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Abstract
Colorectal cancer liver metastasis （CRCLM） is a major cause of death from colorectal cancer; however, the 

mechanism of intrahepatic dissemination （trans-lymphatic metastasis） is not fully elucidated. It is possible that 

lymphangiogenesis is the mechanism of dissemination; however, this requires confirmation, especially in the 

liver. In this study, we attempted to clarify the mechanism using a syngeneic murine CRCLM model, focusing 

on vascular endothelial growth factor C （VEGFC）, a major promoter of lymphangiogenesis. We confirmed 

1） intrahepatic CRCLM occurs via lymphatic vessels and upregulation of lymphangiogenesis in the CRCLM-

bearing liver, 2） the degree of lymphangiogenesis and CRCLM was significantly correlated with the expression 

of VEGFC in colorectal cancer （CRC） cells, and 3） macrophage inflammatory protein-1α （MIP-1α） was 

released from CRC cells under VEGFC stimulation and induced migration of immature bone marrow-derived 

cells into the liver and differentiation into macrophages, which promoted dissemination of CRCLM. From these 

findings, we suggest a therapeutic strategy targeting VEGFC/MIP-1α to reduce CRCLM.
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Introduction

Colorectal cancer （CRC） is a major malignant disease, 
especially in advanced countries1）. Over 600,000 deaths 
a year worldwide are estimated for CRC, most of which 
result from metastasis rather than local advance of the 
primary tumor1）. According to Leporrier et al, nearly 50 
percent of CRC patients have synchronous or developed 
liver metastasis （CRCLM）2）. The liver is the first target 

for CRC metastasis and acts as a filter to prevent cellular 
invasion into the lungs and brain. Therefore, management 
of the primary tumor and liver metastasis is important to 
improve the prognosis of CRC patients. Surgical resection 

（i.e. hepatectomy） is accepted as the most effective 
treatment for CRCLM3）, 4）; however, some patients who 
have a bulky tumor or multiple disseminated tumors may 
be unsuitable for surgical treatment. In addition, CRCLM 
patients often relapse even after complete curative 
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surgical resection. Development of novel therapies are 
therefore needed to improve the prognosis of advanced 
CRC. 

Management of angiogenesis is a promising strategy 
for CRC treatment because CRC spreads via blood 
vessels, seeds multiple lesions in the liver and develops 
as CRCLMs5） . Bevacizumab, an anti-vascular endothelial 
growth factor A （VEGFA） monoclonal antibody, is a 
molecular targeted drug against angiogenesis, and has 
been used in advanced CRC. However, clinical outcomes 
using bevacizumab have not been satisfactory because 
of drug resistance or hypo-oxygenic conditions due to 
poor angiogenesis6） . This clinical feedback indicates the 
necessity for other strategies to improve the prognosis 
of CRC. Targeting lymphangiogenesis is one such 
strategy. While trans-lymphatic metastasis is a major 
route of dissemination from the primary tumor7）, 8）, it has 
not been considered as the cause of CRCLM. Recently, 
however, lymphatic invasion has been observed in clinical 
specimens of CRCLM-bearing liver, which is an adverse 
prognostic factor in CRC patients7）, 9）, 10）. Nevertheless, the 
contribution of lymphangiogenesis to CRCLM remains 
unclear. 

This study used a syngeneic murine CRCLM model 
to clarify whether trans-lymphatic metastasis of CRCLM 
occurs via lymphatic vessels and, if so, to explore the 
underlying mechanism, especially focusing on vascular 
endothelial growth factor C （VEGFC）, a promoter of 
lymphangiogenesis11）, 12） . 

Materials and Methods

Animals
Seven-week-old C57BL/6J male mice （CLEA Japan Inc., 

Tokyo, Japan） were housed under specific pathogen-free 
conditions. The mice were carefully monitored daily by 
the staffs completed the course in animal care, freely feed 
on normal diet and were not fasted before a challenge 
or assessment. The care of mice and experimental 
procedures complied with the ‘‘Principles of Laboratory 
Animal Care’’ （Guide for the Care and Use of Laboratory 
Animals, National Institutes of Health publication 86-23, 
1985）. The experimental protocol was approved by the 
Animal Care and Use Committee of Fukuoka University. 

（Approval number: 1607955）. 

Cell lines and establishment of CRCLM model mice 
Mouse colon adenocarcinoma-38 cells （MCA38） were 

purchased from National Institutes of Health （NIH, 
Bethesda, MD） and used as a CRC cell line. These 
cells are syngeneic with the C57BL/6J mouse strain. 
MCA38 cells were maintained in Roswell Park Memorial 
Institute （RPMI） 1640 medium （ThermoFisher Scientific, 
Waltham, MA） supplemented with 10% fetal bovine 
serum （FBS ; ThermoFisher Scientific）, 100 U/mL 
penicillin and 100 mg/mL streptomycin （ThermoFisher 
Scientific） at 37 ℃ in 5% CO2 and 95% air. MCA38 cells 
passaged 5-8 times were harvested from near-confluent 
cultures. They were infused into 8-10-week-old C57BL/6J 
mice as a model of CRCLM （MCA38-wt group）. Under 
general anesthesia via intramuscular injection of 30 mg/
kg pentobarbital sodium, 1×105 MCA38 cells in phosphate 
buffered saline （PBS; ThermoFisher Scientific） were 
infused into the portal vein in a final volume of 200 µL. 
As a control group, mice were similarly injected with the 
same volume of PBS （PBS group）. Both groups were 
used for assessment of survival period and rate. Some 
mice were excluded from the cumulative survival analysis, 
and they were euthanized with pentobarbital sodium to 
collect their livers for other analyses at postoperative day 

（POD） 28.

Preparing VEGFC knockout and overexpression 
cancer cell models

To clarify the role of VEGFC in lymphangiogenesis 
in CRC, both VEGFC knockout and overexpression 
MCA38 cell lines were established. The deletion of the 
VEGFC gene in MCA38 cells was performed using the 
clustered regularly interspaced short palindromic repeats 

（CRISPR）/CRISPR associated protein9 （CRISPR/Cas9） 
system （MCA38-vegfc-ko cells）. Some cells revealed no 
change in VEGFC gene expression despite the genetic 
modification. These cells were used as control cancer cells 

（MCA38-vegfc-ko-ctrl cells）. Briefly, guide RNAs were 
designed to recognize the mouse VEGFC sequence and 
were cloned using the GeneArt CRISPR Nuclease Vector 
Kit （ThermoFisher Scientific）. After transformation 
into competent Escherichia coli cells （Competent Quick 
DH5α; Toyobo, Osaka, Japan）, the plasmid sequence 
and oligonucleotide insert was confirmed by Fasmac Inc. 

（Kanagawa, Japan）. The constructs were introduced 
into MCA38 cells using FuGENE® HD Transfection 
Reagent （Promega KK, Tokyo, Japan）. Two days after 
transfection, CD4-positive cells were sorted using human 
CD4 MicroBeads （MilteniBiotec, Cologne, Germany） 
and seeded into 96-well plates at one cell per well and 
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cultured. Genomic DNA was extracted from each clone 
and sequenced. To minimize off-target effects of CRISPR/
Cas9 genome editing, multiple positions in the VEGFC 
coding sequence were targeted, and two different 
MCA38-vegfc-ko cell lines were established. The target 
sequences were determined using CRISPR direct software 
and the positions, 298-317 and 342-362 in exon 1 were 
selected （C2-15, C3-22, respectively）. The single strand 
oligonucleotides used are summarized in S1 Fig.

Regarding VEGFC overexpressed-cell line, we prepared 
two patterns. One was MCA38-VEGFC-overexpression 

（MCA38-vegfc-oe）, which were established using human 
VEGFC-C156S pcDNA. After the construct was subcloned 
into pcDNA3.1（+） （ThermoFisher Scientific）, the 
sequence was analyzed. The subcloned pcDNA vector 
was introduced into near-confluent MCA38-wt cells, using 
Lipofectamine 2000 （ThermoFisher Scientific）. The cells 
were cultured in a selective medium supplemented with 

0, 0.1, 0.5, 1, 5, 10 or 50 µg/mL puromycin （TaKaRa Bio, 
Shiga, Japan）. Empty vector-transfected cells were used 
as control cells （MCA38-vegfc-oe-ctrl）. These cells were 
also used for protein array analysis.

The other pattern was MCA38 with treatment of 
recombinant human VEGFC （rhVEGFC; R&D Systems, 
Minneapolis, MN）. At first, cell proliferation assay was 
performed to the MCA38 cells treated with 0, 1 or 10 ng 
rhVEGFC （total medium volume; 10 µL with PBS） for 
overnight. 

These cells were subsequently screened by cancer 
cell proliferation assay using a Cell Counting Kit-8 （CCK-
8; Dojindo Molecular Technologies, Kumamoto, Japan） 
and measurement of released VEGFC levels in cultured 
medium under 48 hours incubation using the enzyme-
linked immunosorbent assay （ELISA） kit （Quantikine® 
ELISA Human VEGF-C immunoassay; R&D Systems）. 
The genomic DNA in these cells was purified and the 
sequences were confirmed by Fasmac Inc. （S2 and 3 Figs）.

The activity of cancer cell proliferation was analyzed by 
CCK-8 following the manufacturer’s protocol. 5 × 104 MCA38-
wt cells were cultured in 96-well plates （total medium 
volume; 100 µL at 37 ℃ and a humidified atmosphere with 

5 % CO2） for overnight. The absorbance at 0, 6, 24 and 48 
hours after treatments was evaluated. Values are expressed 
as relative mean of absorbance against the value at 0 hour.

Treatment of colorectal cancer cell-infused mice 
with VEGFC 

Mice infused with 1×105 MCA38-wt cells were treated 

with rhVEGFC （R&D Systems） （MCA38-wt + rhVEGFC 
group） or with PBS alone （MCA38-wt + PBS group）. 
Using a 27-gauge syringe, 100 µL PBS with or without 1 
µg rhVEGFC was injected into the peritoneal space every 
other day from POD 1 to 10. 

Anti-mouse MIP-1α antibody treatment
Mice infused with 1×105 MCA38-wt cells were treated 

with anti-mouse MIP-1α polyclonal antibody （R&D 
Systems） （MCA38-wt + anti-MIP-1α ab group） or isotype 
control antibody （R&D Systems） （MCA38-wt + isotype 
ctrl ab group）. Using a 27-gauge syringe, 100 µL PBS with 

100 µg MIP-1α neutralizing or isotype control antibody 
was injected into the peritoneal space every other day 
from POD 1 to 10. 

Real-time reverse transcription polymerase chain 
reaction analysis

The mip-1α transcripts were analyzed by real-time 
reverse transcription polymerase chain reaction （RT-
PCR）. Briefly, total RNA was extracted from whole 
liver tissue. Liver was homogenized with 10 mL TRIzol 

（ThermoFisher Scientific）, and RNA purified using a 
PureLink® RNA Mini Kit （ThermoFisher Scientific）. 
Complementary DNAs were synthesized using high-
capaci ty  complementary  DNA （cDNA） reverse 
transcription kits （Applied Biosystems, Carlsbad, CA） and 
RT-PCR was performed using a LightCycler 2.0 system 

（Roche, Basel, Switzerland） with SYBR Green （TaKaRa 
Bio）. Relative quantification analysis was performed with 
LightCycler Software Version 4.1 （Roche）. The used 
primers were following: mouse mip-1α forward: 5’-CATGA
CACTCTGCAACCAAGTCTTC-3’, mouse mip-1α reverse: 
5 ’-GAGCAAAGGCTGCTGGTTTCA-3 ’ , mouse rplp0 
forward: 5’-GGCAGCATTTATAACCCTGAAGTG-3’, mouse 
rplp0 reverse: 5’-TGTACCCATTGATGATGGAGTGTG-3’.

Protein array
Upregulation of proteins in MCA38 cells stimulated with 

VEGFC was evaluated using a mouse angiogenesis array 
kit （Proteome Profiler Array; R&D Systems）. Protein 
expression patterns were compared among MCA38-vegfc-
ko, MCA38-vegfc-ko-ctrl, MCA38-vegfc-oe and MCA38-
vegfc-oe-ctrl cells. Briefly, 2×105 cells were cultured for 48 
hours （at 37℃ in a humidified atmosphere with 5% CO2）. 
Cells were then solubilized in lysis buffer and lysates 
collected. They were then centrifuged at 8,000 × g for 5 
minutes, and the supernatant transferred into a clean test 
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tube. Protein concentrations were quantified and 500 µg 
of protein was applied to the array membrane. Data were 
quantified by densitometry using ImageJ software （NIH）, 
and values are expressed as relative mean pixel density 
against reference spots.

Measurement of growth factor and chemokine levels 
in whole liver tissue or cancer cells 

VEGFC and MIP-1α protein levels were evaluated 
by ELISA. To measure VEGFC levels in the liver, total 
protein was extracted from whole liver tissue of CRCLM 
and control （PBS only） mice. Liver samples were 
harvested, homogenized in 10 mL PBS supplemented 
with a protein inhibitor cocktail tablet （cOmplete ULTRA 
Tablets, Mini, EDTA-free, EASYpack; Sigma-Aldrich, St. 
Louis, MO） at 4 ℃ for 5 minutes using a homogenizer 

（T 10 basic ULTRA-TURRAX®; IKA, Staufen, Germany）, 
and then centrifuged at 8,000 × g for 15 minutes. The 
supernatant was collected and tested for the presence 
of  VEGFC using a  Quantikine® Human VEGF -C 
ELISA （R&D Systems）. Total protein levels were also 
measured using a bicinchoninic acid （BCA） protein assay 

（ThermoFisher Scientific）. Values are expressed as mean 
VEGFC levels relative to total protein levels. 

The levels of VEGFC released by MCA38 cells were 
also evaluated using the Quantikine® Human VEGF-C 
ELISA （R&D Systems）. Briefly, 1×106 CRC cells cultured 
in 1 mL of medium in 6-well plates were collected at 

24 hours after seeding and tested for the presence of 
VEGFC. Values are expressed as mean ± SD VEGFC 
protein levels.

MIP-1α released by MCA38-wt cells was also evaluated 
by ELISA. 2.5×105 MCA38-wt cells were seeded in 6-well 
plates in 1 mL culture medium and incubated overnight. 
The medium was then removed, cells washed twice with 
PBS, and 1 mL culture medium excluding FBS was added 
to each well （serum starvation culture）. 100 ng rhVEGFC 
dissolved in 100 µL PBS was added to three of the six 
wells, and 100 µL PBS alone was added to the other three 
wells as controls. At 6, 24 and 48 hours after incubation, 
media were collected and MIP-1α levels evaluated using 
a Quantikine® Mouse CCL3/MIP-1α ELISA （R&D 
Systems）. Values are expressed as mean ± SD MIP-1α 
protein levels.

Histological examination
Liver samples were fixed in 10% formaldehyde solution 

for 24 hours and embedded in paraffin. All samples were 

cut into 3 µm thick sections and hematoxylin-eosin （H&E） 
and immunofluorescence staining were performed. Post-
fixation in zinc formalin and heat-induced epitope retrieval 
was performed on all slides. For immunofluorescence 
analysis, after blocking, sheep polyclonal anti -von 
Willebrand Factor （vWF ; Abcam, Tokyo, Japan） to 
detect blood vessels, purified hamster anti-podoplanin 

（Pdp; BioLegend, San Diego, CA） and rabbit polyclonal 
anti-lymphatic vessel endothelial hyaluronan receptor-1 
（LYVE-1; Relia Tech, Wolfenbüttel, Germany） to detect 
lymphatic vessels, were used as primary antibodies. Anti-
vWF and anti-Pdp antibodies were diluted 1:100, and anti-
LYVE-1 antibody was diluted 1:4,000 in PBS containing 

5% skimmed milk and 10% serum. Cy™3-conjugated F

（ab'）2 fragment donkey anti-sheep IgG （H+L） antibody 

（Jackson Immunoresearch, Baltimore Pike, PA）, Alexa 
Fluor 546-conjugated whole chain goat anti-hamster IgG 

（H+L） antibody （ThermoFisher Scientific）, and Cy™3-
conjugated F（ab '）2 fragment goat anti-rabbit IgG 
F（ab'）2 antibody （Jackson Immunoresearch） were 
used as secondary antibodies for vWF, Pdp and LYVE-1, 
respectively. All slides were incubated with 4,6’-diamidino-
2-phenylindole （DAPI） for nuclear staining. Images 
were acquired using a fluorescence microscope BZ-X700 
（Keyence, Itasca, IL）.

The numbers of intra-/extra-CRCLM blood and 
lymphatic vessels were counted in 10 randomly chosen 
images （900×1,200 µm） per slide. The definitions of blood 
and lymphatic vessels were complete lumen structures 
more than 10 µm in diameter and vWF-positive, or LYVE-
1 and/or Pdp positive, respectively. Values are expressed 
as the mean ± SD of total vessel numbers per 10 images.

Flow cytometric cell sorting and microarray analysis
To assess the role of macrophages in the liver on 

lymphangiogenesis, intrahepatic macrophages were 
collected by cell sorting and their gene expression 
assessed using microarray analysis. Liver tissue without 
tumors was dissected at POD 28, and mechanically 
minced to acquire single cells. The single cells were 
labeled with a phycoerythrin （PE）-rat anti-mouse 
F4/80 antibody （BD Bioscience, Franklin lakes, NJ） 
and fluorescein isothiocyanate （FICT）-rat anti-CD11b 
antibody （BD Bioscience） to distinguish macrophages 
and monocytes. The suspended cells were analyzed using 
a BD FACS Verse （BD Bioscience） and data analysis was 
performed using FlowJo software （BD Bioscience）.

Macrophages were acquired from F4/80+ CD11b - 
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cells and F4/80+ CD11b+ cells treated with anti-MIP-1α 
antibody or isotype control antibody using a FACS Aria 
Fusion Cell Sorter （BD Bioscience）. Total RNA was 
prepared and cDNA was amplified and labeled using a 
Quick Amp Labeling Kit （Agilent Technologies, Santa 
Clara, CA）. The cDNA was then hybridized to a 60K 

60-mer oligomicroarray （SurePrint G3 Mouse Gene 
Expression Microarray 8x60K Kit; Agilent Technologies）. 
Probes for lymphangiogenesis-related genes were 
extracted and they had the “P” flag in at least one sample. 
Heat maps were generated using R software with a 
hierarchical clustering method. The color indicates the 
log2-transformed distance from the median of each probe. 
The criteria for gene regulation were defined as follows; 
Z-score ≥ 2.0 and ratio ≥ 1.5 for upregulated genes, and 
Z-score ≤ − 2.0 and ratio ≤ 0.66 for downregulated genes. 
Microarray data analysis was supported by Cell Innovator 
Inc. （Fukuoka, Japan, https://www.cell-innovator.com）. 
Our data have been uploaded to the Gene Expression 
Omnibus database （accession number: GSE113235）.

Statistical analysis
Cumulative survival rates were analyzed by Kaplan-

Meier methods and the Log-rank test using the SPSS 

22 statistical software package （International Business 
Machines Corporation, 2013 ,  NY）.  All  data were 
statistically assessed by one-way analysis of variance, 
followed by Student’s t test to compare two groups. 
P-values less than 0.05 were considered statistically 
significant.

Results

Lymphangiogenesis is upregulated in the liver 
bearing colorectal cancer metastases and is 
promoted by VEGFC.

No mice died in the PBS group; in contrast, all mice 
in the MCA38-wt group were dead by POD 35 （median 
survival period was 33 days vs. 60 days, p = 0.001, Fig 1A）. 
In the MCA38-wt group, livers at POD 28 had multiple 
white nodules, which we considered to be liver tumors 

（Fig 1B-a）. In contrast, there were no liver tumors in the 
PBS group （Fig 1B-b）. Liver weight was significantly 
increased in the MCA38-wt group at POD 28 （2.7±0.2 
g vs. 1.4±0.01 g, p < 0.001, Fig 1B-c）. The increased 
weight reflected tumor progression. Incidentally, no more 
metastatic lesions were recognized in any other organs 
such as the lung.

Next, blood and lymphatic vessels in the liver were 
evaluated by immunofluorescence analysis. While the 
number of blood vessels （vWF-positive） in the liver 
was not different between MCA38-wt and PBS groups 

（45.3±3.1 vessels/10 areas vs. 40.3±3.8 vessels/10 areas, p 

= 0.15, Fig 1C）, the number of lymphatic vessels （LYVE-1 
or Pdp-positive） was significantly increased in the MCA38-
wt group （LYVE-1: 80.6±2.3 vessels/10 areas vs. 52.6±4.9 
vessels/10 areas, p = 0.004; Pdp: 93.3±2.3 vessels/10 areas 
vs. 54.6±4.1 vessels/10 areas, p < 0.001, Fig 1D）. Notably, 
CRC cells were found inside several lymphatic vessels 

（Fig 1E）. These results indicated that lymphatic vessels 
were upregulated in the CRCLM-bearing liver and that 
lymphatic vessels （not blood vessels） were the major 
route of metastatic dissemination in the liver.

The level of VEGFC protein was significantly higher 
in the MCA38-wt group compared with the PBS control 
group （3.8×10-7±2.4×10-8 pg/mg vs. 2.9×10-7±3.1×10-8 
pg/mg, p = 0.01, Fig 1F）, indicating that VEGFC is an 
important factor contributing to lymphangiogenesis in the 
CRCLM-bearing liver.

Knockout of VEGFC downregulates lymphangiogenesis 
and suppresses cancer dissemination in colorectal 
cancer metastasis-bearing liver.

The VEGFC gene was disrupted in MCA38-wt cells 
without any influence on cell growth （Fig 2A-a, S2 
Fig）. Downregulation of VEGFC release was seen in 
MCA38-vegfc-ko cells, while no significant difference 
was observed between MCA38-wt and MCA38-vegfc-ko-
ctrl cells （Fig 2A-b）. Fig 2B illustrates the cumulative 
survival rate of mice infused with MCA38-vegfc-ko cells 

（MCA38-vegfc-ko group） or MCA38-vegfc-ko-ctrl cells 

（MCA38-vegfc-ko-ctrl group）. The survival rate of the 
MCA38-vegfc-ko group was significantly prolonged, 
compared with the MCA38-vegfc-ko-ctrl group （median 
survival period was 54 days vs. 31 days, p < 0.001, Fig 

2B）. Surprisingly, disseminated tumors in the livers were 
prominently diminished and the whole liver weight was 
significantly decreased in the MCA38-vegfc-ko group 

（1.6±0.1 g vs 2.4±0.4 g, p < 0.001, Fig 2C） compared with 
livers in the MCA38-vegfc-ko-ctrl group. While there was 
no difference in the number of vWF-positive blood vessels 
between the two groups （36.7±3.5 vessels/10 areas vs. 

40.7±3.5 vessels/10 areas, p = 0.24, Fig 2D）, the numbers 
of lymphatic vessels labeled with LYVE-1 or Pdp were 
significantly decreased in the MCA38-vegfc-ko group 

（LYVE-1: 49.3±5.8 vessels/10 areas vs. 68.0±2.0 vessels/10 
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Fig. 1	 Lymphangiogenesis and VEGFC are upregulated in the colorectal cancer metastasis-bearing liver.
	 （A） Kaplan-Meier survival curve of mice in the MCA38-wt and PBS groups. （B） The gross appearance （a, b） and whole liver weight 

（c） of mice autopsied at POD 28. Whole liver weight is expressed as the mean ± SD. （C） H&E staining （left） and immunofluorescence 
for von Willebrand factor （vWF, right） of liver samples autopsied at POD 28. Blood vessels are recognized as vW-positive complete 
lumen structures more than 10 µm in diameter （red） with 4,6’-diamidino-2-phenylindole （DAPI）-stained nuclei （blue） as background. 
Bar = 200 µm, tu = tumor. Quantitative analysis of blood vessels is shown in the graph below. The total number of blood vessels in 
10 randomly chosen areas （900×1,200 µm） was counted. （D） H&E stainings （left） and immunofluorescence for lymphatic vessel 
endothelial hyaluronan receptor-1 （LYVE-1, middle） and podoplanin （Pdp, right） of liver samples autopsied at POD 28. Arrows 
indicate lymphatic vessels. Lymphatic vessels are recognized as LYVE-1- or Pdp-positive complete lumen structures more than 10 
µm in diameter （red） with DAPI-stained nuclei （blue） as background. Bar = 200 µm, tu = tumor. Quantitative analysis of lymphatic 
vessels is shown in the graph below. The total number of lymphatic vessels in 10 randomly chosen areas （900×1,200 µm） was counted. 
（E） H&E stainings （left） and immunofluorescence for LYVE-1 （right） of liver samples autopsied at POD 28 in the MCA38-wt group. 

Arrows indicate MCA38-wt cell intra-lymphatic vessel lumens. Bar = 200 µm （upper）, 50 µm （lower）, tu = tumor. （F） The amount of 
VEGFC protein in the whole murine liver autopsied at POD 28. Values are relative to total protein amount in whole liver. * p < 0.05, ** p 
< 0.01, *** p < 0.001. All the data are expressed as means ± SD.
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areas, p = 0.02; Pdp: 57.0±7.0 vessels/10 areas vs. 90.6±7.2 
vessels/10 areas, p = 0.004, Fig 2E）. The level of VEGFC 
protein in the liver was also significantly lower in the 
MCA38-vegfc-ko group compared with the MCA38-vegfc-
ko group （1.9×10-7±2.6×10-8 pg/mg vs. 2.5×10-7±1.7×10-8 

pg/mg, p = 0.04, Fig 2F）. These data indicated that 
lymphangiogenesis and subsequent cancer dissemination 
by CRC cells were suppressed by downregulation of 
VEGFC. 

VEGFC upregulates lymphangiogenesis and cancer 
dissemination in colorectal cancer metastasis-
bearing liver.

We f i r s t  per formed  CRC ce l l  in fus ion  us ing 
MCA38-vegfc-oe cells to clarify the role of VEGFC in 
lymphangiogenesis and progression of CRCLM （S3 
and S4A Figs）. However, this treatment produced no 
change in survival rate, tumor formation, angiogenesis 
or lymphangiogenesis （S4B, C, D and E Figs）. We 
considered that this cell line did not secrete sufficient 
VEGFC to promote lymphangiogenesis or the produced 
VEGFC did not have biological activity; therefore, we 
changed to treatment with rhVEGFC for this examination. 

Treatment with rhVEGFC did not affect cell growth 

（Fig 3A）. The survival rate in the MCA38-wt + rhVEGFC 
group was significantly shortened compared with the 
MCA38-wt + PBS group （median survival period was 

31 days vs. 35 days, p=0.001, Fig 3B）. The increase in 
disseminated liver tumors and increase in liver weight 
became more remarkable in the MCA38-wt + rhVEGFC 
group （2.8±0.2 g vs. 2.2±0.4 g, p < 0.001, Fig 3C）. 
While there was no difference in the number of vWF-
positive blood vessels between the two groups （45.0±6.2 
vessels/10 areas vs. 45.3±3.1 vessels/10 areas, p = 0.93, 
Fig 3D）, the number of lymphatic vessels labeled with 
LYVE-1 or Pdp was significantly increased in the MCA38-
wt + rhVEGFC group （LYVE-1: 91.3±1.2 vessels/10 areas 
vs. 80.3±2.3 vessels/10 areas, p = 0.006; Pdp: 105.0±4.1 
vessels/10 areas vs. 92.3±0.5 vessels/10 areas, p = 0.03, 
Fig 3E）. The levels of VEGFC protein in the liver were 
also significantly higher in the MCA38-wt + rhVEGFC 
group （8.2×10-7±8.9×10-8 pg/mg vs. 4.2×10-7±1.2 × 10-8 
pg/mg, p = 0.01, Fig 3F）. These data indicated that 
lymphangiogenesis and subsequent cancer dissemination 
were upregulated in the CRCLM-bearing liver under 
conditions of high VEGFC levels. 

VEGFC induces MIP-1α in colorectal cancer cells.
A protein array analysis revealed that several proteins 

that contribute to angiogenesis were upregulated in 
MCA38-vegfc-oe cells （Fig 4A）. Among these proteins, 
the levels of MIP-1α and C-C motif chemokine ligand 

3 were the most prominent in MCA38-vegfc-oe cells 
compared with MCA38-vegfc-ko cells （approximately 

400-fold, Fig 4B）. ELISA analysis revealed that the levels 
of MIP-1α induced in MCA38-wt cells were significantly 
upregulated after rhVEGFC stimulation in comparison 
with PBS-treated cells （at 48 hours: 33.3±2.6 pg/mL vs. 

27.4±1.0 pg/mL, p = 0.04, Fig 4C）. These results indicated 
that administration of VEGFC resulted in increased MIP-α 
secretion from CRC cells, which did not result from 
cellular proliferation.

Blocking MIP-1α reduces colorectal cancer liver 
metastasis by compromising recruitment of bone 
marrow derived cells.

RNA levels of MIP-1α were significantly upregulated 
in the liver in the MCA38-wt group, compared with the 
PBS group （2.2±0.5 vs. 1.0±0.3, p = 0.02, Fig 5A）. To 
clarify that MIP-1α contributes to lymphangiogenesis and 
CRCLM dissemination in the liver, and to validate MIP-1α 
as a therapeutic target, mice bearing CRCLM were treated 
with an MIP-1α neutralizing antibody （MCA38wt + anti-
MIP-1α ab group） or an isotype control antibody （MCA38-
wt + isotype ctrl ab group）. Disseminated tumors in the 
liver were considerably diminished and whole liver weight 
was significantly decreased in the MCA38-wt + anti-MIP-
1α ab group （1.6±0.1 g vs. 2.2±0.4 g, p = 0.01, Fig 5B） 
compared with the MCA38-wt + isotype ctrl ab group. 

MIP-1α is a chemokine released by macrophages 
and has the potential to recruit myeloid cells derived 
from bone marrow, such as monocytes13）. Therefore, we 
isolated and analyzed liver mononuclear cells, including 
macrophages and monocytes. The population of F4/80+ 
CD11b+ cells （defined as macrophages in the liver） was 
prominently upregulated in the MCA38-wt + isotype 
ctrl ab group compared with healthy mice （68.2% vs. 

28.5%, Fig 5C middle）. These results indicated that the 
CRCLM-bearing liver contained an increased number of 
macrophages that we consider to be tumor associated 
macrophages （TAMs）. 

However, the F4/80+ CD11b+ TAM population was 
only slightly different between the MCA38-wt + anti-MIP-
1α ab and MCA38-wt + isotype ctrl ab groups （62.7% vs. 

68.2%, Fig 5C middle）. Moreover, the F4/80+ CD11b+ 
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Fig. 2	 Mice bearing CRCLM derived from MCA38-vegfc-ko cells show significantly downregulated lymphangiogenesis and 
metastasis.

	 （A） The growth of MCA38-wt, MCA38-vegfc-ko and MCA38-vegfc-ko-ctrl cells （a） and released VEGFC protein levels of the 
three kinds of the cells （b）. （B） Kaplan-Meier survival curve of MCA38-vegfc-ko and MCA38-vegfc-ko-ctrl groups. （C） The gross 
appearance （a, b） and whole liver weight （c） of mice autopsied at POD 28. （D） H&E stainings （left） and immunofluorescence for 
vWF （middle） of liver samples autopsied at POD 28. Bar = 200 µm, tu = tumor. （E） H&E stainings （left） and immunofluorescence for 
LYVE-1 （middle） and Pdp （right） of liver samples autopsied at POD 28. Arrows indicate lymphatic vessels. Bar = 200 µm, tu = tumor. 
（F） The amount of VEGFC protein in the whole murine liver autopsied at POD 28. * p < 0.05, ** p < 0.01, *** p < 0.001. All the data are 
expressed as the means ± SD.
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Fig. 3	 Mice bearing CRCLM treated with recombinant human VEGFC show significantly upregulated lymphangiogenesis and 
metastasis.

	 （A） Growth of MCA38-wt cells stimulated by recombinant human VEGFC （rhVEGFC）. Values at each time point are expressed as 
the absorbance at 450 nm relative to that at 0 hour. （B） Kaplan-Meier survival curve of MCA38-wt + rhVEGFC and MCA38-wt + 
PBS groups. （C） The gross appearance （a, b） and whole liver weight （c） of mice autopsied at POD 28. （D） H&E stainings （left） and 
immunofluorescence for vWF （middle） of liver samples autopsied at POD 28. Bar = 200 µm, tu = tumor. Quantitative analysis of blood 
vessels is shown in the graph （right）. （E） H&E stainings （left） and immunofluorescence for LYVE-1 （middle） and Pdp （right） of liver 
samples autopsied at POD 28. Arrows indicate lymphatic vessels. Bar = 200 µm, tu = tumor. （F） The amount of VEGFC protein in the 
whole murine liver autopsied at POD 28. * p < 0.05, ** p < 0.01. All the data are expressed as the means ± SD.
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Fig. 4	 MIP-1α is upregulated in CRC cells stimulated by VEGFC.
	 （A） A protein array analysis was performed on MCA38-vegfc-ko cells, MCA38-vegfc-ko-ctrl cells, MCA38-vegfc-oe cells and MCA38-

vegfc-oe-ctrl cells. Raw data is shown in the upper panel. Values are expressed as relative mean pixel density against reference spots 
（lower panel）. （B） Comparison of MCA38-vegfc-oe cells with MCA38-vegfc-ko cells. Values are expressed as the relative mean 
pixel density of MCA38-vegfc-oe cells relative to the density of MCA38-vegfc-ko cells. （C） The amount of MIP-1α in MCA38-wt cells 
stimulated by 100 ng rhVEGFC or PBS at 6, 24 and 48 hours. Values are expressed as means ± SD of three independent experiments 
of three replicates. * p < 0.05.
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cells consist of two populations classified by the F4/80 
ratio （F4/80low and F4/80high CD11b+ TAMs）. Microarray 
analysis revealed no significant change in gene expression 
was associated with lymphangiogenesis in F4/80+ CD11b+ 
TAMs among the groups （S5 Fig）. However, the F4/80low 
CD11b+ TAM population （defined as differentiated 
macrophages from bone marrow derived cells） was 
different in the MCA38-wt + anti-MIP-1α ab group 
compared with the MCA38-wt + isotype ctrl ab group 

（35.1% vs. 49.8%, Fig 5C right）. These results indicated 
that the MIP-1α neutralizing antibody suppressed the 
promotion of myeloid cells from bone marrow that have 
the potential to differentiate into TAMs, and resulted in 
diminished metastasis in the CRCLM liver. 

Discussion

CRCLM contributes to the less favorable outcomes of 
CRC1） , and thus, management of CRCLM is important to 
improve prognosis of CRC patients. Suppression of tumor-
derived angiogenesis is a possible treatment strategy, but 
it would be difficult to prevent CRCLM by suppressing 
angiogenesis because CRCLM is usually a hypovascular 
tumor and is surrounded by a fibrous capsule14）. Therapies 
targeting angiogenesis have minimal effect at diminishing 
CRCLM tumors and have the disadvantage of inducing 
hypo-oxygenic conditions, which promotes tumor 
growth15）. Ebos et al. reported accelerated metastasis after 
treatment with an inhibitor of tumor angiogenesis16） . 

In this study, we clarified that angiogenesis in the 
CRCLM-bearing liver was not upregulated and that CRC 
cells invaded lymphatic vessels. These findings indicate 
that lymphatic vessels, rather than blood vessels, are 
conductors of CRC dissemination in the liver. Peripheral 
lymphatic vessels are not surrounded by smooth muscles 
and the cell-cell junctions are not tight7）, 17）, 18）. Lymphatic 
vessels are, therefore, leaky and tumor cells can easily 
migrate through the vessels. Moreover, VEGFC promotes 
circumferential enlargement of the collecting vessels, 
leading to increased lymph flow and transport of tumor 
cells18） . We demonstrated that VEGFC in the liver was 
strongly expressed in the presence of CRCLM. These 
characteristics contribute to dissemination of CRC 
cells in the liver via lymphatic vessels. One study has 
demonstrated upregulation of lymphangiogenesis around 
primary CRC tumors and promotion of metastasis under 
the influence of VEGFC8） ; however, the role of lymphatic 
vessel growth in the progression of liver tumors has 

been largely unknown. This study clarifies a similar 
phenomenon in the CRCLM-bearing liver.

Among the various immune cells, macrophages 
interact the most with lymphatic vessels and are accepted 
as a component of tumor tissues and a regulator of 
lymphangiogenesis17, 19）-22）. TAMs promote metastatic 
behaviors by inducing VEGFC and lymphangiogenesis 
in gastric and lung cancers23）, 24）. In our previous study 
in a murine model of hindlimb ischemia, CD11b+ 
myeloid cells also released VEGFC to upregulate 
lymphangiogenesis25）. In this study, the number of F4/80+ 

CD11b+ macrophages was prominently increased in the 
liver bearing CRCLM, indicating that such TAMs promote 
lymphangiogenesis and dissemination of CRCLM. MIP-
1α, which can promote immature bone marrow-derived 
cells, is induced by endotoxin-stimulated macrophages13）. 
MIP-1α is also associated with the regulation of cell 
growth and metastasis of different tumors26）-29）. Mancardi 
et al. reported that lymphatic endothelial cells secrete 
chemotactic factors, such as monocyte chemoattractant 
protein-1 and MIP-1α, to attract macrophages30）. Here, 
we revealed that CRC cells also release MIP-1α, which 
was auto-regulated via VEGFC stimulation, and that 
neutralizing MIP-1α prominently diminished CRCLM. 
Accordingly, it is assumed that MIP-1α might change the 
expression of genes associated with lymphangiogenesis 
in these TAMs. 

The macrophages in the liver can be distinguished 
into two populations : F4/80high tissue resident cells 

（i.e., Kupffer cells） and F4/80low bone marrow-derived 
cells31）-33）. In the anti-MIP-1α antibody administrated liver, 
the population of F4/80low CD11b+ bone marrow-derived 
TAMs was decreased, while the population of F4/80high 

CD11b+ tissue resident TAMs was not （Fig 5C）. Kim and 
colleagues reported that F4/80low CD11b+ bone marrow-
derived macrophages showed a greater inflammatory 
phenotype than F4/80high CD11b+ tissue resident Kupffer 
cells in the liver31）. Kitamura et al. suggested that reduced 
immature myeloid cell accumulation could suppress 
metastatic expansion of colon cancer in the liver34）. These 
studies indicate that immature bone marrow-derived cells 
might contribute more to tumor growth than mature tissue 
resident Kupffer cells in CRCLM-bearing liver. Moreover, 
the mechanism underlying the reduction of CRCLM by 
blocking MIP-1α involved the suppressed recruitment 
of bone marrow-derived cells, not altered TAM gene 
expression associated with lymphangiogenesis. The 
hepatic macrophage-deleted mice can be more suitable 
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Fig. 5	 Blocking MIP-1α suppresses the promotion of bone marrow derived cells and reduces the CRCLM.
	 （A） RNA levels of MIP-1α in the whole liver of mice autopsied at POD28 in MCA38-wt or PBS groups. （B） The gross appearance （a, b） 

and whole liver weight （c） of mice autopsied at POD 28. （C） Flow cytometry analysis of macrophages in MCA38-wt + anti-MIP-1α ab, 
MCA38-wt + isotype ctrl ab, and healthy mouse groups autopsied at POD 28. Macrophages were labeled with PE-rat anti-mouse F4/80 
antibody and FITC-rat anti-CD11b antibody, which are markers of mature macrophages and immature myeloid cells derived from bone 
marrow, respectively. The scatter diagrams for the MCA38-wt + anti-MIP-1α ab and MCA38-wt + isotype ctrl ab groups were for cell 
sorting in microarray analysis （aggregation of three mice）. The scatter diagrams for the healthy mouse group are representative of 
multiple replications. Values are expressed as a percentage of the total population. * p < 0.05. All the data are expressed as the means ± 
SD.
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models to assess the co-relationship between CRCLM and 
hepatic macrophages. Although we established the model 
using L-chlodronate liposome, it was practically difficult to 
continue the examination due to the lethality immediately 
after cancer cell infusion. However, a strategy targeting 
this MIP-1α chemokine pathway has been reported in 
different malignancies35）, 36） , and this study is in accord 
with these previous reports. Therapies targeting VEGFC 
signal may be useful as a CRCLM treatment strategy 
because, in addition to the direct effect, downregulation 
of MIP-1α suppresses the recruitment of bone marrow-
derived cells, which results in differentiation into TAMs 
that contribute to CRCLM （Fig 6）. The correlation 
between TAMs and lymphangiogenesis in the liver 
remains unclear and further research is warranted as well 
as to investigate hepatic bone marrow-derived cells.

This study has two three limitations. One is the 
influence of VEGFC derived from recipient mice on 
lymphangiogenesis of CRCLM-bearing liver. Although 

VEGFC gene knockout mice are suitable for preventing 
this influence, VEGFC knockdown can result in death due 
to lymphedema37）, 38） . However, we consider the influence 
of recipient VEGFC can be excluded because there was 
a significant difference in lymphangiogenesis in the liver 
between VEGFC knockout and control CRCLMs. In 
other words, the VEGFC derived from CRC cells might 
be more important for lymphangiogenesis than that 
from the recipient. The other limitation is the difficulty 
in establishing a VEGFC overexpression cell model. The 
MCA38-vegfc-oe cells derived from CRCLM-bearing 
liver revealed unaltered lymphangiogenesis （S4 Fig）. 
A possible reason is that the level of VEGFC produced 
by MCA38-vegfc-oe cells was insufficient to upregulate 
lymphangiogenesis, although the levels of VEGFC were 
significantly upregulated in cells examined in vitro （S4 
Fig）. The produced VEGFC might miss the biological 
activities. Therefore, we used cells treated with rhVEGFC 
for this examination. The rhVEGFC specifically reacts 
to VEGFR-3 and promotes lymphangiogenesis, so that 
we can exclude the efficacy of angiogenesis through the 
VEGFR-2 signaling pathway39）. A preliminary experiment 
revealed that 5,000-10,000 pg endogenous VEGFC was 
present in the murine liver. CRCLM-bearing mice were 
treated with 0, 0.01, 0.1 or 1 µg rhVEGFC, and only mice 
administrated 1 µg rhVEGFC revealed significantly 
expanded CRCLM （S6 Fig）. Thus, more than 100-fold 
higher levels of VEGFC than are present in the normal 
mouse liver were needed to elicit a response.

V E G F C /V E G F R - 3  h a s  b e e n  s t u d i e d  a s  a 
lymphangiogenic signaling pathway 7）, 11）, 12）, 17）, 18）, 40）. 
Targeting this signal restricts tumor lymphangiogenesis, 
lymphatic enlargement and lymph node metastasis7）, 40）-42）. 
Currently, many medicines targeting lymphangiogenesis 
via the VEGFC receptor are clinically approved. For 
example, Sorafenib, Sunitinib and Regorafenib were 
developed for this purpose43）-46）. Among these drugs, 
Regorafenib has been approved for metastatic CRC 
and gastrointestinal stromal tumor. Regorafenib is the 
first small molecule multi-kinase inhibitor with survival 
benefits in metastatic CRC; however, treatment-related 
adverse events occur in more than 90% of patients using 
Regorafenib. These adverse events tend to be severe 

（grade three or higher）46）. An anti-VEGFC antibody is 
considered a potential drug because of high selectivity. 
VGX-100 is such a VEGFC-targeting monoclonal antibody, 
and a phase I study （NCT01514123） has been ongoing for 
the treatment of advanced solid tumors40）, 47） . 

Fig. 6	 Proposed mechanism underlying the effects of 
VEGFC in the colorectal cancer metastasis-bearing 
liver. 

	 Scheme summarizing this study. 1, 2） VEGFC upregulates 
lymphangiogenesis and subsequent trans-lymphatic 
metastasis in the colorectal cancer metastasis bearing 
liver （CRCLM）. 3） Colorectal cancer cells secrete MIP-
1α by VEGFC autoregulation, which contributes to tumor 
growth by recruiting bone marrow-derived cells, such as 
a monocytes. Whether hepatic macrophages contribute to 
lymphangiogenesis in the liver remains unclear.
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S1 Figure　The used single strand oligonucleotides for CRISPR/Cas9.

S2 Figure　Deletion of the VEGFC gene in MCA38 cells using the CRISPR/Cas9 system.
	 CRISPR/Cas9-mediated knockout of VEGFC in MCA38-wt cells. In the VEGFC exon 1 coding sequence, positions 298-317 and 

342-362 were selected for guide RNA design （C2-15, C3-22, respectively）. The knockout MCA38 clone contains a deletion in 
the VEGFC gene causing a frameshift mutation. The VEGFC nucleotide sequences have been deposited in GenBank （accession 
number MN_009506.2）.
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S4 Figure　Mice bearing CRCLM derived from MCA38-vegfc-oe cells display no changes in lymphangiogenesis or metastasis.
	 （A） The cell growth of MCA38-wt, MCA38-vegfc-oe and MCA38-vegfc-oe-ctrl cells （a） and released VEGFC protein levels 

for the three kinds of the cells （b）. （B） Kaplan-Meier survival curve of MCA38-vegfc-ko and MCA38-vegfc-ko-ctrl groups. 
（C） The gross appearance （a, b） and whole liver weight （c） of mice autopsied at POD 28. （D） H&E stainings （left） and 
immunofluorescence for vWF （middle） of liver samples autopsied at POD 28. Bar = 200 µm, tu = tumor. （E） H&E stainings （left） 
and immunofluorescence for LYVE-1 （middle） and Pdp （right） of liver samples autopsied at POD 28. Arrows indicate lymphatic 
vessels. Bar = 200 µm, tu = tumor. （F） The amount of VEGFC protein in the whole murine liver autopsied at POD 28.** p < 0.01. 
All the data are expressed as means ± SD.

S3 Figure　MCA38 cells transfected with pcDNA encoding the human VEGFC gene. 
	 A VEGFC overexpression-cell line （MCA38-vegfc-oe） was established, using human VEGFC-C156S pcDNA. Genomic DNA 

sequencing confirmed Cys156 changed to Ser.
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S5 Figure　�Gene expression associated with lymphangiogenesis is not affected by MIP-1α neutralization in tumor associated 
macrophages.

	 The result of microarray analysis is shown in the heat map. We extracted probes for lymphangiogenesis- or microRNA-related 
genes from probes that had the “P” flag （detected signals） in at least one sample. The criteria for gene regulation were: Z-score ≥ 2.0 
and ratio ≥ 1.5 for upregulated genes, and Z-score ≤ −2.0 and ratio ≤ 0.66 for downregulated genes. Microarray data analysis was 
performed by Cell Innovator Inc. （Fukuoka, Japan, https://www.cell-innovator.com）. Our data have been uploaded to the Gene 
Expression Omnibus database （accession number: GSE113235）.
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