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ABSTRACT

Fibulin 2 (FBLN2) is an extracellular matrix glycoprotein. Exclusion of exon 9 of FBLNZ is one of the most recurrent splicing
events across multiple types of cancer, but its functional relevance in cancer has remained unexplored. We here reveal that the
exclusion of exon 9 of FBLNZ results in the loss of a single N-glycosylation site that leads to misfolding of the FBLN2 protein as
well as to a reduction in both its stability and secretion efficiency. Indeed, the extracellular matrix of human colorectal cancer
tissue exhibits a reduced abundance of FBLN2. This deficiency of FBLN2 together with a concomitant increase in the abundance
of fibronectin 1 in the tumor microenvironment promotes the adhesion and migration of colorectal cancer cells. Our data thus
suggest that the alternative splicing of FBLN2 exon 9 generates a prometastatic extracellular environment in cancer tissue by
determining FBLN2 glycosylation.

1 | Introduction 2 (FBLN2) (Brassart-Pasco et al. 2020; Cox 2021). Although

many cell types contribute to the production of ECM proteins

Extracellular matrix (ECM) consisting of noncellular com-
ponents of the tumor microenvironment (TME) accounts for
up to 60% of tumor mass (Henke et al. 2019; Anderson and
Simon 2020). This ECM is composed of various fibrous proteins
including fibrillar collagens, fibronectin 1 (FN1), and fibulin

in tumor tissue, fibroblasts are the major source for ECM depo-
sition (DeLeon-Pennell et al. 2020; Winkler et al. 2020; Belhabib
et al. 2021). The meshwork architecture of ECM provides a scaf-
fold for tumor cells to proliferate, migrate, and escape immune
surveillance (Pickup et al. 2014; Kai et al. 2019). Given that the
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ECM in normal tissue restricts abnormal cell proliferation and
migration, changes in the composition, abundance, and three-
dimensional architecture of ECM—so-called ECM remodel-
ing—are required for a tumor to develop and spread (Mohan
et al. 2020; Rafaeva and Erler 2020; de Visser and Joyce 2023).
ECM remodeling is driven by not only altered expression but
also alternative splicing of ECM genes.

Transcripts of most ECM genes undergo extensive alternative
splicing that results in the production of multiple protein vari-
ants from individual genes (Viloria and Hill 2016; Efthymiou
et al. 2020). Such splice variants of ECM proteins may in-
clude different protein domains and posttranslational modi-
fication sites that affect protein function or abundance (Naba
et al. 2016; Rekad et al. 2022). The expression of ECM splice
variants has been associated with various diseases including
cancer, implicating such variants in tumor progression as
well as suggesting their potential as prognostic biomarkers
of cancer (Chiquet-Ehrismann and Tucker 2011; Naba 2023).
Although the precise functional properties of most ECM splice
variants remain to be fully characterized, the alternative
splicing of ECM genes may lead to the generation of a protu-
morigenic and prometastatic TME by increasing the complex-
ity and diversity of ECM architecture (Efthymiou et al. 2020;
Rekad et al. 2022).

FBLN2 is an ECM glycoprotein that harbors an array of
calcium-binding epidermal growth factor (cbEGF)-like do-
mains and a COOH-terminal fibulin-type module (Pan
et al. 1993; Timpl et al. 2003). It is expressed in various tis-
sues as a disulfide-linked homodimer and binds to a variety
of ECM proteins including FN1, nidogen 1 (NID1), perlecan,
and fibrillin 1 (Pan et al. 1993; Sasaki et al. 1995, 1997; Timpl
et al. 2003). Although FBLN2 is dispensable for mouse devel-
opment (Sicot et al. 2008), it is implicated in cancer progres-
sion in humans and mice (Zhang, Hui, et al. 2020; Mahajan
et al. 2021). The expression of FBLN2 is reduced in breast can-
cer tissue compared with normal breast tissue (Yi et al. 2007),
and its overexpression suppresses the motility and invasion of
breast cancer cells without affecting cell proliferation in vitro,
suggestive of a tumor-suppressive role of FBLN2. In contrast,
increased release of FBLN2 and NID1 from enteric neurons
was found to promote colorectal cancer (CRC) progression in
NDRG4 (N-Myc downstream-regulated gene 4)-deficient mice
(Vaes et al. 2021). Furthermore, FBLN2 is required for the
growth and metastasis of lung adenocarcinoma cells in mice
(Baird et al. 2013). This tumor-promoting ability of FBLN2 in
lung adenocarcinoma is dependent on FBLN2 protein derived
from tumor cells as opposed to surrounding stromal cells.
FBLN2 thus appears to suppress or promote cancer progres-
sion in a manner dependent on the type or stage of cancer.

The human FBLN2 gene encodes two alternative splice vari-
ants—variant 1 (vl, consensus coding sequence [CCDS]
46761.1) and variant 2 (v2, CCDS46762.1)—which include or
exclude exon 9, respectively (Figure 1A, the exon numbering
was based on the transcript vl from RefSeq NM_001004019.2
in this study) (Grassel et al. 1999; Timpl et al. 2003). Given
that exon 9 encodes a single cbEGF-like domain, FBLN2
v2 has one fewer cbEGF-like domain than does vl (Timpl
et al. 2003; de Vega et al. 2009). Analysis of The Cancer

Genome Atlas (TCGA) RNA-sequencing (seq) data revealed
that the exclusion of FBLNZ exon 9 is one of the most recurrent
splicing events across multiple cancer types (Danan-Gotthold
et al. 2015; Sebestyen et al. 2015; Ryan et al. 2016). The func-
tional relevance of FBLN2 splicing in cancer has remained un-
explored, however (Chu and Tsuda 2004; de Vega et al. 2009).
We have now examined how the exclusion of exon 9 affects the
expression and function of FBLN2 protein and investigated its
contribution to tumor progression.

2 | Results

2.1 | Variant 2 Is the Major Splice Variant
of FBLN2 Expressed in the Fibroblasts
of Gastrointestinal Cancers

To validate and expand previous findings with regard to FBLN2
splicing in cancer (Danan-Gotthold et al. 2015; Sebestyen
et al. 2015), we examined the TCGASpliceSeq database, in
which TCGA RNA-seq data are analyzed by SpliceSeq software
to determine the mRNA splicing patterns of TCGA samples
(Ryan et al. 2016). Among 33 cancer types included in TCGA,
we selected 16 types that are accompanied by > 10 matched nor-
mal tissue samples as controls, and found that 13 cancer types
showed a decrease in the inclusion of FBLN2 exon 9 in the pri-
mary tumor relative to normal tissue (Figure 1B). The four most
significant decreases were detected in gastrointestinal cancers,
specifically in esophageal carcinoma (ESCA), colon adenocarci-
noma (COAD), stomach adenocarcinoma (STAD), and rectum
adenocarcinoma (READ) (Figure 1B,C). Furthermore, analysis
of RNA-seq data (GSE50760) (Kim et al. 2014) for CRC tissue
revealed that this splicing change was more pronounced in met-
astatic liver tumors than in the corresponding primary tumors
(Figure 1D). Together, these data suggest that the exclusion of
exon 9 might contribute to CRC metastasis.

To further validate the change in the splicing of FBLN2 exon 9 in
CRC, we performed reverse transcription (RT) and quantitative
polymerase chain reaction (QPCR) analysis of primary tumors
and adjacent normal tissue isolated from individuals with CRC.
Variant-specific primers were used to distinguish FBLN2 v1 and
v2 mRNAs in gqPCR analysis (Figure S1). Consistent with the
RNA-seq data, RT-qPCR analysis revealed that the fraction of
FBLNZ2 vl mRNA was reduced in primary tumor tissue relative
to normal tissue (Figure 1E). These findings thus indicated that
exon 9 is excluded from FBLN2 mRNA in most cancer types, es-
pecially in gastrointestinal cancers, with v2 thus being the major
FBLN2 splice variant in cancer tissue.

We evaluated the potential role of FBLN2 splicing in determin-
ing the abundance of FBLN2 mRNA using TCGA RNA-seq data
for the 16 cancer types analyzed in Figure 1B. Although the
amount of FBLN2 mRNA tended to be reduced in tumor tissue
relative to normal tissue, there was no correlation between the
extent of splicing of FBLN2 exon 9 and FBLN2 mRNA abundance
(Figure S2). This finding suggested that the splicing of FBLN2
exon 9 likely does not influence the level of FBLN2 mRNA.

We next explored which cell types of colorectal tissue are respon-
sible for this change in FBLNZ splicing. To identify the cell types
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FIGURE1 | Variant 2 is the major FBLN2 splice variant expressed in the fibroblasts of gastrointestinal cancers. (A) Schematic representation of
the human FBLN2 gene. Exon (E) 9 (magenta) is included or excluded in variant 1 (v1) or variant 2 (v2) mRNAs, respectively. (B) Difference in splicing
of FBLN2 exon 9 between normal (N) and primary tumor (T) tissue for 16 types of cancer in the TCGASpliceSeq database. Cancer type abbreviations
are as in Table S2. PSI, percent spliced-in. The values at the bottom indicate the number of tumor (T) and normal (N) tissues examined. (C, D) Box
plots for PSI values of FBLN2 exon 9 determined from RNA-seq data for normal (N), primary tumor (T), or metastatic liver tumor (M) tissue for four
selected cancer types in TCGA (C) or for CRC in GSE50760 (D). (E) RT-qPCR analysis of the expression of FBLN2v1 and v2 in normal and primary tu-
mor tissue isolated from CRC patients. Data are means +SEM (n =7 patients). (F) Expression profiles for FBLNZ2 in CRC tissue determined by scRNA-
seq analysis (GSE178341). The color intensity in the left plot represents the abundance of FBLN2 mRNA as shown by Log (TP10K +1). TP10K+1
indicates transcripts per 10 thousand plus one reads. The colors in the right plot correspond to cell identities. ILC, innate lymphoid cell; NK, natural
killer. (G) Violin plots for the expression level of FBLNZ in five stromal cell types determined by scRNA-seq analysis as in (F). (H) Representative im-
munohistochemical staining of FBLN2 in a tissue section containing normal epithelium isolated from a CRC patient. Boxed regions in the left image
are shown at higher magnification in the middle and right images. BV, blood vessel; EL, epithelial layer; LP, lamina propria; MM, muscularis muco-
sae. Scale bars, 300 um (left) and 100 um (middle and right). (I) RT-qPCR analysis of FBLN2 vl and v2 expression in primary fibroblasts isolated from
normal (N) or primary tumor (T) tissue of gastrointestinal cancer patients. Data are means+SEM (n =6 patients). *p <0.05, **p <0.01, ***p <0.001,
n.s. (not significant) by the Wilcoxon rank sum test followed by Benjamini-Hochberg correction for multiple testing (B, C), by one-way analysis of
variance (ANOVA) followed by Tukey's post hoc test (D), or by the paired ¢ test (E, I).

that express FBLN2, we analyzed single-cell (sc) RNA-seq data
for CRC tissue (GSE178341) (Pelka et al. 2021). We found that
FBLN2 mRNA was present predominantly in stromal cells—in
particular, in vascular endothelial cells and fibroblasts—rather

than in epithelial cells, including cancer cells (Figure 1F,G).
To confirm this finding, we performed immunohistochemical
analysis of normal colorectal tissue surrounding tumors isolated
from individuals with CRC. FBLN2 expression was detected in
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FIGURE2 | Splicing of FBLN2 exon 9 determines N-glycosylation of FBLN2 protein. (A, B) 24N-T fibroblasts infected (or not) with a recombinant
lentivirus encoding FBLN2-3 X FLAG v1 or v2 were subjected to immunoblot analysis with antibodies to FLAG (A) or to RT-qPCR analysis of FBLN2
mRNA (B). FN1 expression was analyzed as a loading control in (A). Data in (B) are means+SEM (n =3 independent experiments). (C, D) 24N-T fi-
broblasts engineered as in (A) were subjected to immunoprecipitation (IP) with antibodies to FLAG, and the resulting precipitates were subjected to
SDS-PAGE and staining with Oriole fluorescent dye (C) or to immunoblot analysis (IB) of HSPAS5 (D). The arrowhead in (C) indicates the position of
HSPAS coprecipitated with FBLN2-3 X FLAG v2. (E) FBLN2-3X FLAG V1 or v2 prepared from culture supernatants of 24N-T fibroblasts engineered
as in (A) was treated (or not) with the indicated glycosidases and then subjected to immunoblot analysis of FLAG. (F) HEK293T cells expressing
FBLN2-3XFLAG v1 or v2 were treated with various concentrations of tunicamycin, after which medium (culture supernatant) and cell lysate (cells
attached to culture dish) were prepared and subjected to immunoblot analysis of FLAG. Oriole staining of the SDS-PAGE gel and immunoblot anal-
ysis of B-actin were performed as loading controls for medium and cell lysate fractions, respectively. (G) Schematic representation of human FBLN2
vl and v2 proteins. Triangles indicate the positions of putative N-glycosylation sites. The positions of cbEGF-like domains and anaphylatoxin (AT)
modules are also shown. (H) Immunoblot analysis of FLAG for HEK293T cells expressing WT or mutant versions of FBLN2-3 X FLAG v1 or v2 (upper
panel). Cell lysates were fractionated by SDS-PAGE in the presence (ConA gel) or absence (Standard gel) of concanavalin A. Schematic representa-
tions of N-glycosylation sites for v1 (bottom left) and v2 (bottom right) are also shown. (I) FBLN2-3 X FLAG v1 or v2 immunoprecipitated from 24N-T
fibroblasts engineered as in (A) was subjected to SDS-PAGE and stained for glycoproteins (upper) or total proteins (lower). The different mobility
of protein size markers between glycoprotein gel (upper) and total protein gel (lower) is likely due to the use of distinct molecular weight standards,
in which the 180kDa marker band is glycosylated. (J) Quantification of signal intensity as in (I). Data are means+SEM (n =4 independent experi-
ments). *p <0.05, ***p <0.001 by Student's ¢ test (B, J).

the lamina propria adjacent to the muscularis mucosae, as well
as in blood vessels, where fibroblasts and vascular endothelial
cells, respectively, are mainly found (Figure 1H). The FBLN2
protein was also detected in the muscularis mucosae itself, al-
beit at lower levels, but not in epithelial layers. Furthermore,
RT-qPCR analysis of primary fibroblasts isolated from tumors
or adjacent normal tissue of rectal or gastric cancer patients re-
vealed that the abundance of FBLN2 v2 mRNA was higher in
the tumor-derived fibroblasts than in the normal tissue-derived
fibroblasts (Figure 1I). These data thus demonstrate that the

change in FBLNZ splicing occurs in stromal cells, especially fi-
broblasts or blood endothelial cells of CRC tissue.

2.2 | Splicing of FBLN2 Exon 9 Affects
N-Glycosylation of FBLN2

Molecular difference between FBLN2 vl and v2 is still not well
documented. To pursue this issue, we generated immortalized
fibroblasts (24N-T line A) that were derived from normal gastric
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tissue of a gastric cancer patient and engineered to express
3X FLAG-tagged FBLN2 v1 or v2 (Figure 2A). FBLN2-3 X FLAG
in 24N-T fibroblasts was detected as two bands at positions cor-
responding to ~220 and ~190kDa (Figure 2A). Cellular fraction-
ation revealed that these bands corresponded to an extracellular
mature form and an intracellular immature form of each vari-
ant, respectively (Figure S3), as predicted by a previous study
(Sasaki et al. 1996). The FBLN2 v2 bands migrated faster than
did the v1 bands because of the exclusion of exon 9 (Figure 2A).
Of note, the intensity of the upper band was greater than that of
the lower band for v1, whereas the opposite was the case for v2,
suggesting that the maturation or secretion of v2 is less efficient
than that of vl. Furthermore, RT-qPCR analysis unexpectedly
revealed that the abundance of v2 mRNA was twice that of v1
mRNA (Figure 2B). Although the reason for this difference is
unclear, these results suggested that the translation efficiency
of FBLN2 v2 mRNA or the stability of the v2 protein might be
lower than those for v1.

To further characterize differences between FBLN2 vl and v2, we
explored variant-specific binding partners for FBLN2-3 X FLAG.
Whole cell lysates including both extracellular and intracellular
proteins were subjected to immunoprecipitation with antibod-
ies to FLAG, and Oriole gel staining of the precipitates revealed
that v2 preferentially bound to a 75-kDa protein, which was
identified as heat shock protein family A (Hsp70) member 5
(HSPAS) by liquid chromatography and tandem mass spectrom-
etry (LC-MS/MS) (Figure 2C and Figure S4). We confirmed
this finding by immunoprecipitation followed by immunoblot
analysis (Figure 2D). HSPAS, also known as GRP78 or BiP, is
a protein chaperone that recognizes misfolded proteins and
assists their proper folding in the endoplasmic reticulum (ER)
(Wang et al. 2017; Hetz et al. 2020). The preferential binding of
v2 with HSPAS, together with our observation that v2 appeared
to be secreted to a lesser extent compared with vl (Figure 2A),
suggested that the exclusion of FBLN2 exon 9 might result in
misfolding of the v2 protein and its binding to HSPAS5 in the ER.

Protein glycosylation is one of the most prevalent posttrans-
lational modifications that occur during protein synthesis in
the ER and is crucial for the stability, folding, and secretion
of ECM proteins (Schjoldager et al. 2020). FBLN2 undergoes
both N-linked and O-linked glycosylation (Sicot et al. 2008), in
which the glycan is attached to a nitrogen atom (N) of aspar-
agine or to an oxygen atom (O) of serine or threonine. Indeed,
treatment of extracellular FBLN2-3XFLAG secreted from
24N-T fibroblasts with peptide N-glycosidase F (PNGase F) or
O-glycosidase, which cleave N-glycan or O-glycan, respectively,
increased the electrophoretic mobility of the vl and v2 bands
(Figure 2E). Furthermore, treatment of HEK293T cells express-
ing FBLN2-3XFLAG vl or v2 with tunicamycin, an inhibitor
of N-glycosylation, attenuated the secretion of each variant in
a concentration-dependent manner (Figure 2F), indicating that
N-glycosylation is required for the efficient secretion of FBLN2.
Of note, FBLN2 v1 possesses four consensus sequences (Asn-X-
Ser/Thr) for N-glycosylation, among which N747 is located in
the cbEGF-like domain encoded by exon 9 (Figure 2G), as re-
ported previously (Pan et al. 1993; Sasaki et al. 1997).

To determine the N-glycosylation sites of FBLN2, we generated
FBLN2-3XFLAG mutants in which potential N-glycosylation

sites (Asn at amino acid positions 180, 507, 747, and 1082) were
substituted with Gln (Figure 2G). HEK293T cells expressing
the wild-type (WT) or mutant versions of FBLN2-3XFLAG
were then subjected to SDS-polyacrylamide gel electrophore-
sis (PAGE) in the presence of concanavalin A, which binds to
glycoproteins and thereby reduces their electrophoretic mobil-
ity (Popov et al. 2000). Immunoblot analysis with antibodies
to FLAG revealed that the mobility of the vl mutants N180Q,
N747Q, or N1082Q was greater than that of the WT protein,
whereas that of the N507Q mutant was similar to that of the
WT protein, indicating that vl is glycosylated at N180, N747,
and N1082 (Figure 2H). Consistent with these results for v1, the
mobility of the v2 mutants N180Q or N1082Q, but not that of
N507Q, was greater than that of the WT protein, indicating that
v2 is glycosylated at N180 and N1082 (Figure 2H). These data
were further validated by analysis of FBLN2-3 X FLAG mutants
in which three of the four for v1 or two of the three for v2 poten-
tial N-glycosylation sites were simultaneously substituted with
Gln (Figure S5). To evaluate the glycosylation level of FBLN2 v1
and v2, we subjected FBLN2-3 X FLAG immunoprecipitates pre-
pared from 24N-T cell lysates to SDS-PAGE followed by staining
for glycoproteins or total proteins. We found that v2 was glyco-
sylated to a lesser extent than was vl (Figure 21,J). Together,
our results thus showed that FBLN2 vl and v2 undergo N-
glycosylation at different numbers of sites, three for vl and two
for v2 (Figure 2H).

2.3 | FBLN2v2Is More Unstable and Secreted to a
Lesser Extent Than vl

The different N-glycosylation patterns between FBLN2 v1 and
v2 prompted us to compare the stability and secretion efficiency
of vl and v2. To this end, we established 24N-T fibroblasts (line
B) in which the abundance of FBLN2-3 X FLAG v1 or v2 mRNAs
was similar (Figure 3A). Immunoblot analysis revealed that
the abundance of v2 protein was lower than that of vl in both
intracellular and extracellular fractions (Figure 3B,C), indicat-
ing that v2 might be less stable and secreted to a lesser extent
than v1. Indeed, cycloheximide chase analysis showed that the
intracellular immature form of v2 was degraded more rapidly
than was that of vl (Figure 3D,E). Furthermore, treatment of
the cells with various concentrations of the proteasome inhibitor
MG132 increased the abundance of the intracellular form of v2
to a greater extent than it did that of the intracellular form of v1
(Figure 3F,G), suggesting that v2 undergoes proteasomal degra-
dation to a greater extent than does v1. Together, our findings
thus indicated that FBLN2 v2, which is glycosylated at a lower
level compared with V1, is less stable and secreted to a lesser ex-
tent than is v1.

2.4 | The ECM Environment of CRC Tissue
Exhibits Low FBLN2 and High FN1 Abundance

Assuming that FBLN2 v2, which is the major splice variant
expressed in CRC tumor tissue, is secreted to a lesser extent
than v1 in fibroblast cultures, the abundance of extracellular
FBLN2 could be lower in CRC tumor tissue than in correspond-
ing normal tissue. To test this possibility, we examined the
effect of FBLN2 splicing on the expression of FBLN2 protein
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incubated with cycloheximide (100 ug/mL) for the indicated times (D) or with various concentrations of MG132 for 6 h (F), after which cell lysates
were subjected to immunoblot analysis of FLAG or $-actin (loading control). Arrowheads indicate the positions of the intracellular forms of FBLN2.
Signal intensity for the intracellular forms of vl and v2 was also determined (E, G), with the data presented as means+SEM (n=4 independent ex-
periments). **p <0.01, ***p <0.001, n.s. by Student's ¢ test (A, C), by repeated measures ANOVA (E), or by two-way ANOVA (G).

in normal and primary tumor tissue of CRC patients. For im-
munoblot analysis, we tested three different FBLN2 antibod-
ies that preferentially recognize the extracellular mature form
of FBLN2 (ab96138 and HPA001934) or detect both the extra-
cellular mature form and the intracellular immature form
(sc-271263), hereafter referred to as total FBLN2 (Figure S3).
Protein lysates prepared from normal or primary tumor tissue
of CRC patients were then subjected to immunoblot analysis

for total FBLN2 (sc-271263) or extracellular FBLN2 (ab96138)
(Figure 4A). We adjusted for protein loading by staining for
total proteins with Oriole fluorescent dye. Although immuno-
blot analysis of FBLN2-3 X FLAG in 24N-T fibroblasts showed
two bands (Figure 2A), FBLN2 in CRC tissue lysates was de-
tected as a single band with an apparent molecular size of
~220kDa (Figure 4A). Consistent with our observation that
the amount of FBLN2 mRNA was reduced in tumor tissue
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FIGURE 4 | The ECM environment of CRC tissue exhibits low FBLN2 and high FN1 abundance. (A) Lysates prepared from normal (N) or pri-
mary tumor (T) tissue of CRC patients were subjected to immunoblot analysis of FBLN2 with the indicated antibodies. The gel was also stained with
Oriole fluorescent dye to allow adjustment for protein loading. (B) Quantification of signal intensity as in (A). Data are means + SEM (n =9 patients).
(C) Representative immunohistochemical staining of extracellular FBLN2 (HPA001934) in a section containing primary tumor (T) and adjacent nor-
mal (N) tissue isolated from a CRC patient. The boxed regions in the upper image are shown at higher magnification in the lower images. FBLN2 sig-
nals in the lamina propria (LP) are indicated by arrowheads in the lower left image. BV, blood vessel; EL, epithelial layer; MM, muscularis mucosae.
Scale bars, 1 mm (upper) and 100 um (lower). (D) Representative immunofluorescence analysis of FBLN2 and FN1 in 21N-T (upper) or 24N-T (lower)
fibroblasts isolated from rectal cancer or gastric cancer patients, respectively. DNA was stained with 4’,6-diamidino-2-phenylindole (DAPI). Scale
bars, 50 um. (E) Box plots for FNI mRNA level based on transcripts per million (TPM) in normal (N) and primary tumor (T) tissue for COADREAD
in TCGA. (F) Immunoblot analysis of FN1 in lysates prepared from normal (N) and primary tumor (T) tissue of CRC patients. The gel was stained
for total proteins with Oriole fluorescent dye. (G) Box plots for FNI mRNA level based on fragments per kilobase of exon per million mapped reads
(FPKM) in normal (N), primary CRC tumor (T), and metastatic liver tumor (M) tissue determined by RNA-seq analysis (GSE50760) as in Figure 1D.

*p<0.05, ¥*p <0.01, ***p <0.001, n.s. by the paired ¢ test (B), Wilcoxon rank sum test (E) or by one-way ANOVA followed by Tukey's post hoc test (G).

of COAD and READ relative to corresponding normal tis-
sue (Figure S2), we found that the abundance of total FBLN2
protein was reduced in tumor tissue relative to normal tissue
of some CRC patients, including patient 8 (Figure 4A and
Figure S6). However, no significant difference was observed
in the average total FBLN2 protein level between normal and
tumor tissue of all the patients (Figure 4B), likely because of
the high variability in such expression levels and the limited
number of samples. Of note, however, the amount of extracel-
lular FBLN2 was markedly reduced in tumor tissue relative to
normal tissue, even for patients (such as patients 7 and 9) who
showed similar levels of total FBLN2 in normal and tumor

samples (Figure 4A and Figure S6). The average abundance
of extracellular FBLN2 was thus significantly lower in tumor
tissue than in normal tissue (Figure 4B).

To further analyze the effect of FBLNZ2 splicing on FBLN2 protein
expression, we performed immunohistochemical analysis of CRC
and adjacent normal tissue for extracellular FBLN2 (HPA001964).
The FBLN2 signal was evident in the lamina propria adjacent to
the muscularis mucosae in normal tissue, whereas it was attenu-
ated in the lamina propria at the boundary between normal and
tumor tissue and was not detected at all in that of tumor tissue
(Figure 4C and Figure S7). FBLN2 expression in blood vessels and
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the muscularis mucosae appeared similar between normal and
tumor tissue. Together, these results thus suggested that the ex-
clusion of FBLNZ exon 9 results in a reduction in the abundance of
extracellular FBLN2 in the lamina propria of CRC tissue.

FBLN2 binds to various ECM proteins, the expression of which
could be altered in tumor tissue compared with normal tissue.
We then focused on and examined FN1 expression, given that
FBLN2 binds to FN1 in vitro and colocalizes with FN1 in the
ECM of cultured human foreskin fibroblasts (Sasaki et al. 1995,
1996). Indeed, we found that FBLN2 was also colocalized with
FN1 in the ECM of fibroblast cultures derived from corre-
sponding normal tissue of patients with rectal or gastric cancer
(Figure 4D). The expression of FN1 was previously shown to be
increased in tumor tissue of gastrointestinal cancers including
CRC, gastric cancer, and esophageal squamous cell carcinoma
compared with corresponding normal tissue (Yi et al. 2016;
Cai et al. 2018; Xiao et al. 2018; Sun et al. 2020; Ye et al. 2020).
Consistent with these findings, our analysis of TCGA RNA-seq
data showed that the abundance of FNI mRNA was increased
in tumor tissue of COAD and READ (COADREAD) relative to
normal tissue (Figure 4E). Immunoblot analysis of normal and
tumor tissue isolated from CRC patients revealed that FN1 ex-
pression was also increased at the protein level in tumor tissue
(Figure 4F). Furthermore, analysis of the GSE50760 data set
showed that FN1 expression was increased to an even greater
extent in metastatic liver tumors than in primary CRC tumors
relative to normal tissue (Figure 4G). This change in FNI expres-
sion was opposite to that apparent for the splicing-in of FBLN2
exon 9 in the same samples (Figure 1D). These results indicated
that the ECM of tumor tissue is characterized by a decreased
FBLN2 content but increased FN1 content compared with that
of normal tissue in CRC patients.

2.5 | FBLNZ2 Suppresses the Adhesion
and Migration of CRC Cells

We finally explored whether the elevated FN1 and reduced
FBLN2 abundance in the ECM of tumor tissue might contrib-
ute to the progression of CRC. Given that both FNI expression
and FBLNZ splicing showed larger changes in metastatic liver
tumors than in primary tumors, we examined the role of FN1
and FBLN2 in the regulation of cell migration in the context of
ECM. To test the effects of extracellular FN1 and FBLN2 on the
migration of CRC cells in vitro, we performed a transwell migra-
tion assay for quantification of the migration of HCT 116 cells
(human CRC cell line) through a microporous membrane coated
with FN1 or FBLN2 protein (Bouchalova and Bouchal 2022).
Given that the major FBLN2 variant in tumor tissue is v2, we
examined the effect of commercially available recombinant
FBLN2 v2. Although FN1 promoted the migration of HCT 116
cells compared with the noncoated control, as expected from pre-
vious findings (Xia et al. 2017; Cai et al. 2018; Xiao et al. 2018),
FBLN2 v2 almost completely suppressed it (Figure 5A,B). To in-
vestigate the effect of FBLN2 v2 on FN1-induced cell migration,
we coated the membrane with a mixture of a fixed concentration
(20ug/mL) of FN1 and various concentrations (0-20 ug/mL) of
FBLN2 v2 or of bovine serum albumin (BSA) as a control. FBLN2
v2, but not BSA, suppressed FN1-induced migration of HCT 116
cells in a concentration-dependent manner (Figure 5C,D).

We then examined whether the ability of FBLN2 v2 to inhibit
cell migration is shared by FBLN2 v1. We purified FBLN2 v2 and
FBLN2 vl from immortalized fibroblasts (24N-T line A) engi-
neered to express 3 X FLAG-tagged FBLN2 v1 or v2 (Figure 2A).
Each FBLN2-3X FLAG variant was thus prepared from culture
supernatants of these cells by immunoprecipitation with anti-
bodies to FLAG (Figure S8A). Purified FBLN2 vl suppressed
the FN1-induced migration of HCT 116 cells to a similar extent
as did purified FBLN2 v2 (Figure S8B,C), showing that the two
variants did not differ substantially in their ability to inhibit
such cell migration.

FN1 in ECM binds to cell surface integrins to promote cell
migration (Efthymiou et al. 2020; Spada et al. 2021). Given
that FBLN2 binds to FN1 in vitro and colocalizes with FN1 in
fibroblast cultures (Figure 4D) (Sasaki et al. 1995, 1996), we
examined whether FBLN2 suppresses FN1-induced cell mi-
gration by interrupting the interaction between FN1 and CRC
cells. To test this notion, we performed a cell adhesion assay in
which HCT 116 cells adhere to the surface of a low-attachment
cell culture dish coated with FN1 or FBLN2 v2. As expected,
coating with FN1 increased the adhesion of HCT 116 cells to
the dish in a concentration-dependent manner (Figure S9).
However, in the presence of a fixed amount of FN1, FBLN2
v2 (but not BSA) attenuated cell adhesion in a concentration-
dependent manner (Figure 5E,F). Together, these results
showed that FBLN2 v2 suppresses CRC cell adhesion to and
migration on FN1 in vitro. An ECM characterized by reduced
FBLN2 and elevated FN1 levels might therefore promote
tumor cell metastasis in CRC.

3 | Discussion

We found that exon 9 of FBLNZ is excluded from mRNA in
tumor tissue across various types of solid cancer—in particu-
lar, in gastrointestinal cancers including CRC. FBLN2 mRNA
was detected predominantly in fibroblasts and vascular endo-
thelial cells in CRC tissue, suggesting that this splicing change
takes place in either or both of these cell types. The exclusion
of exon 9 results in the loss of a single N-glycosylation site
in the excluded cbEGF-like domain, which in turn leads to
a reduction in the stability and the extent of secretion of the
FBLN2 v2 protein. The tumor ECM is thus characterized by a
low abundance of FBLN2 and a high FN1 content, a compo-
sition that promotes the migration of CRC cells (Figure 5G).
The alternative splicing of FBLN2 exon 9 might therefore con-
tribute to the invasion and metastasis of cancer cells through
remodeling of the tumor ECM.

Dysregulation of glycosylation is a hallmark of cancer. Altered
expression of glycosylation enzymes is thus common in cancer
and results in distinct combinations and extents of protein gly-
cosylation (Pinho and Reis 2015). Changes in glycosylation sites
of substrate proteins have also been identified in the context of
cancer. Gene mutations that affect glycosylation motifs can thus
affect glycosylation (Fan et al. 2018), whereas changes in tran-
script splicing can lead to the gain or loss of glycosylation sites
(Wasser et al. 2014; Huang et al. 2019). Our study now provides
an example of the latter mechanism that was found to have con-
sequences for cancer cell migration.
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FBLN2 suppresses the adhesion and migration of CRC cells. (A) Representative results for a transwell migration assay in which HCT

116 cells were seeded on a transwell insert coated (or not) with FN1 (20 ug/mL) or FBLN2 v2 (20 ug/mL) and were then allowed to migrate for 48 h.
(B) Quantification of the area of migrated cells as in (A). Data are means+SEM (n =3 independent experiments). (C) Representative results for a
transwell migration assay in which HCT 116 cells were seeded on a transwell insert coated (or not) with FN1 (20 ug/mL) and various concentrations
of FBLN2 v2 or BSA and were then allowed to migrate for 24h. (D) Quantification of the area of migrated cells as in (C). Data are means + SEM
(n=4 independent experiments). (E) Representative results for a cell adhesion assay in which HCT 116 cells were seeded in low-attachment dishes
coated (or not) with FN1 (2ug/mL) and various concentrations of FBLN2 v2 or BSA. (F) Quantification of attached cells as in (E). (G) Model for the
role of alternative splicing of FBLN2 exon 9 in the remodeling of ECM. Data are means +SEM (n =3 independent experiments). *p <0.05, **p <0.01,
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Changes in N-glycosylation of ECM proteins can influence pro-
tein stability by inducing misfolding during protein synthesis in
the ER as well as protein—-protein interaction by altering protein
structure (Lee et al. 2015; Xu and Ng 2015; Peixoto et al. 2019).
We found that HSPAS is preferentially bound to the v2 isoform
of FBLN2, suggesting that the loss of the single glycosylation
site in the excluded cbEGF-like domain induces misfolding of

FBLN2. Unfolded proteins are recognized by ER chaperones
such as HSPAS5, leading to either restoration of correct folding or
degradation of the unstructured proteins. Of note, FBLN3, an-
other member of the fibulin family, was found to be destabilized
as a result of defective glycosylation of a cbEGF-like domain
that resulted in increased binding to ER chaperones (Hulleman
and Kelly 2015; Woodard et al. 2021). The loss of glycosylation
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of cbEGF-like domains may therefore give rise to protein mis-
folding and a consequent downregulation of the abundance
and secretion of fibulin proteins. We did not detect a difference
in the abilities of the vl and v2 isoforms of FBLN2 to inhibit
FN1-mediated cell migration, suggesting that the difference in
N-glycosylation between the two isoforms does not substan-
tially affect the association between FBLN2 and FN1. ECM re-
modeling can be achieved by changes in either the expression
or activity of ECM proteins. Given that FBLN2 has been found
to interact with many ECM proteins (Pan et al. 1993; Sasaki
et al. 1995, 1997; Timpl et al. 2003), it will be of interest to in-
vestigate whether the reduced level of glycosylation of FBLN2
v2 affects its interaction with binding partners other than FN1.

The mechanism underlying regulation of the splicing of FBLN2
exon 9 in cancer tissue remains unknown. Splicing of exon 9 of
Fbln2undergoes a change in mouse cardiomyocytes during post-
natal heart development (Giudice et al. 2014; Hinkle et al. 2022).
Increased blood flow also increases the inclusion of Fbln2 exon
9 in an RBFOX2-dependent manner in mouse arterial endothe-
lium (Murphy et al. 2018). Furthermore, human cytomegalovi-
rus infection increases the expression of CPEBI1, which in turn
results in the exclusion of FBLN2 exon 9, in human foreskin
fibroblasts and neural progenitor cells (Batra et al. 2016). Both
cell-intrinsic and extrinsic mechanisms might therefore contrib-
ute to the regulation of FBLN2 splicing. In addition to RBFOX2
and CPEBI, other RNA binding proteins—including PTBP1
(Hinkle et al. 2022), QKI (Hinkle et al. 2022), MBNLI1 (Giudice
et al. 2014), and CELF1 (Giudice et al. 2014)—have been shown
to regulate the inclusion of FBLN2 exon 9. The identification of
such proteins as well as environmental cues that promote the
exclusion of FBLNZ2 exon 9 in cancer tissue should provide not
only insight into the mechanism underlying the generation of a
prometastatic tumor ECM but also a basis for the development
of new anticancer agents.

Our study has several limitations. First, although we identified
fibroblasts and vascular endothelial cells as the most likely cell
types in which the splicing pattern of FBLN2 exon 9 is altered in
tumor tissue, our data do not exclude the possible involvement
of other cell types. Second, although we found that the reduced
glycosylation level of FBLN2 v2 contributes to a reduced extent
of FBLN2 secretion and the generation of a prometastatic ECM
environment using in vitro models, the roles of FBLN2 splicing
and resultant production of FBLN2 v2 in the invasion and me-
tastasis of cancer cells in vivo remain to be clarified.

In the early stages of tumor invasion, CRC cells invade the lam-
ina propria and muscularis mucosae, and we found that extra-
cellular FBLN2 was present in the lamina propria of normal
tissue but not in that of tumor tissue. We also found that extra-
cellular FBLN2 v2 suppressed the adhesion of CRC cells to FN1
as well as their FN1-dependent migration in vitro. These results
suggest that the loss of extracellular FBLN2 in the tumor ECM,
which results from the exclusion of exon 9 of the gene, might
promote the migration and invasion of CRC cells at the lamina
propria and muscularis mucosae. Consistent with this notion,
ectopic expression of FBLN2 was previously shown to attenuate
the migration and invasion of nasopharyngeal cancer cells (Law
et al. 2012), non-small cell lung cancer cells (Ma et al. 2021),
and breast cancer cells (Yi et al. 2007; Zhang, Duan, et al. 2020).

Conversely, however, knockdown of FBLN2 was also shown
to suppress the migration, invasion, and metastatic capacity of
lung adenocarcinoma cells in mice (Baird et al. 2013). In ad-
dition, FBLN2 together with NID1 increased the migration of
CRC cells in cell culture (Vaes et al. 2021). Further studies to
determine the role of FBLN2 in the regulation of invasion and
metastasis of CRC cells in vivo are therefore warranted. The
establishment of mice that express FBLN2 v1 or v2 exclusively
may shed additional light on the functional relevance of FBLN2
splicing in cancer.

4 | Experimental Procedures
4.1 | Analysis of RNA-Seq Data

The percent spliced-in (PSI) values for FBLN2 exon 9 in TCGA
samples were downloaded from the website (https://bioin
formatics.mdanderson.org/TCGASpliceSeq/index.jsp) of the
TCGASpliceSeq database (Ryan et al. 2016). For analysis of
FBLNZ2 and FNI1 expression in TCGA samples, gene expression
data were downloaded from the Xena website (https://xena.
ucsc.edu) of the University of California at Santa Cruz (Goldman
et al. 2020). The scRNA-seq data for Human Colon Cancer Atlas
(c295, GSE178341) were downloaded from the website (https://
singlecell.broadinstitute.org/single_cell) of the Single Cell
Portal (Pelka et al. 2021).

For analysis of the RNA-seq data set GSE50760, the fastq files
were obtained from the website (https://www.ncbi.nlm.nih.
gov/geo) of the National Center for Biotechnology Information
(NCBI) (Barrett et al. 2013; Kim et al. 2014). This data set in-
cludes data for normal (N), primary tumor (T), and metastatic
liver tumor (M) tissue isolated from 18 CRC patients (total of
54 samples). The inclusion or exclusion of FBLN2 exon 9 was
analyzed with the use of vast-tools software (Irimia et al. 2014).
The PSI value was calculated according to the equation:
PSI=100xX (inclusion level)/(inclusion level + exclusion level).
Cufflinks (ver. 2.0.10) was applied to estimate gene expression
level on the basis of fragments per kilobase of transcript per mil-
lion mapped reads (FPKM) (Trapnell et al. 2010).

4.2 | Surgical Specimens

Colorectal tissue specimens were obtained from nine CRC pa-
tients who underwent surgical resection of the primary tumor
at Tohoku University Hospital. This aspect of the study was ap-
proved by the Institutional Review Board of Tohoku University
Graduate School of Medicine (approval nos. 2016-1-177 and 2022-
1-1056), and the patients provided written informed consent.

4.3 | Cell Culture and Transfection

HCT 116 (RRID: CVCL_0291) and HEK293T (RRID:
CVCL_0063) cells were obtained from American Type
Culture Collection and were authenticated by short tandem
repeat (STR) profiling. Primary fibroblasts were established
from normal or tumor tissue isolated from rectal or gastric
cancer patients as described previously (Aizawa et al. 2019).
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The fibroblasts isolated from the normal tissue of rectal or
gastric cancer patients were immortalized by the introduction
of telomerase reverse transcriptase (TERT) to generate 21N-T
and 24N-T fibroblasts, respectively. HCT 116 cells were cul-
tured in McCoy's 5A medium (Thermo Fisher Scientific), and
HEK293T cells and fibroblasts in Dulbecco's modified Eagle's
medium (DMEM, Nacalai Tesque), with each medium being
supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Thermo Fisher Scientific). All cells were maintained
under a humidified atmosphere of 5% CO, at 37°C, and all ex-
periments were performed with mycoplasma-free cells. The
lentiviral vector CSII-EF-MCS-IRES-Puro and retroviral vec-
tor pMXpuro were used to generate 24N-T fibroblasts (lines A
and B, respectively) that express human FBLN2 tagged with the
3XFLAG epitope at the COOH-terminus (FBLN2-3 X FLAG).
The 24N-T fibroblasts were thus infected with recombinant
lentiviruses or retroviruses encoding FBLN2-3 X FLAG vl or
v2, and the infected cells were subjected to selection for 3 days
in medium containing puromycin (Sigma-Aldrich) at 5ug/
mL.

4.4 | RT-qPCR Analysis

Total RNA was isolated from tumor tissue or cultured cells with
the use of an SV Total RNA Isolation System (Promega) and was
subjected to RT with the use of a PrimeScript RT Reagent Kit
(Takara Bio). Quantitative PCR (qPCR) analysis was performed
with Fast SYBR Green Master Mix (Thermo Fisher Scientific)
and a StepOnePlus Real-Time PCR System (Thermo Fisher
Scientific). The total mRNA abundance for FBLN2 (including
both vl and v2) was normalized by the amount of glucuro-
nidase-g (GUSB) mRNA. The abundance of FBLN2 vl and v2
mRNAs was determined from standard curves obtained with
corresponding cDNAs. Primer sequences and qPCR conditions
are provided in Table S1.

4.5 | Immunostaining

For immunohistochemistry of tumor tissue, paraffin-embedded
sections were stained with primary antibodies to FBLN2
(HPA001934, Sigma-Aldrich). Immune complexes were de-
tected with peroxidase-labeled secondary antibodies and
3,3’-diaminobenzidine (Histofine SAB-PO(M) Kit, Nichirei
Bioscience), and the sections were counterstained with he-
matoxylin. For immunofluorescence analysis of 21IN-T and
24N-T fibroblasts, the cells were fixed with 3.7% formaldehyde
and stained with primary antibodies to FBLN2 (HPA001934,
Sigma-Aldrich) or to FN1 (MS-167-P0, NeoMarkers). Immune
complexes were detected with Alexa Fluor 488- or Alexa Fluor
594-labeled secondary antibodies (Thermo Fisher Scientific),
and the cells were counterstained with DAPI. Samples were ob-
served with a BZ-9000 microscope (Keyence).

4.6 | Immunoblot Analysis and Oriole Gel Staining
Tumor tissue or cultured cells were lysed with Cell Lysis Buffer

consisting of 50mM Tris-HCI (pH7.4), 300mM NaCl, 0.5%
Triton X-100, 400uM sodium orthovanadate, 400uM EDTA,

10mM NaF, 10 mM sodium pyrophosphate, aprotinin (2 ug/mL),
leupeptin (2pug/mL), and 1 mM phenylmethylsulfonyl fluoride
(PMSF). Lysates were centrifuged at 20,000g for 10min at 4°C,
and the resulting supernatants were subjected to SDS-PAGE. For
immunoblot analysis, the separated proteins were transferred
to a polyvinylidene difluoride membrane (Millipore), which
was then probed with primary antibodies to FBLN2 (sc-271263,
Santa Cruz; ab96138, Abcam; or HPA001934, Sigma-Aldrich),
to FN1 (MS-167-P0, NeoMarkers), to FLAG (F3165, Sigma-
Aldrich), to HSPA5 (66574-1-Ig, ProteinTech), or to @-actin
(3700, Cell Signaling Technology). Immune complexes were
detected with horseradish peroxidase-conjugated secondary
antibodies (Promega) and Super Signal West Substrate (Thermo
Fisher Scientific). For visualization of total proteins, the SDS-
PAGE gel was stained with Oriole Fluorescent Gel Stain (Bio-
Rad). The chemiluminescence and fluorescence signals were
detected with the use of a digital imaging system (ChemiDoc
Touch, Bio-Rad).

4.7 | Immunoprecipitation

Cells were lysed with Immunoprecipitation Lysis Buffer consist-
ing of 50mM Tris-HCl (pH 7.4), 150mM NacCl, 0.5% Triton X-
100, 400 uM sodium orthovanadate, 400 uM EDTA, 10mM NaF,
10mM sodium pyrophosphate, aprotinin (2ug/mL), leupeptin
(2png/mL), and 1mM PMSF. The lysate was centrifuged at
20,000g for 10min at 4°C, and the resulting supernatant (~2mg
of protein) was incubated for 1 h at 4°C with Dynabead Protein G
(Thermo Fisher Scientific)-conjugated antibodies to FLAG (8 ug;
F3165, Sigma-Aldrich). The immunoprecipitates were washed
twice with Immunoprecipitation Lysis Buffer and subjected to
elution with 3X FLAG peptide (5mg/mL, Sigma-Aldrich).

4.8 | LC-MS/MS Analysis

Immunoprecipitates prepared with antibodies to FLAG were
fractionated by SDS-PAGE and stained with silver (Sigma-
Aldrich). The stained gel was sliced into nine pieces per lane,
and the proteins in these slices were subjected to in-gel digestion
with trypsin (Promega). The resulting peptides were applied
to a nanoflow LC system (Advance UHPLC, Bruker) equipped
with an in-house pulled fused silica capillary (0.1 mm X 10cm)
packed with a 3-um C18 L-column (CERI). Eluted peptides were
sprayed directly into an LTQ Orbitrap Velos Pro mass spectrom-
eter (Thermo Fisher Scientific). LC-MS/MS analysis was per-
formed with three biological replicates.

4.9 | Analysis of FBLN2 Glycosylation

Culture supernatants of 24N-T line A fibroblasts expressing
FBLN2-3XFLAG vl or v2 were passed through a 0.45-um sy-
ringe filter and treated with PNGase F (New England Biolabs)
or O-glycosidase (New England Biolabs) together with neur-
aminidase (New England Biolabs) for 2h at 37°C before im-
munoblot analysis with antibodies to FLAG. For analysis of
the effects of tunicamycin, HEK293T cells transfected with
CSII-EF-MCS-IRES-Puro vector encoding FBLN2-3XFLAG
vl or v2 were treated with tunicamycin (Cayman Chemical)
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for 2days, after which culture supernatant (medium) and total
cell lysates (cell lysate) were prepared. The culture supernatant
was passed through a 0.45-um syringe filter. The samples were
subjected to immunoblot analysis and Oriole gel staining. For
the identification of N-glycosylation sites of FBLN2, lysates of
HEK293T cells transfected with vectors encoding WT or mutant
forms of FBLN2-3XFLAG v1 or v2 were fractionated by SDS-
PAGE on a gel containing concanavalin A (7-10mg/mL; L7647,
Sigma-Aldrich) as described previously (Popov et al. 2000) and
then subjected to immunoblot analysis of FLAG. For analysis
of glycosylation level, FBLN2-3X FLAG vl or v2 was immuno-
precipitated from lysates of 24N-T line A fibroblasts, subjected
to SDS-PAGE, and stained for glycoproteins with the use of a
Pro-Q Emerald 488 Glycoprotein Gel and Blot Stain Kit (Thermo
Fisher Scientific) or for total proteins with Oriole fluorescent dye.

4.10 | Cellular Fractionation of Fibroblasts

Culture supernatant of 24N-T line A fibroblasts expressing
FBLN2-3XFLAG v1 or v2 was passed through a 0.45-um sy-
ringe filter, and the filtrate was analyzed as an extracellular
fraction. The remaining cells were treated with 0.25% trypsin
(Nacalai Tesque) for 15min at 37°C under 5% CO, to degrade cell
surface proteins, isolated by centrifugation at 200g for 2min at
4°C, and lysed with Cell Lysis Buffer. The lysate was centrifuged
at 20,000g for 10min at 4°C, and the resulting supernatant was
analyzed as an intracellular fraction. Both extracellular and in-
tracellular fractions were subjected to immunoblot analysis.

4.11 | Cycloheximide Chase Assay and MG132
Treatment

24N-T line B fibroblasts expressing FBLN2-3XFLAG V1 or v2
were treated with cycloheximide (100pug/mL, Sigma-Aldrich)
for up to 60 min or with MG132 (Peptide Institute) for 6h at 37°C
and under 5% CO,. The MG132-treated cells were washed with
cold PBS three times before cell lysis to prevent the contamina-
tion of dead cells. The treated cells were subjected to immuno-
blot analysis.

4.12 | Transwell Migration Assay and Cell
Adhesion Assay

For the transwell migration assay, the lower side of the fil-
ter membrane (diameter of 6.5mm, pore size of 8um; 3422,
Corning) was treated with FN1 (F0895, Sigma-Aldrich), recom-
binant FBLN2 v2 (9559-FB-050, R&D Systems), or BSA (017-
23294, Fujifilm Wako) for 10min and then allowed to dry for
30min. HCT 116 cells were suspended in serum-free McCoy's
5A medium, seeded at a density of 5x10* per membrane, and
allowed to migrate for 24 or 48h at 37°C and under 5% CO,.
McCoy's 5A medium supplemented with 10% FBS was added
to the lower chamber as the chemoattractant. The cells were
fixed and stained with methanol containing 0.3% crystal violet
(Fujifilm Wako) for 20min and then washed with phosphate-
buffered saline. After removal of nonmigrated cells on the upper
side of the membrane with a cotton swab, the membrane was
observed with a BZ-9000 microscope (Keyence). The area of

migrated cells was determined with ImageJ software version
1.52a (Schneider et al. 2012).

For the migration assay shown in Figure S8B, the lower side
of the filter membrane was treated with FN1(F0895, Sigma-
Aldrich) and with FBLN2 vl or FBLN2 v2 purified from cul-
ture supernatants of engineered 24N-T fibroblasts expressing
FBLN2-3XFLAG vl or v2. The culture supernatants collected
from cells maintained for 3-4days from an initial confluence
of 80% in one 150-mm dish and one 100-mm dish were passed
through a 0.45-pum syringe filter (Minisart 17598-K, Sartorius),
and the filtrate (~35mL) was incubated overnight at 4°C with
Dynabead Protein G (Thermo Fisher Scientific)-conjugated an-
tibodies to FLAG (8 ug; F3165, Sigma-Aldrich) in 10mL of RIPA
Buffer consisting of 50mM Tris-HCI (pH7.4), 150mM Nacl,
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 400 uM
sodium orthovanadate, 400uM EDTA, 10mM NaF, 10mM
sodium pyrophosphate, aprotinin (2ug/mL), leupeptin (2ug/
mL), and 1mM PMSF. The immunoprecipitates were washed
twice with RIPA Buffer and subjected to elution with 200 uL of
3XFLAG peptide (5mg/mL, Sigma-Aldrich) in Elution Buffer
consisting of 10mM HEPES-NaOH (pH 7.3), 150mM NacCl, and
0.05% Triton X-100. The eluted material was verified by SDS-
PAGE followed by Oriole gel staining and immunoblot analysis
before use for membrane coating.

For the cell adhesion assay, 200uL of FN1 (F0895, Sigma-
Aldrich), recombinant FBLN2 v2 (9559-FB-050, R&D Systems),
or BSA (017-23294, Fujifilm Wako) were applied to the sur-
face of a low-attachment dish (diameter of 60 mm; MS-1160R,
Sumitomo Bakelite). The solution was covered with a nylon filter
with a pore size of 85um (3 by 3cm, Nippon Rikagaku Kikai) to
keep the solution within a 3 by 3cm area and incubated for 24h
at 37°C and under 5% CO,. The solution was then removed, and
the dish was allowed to dry for 1h. HCT 116 cells were plated at
a density of 3 10° cells per dish and cultured for 8 h, after which
the attached cells in the coated area were observed with a BZ-
9000 microscope (Keyence) and their number was determined
with the use of a TC20 automated cell counter (Bio-Rad).

4.13 | Statistical Analysis

Unless indicated otherwise, quantitative data are presented as
means +SEM for the indicated number (n) of biological repli-
cates, and they were subjected to statistical analysis with R soft-
ware version 4.0.3 or Excel for Microsoft 365. A p value of <0.05
was considered statistically significant.
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