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The mammary gland consists of an adipose tissue that, in a process
called branching morphogenesis, is invaded by a ductal epithelial
network comprising basal and luminal epithelial cells. Stem and
progenitor cells drive mammary growth, and their proliferation is
regulated by multiple extracellular cues. One of the key regulatory
pathways for these cells is the p-catenin-dependent, canonical
wingless-type MMTYV integration site family (WNT) signaling path-
way; however, the role of noncanonical WNT signaling within the
mammary stem/progenitor system remains elusive. Here, we fo-
cused on the noncanonical WNT receptors receptor tyrosine
kinase-like orphan receptor 2 (ROR2) and receptor-like tyrosine
kinase (RYK) and their activation by WNT5A, one of the hallmark
noncanonical WNT ligands, during mammary epithelial growth
and branching morphogenesis. We found that WNT5A inhibits
mammary branching morphogenesis in vitro and in vivo through
the receptor tyrosine kinase ROR2. Unexpectedly, WNT5A was
able to enhance mammary epithelial growth, which is in contrast
to its next closest relative WNT5B, which potently inhibits mam-
mary stem/progenitor proliferation. We found that RYK, but not
ROR?2, is necessary for WNT5A-mediated promotion of mammary
growth. These findings provide important insight into the biology
of noncanonical WNT signaling in adult stem/progenitor cell reg-
ulation and development. Future research will determine how
these interactions go awry in diseases such as breast cancer.

mammary stem cells | noncanonical Wnt signaling | receptor tyrosine
kinase | epithelial morphogenesis

he mammary gland is composed of a highly dynamic epithelial

structure that undergoes multiple rounds of remodeling during
puberty, pregnancy, lactation, and involution (1). At puberty, the
mammary gland forms a branching ductal network, which con-
nects the nipple to the milk-producing lobuloalveolar structures
that arise during pregnancy (2). Development and growth of the
mammary gland depends on the function of adult mammary stem
cells (MaSCs) (1). These MaSCs are capable of reconstituting a
complete mammary epithelial ductal structure when implanted as
a single cell into a cleared fat pad in vivo (3-5). The morphoge-
netic changes of the breast epithelium are closely coordinated
within the context of its microenvironment, which consists of a
variety of stromal cells such as adipocytes, macrophages, and fi-
broblasts (6, 7). MaSCs respond to extracellular signals such as
wingless-type MMTYV integration site family (WNT) ligands pro-
vided by stromal cells of the microenvironment. For example,
hyperactivation of the canonical WNT/B-catenin signaling pathway
in the mammary gland expands the MaSC population by sixfold
(4), and WNT ligands are necessary for self-renewal properties of
MaSCs (8). Constitutive overexpression of the gene encoding the
canonical Wntl ligand in this organ ultimately gives rise to tumors,
suggesting a direct link between MaSC accumulation and tumor
susceptibility (9, 10).
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The role of the noncanonical WNT signaling pathway in the reg-
ulation of mammary gland development and breast cancer function is
obscure. WNTSA and WNTS5B represent two noncanonical WNT
ligands expressed in the mammary gland (11-14). Within the mam-
mary epithelium, expression of both Wnt5a and Wnt5b is restricted to
the more differentiated luminal epithelial cell lineage (14). Several
receptors have been implicated in mediating the function of WNTSA
and WNT5B. These include the noncanonical receptors, receptor
tyrosine kinase-like orphan receptor 1 (ROR1) and ROR2, which are
expressed in both the basal and luminal compartments (14, 15),
whereas the expression of the receptor RYK remains less well de-
fined. Although several studies have reported inhibitory roles for
noncanonical WNT ligands, WNT5A during branching morphogen-
esis (16) and WNTSB in mammary stem and progenitor outgrowth
(16, 17), the receptors mediating these inhibitory functions remain
poorly characterized.

Even though the actions of WNTSA and WNTS5B have been
associated with events occurring during breast cancer initiation
and progression, the role of noncanonical WNT signaling in
breast cancer remains elusive. Although there is evidence sug-
gesting that secretion of WNTSA by stromal cells may inhibit the
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actions of tumor-initiating cells in breast cancer (18), other
studies show that WNTS5A/B may promote epithelial to mesen-
chymal transition and metastatic progression in breast and other
cancers through a noncanonical Frizzled2 pathway (19). Overall,
the role of noncanonical WNT signaling in breast cancer appears
to be particularly context-dependent, and the diverse effects of
noncanonical WNT ligands on cell and developmental pathways
remain largely unexplored.

Here, we focused on the role of WNT5A and WNT5B as two
of the main mediators of noncanonical WNT signaling in the
mammary gland. In particular, we sought to understand how
noncanonical WNT signaling is involved in the regulation of
MaSC function and branching morphogenesis. Our results show
that despite their high degree of similarity, WNT5A and WNT5B
may work in a distinct manner involving different receptor mole-
cules. These findings further shed light on our understanding of
the intricacies of the WNT signaling pathway and provide crucial
insights to better understand their role in diseases such as
breast cancer.

Results

WNT5A and WNT5B Differentially Regulate Mammary Growth and
Progenitor Cell Proliferation. We previously observed that WNT5B
is capable of inhibiting mammary epithelial stem and progenitor
cell growth capacity in vitro and in vivo, using lentiviral-mediated
overexpression in transplanted MaSCs (17). WNTSA and WNT5B
show a high degree of amino acid sequence similarity, at 83%
(Fig. S14), which initially suggested that these two WNT li-
gands may function in a redundant manner. To test whether these
two noncanonical WNT ligands are indeed functionally re-
dundant in the context of MaSC/progenitor regulation, we first
used the clonal mammosphere assay as a proliferative analysis tool
in which single mammary epithelial cells (MECs) are embedded
into a 3-dimensional Matrigel-based culture. Using this assay, we
then compared the effects of exogenous recombinant WNT5A and
WNTS5B to vehicle-treated mammosphere formation. Interestingly,
we observed a pronounced increase in the number, as well as the
size, of mammospheres treated with WNT5A compared with
vehicle-treated MECs (Fig. 1 A-FE). In contrast, WNT5B dem-
onstrated a strong inhibitory effect on mammosphere formation,
which is consistent with our previous findings (17). These distinct
effects of WNTSA and WNTSB were dose-dependent in a range
from 0.1 to 1 pg/mL (Fig. S1B). Subsequent quantitative PCR
(qPCR) analysis revealed that in contrast to WNT5A, WNT5B-
treated cells down-regulate expression of genes associated with
proliferation and luminal differentiation (Fig. 1F). This suggests
that WNT5B blocks mammosphere formation by inducing cell
cycle arrest, presumably at an earlier basal MaSC state. Also,
despite the high degree of amino acid sequence homology shared
by WNT5A and WNTS5B (Fig. S14), these hallmark noncanonical
WNT ligands may work in a distinct fashion in the regulation of
MEC biology.

Differential Expression of Noncanonical WNT Receptors in Mammary
Epithelial Subpopulations. To investigate which noncanonical WNT
receptors are involved in mediating WNTS5A and WNTS5B signaling
in breast epithelium, we used qPCR expression analysis on isolated
basal and luminal MECs. To this end, we used FACS to separate
basal, luminal progenitor, and mature luminal cells harvested from
8-wk-old FvB/N mice (Fig. S2 A-C) and performed qPCR analysis
with primers targeting Rorl, Ror2, and Ryk. We also confirmed
isolation of mammary subpopulations, using epithelial lineage
marker expression (Fig. S2D). We found all three receptors
expressed in the mammary gland (Fig. S2E). Although Ror! and Ryk
show expression in all epithelial cell populations, Ror2 showed a
differential expression pattern, with high abundance in basal cells,
low abundance in mature luminal cells, and undetectable expression
in luminal progenitor cells. We also confirmed the basal-specific

3122 | www.pnas.org/cgi/doi/10.1073/pnas.1701464114

A B C
Control +WNT5A +WNT5B

D 200 4
P *
§150- § & =gm
s & 60 .o '-..-l' *
P 100+ 2 Sogepe? .
8 T g 40 AAAAAA
2 - S
€ 504 N 204
=}
4
0 T 0 T T é
3 o Y S X s
© & & & & &
& N & R & &
F e
c Control
§ 144 B +WNT5A
§ 1.2 4 W +WNT5B
S 1.0
i
= 0.8 4
S 0.6 *
2 044
®
® 0.2 4 %
X ol
K8 Gata3 K5 K14 Mcm2 = Ki67
Luminal Basal Proliferation

Fig. 1. Differential effects of WNT5A and WNT5B on mammosphere out-
growth. Primary WT MECs (2,000 cells per well) were used as single cells in
the mammosphere assay and treated with vehicle control or medium con-
taining either WNT5A (0.5 pg/mL) or WNT5B (0.5 pg/mL) recombinant pro-
tein. Representative images show mammosphere formation after 7 d.
Compared with control conditions (4), WNT5A-treatment promotes mam-
mosphere formation (B), whereas WNT5B treatment inhibits mammosphere
formation (C). For each condition, quantification of sphere number (D) and
size (E) was carried out. The effects of WNT5A and WNT5B on cell fate and
proliferation were measured by qPCR, using cDNA from MECs cultured in a
low-adhesion plate (200,000 cells per well) and treated with control medium
(gray, Left) or medium containing either WNT5A (blue, Middle) or WNT5B
(red, Right) recombinant protein (F). Error bars show SD (n = 3); data rep-
resentative of three independent experiments. WNT5A-treated cells show an
expression profile that was similar to control-treated cells, whereas WNT5B-
treated cells showed a significant decrease in the expression of proliferation
markers (Mcm2, Ki67) and a trending decrease in luminal differentiation
markers (K8, Gata3). Error bars show average with SD (D-F) or median
measurement with interquartile range (F). (Scale bars, 100 pm in A-C.) As-
terisks represent *P < 0.05, Student’s t test or relative to control.

expression of ROR2 in situ (Fig. S2F) by immunostaining in wild-
type (WT) tissue, observing strong staining in the basal compartment
(15). Taken together, our results suggest that ROR2 could be me-
diating a cross-talk between basal and luminal cells by functioning as
a receptor on basal cells for luminal-derived WNT5A and WNT5B.

Ror2-Deficient Mammary Glands Show Increased Branching
Morphogenesis. The basal-prominent expression pattern of
ROR?2 prompted us to study its role in the regulation of mammary
gland development in more detail. Ror2-deficient (Ror2~~) mice
have severe developmental defects leading to death of the animal
at age embryonic day 18.5 (E18.5) (20). To analyze the postnatal
development of the mammary gland, we generated Ror2~/~ glands
in vivo by using standard protocols to rescue the anlage from
E16.5 embryos and transplanted them into precleared fat pads of
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immunocompromised mice (21). To ensure only epithelial tissue
was propagated, we allowed the anlage transplant to develop
12 wk before performing serial transplants with tissue fragments
taken from the previous outgrowth. Whole-mounted generation
1 (G1) Ror2”~ outgrowths were morphologically similar to litter-
mate WT outgrowths generated in the contralateral fat pad (Fig.
S2G). By G4, however, Ror2”~ outgrowths appeared hyper-
branched compared with WT glands (Fig. 24). We performed
branching analysis on four independently derived lines of WT and
Ror2™"~ tissue (Fig. 2B and Fig. S2 H and I). We found no si;—
nificant differences in primary branch number between Ror2™~
and WT tissue, even with successive transplantation (G1-G5),
indicating that terminal end bud bifurcation is unaffected by the
lack of Ror2. In contrast, there was a significant increase in
secondary and tertiary branching in Ror2~'~ tissue that had been
serially transplanted for three to five generations, indicating a
progressive misregulation in mechanisms that constrain side-
branch formation (Fig. 2B). Cross-sections through WT G4
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Fig. 2. Ror2-deficient mammary glands show increased secondary and
tertiary branching morphogenesis in vivo. Anlage were rescued from E16.5
embryos and transplanted into precleared fat pads of athymic nude mice.
After 12 wk, epithelial tissue fragments were used to propagate the line.
Whole-mounts of G4 tissue reveal a hyperbranched phenotype (A) that was
quantified by tracing the primary and secondary/tertiary branches (B) (n = 4).
Immunohistochemistry in cross-sections of G4 Ror2~~ and WT tissue, using
E-cadherin (red) MUC-1 (green), NKCC1 (green) antibodies, and Hoechst (blue)
for nuclei, reveal disorganization in the Ror27~ tissue (n = 3) (C). Quantifica-
tion of MUC-1 (D), E-cadherin (E), and NKCC1 immunostaining (F) in WT and
Ror27"~ luminal cells (n = 3). Serial transplantation of tissue fragments show
that WT tissue (n = 3) senesces at G5, whereas Ror2~'~ tissue displays enhanced
transplantability (n = 2). n is the number of independently derived lines, with
five contralaterally transplanted mice analyzed per line. (G) Whole-mount of
G9 Ror27'~ outgrowth shows epithelial tissue filling the fat pad (H). (Scale
bars, 1.5 mm for A and H, 10 pm for C.) *P < 0.05, Student'’s t test. Error bars
represent + SE.
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tissue revealed a normal bilayered epithelial architecture (Fig.
2C), with luminal cells lining up in register to create a smooth
apical surface. In contrast, luminal epithelial cells are slightly out
of register in the Ror2~'~ G4 tissue, but there is no significant
difference in apical MUC1 immunostaining, suggesting Ror2™"~
luminal cells are properly polarized (Fig. 2 C and D). However,
E-cadherin immunostaining in Ror2™/~ tissue is reduced at the
adherens junctions, which reside just below the tight junctions
that demarcate the apical surfaces of luminal cells (Fig. 2 C and
E). Instead of the organized belt of E-cadherin staining observed
in WT tissue, staining in Ror2™/~ tissue extends along the lateral
and basal membranes. We also examined the localization of the
Na/K/Cl cotransporter, NKCC1, which marks the basolateral
surface (22), and found an overall decrease in staining in Ror2™/~
tissue (Fig. 2 C and F). Taken together, the data suggest that
luminal epithelial cells maintain their proper orientation with
regard to the lumen in Ror2~'~ tissue, but contacts between cells
appear compromised. Previous studies showed that WT tissue
fragments can be serially transplanted up to five times before no
further outgrowths are obtained (23). In our studies, all three
WT lines senesced at G5 (Fig. 2 G and H). In contrast, two
of four Ror2™~ transplanted lines displayed increased trans-
plantability, with one senescing at G9 and the second at G11,
suggesting that loss of Ror2 regulates either the number of
MaSC/progenitor cells or their self-renewal.

WNT5A Inhibits Mammary Epithelial Branching Through ROR2. Next,
we focused on the interaction of ROR2 with noncanonical WNT
ligands in the context of mammary branching morphogenesis.
Both WNT5A and WNTS5B have previously been shown to in-
hibit mammary branching morphogenesis in vivo (16, 17). To test
whether ROR2 is involved in this process, we used our Ror2™/~
transplantation model in combination with Elvax slow-release
pellets to locally deliver WNT ligands into the tissue adjacent to
the epithelial outgrowths. To quantify the effect of WNTS5A and
WNTS5B on branching morphogenesis in vivo, we measured the
distance between branch points in close proximity to the trans-
planted pellets. We observed significantly increased distance
between branches near the WNT5A pellets, an indication of
reduced branching compared with BSA-containing control pel-
lets. In contrast, WNT5B had no measurable effect on mammary
side branching under these conditions, which further underlines
that WNT5A and WNTS5B may possess different functional
properties. Importantly, in the absence of Ror2, the inhibitory
effects of WNT5A on side branching were completely abolished
(Fig. 3 4 and B), indicating that ROR?2 functions as the primary
receptor mediating this regulatory role of WNTS5A during
mammary branching morphogenesis. We further corroborated
these findings using an established ex vivo surrogate assay for
mammary branching morphogenesis (Fig. 3C). After 7 d of
WNTS5A treatment, WT mammary epithelial organoids showed
significantly fewer branches compared with mock treated sam-
ples (Fig. 3 D and E). In contrast, Ror2~'~ organoids treated with
WNTS5A showed no change in branching after 7 d (Fig. 3 F and
G), demonstrating that WNTSA inhibits mammary branching
morphogenesis through ROR2.

WNT5A Promotes Mammosphere Formation Through RYK. We ini-
tially observed distinct effects of WNTS5A and WNTS5B on
mammosphere formation, which may be driven primarily by
different basal stem and progenitor cell functions, rather than
the process of branching morphogenesis. We therefore explored
the role of ROR?2 as it relates to its basal epithelial expression
pattern, and our results suggest that the loss of Ror2 promotes
the longevity of stem cells and their potential to serially undergo
mammary morphogenesis in vivo (Figs. 1 and 2). To this end, we
isolated MECs from WT and Ror2~'~ outgrowths harvested from
contralaterally transplanted animals and subjected these to the
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Fig. 3. WNT5A inhibits mammary branching morphogenesis through ROR2.
WT and Ror2™"~ fragments were contralaterally transplanted into precleared
mammary fat pads. Elvax slow-release pellets containing BSA, WNT5A, or
WNT5B were implanted bilaterally 3 wk posttransplant. The tissue was har-
vested and carmine stained for whole-mount analysis 1.5 wk after the Elvax
implantation (A). The distance between branch points was quantified by tracing
the ductal structure in proximity of the pellet and measuring the length be-
tween branch points (n = 3 lines per five contralaterally transplanted mice per
line) (B). Ex vivo branching morphogenesis of reaggregated primary MECs in
the presence of FGF2 was carried out over the course of 7 d, and the number of
branches per organoid was determined. Example images for organoids with 0-
6+ branches are shown (C). WT MECs show significant reduction of organoid
branching in the presence of WNT5A compared with control conditions (D and
E) (n = 3). Organoids derived from Ror2-deficient MECs show no decrease in the
number of branches per organoid when treated with WNT5A (F and G) (n = 3).
*P < 0.05, Student's t test. Error bars represent + SE. (Scale bars, 1.5 mm for A.)

mammosphere formation assay in the presence or absence of WNTSA
and WNT5B (Fig. 4). We observed no difference in the effects of
WNT5A or WNT5B on sphere forming capacity in WT and ROR2 ™7~
samples (Fig. 4 A-D), demonstrating these Wnt ligands act in-
dependent of ROR?2 in this context. In treated samples, we found that
WNTS5A promoted and WNT5B reduced the number and size of
mammospheres independent of ROR2 (Fig. 4 A-D), in-
dicating that a different noncanonical receptor is governing the
effects of WNT5A and WNTS5B on mammosphere formation.

We next focused on the receptor tyrosine kinase RYK, which
has been implicated as a receptor for WNTS5A (24). To interfere
with RYK function in the presence or absence of WNT ligand,
we used a blocking antibody approach that has been previously
used to inhibit RYK function during neuron specification (25).
Although WNTS5B inhibited mammosphere formation independent
of RYK blockade, we found that the increase in number and size
of mammospheres treated with WNTSA could be abolished by
the presence of anti-RYK blocking antibody (Fig. 4 E and F),
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demonstrating that WNT5A may increase MaSC capacity and
proliferation by activating RYK-dependent, noncanonical WNT
signaling. Importantly, control experiments under the same con-
ditions, but treated with nonspecific IgG instead of anti-RYK
treatment, did not alter mammosphere capacity (Fig. S2J). In-
terestingly, we noticed that in the presence of RYK-blocking an-
tibody, WNTS5A changed its function from promoting to inhibiting
mammosphere growth, as measured by sphere size, whereas the
number of spheres remained comparable to control (Fig. 4 E and
F). This could suggest that in the absence of RYK, WNT5A en-
gages different WNT coreceptors, leading to inhibition of pro-
genitor cell proliferation or promotion of cell differentiation.
Together, these findings show that WNTS5A may activate the re-
ceptor tyrosine kinases ROR2 and RYK, presumably on different
stem or progenitor populations that contribute to distinct mor-
phogenetic processes during mammary branching and MaSC
outgrowth (Figs. 3 and 4). To further corroborate this notion, we
analyzed the expression pattern for ROR2 and RYK on a single-
cell level, using a single-cell RNAseq dataset generated in a cur-
rently ongoing study, which revealed that ROR2 and RYK are
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using WT cells (E and F) (n = 3). After 7 d in WNT containing culture medium,
sphere number (A, C, and E) and size (B, D, and F) were determined for the WT,
Ror2™~, and anti-RYK-treated spheres. Error bar shows SD (A, C, and E) or median
measurement with interquartile range (B, D, and F). *P < 0.05, Student's t test.
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indeed expressed in a mutually exclusive manner in the vast ma-
jority of MECs (Fig. 5 4 and B).

Discussion

Although canonical WNT signaling has been extensively studied in
the context of mammary gland biology, MaSC regulation, and
cancer, the noncanonical WNT pathway remains elusive. To learn
more about the role of noncanonical WNT signaling in mammary
development, we focused here on the hallmark noncanonical
ligands WNTS5A and WNTS5B because they are prominently
expressed in the mammary gland. By investigating the alternate
WNT receptors, ROR2 and RYK receptor tyrosine kinases, our
studies provide insight into noncanonical WNT signaling pathways
during mammary development. Whereas previous studies have
shown that loss of either Wnt5a or Ror2 results in a hyper-
branching phenotype (15), we demonstrate a ligand/receptor re-
lationship by showing that ROR2 is required for the inhibitory
action of WNT5A on branch formation. Despite being highly
homologous, WNTS5B has no such effect. We further distinguished
the activities of these two WNTs in mammosphere assays by
demonstrating that WNT5A enhances mammosphere formation
through the RYK receptor. This stimulatory activity is surprising
in light of studies on human tumors that showed tumor-suppres-
sive activity of WNTSA, with loss of Whnt5a expression correlating
with more aggressive tumor subtypes, earlier relapse, and signifi-
cantly shorter overall patient survival (26, 27). WNTSA was shown
to induce the formation of a RYK/TGFSR1 complex in MCF10A
cells and activate SMAD2 in mammary epithelial cells harvested
from preneoplastic MMTV-ErbB2/Wnt5a™~ mice (27). However,
in studies on nonimmortalized cells, we and others (28) find that
WNTS5A promotes mammosphere formation, a positive effect on
stem/progenitors consistent with WNTS5A’s ability to support the
self-renewal of mouse spermatogonial stem cells by inhibiting
apoptosis (29). In two studies, pharmacological inhibition of the
Jun N-terminal kinase abrogated the WNT5A-mediated outcome
(28, 29), and in the studies on mammospheres, the effect was also
reversed by knocking down Ror2 (28). In contrast, our studies
show that WNTSA enhances the formation of mammospheres
through the RYK receptor, independent of ROR2, perhaps
reflecting the difference between knocking down and knocking out
a receptor. Our studies also demonstrate that WNTSB blocks
mammosphere formation, possibly by inhibiting cell cycle pro-
gression because markers for cell cycle entry, Mcm-2 and Ki67, are
significantly down-regulated in response to WNT5B. These re-
sults are consistent with our previous studies demonstrating an
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Fig. 5. Single-cell analysis and functional model summarizing the role of
WNT5A in mammary development. Scatter plot of single-cell correlation anal-
ysis of ROR2 and RYK expression in mouse MECs shows very low correlation and
almost mutually exclusive expression (A), demonstrating that ROR2 and RYK are
expressed in different populations of cells. Schematic illustrating the differential
expression patterns of noncanonical WNT receptors in MEC populations and the
signaling capacities of WNT5A acting either through ROR2 to block branching
morphogenesis or through RYK to promote stem/progenitor proliferation (B).
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inhibitory affect associated with WNT5B treatment on MaSC
proliferation in vitro and in vivo (17). Although we have not yet
identified the receptor mediating this effect, we have ruled out
ROR?2. Taken together, our data show that noncanonical WNT5A
and WNT5B have distinct functions despite a high degree of se-
quence homology. Our study reveals that WNT5A signals through
two different receptors: ROR2 to inhibit branching morphogenesis
and RYK to promote mammary MaSC/progenitor proliferation.
ROR? also has a separate function in enhancing MaSC/progenitor
self-renewal, but the ligand mediating this effect is unknown.
Multiple potential noncanonical WNT receptors are expressed in
the mammary gland. Similar to a previous study (16), our results
show that Ror2 is predominantly expressed in the basal population
with little or no expression in luminal progenitors and low expres-
sion in mature luminal cells. In contrast, the expression of Ryk and
Rorl is more evenly distributed across populations. Because the
basal compartment contains a subpopulation of MaSCs (1), we
further explored the function of ROR2 in this compartment by
examining the phenotype of Ror2~~ glands. Our immunostaining
data revealed strong basal expression of ROR2 in myoepithelial
cells along the duct (15). We further explored ROR2 function by
examining its knock-out phenotype, using the technique of trans-
plantation to circumvent the perinatal lethality of the mutation.
Loss of either Wnt5a or Ror2 has been associated with a hyper-
branching phenotype in the mammary gland, but the molecular
mechanism behind this phenotype remains elusive. Although Ror2~~
mammary glands exhibited no defects in primary branch forma-
tion, excessive secondary and tertiary branching was observed after
three successive rounds of transplantation. In contrast, others have
demonstrated an initial branching defect in mammary outgrowths
generated from Ror2 knockdown cells (15), suggesting there may
be activation of compensatory signaling pathways caused by the
germline deletion of this tyrosine kinase receptor, which compli-
cates the detection of branching defects in Ror2™~ tissue. By
implanting Elvax pellets in vivo into fat pads containing WT and
Ror2™~ outgrowths, we demonstrate that WNT5A, but not
WNTS5B, has the capacity to reduce branch formation in a Ror2-
dependent manner. Histological analysis revealed disorganized
epithelial architecture that is consistent with a low level of ROR2
expression in mature luminal cells and may be a result of defects in
the actin cytoskeleton, which is disrupted in the absence of ROR2
(15). Using an in vitro branching assay, our studies further revealed
that WNTS5A negatively regulates branch formation through the
ROR?2 axis, supporting a crucial developmental role for WNT5A/
ROR?2 signaling in restricting mammary branching morphogenesis.
Despite their high degree of sequence similarity, WNT5A
showed substantially distinct functional properties compared
with WNT5B, resulting in enhanced MaSC/progenitor-mediated
mammosphere formation in a RYK-dependent manner. By using
an anti-RYK, function-blocking antibody, we determined that the
RYK pathway is responsible for the WNT5A-mediated increase in
mammosphere formation. It is tempting to speculate that high
local levels of WNTS5A may be important during the formation of
terminal end buds invading into the mammary fat pad, when en-
hanced proliferation is required and premature formation of side
branches has to be suppressed. The distinct effects of WNT5A
inhibiting branching morphogenesis through ROR2, and activa-
tion of MaSC/progenitor proliferation through RYK, also indicate
that there are distinct stem and progenitor cell populations asso-
ciated with these aspects of mammary gland development.
Taken together, our studies provide important insight into the
biology of noncanonical WNT signaling in adult stem cell regulation
and development. We discovered that WNT5A and WNT5B may
have biologically distinct functions during mammary development.
Although WNT5B blocks MaSC growth and has no measurable
effect on branching morphogenesis, WNTSA enhances MaSC out-
growth and negatively regulates mammary branching. These effects
are mediated through diverse engagement of RYK and ROR?2,
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which highlights the complexity and context dependency of WNT
signaling in general. Future research will determine how these in-
teractions go awry in diseases such as breast cancer.

Experimental Procedures

Mice. FVB/N mice were purchased from Charles River Laboratories. KO mice
were generated and genotyped as described; Ror2™~ (20). Mice were
maintained in a pathogen-free facility. All mouse procedures were approved
by the University of California, San Francisco, or University of California,
Santa Cruz, Institutional Animal Care and Use committees.

Recombinant Proteins and Antibodies. The list of recombinant proteins and
antibodies is provided in the S/ Experimental Procedures.

Mammosphere Formation and Branching Assay. Mammosphere assays were carried
out as described previously (4, 5), and as described in SI Experimental Procedures.

Mammary Gland Transplantation, in Vivo Branch Quantification, and Elvax
Implantation. Mammary anlage were rescued from Ror2™~ embryos and
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transplanted into precleared fat pads of Foxn1™ mice, as previously reported
(21) and described in the S/ Experimental Procedures.

Immunohistochemistry. Inmunohistochemistry was performed as previously
described with ref. 30. Images were collected on a Leica SP5 confocal mi-
croscope. Brightfield imaging was performed on a Biorevo BZ-9000 Digital
Microscope (Keyence).

Statistical Analysis. All statistical analyses (Student's t test) were conducted on
Graphpad Prism; P values of less than 0.05 were considered significant.
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