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1. ZE

Background/Aim: Colorectal cancer (CRC) is the third most common cancer worldwide,
and metastasis is strongly associated with poor prognosis in patients with CRC. We
have previously found that the expression and phosphorylation of paxillin (PXN) play
an important role in the metastatic potential of breast cancer. This study examined the
potential role of PXN in CRC metastasis. Materials and Methods: Resected tumor
specimens from 92 patients with CRC were subjected to immunohistochemical analysis
of PXN levels. Three human CRC cell lines, HCT116, LoVo, and SW480 were used for
scratch and transwell invasion assays to examine the effects of PXN over-expression.
RNA sequencing was performed to obtain the expression profiles under PXN over-
expression. Results: High levels of PXN were significantly correlated with advanced
stage, higher carcinoembryonic antigen and carbohydrate antigen 19-9 levels, and
poorer overall survival. The migration ability of CRC cells was enhanced by exogenous
PXN over-expression, but this enhancement was not observed in cells harboring
exogenously mutated PXN at Tyr31 or Tyr88 phosphorylation sites. In PXN-over-
expressing cells, TNF-a signaling via NFkB was positively enriched. Conclusion: PXN
expression and phosphorylation at Tyr31 or Tyr88 may influence the migration and
invasion of CRC cells. PXN expression and phosphorylation at Tyr31 or Tyr88 are

promising targets for evaluating prognosis and treating CRC.



2. Hx

Colorectal cancer (CRC) represents a significant global healthcare challenge, ranking
as the third most commonly diagnosed cancer and the third most common cause of
cancer-related deaths in both men and women in the United States (1). Globally, over
one million new cases of CRC are diagnosed, and CRC accounts for 10% of all newly
diagnosed cancers and cancer-related fatalities annually (2, 3). Despite advancements
in screening methods and clinical therapy regimens, most newly diagnosed patients
have already developed metastases (4, 5). Liver metastasis is notably frequent in CRC,
occurring in 50-60% of cases. Owing to the lack of effective therapies, the overall 5-
year survival rate of patients with metastatic CRC remains poor (6). Distant metastasis
is the leading cause of death in patients with CRC. However, the mechanism underlying
CRC metastasis remains unclear.

The key steps in cancer metastasis are tumor cell migration and invasion, both
of which require cytoskeletal rearrangement (7-9). Actin stress fibers are higher-order
cytoskeletal structures composed of interlinked actin filament bundles that play pivotal
roles in cell migration and invasion (10-12). The key regulators of actin cytoskeleton
dynamics are the actin stress fibers connected to focal adhesions and focal adhesion-
associated proteins, including paxillin (PXN) and focal adhesion kinase (13). Fyn
tyrosine kinase is involved in actin stress fiber formation through the activation of Rho-

kinase (14). Recently, we identified PXN as a novel signaling molecule that mediates



actin stress fiber formation and cell migration by directly binding to active Fyn (15).
PXN, a critical focal adhesion protein, has multiple cellular functions, such as
migration and invasion (16, 17), apoptosis (18, 19), and autophagy (20, 21). PXN is
regulated by tyrosine and serine phosphorylation (22, 23). Recent studies
demonstrated the essential role of PXN in promoting cell invasion during breast cancer
metastasis (24, 25). In addition, we reported that high PXN expression is associated
with poor prognosis of breast cancer, and that phosphorylation of Tyr31 in PXN affects
the migration of breast cancer cells (25). It has also been reported that PXN expression
in CRC is significantly higher in tumor tissues, and that elevated PXN expression is
associated with poor prognosis in patients with CRC (26-29). However, the underlying
molecular mechanisms by which PXN expression and phosphorylation promote CRC

metastasis have not been completely elucidated.

3. HAY

This study investigated the role of PXN in the migration and invasion of CRC

cells.

4. Fik
Patients. Resected tumor specimens from 92 patients with CRC were used in this
study. All patients underwent cancer therapy at Yamaguchi University Hospital (Ube,

Japan) between January 2008 and December 2019. The study protocol was approved



by the Institutional Review Board of Yamaguchi University Hospital (H2022-177) and
conducted in accordance with the Declaration of Helsinki. All the patients provided

written informed consent to participate in the study.

Cell lines. The human CRC cell lines HCT116 (CCL-247) and SW480 (CCL-228) were
purchased from American Type Culture Collection (Manassas, VA, USA) and LoVo
(JCRB9083) was purchased from the Japanese Collection of Research Bioresources
Cell Bank (Osaka, Japan). Cells were cultured in Dulbecco’s modified Eagle Medium
(DMEM; Nissui Pharmaceutical, Tokyo, Japan) containing 10% heat-inactivated fetal
bovine serum (FBS; Thermo Fisher Scientific, Kanagawa, Japan), penicillin (100 U/ml),
streptomycin (100 pg/ml), and sodium bicarbonate (1.5 g/lI) at 37°C in a humidified

atmosphere with 5% COs..

Plasmid constructs and transfection. The HaloTag full-length PXN (FHC10852, 1-1,671
bp) plasmid was purchased from Promega (Tokyo, Japan). Non-phosphorylated
mutants of HaloTag PXN, Y31F, Y88F, and Y31/88F, were obtained by mutating the
corresponding tyrosines to phenylalanine. For plasmid transfection, Lipofectamine™
3000 Reagent (Thermo Fisher Scientific) was used according to the manufacturer’s
protocol. Briefly, 3 x 10° cells were seeded into 6-well plates containing medium without

penicillin and streptomycin. After 24 h, cells were transfected with Lipofectamine™



3000 Reagent (6 pl) and one of the plasmids (2 ug), and the medium was replaced

after 6 h of transfection. Cell transfection efficiency was analyzed using the HaloTag

TMR Direct Ligand (Promega) after 24 h of transfection.

Immunohistochemistry. PXN expression in CRC tissues was detected by

immunohistochemical (IHC) staining. The staining was performed on 4 ym formalin-

fixed paraffin-embedded slides. The samples were deparaffinized in xylene and

hydrated in graded alcohols and antigen retrieval was performed in EDTA buffer (pH

9.0) and heating in a microwave at 95°C for 40 min. After endogenous peroxidase and

nonspecific protein blocking, the slides were incubated with monoclonal anti-PXN

antibody (1:600; ab32115, Abcam, Tokyo, Japan) and incubated at 4°C overnight. The

next day, after washing 3 times with PBS, the slides were incubated with the

corresponding secondary antibody (K5007; Dako, Tokyo, Japan) for 30 min. Finally,

the samples were Vvisualized with 3,3’-diaminobenzidine chromogen and

counterstained with Mayer's hematoxylin.

The histochemical scoring method described below was used to assess PXN

expression levels in the specimens. Briefly, the method focused on both the staining

intensity and the proportion of stained cells at each intensity level. The intensity values

were as follows: 0 (no staining), 1 (weak staining), 2 (moderate staining), and 3 (strong

staining) (Figure 1). The proportion scores were as follows: 0 (< 10%), 1 (11-25%), 2



(51-75%), and 3 (> 76%). The final PXN score was calculated as intensity x proportion
(range=0-12). Immunohistochemical staining was visualized using an all-in-one
fluorescence microscope BZ-X710 (KEYENCE, Osaka, Japan) and confirmed by a

professional pathologist (D.C.).

Scratch assay. The scratch assay was performed as described previously (25). When
the cell confluence reached 90-100% in 6-well plates, cells were starved in FBS-free
medium for 24 h. The cells were then scratched using a 200 pl micropipette tip. Cell
migration was observed using an all-in-one fluorescence microscope BZ-X710
(KEYENCE). The data were used for quantitative analyses of cell migration using NIH
Image J software (U. S. National Institutes of Health, Bethesda, Maryland, USA). The
migration rate was calculated as follows: % closure = (scratch width at 0 h — scratch

width at 24 h)/scratch width at 0 h x 100.

Transwell Invasion assay. Cell invasion was determined using a Corning invasion
chamber 24-well plate (354480; Corning Japan, Shizuoka, Japan), as described
previously (25). Cells (3 x 10°) suspended in serum-free medium were placed in the
upper chamber coated with Matrigel. Medium supplemented with 10% FBS was added
to the lower compartment. After culturing for 24 h, invading cells on the underside of

the membrane were fixed with formaldehyde (4%) for 15 min and stained with crystal



violet (0.1%) for 30 min. The cells were visualized under a bright-field microscope at

20 x magnification (KEYENCE) and counted in three random areas.

RNA sequencing. Total RNA was isolated using the miRNeasy Mini Kit (Qiagen, Tokyo,

Japan). Sequencing libraries were constructed using TruSeq Stranded Total RNA with

a Ribo-Zero Gold LT Sample Prep kit (lllumina, Tokyo, Japan) according to the

manufacturer’s instructions. The paired-end fragments were sequenced using the

NextSeq 500 sequencing platform (lllumina). After quality control, filtered short reads

were mapped to the reference genome (hg38) using STAR (version 2.5.1b) (30).

Strand-specific fragment counts were obtained using RSEM (version 1.3.3) (31) and

normalized with the trimmed mean of M-values method (32) using the TCC package

(33, 34). The edgeR package (version 3.28.1) (35, 36) was used to identify the

differentially expressed genes (DEGs). Gene set enrichment analysis (GSEA) was

performed using the Java command line program, GSEA2 (version 2.2.1), and

Molecular Signatures Database v7.4 (37).

Statistical analysis. Each experiment was repeated at least thrice. Data are expressed

as means = standard deviation. Differences between groups were estimated using one-

way analysis of variance, Tukey—Kramer multiple comparison, Mann—Whitney U test,

or paired t-test. Categorical variables were compared using Fisher’s exact test. Survival



curves for overall survival (OS) were calculated using the Kaplan—-Meier method and
analyzed using the log-rank test. Statistical analyses were performed using the R
software (version 3.6.1; R Foundation for Statistical Computing, Vienna, Austria).

Statistical significance was set at p<0.05.

4. FER

Association of tissue PXN expression with prognosis of CRC. The cut-off value (high:
intensity x area = 6) that divided the PXN level into high and low was determined using
the time-dependent receiver operating characteristic (ROC) curve and the closest-to-
the-top-left index. Patients with CRC having high PXN expression had significantly
poorer outcomes in terms of OS than those with low PXN expression (p<0.001, Figure
2). The survival rates of patients with high PXN levels at 3, 5, and 10 years were 46.0%,
22.0%, and 8.0%, respectively. The survival rates of patients with low PXN at 3, 5, and

10 years were 92.9%, 78.6%, and 23.8%, respectively.

Among the clinicopathological features, concentrations of carcinoembryonic
antigen (CEA) and carbohydrate antigen 19-9 (CA 19-9) were significantly higher in the
PXN-high group than in the PXN-low group, although there were no significant
differences in age or sex between these groups (Table I). PXN levels increased with
stage progression, reaching the highest level at stage 4 (Figure 3A). Moreover, PXN
expression was significantly higher in liver metastases than in primary CRC tissues in

identical stage 4 cases (Figure 3B).
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Cell migration ability and PXN expression in cell lines. The expression levels of PXN
at the RNA level in the three human CRC cell lines, HCT116, LoVo, and SW480, were
examined using RNA sequencing (Figure 4). Cells transfected with PXN expressing
vectors showed higher PXN transcripts per million than cells transfected with an empty
vector. More than 90% of the reads from cells harboring PXN expression vectors with
mutations were confirmed to have corresponding mutations.

Both scratch and transwell invasion assays showed that the motility of HCT116,
LoVo, and SW480 cells over-expressing wild-type PXN was increased compared to
that of cells transfected with empty vector or vectors with mutations at tyrosine 31 or

88 of PXN (Figure 5).

Expression profile of PXN over-expressing cells. In the three cell lines, gene set
enrichment analysis using the read counts from RNA sequencing revealed that,
compared to cells harboring empty vector or PXN with mutation vector, wild-type PXN-
over-expressing cells had a significantly enriched signature of tumor necrosis factor

(TNF)-a signaling via NFkB (Figure 6).

5. B8

PXN expression is associated with poor prognosis of breast cancer, and

phosphorylation of Tyr31 in PXN affects the migration of breast cancer cells (25).
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Similarly, PXN expression is significantly higher in CRC tissues, and elevated PXN

expression is associated with poor prognosis in patients with CRC (26-29). However,

the molecular mechanisms through which PXN expression and phosphorylation

promote CRC metastasis remain unclear. Here, we investigated these mechanisms.

Our findings indicate that high PXN expression is associated with poor prognosis in

patients with CRC, and that the phosphorylation of Tyr31 and Tyr88 in PXN is a key

factor in determining CRC cell migration.

PXN is highly expressed in many malignant tumors, affecting recurrence and

metastasis in cancers such as gastric (38), breast (17), and esophageal (39) cancer.

Consistently, patients with high PXN expression showed significantly shorter OS than

those with low PXN expression (Figure 2). Moreover, PXN expression levels increased

with tumor stage (Figure 3A) and the PXN level was significantly higher in liver

metastases than in the corresponding primary CRC tissues (Figure 3B). PXN

expression was also significantly correlated with CEA and CA19-9 levels (Table I). In

addition, our in vifro analyses showed that PXN over-expression promoted the

migration and invasion abilities of CRC cells, which were diminished by mutations in

Tyr31 or 88 of PXN (Figure 5). Consistent with our results, mutations in Tyr31 of PXN

have a crucial effect on the migration of breast cancer cells (25).

Previous reports have indicated that PXN functions through several pathways,

such as the integrin signaling (40), the mitogen-activated protein kinase signaling (41),
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and the Rho GTPase signaling (15) pathways. Our comprehensive expression data

from RNA sequencing followed by GSEA showed that there is positive enrichment of

TNF-a signaling in the PXN-over-expressing cells (Figure 6). TNF has long been

considered a therapeutic target to inhibit tumors, but recent studies have contradicted

this notion, suggesting that TNF-a is one of the factors contributing to the deterioration

of certain tumors (42, 43). Weitzenfeld et al. found that TNF promotes the progression

and metastasis of breast cancer through various pathways (44). In neutrophils, it was

reported that TNF-a stimulates the tyrosine phosphorylation of PXN (45). In addition,

Zhang et al. indicated that repression of PXN via a microRNA, miR-24, suppresses

TNF-a production and cytotoxicity of natural killer cells from patients with CRC (46). In

conjunction with our research, the results indicate that up-regulation of TNF-a signaling

by PXN phosphorylation may contribute to tumor progression and metastasis.

This study has some limitations: Analysis of PXN phosphorylation in clinical

samples, experiments using animal models, examination of the effects of other

phosphorylation sites of PXN, and the detailed molecular mechanisms upstream and

downstream of PXN on poor prognostic features of CRC were not examined.

Nevertheless, our study indicates that PXN may play a crucial role in the migration of

CRC cells via its expression and phosphorylation at Tyr31 and Tyr88.

(o))
2
3
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Our findings indicated that the expression and phosphorylation of PXN at Tyr31 or
Tyr88 may influence the migration and invasion of CRC cells. Therefore,
phosphorylation of Tyr31 or Tyr88 in PXN is an important and meaningful target for the

prognosis and treatment of CRC.
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9. MFE
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Figure 1. Inmunohistochemistry for paxillin (PXN) using primary colorectal and
liver metastatic tissues. Representative images of PXN staining with the following
intensities: negative (0), weak (1), moderate (2), and strong (3). PXN staining of
vessels was simultaneously evaluated as a positive control. The scale bar represents

100 pm.
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Figure 2. Kaplan—Meier curves for the overall survival (OS) of patients according
to PXN levels in colorectal cancer (CRC) tissues. Patients with CRC were divided
into two groups, low and high, based on the PXN levels in tumor cells. The cut-off PXN
expression, = 6 (intensity x area), was determined using the time-dependent ROC

curve analysis.
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Figure 3. Expression of PXN in CRC tissues. PXN levels at each pathological stage
(stages IlI-1V) were measured using immunohistochemistry. p Values were calculated

using one-way analysis of variance (A) and paired t-test (B).
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Figure 4. Expression of PXN in PXN-transfectants. The PXN levels in the cells were
determined using RNA sequencing. (A) Expression levels are presented as transcripts
per million (TPM). (B) Percentage of counts with mutations in RNA sequencing. Most

PXN TPMs were derived from each plasmid vector.
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Figure 5. Cell migration abilities of PXN transfectants. The migration ability of cells
transfected with each PXN encoding vector was evaluated using the scratch (A) and
transwell (B) assay as described in the Materials and Methods. *p<0.05, Tukey—Kramer

multiple comparison test (vs. mock).
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Figure 6. Enriched molecular signatures in PXN-over-expressing cells. RNA-
sequence data were subjected to Gene Set Enrichment Analysis (GSEA). Cells
transfected with pPXN were used as the test, and cells transfected with mock or pPXN-
Y31/88F were used as the control. Enrichment plots from GSEA data show significant
enrichment of TNF-a signaling via NF-xB. NES: Normalized enrichment score. FDR-q:

p values adjusted using the Benjamini-Hochberg method.
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Table I. Relation between PXN level and clinicopathological characteristics.

PXN*
Low (n =42) High (n = 50) p-Value
Age, years
Median 69 69 0.426
(range) (61.5-78) (60.25-76.75)
Sex
Male 20 24 1.00
Female 22 26
CEA (ng/ml)
Median 6.15 19.9 < 0.01
(IQR) (3.43-7.50) (9.30-93.4)
CA19-9 (U/ml)
Median 12.0 57.2 < 0.01
(IQR) (4.68-24.0) (10.1-122.7)
Tumor size
Median 4 5 0.0616
(IQR) (3.5-5.5) (2.4-6.5)
pStage
1/ 41 4 < 0.01
v 1 46

*The cut-off value of = 6 (intensity x area) for PXN-high was determined using the time-
dependent ROC curve analysis. p Values were determined using the Mann—-Whitney U
test or Fisher’s exact test.

PXN: Paxillin; CEA: carcinoembryonic antigen; CA: carbohydrate antigen; IQR:
interquartile range.

29



