u

) <

The University of Osaka
Institutional Knowledge Archive

KLK10 derived from tumor endothelial cells
Title accelerates colon cancer cell proliferation and
hematogenous liver metastasis formation

Author (s) E?tgl Kazuya; Noda, Takehiro; Kobayashi, Shogo

Citation |Cancer Science. 2024, 115(5), p. 1520-1535

Version Type|VoR

URL https://hdl. handle. net/11094/95644

This article is licensed under a Creative
rights Commons Attribution-NonCommercial 4.0
International License.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Received: 29 September 2023 | Revised: 6 February 2024

'.) Check for updates

Accepted: 26 February 2024

DOI: 10.1111/cas.16144

ORIGINAL ARTICLE

Cancer Science fW%15%

KLK10 derived from tumor endothelial cells accelerates colon
cancer cell proliferation and hematogenous liver metastasis

formation

Kazuya Kato | Takehiro Noda
Yoshifumi Iwagami | Daisaku Yamada

| Kazuki Sasaki |
| Hidenori Takahashi® |

| Shogo Kobayashi
| Yoshito Tomimaru

Mamoru Uemura | Tadafumi Asaoka | Junzo Shimizu | Yuichiro Doki |

Hidetoshi Eguchi

Department of Gastroenterological
Surgery, Graduate School of Medicine,
Osaka University, Osaka, Japan

Correspondence

Shogo Kobayashi, Department of
Gastroenterological Surgery, Graduate
School of Medicine, Osaka University, 2-2
(E2), Yamadaoka, Suita, Osaka 565-0871,
Japan.

Email: s-kobayashi@umin.ac.jp

Funding information

Japan Society for the Promotion of
Science, Grant/Award Number: (C)
22K08870 and (C) 22K16530

Abstract

Tumor endothelial cells (TECs), which are thought to be structurally and functionally
different from normal endothelial cells (NECs), are increasingly attracting attention as
a therapeutic target in hypervascular malignancies. Although colorectal liver metasta-
sis (CRLM) tumors are hypovascular, inhibitors of angiogenesis are a key drug in multi-
disciplinary therapy, and TECs might be involved in the development and progression
of cancer. Here, we analyzed the function of TEC in the CRLM tumor microenviron-
ment. We used a murine colon cancer cell line (CT26) and isolated TECs from CRLM
tumors. TECs showed higher proliferation and migration than NECs. Coinjection of
CT26 and TECs yielded rapid tumor formation in vivo. Immunofluorescence analysis
showed that coinjection of CT26 and TECs increased vessel formation and Ki-67"
cells. Transcriptome analysis identified kallikrein-related peptide 10 (KLK10) as a can-
didate target. Coinjection of CT26 and TECs after KLK10 downregulation with siRNA
suppressed tumor formation in vivo. TEC secretion of KLK10 decreased after KLK10
downregulation, and conditioned medium after KLK10 knockdown in TECs sup-
pressed CT26 proliferative activity. Double immunofluorescence staining of KLK10
and CD31 in CRLM tissues revealed a significant correlation between poor progno-
sis and positive KLK10 expression in TECs and tumor cells. On multivariate analysis,
KLK10 expression was an independent prognostic factor in disease-free survival. In
conclusion, KLK10 derived from TECs accelerates colon cancer cell proliferation and
hematogenous liver metastasis formation. KLK10 in TECs might offer a promising
therapeutic target in CRLM.
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1 | INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer, diagnosed
in about 1.9 million people each year worldwide, with increasing
incidence rates in many countries.! CRC has a high rate of hema-
togenous distant metastasis, the liver being the commonest site.?
Hepatectomy and chemotherapy are the standard treatment in
patients with resectable or unresectable colorectal liver metasta-
sis (CRLM). Chemotherapy with antivascular endothelial growth
factor monoclonal antibodies is one of the standardized regimens
and has led to improved prognosis.3’5 Despite recent advances in
treatment, more than 70% of patients experience recurrence after
curative res<=.ction,"”7 so the therapeutic outcome of CRLM remains
unsatisfactory.

In many cancers, distant metastasis is one of the poor prognos-
tic factors. Tumor blood vessels play an important role in hematoge-
nous metastasis of cancer cells.®” The characteristics and functions
of tumor endothelial cells (TECs) differ in many respects from nor-
mal endothelial cells (NECs). Tumor blood vessels have sparse peri-
cyte binding and fragile adhesion between TECs, making it easier for
cancer cells to enter the vessels and promoting metastasis.'® TECs
are also reported to interact with tumor cells (TCs) and affect tumor
growth, metastasis, and immunosuppression of the tumor microen-
vironment.* The normalization of tumor vessels in terms of their
structure and function is predicted to improve tumor blood perfusion
and result in reduced tumor metastasis.'>**1> As these reports indi-
cate, TECs are once again attracting attention as a therapeutic target
for cancer.

Many studies on TECs have been conducted on hypervas-
cularized tumors such as hepatocellular carcinoma (HCC), renal
carcinoma, and lung cancer.'**® In a hypovascular tumor such as
CRLM, the interaction between TCs and TECs has not yet been
studied. However, in the clinical setting, inhibitors of angiogenesis
are now widely used for treating CRLM in multidisciplinary ther-
apy.t”?° To overcome the high recurrence rate and unsatisfactory
outcomes in CRLM, a new treatment strategy of targeting TECs is
very promising.

In this study, we investigated the influence of TECs on CRLM
tumor growth in vitro and in vivo, with focus on the interaction be-
tween TECs and TCs. We performed next-generation sequencing
(NGS) on TECs and NECs to identify potential treatment targets
and pinpointed kallikrein-related peptide 10 (KLK10) as a candi-
date. Finally, we investigated the effects and mechanisms related to
KLK10 as a target in TECs.

2 | MATERIALS AND METHODS
2.1 | Drugs and reagents

Bovine serum albumin was obtained from Sigma-Aldrich, and
ProLong Glass Antifade Mountant with NucBlue™ Stain from

Thermo Fisher Scientific. Mouse recombinant KLK10 Protein was
purchased from Abbexa (abx651828).

2.2 | Cellline and culture conditions

The CT26.WT (CRL-2638) murine colon carcinoma cell line (CT26)
and BNL 1 ME A.7R.1 murine HCC cell line (BNL) were purchased
from ATCC. Colon26 was purchased from RIKEN BioResource
Research Center. These cells were maintained in low-glucose DMEM
(Nacalai Tesque) supplemented with 10% FBS (Invitrogen) and culti-
vated in a humidified incubator at 37°C under 5% CO,.

2.3 | Animal experiments

Animal experiments were conducted using male BALB/cAJcl-nu/
nu immunodeficient mice and BALB/cAJcl immunocompetent mice
aged 6-10weeks (CLEA Japan). For isolation of TECs, we injected
5x10° CT26 cells and colon26 cells into the spleen of BALB/cAJcl-
nu/nu mice to create the CRLM tumor model. We harvested CRLM
tumors or healthy livers from BALB/cAJcl-nu/nu mice and isolated
endothelial cells as previously reported.*® Isolated CD31" cells were
plated and grown in Endothelial Cell Growth Medium 2-MV (Lonza)
in a humidified incubator.

For the HCC tumor model, we injected the spleens of BALB/
cAJcl mice with 20x 10* BNL cells. For the subcutaneous tumor
model, we injected BALB/cAlJcl mice subcutaneously with
50x10* CT26 cells (CT26 group), 45x10% CT26 cells +5x10*
NECs (CT26+NEC group), or 45x10% CT26 cells +5x10* TECs
(CT26 +TEC group) (n=4 per group). For the CRLM tumor model,
we injected the spleens of BALB/cAJcl mice with 20x 10* CT26
cells (CT26 group), 18 x 10* CT26 cells +2x 10* NECs (CT26 + NEC
group), or 18 x 10% CT26 cells +2x 10% TECs (CT26 + TEC group)
(n=4 per group). Body weight progress and resected liver weights
were compared. All mouse tumor models had their tumors har-
vested after 2 weeks.

2.4 | Flow cytometry

Tumor endothelial cells and normal endothelial cells were detached
with trypsin-EDTA. Then, these cells were incubated with anti-
CD105 antibodies (BioLegend) and analyzed using a FACS Calibur
flow cytometer (Novocyte Quanteon, Agilent) and FACS DivaTM
software (NovoExpress, Agilent).

2.5 | Invitro functional assays

Tube formation was analyzed as previously described.? In a pro-

liferation assay, endothelial cells or TCs were assessed using the
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CCK-8 assay (Dojindo).??2 CT26 cells were treated with mouse
recombinant KLK10 protein (10ng/mL) or conditioned medium
(CM) of TECs transfected with siRNA, and proliferation rates were
investigated. In the migration assay, NECs and TECs were evalu-
ated using the scratch assay.?® Wound closure was expressed as
the ratio of the percentages of wound-closing areas, measured in
high-power fields.

2.6 | Western blotting

Western blot analysis was performed as previously described.?*
The primary antibodies were anti-CD31 (Abcam), anti-KLK10
(Invitrogen), and anti-p-actin (Sigma-Aldrich).

2.7 | Immunocytochemical staining

Immunocytochemistry was performed as previously described.?
Briefly, cells were stained with anti-CD31 antibody (Abcam). After
being counterstained with DAPI, slides were evaluated under a fluo-

rescence microscope (BZ-X700; Keyence).

2.8 | Immunofluorescence analysis

All immunostaining methods have been previously described.'¢%¢
Immunostaining was performed with the following primary anti-
bodies: anti-KLK10 (Invitrogen), anti-CD31 (Abcam), and anti-Ki-67
(Abcam). TC proliferation was assessed as the percentage of Ki-67"
nuclei from the total number of nuclei. The images were observed
using a BZ-X700 microscope and independently evaluated by two

investigators using BZ-X Analyzer software (Keyence).

2.9 | RNA sequencing and data analysis

RNA sequencing and data analysis were performed as previ-

d.?” We excluded mRNAs that were undetectable.

ously describe
Candidate target mMRNAs were defined as those showing more
than a 64-fold difference between NEC and TEC expression lev-
els or fourfold difference between TEC scramble siRNA and TEC

KLK10 siRNA-1/-2.

2.10 | Quantitative RT-PCR

Quantitative RT-PCR (gRT-PCR) was performed as pre-
viously described.?® The following primers were used:
KLK10, 5-GGCCAGTATCGACGAGAGG-3’
5-CAAAAACCGCAACATGACCTTC-3'

GAPDH, 5-CCAACCGCGAGAAATGACC-3’
5-GGAGTCCATCACGATGCCAG-3’ (reverse).

(forward) and
(reverse); and

(forward) and

211 | siRNA

KLK10 expression in TECs and CT26 cells was downregulated by
siRNA method as previously described.?>?” As a control, these
cells were transfected with Scrambled siRNA (Life Technologies).
Transfected cells were analyzed with a proliferation assay and
wound-healing assay. The in vivo effect of TECs transfected with
KLK10-siRNA on tumorigenesis also was tested. Briefly, 45x10*
CT26 cells +5x10* transfected TECs (Scramble siRNA, KLK10
siRNA-1, and KLK10 siRNA-2) were injected subcutaneously and
18x10* CT26 cells +2x 10* transfected TECs were injected into the
spleen in each mouse (n=4 per group). Tumor volume, body weight,

and liver weight were compared.

212 | ELISA

KLK10 secreted into the CM from TECs was measured by using a
mouse KLK10 ELISA kit (MyBioSource, MBS035638) according to
the manufacturer's protocol. The culture supernatants of trans-
fected TECs (Scramble siRNA, KLK10 siRNA-1, and KLK10 siRNA-2)
were collected and centrifuged at 1000xg for 20 min.

2.13 | Patients and tissue samples

Immunofluorescence analysis was performed using samples from
77 consecutive patients who underwent curative surgery for
CRLM from January 2010 to December 2018 at the Department
of Gastroenterological Surgery at Osaka University Hospital.
Histological classification was determined according to the
Japanese Classification.?? TECs were defined as CD31" cells in
the tumor lesion. KLK10* TECs were counted as the number of
CD31* KLK10* nuclei and analyzed as a percentage of the total
number of CD31" nuclei. KLK10* TCs were counted as the num-
ber of CD31™ KLK10* nuclei and analyzed as a percentage of the
total number of CD31™ nuclei. For each measurement, samples
were divided based on positive (21%) versus negative expression
(<1%).

2.14 | Statistical analysis

The patients' clinicopathological indicators were compared using Chi-
squared tests and Student's t-tests. Continuous variables were com-
pared using Mann-Whitney's U-tests or Student's t-tests. Survival
curves were analyzed using the Kaplan-Meier method, and differ-
ences were compared by the log-rank test. To evaluate the risks associ-
ated with the prognostic variables, univariate and multivariate analyses
using a Cox model were performed with determination of the hazard
ratio and 95% confidence interval. Statistical analyses were performed
using R version 4.2.2 (Vienna, Austria; http://www.R-project.org/). A
p<0.05 was considered to be statistically significant.
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3 | RESULTS

3.1 | Tumor endothelial cell and normal endothelial
cell isolation and in vitro assay

We isolated TECs from CRLM tumors and NECs from normal liver. The
schema of experiments is shown in Figure 1A. In the purity of TECs
and NECs, more than 95% of isolated TECs and NECs showed positive
expression of CD105 that were specific markers for endothelial cells
(Figure S1A). On immunocytochemistry, both TECs and NECs showed
significantly higher expression levels of CD31 compared with CT26
cells (Figure 1B). In the tube formation assay, TECs and NECs formed
round tubes characteristic of cultured endothelial cells, whereas CT26
cells did not show tube formation (Figure 1C). Western blotting con-
firmed that CD31 protein expression also was significantly higher
in TECs and NECs (Figure 1D). These results suggest that TECs and
NECs could be successfully isolated from tumors and maintain their
endothelial cell characteristics after cell isolation. To examine the valid-
ity of the CT26 and colon26 tumor model as hypovascular tumor, the
vascularity of the CRLM tumor of CT26 and colon26 was compared
with the hypovascular tumor, the HCC tumor of BNL cells. The CRLM
tumor of CT26 and colon26 showed about 42%-24% of structured
tumor vessels of the HCC tumor of BNL (15.4, 8.6, and 36.4/field, re-
spectively; p<0.001, Figure S1B). TECs could only be isolated from
the CRLM tumor of CT26 cells. Sufficient TECs could not be obtained
from the CRLM tumors of colon26 cells, which had fewer vessels than
the tumor of CT26 cells, and future studies were performed with TECs
isolated from tumors of CT26 cells. In the functional wound-healing
(Figure 1E) and proliferation assays (Figure 1F), compared with NECs,
TECs showed greater migratory activity (62.4% vs. 22.4%, p<0.001)
and proliferative capacity (p=0.001).

3.2 | Invivo analysis of TEC and NEC
tumorigenesis

The schema of in vivo experiments is shown in Figure 2A. In the sub-
cutaneous tumor model, the CT26+TEC group showed more rapid
tumor formation than the other two groups (CT26 and CT26+NEC
groups) (Figure 2B). The subcutaneous tumor of the CT26+TEC
group showed significantly more vessels (31.6/field) than the CT26
group and CT26+NEC group (11.8 and 20.2/field, respectively;
p<0.001; Figure 2C). Figure 2D shows the appearance of harvested
CRLM tumors 2weeks after splenic injection of each group. Body
weight progress did not differ significantly among the three groups
(p=0.532; Figure 2E), but liver weights were significantly greater in
the CT26+TEC group (6.1g) than in the CT26 and CT26+NEC groups
(2.1 and 2.3g, respectively; p<0.001; Figure 2F). The CT26+TEC

group showed significantly more vessels (56.0/field) than the CT26
and CT26+NEC groups (12.2 and 24.4/field, respectively; p<0.001;
Figure 2G). Ki-67" cells were significantly more numerous in the
CT26+TEC group (49.8%) than in the CT26 group and CT26+NEC
group (25.0% and 34.2%; respectively; p<0.001; Figure 2H).

3.3 | Transcriptome analysis with NGS

We speculated that some factors secreted from TECs might acceler-
ate the growth of CT26 cells and tumor formation in a subcutane-
ous tumor model and CRLM tumor model. Therefore, we performed
a transcriptome analysis of NECs and TECs using NGS. The results
yielded 127 mRNAs showing a more than 64-fold difference between
NECs and TECs. The heatmap of 127 genes is shown in Figure 3A,
and Table S1 shows the gene list. Of the 127 genes differentially
expressed between TECs and NECs, we selected KLK10, which was
highly expressed in TECs and had been previously reported to be
associated with vascular endothelial cells and cell proliferation, for
more detailed study. The KLK10 mRNA expression level in TECs was
upregulated compared with NECs and CT26 cells (Figure 3B), and
Western blotting confirmed increased KLK10 protein expression in
TECs, as well (Figure 3C).

3.4 | Downregulation of KLK10 expression in
TECs and CT26 cells

After downregulation of KLK10 by siRNA (KLK10 siRNA-1 and
KLK10 siRNA-2), KLK10 expression was significantly suppressed
to approximately 10% of that in TECs transfected with Scramble
siRNA (Figure 3D). Western blotting confirmed that KLK10 protein
expression was also suppressed (Figure 3E). Immunocytochemistry
of CD31 for Klk10 siRNA-transfected TECs demonstrated that the
CD31 expression was maintained in TEC Scramble siRNA, TEC KLK10
siRNA-1, and TEC KLK10 siRNA-2 (Figure S2A). The results of the
wound-healing assay showed that downregulation of KLK10 in TECs
decreased their migratory ability (Figure 3F). The wound closure ratio
was 18.4% in cells transfected with KLK10 siRNA-1, 24.1% in cells
transfected with KLK10 siRNA-2, and 46.0% in cells transfected with
Scramble siRNA (p<0.001). The proliferation assay also showed that
downregulation of KLK10 in TECs resulted in decreased TEC prolifera-
tion (p<0.001; Figure 3G). In addition, we performed a transcriptome
analysis after knockdown of KLK10 in TECs to investigate the mo-
lecular mechanisms of the downstream of KLK10. The results yielded
148 mRNAs showing a more than fourfold difference between TEC
scramble siRNA and TEC KLK10 siRNA-1/-2 (Table S2). For CT26 cells,
a slight decrease in KLK10 protein expression was observed after

FIGURE 1 Isolation of TECs and NECs and comparison of their characteristics. (A) Schematic showing isolation method of TECs and
NECs. (B) Morphological analysis (scale bars: 100 pm) and immunocytochemistry analysis (scale bars: 50 um). (C) Tube formation assay (scale
bars: 100 um). (D) Western blotting. (E) Wound-healing assay (left; scale bars: 100 um) and quantification of the wound closure rate (right). (F)
Proliferation assay. *p<0.005; 8p <0.001. TEC, tumor endothelial cell; NEC, normal endothelial cell.
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downregulating KLK10 by siRNA (Figure S2B). And, the downregula-
tion of KLK10 expression in CT26 cells resulted in a slight decrease in
proliferative ability of CT26 cells (p=0.014; Figure S2C).

3.5 | Downregulation of KLK10 expression in
TECs and inhibited tumor formation in vivo

The effect of KLK10 downregulation in TECs was examined in vivo.
The schema of this experiment is shown in Figure 4A. In the sub-
cutaneous tumor model, the CT26+ TEC KLK10 siRNA-1 group and
the CT26+TEC KLK10 siRNA-2 group suppressed tumor formation
compared with the CT26+TEC Scramble siRNA group (p=0.001;
Figure 4B). CD31 immunofluorescence analysis showed that the
CT26+TEC KLK10 siRNA-1 group and the CT26+TEC KLK10
siRNA-2 group had significantly fewer vessels than the CT26+TEC
Scramble siRNA group (19.8 and 17.6/field vs. 31.4/field, respectively;
p<0.001; Figure 4C). Figure 4D shows the appearance of harvested
CRLM tumors 2weeks after splenic injection of each group. In the
CRLM tumor model, body weight progress did not differ significantly
among the three groups (p=0.704; Figure 4E), but liver weights were
significantly lighter in the CT26 + TEC KLK10 siRNA-1 group and the
CT26+TEC KLK10 siRNA-2 group (3.4g and 3.5 g, respectively) than
in the CT26 +TEC Scramble siRNA group (4.8g; p=0.024; Figure 4F).
The immunofluorescence staining of CD31 showed that the number
of vessels was significantly lower in the CT26 + TEC KLK10 siRNA-
1 group and the CT26+TEC KLK10 siRNA-2 group (33.4 and 32.2/
field, respectively) than in the CT26+TEC Scramble siRNA group
(62.4/field; p<0.001). The double-immunofluorescence staining of
CD31 and KLK10 showed that the ratio of KLK10-positive vessels
to total vessels was kept as under 20% level of the control through
the experiment (80.4% in the CT26+TEC Scramble siRNA group,
14.1% in the CT26+TEC KLK10 siRNA-1 group, and 13.3% in the
CT26+TEC KLK10 siRNA-2 group; p<0.001; Figure 4G). Moreover,
immunofluorescence Ki-67 staining showed a significantly decreased
ratio of Ki-67" cells in the CT26 4+ TEC KLK10 siRNA-1 group (38.1%)
and the CT26+TEC KLK10 siRNA-2 group (35.3%) compared with
the CT26 +TEC Scramble siRNA group (48.2%; p <0.001; Figure 4H).

3.6 | KLK10 secretion and culture of cancer cells
with CM after KLK10 knockdown in TECs

The amount of KLK10 secreted from TECs was significantly de-

creased when KLK10 expression in TECs was suppressed (Scramble

siRNA: 2393pg/mL; KLK10 siRNA-1: 744pg/mL; and KLK10
SiRNA-2: 669 pg/mL; p<0.001; Figure 5A). To investigate the ef-
fect of KLK10 secreted from TECs on cancer cell proliferation, we
performed the experiment with CT26 cells treated with recombi-
nant KLK10 protein. When CT26 cells were cultured in medium
with KLK10, the proliferative ability of CT26 cells was increased by
adding the recombinant KLK10 protein to the medium (p<0.001;
Figure 5B). Moreover, the CM was obtained after transfection of
TECs with Scramble siRNA, KLK10 siRNA-1, or KLK10 siRNA-2.
CT26 cells were cultured with CM for 72h after seeding and the
proliferative activity of each cell assessed (see Figure 5C for experi-
mental schema). The proliferative ability of CT26 cells cultured with
CM of KLK10 siRNA-1 or siRNA-2 was significantly decreased com-
pared with that using CM of Scramble siRNA (p=0.005; Figure 5D).

3.7 | KLK10 expressionin TECs and
TCs and survival

To investigate the clinical significance of KLK10 expression in pa-
tients with CRLM, we used immunofluorescence staining to examine
KLK10 expression of resected liver specimens from patients. Table 1
summarizes their clinicopathological characteristics. In tumor le-
sions, positive expression of KLK10 in TECs was found in 49.4% of
patients with CRLM (38/77 cases), and positive expression in TCs
was found in 35.1% (27/77 cases; Figure 6A). Patients were divided
into four groups based on KLK10 expression status in TECs and TCs:
TEC*/TC* (hn=20), TEC*/TC (n=18), TEC/TC* (n=7), and TEC/
TC (n=32). Table 2 shows the results for the comparison of the clin-
icopathological factors between the TEC*/TC" group (n=20) and
the remaining patients (n=57), none of which were significant.

In all 77 patients, the median postoperative follow-up time was
4.37years (0.08-12.24 years). The median recurrence-free survival
time was 1.16years (0.85-4.23years). Figure 6B shows the disease-
free survival (DFS) curves for the four groups. The TEC*/TC* group
had the worst DFS and overall survival (OS). In the comparison of
survival curves between the TEC*/TC* group and the other re-
maining patients (Figure 6C), the TEC*/TC™ group had significantly
shorter DFS and OS rates than the others, with respective 2-year
DFS rates of 15.9% and 49.8% (p=0.001) and 5-year OS rates of
40.1% and 69.5% (p=0.007).

Tables 3 and 4 show the results of univariate and multivariate
analyses of DFS and OS. Multivariate analysis of DFS identified
two independent significant factors: CA19-9 value (p<0.001) and
positive expression of KLK10 in both TECs and TCs (p=0.002). In

FIGURE 2 Differences in tumorigenesis effects between NECs and TECs in vivo. (A) Schematic illustration of the experiment:
subcutaneous tumor model (left) and CRLM tumor model (right). (B) Representative pictures of subcutaneous tumors (scale bars: 10mm)
and tumor volumes (right). (C) Immunofluorescence images of CD31 staining in subcutaneous tumor (scale bars: 50um) and quantification
of vessel numbers (right). (D) Representative pictures of CRLM tumors (scale bars: 10mm). (E) Body weight progress. (F) Liver weight.

(G) Immunofluorescence images of CD31 staining in CRLM tumor (scale bars: 50 um) and quantification of vessel numbers (right). (H)
Immunofluorescence images of Ki-67 staining in CRLM tumor (scale bars: 50 um). Proportions of Ki-67" cells among the total number of
cells with intact nuclei (right). *p <0.05; Tp <0.01; 5p<0.001. CRLM, colorectal liver metastasis; TEC, tumor endothelial cell; NEC, normal

endothelial cell.
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FIGURE 3 Comparison of mRNA expression levels between TECs and NECs by NGS. (A) Heatmap analysis. (B) gRT-PCR. (C) Western
blotting. (D) gRT-PCR of siRNA-transfected TECs. (E) Western blotting of siRNA-transfected TECs. (F) TEC migration after downregulation
of Klk10 expression (scale bars: 100 um). Quantification of the wound closure rate (right). (G) TEC proliferation after downregulation KIk10
expression. *p<0.005; §p<0.001. NEC, normal endothelial cell; NGS, next-generation sequencing; TEC, tumor endothelial cell.

terms of OS, positive KLK10 expression in both TECs and TCs was
a significant prognostic factor in univariate analysis (p=0.009) but
not in multivariate analysis, although there was a trend toward poor
prognosis (hazard ratio=2.05 [0.91-4.65], p=0.084).

4 | DISCUSSION

In this study, we demonstrated that TECs promote tumor growth
in CRLM and KLK10 in TECs might function as a novel therapeutic
target. In fact, downregulation of KLK10 in TECs suppressed tumor
growth in vivo, and immunofluorescence analysis of resected CRLM
specimens revealed positive expression of KLK10 in both TECs and
TCs as a poor prognostic factor.

Previous studies in hypervascularized tumors have shown that
TECs (tumor vessels) have abnormality of structural, functional,
and molecular characteristics, which contributes to tumor progres-
sion. 13183031 However, our understanding of TECs in hypovascular
tumors such as CRLM is insufficient. In our study, we performed a
transcriptome analysis using NGS to reveal the aberrant molecular
nature of TECs in CRLM and found high expression of KLK10. KLK10
is a secreted protein and member of the 15 kallikrein subfamily clus-
tered at chromosome region 19q13.4.32 KLK10 has been found to
be upregulated in many types of malignancies, including pancreatic
ductal adenocarcinoma, ovarian cancer, and gastric cancer, and it is
considered one of the potential markers of poor prognosis.>>=° It
also has been reported that in vitro downregulation of KLK10 ex-
pression inhibits glycolytic metabolism and decreases cell viabil-
ity, suggesting a relationship with the PISK/Akt/mTOR pathwa\y.36
Furthermore, the expression of KLK10 by endothelial cells has been
associated with regulation of vascular inflammation, such as athero-
sclerosis.3” KLK10 expression in TECs has not previously been inves-
tigated, however.

In the current work, we demonstrated that coinjection of TECs
and CT26 cells promotes TC growth, indicating interaction between
TECs and TCs and some effect of TECs on the growth of cancer cells.
Next, we found overexpression of KLK10 in TECs by RNA sequenc-
ing and that secreted KLK10 accelerated TC proliferation. These
results suggest that KLK10 secreted from TECs may affect cancer
cell proliferation by a paracrine mechanism. Previous reports have
described coinjection of TECs and TCs as promoting tumorigenesis
by several mechanisms. TECs secrete molecules such as bone mor-
phogenetic proteins, fibroblast growth factors, and biglycan, which
are well known to promote cancer cell growth and metastasis.>®%7
We showed that TECs in CRLM secreted KLK10 that could promote
TC growth and that inhibition of KLK10 expression in TECs could
suppress cancer cell proliferation and metastatic tumor formation.
We also performed experiments to investigate KLK10 expression

and its significance in TCs. However, KLK10 expression in CT26
cells tended to be much less than that in TECs, and downregulating
KLK10 expression in CT26 cells had a slight and limited effect on
proliferative ability. It is possible that human TCs secrete KLK10 and
are involved in TC proliferation, but our experiments suggested that
KLK10 secreted by TECs is more influential.

We also analyzed molecules that were implicated in cancer
cell growth in cooperation with KLK10. The transcriptome analy-
sis by NGS identified 127 genes differentially expressed between
TECs and NECs including 58 upregulated genes and 69 downreg-
ulated genes. Out of the 58 upregulated genes in TECs, 19 genes
have been reported to be associated with cell proliferation, migra-
tion, and invasion. For example, Poly (ADP-ribose) polymerase 14
(Parp14) is a gene reported to promote cell proliferation by activa-
tion of the NF-kB pathway in pancreatic cancer,*® and heat shock
factor 4 (HSF4) is a gene reported to promote cell invasion by en-
hancing the activity of the c-MET and downstream ERK1/2 and Akt
signaling pathways.*! It is possible that KLK10 may have some in-
teraction with such genes. Moreover, 148 mRNAs showed a more
than fourfold difference after KLK10 downregulation, and some of
these genes are involved in cell growth based on past literatures.
Adenosylmethionine decarboxylase 1 (AMD1) has been reported
to enhance cell proliferation, induce cell cycle progression, and in-
hibit apoptosis.*? Dual-specificity phosphatase 1 (DUSP1) has also
been reported to inhibit cell proliferation, migration and invasion
by blocking the JAK2/STAT3 signaling pathway.*® Based on these
results, we considered that KLK10 had an important role in cell pro-
liferation and migration in TEC.

Our data indicate that KLK10 might be a promising therapeu-
tic target for anticancer therapy, but the details of the mechanism
of how secreted KLK10 protein might act on TCs remain uncertain.
Further studies are needed to clarify whether TCs have receptors for
KLK10 or take up KLK10 directly, and how KLK10 affects the cancer
microenvironment, including cancer-associated fibroblasts and im-
mune cells. Our group has reported that 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 3 and glycoprotein nonmetastatic mel-
anoma protein B are upregulated in TECs of mouse HCC models and
are associated with tumor vascular normalization and tumor immu-
nity, thereby contributing to tumor proliferation.*?” From the cur-
rent study and previous reports, we infer that the key molecules in
TECs would differ depending on the nature of tumors (hypervascular
or hypovascular) and the type of cancer (HCC or CRLM), and that
TECs might influence cancer cells via different mechanisms. Several
studies have reported that TECs isolated from other malignancies
such as renal cancer, lung cancer, melanoma, and HCC show differ-
ential patterns of upregulation of molecules.}’ 182739 Thjs variety
might suggest that in clinical settings, tumor vascular-targeted ther-
apies should be optimized for each type of malignant tumor.
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FIGURE 4 The effect of Klk10 downregulation on tumorigenesis in TECs. (A) Schematic illustration of the in vivo experiment:
subcutaneous tumor model (left) and CRLM tumor model (right). (B) Subcutaneous tumors and representative pictures (scale bars: 5mm)
and subcutaneous tumor volumes (right). (C) Immunofluorescence images of CD31 staining in subcutaneous tumor (scale bars: 50 um)

and quantification of vessel numbers (right). (D) CRLM tumors and representative pictures (scale bars: 10mm). (E) Body weight progress.
(F) Comparison of liver weight. (G) Immunofluorescence images of CD31 and KIlk10 staining in CRLM tumor (scale bars: 50 um). (H)
Immunofluorescence images of Ki-67 staining in CRLM tumor (scale bars: 50pum) and proportions of Ki-67" cells among the total number of
cells with intact nuclei (right). *p <0.05; Tp <0.01; ip <0.005; §p <0.001. CRLM, colorectal liver metastasis; TEC, tumor endothelial cell.
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FIGURE 5 Effect of KIk10 in TECs on TC proliferation. (A) Klk10 secretion from TECs with transfected Scramble siRNA, KIk10 siRNA-1,
or Klk10 siRNA-2. (B) Effect on CT26 cell proliferation by the addition of Klk10 protein. (C) Schema of the experiment for CT26 cells
incubated in CM of transfected TECs. (D) Effect on CT26 cell proliferation by adding CM of transfected TECs. *p <0.05; 'p<0.01; 5p<0.001.
CM, conditioned medium; TC, tumor cell; TEC, tumor endothelial cell.

TABLE 1 Baseline characteristics.

Variables

Male/female 54/23

Age (years), median (range) 65 (39-85)
BMI (kg/mz), median (range) 21.6 (16.4-37.3)
Primary tumor T stage, T1/T2/T3/T4 0/10/55/12
Primary tumor N status, -/+ 33/44
Primary tumor location, right side/left side 20/57
KRAS, wild-type/mutant-type/unknown 19/14/44
Onset of liver metastasis, synchronous/metachronous 33/44
Number of liver metastases, single/multiple 44/33
Maximum diameter of metastatic lesion (mm), median (range) 25 (5-77)
Distribution of liver metastasis, unilobar/bilobar 54/23
Neoadjuvant chemotherapy before CRLM resection, present/absent 38/39

Abbreviations: BMI, body mass index; CRLM, colorectal liver metastasis; KRAS, V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog.
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FIGURE 6 Clinical significance of KLK10 expression in TECs and TCs of CRLM. (A) Immunofluorescence analysis demonstrating CD31
and KLK10 expression in CRLM specimens. High-magnification images of the boxed regions are in upper left corner of the merged images.
Arrows, KLK10" TCs; arrowheads, KLK10* endothelial cells (scale bar, 50 um). (B) Kaplan-Meier curves in four groups according to KLK10
expression in TECs and TCs: DFS rates (left) and OS rates (right). (C) Kaplan-Meier curves in two groups of positive KLK10 expression in
both TECs and TCs and other patients: DFS rates (left) and OS rates (right). CRLM, colorectal liver metastasis; DFS, disease-free survival; OS,
overall survival; TC, tumor cell; TEC, tumor endothelial cell.

TABLE 2 Comparison of clinicopathological features between the TEC*/TC* group and the other patients.

Others TEC+/TC+

Variables n=57 n=20 p-Value
Male/female 31/26 7/13 0.218
Age (years), mean+SD 65+9 63+14 0.456
BMI (kg/m?), mean+SD 22.24+3.93 21.58+2.17 0.476
PT (%), mean+SD 95.5+17.0 100.1+12.5 0.281
Albumin (g/dL), mean+SD 3.9+04 3.7+04 0.201
Total bilirubin (mg/dL), mean+SD 0.8+0.4 0.7+0.3 0.174
CA19-9 (U/mL), mean+SD 63.9+113.7 98.6+194.1 0.338
CEA (ng/mL), mean+SD 37.1+87.7 15.8+19.8 0.287
Primary tumor T stage, T2/T3/T4 8/39/10 2/16/2 0.605
Primary tumor N status, -/+ 26/31 7/13 0.574
Primary tumor location, right side/left side 15/42 5/15 1
KRAS, wild-type/mutant type/unknown 14/10/33 5/4/11 0.965
Onset of liver metastasis, synchronous/metachronous 21/36 12/8 0.124
Number of liver metastases, single/multiple 33/24 11/9 1
Maximum diameter of metastatic lesion (mm), mean+SD 30.0+16.5 299+171 0.985
Distribution of liver metastasis, unilobar/bilobar 40/17 14/6 1
Neoadjuvant chemotherapy before CRLM resection, present/absent 10/47 6/14 0.389

Abbreviations: BMI, body mass index; CA19-9, carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; CRLM, colorectal liver metastasis; KRAS,
V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; PT, prothrombin time; TC, tumor cell; TEC, tumor endothelial cell.

TABLE 3 Prognostic factors in terms of DFS.

Univariate Multivariate

Variables Hazard ratio (95% Cl) p-Value Hazard ratio (95% Cl) p-Value
Male sex 1.25(0.63-2.46) 0.525 - -
Age >65years 0.67 (0.37-1.22) 0.190 - -
CA19-9 >100U/mL 4.92(2.35-10.30) <0.001 5.09 (2.07-12.51) <0.001
CEA >10ng/mL 2.06 (1.14-3.72) 0.016 1.22(0.62-2.42) 0.561
Primary tumor T stage T3, T4 1.12 (0.45-2.67) 0.786 - -
Primary tumor N+ 2.36 (1.25-4.45) 0.008 1.98 (0.99-3.97) 0.054
Primary tumor location, left side 1.36 (0.69-2.68) 0.379 - -
Synchronous onset of liver metastasis 2.41 (1.33-4.36) 0.004 1.37 (0.67-2.81) 0.388
Multiple liver metastases 1.91(1.06-3.45) 0.030 1.09 (0.55-2.19) 0.800
Maximum diameter of liver metastatic lesion >50mm 1.05 (0.44-2.48) 0.911 - -
Bilobar distribution of liver metastases 1.60 (0.85-2.98) 0.142

No neoadjuvant chemotherapy before CRLM resection 0.85 (0.47-1.53) 0.588

Positive KLK10 expression in TECs and TCs 2.63(1.43-4.84) 0.002 2.93(1.49-5.74) 0.002

Abbreviations: CA19-9, carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; Cl, confidence interval; CRLM, colorectal liver metastasis; DFS,
disease-free survival; KLK10, kallikrein-related peptide 10; TC, tumor cell; TEC, tumor endothelial cell.
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TABLE 4 Prognostic factors in terms of OS.

Univariate Multivariate

Variables Hazard ratio (95% Cl) p-Value Hazard ratio (95% Cl) p-Value
Male sex 1.31(0.53-3.27) 0.560 - -
Age >65years 1.09 (0.51-2.35) 0.824 - -
CA19-9 >100U/mL 2.84(1.13-7.14) 0.027 1.69 (0.63-4.53) 0.296
CEA >10ng/mL 3.23(1.44-7.27) 0.005 2.39 (1.01-5.69) 0.048
Primary tumor T stage T3, T4 1.29 (0.39-4.31) 0.676 - -
Primary tumor N+ status 1.67 (0.73-3.85) 0.228 - -
Primary tumor location, left side 0.93(0.39-2.21) 0.869 - -
Synchronous onset of liver metastasis 2.24 (1.02-4.96) 0.046 1.59 (0.69-3.63) 0.274
Multiple liver metastases 1.16 (0.54-2.51) 0.706 - -
Maximum diameter of liver metastatic lesion >50mm 0.67 (0.20-2.24) 0.517 - -
Bilobar distribution of liver metastasis 1.32(0.59-2.97) 0.497 - -
No neoadjuvant chemotherapy before CRLM resection 1.05 (0.49-2.27) 0.899 - -
Positive KLK10 expression in TECs and TCs 2.85(1.30-6.27) 0.009 2.05(0.91-4.65) 0.084

Abbreviations: CA19-9, carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; Cl, confidence interval; CRLM, colorectal liver metastasis;
KLK10, kallikrein-related peptide 10; OS, overall survival; TC, tumor cell; TEC, tumor endothelial cell.

In our study of resected specimens, we investigated KLK10
expression in TECs and TCs. Patient samples were divided into
four groups based on KLK10 expression status in TECs and TCs,
and KLK10 expression in both TECs and TCs was associated with
the most unfavorable prognosis. In addition, when compared with
the TEC/TC™* group, the TEC*/TC™ group showed a poorer prog-
nosis. These findings suggested that KLK10 expression in TECs
contributed more to poor prognosis than KLK10 expression in
TCs, which might indicate the importance of KLK10 expression
in TECs. These results with clinical specimens are in accordance
with the results of our in vivo and in vitro experiments that KLK10
secreted from TECs could affect colon cancer cell growth acceler-
ation. Moreover, positive KLK10 expression in both TECs and TCs
might represent a novel prognostic marker after curative resec-
tion of CRLM, and KLK10 in TECs offers a potential therapeutic
target for CRLM.

In conclusion, KLK10 derived from TECs would accelerate colon
cancer cell proliferation and hematogenous liver metastasis for-
mation. Positive KLK10 expression in both TECs and TCs of CRLM
correlated with poor prognosis after curative resection, highlighting
KLK10 as a potential prognostic marker and its expression in TECs as

a promising therapeutic target in CRLM.
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