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SUMMARY
Breast cancer stem-like cells (CSCs) are enriched following treatment with chemotherapy, and posited as
having a high level of plasticity and enhanced tumor-initiation capacity, which can enable cancer relapse.
Here, we show that such features are shared by breast cancer (BCA) cells that express receptor tyrosine ki-
nase-like orphan receptor (ROR2), which is expressed primarily during embryogenesis and by various can-
cers. We find that Wnt5a can induce ROR2 homooligomerization to activate noncanonical Wnt signaling and
enhance tumor-initiation capacity of BCA cells. Molecular analysis reveals that the cysteine-rich domain and
transmembrane domain are required for ROR2 homooligomerization to activate ROR2. Treatment with a
newly generated monoclonal antibody (mAb) specific for ROR2 can block Wnt5a-induced ROR2 homooligo-
merization, ROR2-dependent noncanonical Wnt signaling, and impair the capacity of BCA patient-derived
xenografts to initiate tumor in immune-deficient mice. Collectively, these results indicate that targeting
ROR2 (e.g., using mAb) suppresses BCA stemness and, thereby, may prevent BCA relapse.
INTRODUCTION

Breast cancer (BCA) is among the most common cancers and

the second leading cause of cancer-related deaths in women

worldwide.1 The disease has been classified by gene expression

profiling into distinct subtypes: luminal A, luminal B, HER2-en-

riched (HER2+), and basal-like.2 Despite initial response to treat-

ment, many patients with BCA including luminal type BCA that

have estrogen receptor (ER) expression can relapse and develop

metastatic disease,3 which is oftentimes intractable to therapy.4

Accumulating evidence indicates that breast cancer stem-like

cells (CSCs), also called tumor-initiating cells, are primarily

responsible for development of therapy resistance ultimately re-

sulting in cancer relapse and metastasis.5–7 CSCs are able to

survive antineoplastic therapy, have self-renewal and differenti-

ation capacity and thus serve as clonogenic reserve for tumor re-

growth.8,9 Experimentally, BCA cells with such ‘‘stem-like’’

phenotype or stemness features generally have activated

stem-like cell signaling (e.g., Hippo-YAP/TAZ),10,11 expression

of CD44 with low level CD24 (CD44+CD24Low), and the distinc-
iScience 28, 111589, Jan
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tive capacity to form nonadherent cellular spheroids and engraft

immune-deficient mice.12–15 Moreover, such cells exhibit a high

level of plasticity, a process by which cancer cells gain a ‘‘stem-

like’’ cell phenotype in response to signaling from tumor micro-

environment.8,16,17 Hence, targeting signaling pathways that

contribute to acquisition and/or maintenance of the ‘‘stem-

like’’ cell properties may have attractive therapeutic potential.

Relevant in this regard is receptor tyrosine kinase-like orphan

receptor 2 (ROR2), an evolutionarily conserved type I membrane

protein that is expressed primarily during early development

where it plays an important role in organogenesis.18 The extra-

cellular portion of ROR2 contains an extracellular immunoglob-

ulin-like (Ig-like) domain, a kringle domain, and a cysteine-rich

domain (CRD), which is common to frizzled proteins (FZDs),

that can bind various wingless integrated (Wnt) factors, in partic-

ular Wnt5a.19–21 The developmental significance of the binding

of Wnt5a to ROR2 is underscored by studies onWnt5a knockout

mice, which exhibit developmental abnormalities similar to those

of mice lacking ROR2, including dwarfish, facial deformities,

shortened limbs and tails, dysplasia of lungs and genitals, and
uary 17, 2025 ª 2024 The Authors. Published by Elsevier Inc. 1
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ventricular septal defects.18 Although important in early develop-

ment, the expression of ROR2 attenuates postnatally and may

remain at low level in some postpartum tissues (e.g., mammary

tissues).22–24 However, studies have shown that ROR2 expres-

sion is upregulated in various cancers, including BCA.25–28

Expression of ROR2 in BCA may be associated with poor prog-

nosis.27,29,30 Moreover, ectopic expression of ROR2 on a BCA

cell-line can induce the cells to undergo epithelial-to-mesen-

chymal transition (EMT),29 a major contributing factor of CSCs

plasticity,31–33 suggesting that ROR2 expression might

contribute to BCA stemness.

In this study, we evaluated the level of ROR2 expression in

BCA of patients, and determined whether ROR2 expression

can induce and/or maintain phenotypic and functional charac-

teristics of breast CSCs. We also defined the mechanism under-

lying the activation of ROR2-dependent Wnt5a-induced

signaling in BCA.Moreover, we generated a panel of monoclonal

antibodies (mAbs) specific for ROR2, and identified one that

could inhibit the activation of ROR2-dependent signaling, and

the capacity of ROR2 to induce EMT or enhance engraftment

of BCA patient-derived xenografts (PDXs).

RESULTS

Human BCA tumors with high ROR2 express genes
involved in CSCs
We interrogated the PubMed Gene Expression Omnibus (GEO)

database (GSE87455) on breast tumor biopsies obtained from

patients before and after neoadjuvant chemotherapy. We found

that post-treatment biopsy specimens had significantly higher

levels of ROR2 than the matched pre-treatment tumor speci-

mens (n = 68, p < 0.001) (Figure S1A). Interrogation of

GSE21974 that also had breast tumor biopsies of patients

(n = 25) before and after neoadjuvant chemotherapy yielded

similar results (Figure S1A), confirming that the level of ROR2

expression on post-treatment biopsies was significantly

increased. Gene set enrichment (GSE) analysis revealed that

comparing to pre-treatment BCA cells (GSE21974), post-treat-

ment BCA cells had significantly higher level expression of genes

associated with EMT activation (p < 0.001, FDR q value = 0.009;

Figure S1B)34 and genes that were distinctively over-expressed

by CD44+/CD24Low CSCs or mammosphere-(MS-) forming cells

relative to CD44+/CD24+ non-CSCs or all tumor cells (p < 0.001,

FDR q value <0.001, Figure S1B),12 which is consistent with prior

analysis on GSE87455.12,35 We further segregated the pretreat-

ment specimens of GSE21974 into two subgroups based upon

their relative expression of ROR2. Samples with ROR2 levels

greater than the median level expressed in all samples were

designated as ROR2Hi, whereas tumor samples with ROR2

expression lower than the median level were designated as

ROR2Low. The differences in gene expression between ROR2Hi

versus ROR2Low breast tumors resembled those of matched

post-versus pre-treatment specimens (Figure S1C). Moreover,

segregation of gene expression data of invasive breast tumors,

deposited in The Cancer Genome Atlas (TCGA) database,

another large database (n = 1097), into two subgroups by virtue

of their relative expression of ROR2 yielded similar findings,

identifying that ROR2Hi tumors expressed higher-level of genes
2 iScience 28, 111589, January 17, 2025
associated with EMT, CD44+/CD24Low CSCs or MS-forming

cells relative to ROR2Low tumors (Figure S1C).

BCAPDXcells with ROR2 expression have stem-like cell
features
To examine the relevance of ROR2 protein in BCA stemness, we

collected fresh BCA clinical samples from treatment-naive pa-

tients and examined for ROR2 via immunoblot analysis using

the H-1 anti-ROR2 antibody. The H-1 antibody that was raised

against a synthetic peptide mapping at C-terminal-region (amino

acids 868–943) of human ROR2,36 specifically reacted with a

protein of z120 kDa in lysates of HEK293T WT cells, but not

ROR2-KO cells (Figure S2A). Moreover, 47 of 63 (75%) fresh-

frozen tumor tissues including 25 of 31 (81%) luminal type

BCA, 10 of 13 (77%) HER2+, and 12 of 19 (63%) triple negative

breast cancer (TNBC) also reacted with this antibody (Figure 1A).

As receptor tyrosine-like orphan receptor 1 (ROR1) that can form

heterooligomers with ROR2 is highly expresses by BCA stem-

like cells.35,37 We also examined these clinical specimens for

ROR1 and noticed that more than half of ROR2-positive

(ROR2+) tumors lacked detetable ROR1 (Figure S2B).

We further made viable single-cell suspension from patients

who had sufficient BCA biomaterials to engraft into NOD-

Prkdcem26Cd52IL2rgem26Cd22/NjuCrl (NCG) immune-deficient

mice. One of four established luminal type patient-derived xeno-

grafts (PDX IV) had tumor cells that expressed ROR1 and ROR2,

whereas TNBC PDXIII had tumor cells that expressed ROR2 only

(Figures 1B and S2C). Single cells isolated from PDXIII or PDXIV-

that were treated with paclitaxel at 20nM for 48 h in vitro, or ex-

pressed CD44 and low-level CD24 had significantly enhanced

ROR2 expression than did the same cells received control treat-

ment or were CD44+/CD24+, respectively (Figures S2E and S2F),

when assessed via flow cytometry using a commercially avail-

able anti-ROR2 mAb (clone # 231509) that can specifically react

with HEK293T WT cells but not ROR2-KO cells (Figure S2D). On

the other hand, ROR2+ cells isolated from PDXIII or PDXIV had

higher proportions of CD44+/CD24Low stem-like cells, enhanced

mesenchymal marker expression (e.g., vimentin) than the same

tumor cells that did not express ROR2 (Figures 1C–1E). Similarly,

ROR2+ cells isolated from PDXIV had higher expression level of

ROR1 than the same tumor cells that did not express ROR2

(Figure S2H).

Furthermore, ROR2+ tumor cells isolated from either PDXIII or

PDXIV had an enhanced capacity to invade Matrigel, or form pri-

mary and secondary nonadherent cellular spheroids than did

ROR2Neg tumor cells isolated from the same PDXs (Figures 1F

and 1G). More importantly, extreme limiting dilution assay

(ELDA) revealed that 100 ROR2+ cells from either PDXIII or

PDXIVcould establish secondary PDXs in approximately half of

the mice (Figure 1H). In contrast, the same numbers of

ROR2Neg cells did not form tumors (Figure 1H). Collectively, these

data indicate that ROR2expression is associatedwith BCA stem-

like cells, which may be independent of ROR1 expression.

ROR2 expression increases proportion of BCA stem-like
cells and enhances engraftment of BCA cells
To evaluate ROR2 function in BCA stem-like cells, we trans-

fected empty vector (EV) or vector encoding ROR2 into luminal
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type BCA cell-line MCF7 that lacked both ROR1 and ROR2

expression or TNBC cell-line MDA-MB-231 that only lacked

ROR2 expression (Figure S3A). Consistent with previous

study,29 ROR2-overexpressing MCF7 or MDA-MB-231 cells

had reduced expression of an epithelial marker (E-cadherin),

increased expression of mesenchymal markers (e.g., vimentin)

and an enhanced capacity to invade Matrigel, and were more

resistant to paclitaxel relative to EV-transfected MCF7, MDA-

MB-231 cells or parental cells (Figures 2A, 2B, and S3B). More-

over, we found that ectopic expression of ROR2 in MCF7 cells

could increase the proportion of CD44+/CD24Low stem-like cells

and enhance the number of spheroids formed (Figures 2C and

S3C). On the other hand, knocking out for ROR2 in luminal

type T47D BCA cells that ordinarily have high-level expression

of ROR2 but do not have ROR1 expression, increased expres-

sion of epithelial proteins (e.g., E-cadherin), decreased expres-

sion of mesenchymal markers (e.g., vimentin), reduced propor-

tion of CD44+/CD24Low cells and reduced capacity to invade

Matrigel or form spheroids, and made cells more sensitive to

paclitaxel (Figures 2A–2C, S3B, and S3C).

To assess the tumor-initiation potential, we performed ELDA

for T47D WT versus T47D ROR2-KO cells or MDA-MB-231 Vec-

tor versus ROR2-overexpressing cells. We found that injection of

1X106 ROR2+ luminal type T47D WT cells into the mammary fat

pads of NCG immune-deficient female mice was sufficient to

generate mammary tumors in all mice. However, injection of

this same number of T47D ROR2-KO cells generated mammary

tumors in less than half of the injectedmice (Figure 2D). Similarly,

500 ROR2neg TNBC MDA-MB-231 cells could engraft in one of

five NCG female mice while three of four mice formed tumors

post-implantation of the same number of ROR2-overexpressing

MDA-MB-231 cells (Figure 2D). Collectively, these data indicate

that expression of ROR2 may induce and/or maintain stem-like

features of BCA cells, in ROR1-independent manner.
Figure 1. BCA PDX cells with ROR2 expression have stem-like cell fea

(A) Lysates prepared from the fresh frozen breast tumor tissues of representative

by immunoblot analysis. b-Actin serves as loading control. ‘‘+’’ or ‘‘-’’ below the fi

the right provides the proportion of each BCA subtype found negative or positiv

ROR2-positive (ROR2+) while the light blue shading indicates the proportion of c

examined for each BCA subtype is indicated in the parentheses.

(B) Lysates from each of BCA PDXs were examined for ROR2 expression via im

(C–E) Cells from each PDX were stained with anti-ROR2, anti-CD44 and anti-CD

ROR2+ and ROR2Neg cells. The open boxes indicate the gates used to select ROR

fluorescence of anti-CD44 and anti-CD24 on gated ROR2+ or ROR2Neg PDX cells

(CD24Low) cells (n = 6 per PDX) in ROR2Neg versus ROR2+ BCA cells from each

p < 0.001, as determined by paired Student’s t test. (E) The histograms depict th

vimentin mAb (the open histograms) or an isotype-control mAb (the shaded histog

ratio (MFIR) for vimentin, which is derived from the mean fluorescence intensity (M

with control mAb. The right panel provides the MFIR value of vimentin for ROR2+ v

with PDXIII or PDXIV. * indicates p < 0.05, as determined by paired Student’s t t

(F) Photomicrographs of Matrigel-invading cells from ROR2+ or ROR2Neg cells isol

means ± SD of the numbers of invasive cells in three independent experiments.

(G) Photomicrographs of primary and secondary spheroids formed from ROR2+ o

Scale bar: 50 mm. The bar graph (right) depicts the average numbers of spheroids ±

Student’s t test.

(H) Tumor incidence in animals implanted with ROR2+ or ROR2Neg cells isolated fr

top of the columns, which provide the numbers of mice that developed tumor o

tumorigenic cells and probability estimates were computed using extreme limiting

Tables S1 and S2.
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ROR2 can form homooligomers to activate Rho-GTPase
and Hippo-YAP/TAZ signaling in response to Wnt5a
To examine whether ROR2 can form homooligomers to activate

noncanonical Wnt signaling to induce and/or maintain stem-like

cells properties in BCA, we transfected vector encoding HA-

tagged ROR2 or control protein toll-like receptor 5 (TLR5) alone,

or together with vector encoding Flag-tagged ROR2 into

HEK293T ROR2-KO cells, BCA cell-line MCF7 or MDA-MB-

231 that lack ROR2 (Figures 3A, S3A, and S4A–S4C). Immuno-

precipitation analysis using an anti-Flag antibody revealed that

ectopically expressed ROR2 could oligomerize; this oligomeriza-

tion of ROR2 could be enhanced by treatment with recombinant

Wnt5a for 30 min in both HEK293T cells and MCF7 cells

(Figures 3A and S4A). However, HA-tagged TLR5 could not

pull-down Flag-tagged ROR2 (Figure S4B).

Consistent with previous studies in BCA,35,38 treatment with

exogenous Wnt5a could induce activation of RhoA and enhance

expression of TAZ in ROR1-positive MDA-MB-231 cells

(Figures 3B and 3C). Moreover, expression of ROR2 in MDA-

MB-231 cells further enhanced RhoA activity and TAZ expres-

sion in response to Wnt5a stimulation (Figures 3B and 3C).

Notably, exogenous Wnt5a also could induce activation of

RhoA within 10 min in ROR1-negative MCF7 cells that over-ex-

pressedROR2 but not in EV-transfectedMCF-7 cells (Figure 3B).

Treatment with Wnt5a for 4 h further enhanced expression and

nuclear localization of TAZ in ROR2-overexpressing MCF7 cells

but not in EV-transfected MCF7 cells (Figures 3C and 3D).

Conversely, treatment of ROR2-positive T47D cells with Wnt5a

induced activation of noncanonical Wnt signaling (e.g., RhoA)

and increased expression and nuclear localization of TAZ

(Figures 3B–3D). In contrast to its effect on T47D cells, Wnt5a

no longer could induce activation of RhoA or increase expression

and nuclear localization of TAZ in T47D ROR2-KO cells

(Figures 3B–3D).
tures

patients, T47D and MDA-MB-231 cells were evaluated for expression of ROR2

rst row indicates negative or positive for ROR2, respectively. The bar graph on

e for ROR2. The orange shading represents the proportion of cases that were

ases that lack of ROR1 expression (ROR2Neg). The number of different cases

munoblot analysis. b-Actin serves as loading control.

24, anti-vimentin antibody, or an isotype-control mAb. (C) Strategy for gating

2Neg (left) or ROR2+ (right) cells. (D) The contour plot in the left panel depict the

; The right panel provides the proportion of CD44-positive (CD44+) CD24-low

of different mice engrafted with PDXIII (upper) or PDXIV (lower). *** indicates

e fluorescence of gated ROR2+ or ROR2Neg PDX cells when stained with anti-

rams). The number in each histogram provides the mean fluorescence intensity

FI) of cells labeled with the anti-vimentin mAb divided by MFI of cells labeled

ersus ROR2Neg BCA cells from each of different mice (n = 4 per PDX) engrafted
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ated from PDXIII and PDXIV. Scale bar, 50 mm. The bar graph (right) depicts the

** indicates p < 0.01, as determined by Student’s t test.

r ROR2Neg cells isolated from each of the PDX, as indicated on the left margin.

SD in three independent experiments. *** indicates p< 0.001, as determined by

om PDXIII and PDXIV. The numbers of injected tumor cells are indicated at the

ver the number of mice injected with indicated cell populations. Frequency of

dilution assay (ELDA) software. N.D indicates not done. Also see Figure S2 and



Figure 2. ROR2 expression increases proportion of BCA stem-like cells and enhances engraftment of BCA cells

(A) Immunoblot analysis for the indicated proteins using lysates prepared from T47D wild-type (WT) and ROR2 knockout (ROR2-KO) cells, or MCF7 and MDA-

MB231 cells transduced with empty vector (Vector) or vector encoding ROR2 (ROR2). The numbers below each row are the ratios of the band densities of each

protein relative to b-Actin, normalized with respect to that of the first control sample in each cell type.

(B) Representative photomicrographs depict the invasive cells from T47D WT versus ROR2-KO, and MCF7 vector versus ROR2 cells, and MDA-MB-231 vector

versus ROR2 cells as indicated on the top. Scale bar: 50 mm. The histograms to the right of photomicrographs depict the average numbers of invading cells from

T47D WT versus ROR2-KO, MCF7 vector versus ROR2 cells, and MDA-MB-231 vector versus ROR2 cells ±SD of one representative experiment of three in-

dependent experiments. ** indicates p < 0.01 and *** indicates p < 0.001, using Student’s t test.

(C) Representative photomicrographs depict the spheroids from T47DWT versus ROR2-KO, and MCF7 vector versus ROR2 cells as indicated on the top. Scale

bar: 50 mm. The histograms to the right of photomicrographs depict the average numbers of spheroids from T47DWT versus ROR2-KO, and MCF7 ector versus

ROR2 cells ±SD of one representative experiment of three independent experiments. ** indicates p < 0.01 and *** indicates p < 0.001, using Student’s t test.

(D) Table provides the numbers of mice that developed tumors (numerator) versus the numbers of mice (denominator) injected with varying numbers (as indicated

in the row below ‘‘cell number’’) of T47D WT or ROR2-KO cells (as indicated in the left column). Frequency of tumorigenic cells and probability estimates were

computed using ELDA software. Also see Figure S3.
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Structural domains of ROR2 required for
homooligomerization to activate ROR2
Tomap the domain which is required for ROR2 homooligomeriza-

tion, we generated serial deletion mutants of ROR2 that each

lacked one or more extracellular domains, or lacked the entire

intracellular (DC) or extracellular (DN) domains (Figure 4A). We

performed immunoprecipitation analysis in HEK293T ROR2-KO

cells and found that all of these truncated forms of ROR2 including
DCandDNcould still formhomooligomers (Figure 4B), suggesting

that the transmembrane domain (TMD) consisting of 21 amino

acids (aa) common to all truncated mutant proteins may be suffi-

cient to allow for ROR2 oligomerization. We replaced the TMD of

each ROR2 truncation with the 19 aa TMD of human CD25 which

was found expressing at the plasma membrane as a monomer39

(Figures 4C and S4D). Confocal microscopy analysis confirmed

that TMD-replaced D303 (D303-rTMD) ROR2 lacking both CRD
iScience 28, 111589, January 17, 2025 5



Figure 3. ROR2 can form homooligomers to activate Rho-GTPase and YAP/TAZ in response to Wnt5a

(A) MCF7 cells transfected with vector encoding Flag-tagged ROR2 (Flag-ROR2), and/or HA-tagged ROR2 (HA-ROR2) were cultured for 48 h and then were

starved with serum-free medium for 6 h, following by addition with (+) or without (�) 150 ng/mL recombinant Wnt5a protein for the indicated time periods. Protein

lysates prepared from each sample were immunoprecipitated (IP) with an anti-Flag antibody. The immune precipitates were evaluated by immunoblot analysis.

The numbers below the first immunoblot represent the ratios of the band densities for indicated lane relative to cells cultured with serum-free medium lacking

exogenous Wnt5a protein.

(B) The bar graphs depict RhoA activity in T47D WT and ROR2-KO cells, or MCF7 Vector and ROR2 cells, or MDA-MB-231 Vector or ROR2 cells that were

stimulated with recombinant Wnt5a at 150 ng/mL for 10 min, as determined by enzyme-linked immunosorbent assay (ELISA). Data represent the mean values of

triplicate wells ±SD of one representative experiment from three independent experiments. * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p <

0.001,using Student’s t test.

(C) Immunoblot analysis for TAZ and ROR2 proteins as indicated on the right using lysates prepared from T47DWT and ROR2-KO cells, MCF7 Vector and ROR2

cells, and MDA-MB-231 Vector and ROR2 cells which were treated with (+) or without (�) 150 ng/mL recombinant Wnt5a for 4 h. The numbers below each row

represent the ratios of the band densities for each protein relative to that of b-Actin, normalized with respect to that of the first control sample in each cell type.

(D) Representative confocal images of T47DWT and ROR2-KO cells, orMCF7 Vector andROR2 cells that were treatedwith or without 150 ng/mLWnt5a for 6 h as

indicated and then stained for YAP/TAZ and 40,6-diamidino-2-phenylindole (DAPI) as indicated. Scale bar: 10 mm. The histogram to the Right of the photomi-

crographs provides the relative average intensity of YAP/TAZ located within the nuclei of the cells in each field (n = 20, ±SD). *** indicates p < 0.001, using

Student’s t test. Also see Figure S4.
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Figure 4. Structural domains of ROR2 required for homooligomerization to activate ROR2

(A) Schematic depicts the structure of wild-type (WT) or truncated forms of ROR2.

(B) Protein lysates of HEK293T cells transduced with vector encoding WT or each of truncated forms of Flag-ROR2 and/or HA-ROR2 were immunoprecipitated

(IP) with anti-Flag antibody. The bound products or cell lysate input (input) was probed by immunoblot using either anti-Flag or anti-HA. GAPDH serves as loading

control.

(C) Schematic depicts the structure of WT or mutated ROR2. rTMD represents that transmembrane domain (TMD) of ROR2 is replaced with TMD of CD25.

(D-E) HEK293T cells transduced with vector encoding WT or each of mutants of Flag-ROR2 and/or HA-ROR2 were lysed for immunoprecipitation (IP) with anti-

Flag antibody, followed by immunoblot analyses with anti-Flag or anti-HA antibody. GAPDH serves as loading control.

(F) T47D ROR2-KO transduced with empty vector (Vector) or vector encoding WT or each of ROR2 mutants were stimulated with recombinant Wnt5a at 150 ng/

mL for 10 min. RhoA activation was measured by ELISA and data show the mean values of triplicate wells ±SD of one representative experiment from three

independent experiments. *** indicates p < 0.001, as assessed by Student’s t test.

(legend continued on next page)
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and Ig-like domain still retained on the cytoplamamembrane (Fig-

ure S4E). However, Immunoprecipitation analysis revealed that

this mutant failed to form homooligomers, while TMD-replaced

D145 (D145-rTMD)ROR2 lacking only the Ig-like domain still could

form homooligomers (Figure 4D), suggesting that CRD might also

contribute to ROR2 oligomerization. Therefore, we generated

truncated forms of ROR2 lacking the CRD domain with (DCRD-

rTMD) or without replacement of CD25 TMD (DCRD) (Figure 4C).

Indeed,DCRD-rTMDROR2 that located on the cytoplasmamem-

brane failed to oligomerize while DCRD ROR2 truncation form or

mutant that had TMD replaced with CD25 TMD (rTMD) on the cy-

toplama membrane still could oligomerize (Figures 4E and S4E).

However, the rTMDmutant did not display enhanced homooligo-

merization in response to Wnt5a stimulation, although the rTMD

but not DCRD ROR2 mutant had the capacity to bind to Wnt5a

(Figures S4F and S4G). Taken together, these findings suggest

that both CRD and TMD contribute to ROR2 oligomerization

and activation.

We also transduced T47D ROR2-KOBCA cells with vector en-

coding WT, DCRD, rTMD or DCRD-rTMD ROR2, respectively.

We noted that WT ROR2 expression could re-activate RhoA

and enhance TAZ expression in response to Wnt5a in T47D

ROR2-KO cells whereas DCRD-rTMD ROR2 mutant expression

failed to do so (Figures 4F and 4G). Interestingly, neither DCRD

nor rTMD ROR2 mutant expression was able to re-activate

RhoA or enhance TAZ expression in T47D ROR2-KO cells

upon treatment of exogenous Wnt5a (Figures 5F and 5G),

although these two mutants could form homooligomers. These

data imply that homooligomers formed by DCRD or rTMD

ROR2 might be functionally inactive.

Indeed, T47D ROR2-KO cells expressing WT ROR2 had

decreased expression of epithelial proteins (e.g., E-cadherin),

increased mesenchymal markers (e.g., vimentin) expression,

and an enhanced capacity to invade Matrigel and form spheroid

relative to the same cells transduced with EV (Figures 4H and 4I).

However, expression of DCRD, rTMD or DCRD-rTMD ROR2

mutant could not interfere with expression of EMTmarkers, inva-

sive or spheroid formation capacity in BCA cells (Figures 4H and

4I). Collectively, these data support a model that the ligands

(e.g., Wnt5a) of ROR2 may induce ROR2 to form activated ho-

mooligomers that activate noncanonical Wnt signaling (e.g.,

RhoA), leading to up-regulation of TAZ expression, induction of

EMT and BCA cell stemness; this process requires both CRD

and TMD of ROR2 (Figure 4J).
(G) T47D ROR2-KO cells expressing WT or mutated ROR2 (right) were stimulated

immunoblot analysis. GAPDH serves as loading control. The numbers below eac

GAPDH, normalized with respect to that of the first control sample.

(H) Immunoblot analysis for the indicated proteins using lysates prepared from T4

WT or each mutant of ROR2 as indicated on the top. The number below each l

GAPDH, normalized with respect to that of the first control sample.

(I) Representative photomicrographs of the invasive cells (top) or the spheroids

vectors encodingWT ormutants of ROR2 as indicated on the top. Scale bar: 50 mm

of invading cells or spheroids from each of samples ±SD of one representative

Dunnett’s multiple comparison test.

(J) A schematic model for ROR2 promoting EMT and cancer cell stemness. In the

inactive homooligomer via the TMD domain. In the presence of its ligand that is e

forms active homooligomer to activate noncanonical Wnt signaling (e.g., RhoA)

stemness. Of note, if TMD of ROR2 is replaced with TMD of CD25 (rTMD), ROR2
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An anti-ROR2 mAb can block Wnt5a-induced ROR2
homooligomerization, activation of Rho-GTPase and
YAP/TAZ, and reduce the capacity of BCAcells to invade
Matrigel or form spheroids
We generated 20 chimeric anti-ROR2 mAbs specific for the

extracellular portion of ROR2 as assessed via enzyme-linked

immunosorbent assay (ELISA) (Figure S5A). Four mAbs, desig-

nated as A12, B22, B30 and B16, that had high binding affinity

to ROR2 extracellular portion also could specifically react to sur-

face ROR2 on T47D WT cells but not T47D ROR2-KO cells

(Figures 5A and S5A). Treatment with B22, B30 or B16 at

50 mg/mL, respectively, significantly reduced the invasion ca-

pacity of T47D cells in vitro. However, A12 mAb that had a less

binding affinity to the ROR2-ECD than did B16 had no effect

on cell invasion (Figures 5B and S5A). As it appears that B16 in-

hibited invasion capacity of T47D the most among these mAbs

(Figure 5B), we selected it for further analyses.

Similarly, B16 also inhibited the invasion capacity of ROR2-

overexpressing MDA-MB-231 (Figure 5C). More interestingly,

we found that that B16 could block the interaction of ROR2

and Wnt5a in HEK293T ROR2-KO cells that co-transfected

with Flag-tagged ROR2 and HA-tagged Wnt5a, as assessed

via immunoprecipitation analysis (Figure 5D). To examine the ef-

fect of B16 on ROR2 homooligomerization and avoid the cross-

linking of Flag-tagged ROR2 with HA-tagged ROR2 by B16

whole antibody in immunoprecipitation assay, we generated

B16 single-chain variable fragment (scFv). Similar to the whole

antibody, B16 scFv reacted with T47D WT cells but not with

ROR2-KO cells (Figure S5B). B16 scFv was also able to inhibit

the capacity of T47D cells to invade Matrigel (Figure S5C). B16

scFv could inhibit exogenous Wnt5a-induced homooligomeriza-

tion of ROR2, as assessed via immunoprecipitation analysis (Fig-

ure 5E). As such, we observed that treatment with B16 inhibited

Wnt5a-induced activation of RhoA and up-regulation of TAZ, up-

regulated expression of epithelial cell markers (e.g., E-cadherin)

and downregulated expression of mesenchymal cell markers

(e.g., vimentin) (Figures 5F–5H), and the capacity of ROR2+

BCA cells to form primary and secondary spheroids (Figure 5I).

The anti-ROR2 mAb inhibits re-engraftment of BCA
PDXs
To examine the activity of the anti-ROR2 mAb B16 in vivo, we

treated mice engrafted with either PDXIII or PDXIV with intrave-

nous infusions of B16 or control antibody at 10 mg/kg twice a
with 150 ng/mL recombinant Wnt5a for 4 h. TAZ expression was evaluated via

h lane represent the ratio of the band density for each protein relative to that of

7D ROR2-KO cells transduced with empty vector (Vector) or vector encoding

ane represent the ratio of the band density for each protein relative to that of

(bottom) from T47D ROR2-KO cells transduced with empty vector (Vector) or

. The histograms to the right of photomicrographs depict the average numbers

experiment of three independent experiments. *** indicates p < 0.001, using

absence of ROR2 ligand (e.g., Wnt5a), ROR2 is present as monomer or forming

xpressed by tumor cells or tumor microenvironment (e.g., stromal cells), ROR2

to up-regulate TAZ expression, resulting in induction of EMT and cancer cell

may form inactive homooligomers. Also see Figure S4.



Figure 5. An anti-ROR2mAb can blockWnt5a-induced ROR2 homooligomerization, activation of Rho-GTPase, reverse EMT, and reduce the

capacity of BCA cells to invade Matrigel or form spheroids

(A) Histograms depict the fluorescence of T47DWT or ROR2-KO cells stained with A12, B22, B30 or B16 (open histograms), or isotype-control mAb of irrelevant

specificity (shaded histograms), respectively.

(B) Representative photomicrographs of invading T47D ROR2-KO orWT cells that were treated with control IgG or indicated anti-ROR2mAbs at 50 mg/mL. Scale

bar: 50 mm. The bar graph to the right indicates the average numbers of invading cells from each of samples ±SD of one representative experiment of three

independent experiments. * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001, using Dunnett’s multiple comparison test.

(legend continued on next page)
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week and found that B16 significantly suppressed the develop-

ment and growth of both PDXIII or PDXIV tumors (Figures 6A

andS6A).We further examined the transcriptomes of BCAPDXIII

and PDXIV excised from control-IgG-treated mice (n = 4) and

B16-treated mice (n = 4), respectively, and performed GSE anal-

ysis on the RNA-seq data (GEO: GSE191159). We found that tu-

mor cells isolated from BCA PDXs of B16-treated mice ex-

pressed significantly lower levels of genes associated with

b-catenin dependent canonical Wnt (Wnt/b-catenin) signaling,

non-canonical Wnt signaling, AVB3 integrin, focal adhesion,

TGF-b, Hedgehog, AP-1, Rho-GTPase, Notch, JNKMAPK path-

ways compared with the PDX cells from control-IgG-treated

mice (Figure 6B). Notably, expression level of genes associated

with the activation of Rho-GTPase or EMT and genes over-ex-

pressed by CD44+/CD24Low CSC or MS-forming cells were

also significantly lower on PDX cells isolated from B16-treated

mice than that on the PDX cells from control mice. Consistently,

the PDXs of B16-treated mice had reduced RhoA activity and

TAZ expression, decreased mesenchymal (e.g., vimentin), and

increased epithelial (e.g., E-cadherin) expression by immunoblot

analyses, together with reduced proportions of ROR2+ and

CD44+/CD24Low cells by flow cytometry analysis when

compared with matched PDXs excised from control-treated

mice (Figures 6C–6F). Given the substantial reduction in tumor

volume following B16 treatment, we assessed tumor cell prolifer-

ation and apoptosis in PDXs tissues using Ki67 staining and cas-

pase 3 cleavage assay, respectively. We found that B16 treat-

ment did not significantly alter tumor cells proliferation

whereas it did induce caspase 3 cleavage (Figures S6B and

S6C), indicating that B16 may impair tumor cell survival.

Finally, we examined PDX cells from control-treated and B16-

treated mice for their capacity to form secondary PDXs in im-

mune-deficient mice. PDX cells isolated from B16-treated mice

were significantly less effective in forming secondary PDXs

than tumor cells of the same PDXs isolated from mice treated

with IgG (Figure 6G). The frequency of tumorigenic cells in the

PDXs from B16-treated mice was less than one-tenth that of
(C) Representative photomicrographs of invading MDA-MB-231-ROR2 cells that

The bar graph to the right indicates the average numbers of invading cells from

experiments. ** indicates p < 0.01 using Student’s t test.

(D) HEK293T ROR2-KO cells transfected with vector encoding Flag-ROR2, and/o

40 mg/mL for 6 h. Protein lysates prepared from each sample were immunoprec

immunoblot analysis. The numbers below the first immunoblot represent the rati

(E) HEK293T ROR2-KO cells transfected with vector encoding Flag-ROR2, and/o

with serum-free medium supplemented with or without B16 single-chain variable

150 ng/mL recombinant Wnt5a protein for 30 min. Protein lysates prepared from

precipitates were evaluated by immunoblot analysis. The numbers below the first

to third lane.

(F–G) T47D or MDA-MB-231 ROR2 cells were treated with B16 or control IgG at 50

10 min (F) or 4 h (G). RhoA activation (F) or TAZ expression (G) from each of sampl

the mean values of triplicate wells ±SD of one representative experiment from thr

test. The number below each lane in (G) represents the ratio of the band densities f

first control sample.

(H) Lysates prepared from T47D or MDA-MB-231 ROR2 cells that were treated

protein expression via immunoblot analysis. The number below each lane repres

normalized with respect to that of control IgG-treated sample.

(I) Representative photomicrographs depict the primary and secondary spheroid

bar: 50 mm. The histograms to the right of photomicrographs depict the average n

three independent experiments. * indicates p < 0.05 and *** indicates p < 0.001
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control-treated mice (Figure 6G). Collectively, these data indi-

cate that treatment with B16 can inhibit the capacity of ROR2+

BCA to generate secondary tumors, an important facet of CSCs.

DISCUSSION

The central properties of CSCs with respect to their capacity of

tumor initiation and plasticity clearly place them at the center

for developing resistance to conventional anti-cancer ther-

apy.7,40 Thus, targeting CSCs should consider the mechanisms

and factors leading to CSC conversion and/or maintanance.

Here, we demonstrate that ectopic expression of ROR2 can

generate CD44+CD24Low BCA stem-like cells, increase the ca-

pacity of BCA cells to form spheroids and engraft immune-defi-

cient mice. Conversely, knocking out for ROR2 in ROR2+ BCA

cells induces the loss of BCA stem-like cell properties, as evi-

denced by reduction of number of CD44+CD24Low stem-like

cells, reduced capacity of BCA cells to form spheroids and

engraft immune-deficient mice, suggesting that ROR2 expres-

sion may activate stem-like cell signaling to convert non-CSCs

to CSCs and/or maintain BCA stem-like cell properties. As

such, we observed that enhanced expression of ROR2 in resid-

ual tumor cells surviving chemotherapy activates CSCs

signaling, making BCA cells more resistant to chemotherapy

relative to BCA cells lacking of ROR2 expression, which is

consistent with a prior study showing an elevatedWnt5a expres-

sion and its activated signaling post-chemotherapeutic treat-

ment for BCA.41

Prior studies found that ROR2 can form heterooligomers with

its homologous ROR1 to modulate synapse formation in hippo-

campal neurons.42 Here, we find that high ROR2 is expressed in

high proportion of each BCA subtype, which is distinctive from

ROR1 that is more prevalent in TNBC (57%) relative to luminal

subtype (12%) or HER2+ tumors (0%), as reported previously.43

Moreover, expression of ROR2 can enhance the capacity of

ROR1-negative BCA cells44 to form spheroids and engraft im-

mune-deficient mice. These data are consistent with our recent
were treated with control IgG or B16 antibody at 50 mg/mL. Scale bar: 50 mm.

each of samples ±SD of one representative experiment of three independent

r HA-Wnt5a were cultured for 42 h and then were treated with or without B16 at

ipitated (IP) with anti-Flag beads. The immune precipitates were evaluated by

os of the band densities for indicated lane relative to third lane.

r HA-ROR2 were cultured in medium with serum for 48 h and then were starved

fragment (scFv) at 40 mg/mL for 6 h, followed by addition with (+) or without (�)

each sample were immunoprecipitated (IP) with anti-Flag beads. The immune

immunoblot represent the ratios of the band densities for indicated lane relative

mg/mL for 24 h and were stimulated with recombinant Wnt5a at 150 ng/mL for

es was evaluated by ELISA or immunoblot analysis. The bar graphs in (F) show

ee independent experiments. * indicates p < 0.05, as assessed via Student’s t

or each protein relative to that of GAPDH, normalized with respect to that of the

with 50 mg/mL IgG or B16 for 24 h, respectively, were examined for indicated

ents the ratio of the band densities for each protein relative to that of GAPDH,

from T47D cells treated with B16 or control IgG at 50 mg/mL for 10 days. Scale

umbers of spheroids from T47D cells ±SD of one representative experiment of

using Student’s t test. Also see Figure S5.



Figure 6. The anti-ROR2 mAb inhibits re-engraftment of BCA PDXs

(A–F) 1X106 single cell suspension of PDXIII and PDXIV were injected into the secondmammary fat pads of female NCGmice. 10mg/kg control IgG or anti-ROR2

mAb B16 were administered via intravenous injection twice a week and tumor growth was monitored. (A) The line graph depicts the mean tumor volume of BCA

PDXIII and PDXIV over time from B16-treated animals or control-treated animals ±SD (n = 6). * indicates p < 0.05 and ** indicates p < 0.01, using Student’s t test.

(B) Bubble plot of each of significantly activated signaling pathways or gene signatures in PDXIII and PDXIV tumor cells from control-treated mice versus B16-

treated mice as assessed via RNA sequencing (RNA-seq) (GSE191159). Numbers on the right of color bar denote the false discovery rate (FDR) q value of an

enriched gene set in control samples relative to B16-treated samples and numbers on the right of black bubbles indicates the number of genes in each gene set.

(C) The bar graphs depict themean RhoA activity ±SD in PDXIII and PDXIV isolated from control-treatedmice versus B16-treatedmice, as determined by ELISA. *

indicates p < 0.05, using Student’s t test.

(legend continued on next page)
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analysis at RNA level in I-SPY 2 BCA study showing that high

ROR2 or high ROR1 distinctly identify subsets of BCA patients

with adverse outcome,45 implying ROR2 might activate down-

stream signaling in ROR1 independent manner in BCA.

Indeed, we find that Wnt5a can induce ROR2 homooligomeri-

zation to activate Rho-GTPase and Hippo-YAP/TAZ, indepen-

dent of ROR1. Two models have been proposed for ligand-

induced receptor triggering the induction of downstream

signaling from monovalent ligand-binding receptors. In some

cases, ligand binding can induce the formation of homotypic or

heterotypic dimers or multimeric complexes, either directly,

because the ligand itself is multimeric, or indirectly by inducing

a conformational change in the receptor that reveals an intrinsic

interaction motif.46–48 Alternatively, monovalent receptors may

exist in a preformed oligomer form and ligand binding induces

a conformational change that is transduced through the

TMD.49,50 It appears that ROR2 pre-assembles into homotypic

oligomers in the absence of its ligands, given that DCRD ROR2

mutant that lacks the ligand-binding domain remained as homo-

oligomers. Moreover, despite having the capacity of binding to

Wnt5a, expression of rTMDROR2 that retained in homooligomer

form also failed to activate ROR2-dependent signaling. These

observations argue that oligomer conformation change might

be necessary for ROR2 signaling in BCA, which could be sup-

ported by recent crystal structure analysis showing the presence

of the inactive conformation for pseudokinase domain of

ROR2.51 Nevertherless, we could not exclude the possibility

that replacing the ROR2 TMD with monomeric CD25 TMDmight

disrupt interaction of ROR2 with other proteins, potentially inter-

fering with ROR2 activation.

Wnt factors (e.g.,Wnt5a)might be able to induce conformation

changes of ROR2 homooligomers to activate ROR2-dependent

signaling. Consequently, BCA cells expressing Wnt5a52,53 or

treated with exogenous Wnt5a, in presence of WT ROR2 can

activate Rho-GTPase, Hippo-YAP/TAZ, increase proportion of

CD44+CD24Low breast CSCs and enhance the capacity of BCA

cells for tumor initiation. However, despite retaining in homoo-

ligomer form, expression of DCRD ROR2 mutant that is unable

to response to Wnt factors failed to do so. These data indicate

that activated ROR2 homooligomers are required to activate

ROR2-dependent signaling, maintain or induce BCA stem-like

and/or mesenchymal phenotype. Consistent with this notion, a

previous study found that ROR2 homooligomers in response to

Wnt5a causes receptor autophosphorylation and induces func-

tional consequences during osteogenesis.20

In any case, ROR2 expression in BCA cells can form acti-

vated homooligomers to activate Rho-GTPase in response
(D) Immunoblot analysis for proteins as indicated on the right using lysates from

treatment. The numbers below each row represent the ratios of the band densitie

treated each PDX.

(E) The histograms on the left depict the fluorescence of PDX tumor cells stained

(shaded histograms), respectively.

(F) The contour plots depict the fluorescence of PDX tumor cells stained with anit-

proportion of ROR2+ (E) or CD44+/CD24Low cells (F) in each tumor population ±S

(G) Tumor incidence in animals implanted with cells fromPDXIII or PDXIV (as indica

B16 (as indicated in the second column). The numbers of injected tumor cells ar

developed tumor over the number of mice injected with indicated cell populat

computed using ELDA software. Also see Figure S6.
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to Wnt5a, leading to activation of Hippo-YAP/TAZ, which is

consistent with previous report.54 YAP, in turn, may upregu-

late Wnt5a and integrin alpha v which can induce TGF-b

signaling.55 Thus the noncanonical Wnt, TGF-b and Hippo-

YAP/TAZ signaling cascades interact with each other to pro-

mote EMT to drive the mesenchymal CSCs signaling network.

Consistent with this notion, we find that the anti-ROR2 mAb

B16 may block the binding of ROR2 to Wnt5a, resulting in in-

hibition of Wnt5a-induced ROR2 homooligomerization, sup-

pression of RhoA and TAZ activity in ROR2+ BCA. Moreover,

BCA PDX tumors isolated from mice treated with this mAb

have reduced level of expression of genes associated with

Wnt/b-catenin signaling, noncanonical Wnt, TGF-b signaling,

EMT, CD44+CD24Low CSCs or MS-forming cells relative to

the same tumors isolated from control-treated mice. There-

fore, such mAb is able to reverse EMT, and inhibit the capac-

ity of BCA cells to form spheroids, invade Matrigel, or engraft

immune-deficient mice. Furthermore, treatment of primary

breast PDX tumor cells with B16 impaired the capacity of tu-

mor xenografts to re-engraft a virgin mouse. These studies

demonstrate that the treatment with this anti-ROR2 mAb

could inhibit CSCs signaling, impair EMT, the maintenance

and/or the self-renewal capacity of CSCs, which otherwise

may be resistant to conventional anti-cancer therapy and

responsible for relapse after conventional anti-cancer

treatment.5,31,32

Overall, our findings provide a rationale for the clinical evalua-

tion of anti-ROR2 relevant treatment for patients with ROR2+

BCA or other ROR2-expressing cancers. We speculate that

B16 or other agents that can inhibit ROR2 signalingmay enhance

the survival of patients with ROR2-expressing BCA.
Limitations of the study
In response to ligand stimulation, ROR2 may undergo a confor-

mational change to activate downstream signaling, which needs

to be further demonstrated by protein structure analysis. More-

over, aside from preventing the receptor binding to the ligand,

the anti-ROR2 antibody B16 may reduce the expression of

ROR2 in BCA cells. The mechanism underlying this effect has

not been investigated in this study.
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Materials availability

All biological materials used in this study are available from the lead contact

upon request or from commercial sources.

Data and code availability

d RNA-seq data have been deposited at NCBI GEO and are publicly avail-

able as of the date of publication. Accession number is listed in the key

resources table. This paper analyzes existing, publicly available data.

These accession website for the datasets are listed in the key resources

table. Original western blot images andmicroscopy data reported in this

paper will be shared by the lead contact upon request.

d The paper does not involve the development of custom computer code

and therefore does not report any original code. All softwares used in

this study are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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32. Guen, V.J., Chavarria, T.E., Kröger, C., Ye, X., Weinberg, R.A., and Lees,

J.A. (2017). EMT programs promote basal mammary stem cell and tu-

mor-initiating cell stemness by inducing primary ciliogenesis and Hedge-

hog signaling. Proc. Natl. Acad. Sci. USA 114, E10532–E10539. https://

doi.org/10.1073/pnas.1711534114.

33. Thankamony, A.P., Saxena, K., Murali, R., Jolly, M.K., and Nair, R. (2020).

Cancer Stem Cell Plasticity - A Deadly Deal. Front. Mol. Biosci. 7, 79.

https://doi.org/10.3389/fmolb.2020.00079.

34. Liberzon, A., Birger, C., Thorvaldsdóttir, H., Ghandi, M., Mesirov, J.P., and
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beta Actin Monoclonal Antibody (2D4H5) Proteintech 66009-1-Ig; RRID: AB_2687938

GAPDH Monoclonal Antibody (1E6D9) Proteintech 60004-1-Ig; RRID: AB_2107436

Fluorescein-conjugated anti-CD44 BD Biosciences 347943; RRID: AB_400360

PE-CyTM7 Mouse Anti-Human CD24 BD Biosciences 561646; RRID: AB_10892826

PE Mouse Anti-Human EpCAM BD Biosciences 347198; RRID: AB_400262

Alexa-647-conjugated anti-ROR2 R&D systems FAB20641R; RRID: AB_3647738

Bacterial and virus strains

Stbl3 Chemically Competent Cell TransGen Biotech CD521-01

Biological samples

Formalin-fixed paraffin-embedded

(FFPE) breast tumor tissues

Sun Yat-sen University

Cancer Center

N/A

Fresh frozen breast tumor tissues Sun Yat-sen University

Cancer Center

N/A

Chemicals, peptides, and recombinant proteins

Mouse-human chimeric monoclonal

Anti- ROR2 (A12)

This manuscript N/A

Mouse-human chimeric monoclonal

Anti- ROR2 (B22)

This manuscript N/A

Mouse-human chimeric monoclonal

Anti- ROR2 (B30)

This manuscript N/A

Mouse-human chimeric monoclonal

Anti- ROR2 (B16)

This manuscript N/A

B16 Single-Chain Fragment Variable (ScFv) This manuscript N/A

Critical commercial assays

Q5� Site-Directed Mutagenesis Kit New England Biolabs E0554

pEASY�-Uni Seamless Cloning and Assembly Kit TransGen CU101

G-LISA RhoA Activation Assay Biochem KitTM Cytoskeleton BK124

Deposited data

RNA-seq This manuscript NCBI GEO: GSE191159

The Cancer Genome Atlas (TCGA) breast

invasive carcinoma (BRCA) gene

expression by RNAseq

UCSC Xena https://xenabrowser.net/datapages/

?dataset=TCGA.BRCA.sampleMap%

2FHiSeqV2&host=https%3A%2F%

2Ftcga.xenahubs.net&removeHub=

https%3A%2F%2Fxena.treehouse.

gi.ucsc.edu%3A443

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

GSE21974 PubMed Gene Expression

Omnibus dataset

https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE21974

GSE87455 PubMed Gene Expression

Omnibus dataset

https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE87455

Experimental models: Cell lines

HEK293T ATCC CRL-3216

T47D ATCC HTB-133

MCF7 ATCC HTB-22

MDA-MB-231 ATCC HTB-26

HEK293F Invitrogen R79007

Experimental models: Organisms/strains

Mouse: NOD-Prkdcem26Cd52

Il2rgem26Cd22 /NjuCrl (NCG) mice

Gempharmatech Co., Ltd N/A

Oligonucleotides

Primers for ROR2 mutation This manuscript See Table S3

Sequence of sgRNA targeting ROR2:

TGCTGTGCATCCCGGCCGTC

This manuscript N/A

Recombinant DNA

Human ROR2 ORF plasmids Origene RC215640

Lentivirus vector pCDH-EF1-MCS-IRES-Puro System Biosciences CD532A-2

Software and algorithms

GraphPad Prism 8.0 GraphPad Software www.graphpad.com

ImageJ National Institutes of Health ImageJ.nih.gov/ij

ELDA software https://bioinf.wehi.edu.au/software/elda/ N/A

GSEA software https://www.gsea-msigdb.org/gsea/index.jsp N/A

STAR aligner (v2.5.2b) http://code.google.com/p/rna-star/ N/A

RSEM (v1.3.0) http://deweylab.biostat.wisc.edu/rsem N/A

DEseq2 http://www.bioconductor.org/packages/

release/bioc/html/DESeq2.html

N/A

ZEN imaging software, blue edition, version 3.1 Zeiss N/A

FlowJo_v10.6.2 https://www.flowjo.com/solutions/flowjo/

downloads/previous-versions/

N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples
Fresh breast tumor tissueswere obtained frombiopsymaterial of female patients (n = 67) newly diagnosedwith breast invasive ductal

carcinoma at Sun Yat-sen University Cancer Center, China. All of these patients were Asian, aged from 29-76 years old. Clinicpatho-

logic features data were collected from the electronicmedical records and pathology reports. Refer to Tables S1 andS2 for additional

details on age and clinical information. Each of patients providedwritten informed consent on a protocol approved by the Institutional

Review Board of Sun Yat-sen University Cancer Center, China, in accordance with the Declaration of Helsinki.

The molecular subtypes were determined by pretreatment core biopsies. Estrogen receptor (ER) and progesterone receptor (PR)

status were considered positive if at least 25% of tumor cells showed ER and PR expression. Low ER-positive tumors (1% %

ER < 25%) were considered negative because of their clinical behavior like ER-negative tumors. HER2 overexpression (HER2+)

was considered positive if tumor staining showed a 3+ pattern. If tumor staining was equivocal (2+ pattern), FISH was further

used to confirm HER2 amplification. Luminal A subtype was defined as being ER/PRvpositive, HER2 negative, and Ki67 low

(<20% cells positive) and luminal B subtype as being ER/PR positive and Ki67 high (R20% cells positive). Triple negative subype

was defined as being negative for ER, PR and HER2, as assessed via immunohistochemistry staining.

Animals
Six-to-eight-week-old female NOD-Prkdcem26Cd52 Il2rgem26Cd22 /NjuCrl (NCG) mice were purchased from Gempharmatech Co., Ltd

and were used to generate BCA PDX. The mice were housed in laminar-flow cabinets under specific pathogen-free conditions and
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their care was in accordance with the guidelines of Animal Care and use of Committee of Shenzhen University Medical School. This

committee also approved all animal experiments. The experimental procedures adhered to the guidelines outlined in the National

Institutes of Health Guide for the Care and Use of Laboratory Animals. The PDXmodels were established using mechanically minced

fresh BCA specimens. Early passage (P1-P5) of primary tumor tissues from these PDX models were dissociated enzymatically/me-

chanically using GentleMACS Dissociator (Miltenyi Biotec), in accordance to the manufacturer’s protocol. Dead cells and erythro-

cytes were removed via density gradient centrifugation using Percoll Plus (GE Healthcare Life Sciences, CC-17-5442-01) following

the manufacture’s protocol.

Cell culture
The breast cancer cell linesMCF7, T47D, MDA-MB-231 (all of female origin), and the human embryonic kidney (HEK) 293T cells were

originally obtained from the American Type Culture Collection (ATCC, Manassas, VA) in 2017. These cells were maintained in DMEM

(HyClone) plus 10% fetal bovine serum (FBS) (HyClone) and penicillin/streptomycin at 37�C in a humidified incubator of 5% CO2.

Human embryonic kidney HEK293F were obtained from Invitrogen and were cultured in FreeStyle protein-free medium (Invitrogen)

in a 37�C orbital shaker containing a humidified atmosphere of 8% CO2. The identity of each cell-line was characterized by DNA-

fingerprinting and isozyme detection. The cells were passaged no more than 18 times before a low-passage batch was thawed.

We added puromycin (1 mg/ml) to T47D ROR2-KO cells transduced with lentivirus empty vector or vector encoding WT ROR2 or

mutated ROR2 for stable transfectants selection. Mycoplasma testing of cell cultures was carried out routinely using a MycoAlert

Mycoplasma Detection Kit (Lonza).

METHOD DETAILS

Animal study
Various numbers of FACS-purified cells or cultured cell-lines were suspended in Mammary-Epithelial Growth Medium (MEGM),

mixed with Matrigel (Corning, 354248) at a 1:1 ratio, and then injected into the second mammary fat pads of 6- to 8-week-old female

NCG mice. Tumor formation was monitored weekly. To study the therapeutic effect of anti-ROR2 mAb on BCA, 1x106 single cells

isolated from PDXIII or PDXIV mixed with Matrigel (Corning, 354248) at a 1:1 ratio were injected into the second mammary pads

of 4- to 6-week-old female NCG mice. 10 mg/kg control human IgG or anti-ROR2 mAb B16 were administered via intravenous in-

jection twice a week. Tumor growth was monitored using a vernier caliper 2-3 times per week and the tumor volume was determined

using the formula volume (v) = (length)3 (width)23 0.5.We isolated tumor cells of PDXIII or PDXIV frommice to examine the BCA cells

for indicated protein expression or global gene expression at 7 to 9 weeks after treatment with anti-ROR2 mAb B16. We also re-in-

jected these tumor cells into the second mammary fat pad of NCG female mice and monitored for 6- or 8-weeks after implantation of

tumor cells for tumor engraftment using an extreme limiting dilution assay.

RNA-sequencing and data analysis
Total RNAwas prepared from tumor cells isolated fromPDXs using the Trizol RNA-extraction protocol with subsequent purification of

RNA using RNeasy columns (Qiagen kit). Total RNA was assessed for quality using an Agilent Tapestation. Samples had RNA Integ-

rity Numbers (RIN) ranging from 9.2 to 9.9. RNA libraries were generated from 1 mg of RNA using Illumina’s TruSeq Stranded mRNA

Sample Prep Kit, following themanufacturer’s instructions, modifying the shear time to 5minutes. RNA libraries weremultiplexed and

sequenced with 50 base pair (bp) pair end reads (SR50) to a depth of approximately 40 million reads per sample on an Illumina

HiSeq6000.

We applied standard RNA-seq analytical pipeline to the sixteen samples. Briefly, adapters were removed, and reads were trimmed

of bases with low quality scores in late sequencing cycles using Cutadapt, which removes adapter sequences from high-throughput

sequencing reads.56 We thenmapped the reads to human genome build 38, using the STAR aligner (v2.5.2b).57 RSEM (v1.3.0)58 was

used to obtain the raw gene counts from the read alignments and Ensemble gene models (v83). We used package DEseq259 to

normalize the read count data and assess for differential expression. The data were deposited in a GEO database (GSE191159).

Gene set enrichment analyses
We used the GSEA software60 for gene-set-enrichment analyses (GSEA) on PubMed Gene Expression Omnibus dataset GSE21974

and Breast Invasive Carcinoma in The Cancer Genome Atlas (TCGA) dataset that were retrieved through UCSC Xena (https://

xenabrowser.net/datapages/). Of these cases, tumors with a ROR2 expression value above the median value were designated as

ROR2High, whereas tumors with ROR2 expression value below the median value were designated as ROR2Low. We also performed

GSEA on RNA-Seq data (GSE191159) generated from PDXIII and PDXIV isolated from mice treated with B16 or control human IgG

(IgG). Each gene set was considered significant when the false discovery rate (FDR) was less than 25%. For each gene set tested, we

determined the gene-set size (SIZE), the enrichment score (ES), the normalized ES (NES), the nominal p value (NOM p-val), and the

FDR q value (FDR q-val). The FDR q value was adjusted for gene set size and multiple hypothesis testing.
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Plasmids
Human ROR2 (WT) was amplified from ROR2 (NM_004560) human tagged ORF clone (Origene,CAT#: RC215640) and subclone into

lentivirus vector CD532A (System Biosciences) by pEASY�-Uni Seamless Cloning and Assembly Kit (TransGen, CU101) according

to the manufacturer’s instructions. Mutated forms of ROR2 were generated with designed primers (Table S3) by Q5� Site-Directed

Mutagenesis Kit (NEB, E0554) according to themanufacturer’s instructions. Lentivirus vector encoding GFP and luciferase were pur-

chased from System Biosciences (BLIV101PA). All sequences were verified by DNA sequencing.

CRISPR/Cas9 genome editing
SpCas9 and chimeric guide RNA expression plasmid lenti-CRISPR v2 vector (Addgene) were used to generate stable ROR2

knockout cell-lines. CRISPR targeting sequence (TGCTGTGCATCCCGGCCGTC) of ROR2 was designed with CRISPR Design

tool (http://crispr.mit.edu/). T47D or HEK293T cells transfected with ROR2 CRISPR plasmids were stained for ROR2 using Alexa

Fluor 647-conjugated anti-ROR2 (FAB20641R, R&D systems) and the ROR2-negative cells isolated and placed into culture. This pro-

cess was repeated 3 successive times to isolate a population of ROR2 knock-out cells.

Immunoblot analysis
Cells were lysed in RIPA (Applygen) containing a broad-spectrumHalt Protease and Phosphatase Inhibitor Cocktail (Pierce) for 30mi-

nutes on ice. The protein concentration was determined using a bicinchoninic acid protein assay (Thermo Fisher Scientific). Equal

amounts of proteins from each of sample in RIPA were resolved by SDS-PAGE, respectively, and transferred to PVDF membranes.

Then, the membranes were blocked in 5% non-fat milk, probed with primary antibodies specific for ROR2 (sc-374174, Santa Cruz),

E-cadherin (3195S, Cell signaling), Vimentin (#550513, BD Biosciences), YAP/TAZ (8418S, Cell signaling), b-Actin (#66009-1-Ig, Pro-

teintech), ROR1 (AF2000, R&D system), Caspase-3 (9662S, Cell singnaling), Cleaved caspase-3 (9661S, cell signaling) GAPDH

(#6004-1-Ig, Proteintech), and then incubated with HRP-conjugated secondary antibodies (Cell Signaling). Finally, the membranes

were detected with ECL reagent (Millipore) and protein bands were visualized using a Tanon-5200 Automatic Chemiluminescence

Imaging Analysis System (Tanon, China).

Immunohistochemical staining
Optimal cutting temperature compound embedded fresh frozen PDX tissue sections were fixed in methonal for 20minutes , and then

were heated in 0.01 M sodium citrate buffer (pH 6.0, Solarbio, Cat#C1032) at 95�C for 15 minutes. Endogenous peroxidase activity

was blocked with 3% peroxidase (ZSGB-BIO, China). The sections were blocked with 5% goat serum and then incubated with anti-

Ki67 (MA5-14520, Invitrogen, 1:1000) at 4�Covernight before incubationwith secondary antibodies (ZSGB-BIO, China) for 1 hour and

development with 3.30-diaminobenzidine. Hematoxylin was used to counter-stain the nuclei.

Confocal immunofluoresence analysis
Cells were cultured on glass bottom confocal dishes and then were treated without or with 150ng/mL Wnt5a for 6 hours. After

washing, cells were fixed with 4% paraformaldehyde, and then permeabilized with 0.1% Trion X-100 in PBS. After washing the cells

with PBS, they were blocked with 1%BSA in PBS for 30 minutes. Cells were stained with or without rabbit anti-YAP/TAZ (#8418, Cell

Signaling Technology), or mouse anti-Flag (F3165, Sigma) and subsequently incubated with Alexa Fluor 594-conjugated anti-rabbit

or Alexa Fluor 647-conjugated anti-mouse secondary antibodies 1.5 hours in the dark at room temperature. 40,6-diamidino-2-phenyl-

indole (DAPI) was used to counter-stain the nuclei before the cells were visualized under Zeiss LSM 880 Confocal Microscope.

Flow cytometry analysis
Cells were treated with Fc-blocking (Miltenyi Biotec), and then stained with Fluorescein-conjugated anti-CD44 (#347943, BD Biosci-

ences), phycoerythrin (PE)-CyTM7-conjugated anti-CD24 (#561646, BDBiosciences), PE-conjugated anti-EpCAM (#347198, BDBio-

sciences), Alexa-647-conjugated anti-ROR2 (FAB20641R, R&D systems) or anti-ROR2 mAbs generated in house. Data were

acquired using a FACS-Calibur or FACS-Aria (Becton Dickinson) and were analyzed using the FlowJo software (version 10.7.1). For-

ward light scatter (FSC) and side-light scatter (SSC) gating was used to exclude cell debris. Furthermore, we excluded cells that

stained with propidium iodide (PI, Sigma) and gated on cells that stained with Calcein Violet (Life Technology) for viable cell analysis.

RhoA activation assay
RhoA activation was examined by G-LISA RhoA Activation Assay Biochem KitTM (Cytoskeleton, BK124) according to the manufac-

turer’s instructions. Briefly, active GTP-bound Rho in cell/tissue lysate bound to Rho GTP-binding protein linked well in 96-well plate

while inactive GDP-bound Rho was removed after washing. The bound active RhoA was detected using a RhoA specific antibody.

The relative degree of RhoA activation was determined by comparing OD490 value of experimental group with control group.

Cell invasion assay
5x104 cells that were suspended in DMEMmedium containing 0.2% FBS with or without anti-ROR2 mAb or control IgG mAb (50 mg/

ml) were plated in growth factor reducedMatrigel-coated invasion chambers (8-mmpore size, BD Biosciences). The lower chambers

were filled with DMEM containing 10% FBS. The wells were washed with phosphate buffered saline (PBS) and fixed with 4%
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paraformaldehyde after 24 hours culture. The cells on the apical side of each insert were removed by scraping. And the cells that had

migrated to the basal side of the membrane were stained with crystal violet and counted using Image J software.

Cell viability assay
Cells were seeded at a density of 5,000 cells per well in 96-well plates, followed by the addition of increasing concentrations of pacli-

taxel the next day. Fourty-eight hours later, the culture medium was replaced with fresh medium containing CCK-8 assay solution.

The absorbance of each well wasmeasured at 450 nm following a 1-2 hour incubation of the cells at 37�C in the dark. The relative cell

viavbiltiy was determined by comparing OD450nm value of each well.

Spheroid formation assay
The 300-10,000 single viable cells were plated on Ultra Low Attachment 6-well or 96-well plates (Corning Incorporated Life Sciences)

and cultured in MEBM growth medium supplemented with various growth factors (Lonza) for 2-3 weeks. Fresh medium was supple-

mented every 3 days. Spheroids with sizes greater than 100 mm were counted using an inverted microscope (Nikon).

Generation of chimeric mouse/human mAbs
An expression vector encoding hROR2 extracellular portion fused with six histidine residues were transiently transfected into

HEK293F (Invitrogen) using PEI, and transfected cells were cultured in FreeStyle protein-free medium (Invitrogen). The extracellular

portion of hROR2 was purified from supernatants using Nickel affinity chromatograph column. Two mice were immunized and

boosted four times with 100 mg hROR2 extracellular portion, using Freund’s complete and incomplete adjuvant (Sigma-Aldrich;

St. Louis, MO). Spleens of both mice were collected and processed for a phage library (Sanyou Biopharmceuticals Co). Antibodies

specific for ROR2 were selected by panning against hROR2 extracellular portion. The mAbs that have high binding affinity to hROR2

extracellular portion including A12, B22, B30 and B16, were selected for full antibodies production in HEK293F cells using human

immunoglobulin G1 (IgG1) fragment crystallizable (Fc) region.and then were purified by Protein A affinity chromatography as

described.61 B16 scFv is generated by joining together the variable heavy and light chain of B16 via a peptide linker and adding

6x His tag (6 consecutive histidine residues) at C terminal. It was produced in HEK293F cells and then was purified by High Affinity

Ni-TED Resin FF.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of individual animals used per group is shown by individual data points or in Figure legends. The intensity of protein

bands in immunoblot analysis, YAP/TAZ located within the nuclei of the cells in immunofluoresence analysis and percentage of

Ki67+ cells were quantified using ImageJ. The statistical details for experiments can be found in the respective figure legends. Unless

indicated otherwise, data were presented as the mean ± standard deviation (SD) of samples in triplicates in three-independent ex-

periments. A two-tailed Student’s t test was used to determine statistically significant differences between two groups. Differences

betweenmultiple groups were determined by Dunnett’s multiple comparison test. All analyses were performed with GraphPad Prism

version 8.0 (GraphPad Software Inc.). A P value of < 0.05 was considered significant.
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