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Cancer-associated fibroblasts (CAFs) are a crucial component in the tumor microen-
vironment influencing cancer progression. Besides shaping the extracellular matrix,
these fibroblasts provide signaling factors to facilitate tumor survival and alter tumor
behavior. In gastric cancer, one crucial signaling pathway influencing invasion and
metastasis is the Wnt/Planar Cell Polarity (PCP) signaling. The crucial PCP ligand
in this context is WNT5A, which is produced by the CAFs, and gastric cancer cells
react upon this signal by enhanced polarized migration. Why gastric cancer cells
respond to this signal is still unclear, as their expression level for the central WNT5A
receptor, ROR2, is very low. Here, we show that CAFs display long and branched
filopodia that form an extensive, complex network engulfing gastric cancer cells, such
as the gastric cancer cell line AGS. CAFs have a significantly higher expression level
of ROR2 than normal gastric fibroblasts and AGS cells. By high-resolution imaging,
we observe a direct transfer of fluorescently tagged ROR2 from CAF to AGS cells
by signaling filopodia, known as cytonemes. Surprisingly, we find that the trans-
ferred ROR2 complexes can activate Wnt/JNK signaling in AGS cells. Consistently,
blockage of ROR2 function in the CAFs leads to reduced paracrine Wnt/JNK sign-
aling, cell polarization, and migration of the receiving AGS cells. Complementary,
enhanced migration via paracrine ROR2 transfer was observed in a zebrafish in vivo
model. These findings demonstrate a fresh role for cytoneme-mediated signaling
in the tumor microenvironment. Cytonemes convey Wnt receptors from CAFs to
gastric cancer cells, allowing them to respond to Wnt/PCP signals.
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The Wnt signaling network plays a crucial role in orchestrating the development and
progression of many cancers (1). Within this network, the Wnt/Planar Cell Polarity (PCP)
signaling pathway has been implicated in tumor cell migration and invasion (2). To activate
the Wnt/PCP pathway, Wnt ligands such as WNT5A are considered to bind to the
receptor tyrosine kinase—like orphan receptor 2 (ROR2) or RYK in concert with Frizzled
receptors (FZD) (3, 4). Subsequently, WNT5A/ROR?2 interaction leads to the activation
of c-Jun N-terminal kinase (JNK) signaling, one effector associated with cell polarity,
cytoskeleton rearrangements, and cell migration (5, 6). WNTS5A expression is associated
with several cancers, resulting in constitutive activation of ROR2-mediated signaling and
contributing to tumor progression (7-9). In gastric cancer, WNT5A is highly expressed
in the stroma (10), contributes to the tumor microenvironment, and is explicitly
up-regulated in cancer-associated fibroblasts (CAFs) compared to fibroblasts isolated from
the normal gastric stroma (11). However, how gastric cancer cells can respond to WNT5A
signaling remains unclear, given that the main receptor, ROR2, is commonly down-regulated
in these cells (12, 13).

CAFs display an increased number of filopodia, which can influence the behavior of the
tumor cells. For example, filopodia have been shown to increase metastasis of several different
cancer cell types (14). Furthermore, actin filament bundling proteins like Fascin are often
overexpressed in cancers, which increases the length and number of filopodia. This results
in the increased ability of cells to migrate and invade, which generally correlates with poor
survival prognosis (15, 16). To date, the molecular function of the filopodial network
generated by CAFs is poorly understood. Recently, actin-containing filopodia, also known
as cytonemes, have been shown to facilitate the transport of signaling components in devel-
opment and diseases (17). Specifically, Wnt3 spreading in gastric cancer is promoted by
Flot2-positive cytonemes. The number and length of Wnt3 cytonemes correlate with gastric
cancer cell survival and proliferation (18). It is unclear whether CAFs can form cytonemes
to distribute signaling components in the tumor microenvironment.

Here, we show that ROR2 is up-regulated on pancreatic and gastric CAFs compared to
the gastric cancer cell lines and normal gastric fibroblasts. We find that ROR2 is localized
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Fibroblasts are the prevalent
cells in the stroma of gastric
carcinoma. These specialized
fibroblasts provide signaling
factors influencing tumor
behavior. Here, we show that
these cancer-associated
fibroblasts provide both the
signaling protein WNT5A and its
receptor ROR2 to gastric cancer.
We further demonstrate that

the transferred receptor ROR2
remains active in the tumor cells
to influence cell polarization and
migration. Our findings suggest a
fresh mechanistic understanding
of how signaling components are
conveyed in a tumor; thus, our
findings add an additional role of
the cancer stroma in influencing
invasion and metastasis.
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on the plasma membrane and on long filopodia of CAFs, which
form a dense filopodia network interacting with the cancer cells.
Surprisingly, we observe that ROR2 is transported from CAFs to
gastric cancer cells via this network. High-resolution microscopy
revealed that filopodia tips from ROR2-overexpressed cells bud off
and fuse with the plasma membrane of the receiving gastric cancer
cells. To further elucidate the hand-over of the endogenous recep-
tor, we used a pH-dependent antibody against ROR2 and found
that the WNT5-interacting cysteine-rich domain (CRD) remains
in the extracellular space, whereas the kinase domain of ROR2 is
orientated to the receiving cell cytoplasm allowing signaling into
the receiving cell. After endocytosis of the active receptor, the intra-
cellular kinase domain remains in the cytoplasm to allow prolonged
signaling. Indeed, when we used a reporter system to monitor
the activation of the Wnt/JNK signaling pathway, we found that
PCP signal activation is proportional to the amount of delivered
ROR2. By using an advanced biochip and a hydrogel-based
three-dimensional (3D) cell culture approach, we further provide
evidence that CAF-produced cytonemes can induce cell polariza-
tion and directional migration in a ROR2-dependent manner in
both in vitro and zebrafish embryos.

Taken together, our results provide evidence of an intercellular
transport mechanism for membrane-spanning proteins in the
tumor microenvironment: The cognate WNTS5A coreceptor
ROR2 can be transported from CAFs to receiving tumor cells on
signaling filopodia. The cytoneme-delivered ROR2 activates the
Wnt/PCP pathway in receiving cells. The spreading of the receptor
can explain how gastric cancer cells, low in ROR2, can respond
to a WNT5A-high microenvironment and change into an invasive

phenotype.

Results

CAFs Display a Filopodia Network and Express a High Level of
WNT5A and ROR2. We have previously shown that actin-based
signaling filopodia, also known as cytonemes, can mediate
paracrine Wnt signaling in both development and gastric cancer
(18-20). To determine the extent of filopodial contacts between
CAFs and gastric cancer cells, we transfected pCAF2 cells with
membrane GFP and cocultured them with untransfected gastric
cancer cell line AGS. pCAF2 cells form extensive, numerous, and
complex filopodial networks with AGS cells in 2D culture, with
evidence of engulfment and wrapping of the AGS cells (Fig. 14).
In addition, numerous vesicles containing CAF cell membrane
can be identified in receiving AGS cells that have been contacted
by fibroblast filopodia in 3D hydrogel-based coculture (Fig. 1B
and Movie S1 and 87 Appendix, Fig. S1A4).

Next, we addressed the question of whether this filopodial net-
work can be used to disseminate Wnt signaling components.
Therefore, we first analyzed the expression of a crucial PCP ligand,
WNTS5A. We find that WNTS5A expression is higher in gastric
CAFs than in the gastric tumor cell line AGS and surrounding
normal fibroblasts, which has been suggested previously (11).
WNT5A mRNA was shown to be 357-fold higher in primary
gastric normal myofibroblasts (gNM) compared to AGS cells and
over 800-fold higher in primary gastric cancer—associated myofi-
broblasts (gCAM) and a pancreatic cancer—associated fibroblast
cell line (pCAF2) compared to AGS cells using qRT-PCR (Fig. 1C
and ST Appendix, Fig. S1B). A flow cytometry—based analysis val-
idated this finding at the protein level (87 Appendix, Fig. S1D).
Next, we analyzed the expression pattern of the WNT5A core-
ceptor ROR2 (3). By using qRT-PCR, we found that ROR2
mRNA expression is significantly increased in gCAM and pCAF2
compared to both AGS and gNM (Fig. 1C and S/ Appendix,
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Fig. S1C). Furthermore, the expression of ROR2 mRNA varied
between gCAM isolated from different patients but was higher
overall in CAFs than gNM, regardless of origin. We confirmed
that mRNA expression correlated with protein expression using
western blotting (S Appendix, Fig. S1 E and F). Our results are
supported by previous reports indicating that the ROR2 is
down-regulated in gastric cancer cells (12, 13). Therefore, the
primary aim of this study was to investigate how gastric cancer
cells respond to a WNT5A-high environment despite lacking one
of the most important WNT5A receptors.

ROR2/WNT5A Complexes Are Transferred from CAF to AGS Cells
via Cytonemes. Our previous studies have identified several Wnt
signaling components localized to signaling filopodia, also known
as cytonemes in cancer cells (18, 20). We, therefore, established
an IF method that fixes these filopodia to examine the cellular
localization of Wnt components (21). We applied that protocol to
address the question of whether endogenous ROR2 and WNT5A
are transported on cytonemes. We found WNT5A along the
length of pCAF2 filopodia, including at the tips of these actin-
based structures (Fig. 1D). To our surprise, we further observed
that these WNT5A clusters colocalize with ROR2 (Fig. 1D and
SI Appendix, Fig. S1 Fand G).

To determine whether ROR2 and WNT5A could be trans-
ported to a receiving cell, fluorescently labeled ROR2 and
WNTS5A were initially coexpressed in AGS cells and cocultured
with nontransfected AGS cells. Receptor-ligand complexes were
observed to be not only colocalizing along cytonemes but also
colocalizing in the neighboring AGS cells (Fig. 24 and SI Appendix,
Fig. S2 A and B). We observed the same phenomena occurring
between pCAF2 cells overexpressing WNT5A and ROR2
(Fig. 2C). Time-lapse images revealed that ROR2/WNT5A com-
plexes can be directly transferred via both AGS and pCAF2- pro-
ducing cell cytonemes to a receiving AGS cell (Fig. 2 B, D, and
E). Furthermore, we found stable receptor-ligand complexes in
receiving cells for over 30 min before phototoxicity and pho-
tobleaching prevent further measurement. We hypothesized that
in this way, the ROR2-low cells, like the gastric tumor cells AGS,
could increase their responsiveness to fibroblast-produced
WNTS5A as they are receiving a functional receptor. In addition,
we show that pCAF2 filopodia transport ROR2/WNTS5A com-
plexes over considerable distances, extending in excess of 100 pm
to several receiving cells (Fig. 2F). We found that WNT6 can also
be transported between AGS cells via cytonemes (S/ Appendix,
Fig. S2G). However, in contrast to WNT5A, WNTG6 does not
colocalize with ROR?2 in the receiving cell as determined by the
Pearson correlation coeflicient (SI Appendix, Fig. S2H). This sug-
gests that this transport mechanism is specific between ROR2 and
WNT5A.

Posttranslational modification of Wnt proteins by porcupine-
mediated palmitoleoylation is essential for Wnt secretion (18).
Therefore, we treated AGS cells transfected with ROR2 and
WNTS5A with the porcupine inhibitor IWP2 to block the trans-
port of WNTS5A to the receiving cell. Interestingly, labeled ROR2
was still observed in the receiving cell, indicating that ROR2 can
be shuttled to the cell surface and transported to a neighboring
cell in the presence of non-palmitoleated WNT ligands
(SI Appendix, Fig. S2E).

ROR2/WNT5A Complexes Are Endocytosed with Producing Cell
Membrane Using a Dynamin2-Dependent Mechanism in the
Receiving Cells. To further investigate the mechanism of transport
from producing to the receiving cell, we cotransfected AGS cells

with ROR2 tagged with blue fluorescent protein (ROR2-BFP),

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217612120#supplementary-materials

>

pCAF2 memGFP >AGS
|gCAM memGFP >AGS memCherry| w

WNT5AB || Merge + ACTIN

== \Wntba
== Ror2

= 100

1000 =
100
=10
_IT_Iﬁ_I_-']

1

Wnt5a Fold change from AGS (Log10)
5
1

Ror2 Fold change from AGS (Log10)

Fig. 1.

CAFs form extensive filopodial contacts with AGS cells and have up-regulated ROR2 expression on cytoneme tips. (A) pCAF cells (C) transfected with

membrane GFP form an extensive and complex network of filopodia which engulf neighboring AGS cells (A) in 2D cell culture. The scale bar represents 10 um.
(B) primary gastric cancer-associated myofibroblasts (gCAM) (C) transfected with membrane GFP extend multiple filopodia in 3D culture that contact AGS cells
(A) transfected with membrane mCherry, and transport multiple membrane-bound vesicles from producing to receiving cell (S/ Appendix, Fig. S1A). The scale
bar represents 10 pm. (C) mRNA levels of the indicated gene are shown as fold change away from AGS. Wnt5a is shown in red, with values on the left Y axis.
ROR2 is shown in blue, with values on the right ¥ axis. gNM, primary gastric normal myofibroblasts; gCAM6, primary gastric cancer-associated myofibroblast
patient 6; gCAM13, primary gastric cancer-associated myofibroblast patient 13; pCAF2, pancreatic CAF cell line 2. Values shown were calculated using the 2744
method and are plotted on a log10 scale. Comparison of 40-Ct values for all cells is shown in S/ Appendix, Fig. S1 B and C. (D) Immunofluorescence on pCAF2 cells
fixed using a previously described method to preserve filopodia. The left-hand column indicates WNT5A/B antibody staining, the center panel indicates ROR2
antibody staining, and the right-hand panel indicates WNT5A/B and ROR2 antibody staining (blue and red, respectively) merged with Phalloidin FITC shown in
green. Three representative experiments are shown, and yellow arrowheads indicate WNT5A/ROR2 clusters. Antibody controls are shown in S/ Appendix, Fig. S1

G and H. The scale bar represents 10 pm.

WNT5A-GFR and membrane-tethered GPI-mCherry and
cocultured these triple transfected cells with untransfected AGS cells.
We found that all three fluorescently tagged proteins are transported
via cytonemes from the producers to the receivers (Fig. 34). We
further observed clusters of ROR2-BFP/WNT5A-GFP in the
receiving cells (white arrowheads). As these clusters also colocalize
with our mCherry-positive membrane marker, we conclude that
these are internalized vesicles containing predominantly membrane
from the producing cells. This observation, together with the results
above, suggests that part of the cytoneme tip buds off; is handed over,
and, subsequently, internalized by the receiving cell (S7 Appendix,
Fig. S3A4). In Drosophila, the SNARE protein snyaptobrevin, a
vesicle-associated membrane protein (VAMP), facilitates Hh
cytoneme contacts in the wing imaginal disc (22). In accordance
with these findings, we find the exocytosis proteins VAMP3 and
VAMPS localizing to the producing AGS cell cytoneme tips
(Fig. 3B). In addition, VAMP3 (but not VAMP8) was found to
colocalize with ROR2 in the receiving cell (white arrows).

Having found that ROR2-positive cytoneme vesicles are inter-
nalized by the receiving cell, we nextasked how a membrane-spanning
receptor is presented in the membrane during the transport.

PNAS 2023 Vol.120 No.39 e2217612120

Therefore, we coupled an antibody against the extracellular domain
of ROR2 to a pH-sensitive fluorescent conjugate. In detail, an
anti-ROR2-CRD antibody and a control antibody were labeled
with a pH-sensitive pHrodo™ Green STP ester dye, which fluo-
resces at acidic pH. Specificity of the labeled antibody
(ROR2-pH-AD) for endocytosed (but not surface) ROR2 was
confirmed in both AGS and CAF cells (87 Appendix, Fig. S3 Band
O). First, we transfected AGS cells with membrane mCherry and
ROR2-BFP and incubated these cells with ROR2-pH-Ab. After
20 h, we imaged live cells by confocal microscopy. As previously
shown, we found that the transfected cells transfer ROR2-BFP
together with mCherry-labeled membrane to the receiving cell. In
the receiving cells, we also observed a signal from the ROR2-pH-Ab
colocalizing with the ROR2-BFP (Fig. 3C and SI Appendix,
Fig. S3C), indicating that the ROR2-pH-Ab plus ROR2-BFP is
taken up by endocytosis and routed to an acidic environment of
for example, a late endosome or lysosome. Most importantly, the
ROR2-pH-ADb used binds to the CRD domain of ROR2, and
therefore, it is this portion of the receptor that is orientated into
the acidic lumen of the endosome. This conformation results in the
signaling-active kinase domain of the ROR2 being positioned in
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Fig. 2. ROR2 and WNT5A complexes are transported from producing pCAF2 cells to receiving AGS cells. (A) AGS cell expresses ROR2-mCherry and WNT5A-
GFP on cytoneme tips (white arrowhead), which can be seen contacting a neighboring AGS receiving cell identified in the BF image and indicated by the blue
dashed line. Other ROR2/WNT5A complexes from the producing cell can be seen localizing in the receiving cell, as indicated by the yellow arrows. The scale bar
represents 10 pm. (B) Time-lapse images, as indicated in minutes, show a ROR2/WNT5A complex (white arrowhead) leaving the cytoneme and colocalizing in the
receiving cell shown in A. Other ROR2/WNT5A complexes from the producing cell can be seen continuing to colocalize in the receiving cell over time, as indicated
by the yellow arrow. The scale bar represents 10 pm. (C) pCAF2 cell expresses ROR2-mCherry and WNT5A-GFP on cytoneme tips (white arrowhead), which can
be seen contacting a neighboring AGS receiving cell identified in the BF image and indicated by the blue dashed line. Other ROR2/WNT5A complexes from the
producing cell can be seen localizing in the receiving cell, as indicated by the yellow arrows. The scale bar represents 10 ym. (D) Time-lapse images, as indicated
in minutes, of the area denoted by the white dashed box in C. AROR2/WNT5A complex (white arrowhead) leaves the cytoneme and colocalizes in the receiving
cell shown in C. (E) A further example of the transport of ROR2/WNT5A complexes from pCAF2-producing cells to AGS-receiving cells. Images as described for
Cand D. (E, ii-iv) show the time-lapse images of the white boxed area in E, i. The scale bar represents 10 uym. (F) pCAF2 cell (C) transfected with ROR2 mCherry
and WNT5A GFP transport complexes to receiving AGS cells (A) over a large distance. The scale bar represents 10 pm.

the cytoplasm of the receiving cell and, therefore, allows activation
of ROR2 downstream signaling in the receiving cell.

CAM s (Fig. 3D). Strikingly, we also find a signal of the ROR2-pH-Ab

together with producing cell membrane in AGS receiving cells. Based
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To test whether endogenous ROR2 is handed over similarly, we
next cocultured primary gastric CAM with AGS cells and incubated
with ROR2-pH-Ab (Fig. 3D). In the control experiments, no stain-
ing was detected in the coculture incubated with the control pH
antibody (87 Appendix, Fig. S3B) or in wild-type AGS cells
(SI Appendix, Fig. S3C). However, we find that endogenous levels
of ROR2 produced by primary gCAM could be detected colocaliz-
ing with our pH-dependent ROR2 antibody in the ROR2-producing

https://doi.org/10.1073/pnas.2217612120

on these findings, we propose that ROR2-positive vesicles are taken
up by endocytosis into the receiving cell. To test this hypothesis, we
next blocked Dynamin-dependent endocytosis in the receiving cell
to reduce the uptake of transferred ROR2. We find that receiving
cells transfected with a dominant negative form of Dynamin 2
(Dyn2****) take up significantly less ROR2 than cells transfected
with membrane mCherry as a control (Fig.3 £ and F and
SI Appendix, Fig. S3D).
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Fig. 3. WNT5A/ROR2 complexes are endocytosed by receiving cells and exist in a conformation that enables signaling. (A) Confocal image of an AGS cell
transiently transfected with ROR2-BFP, WNT5A-GFP, and membrane mCherry. ROR2/WNT5A/membrane marker complexes in a receiving, untransfected AGS
cell, as determined by the bright-field (BF) image, are indicated by white arrowheads. The scale bar represents 10 um. An orthogonal view is shown in S/ Appendix,
Fig. S3A. (B) AGS cells were transiently transfected with ROR2-BFP and either VAMP3-GFP or VAMP8-GFP and live imaged using confocal microscopy. The scale
bar represents 10 um (C) AGS cells transfected with membrane mCherry and ROR2-BFP were cocultured with untransfected AGS cells, incubated in anti-ROR2
antibody labeled with a pH-dependent GFP dye for 20 h, and live imaged by confocal microscopy. The scale bar represents 10 um. (D) gCAM6 cells transfected
with membrane mCherry were cocultured with AGS cells, incubated in anti-Ror2 antibody labeled with a pH-dependent GFP dye for 20 h, and live imaged by
confocal microscopy. i) and ii) shows the same frame, iii) shows a second example. The scale bar represents 10 pm. (E) AGS cells were transiently transfected
with ROR2-BFP and cocultured with AGS cells expressing either membrane mCherry or RFP Dyn2*** for 24 h. Cells were live imaged using confocal microscopy.
The amount of ROR2-BFP in transfected AGS (red dashed line) was quantified. Full images are shown in S/ Appendix, Fig. S3D. The scale bar represents 10 pm. (F)
The ratio of the amount of ROR2 in the transfected receiving cell compared to the untransfected receiving cell was calculated for control (membrane mCherry)

and Dyn2"* cells. Significance was determined using an unpaired Student ¢ test.
Taken together, these results have led us to propose an unex-  producing cell and then transported to a receiving cell (1). At
pected intercellular transport mechanism for signaling receptors ~ contact, the ROR2-positive tip of the cytoneme, including the

(SI Appendix, Fig. S3E). ROR2 is loaded on cytonemes of the membrane, buds off and fuses with the receiving cell, presumably
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due to SNARE protein function (2). Dynamin2-mediated endo-
cytosis follows, resulting in an uptake of ROR2 complexes into
receiving cells (3). During this transport, the kinase domain orien-
tated toward the cell cytoplasm of the producing cell, and after the
fusion, toward the cytoplasm of the receiving cell. Complementary,
the CRD domain faces the extracellular lumen and, after endocy-
tosis, resides within the signaling endosome (4). We hypothesize
that activated ROR2 can signal to the producing cell and, after
hand-over, to the receiving cell.

CAF-Produced ROR2 Can Induce JNK Signaling in Recipient AGS
Cells. After establishing the mechanism of how ROR2 can be
transferred to neighboring cells in the tumor microenvironment,
we asked the question of whether transferred ROR2 remains
active. Wnt/PCP signals via JNK to control epithelial cell polarity
in Drosophila (23) and morphogenetic movements in vertebrates
(24). Thus, we used a JNK signaling reporter system to quantify
the Wnt/PCP response in receiving cells. To decipher the response
of AGS cells to transferred ROR2 (rather than endogenous
receptor), a ROR2 knockout AGS cell line was produced, which
was subsequently transfected with the JNK-KTR-mCherry
reporter plasmid, and a stable clone was selected. This cell line
(AGS-B18) was used as the receiving cells, in which the reporter
translocates from the nucleus to the cytoplasm upon activation
of the JNK signaling pathway (Fig. 44). The pCAF2 cell line was
used as the producing cell in consequent experiments, as they
have similar expression levels of ROR2 as the primary gCAM but
survive longer and are genetically and phenotypically constant.
pCAF2 cells were transfected with either a membrane marker
(WT pCAF2), ROR2, or a dominant-negative ROR2 lacking
the intracellular tyrosine kinase domain (ACD-ROR?2). These
were cocultured with AGS-B18 cells for 24 h and then imaged
using confocal microscopy. Receiving cells for downstream analysis
were determined as those in direct contact with transfected
pCAF2 cytonemes (Fig. 4B). Cells which show no obvious
cytoneme contact have been excluded from the analysis, as it
was unclear whether they have been in contact with the CAF-
filopodial network at an earlier time point. Quantification of the
cytoplasmic/nuclear ratio of reporter protein indicated that the
JNK signaling pathway is activated in receiving AGS cells upon
coculture with both WT pCAF2 and pCAF2 overexpressing
ROR2 (Fig. 4 B and C). However, JNK signaling is significantly
decreased in receiving AGS cells that are cocultured with pCAF2
cells expressing ACD-ROR2. To further examine the contribution
of the transferred ROR2 to the induction of JNK signaling in the
receiving cell, we measured the mean fluorescence of ROR2-BFP
in the receiving cells. Receiving cells were included for analysis
in this subset when the transferred ROR2 was quantifiable and
the JNK reporter activity was within a linear range. Simple
linear regression was used to test whether the amount of ROR2
transferred significantly predicted the ratio of JNK localization
(ST Appendix, Fig. S4B). The overall regression was statistically
significant [R* = 0.314, F (df regression, df residual) = 9.618,
P = 0.0054], suggesting a direct correlation between transferred
ROR2 and JNK signaling activation.

To further probe the paracrine signaling activity of transferred
ROR2, we used AGS cells as the producing and receiving cell line
because AGS display a very low expression of both ROR2 and
WNT5A compared to pCAF2 cells (Fig. 1). Coculture of the
AGS-B18 cells with wild-type AGS cells or WNT5A transfected
AGS cells does not lead to a significant increase of JNK signaling
in the receiving cells (Fig. 4D), supporting the importance of ROR2
as a key receptor for WNTS5A. Next, we transfected the producing
AGS cells with ROR2 or ROR2/WNTS5A, leading to a significant
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increase in paracrine JNK activation, suggesting the requirement
for ROR2 in paracrine Wnt/PCP activation. Furthermore, the
amount of transferred ROR2-BFP was quantified in a subset of
AGS-B18 cells cocultured with AGS transfected with ROR2 BFP,
and we found a direct and significant correlation between trans-
ferred ROR2-BFP and JNK reporter activation in the receiving cells
(SI Appendix, Fig. S4C, R* = 0.1816, P = 0.0044). Importantly,
paracrine JNK activation was ablated when the producing AGS cells
were transfected with the dominant-negative dCD ROR2 (Fig. 4D).
Finally, we transfected WNT5A and dCD-ROR?2 in the producing
cells leading to a similar inhibition of JNK signaling in the receiving
AGS-B18. We conclude that active ROR2 receptors are trans-
ported—most likely on cytonemes—to the receiving cells to induce
paracrine Wnt/PCP signaling. We performed further experiments
to specifically investigate the role of cytonemes in this transfer and
to determine the contribution of secreted complexes, for example,
bound to exovesicles. Coculture of Wnt5A/ROR2-expressing AGS
cells with AGS JNK reporter cells shows a significant increase of
JNK signaling activation compared to the WT AGS/AGS reporter
cells (Fig. 4E). Next, we cultured AGS-B18 reporter cells in media
harvested from AGS cells transfected with ROR2 and WINT5A.
We observed no significant activation of JNK signaling. Finally, we
asked how signaling is altered when the producing cells cannot form
cytonemes. To block cytoneme formation, we used the mutated
form of IRSp53**. We found that AGS cells transfected with this
dominant negative form of IRSp53 and ROR2/WNT5A had sig-
nificantly shorter cumulative filopodia length than AGS cells trans-
fected with ROR2 and WNTS5A alone (SI Appendix, Fig. S4A).
Then, we cocultured the ROR2/WNT5A/dnIRSp53 transfected
producing cells with the AGS-B18 reporter cell line. We observed
no significant activation of JNK signaling in the receiving cell
(Fig. 4E). These results indicate that cytoneme-mediated transport
of ROR2/WNT5A complexes is the primary route of intercellular
transfer, which cannot be compensated by secreted, EV-based
mechanism.

CAF-Produced ROR2 Induces Polarization of the Actin
Cytoskeleton in Recipient AGS Cells. Activation of JNK signaling
via the Wnt/PCP pathway is associated with cell polarity and
migration (26). To determine whether transferred ROR2 can affect
polarity, we analyzed the actin distribution at the cell cortex of
the receivers. Therefore, AGS cells were transfected with LifeAct-
GFP and cocultured with pCAF2 cells expressing either ROR2
or ACD-ROR2. Individual AGS cells contacted by a pCAF2 cell
were analyzed by a live-imaging time-lapse approach (Fig. 5 A-C).
The ratio of fluorescent cortical actin on the facing side of the
cell over the opposing side of the contact site was measured. AGS
control cells show a homogeneous distribution of cortical actin
(Fig. 5 A and D). However, we found a significant polarization
of actin of AGS cells to the side in contact with pCAF2 cells
expressing ROR2 (Fig. 5 B and D). We could not detect this
phenotype in cells cocultured with pCAF2 cells expressing the
dominant-negative ACD-ROR2 (Fig. 5 Cand D).

Due to the complex nature of the pCAF2 filopodial network and
the high mobility of the AGS cells, it was challenging to measure
cell polarity in a simple coculture system. Therefore, we developed
abespoke PDMS microchamber to explore the effect of CAF-derived
ROR2 on AGS polarization and migration. AGS and pCAF2 cells
were cultured in chambers on either side of a series of diamond-shaped
pillars, providing better separation and directionality to visualize the
molecular interactions between the two populations of cells. Pillars
with a dimension of 40 pm x 40 pm, and gaps of 4 pm retain the
pCAEF2 cells while allowing filopodial contacts to form and the AGS
cells to migrate in two dimensions. AGS cells were transfected with
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Fig. 4. ROR2 induces JNK signaling in receiving AGS cells. (A) Schematic depicting the JNK signaling assay (adapted from ref. 25). Upon activation of the JNK
signaling pathway, the mCherry reporter protein translocates from the nucleus to the cytoplasm of the cell. (B) Representative confocal images of AGS-B18 cells
cocultured with wild-type pCAF2 transfected with either membrane GFP (Left), ROR2 BFP (Center), or dCD ROR2 BFP (Right). The scale bar represents 10 um. (C)
Quantification of the cytoplasmic to nuclear ratio of the JNK reporter signal in receiving AGS-B18 reporter cells cocultured with pCAF2 cells as described in (B).
Reporter cells were cocultured with wild-type (WT) AGS cells as a control. Boxes represent 95% quartile, the centerline indicates the mean, and the whiskers
indicate the range. n = number of receiving cells quantified. Results are from three independent experiments. Significance was calculated using an unpaired
t test between two conditions. (D) Quantification of the cytoplasmic to the nuclear ratio of JNK reporter signal in AGS-B18 reporter cells cocultured with AGS
cells transfected with either membrane GFP (WT AGS), ROR2, ROR2, and WNT5A, ROR2 lacking the cytoplasmic domain (dCD ROR2) or dCD ROR2plus WNT5A as
indicated. n = number of receiving cells quantified. Results are from three independent experiments. Significance was calculated using an unpaired t test between
two conditions. (E) Quantification of the cytoplasmic to nuclear ratio of JNK reporter signal in AGS-B18 reporter cells cocultured with AGS cells transfected with
either membrane GFP (WT AGS), ROR2 and WNT5A, or ROR2, WNT5A, and dnlRSp534K to block cytoneme formation as indicated. AGS-B18 reporter cells were
also cultured in media only taken from AGS cells transfected with ROR2 and WNT5A for 24 h as indicated by MEDIA. n = number of receiving cells quantified.
Significance was calculated using an unpaired t test between each two conditions.

LifeAct-GFP and cocultured in the PMDS microchambers with  cells; however, due to insufficient data points, we report these results
pCAF2 cells expressing ROR2 mCherry. In some cases, we observed ~ only as a proof-of-principle experiment, with the method shown
a directional extension of protrusion toward the Ror2-expressing and described (S7 Appendix, Fig. S5).
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Fig. 5. ROR2 induces actin polarization in receiving AGS cells. AGS cells were transfected with LifeAct GFP and cultured either (A) on their own (Control) or with
pCAF2 cells overexpressing (B) ROR2 mCherry or (C) dCD ROR2 mCherry. Cells were imaged using confocal microscopy. The left-hand panel shows the 488-nm
channel only (LifeAct-GFP), and the right-hand panel shows the merge of the green channel with the red channel to show the location of the producing cell and
contact points. White dashed lines indicate a bisecting line through the center of the nucleus used to define the facing and opposing sides of the receiving cell.
Yellow arrows indicate actin accumulation at contact points with ROR2-producing pCAF2 cells. The scale bar represents 10 pm. Two representative images from
each condition are shown. (D) Quantification of facing/opposing mean fluorescent-labeled actin in receiving AGS cells in contact with cells as indicated on the
X axis. n = number of receiving cells quantified. Significance was calculated using an unpaired t test between each two conditions.

ROR2 Induces Directional Migration and Invasion in 3D Models.
To determine whether the ROR2-dependent induced polarization
of individuals receiving AGS cells observed above resulted in the
migration of whole populations of AGS cells, we utilized a standard
2D migration/wound healing assay. Surprisingly, we found that
populations of AGS cells transiently expressing ROR2 and WNT5A
had a larger remaining gap after 18 h of incubation than wild-type
AGS cells (8] Appendix, Fig. S6 Aand B). Upon close examination of
time-lapse series of wild-type AGS cocultured with pCAF2 cells, we
observed that AGS cells in close proximity to pCAF2 cells migrate
within a narrow radius of the pCAF2 cell rather than migrating away
and across the gap (S] Appendix, Fig. S6C). In contrast, AGS cells
in the same field that did not start close to a pCAF2 cell migrated
much further. This led us to hypothesize that the pCAF2 cells
induce a directional, polarized migration in the AGS cells rather
than a general increase in migratory capacity.

To test this, we established an advanced 3D invasion assay
(Fig. 6A). In this assay, pCAF2 transfected with either ROR2 or
ACD-ROR2 were cultured in GrowDex hydrogel in 96-well
plates, and AGS cells transfected with membrane GFP were cul-
tured in a monolayer in a transwell plate placed on top of, and in
contact with, the hydrogel. This hydrogel was selected for use as

https://doi.org/10.1073/pnas.2217612120

it is consistent between batches and, unlike Matrigel, does not
contain cancerous microenvironment factors. The GrowDex was
seeded with a high density of pCAF2 cells, which secrete ECM
components to model the tumor microenvironment in a con-
trolled manner. We confirmed that our AGS and pCAF2 cells
grew normally in this 3D culture system and formed filopodial
contacts (Fig. 1B). We next determined that the AGS cells would
migrate through the transwells and into the pCAF2 containing
hydrogel (S Appendix, Fig. S6D). Following incubation for 72 h,
the wells were imaged using fluorescent light microscopy. Images
were analyzed and quantified using Imaris cell imaging software.
AGS cells were identified in the hydrogel as GFP-positive cells
with a diameter in x, y, and z of more than 20 pm. Visual inspec-
tion of overlaid green and bright-field channels confirmed that
this detection method corresponded to cells rather than debris or
background. GFP-positive AGS cells were converted to dots, as
shown in 87 Appendix, Fig. SGE, and the depth that individual
AGS cells migrated into the hydrogels was measured using Imaris.
AGS cells migrated significantly less distance into the hydrogel
containing pCAF2 cells expressing ACD-ROR2 than cither
wild-type pCAF2 cells or pCAF2 cells overexpressing ROR2
(Fig. 6B). This adds further evidence to support our hypothesis
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Fig.6. ROR2induces polarized migration and invasion in 3D models. (A) Schematic demonstrating the 3D invasion assay. AGS cells transiently transfected with
membrane GFP are cultured in a monolayer in transwells with an 8-um pore size. pCAF2 cells transfected with either membrane mCherry, ROR2 mCherry, or dCD
ROR2 mCherry are cultured in 3D using GrowDex at the bottom of the well, ensuring contact is made between the GrowDex and the transwell (S/ Appendix, Fig. S6D).
The black arrow indicates the migratory direction from the GFP-positive AGS cells into the hydrogel containing mCherry labeled CAFs. Following incubation for
72 h, the GrowDex is imaged using fluorescent light microscopy. Invading GFP-positive AGS cells are identified digitally by Imaris based on their size (20 pm in X,
y, and z) to exclude cell debris and converted to dots (S/ Appendix, Fig. S6E). The distance of each AGS cell away from the transwell is then calculated. (B) Depth
into the hydrogel that GFP+ive AGS cells invade when cultivated with pCAF2 cells transfected with either membrane mCherry (pCAF2 control), ROR2 mCherry
or dCD ROR mCherry as indicated on the X axis. include technical and biological repeats. The dashed line at the top of the graph represents the location of the
transwell. Boxes represent 90% quartile, the centerline indicates the mean, and the whiskers indicate the range. n = number of AGS cells measured. Results
from four experiments representing biological and technical repeats are shown. Significance was calculated using an unpaired ¢ test. (C) Embryos were injected
with membrane mCherry mRNA only (control) or plus Ror2 mRNA (Ror2) or Ror2*' mRNA (Ror2*) into one cell out of eight blastomeres, and the adjacent cell was
injected with Gap43-GFP mRNA to generate two independent clones in the same embryo. (D) The live embryos were mounted and imaged at 6 h postfertilization,
and the area of each embryo containing red and green-labeled cells was measured for each condition as a representation of how far cells from each clone (*)
had migrated. Scale bar represents 200 um. (£) Area of embryos containing GFP- or mCherry-positive cells indicated on the X axis for the different conditions
(green bars: control—injected with membrane mCherry alone, blue bars: injected with Ror2 mRNA and membrane mCherry, red bars: injected with Ror2*
and membrane mCherry). Boxes represent 95% quartile, the centerline indicates the mean, and whiskers indicate the range. Significance was calculated using
ordinary one-way ANOVA with Tukey’s multiple comparison test.

that the pCAF2 cells provide a ROR2-dependent signal to the
AGS cells to invade and migrate in a directional fashion. It is
important to mention that also the usage of 3D models can resem-
ble some cellular behavior; the mechanism might differ within a
complex tumor environment.

Next, we performed an in vivo migration experiment in zebraf-
ish to further support our idea that ROR2-expressing cells increase
the directional migration of the neighboring cells. Therefore, we
generated two independent clones in the same embryo. Wild-type
zebrafish embryos were injected with membrane 72 Cherry mRNA +
ror2 mRNA into one cell out of eight blastomeres, and the adjacent
cell was injected with Gap43-GFP mRNA. (Fig. 6C). The live
embryos were mounted and imaged at 6 h postfertilization (hpf)
(Fig. 6D). The area of the embryo containing red and green cells
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was measured. mCherry-expressing cells migrated over a greater
area of the embryo when coexpressing Ror2, suggesting that auto-
crine PCP signaling drives this migratory process (Fig. 6E). This
effect was ablated when the mCherry cells coexpressed dominant
negative Ror2”. Interestingly, the GFP-expressing cells also
migrated over a greater area of the embryo when mCherry plus
Ror2 was expressed in the adjacent cell population compared to
embryos containing clones of mCherry alone cells or mCherry
plus Ror2* (Fig. 6D). This result indicates that the GFP-expressing
cells are induced to migrate further, presumably via paracrine trans-
fer of ROR2 from adjacent cells.

Collectively, these results indicate that the transfer of the ROR2
receptor from CAFs to gastric cancer cells increases the capacity of
the receiving tumor cell to respond to Wnt/PCP signaling—even
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in the absence of endogenous ROR2 receptors. Furthermore, trans-
ferred and active ROR2 receptors affect polarity and directional
migration in the cancer cell and increase migration and invasion in
3D in vitro and in vivo models.

Discussion

‘The aberrant expression of WNT5A in intestinal tumor microen-
vironments is well documented (27, 28). Still, the question of how
cancer cells respond to PCP signaling is perplexing, given the down-
regulation of key receptors such as the concomitant coreceptor
ROR2 in many gastric tumors. Here, we show that the WNT5A
coreceptor ROR2 can be transferred from CAFs to gastric cancer
cells via signaling filopodia, thereby inducing JNK signaling, actin
polarization, and directional migration in the receiving cell. This
unexpected intercellular signaling mechanism of receptor transfer
provides insights and a possible explanation of how gastric cancer
cells respond to high WINT5A in their environment.

Frequent upregulation of WN754 mRNA has been previously
described in primary gastric cancer (10), and WNT5A has been
shown to be the only noncanonical Wnt ligand that is consistently
up-regulated in gCAM (11). We confirmed the overexpression of
WNT5A in gCAM. In addition, we report that WNT5A is equally
highly expressed in pancreatic CAFs. In parallel to WNT5A, we
observe an upregulation of ROR2 in gCAM/pCAE In support of
this finding, bone marrow—derived mesenchymal stem cells were
also shown to have significantly higher ROR2 mRNA than the
gastric cancer cell line MKN45 (29). Moreover, high ROR2
expression was identified in the stroma of 43% of pancreatic ductal
adenocarcinoma (PDAC) tissues. However, this was not signifi-
cantly different from matched tissues or benign pancreatic lesions,
and the stromal cell type was not characterized (30). In addition,
high stromal ROR2 expression was significantly associated with
lymph node invasion and tumor stage in this study.

The key finding presented here is that a membrane-spanning
protein, the receptor ROR2, can be transported from CAFs to
signal-receiving gastric cancers via filopodia to allow the gastric
cancer cell to respond to ligands such as WINT5A, a paradigm shift
in our understanding of how cells can respond to paracrine Wnt
signaling. We have previously shown that Wnt ligands can be trans-
ported intercellularly over long distances via specialized actin-rich
signaling filopodia, also known as cytonemes (19, 20, 31). More
recently, we have shown that Wnt3 is transported intercellularly via
cytonemes and facilitates tumor progression in gastric cancer (18).
Therefore, cytoneme-mediated intercellular transport of Wnt com-
ponents provides an attractive hypothesis to describe how long-range
signaling may be achieved in the tumor microenvironment. In
addition to the Wnt ligands, we observe fluorescently labeled, over-
expressed ROR2 in receiving AGS cells over considerable time
periods and in most directly contacted cells. Despite being a striking
observation of a cytoneme-mediated Wnt receptor transfer to a
signal-receiving cell, there is some precedent for intercellular recep-
tor trafficking. Evidence suggests that exovesicles can play a role in
receptor transfer, including the transport of Fzd10 mRNA in gastric
and colorectal cancer (32), and intercellular transfer of the onco-
genic receptor EGFRVIII by microvesicles derived from glioma cells
has been reported (33). Although we do not rule out the possibility
of exosome-mediated intercellular transfer of ROR2 in the findings
presented here, we observe that paracrine JNK signaling correlates
with the relative amount of producing cell-derived ROR?2 in the
receiving AGS cell. The receiving cells were included in the analysis
only if cytoneme-based contact could be identified, which provides
evidence for a more direct role in the cell-to-cell transfer of activated
ROR2. Moreover, reporter cells cultured in conditioned media from
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AGS cells transfected with ROR2 and WNT5A showed a significant
reduction in JNK activation in the receiving population compared
to a coculture system with the same producing and receiving cells.
Similarly, AGS reporter cells cocultured with producing cells
expressing a dominant negative form of IRSp53 to reduce the filopo-
dial length in addition to ROR2 and WNT5A also showed a sig-
nificant reduction in JNK activation in the receiving cells. Taken
together, these results indicate that cytoneme-mediated transport
of receptor-ligand complexes is the primary mechanism of transfer
in this system as opposed to secreted factors.

In addition, there is evidence that other receptors can be trans-
ported along cytonemes. Thickveins (the receptor for Decapentaplegic,
DPP) and EGFR has been observed to be moving in puncta along
cytonemes in Drosophila (34, 35). Moreover, confocal fluorescent
microscopy of GFP-tagged FZD7 shows retrograde transport along
cytonemes during chicken embryonic somite development (36). We
have previously shown that ROR2 also colocalizes with other ligands
and components of the Wnt signaling pathway on cytonemes
(18, 19, 31), including the canonical ligand Wnt8a. This raises the
intriguing question of how the trafficking of different proteins to the
cytoneme tip for transport is regulated and what molecular mecha-
nisms determine which filopodia become Wnt-carrying cytonemes.

Overexpressed ROR2 was transferred via cytonemes in associa-
tion with producing cell membranes, and high-resolution imaging
leads us to suggest that the tip of the cytoneme buds off following
contact with a receiving cell and is endocytosed. In support of this
hypothesis, we found producing cell membrane colocalizing with
ROR?2 in the receiving cell and demonstrated the involvement of
Dyn2 in the endocytosis process. We also report the presence of
both VAMP3 and VAMPS at cytoneme tips. A role for SNARE
proteins in cytoneme-mediated transport of signaling components
is not unprecedented, as a mechanism mediated by SNARE proteins
is required for Patched (Ptc) transport by cytonemes in the
Drosophilawing disc (22). However, here, colocalization of SNARE
proteins with Wnt ligands has been identified, and this raises inter-
esting questions regarding the similarities between cytoneme-based
transport of different proteins. Moreover, it may provide avenues
of investigation as to how target cells are identified by cytonemes
and how the contact site is initiated and maintained.

In addition to the overexpression experiments, we show that the
transfer of ROR2 complexes also happens at the endogenous level
between primary gCAM and AGS cells and that transferred ROR2
is endocytosed in receiving cells. Most importantly, by usinga ROR2
antibody conjugated to a pH-dependent dye, we are able to determine
the orientation of the receptor on the cytoneme and in the endosome,
such that the CRD domain is exposed to the extracellular side and,
subsequently, facing into the lumen of the vesicle (Fig. 3).
Consequently, the kinase domain is orientated toward the cytoplasm
of the cytoneme and the cytoplasm of the receiving cell. This orien-
tation allows continuous signaling into the producing cell and, after
handover, signaling into the receiving cell. Indeed, our studies reveal
that pCAF2-derived, paracrine transport of ROR2 can induce JNK
signaling in AGS-receiving cells at a level that directly correlates with
the amount of functional ROR2 transported.

Previous studies have shown a role for MSC-derived ROR2 and
WNT5A in autocrine induction of the C-X-C Motif Chemokine
Ligand CXCL16, which in turn promotes the proliferation of MKN45
gastric cancer cells via CXCR6 (29). In addition, the knockdown of
CXCL16 in MSC suppressed the migration of MKN45 cells (37).
However, bone marrow-derived MSC cells are a heterogenous pool of
progenitor cells, and here, we report specifically on the function of
ROR?2 in CAFs. Moreover, the knockdown of ROR2 in MSC had a
greater inhibitory effect on MKIN45 migration than the knockdown of
CXCL16, suggesting a role for ROR2 supplementary to its role in
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CXCL16 upregulation. Furthermore, when AGS cells transfected with
ROR2 and WNT5A are used as the signal-producing cells in our study,
we report a similar level of paracrine JNK activation in the receiving
AGS cells as when pCAF2 cells are the signal-producing cells. In both,
this experiment and in our parallel zebrafish model, it is unlikely that
the same panel of chemokines and other soluble signals would be pres-
ent. There are no obvious orthologues of CXCL16 or CXCRG6 in zebraf-
ish (38), although CXCL chemokines have been shown to have a role
in migration at later stages of zebrafish embryonic development. In
addition, blocking WNT5A-mediated ROR2 internalization sup-
pressed gastric cancer tumor cell invasion and metastasis in WNT5A-high
but not WNT5A-low cells (39), suggesting a direct role for ROR2 in
activating the Wnt/PCP pathway rather than a chemokine signaling
pathway. It has also been shown that filopodia formation mediated by
ROR?2 is required for WNT5A-induced cell migration in human mel-
anoma cell lines (40) further supporting our observation of a role for
direct transport of ROR2 in inducing migration in AGS cells.

In support of our model, we observed a similar phenomenon
occurring in zebrafish development and cytonemes or intercellular
bridges could facilitate the intercellular transport in the embryo
(20, 41); however, this needs to be investigated in the future. In
a parallel study by our group, quantitative fluorescent imaging via
fluorescent correlation spectroscopy (FCS) and FLIM-FRET was
developed to provide evidence that zebrafish Ror2 and the relevant
ligand Wnt5b are significantly correlated in the producing cell,
on cytoneme tips and also in the receiving cell (42). Taken
together, we suggest a conserved and essential role for this signaling
mechanism in both vertebrate embryogenesis and disease.

Our data show that ROR2 is an important receptor for WNT5A.
Using various in vitro and in vivo assays, we demonstrate a pro-
moting role of transferred ROR2 in establishing cell polarity and
enhancing the invasion of gastric cancer cells. In support of our
data, enhanced levels of WNTS5A facilitate cell migration and inva-
sion of gastric cancer cells (43). Similarly, WNT5A regulates cel-
lular migration and invasion in various types of colon cancers with
a dependency on ROR2 function (44). Here, WNT5A promotes
the formation of adhesion sites leading to directional migration,
and this activity is reduced in Wnt5a knockdown colon cancer
cells leading to reduced directional migration. WNT5A can also
induce polarization of tumor-associated macrophages (TAMs) and
ultimately promoting tumor growth and metastasis of colorectal
cancers (45). However, it is unclear whether TAMs produce suffi-
cient levels of ROR2 to respond to WNT5A or whether they rely
on CAF-transferred ROR2 similar to tumor cells.

In conclusion, we show that the Wnt/PCP coreceptor ROR2
can be directly transported from CAFs to AGS cells, thereby induc-
ing JNK signaling, actin polarization, and directional migration in
the receiving cell in a ROR2 dependent manner. These observations
were confirmed in an in vivo zebrafish model of cell migration
reported in this paper and further supported by a parallel develop-
mental zebrafish study that validates this Wnt/PCP signaling mech-
anism. However, further experiments are required to support this
mechanistic finding in a complex human tumor environment.
Taken together, these results increase our understanding of how
gastric cancer cells can respond to their microenvironment and the
molecular mechanisms that promote migration and metastasis.

Materials and Methods

Cell Culture. The human gastric adenocarcinoma cell line AGS was purchased
from ECACC and maintained in Roswell Park Memorial Institute (RPMI) 1640
Medium supplemented with 10% fetal bovine serum (FBS) (Fisher). Fibroblast
cell lines were generously gifted by Melissa Fishel of IU Simon Cancer Research
Centerand isolated as described in ref. 46. Fibroblast nomenclature was reduced
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for purposes of simplicity with "pCAF2" referring to UH1303-02 cells. pCAF2 cells
were maintained in Dulbecco's modified eagle medium (DMEM) supplemented
with 10% fetal bovine serum. Human primary gastric myofibroblasts were gener-
ously gifted by Andrea Varro and are as described in ref. 47. Gastric myofibroblasts
were cultured in DMEM with L-glutamine containing 10% fetal bovine serum,
1% modified Eagle medium nonessential amino acid solution, 1% penicillin/
streptomycin, and 2% antibiotic-antimycotic. The medium was replaced routinely
every 4810 60 h, and cells were passaged at confluence up to 10 times. 3D cell cul-
ture was performed using GrowDex® hydrogel (UPM). The stable ROR2 knockout
JNK reporter AGS cell line was generated by transfection first with the validated
ROR2 CRISPR plasmids sc-401324 (Santa Cruz Biotechnology). ROR2 knockout
clones were confirmed by sequencing, and the B18 clone was transfected with
the JNK KTR-mCherry plasmid (25, 48), followed by selection with blasticidin. A
stable clone was selected, which expressed the JNK reporter ata level suitable for
detection by confocal microscopy. All cells were maintained at 37 °Cwith 5% CO,.

Plasmids and Transfection. All plasmids used are listed in S/ Appendix.
Transfections were performed using a 4D-Nucleofector Unit (Lonza), with the P2
Primary Cell Kit for pCAF2 cells and the SF Cell Line kit for AGS cells. AGS cells
were additionally transfected with Fugene HD Transfection Reagent (Promega)
if high transfection efficiency was not critical.

qPCR. RNAfor qPCR was collected from cell pellets using the QIAGEN RNeasy kit
according to the manufacturer's instructions. qRT-PCR was then performed using
the SensiFAST™ SYBR® Lo-ROX One-Step Kit with half volumes according to the
manufacturer's protocol and run using Applied Biosystems QuantStudio6 Flex.
Primer sequences are listed in S Appendix.

Immunofluorescence. Cells were plated onto glass coverslips and following 24-h
incubation were washed in 1xPBS and fixed using modified MEM-Fix (4% formal-
dehyde, 0.25 to 0.5% glutaraldehyde, 0.1 M Sorenson'’s phosphate buffer, pH7.4)
(21,49)for 7 min at 4 °C. Cells were then incubated in permeabilization solution
(0.1% TritonX-100, 5% serum, 0.3 M glycine in 1xPBS)for 1 h at RT. Primary anti-
bodies (mouse anti-Ror2: Santa Cruz H-1, rabbit anti-Wnt5a/b: ProteinTech 55184-
1-AP) were diluted in incubation buffer (0.1% Tween20, 5% serum in 1x PBS) and
coverslips incubated in 50 pl spots on parafilm overnight at 4 °C. Coverslips were
thenwashed with 1xPBS 3x for 5 min before incubation in 50-uL spots of second-
ary antibodies (goatanti-mouse AF647: Abcam ab150115, goat anti-rabbit AF405:
abcam 175652) diluted in incubation buffer for 1 h at RT. Coverslips were then
washed 3x for 5 min with 1x PBS before mounting onto glass slides using ProLong
Diamond anti-fade mountant (Invitrogen) and left to dry for 24 h before imaging.
Confocal microscopy forimmunofluorescent antibody imaging was performed on
a Leica TCS SP8 laser-scanning microscope using the 63 x water or oil objectives.

Antibody Internalization Assay. Anti-Ror2 antibody (R&D Systems, AF2064)
or Normal Goat IgG control sera (R&D systems) were labeled with pH-sensitive
pHrodo™ Green STP ester dye (Invitrogen) as per the manufacturer's instruc-
tions. Labeled antibodies were purified using Micro Bio-Spin™ P-30 Gel Columns
(Biorad). Populations of cells as required were cocultured for 24 h to allow adher-
ence, and then 3 nM labeled antibody or control sera in Phenol-red free media
were added for 20 h before cells were imaged on a Leica TCS SP8 confocal micro-
scope using a 63x oil objective.

JNK Reporter Assay. AGS ROR2 KO cells stably expressing JNK-KTR-mCherry
(AGS-B18) were cocultured with either pCAF2 cells or AGS cells transfected with
indicated plasmids for 24 h. For conditioned media experiments, AGS cells were
transfected with ROR2 and WNT5a and incubated for 24 h. Media were collected,
centrifuged for 10 min at 5,000 rpm to remove cells, and added to reporter AGS
B18 cells. After 12 h, a further batch of conditioned media was collected from
the producing cells and used to replace the media on the AGS B18 reporter cells.
Cells were imaged after a total of 24 h in conditioned media, consistent with
the time for the coculture experiments. Cells were imaged on a Leica TCS SP8
confocal microscope using a 40x oil objective. Fluorescence intensity of each
receiving cell's cytoplasm and nucleus was measured using Fiji software, and
the cytoplasmic:nuclear ratio (C:N) was calculated.

Actin Polarization. AGS cells were transfected with LifeAct-GFP and incubated for
24 h for recovery. pCAF2 cells were transfected as required and also incubated for
24 hrecovery. Cells were trypsinized, counted, and the two populations cocultured
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for24 h. Cells were imaged using a Leica TCS SP8 laser-scanning microscope using
the 63 oil objective. The fluorescence intensity was analyzed in AGS cells that
were in contact with a pCAF2 cell using FIJI. Aline was drawn through the middle
of the nucleus of the receiving AGS cell to define facing and opposing sides, and
the mean fluorescence at the membrane of each side was measured.

3D Invasion Assay. pCAF2 cells were transfected as required and cultured for
24 hfor recovery. AGS cells were transfected with pCS2+ Gap43-GFP (membrane-
GFP)and also incubated for 24 h. The 3D invasion assays were performed using
GrowDex® hydrogel (UPM) as the matrix supporting 3D cell growth. For the exper-
iment, 1 x 10° pCAF2 cells were resuspended in 40 pL complete cell culture
medium (DMEM + 5% FBS, minus phenol red), and then mixed with 90 pL of
the 1.0% hydrogel stock to achieve a 0.75% w/v hydrogel solution. Then, 80 pL
of this suspension was dispensed to a well of a 96-well transwell plate (Corning)
using a wide-bore pipette. The insert was placed on top, and 5 x 10° transfected
AGS cells aliquoted in 100 pL of DMEM + 5% FBS minus phenol red on top of
the 8-um pore-size membrane. Media were exchanged once per day for 72 h,
and on the third day, cells were imaged using a Leica DMI6000 light microscope
with a 20x dry objective. One-millimeter stacks were obtained, with a frame at
every 5 um. Images were analyzed using Imaris, with green AGS cells converted
to spots and the depth of their position in the hydrogel measured. Three stacks
were obtained in each well, and the experiments were performed in triplicate.

In Vivo Zebrafish Migration Assay. WIK wild-type zebrafish (Danio rerio) were
maintained at 28 °C and on a 14-h light/10 h dark cycle (50). Zebrafish care and
all experimental procedures were carried out in accordance with the European
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