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Abstract

Increasing evidence indicates that angiogenesis plays a pivotal role in tumor progres-
sion. Formin-like 2 (FMNL2) is well-known for promoting metastasis; however, the
molecular mechanisms by which FMNL2 promotes angiogenesis in colorectal cancer
(CRC) remain unclear. Here, we found that FMNL2 promotes angiogenesis and metas-
tasis of CRC in vitro and in vivo. The GDB/FH3 domain of FMNL2 directly interacts
with epidermal growth factor-like protein 6 (EGFL6). Formin-like 2 promotes EGFL6
paracrine signaling by exosomes to regulate angiogenesis in CRC. Cytoskeleton as-
sociated protein 4 (CKAP4) is a downstream target of EGFL6 and is involved in CRC
angiogenesis. Epidermal growth factor-like protein 6 binds to the N-terminus of
CKAP4 to promote the migration of HUVECs by activating the ERK/MMP pathway.
These findings suggest that FMNL2 promotes the migration of HUVECs and enhances
angiogenesis and tumorigenesis in CRC by regulating the EGFL6/CKAP4/ERK axis.
Therefore, the EGFL6/CKAP4/ERK axis could be a candidate therapeutic target for
CRC treatment.

Abbreviations: CAM, chorioallantoic membrane; CM, conditioned medium; Co-IP, coimmunoprecipitation; CRC, colorectal cancer; CKAP4, cytoskeleton-associated protein 4; EGF,
epidermal growth factor; EGFL6, epidermal growth factor-like protein 6; EMT, epithelial-mesenchymal transition; EV, extracellular vesicle; FMNL2, formin-like 2; IHC,
immunohistochemistry; miR, microRNA; TCGA, The Cancer Genome Atlas; TME, tumor microenvironment; VEGFA, vascular endothelial growth factor A; VEGFR2, vascular endothelial

growth factor receptor 2; WB, western blot.
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1 | BACKGROUND

Colorectal cancer is one of the most common malignant tumors world-
wide, with the third-highest incidence and second-highest mortality
rate.l"? Metastasis is the leading cause of death in most patients with
CRC. Thus, determining the molecular mechanisms related to CRC
metastasis and finding effective treatment approaches are essential.

Formins are well-known members of the actin-nucleating protein
family. They are involved in actin remodeling and control different
cellular processes. Formins are frequently deregulated in pathological
conditions, such as tumorigenesis and metastasis.> Formin-like 2, a
member of the diaphanous-related formins, is upregulated in CRC cell
lines and metastatic lymph nodes. FMNL2 promotes CRC progres-
sion through the Rho signaling pathway and EMT,* but the molecular
mechanism by which FMNL2 is involved in angiogenesis in CRC re-
mains unclear. This study found that FMNL2 interacts with epidermal
growth factor-like protein 6 in a yeast two-hybrid system. First dis-
covered in 1999, EGFL6 is a member of the EGF repeats superfam-
ily. It is located on human chromosome Xp22 and includes the EGF
domain repeat and the MAM domain, also named MAEG. Epidermal
growth factor-like protein 6 regulates the cell cycle, proliferation, and
differentiation.® Recent studies have revealed that the EGFL6/p-ERK
pathway promotes angiogenesis to facilitate bone fracture healing
and expedite breast and ovarian cancer progression.6 However, the
relationship between EGFL6 and FMNL2 and the role of FMNL2 in
angiogenesis have not yet been thoroughly explored.

Cytoskeleton-associated protein 4, a surface receptor, plays a
key role in alveolar epithelium, bladder epithelium, bladder cancer,
and vascular smooth muscle. It regulates cell mitosis and intracel-
lular protein metabolism through palmitoylation and promotes mi-
crotubule polymerization. It is transported to the cell membrane
through PI3K.””? Mass spectrometry analysis showed that CKAP4
is an EGFL6-interacting protein. Therefore, we hypothesized that
EGFL6 is important in promoting CRC angiogenesis through CKAP4.

Here, we reveal that FMNL2 is involved in CRC angiogenesis
through the EGFL6/CKAP4/ERK axis, providing a new therapeutic
target for CRC treatment.

2 | MATERIALS AND METHODS

2.1 | Colorectal cancer tissue samples, cell culture,
and transfection

Data from CRC tissue samples are presented in the Document

S1. Cell culture and transfection were carried out according to
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previously described methods.’%*! Human CKAP4-specific siRNAs
were synthesized by GenePharma (Document S2, Table S1). The
primers constructed for the overexpression and knockdown of the
FMNL2/EGFL6/CKAP4 axis are listed in Table S1.

2.2 | Quantitative real-time RT-PCR

Total RNA was extracted from CRC cell lines using TRIzol reagent
(Invitrogen). Reverse transcription was undertaken using RevertAid
Premium Reverse Transcriptase according to the manufacturer's pro-
tocol (MBI Fermentas). All primer sequences are listed in Tables S1
and S3.

2.3 | Western blot and IHC analyses
Western blot and IHC analyses were carried out according to previ-
ously described methods.’? The reagents used in relevant experi-

ments can be found in Document S3.

24 | Flow cytometry

Flow cytometry was carried out according to previously described
methods.®® The HUVECs were transfected with overexpression
plasmids and/or siRNAs of CKAP4 after 6 h. They were treated with
stable EGFL6 or EGFL6-shRNA CRC supernatant for 36h, and then
fixed in 70% ice-cold ethanol. The cells were then incubated with
propidium iodide (4 mg/ml) in PBS.

2.5 | Cell migration and angiogenesis assay
Transwell assay,** wound healing assay,® tube formation assay,
and chicken CAM assay'” were carried out based on the previously

described methods.

2.6 | Coimmunoprecipitation

SW620 and LoVo cells were lysed in ice-cold Co-IP buffer (Roche)
for 30min. The cells were then centrifuged. The supernatant was
collected and incubated with GammaBind Plus Sepharose (GE
Healthcare) with gentle shaking overnight at 4°C. The mixture was
washed with Co-IP buffer and analyzed by WB.
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2.7 | Immunofluorescence

SW620 and LOVO cells were washed with PBS, fixed with methanol
for 15min at room temperature, and then washed in PBST. Cell nu-
clei were counterstained with DAPI (Beyotime) for 20 min. Confocal
images of the stained cells were captured using Zeiss AIM software

on a Zeiss LSM 700 confocal microscope system (Carl Zeiss Jena).

2.8 | Animal models
The animal model was constructed according to the previously de-
scribed methods (Document S4). It was approved by the Institutional

Animal Ethical Committee of Xinxiang Medical University.

2.9 | Mass spectrometry

293T cells with stable Flag-FMNL2 expression were collected using a
scraper and lysed in a weak lysis buffer. The cell lysate was incubated
with FLAG magnetic affinity resin (Sigma-Aldrich). We used SDS-PAGE
to separate proteins, and the gel was stained using Coomassie Brilliant
Blue R250. Protein bands were excised from the gel and analyzed using
liquid chromatography-mass spectrometry. Data analysis and protein

identification were undertaken using the NCBI protein database.

2.10 | Pull-down assay
A GST pull-down assay was carried out based on previously de-
scribed methods.*®

211 | Immunoassay
An ELISA assay was carried out based on previously described
methods.*

2.12 | Bioinformatics analysis

We downloaded and organized the RNA sequencing data of TCGA-
COAD and TCGA-READ from TCGA (https://portal.gdc.cancer.gov/)
to extract the paired paracancerous and cancerous samples with the
corresponding numbers. We used R software to analyze the paired
expression of FMNL2 and EGFL6. Wilcoxon signed-rank test was
used for analysis.

2.13 | Statistical analysis

All experiments were repeated at least three times, and the results
are summarized as the mean+SEM. Student's t-test and one-way

ANOVA were used to analyze the data, and Xz—tests were used to
analyze categorical variables. All statistical tests were undertaken
using IBM SPSS (version 25.0; SPSS), and p values <0.05 were re-
garded as indicating statistically significant differences (*p <0.05,
**p<0.01, ***p<0.001).

3 | RESULTS

3.1 | Formin-like 2 and EGFL6 are associated with
angiogenesis in CRC

Using the yeast two-hybrid assay, previous studies found that
FMNL2 interacts with EGFL6 (data not shown). Bioinformatics
analysis indicated that the expression of FMNL2 and EGFL6 in
TCGA-COAD and TCGA-READ was significantly higher than that in
matched paracancerous tissues (Figure 1A). A total of 48 CRC sam-
ples were obtained to explore the expression of FMNL2 and EGFLé
in CRC. Similarly, IHC showed that the expression levels of FMNL2
and EGFL6 were significantly higher in CRC tissues (Figure 1B-D).
Unexpectedly, the expression level of CD31, a marker of neovascu-
larization, was also significantly increased in CRC tissues (Figure 1E).
These results suggest that FMNL2 and EGFL6 could play crucial
roles in the angiogenesis of CRC.

3.2 |
in vitro

Formin-like 2 promotes angiogenesis of CRC

To investigate the potential role of FMNL2 in the angiogenesis of CRC,
we first detected the expression level of FMNL2 in different CRC cell
lines (Figure S1A,B) and constructed FMNL2-overexpressed SW480
and DLD-1 cells (Figure S1F,G), FMNL2-silenced SW620 cells, and
LoVo cells (Figure S1D,E). Next, the supernatants of CRC cells from
different treatment groups were collected to treat HUVECs. Transwell
assay showed that the number of migrated HUVECs was significantly
higher in the FMNL2-overexpressing CRC cells group compared with
the control group (Figure 2A,B). Consistently, the number of tubes in
the FMNL2-overexpressing group was markedly higher than that in
the control group (Figure 2E,F). Moreover, the CAM assay showed an
increased density of capillaries in the FMNL2 overexpression group
compared with the control group (Figure 21,J). In contrast, FMNL2
knockdown significantly decreased the number of migrated cells and
lowered tube formation and capillary density (Figure 2C,D,G,H,K,L).
Overall, these findings suggest that FMNL2 enhances angiogenesis in

CRC by promoting tube formation of HUVECs in vitro.

3.3 | Formin-like 2 promotes angiogenesis and
metastasis of CRC in vivo

To further assess the effects of FMNL2 on angiogenesis in
vivo, CRC cells with different levels of FMNL2 expression were
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FIGURE 1 Formin-like 2 (FMNL2) and epidermal growth factor-like protein 6 (EGFL6) are associated with angiogenesis in colorectal
cancer (CRC). (A) Paired sample expression of FMNL2 and EGFL6 from The Cancer Genome Atlas. (B) Imnmunohistochemical staining
indicated that the expression of FMNL2, CD31, and EGFL6 was in CRC and paracancerous tissues. (C, D) Relative expression levels of
FMNL2 and EGFL6 were detected in 48 samples of CRC and paired paracancerous tissues. (E) Quantification of microvessel density (MVD)
by evaluation of CD31 expression between CRC tissues and paracancerous tissues. *p<0.05, ***p <0.001

subcutaneously implanted in nude mice. On the 30th day postin-
jection, the mean tumor weight was significantly greater in the
FMNL2-overexpressing group than in the control group (n = 6 per
group, p<0.01) (Figure 3A,B). Consistently, the mean tumor weight
was significantly lower in the FMNL2-knockdown group than in the
control group (n =5, p<0.01) (Figure 3C,D). Moreover, IHC showed
that microvessel density increased in the FMNL2-overexpressing
group, while it decreased in the FMNL2-knockdown group
(p<0.01) (Figure 3E-G). Additionally, the orthotopic transplanta-
tion assay showed that the number of metastatic liver nodules also
increased in the FMNL2-overexpressing group (Figure 3H,l). These
findings show that FMNL2 promoted tumor angiogenesis and me-
tastasis in vivo.

3.4 | Formin-like 2 regulates the paracrine
function of EGFL6

We undertook a yeast two-hybrid experiment and screened EGFL6
as a potential FMNL2 interacting protein to explore the mecha-
nism by which FMNL2 promotes angiogenesis in CRC. The Co-IP
assay further verified the interaction between FMNL2 and EGFL6
in SW620 and LoVo cells (Figure 4A). Moreover, the immunofluo-
rescence assay revealed the colocalization of FMNL2 and EGFLé
in SW620 and LoVo cells (Figure 4B). The GST pull-down assay
showed that FH3+FH2 and GBD/FH3 domains of FMNL2 interact
with EGFL6, suggesting that the GBD/FH3 domain is required for
FMNL2-EGFL6 interaction (Figure 4C,D).

FIGURE 2 Formin-like 2 (FMNL2) promotes angiogenesis of colorectal cancer in vitro. (A, B) Effect of conditioned medium (CM) from
FMNL2-overexpressed SW480 and DLD-1 cells on the migration ability of HUVECs. (C, D) Effect of CM from FMNL2-silenced SW620

and LoVo cells on the migration ability of HUVECs. (E, F) Effect of CM from FMNL2-overexpressed SW480 and DLD-1 cells on the tube
formation ability of HUVECs. (G, H) Effect of CM from FMNL2-silenced SW620 and LoVo cells on the tube formation ability of HUVECs. (I,
J) Effect of CM from FMNL2-overexpressed SW480 and DLD-1 cells on the angiogenesis of chorioallantoic membrane (CAM) models. (K,
L) Effect of CM from FMNL2-silenced SW620 and LoVo cells on the angiogenesis of CAM models. Data are presented as the mean+SEM;

n = 3 independent experiments. *p <0.05. NC, negative control
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FIGURE 3 Formin-like 2 (FMNL2) promotes angiogenesis and metastasis of colorectal cancer (CRC) in vivo. (A, B) Weight of
subcutaneous tumor tissues derived from FMNL2-overexpressed cells and control cells in BALB/c mice. n = 6 for each group. (C, D) Weight
of subcutaneous tumor tissues derived from FMNL2-silenced cells and control cells in BALB/c mice. n = 5 for each group. (E) Representative
images of CD31 and FMNL2 expression in an indicated group of paraffin-embedded subcutaneous tissues by immunohistochemical
staining. (F, G) Quantifying microvessel density (MVD) by evaluating CD31 expression in an indicated group of subcutaneous tumor tissues.
(H, 1) Formation of primary CRC, liver metastases derived from FMNL2-overexpressed SW480 cells, and control cells in BALB/c mice.
Representative gross images of CRC orthotopic tumors and corresponding livers are shown. n = 5 for each group. *p <0.05. NC, negative
control
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FIGURE 4 Formin-like 2 (FMNL2) interacts with epidermal growth factor-like protein 6 (EGFL6) in colorectal cancer (CRC) cells. (A)
Coimmunoprecipitation (IP) assay of the interaction between FMNL2 and EGFL6. (B) Representative images of immunofluorescence
colocalization assay of FMNL2 and EGFL6 in CRC cells. (C) Schematic diagram of different truncations of FMNL2. (D) GST pull-down assay
of the interaction between several truncations of FMNL2 and EGFLé. (E) Expression of EGFL6 in FMNL2-overexpressed SW480 and
DLD-1 cells, FMNL2-silenced SW620 and LoVo cells, and control cells by western blot analysis (WB). (F) Expression of FMNL2 in EGFL6-
overexpressed RKO and HCT116 cells, EGFL6-silenced SW480 and DLD-1 cells, and control cells by WB. Expression of FMNL2 in EGFL6-
overexpressed RKO and HCT116 cells, EGFL6-silenced SW480 and DLD-1 cells, and control cells by WB. NC, negative control

Western blot analysis showed that the expression of EGFL6
increased in the FMNL2-overexpressing group and decreased in
the FMNL2-knockdown group (Figure 4E). However, the expres-
sion of FMNL2 had no significant differences between EGFL6-
overexpressing cells and EGFL6-knockdown cells (Figure 4F). These
results indicated that EGFL6 is positively regulated by FMNL2.

We further examined the correlation between FMNL2 and
EGFL6 in 16 CRC tissues and found that FMNL2 and EGFL6 were

significantly upregulated in CRC tissues compared with paracancer-
ous tissues (Figure S2A). The expression level of FMNL2 was posi-
tively correlated with EGFL6 in CRC specimens (Figure S2B,C). The
expression of CD31 was also positively correlated with FMNL2 and
EGFL6 expression in CRC tissues (Figure S2D,E). Taken together,
these findings strongly support that FMNL2 upregulates EGFL6
expression and its subsequent paracrine signaling to promote

angiogenesis.



HE eT AL. _ 2021
Cancer Science RIS Ak
(c

(A) )

CM from CM from 500 — 5
| — |
Mock  FMNL2 Mock  FMNL2 Z 400
caris| M o — 5
' 9 200
SW480 DLD-1 &
@ 100
CM from CM from
NC  shFMNL2 NC shFMNL2
o [ || o
SW620 LoVo
(D) (F)
> HCT116/Mock HCT116/EGFL6 SW480 DLD-1
» e
> 8. -
w o0 :
A e
- #ey %
) &
Y ;
>
w
o
g
= [ / 2
7] = ~< \
e :
(E) SW480/EV DLD-1/EV  SW480  DLD-1
TSG101| W - oo
EGFLO| s w— || S —

FIGURE 5 Formin-like 2 (FMNL2) promotes the paracrine of epidermal growth factor-like protein 6 (EGFL6) in colorectal cancer (CRC).
(A) Expression of EGFL6 protein in the conditioned medium (CM) of FMNL2-overexpressed SW480 and DLD-1 cells and FMNL2-silenced
SW620 and LoVo cells by western blot analysis (WB). (B, C) Expression of EGFL6 protein in the CM of FMNL2-overexpressed SW480

and DLD-1 cells and FMNL2-silenced SW620 and LoVo cells by ELISA assay. (D) Morphology of SW480 and DLD-1 cells was examined by
transmission electron microscopy. (E) WB detected the extracellular vesicle (EV) and intracellular expression of the transmembrane protein
TSG101 and CD9 in DLD-1 and SW480 cells, respectively. (F) Immunofluorescence analysis detected the expression and location of CD9 in
DLD-1, SW480, and HCT116 cells with different EGFL6 expressions. Representative images are shown

3.5 | Formin-like 2 promotes extracellular showed that FMNL2 overexpression significantly enhanced EGFLé
secretion of EGFL6 through the vesicular pathway expression, while FMNL2 knockdown significantly reduced EGFL6

expression in CRC cells (Figure 5A-C). Additionally, transmission
Using WB and ELISA, we detected the expression level of EGFL6 in the electron microscopy showed that exocytosis occurs in CRC cells as
supernatant of CRC lines with stable FMNL2 expression. The results vesicles with a discontinuous plasma membrane. Secreted exosomes

FIGURE 6 Epidermal growth factor-like protein 6 (EGFL6) mediates angiogenesis by formin-like 2 (FMNLZ2). (A, B) Transwell assay was
carried out in HUVECs treated with conditioned medium (CM) from EGFL6-overexpressing RKO and HCT116 cells, with or without FMNL2
knockdown, to investigate the effect on the migration ability of HUVECs. (C, D) Transwell migration assay to investigate the effect of

CM from EGFL6-knockdown SW480 and DLD-1 cells, with or without FMNL2 overexpression, on the migration ability of HUVECs. (E, F)
Tube formation to investigate the effect of CM from EGFL6-overexpressing RKO and HCT116 cells, with or without FMNL2 knockdown,
on HUVEC tube formation. (G, H) Tube formation to investigate the effect of CM from EGFL6-knockdown SW480 and DLD-1 cells, with

or without FMNL2 overexpression, on HUVEC tube formation. (I, J) Chorioallantoic membrane (CAM) assay was used to investigate the
effect of CM from EGFL6-overexpressing RKO and HCT116 cells, with or without FMNL2 knockdown, on HUVEC tube formation. (K,

L) CAM assay was carried out to investigate the effect of CM from EGFL6-knockdown SW480 and DLD-1 cells with or without FMNL2-
overexpression, on HUVEC tube formation. Data are presented as the mean+SEM; n = 3 independent experiments. **p <0.01, ***p <0.001.
NC, negative control
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had a typical size of 30-100nm with circular or oval morphology and 3.6 | Formin-like 2 promotes tumorigenesis and
bilayer membrane (Figure 5D). Western blot analysis confirmed that angiogenesis through EGFL6
the transmembrane proteins, CD9 and TSG101, were expressed in
both EVs and cells (Figure 5E). Immunofluorescence showed that the To explore the effect of EGFL6 on tumor angiogenesis, the expression
expression and secretion of CD9 occurred in both EVs and CRC cells. level of EGFL6 was determined in different CRC cells (Figure S1A-

Furthermore, EGFL6 upregulation in HCT116 cells promoted EV for- C). We constructed EGFL6-overexpressing RKO and HCT116 cells
mation (Figure 5F). These results suggested that FMNL2 regulates the (Figure SIN-0O), and EGFL6-knockdown DLD-1 and SW480 cells
secretion of EGFL6 in CRC cells through the vesicular pathway. (Figure S1L-M). EGFL6 overexpression in RKO and HCT116 cells
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FIGURE 7 Epidermal growth factor-like protein 6 (EGFL6) mediates the proangiogenesis of formin-like 2 (FMNL2) in vivo. (A, B) Mice of
the xenograft model were subcutaneously injected with HCT116 cells transfected with EGFL6 overexpressing plasmids, control plasmids,
or shFMNL2/EGFL6 plasmids. Tumor weights were monitored after 5weeks. n = 6 for each group. (C, D) Mice of the metastatic liver model
of orthotopic cecal implantation were injected with HCT116 cells transfected with EGFL6 overexpressing plasmids, control plasmids, or
shFMNL2/EGFL6 plasmids. n = 5 for each group. (E) Representative images of CD31, EGFL6, and FMNL2 immunohistochemical staining of
paraffin-embedded tumor samples from different mice xenograft model groups. **p<0.01, ***p <0.001
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FIGURE 8 Epidermal growth factor-like protein 6 (EGFL6) directly interacts with cytoskeleton-associated protein 4 (CKAP4). (A, B) Mass
spectrometry analysis was carried out to investigate the interaction protein of EGFL6. (C) Schematic diagram of different truncations of
CKAP4. (D) GST pull-down assay of the interaction between several truncations of EGFL6 and CKAP4. HC, heavy chain; LC, light chain

significantly promoted migration and tube formation of HUVECs
and enhanced the formation of second- and third-order microves-
sels in HUVECs (Figure 6A,B,E,F,1,J). In contrast, DLD-1 and SW480
cells with EGFL6 knockdown had significantly decreased migration,
tube formation, and second- and third-order microvessel forma-
tion in HUVECs (Figure 6C,D,G,H,K,L). Moreover, FMNL2 knock-
down weakened the migration and angiogenic capacity of HUVECs
(Figure 6A,B,E,F,1,J). Similarly, FMNL2 upregulation partly enhanced
weak angiogenesis after EGFL6 knockdown (Figure 6C,D,G,H,K,L).

To determine the effect of EGFL6 on angiogenesis in vivo,
EGFL6 and shFMNL2/EGFL6 HCT116 cells were subcutaneously
transplanted into nude mice. Tumor weight was greater in the
EGFL6-overexpressing group than in the shFMNL2/EGFL6 group
(Figure 7A,B). Orthotopic transplantation assay showed that the
number of metastatic liver lesions was significantly higher in the
EGFL6 group than in the shFMNL2/EGFLé6 group (Figure 7C,D).
These results indicated that FMNL2 promotes tumor growth and
metastasis through EGFLé.

Additionally, we assessed vascular density in subcutaneous tumors
derived from EGFLé6-overexpressing HCT116 cells and shFMNL2/
EGFL6 HCT116 cells. Immunohistochemistry showed that higher ex-
pression of CD31, an angiogenesis marker, in the EGFL6-overexpressing
group compared with the shFMNL2/EGFL6 group (Figure 7E). Taken
together, these results indicated that EGFL6 plays an essential role in
FMNL2-mediated tumorigenesis and angiogenesis in CRC.

3.7 | Cytoskeleton-associated protein 4 is the
critical effector of EGFL6-induced angiogenesis

To further explore the mechanism by which EGFL6 promotes angio-
genesis, human recombinant protein EGFL6 was used to stimulate
HUVECs. Mass spectrometry showed a peak of the differential pro-
teins at nearly 70 kDa. Cytoskeleton-associated protein 4 was iden-
tified as a candidate protein (Figure 8A,B). The GST pull-down assay
showed that EGFL6 directly interacted with the cytoplasmic domain



HE ET AL.

= 2025
Cancer Science Ryisama

(1-127a.a.) of CKAP4 (Figure 8C,D). Cytoskeleton-associated pro-
tein 4 was selected as the target protein for the follow-up research.

Transwell assay revealed that CKAP4 knockdown reduced the
migration capacity of HUVECs (Figure 9A-D), whereas CKAP4 over-
expression enhanced HUVEC migration (Figure 9E,F). Furthermore,
the scratch wound-healing assay indicated that CKAP4 knockdown
markedly decreased the migration ability of HUVECs (Figure 9G-J).
Cytoskeleton-associated protein 4 overexpression had the opposite
effect (Figure 9K,L). These results indicated that CKAP4 promoted
HUVEC migration.

Overexpression of EGFL6 promoted the migration of CKAP4-
knockdown HUVECs. In addition, EGFL6 knockdown inhibited the
migration capacity of CKAP4-overexpressing HUVECs (Figure 9M).
However, the overexpression of CKAP4 or EGFL6 did not affect the
proliferative capacity of HUVECs (Figure S4). These results suggest
that the interaction between EGFL6 and CKAP4 induces HUVEC mi-
gration and promotes CRC angiogenesis. In addition, our findings re-
vealed that CKAP4 is involved in EGFL6-induced angiogenesis in CRC.

3.8 | Epidermal growth factor-like protein 6
promotes CRC angiogenesis through the ERK pathway

To further explore the molecular mechanism of EGFLé6-induced an-
giogenesis, we treated HUVECs with rEGFL6. The results showed
that rEGFL6 enhanced ERK1/2 phosphorylation in a time-dependent
manner peaking at 30min, while it did not affect STAT3 phospho-
rylation (Figure S4A). The CM from EGFL6-overexpressing CRC
cells significantly upregulated p-ERK1/2 in HUVECs. Consistently,
CM from EGFL6-knockdown CRC significantly downregulated p-
ERK1/2 in HUVECs (Figure S4B,C). In addition, CKAP4 knockdown
suppressed the expression of p-ERK, VEGFA, VEGFR2, MMP2, and
MMP9 in HUVECs, whereas CKAP4 overexpression upregulated
them (Figure 9M). Consistently, EGFL6 enhanced the expression of
p-ERK, VEGFA, VEGFR2, MMP2, and MMP9 in CKAP4-knockdown
HUVECs. Furthermore, CKAP4 overexpression or EGFL6 knock-
down downregulated p-ERK, VEGFA, VEGFR2, MMP2, and MMP9
in HUVECs (Figure 9M). These results indicate that EGFL6 interacts
with CKAP4 to activate the downstream proteins of the ERK pathway.

4 | DISCUSSION

We showed that FMNL2 promotes tumor angiogenesis through
paracrine signaling of EGFL6, and EGFL6 binds to CKAP4 recep-
tor on HUVECs, thereby promoting CRC metastasis. In this study,
we found that FMNL2 promotes CRC metastasis by modulating
angiogenesis in the TME. Our previous study showed that FMNL2
is markedly upregulated in CRC specimens and is associated with
metastasis. We also found that FMNL2 induces EMT in CRC cells
through RhoA pathway and promotes motility, invasion, and metas-
tasis.* MicroRNA-137, miR-206, and miR-34a can inhibit the invasion
and metastasis of CRC by regulating the downstream target FMNL2
gene expression.?°?2 |n addition, FMNL2 is a specific downstream
effector of RhoC that participates in the invasion and migration of
CRC cells.?® Recent studies have shown that FMNL2 plays a vital role
in CRC progression and TME regulation. However, the mechanism
by which FMNL2 promotes CRC metastasis remains unclear. During
investigating the role of FNML2 in CRC metastasis, it was unexpect-
edly found that FMNL2 promotes tumor angiogenesis (Figure 1).
Here, we identified FMNL2 as a novel angiogenesis regulator in
CRC, which promotes the migration and angiogenesis of HUVECs
(Figure 2). Animal experiments showed that FMNL2 promotes CRC
proliferation and metastasis (Figure 3). We further explored the
molecular mechanisms by which FMNL2 promotes CRC metastasis.
Both Co-IP and immunofluorescence assays confirmed that FMNL2
interacts with EGFL6 (Figure 4A,B). The GST pull-down assay fur-
ther revealed that the FH3/GBD domain of FMNL2 interacts with
EGFL6 (Figure 4D), suggesting that FMNL2 promotes CRC angiogen-
esis by regulating the paracrine secretion of EGFL6.

Epidermal growth factor-like protein 6, a member of the EGF-like
superfamily, plays a pivotal role in embryonic development and tumor
angiogenesis. Previous studies have revealed that EGFL6 regulates dis-
traction osteogenesis through the Wnt/p-catenin signaling pathway,6
promotes breast cancer progression by activating AKT and ERK sig-
naling pathways,?* and regulates ovarian cancer progression through
the FGF-2/PDGFB pathway.?® Our results are consistent with previous
studies showing that EGFL6 significantly increases HUVEC migration
and tube formation in vitro and in vivo and promotes FMNL2-mediated

tumorigenesis and angiogenesis in CRC. Consistently, FMNL2 inhibition

FIGURE 9 ERK1/2 signaling pathway involved in formin-like 2 (FMNL2)/epidermal growth factor-like protein 6 (EGFL6) mediates
angiogenesis. (A-D) Transwell migration assay to investigate the effect of cytoskeleton-associated protein 4 (CKAP4) knockdown, with or
without being treated with conditioned medium (CM) from colorectal cancer (CRC) cells, after transfection with EGFL6 overexpression
plasmids on the migration ability of HUVECs. (E, F) Transwell migration assay to investigate the effect of CKAP4 overexpression, with or
without being treated with CM from CRC cells, after transfection with EGFL6 shRNA plasmids on the migration ability of HUVECs. (G-

J) Scratch wound-healing motility assay was used to observe the changes in the migration of HUVECs after CKAP4 knockdown, with or
without stimulation with CM from CRC cells after transfection with EGFL6 overexpression plasmids. (K, L) Scratch wound-healing motility
assay was carried out to observe the changes in the migration of HUVECs after CKAP4 overexpression with or without stimulation with CM
from CRC cells after transfection with EGFL6 shRNA plasmids. (M) Western blot assay to detect the expression level of ERK pathway-related
proteins (ERK, p-ERK, vascular endothelial growth factor A [VEGFA], vascular endothelial growth factor receptor 2 [VEGFR2], MMP2, and
MMP9) in HUVECs with different CKAP4 expression, with or without stimulation with CM from CRC cells with different EGFL6 expression.
(N) Briefly, FMNL2 overexpression in CRC cells inhibits EGFL6 degradation by binding with EGFL6 and promotes its secretion. Subsequently,
EGFL6 integrates with the HUVEC membrane receptor CKAP4 to activate the ERK1/2 signaling pathway, thereby promoting angiogenesis
and metastasis. Data are presented as the mean+SEM; n = 3 independent experiments. *p <0.05, **p<0.01, ***p <0.001. NC, negative

control
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reversed the effects of EGFL6 overexpression on CRC angiogenesis
(Figures 6 and 7). In addition, FMNL2 activates the paracrine signaling
of EGFL6. We hypothesized that EGFL6 regulates CRC angiogenesis
through cell surface receptors. Mass spectrometry and GST pull-down
assays confirmed that CKAP4 is a cell surface receptor involved in
EGFL6-mediated angiogenesis in CRC.

Cytoskeleton-associated protein 4 is involved in the progression of
multiple tumors, such as lung cancer, esophageal cancer, hepatocellular
carcinoma, and pancreatic cancer.”?42627 Retinol-binding protein 1 acti-
vates CKAP4 to promote the malignant progression of oral squamous cell
carcinoma through autophagy activation.?® Here, we identified CKAP4
as a HUVEC membrane receptor for EGFL6. The N-terminal intracellular
region of CAKP4 interacts with EGFL6, promoting angiogenesis by acti-
vating the ERK pathway. Importantly, we elucidated the involvement of
FMNL2 in the regulatory role of EGFL6 in CKAP4 expression.

In conclusion, our study identified FMNL2 as a novel angiogenic
factor promoting CRC growth and metastasis through the EGFL6/
CKAP4/ERK axis. In addition, this study shed light on the role of
FMNL2 in CRC progression, constructing a solid foundation for de-

veloping anticancer drugs.
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