medium
containng 0.2 mg/ml EAU (Life Technologies), followed experiment steps were performed according to the man-
ufacturer’s protocol of Click-it EAU imaging kit with Alexa Fluo 594 (Life Technologies) prior to immunohisto-
chemistry detection of EGFP.

Quantitative RT-PCR. Total RNA was extracted with RNAiso plus (Takara) or mini RNA preparation kit
(Qiagen), and the reverse transcription reaction was performed by using PrimeScript RT Master mix kit (Takara).
Quantitative RT-PCR was performed on StepOne Plus (Applied Biosystems) with FastStart Universal SYBR
Green Master Mix kit (Roche). The RNA levels were analyzed by AACt method and normalized to Gapdh. gPCR
product specificity was determined by melt curve analysis. The primers using in this study were listed:

Gapdh-F: TGTGATGGGTGTGAACCACGAGAA
Gapdh-R: CTGTGGTCATGAGCCCTTCCACAA
Axin2-F: AGCCTAAAGGTCTTATGTGGCTA
Axin2-R: ACCTACGTGATAAGGATTGACT
Nrpl-F: ACAAATGTGGCGGGACCATA
Nrpl-R: CCGGAGCTTGGATTAGCCAT
Procr-F: CTCTCTGGGAAAACTCCTGACA
Procr-R: CAGGGAGCAGCTAACAGTGA

ChIP-qPCR. Comma D § cells (2 x 10°) were plated for 48 h and treated with vehicle or Wnt3A protein for
24h before PFA crosslinking. Briefly, cells were cross-linked for 10 min with final concentration 1% PFA at room
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temperature. 125 mM final glycin was added to inactivate PFA at 37 °C for 5min. Cells were scrapped and pel-
leted, cell pellet was incubated in chilled Mg-NI NP40 buffer for 10 min, then resuspended in lysis buffer with
proteinase inhibitors. Genomic DNA was sonicated. Precleared sample (0.1 ml) was saved to assess input DNA.
Anti-3-catenin antibody (4 ug, BD Pharmingen) was added to the precleared sample and gently mixed for O/N at
4°C, followed by rotation with 50 pl protein G-agarose/Salmon sperm DNA (Millipore) for 2h at 4°C. Subsequent
wash, elution, proteinase K treatment and de-cross-linking procedures were performed. TBEs enrichment was
determined by qPCR analysis.

Immunohistochemistry. Frozen sections were prepared by air-drying and fixation for 1 h in pre-chilled 4%
PFA. Tissue sections were blocked with PBT contained 10% normal goat or cow serum for 1h, then incubated
with primary antibodies at 4 °C overnight, followed by PBT wash 3 times, incubated with secondary antibod-
ies for 2h at room temperature, and counterstained with DAPI (Life Technologies) for 2 min, mounted with
prolong gold mounting medium. The primary antibodies used in this work were goat anti-mouse Nrpl (R&D
systems, AF566, 1:100), Rat anti-K8 (Developmental Hybridoma Bank, TROMA-I, 1:200) and rabbit anti-mouse
Keratin 14 (Covance, PRB-155P, 1:1000). IHC detection was performed with appropriate secondary conjugates
(Life Technologies). Confocal images were captured by using Leica DM6000 TCS/ SP8 laser confocal scanning
microscope.

Mammary gland whole mount carmine staining. The 4™ pair of mammary glands were fixed in
pre-chilled 4% PFA and washed with PBS twice. Tissues were incubated with carmine alum overnight, followed
by destaining with solutions (50% ethanol, 2% HCI) for 2h, dehydrated in 70%, 85%, 95%, 100% ethanol for 1h,
and treated with histoclear for 1 h. Images were captured by a dissection microscope (Leica).

Transplantation into mammary fat pad. FACS Sorted cells were resuspended in 50% matrigel, PBS
with 20% FBS, and 0.04% Trypan Blue (Sigma) and injected 10 pl volumes into the cleared fat pads of 3-week-old
female nude mice. Reconstituted mammary glands were harvested 8 weeks after transplantation. Outgrowths
were detected under a dissection microscope (Leica) based on fluorescence or carmine staining. Outgrowths with
>10% of the host fat pad filled were scored as positive, and fat pad filled was marked as 4/4 (all) filled, 3/4, 1/2,
1/4 and no growth. The repopulating frequencies were calculated using the “statmod” software package for the
R computing environment (http://www.R-project.org). Repopulating frequencies were estimated with a comple-
mentary log-log generalized linear model. Two-sided 95% Wald confidence intervals were computed, except in
the case of zero outgrowths, when one-sided 95% Clopper-Pearson intervals were used instead.

Statistical analysis. Students t-test was performed and the P value was calculated in Graphpad Prism 5 on
data represented by histograms, which consisted of results from at least three independent experiments unless
specified otherwise. For all experiments with error bars, the standard deviation (SD) was calculated to indicate the
variation within each experiment. P < 0.05 (*), P<0.01 (**) and P < 0.001 (***) were considered as significance.
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