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Extracellular and cell surface chondroitin sulfates (CSs) regulate cancer cell properties,
including proliferation and invasion. Thus, it is necessary to understand the mechanisms
underlying their roles in cancer. Although we have shown that CS has an inherent ability to
enhance the invasive activity of the human triple-negative breast cancer cell line MDA-MB-
231, its molecular mechanism remains elusive. Here, we focused on receptor tyrosine
kinase-like orphan receptor 1 (ROR1) and dickkopf WNT signaling pathway inhibitor 1
(DKK1). MDA-MB-231 cells express high levels of ROR1; their invasive potential depends
on ROR1 signaling. Although accumulating evidence has demonstrated that ROR1 is
associated with aggressive breast-cancer phenotypes, the whole picture of its biological
function remains poorly understood. In this study, we examined whether CS controls
ROR1 function. Surface plasmon resonance analysis indicated that CSs were bound to
ROR1 in the presence of WNT5A. The invasive activity of MDA-MB-231 cells enhanced by
CSs was completely suppressed by ROR1 knockdown. In addition, knockdown of the CS
biosynthetic enzymes CHST11 and CHST15 inhibited invasive activity, even in the
presence of ROR1. These results suggest that CS is required to induce an ROR1-
dependent, aggressive MDA-MB-231 phenotype. ROR1 signaling in MDA-MB-231 cells
activated c-Jun N-terminal kinase (JNK), leading to increased invasive potential;
moreover, exogenous CSs activated JNK. MDA-MB-231 cells express DKK1, a tumor
suppressor factor that binds to CS, at high levels. Knockdown of DKK1 enhanced CS-
stimulated tumor invasion activity of MDA-MB-231 cells, suggesting that DKK1
sequesters CS to block ROR1/JNK signaling. These results showed that CSs
promotes cancer aggressiveness through the ROR1−JNK axis in MDA-MB-231 cells.
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INTRODUCTION

Tumor-associated glycocalyx plays a key role in the promotion
and regulation of breast cancer progression and metastasis (1).
The glycosaminoglycan chondroitin sulfate (CS) is present on the
cell surface and in the extracellular matrix (ECM), including the
glycocalyx. There is ample evidence for a pro-tumorigenic role for
CS in the enhancement of cell proliferation, motility, and
metastasis (2–5).

Chondroitin sulfate proteoglycans (CS-PGs) consist of a core
protein and covalently attached CS chains. CS is a linear sulfated
polymer of repeating disaccharide units of glucuronic acid
(GlcA) and N-acetylgalactosamine (GalNAc) [-GlcA-GalNAc-]
n. During the synthesis of the chondroitin backbone, multiple
sulfotransferases catalyze the transfer of a sulfate group from 3’-
phosphoadenosine 5’-phosphate, the universal donor in sulfation
reactions, to their respective sulfation sites on GalNAc or GlcA
residues in the CS chain. Based on the substrate preferences of
chondroitin sulfotransferases identified to date, the biosynthetic
scheme for CS-type sulfation can be separated into initial 4-O-
sulfation and 6-O-sulfation pathways. In the initial step, the non-
sulfated O unit [GlcA-GalNAc] serves as a common acceptor
substrate for two types of sulfotransferases, chondroitin 4-O-
sulfotransferases (CHST11 and CHST12) (6–8) and chondroitin
6-O-sulfotransferse-1 (CHST3), forming monosulfated A [GlcA-
GalNAc(4-O-sulfate)] and C [GlcA-GalNAc(6-O-sulfate)] units,
respectively. Subsequent sulfation of the A and C units also
occurs via GalNAc 4-sulfate 6-O-sulfotransferase (CHST15) or
CS-specific uronyl 2-O-sulfotransferase (UST), producing
disulfated disaccharide E [GlcA-GalNAc(4,6-O-disulfate)] and
D [GlcA(2-O-sulfate)-GalNAc(6-O-sulfate)] units, respectively
(9). Of these sulfotransferases, it has been reported that the
expression of CHST11 and CHST15 is upregulated in breast
cancer cells (10). Moreover, the expression of CHST11 has been
correlated with breast-cancer progression (11). Specific sulfation
patterns are hypothesized to underlie the distinct functional roles
of CS not only under physiological conditions but also in tumor
development and progression (12, 13).

Interestingly, it has been reported that the invasive activity
of basal-like subtypes (MDA-MB-231 and BT-549 cells) is
elevated by treatment with chondroitin sulfate E (CS-E), the
major component of which is the E-unit (14). This result
prompted us to hypothesize that there is a CS-E receptor in
some cancer cells. We previously showed that N-cadherin
functions as a receptor for CS-E in BT-549 cells, enhancing
invasion activity by upregulating matrix metallopeptidase 9 via
N-cadherin–catenin signaling. In another basal-like subtype of
MDA-MB-231 cells, invasive activity was enhanced by
treatment with CS-E; however, MDA-MB-231 cells do not
express N-cadherin. In addition, CS-E had no effect on b-
catenin-dependent transcription in MDA-MB-231 cells (14),
suggesting that CS-E increases invasive activity mediated by
non-canonical Wnt signaling. MDA-MB-231 cells express high
levels of receptor tyrosine kinase-like orphan receptor 1
(ROR1), a receptor for non-canonical Wnt ligands such as
WNT5A (15). ROR1 is associated with CS-dependent
invasiveness of MDA-MB-231 cells. In addition, MDA-MB-
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231 cells express high levels of the Wnt signal modulator,
Dickkopf-1 (DKK1), which binds directly to CS-E (14).
Although DKK1 is a secreted inhibitor of b-catenin-
dependent Wnt signaling, recent studies have shown that its
elevated expression correlates with poor prognosis in a range of
cancers (16). Here, we show that ROR1-dependent invasion
activity is controlled by CSs in MDA-MB-231 cells. In addition,
this study suggests that DKK1 exhibits tumor suppressor
activity by blocking the tumor invasion activity of CS-E and
by inhibiting b-catenin-dependent Wnt signaling.
MATERIALS AND METHODS

Cell Culture and Stable Transfection
The human breast cancer cell line MDA-MB-231 (#92020424)
was purchased from the European Collection of Cell Culture
(ECACC) (Salisbury, UK). MCF7 cells (ATCC®HTB-22™) were
obtained from the American Type Culture Collection (ATCC).
Both lines were cultured in Roswell Park Memorial Institute
(RPMI) 1640 supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 units/ml penicillin, 100 mg/ml
streptomycin, and 1% L-glutamine.

The expression plasmids [pcDNA3.1(+)-ROR1] were
transfected into MCF7 cells using Lipofectamine 3000
(Thermo Fisher Scientific, Waltham, MA), according to the
manufacturer’s instructions. Transfectants were cultured in the
presence of 300 mg/ml G418. Colonies surviving in the presence
of 300 µg/ml G418 were collected, and ROR1-expressing cell
populations were enriched using 2 mg of anti-ROR1 antibody
(Clone 4A5, Cat. No. 564464, BD Biosciences, Franklin Lakes,
NJ, USA) and 1.5 mg of Dynabeads™ Protein G (Cat. No.
10003D, Invitrogen, Waltham, MA). The pooled ROR1-
expressing clones were propagated for experiments.

Plasmid Construction
A human ROR1 Flexi clone (FXC20341) was obtained from
Kazusa Genome Technologies, Inc. (Chiba, Japan). For the
expression of ROR1, polymerase chain reaction (PCR) was
performed using the following primers and pF1KE3329-human
ROR1 as a template: forward, 5 ’-GCTGGCTAGCGT
TTAATGCACCGGCCGCGCCGCCG-3 ’ [under l ine ,
homologous to the pcDNA3.1(+) vector sequence; bold, start
codon]; reverse, 5’-GGTTTAAACGGGCCCTTACAGTTCTG
CAGAAATCATAGATTCG-3’ [underline, homologous to the
pcDNA3.1(+) vector sequence]. pCDNA3.1(+)-ROR1 was
constructed using an In-Fusion® HD cloning kit (TaKaRa Bio
Inc., Shiga, Japan). Linearized pcDNA3.1(+)was generated by
inverse PCR using the following primers and KOD One PCR
master mix (TOYOBO, Osaka, Japan): forward, 5 ’-
TAAACGCTAGCCAGC-3’, reverse, 5’-GGGCCCGTTTAAACC-3’.

Real-Time PCR
Total RNA was isolated from cells using Sepasol®-RNA I Super
G (Nacalai Tesque, Inc., Kyoto, Japan). For reverse transcription,
1 mg of total RNA was treated with Moloney murine leukemia
May 2022 | Volume 12 | Article 914838
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virus reverse transcriptase (Promega, Madison, WI, USA) using
random primers [nondeoxyribonucleotide mixture; pd(N)9]
(Takara Bio Inc., Shiga, Japan). Quantitative real-time PCR
was conducted using FastStart DNA Master Plus SYBR Green
I in a LightCycler® 96 (Roche Applied Science, Penzberg,
Germany), according to the manufacturer’s protocol. The data
processing was based on standard curves, and target-to-reference
ratios were calculated using the relative quantification analysis
module of the LigtCycler® 96 software. The amplification
efficiency was calculated based on the slope of the standard
curve (target DNA was amplified with 90%–110% efficiency).
Amplified DNA product was checked by post-PCR melting curve
analysis. The housekeeping gene GAPDH was used as an internal
control for quantification. Primers are listed in Table 1.

Knockdowns
Cells were transfected with Silencer® Select siRNAs targeting
ROR1 (assay ID s9755), WNT5A (assay ID: s14873), CHST11
(assay ID: s27032 and s27033), CHST15 (assay IDs: s28015 and
s28017), and DKK1 (assay ID: s22721) purchased from Thermo
Fisher Scientific. Forty-two hours after transfection, cells were
subjected to invasion and migration assays.

Invasion and Migration Assays
Invasion was assessed using Corning® BioCoat™ Matrigel®

invasion chambers, according to the manufacturer ’s
instructions. Cells were collected by treatment with trypsin/
EDTA, washed twice with phosphate-buffered saline (PBS),
pelleted, and resuspended in medium containing 0.2% fetal
bovine serum or 0.1% bovine serum albumin. Cells (5 × 104/
ml) were incubated in the presence or absence of 50 mg/ml CS-E
(Seikagaku Corporation, Tokyo, Japan) or 10 mM JNK inhibitor
SP600125 (Cat. No. 129-56-6, Cayman Chemical Company, Ann
Arbor, MI) for 20 min at 25°C, added to the upper chamber, and
allowed to invade for 22 h at 37°C in a CO2 incubator. Complete
medium containing 10% fetal bovine serum or 200 ng/ml
recombinant human/mouse Wnt-5A (Cat. No. 645-WN/CF)
was placed in the bottom well as chemoattractant. Migration
was assessed using Corning® BioCoat™ control inserts according
Frontiers in Oncology | www.frontiersin.org 3
to the manufacturer’s instructions. Cells (5 × 104/ml) were
prepared as described above.

Immunoblotting
Cells were treated with 50 mg/ml CS-E or CS-A (Seikagaku
Corporat ion, Tokyo, Japan) , 50 mg/ml synthesized
hexasaccharides GalNAc(4-O-sulfate,6-O-sulfate)-GlcA-
GalNAc(4-O-sulfate,6-O-sulfate)-GlcA-GalNAc(4-O-sulfate,6-
O-sulfate)-GlcA-O-p-methoxyphenyl (E-E-E 6-mer), or
Ga lNAc -G l cA -Ga lNAc -G l cA -Ga lNAc -G l cA -O -p -
methoxyphenyl (O-O-O 6-mer) for the indicated times. Cells
were solubilized in M-PER (Thermo Fisher Scientific)
containing a protease inhibitor cocktail (Nacalai Tesque, Inc.,
Kyoto, Japan) and 10 mM proteasome inhibitor (MG132;
PEPTIDE Institute. Inc., Osaka, Japan) for 30 min on ice.
Lysates were centrifuged at 16,500×g for 15 min. Proteins
were separated on Bullet PAGE precast gels, 5-15% (Nacalai
Tesque, Inc.), transferred to polyvinylidene fluoride (PVDF)
membranes, and incubated overnight with primary antibodies
against phosphor-c-Jun N-terminal kinase (JNK) (T183/Y185)
(clone 81E11, Cat. No. 4668S, Cell Signaling Technology,
Danvers, MA, USA), actin (clone AC-40, Cat. No. A3853,
Sigma-Aldrich, St. Louis, MO), Ror1 (clone D6T8C, Cat. No.
16540S, Cell Signaling Technology), phospho-cortactin (Y421)
(Cat. No. 4569S, Cell Signaling Technology), and cortactin
(clone H222, Cat. No. 3503S; Cell Signaling Technology).

Flow Cytometry
Cel ls (1×106) were fixed with PBS containing 4%
paraformaldehyde on ice for 30 min. After washing with PBS,
cells were incubated with PBS containing 2% BSA on ice for
30 min and then stained with anti-ROR1 antibody (dilution
ratio, 1:100) (Clone 4A5, Cat. No. 564464, BD Biosciences,
Franklin Lakes, NJ, USA) on ice. After 1 h, cells were washed
and incubated with mouse IgG2b antibody conjugated with
Alexa™488 (dilution ratio, 1:400) (Thermo Fisher Scientific)
on ice for 1 h. Cells were analyzed using a BD Accuri™ C6 flow
cytometer (BD Biosciences).
TABLE 1 | Primers used for real-time PCR.

Gene Name 5’-primer 3’-primer References

hWNT1 5’-ACCGAGGCTGTCGAGAAACG-3’ 5’-GCCGGTAGTCACACGTGCAG-3’ (14)
hWNT2 5’-GCTCACCCCCGAGGTCAACT-3’ 5’-CCTGGCTAATGGCACGCATC-3’ (14)
hWNT3A 5’-ACAACAATGAGGCTGGG-3’ 5’-ATCTCCGAGGCACTGTCATA-3’ (14)
hWNT4 5’-CTCCACACTCGACTCCTTGC-3’ 5’-CCGAAGAGATGGCGTACACG-3’ PrimerBank ID156630997c2
hWNT5A 5’-TCGACTATGGCTACCGCTTTG-3’ 5’-CACTCTCGTAGGAGCCCTTG-3’ PrimerBank ID3371506361c3
hWNT5B 5’-CATGGCCTACATAGGGGAGG -3’ 5’-CTGTGCTGCAATTCCACCG-3’ PrimerBank ID17402920c2
hWNT6 5’-GGCAGCCCCTTGGTTATGG-3’ 5’-CTCAGCCTGGCACAACTCG-3’ PrimerBank ID53729353c1
hWNT7A 5’-CTGTGGCTGCGACAAAGAGAA-3’ 5’-GCCGTGGCACTTACATTCC-3’ PrimerBank ID34328912c1
hWNT11 5’-GGAGTCGGCCTTCGTGTATG-3’ 5’-GCCCGTAGCTGAGGTTGTC-3’ PrimerBank ID17017973c1
hDKK-1 5’-GTGCGCAGAGGACGAGGAGT-3’ 5’-GTGACGCATGCAGCGTTTTC-3’ (14)
hROR1 5’-CAGTCAGTGCTGAATTAGTGCC-3’ 5’-TCATCGAGGGTCAGGTAAGAAT-3’ PrimerBank ID 134152685c1
hROR2 5’-GTGCGGTGGCTAAAGAATGAT-3’ 5’-ATTCGCAGTCGTGAACCATATT-3’ PrimerBank ID 317008621c2
hCHST11 5’-AAACGCCAGCGGAAGAA-3’ 5’-GGGATGGCAGAGTGAGTAGA-3’ (7)
hCHST15 5’-TCGTGTGGACAGTAAGCAGAT-3’ 5’-TGTAAGAAGCCATTACCAAGGTC-3’ PrimerBank ID 311893349c1
Ma
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Disaccharide Analysis of CSs From Human
Breast Cancer Cell Lines
CSs isolated and purified from human breast cancer MDA-MB-
231 and MCF7 cells were analyzed as previously described (6, 7,
17–19).

Biacore Analysis
Real-time binding was assessed as described previously (19),
using Biacore X100 (Cytiva, Tokyo, Japan). Recombinant
human ROR1-Fc chimera (Cat. No. 9490-RO, R&D Systems)
was immobilized on a CM5 series chip (Cytiva) using the
amine-coupling method. ROR1 injection was stopped when
the surface plasmon resonance reached ~ 3,200 RU. For ROR1
binding assays, WNT5A (0, 0.038, 0.075, 0.15, 0.30, and 0.60
mM), WNT5A/CS-E (0, 0.036/0.25, 0.071/0.50, 0.15/1.0, 0.29/
2.0, and 0.57/4.0 mM), recombinant human DKK1 (Cat. No.
5439-DK/CF, R&D Systems) (0, 0.038, 0.075, 0.15, and 0.3
mM), or DKK1/CS-E (0, 0.038/0.28, 0.075/0.55, 0.15/1.1, and
0.3/2.1 mM) were sequentially injected at a flowrate of 30 ml/
min for 120 s at 25°C; the dissociation time was set for 130 s.
Binding reactions were performed in 50 mM Tris–HCl buffer
(pH 7.5).
Frontiers in Oncology | www.frontiersin.org 4
Statistical Analysis
Data are expressed as means ± one standard deviation. Statistical
significance was determined using Student’s t-test or one-way
ANOVA, with Tukey’s honestly significant difference (HSD) test.
RESULTS

Invasion-Promoting Activity of CS-E Is
Mediated by WNT5A/ROR1/JNK Signaling
We have shown that the invasive activity of basal-like subtypes
(MDA-MB-231 and BT-549 cells) is elevated by treatment with
chondroitin sulfate E (CS-E) (13). Because MDA-MB-231 cells
express mRNAs for the receptors in the canonical Wnt signaling
pathway, LRP5andLRP6, at low levels (13),wehypothesized that the
receptors for the non-canonical Wnt signaling pathway, ROR1 and
ROR2,are targetedbyCS-E inMDA-MB-231cells.Quantitative real-
time PCR (qRT-PCR) indicated that ROR1 was predominantly
expressed in MDA-MB-231 cells (Figure 1A). Because it is known
that Ror1 is a receptor for WNT5A and WNT5B (20), their gene
expression levels were examined (Figure 1A). Among the Wnt
ligands examined, WNT5A mRNA was expressed at the highest
A B

DC

FIGURE 1 | CS-E-elicited invasiveness via WNT5A-ROR1-JNK signaling. (A) Expression levels of ROR1 (n=4), ROR2 (n=4), WNT1 (n=3), WNT2 (n=3), WNT3A
(n=3), WNT4 (n=4), WNT5A (n=13), WNT5B (n=8), WNT6 (n=4), WNT7A (n=4), and WNT11 (n=4) in MDA-MB-231 cells measured by qPCR. (B) ROR1 expression
after ROR1 knockdown (siROR1) (n=5) or control cells (siCont) (n=5) measured by qPCR. Invasiveness of siROR1-treated cells (siROR1) (n=3) or control cells
(siCont) (n=3) was measured in the absence or presence of 50 mg/ml CS-E. Data were analyzed using Student’s t-test. (C) Left graph: WNT5A mRNA expression
decreased at the mRNA level following siRNA-induced knockdown in MDA-MB-231 by qPCR (n=4). Expression data were normalized to those of GAPDH. Right
graph: invasiveness of WNT5A-knockdown (siWNT5A) and control cells (siCont) measured in the absence or presence of 50 mg/ml of CS-E (n=5). Data were
analyzed using Student’s t-test. (D) MDA-MB-231 cells treated with DMSO or 10 mM JNK inhibitor SP600125, assessed for invasiveness in the absence or
presence of 50 mg/ml CS-E.
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level inMDA-MB-231 cells. TodeterminewhetherROR1 is involved
in invasion activity enhanced by treatment with CS-E, ROR1 was
knocked down. The invasion potential of MDA-MB-231 cells was
significantly upregulated in response to CS-E, whereas MDA-MB-
231 cells became less responsive to CS-E after ROR1 knockdown
(Figure 1B).Next,we examined the effect ofWNT5A knockdownon
invasiveness elicited by CS-E (Figure 1C) but did not observe an
increase. As WNT5A signals are transduced through RORs to
activate the c-Jun N-terminal kinase (JNK) pathway (21–23), we
determined whether an inhibitor of JNK, SP600125, altered
invasiveness in MDA-MB-231 cells (Figure 1D). As expected, CS-
E did not promote invasiveness in the presence of JNK inhibitor.
These results suggest that CS-E enhances the invasive activity of
MDA-MB-231 cells through the WNT5A−ROR1−JNK
signaling axis.

CSs activate JNK in a Sulfation Pattern-
Dependent Manner
Treatment with CS-E polymers for 10 min significantly elevated
JNK phosphorylation (Figure 2A). The CS-E polymers used in this
study contained 72% E, 18.4% A, 8.7% C, and 6.6% O units. To
determine whether the E-disaccharide unit is required to activate
JNK, we used chemically synthesized hexasaccharide sequences,
including the E-E-E-containing sequence GalNAc(4-O-sulfate,6-
O-sulfate)-GlcA-GalNAc(4-O-sulfate,6-O-sulfate)-GlcA-GalNAc
(4-O-sulfate,6-O-sulfate)-GlcA-O-p-methoxyphenyl (E-E-E 6-
mer). The E-E-E 6-mer also activated JNK in MDA-MB-231
cells (Figure 2B). These results suggest that the E units in the CS
chains play an important role in the activation of JNK.

As described in Introduction, CS exhibits highly diverse
structural variations that contribute to its functional diversity.
Therefore, we determined whether CS-E specifically elicits JNK
phosphorylation. Chondroitin sulfate A (CS-A) polymers used in
Frontiers in Oncology | www.frontiersin.org 5
this study contained 74.5% A units, 23.7% C units, 1.9% O units,
1.8% D units, and 0% E units. CS-A polymers did not activate JNK
(Figure 2C). In addition, chemically synthesized non-sulfated
hexasaccharides GalNAc-GlcA-GalNAc-GlcA-GalNAc-GlcA-O-
p-methoxyphenyl (O-O-O 6-mer) did not activate JNK
(Figure 2D). These results suggest that CS controls JNK
activation in a sulfation-pattern-dependent manner.

E Unit-Containing CS Chains Enhance
Invasiveness
As shown in Figure 3A, the disaccharide unit of CS, GlcA-GalNAc,
is sulfated by the indicated sulfotransferases. The E unit is
synthesized by CHST11 (carbohydrate sulfotransferase 11, C4ST-
1) and CHST15 (carbohydrate sulfotransferase 15, GALNAC4S-
6ST). The expression levels of these sulfotransferases in MDA-MB-
231 cells were examined (Figure 3B). The CS chains produced in
MDA-MB-231 cells contained 63.5% A, 21.8% O, 7.9% C, 4.5% E,
and 2.2% D units (Figure 3C). To downregulate the expression of
the A and E units, CHST11 was knocked down; this strongly
decreased the invasiveness of MDA-MB-231 cells (Figure 3D).
When only E units were decreased by CHST15 knockdown, the
invasiveness was suppressed (Figure 3E). These results suggest that
a specific sulfation pattern, the E unit, is associated with the high
invasive potential of MDA-MB-231 cells.

Increased Invasiveness Elicited by
Expression of ROR1 Is Diminished by
CHST15 Knockdown in MCF7 Cells
MCF7 is a less-aggressive, non-invasive cell line that is normally
considered to have low metastatic potential (24). MCF7 cells
expressed low levels of ROR2, WNT5A, and WNT5B
(Figure 4A). Endogenous ROR1 (Figures 4A, C) and DKK1
proteins (13) were not detected in MCF7 cells, so ROR1-
A B DC

FIGURE 2 | CS-E and chemically-synthesized E unit-containing hexasaccharides specifically activate JNK. MDA-MB-231 cells were treated with 50 mg/ml of CS-E
polymers (A), 50 mg/ml chemically synthesized hexasaccharides consisting of three E units (E-E-E 6 mer) (B), 50 mg/ml of CS-A polymers (C), or 50 mg/ml chemically
synthesized hexasaccharides consisting of three O units (O-O-O 6 mer) (D) at the indicated times. Phosphorylated JNK and actin levels were assessed by
immunoblotting (top of each panel) and quantified by densitometry (bottom of each panel) (n≧3). Representative protein bands are indicated by arrows. Statistical
significance was assessed using Student’s t-test.
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expressing cells were generated. ROR1 surface expression in MCF7
cells stably transfected with an empty vector (MCF7-empty cells) or
stably expressing ROR1 (MCF7-ROR1 cells) was confirmed by flow
cytometry (Figure 4B). Immunoblotting showed that MCF7-ROR1
cells expressed ROR1 at high levels (Figure 4C). As shown in
Figure 4D, MCF7 cells produced CSs containing 20% E. Next, we
examined whether the E unit was required for ROR1-mediated
migration activity using MCF7-ROR1 cells. The migration potential
of MCF7 cells was increased by ROR1 expression. This increase was
Frontiers in Oncology | www.frontiersin.org 6
attenuated by CHST15 knockdown (Figure 4E). In addition,
enhanced migration stimulated by treatment with WNT5A was
suppressed by knockdown of CHST15 (Figure 4F). Hasan et al.
reported that WNT5A stimulates ROR1-dependent cortactin
phosphorylation and enhances cell migration (25). We found that
CS-E increased the phosphorylation of cortactin by WNT5A and
that CHST15 knockdown inhibited cortactin phosphorylation
(Figure 4G). These results suggest that CSs regulate ROR1-
mediated migration of breast cancer cells.
A B D EC

A B

D

E

C

A BBBBBBBBBB DDD EEECCC

FIGURE 3 | Decreased E unit biosynthesis decreases invasiveness. (A) Diagram of sulfation pathways. The C4-position of the GalNAc residue in the O unit is
sulfated by CHST11 and CHST12 to form an A unit. Subsequently, the A unit is converted to an E unit by CHST15. (B) mRNA expression levels of chondroitin
sulfotransferases, CHST11, CHST12, CHST15, CHST3, CHST7, and UST in MDA-MB-231 cells measured by qPCR (n=4). (C) Composition of CS-disaccharide
units of sulfated CS chains isolated from MDA-MB-231 cells analyzed using HPLC (n=3). (D) CHST11 mRNA expression decreased following two kinds of siRNA-
induced knockdown (siCHST11#1 and siCHST11#2) in MDA-MB-231 cells, measured using qPCR (n=7). Expression data were normalized to those of GAPDH.
Right graph: Invasiveness of CHST11 knocked down cells (siCHST11#1 or siCHST11#2) (n=3) or control cells (siCont) (n=3). (E) CHST15 mRNA expression
decreased at the mRNA level following knockdowns by siCHST15#5 and siCHST15#7 in MDA-MB-231 cells measured using qPCR (n=4). Expression data were
normalized to those of GAPDH. Right graph, invasiveness of CHST15 knocked down cells (siCHST15#1 or siCHST15#2) (n=3) or control cells (siCont) (n=3). Data
were analyzed using the Tukey–Kramer multiple comparison.
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CS-E Directly Interacts With ROR1 in the
Presence of Either WNT5A or DKK1
By surface plasmon resonance (SPR) analysis, neither WNT5A
nor CS-E bound to ROR1 (Figures 5A, B). In contrast, CS-E pre-
Frontiers in Oncology | www.frontiersin.org 7
mixed with WNT5A at a molar ratio of 7:1 did bind ROR1
(Figures 5A, B).

As it has been previously shown that DKK1 binds to CS-E (13),
we hypothesized that DKK1 was able to bind to ROR1 by forming a
A B

D E

F G

C

FIGURE 4 | MCF7 cells acquire invasiveness by expression of ROR1 and lose it by knockdown of CHST15. (A) mRNA expression levels of chondroitin sulfotransferase
genes, ROR1, ROR2, WNT5A, and WNT5B in MDA-MB-231 cells measured by qPCR (n=4). (B) ROR1 surface expression by MCF7-empty cells (shaded area) and
MCF7-Ror1 cells (red line) measured by flow cytometry. (C) Left, ROR1 expression in MDA-MB-231 and MCF7 cells measured by immunoblotting. Right, ROR1
expression MCF7 cells stably transfected with an empty vector (MCF7-Empty) or an ROR1 expression plasmid (MCF7-ROR1) analyzed by immunoblotting. (D) CS-
disaccharide composition of sulfated CS chains from MCF7 cells analyzed using HPLC (n=3). (E) Left, CHST15 mRNA expression following siRNA-induced knockdown
(siCHST15#1 or siCHST15#2) in MCF7-empty cells and MCF7-ROR1 cells measured using qPCR (n=4). Expression data were normalized to those of GAPDH. Right,
migration of CHST15 knocked down cells (siCHST15#1 or siCHST15#2) (n=4) and control cells (siCont) (n=4) measured using a Transwell assay. (F) CHST15 knocked
down MCF7-ROR1 cells (siCHST15#1 or siCHST15#2) or control cells (siCont) serum-starved and treated with (+) or without (−) 200 ng/ml of WNT5A. (G) CHST15
knocked down MCF7-ROR1 cells (siCHST15#1 or siCHST15#2) or control cells (siCont) treated with or without 100 ng/ml of WNT5a for 5 min, lysed, and subjected to
immunoblotting using anti-phospho-cortactin and anti-cortactin antibodies. Right graph, relative levels of phosphorylated cortactin, standardized against total cortactin
(n=4). Statistical significance was assessed using Student’s t-test.
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complex with CS-E. DKK1 is known to bind to LDL receptor-
related proteins 5 and 6 (LRP5/6), which function as coreceptors in
the canonical WNT signaling pathway, but no direct interaction
between DKK1 and ROR1 has been shown. SPR indicated that
DKK1 weakly bound to ROR1 in the concentration range of 0.0375
to 0.15 mM (Figures 6A, B). Binding of DKK1 to ROR1 was not
reproducibly observed at 0.3 mM DKK1. CS-E was premixed with
DKK1 at a molar ratio of 7:1, after which it was bound to ROR1 in a
concentration-dependent manner, while DKK1 did not bind to
ROR1 in the presence of CS-A (Figures 6A, B). These results
suggested that DKK1 binds to ROR1 in the presence of CS-E.

We next examined whether CS-E increased the invasiveness of
MDA-MB-231 cells by forming a complex with DKK1.
Unexpectedly, DKK1 knockdown enhanced CS-E-elicited
invasiveness (Figure 6D). These results suggest that ROR1-
dependent invasion signaling is blocked by binding of the DKK1/
CS-E complex to ROR1 and that DKK1 exerts anti-tumorigenic
effects by blocking the tumor invasion activity of CS-E as well as by
inhibiting b-catenin-dependent Wnt signaling.
Frontiers in Oncology | www.frontiersin.org 8
DISCUSSION

ROR1 as a Potential CS Target
Focusing on the roles of CS in regulating cancer hallmark
capabilities, we show here the involvement of ROR1, known as
a receptor for WNT5A, in CS-E-mediated upregulation of
invasion activity in MDA-MB-231 cells (14). Particular
attention has been paid to the functional and clinical
significance of ROR1 in many malignancies, including breast
cancer. ROR1 is present in breast cancer specimens, but not in
normal breast tissues (26), and high expression of ROR1 in
breast cancer is associated with aggressive phenotype (27, 28).
Several therapeutic strategies targeting ROR1 have been
developed and evaluated in clinical trials (15).

ROR1 is a transmembrane receptor that contains
extracellular, transmembrane, and cytoplasmic domains. The
extracellular region includes immunoglobulin-like, cysteine-
rich (CRD), and Kringle domains. Although ligands for ROR1
have not been identified for many years, it is now known that
A B

a 

b
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FIGURE 5 | WNT5A binds ROR1 in the presence of CS-E. (A) Raw sensor grams. ROR1 was immobilized in a flow cell of a CM5 sensor chip. WNT5A (a), CS-E (b),
WNT5A pre-mixed with CS-E (c), CS-A (d), and WNT5A pre-treated with CS-A (e) were used as analytes. (B) Response-unit quantification of binding.
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ROR1 is a receptor for WNT5A/B andWNT16, with WNT5A as
the primary ligand (15, 29, 30). The CRD of ROR1 is thought to
interact withWNT5A (31, 32). Although Fukuda et al. showed in
vitro binding of ROR1 to WNT5A using immunoprecipitated
WNT5A expressed in CHO cells (27), the possibility that CSs
mediate binding between ROR1 and WNT5A cannot be
excluded. We analyzed the direct interaction between
recombinant ROR1 and WNT5A using Biacore, but
unexpectedly, we observed no binding in the absence of CS
(Figure 5). The cell-surface chondroitin sulfate proteoglycan
functions as a coreceptor in WNT5A−ROR1 signaling
(Figure 7). Further studies are needed to clarify whether CS-E
universally act on WNT5A-ROR1 signaling using other ROR1-
positive and estrogen-negative cell lines.
Frontiers in Oncology | www.frontiersin.org 9
CS Sulfation and Cell Signaling in Cancer
Extensive evidence supports the importance of tumor-associated
CSs in promoting aggressive and metastatic behavior of
malignant cells by engaging transmembrane receptors (4, 33).
In addition, it has been reported that cancer-cell surface CS
chains facilitate downstream signal transduction through specific
binding to adhesion molecules, including selectins and N-
cadherin (14, 34). CS activity is governed by specific sulfation
patterns. As mentioned in Introduction, CS is modified by
sulfation by multiple sulfotransferases, including CHST11 and
CHST15, which are involved in the synthesis of E units and are
upregulated in breast cancer cells (4, 10). Although E units have
low abundance in mammals, they play a critical role in regulating
tumor progression and metastasis (35, 36). We have previously
A
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FIGURE 6 | CS-E-elicited invasiveness is enhanced by the absence of DKK1. (A) Raw sensor grams. ROR1 was immobilized in a flow cell of a CM5 sensor chip.
DKK1 alone (a), DKK1 premixed with CS-E at a 1:7 molar ratio (b), and DKK1 premixed with CS-A at a 1:7 molar ration (c) were used as analytes. (B) Response-
unit quantification of binding. (C) DKK1 mRNA expression in MDA-MB-231 cells transfected with siDKK1 or control siRNA (siCont) measured using qPCR (n=4).
Expression data were normalized to those of GAPDH. (D) Invasiveness of DKK1 knocked down MDA-MB-231 cells (siDKK1) or control cells (siCont) treated with or
without CS-E (n>5). Data were analyzed using a Tukey–Kramer multiple comparison.
May 2022 | Volume 12 | Article 914838

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Nadanaka et al. The Role of Chondroitin Sulfate in Cancer
reported that CSs rich in E units (CS-E) utilize N-cadherin as a
receptor and control b-catenin signaling via N-cadherin in the
human basal-like breast cancer cell line BT-549. In this study, we
showed that the E unit is required for the binding of WNT5A to
ROR1 (Figure 7). CSs rich in A-units (CS-A) did not mediate the
interaction between WNT5A and ROR1. A decline in the
expression levels of CHST11 and CHST15, which are involved
in the synthesis of E units, suppresses the invasive activity of
MDA-MB-231 cells (Figure 7). Thus, CS-E likely contributes to
breast cancer malignancy. Further studies are needed to elucidate
whether cancer-cell-derived CS-E promotes tumor growth and
metastasis in vivo.

Changes in the degree of sulfation and/or the pattern of CSs
and the expression level of Chn sulfotransferases are associated
with cancer; these changes have been proposed as cancer
biomarkers (37). Furthermore, the degree of sulfation and/or
the pattern of CSs exhibit person-to-person variations. In
addition, the same cancers at different stages are associated
with different sulfation changes (38). Thus, identifying tumor
subtypes using CS sulfation patterns may have potential
applications in patient stratification for therapy. CS sulfation
patterns are thus key components in future diagnostic and
therapeutic strategies and provide novel targets for improved
and personalized cancer therapy (39).

Another CS-E Partner Protein, DKK1
DKK1 was originally characterized as a secreted inhibitor of
canonical WNT signaling. It binds to LRP5/6 coreceptors with
Frontiers in Oncology | www.frontiersin.org 10
high affinity and blocks b-catenin-dependent WNT signaling
(40). MDA-MB-231 cells express high levels of DKK1 but
LRP5/6 at low levels (14). We have previously shown that
DKK1 binds to CS-E in a sulfation-dependent manner (14).
Furthermore, recent studies have shown that elevated DKK1
expression contributes to tumor growth and poor prognosis in
a range of cancers, suggesting a role in tumor aggressiveness
independent of WNT signaling (16). Cytoskeleton-associated
protein 4 (CKAP4) is a novel DKK1 receptor that binds to
DKK1 to activate AKT signaling and enhance cancer cell
prol i ferat ion (41) . These findings prompted us to
hypothesize that DKK1 binds to an unidentified receptor in
the presence of CS-E to enhance the invasive potential of
MDA-MB-231 cells . However, knockdown of DKK1
increased invasive activity (Figures 6, 7). Interestingly,
invasiveness enhanced by exogenously added CS-E was
further increased by knockdown of DKK1 (Figure 6). These
results suggested that DKK1 suppresses the tumor-promoting
activity of CS-E by binding to CS-E. The ability of CS-E to
function as a tumor promoter likely depends on the expression
level of CS-E partner proteins such as N-cadherin, ROR1,
and DKK1.
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