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The molecular mechanisms
underlying neutrophil infiltration
in vessel co-opting colorectal
cancer liver metastases

Miran Rada*, Nour Hassan, Anthoula Lazaris
and Peter Metrakos*

Cancer Research Program, Research Institute of the McGill University Health Centre, Montreal,
QC, Canada
Colorectal cancer liver metastases (CRCLMs) have two major histopathological

growth patterns (HGPs): desmoplastic (DHGP) and replacement (RHGP). The

DHGP tumours derive their vasculature by angiogenesis, while the RHGP

tumours use vessel co-option. Various studies have associated RHGP

tumours with an unfavourable prognosis, as well as high levels of resistance

to anti-angiogenic agents and chemotherapy. Recently, we reported higher

numbers of neutrophils in the tumour microenvironment (TME) of vessel co-

opting tumours compared to their angiogenic counterparts. However, the

molecular mechanisms underlying this phenotype are unclear. Herein, we

suggested a positive correlation between the expression of angiopoietin-1

(Ang1) in the hepatocytes and the presence of neutrophils in vessel co-opting

tumours. Importantly, upregulation of Ang1 in the hepatocytes is associated

with the presence of runt-related transcription factor-1 (RUNX1) in the

neighboring cancer cells in vitro and in vivo. Altogether, our data suggest the

molecular mechanisms by which neutrophils are infiltrated in vessel co-opting

CRCLM lesions. This finding may yield novel therapeutic strategies for CRCLM

patients in future.
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Introduction

Colorectal cancer is one of the most common malignant solid tumours globally, and it is

characterized by poor prognosis due to high levels of metastases (1). More than 50% of CRC

patients generate metastases, and approximately 30% of these patients have liver only

metastasis (2). The management of patients with colorectal cancer liver metastases

(CRCLMs) is a challenging (3, 4) and only complete surgical resection of liver metastases
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has the potential to cure (3). However, only 20% of CRCLM

patients are eligible for liver resection (5, 6). Therefore, non-

resectable CRCLM patients are subjected to a variety of treatment

approaches including chemotherapy and anti-angiogenic therapy

(7). Unfortunately, limited responses to chemotherapy and anti-

angiogenic therapy have been noticed in CRCLM patients (8).

CRCLM lesions have two major histopathological growth

patterns (HGPs) including replacement (RHGP) and

desmoplastic (DHGP) (7, 9). The cancer cells in RHGP lesions

obtain blood their supply by vessel co-option, whereas the

DHGP lesions use angiogenesis for their blood supply (9, 10).

The cancer cells in vessel co-opting tumours are highly motile,

which is mediated by certain proteins involved in the

cytoskeleton machinery such as actin-related protein 2/3

(ARP2/3) (7). This feature allows the cancer cells to infiltrate

liver tissue and hijack the pre-existing sinusoidal vessels (7, 11,

12). It is worth mentioning that vessel co-option has been

reported as a mediator of resistance against anti-angiogenic

therapy in CRCLM (7) and other types of cancers including

hepatocellular carcinoma, glioblastoma, lung metastases, and

melanoma metastases (11, 13–16).

Exploiting a conditional angiopoietin-1 (Ang1) knockout

(Ang1 KO) mouse model, Ibrahim et al. confirmed that Ang1

plays an important role in vessel co-option CRCLM (17).

Accordingly, splenic injection of colorectal cancer (MC38)

cells into control wild-type mice generated vessel co-opting

liver metastatic lesions, while knock out of Ang1 in the liver

significantly attenuated the formation of vessel co-opting liver

metastatic lesions and induced angiogenic lesions (17). Of note,

it has been suggested that Ang1 induces the formation of vessel

co-option by promoting cancer cell motility through Tie2-PI3K/

AKT-ARP2/3 pathway (18).

Runt-related transcription factor-1 (RUNX1) is a

transcription factor that is required for tumour progression

and chemoresistance in various cancers (19). RUNX1 is

known as a positive regulator of vessel co-option in CRCLM

(20). Accordingly, the expression of RUNX1 in the cancer cells

promotes cancer cell motility through its target genes including

the genes of ARP2/3 complex subunits (20). The upregulation of

RUNX1 in the cancer cells is also associated with hepatocyte

displacement and replacement by cancer cells in CRCLM (21),

which are required for the development of vessel co-option (9).

Neutrophil infiltration has been reported in various types of

tumours and they play a crucial role in tumour progression (22).

Previously, we demonstrated increased numbers of neutrophil in

vessel co-opting CRCLM lesions compared to their angiogenic

counterparts (23). However, the molecular mechanisms

underlying this phenotype are poorly understood. In this

manuscript, we identified the mechanistic pathways by which

cancer cells induce neutrophil infiltration in CRCLM. This may

lead to novel therapeutic strategies for CRCLM patients with

vessel co-option tumours in future.
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Materials and methods

Cells culturing

The cells (HT29, SW620, IHH and HEK293T) were cultured

and maintained in DMEM (Wisent Inc., St-Bruno, QC, Canada,

#319-005-CL) supplemented with 10% FBS (Wisent Inc., #085-

150) and 1× of streptomycin penicillin/streptomycin (Wisent

Inc., 450-201-EL). The cells were incubated at 37°C with

5% CO2.
Lentiviral shRNA knockdown

Weused the following constructs in the current study: Scrambled

shRNA#: SHC016, RUNX1 #1: TRCN0000338428; RUNX1 #2:

TRCN0000338427 (Sigma Aldrich, Oakville, ON, Canada). We

used the calcium phosphate method to transfect HEK293T cells

and generate the lentivirus supernatants. The prepared lentivirus

supernatant supplementedwith 8 µg/mL of polybrenewas added to a

monolayer of cancer (HT29 and SW620) cells and incubated for 72 h

at 37°C with 5% CO2. To select the transfected cells, we treated the

cellswith2 µg/mLofPuromycin (Wisent Inc., St-Bruno,QC,Canada,

450-162-XL) for two weeks.
Immunoblotting

Immunoblotting analysis was performed as described in

previous publications (12, 18). Briefly, the lysates were prepared

from the harvested cells using RIPA buffer (Sigma Aldrich, Oakville,

ON, Canada, #R0278) supplemented with protease inhibitor

cocktail (Sigma Aldrich, Oakville, ON #4693124001). The lysates

(5mg/sample) were subjected to SDS-PAGE gels and transferred to

membranes. The following primary antibodies were used: RUNX1

1:500 (LS Bio, Seattle WA, USA, #LS-C353932), Ang1 1:1000

(Abcam, Waltham, MA, USA, #ab102015), GAPDH 1:2000

(Abcam, Waltham, MA, USA, #ab9485). We analyzed the

intensity of the bands with ImageJ software (NIH, Bethesda, MD,

USA). All uncropped immunoblotting images can be found in

Supplementary Figure S1.
Immunohistochemical staining

We performed immunohistochemical staining for formalin-

fixed paraffin-embedded (FFPE) CRCLM sections as described

in previous publications (17, 20). Briefly, the sections were

deparaffinized, hydrated, and exposed to antigen retrieval and

endogenous peroxidase inhibition. The sections were then

blocked with 5% goat serum buffer for 1 h at room

temperature. The sections were incubated with primary
frontiersin.org
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antibodies overnight at 4°C. The sections were washed and

exposed to secondary antibodies (Dako, Burlington, ON,

Canada, anti-mouse: #K4001; anti-rabbit: #K4003) and

incubated for 1 h at room temperature followed by staining

with diaminobenzidine (DAB) substrate (Dako, Burlington, ON,

Canada, #K3468). The stained sections were scanned and

analyzed using (Aperio ScanScope XT System).

We used the following primary antibodies: RUNX1 1:200

(LS Bio, Seattle WA, USA, #LS-C353932), LY6G 1:1000 (Abcam,

Waltham, MA, USA, # ab238132) and Ang1 1:1500 (Abcam,

Waltham, MA, USA, #ab102015).
Statistical analysis

We used GraphPad Prism software version 7.0 (GraphPad

Software, CA, USA) to analyze the data. The data are presented as

mean ± standard deviation. To determine a significant difference

between the means of the two groups, we applied unpaired Student’s

t-test. We performed the correlation analysis and R-value using

Pearson correlation. P-values of <0.05 were considered significant.
Results

Knockdown of RUNX1 in the cancer cells
attenuates the migration of neutrophils
to the tumour microenvironment

The expression of RUNX1 in tumours is positively associated

with immune cell infiltration in various cancers including cervical

cancer, colorectal cancer, glioma, and renal cancer (24). We
Frontiers in Oncology 03
previously showed that RUNX1 is upregulated in vessel co-opting

CRCLM (12, 20). The vessel co-opting tumours are characterized by

high levels of neutrophil infiltration compared to their angiogenic

counterparts (23). Therefore, we decided to examine the correlation

between RUNX1 expression in the cancer cells and neutrophil

infiltrates in CRCLM.

We previously generated CRCLM lesions in SCID Beige mice

using HT29 cancer cells expressing scrambled or RUNX1 shRNA

(20). Accordingly, the presence of shRNA against RUNX1

promoted the formation of angiogenic lesions (20). We used

these sections to identify the correlation between RUNX1

expression in the cancer cells and neutrophil infiltration. We

performed immunohistochemical staining using RUNX1 and

neutrophil marker (LY6G). LY6G is a widely used biomarker of

neutrophils in mice (25). As shown in Figure 1A, the knockdown of

RUNX1 in the cancer cells dramatically attenuated the infiltration

of neutrophils into the tumour microenvironment (TME). We

found similar levels of neutrophil infiltration in vessel co-opting

and angiogenic lesions that were generated by RUNX1-silenced

HT29 cancer cells. Importantly, the expression levels of RUNX1 in

the cancer cells were significantly correlated with the presence of

neutrophils in the TME (Figure 1B). Taken together, these data

suggest the influence of cancer cells on neutrophil infiltration in

CRCLM lesions, and RUNX1 plays a key role in this process.
The expression levels of RUNX1 in the
cancer cells affect the presence of Ang1
in the neighboring liver parenchyma

Ang1 downregulation in the liver parenchyma (hepatocytes)

leads to significant decrease of vessel co-option CRCLM in
A B

FIGURE 1

RUNX1 knockdown in the cancer cells attenuates neutrophil infiltration. (A) Represents immunohistochemical staining of CRCLM sections
generated from HT29 cancer cells expressing shRNA-Scrambled (n=5) or shRNA-RUNX1 (n=5). We used anti-RUNX1 and anti-LY6G (neutrophil
biomarker) antibodies. (B) Using Pearson correlation analysis, we showed the correlation between RUNX1 expression and LY6G expression in
CRCLM sections. Relative expression levels of RUNX1 or LY6G were calculated by dividing the positivity value of each specimen from shRNA-
Scrambled and shRNA-RUNX1 groups by the positivity value of specimen #1 from shRNA-Scrambled group and then presenting the result as a
fold difference.
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mouse models (17). On the other hand, Burnett et al. (26) have

suggested Ang1 as a positive regulator of neutrophil migration in

vitro and in vivo. Accordingly, intraperitoneal injection of

matrilin-1-angiopoietin-1 (MAT.Ang-1) significantly enhanced

the accumulation of neutrophils compared to saline injection

(26). Moreover, they identified Tie2 and CD18 (b2 integrin) as

mediators of Ang1-driven neutrophil migration (26).

We previously identified transforming growth factor b1
(TGFb1) as a positive regulator of Ang1 expression in the

hepatocytes in vitro and in vivo (27). Moreover, we found

that RUNX1 positively influences the expression of TGFb1 in

CRCLM through its target genes including THBS1 (20).

Therefore, we hypothesised that RUNX1 expression in the

cancer cells may be linked to Ang1 expression in the

neighbouring hepatocytes. To examine our hypothesis, we

decided to co-culture (insert co-culturing) (12, 21) IHH

hepatocytes with colorectal cancer (HT29 or SW620) cells

expressing either control or RUNX1 shRNA. Firstly, we

confirmed the efficiency of RUNX1 knockdown in HT29 and

SW620 cancer cells (Figures 2A, B). Then we examined the

effect of RUNX1 knockdown in the cancer cells on the co-

cultured IHH hepatocytes. As shown in Figures 2C, D, the

expression levels of Ang1 were significantly increased in the

hepatocytes upon co-culturing with control cancer cells,

whereas silencing RUNX1 in the cancer cells significantly

impaired Ang1 expression in the hepatocytes. To further
Frontiers in Oncology 04
confirm our data, we performed immunohistochemical

staining for the same specimens that were used for the

experiments in Figure 1 using anti-Ang1 antibody. These

CRCLM specimens were generated previously with HT29

cancer cells expressing control or RUNX1 shRNA (20).

Indeed, we observed a significant reduction of Ang1 in the

liver parenchyma when the metastases were formed with cancer

cells that RUNX1 knocked down (Figure 3). We noticed lower

levels of Ang1 in CRCLM lesions generated by RUNX1-silenced

HT29 cancer cells regardless of their histopathological

growth patterns. Collectively, these data suggest RUNX1 as a

positive regulator of Ang1expression in the parenchyma of

CRCLM lesions.
The expression levels of Ang1 in the
hepatocytes drive neutrophil infiltration
into the tumour microenvironment

The overexpression of Ang1 in the host liver has

been associated with vessel co-opting CRCLM tumours (17).

The function of Ang1 is likely mediated by activation of the

Tie2-PI3K/AKT-ARP2/3 pathway, which incites cancer cell

motility (18). Notably, high levels of cancer cell motility

induce the development of vessel co-opting CRCLM

lesions (7).
A B

DC

FIGURE 2

The expression of RUNX1 in the cancer cells influences the expression of Ang1 in adjacent hepatocytes in vitro. (A, B) Immunoblotting showing the
expression of RUNX1 in colorectal cancer (HT29 and SW620) cells (left panels). The right panels represent the intensity of RUNX1 bands after
normalization with GAPDH using ImageJ. Data are from three independent experiments. (C, D) The left panels show the expression of Ang1 in the
co-cultured IHH hepatocytes with colorectal cancer (HT29 and SW620) cells. The right panels show the intensity of Ang1 bands after normalization
with GAPDH using ImageJ. Data are from three independent experiments. Data are presented as the mean ± SD. ns, Not significant.
frontiersin.org

https://doi.org/10.3389/fonc.2022.1004793
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Rada et al. 10.3389/fonc.2022.1004793
In CRCLM, the vessel co-opting lesions are characterized by

higher levels of neutrophil infiltration than their angiogenic

counterparts (23). The presence of Ang1 has been correlated

with higher levels of neutrophil infiltration in vivo (26). Hence,

we hypothesized the association between high levels of

neutrophil infiltration and upregulation of Ang1 in vessel co-

opting CRCLM lesions. We examined our hypothesis by

performing immunohistochemical staining for the CRCLM

specimens generated from Ang1 wild-type and Ang1 knockout

C57BL/6 mice from our previous publication (17). We used anti-

Ang1 and anti-LY6G antibodies (Figure 4A). Our results

suggested a significant correlation between the infiltration

levels of neutrophils and Ang1 expression in the host liver

(Figure 4B). Intriguingly, we notice a comparable effect of

Ang1 on the neutrophil infiltration in angiogenic DHGP and

vessel co-opting RHGP lesions. Altogether, these data propose

that Ang1 upregulation in the host liver favours neutrophil

infiltration in CRCLM.
Discussion

Neutrophils are found to induce tumour progression in

various cancers including myxofibrosarcoma, melanoma,

pancreatic cancer, hepatocellular carcinoma and gastric

cancer (28, 29). Moreover, the elevated numbers of neutrophils

in TME has been associated with tumour resistance to

chemoradiotherapy (30). Furthermore, we previously reported

a positive correlation between neutrophil infiltration and vessel

co-option in CRCLM (23), which is responsible for anti-

angiogenic resistance in CRCLM (23). However, the molecular

mechanisms that underline neutrophil infiltration, as well as the

role of neutrophils in vessel co-option are largely unknown. In
Frontiers in Oncology 05
this manuscript, we mainly focused on the molecular

mechanisms of neutrophil infiltration in CRCLM. Our data

suggested the RUNX1-Ang1 pathway as a mediator of

neutrophil infiltration in CRCLM. However, the impact of

neutrophils on the development and protection of vessel co-

option has yet to be determined.

I t ha s b een r epor t ed tha t tumour - a s soc i a t ed

neutrophils (TANs) contribute to cancer cell migration,

immunosuppression and remodelling of the extracellular

matrix (ECM) (31, 32). TANs are known to induce

metastases and this function is mediated by releasing

inducible nitric oxide synthase (iNOS) (33) and NETs (34); a

network structures of extracellular DNA fibres studded with

proteins (35). The NET proteins are composed mainly of

neutrophil elastase (NE) and matrix metalloproteinase 9

(MMP9) (36, 37). These proteins have been shown to awaken

dormant cancer cells mainly through remodeling the

extracellular matrix (ECM) (36). We previously reported that

the neutrophils in vessel co-opting lesions are characterized by

expressing high levels of lysyl oxidase-like 4 (LOXL4) (23).

Interestingly, the upregulation of LOXL4 is strongly linked to

ECM remodeling and immunosuppressive microenvironment

(38). These data suggest that neutrophils are likely involved in

ECM remodeling and immunosuppression in vessel co-opting

CRCLM lesions. These findings are interesting and further

investigation are required to confirm the function of

neutrophils in vessel co-option.

The migration of neutrophils toward TME has been

investigated extensively (31, 39). Accordingly, the cancer cells

play a key role in neutrophil infiltration into TME by producing

different signals including chemokines (e.g., IL-8, CCL2,

CXCL6) and cytokines (e.g., IL-1b, IL-6, TNFa) (40, 41). Yet,
a precise understanding of the factors that contribute to
FIGURE 3

Knockdown of RUNX1 in the cancer cells attenuates the expression of Ang1 in liver parenchyma. The left panel represents immunohistochemical
staining CRCLM sections generated from HT29 cancer cells expressing shRNA-Scrambled (n=5) or shRNA-RUNX1 (n=5) using anti-Ang1 antibody.
The right panel shows the quantification of total positive staining that was assessed in CRCLM lesions using Aperio software. Relative expression
levels of Ang1 were calculated by dividing the positivity value of each specimen from shRNA-Scrambled and shRNA-RUNX1 groups by the
positivity value of specimen #1 from shRNA-Scrambled group and then presenting the result as a fold difference.
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neutrophil trafficking to TME is lacking. Importantly, our data

suggested a new mechanism by which cancer cells promote

neutrophil migration, which is mediated by the RUNX1-Ang1

pathway. The findings of Burnett et al. (26) supports our work,

they found that neutrophils recruitment after injecting mice with

recombinant Ang1. Moreover, the expression of Tie2 and CD18

in neutrophils significantly influenced the function of Ang1 (26).

The molecules that mediate Ang1-neutrophil interactions

in CRCLM are unknown and warrant further investigation.
Frontiers in Oncology 06
Conclusions

This study demonstrated the mechanistic pathways

underline high levels of neutrophil infiltration in vessel co-

opting CRCLM lesions. Our in vivo data revealed RUNX1-

Ang1 pathway is responsible for neutrophil infiltration in

CRCLM (Figure 5). However, the role of neutrophils in the

development and maintaining vessel co-option tumours is still

an open question and requires further investigation.
FIGURE 5

Schematic representation of the pathways involved in neutrophil infiltration in CRCLM. RUNX1 is highly expressed in the cancer cells of vessel
co-opting CRCLM lesions compared to angiogenic lesions, which induces the expression of TGFb1 and Ang1 in the neighbouring liver
parenchyma. The overexpression of Ang1 incites the migration of neutrophils into the tumour microenvironment.
A B

FIGURE 4

The expression of Ang1 in the host liver positively correlated with neutrophil infiltration. (A) Represents immunohistochemical staining of CRCLM
sections generated by injecting MC38 cancer cells into wild-type (n=5) and Ang1 knockout (n=5) C57BL/6 mice. We used anti-Ang1 and anti-
LY6G (neutrophil biomarker) antibodies. (B) Pearson correlation analysis confirmed the correlation between Ang1 expression and LY6G
expression in CRCLM sections. Relative expression levels of Ang1 or LY6G were calculated by dividing the positivity value of each specimen
from Ang1-wild type (Ang1-WT) and Ang1-kncokout (Ang1-KO) groups by the positivity value of specimen #1 from Ang1-WT group and then
presenting the result as a fold difference.
frontiersin.org

https://doi.org/10.3389/fonc.2022.1004793
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Rada et al. 10.3389/fonc.2022.1004793
Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material. Further

inquiries can be directed to the corresponding authors.
Ethics statement

The animal study was reviewed and approved by McGill

University Health Centre Institutional Review Board.
Author contributions

MR, AL, and PM co-conceived the study. MR executed the

experiments. MR performed immunohistochemistry, cell culturing

and immunoblotting. NH assisted in immunohistochemistry. MR,

data curation, writing and original draft preparation, MR, AL, and

PM, review and editing, PM, funding acquisition. All authors have

read and agreed to the published version of the manuscript.
Acknowledgments

The authors would like to acknowledge the support provided

by Dana Massaro and Ken Verdoni Liver Metastases

Research Fellowship.
Frontiers in Oncology 07
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fonc.2022.1004793/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Original uncropped Western blots of Figure 2.

SUPPLEMENTARY TABLE 1

The positivity of the IHC images.

SUPPLEMENTARY TABLE 2

The intensity ratio of Western blot bands.
References
1. Fenton HM, Taylor JC, Lodge JPA, Toogood GJ, Finan PJ, Young AL, et al.
Variation in the use of resection for colorectal cancer liver metastases. Ann Surg
(2019) 270:892–8. doi: 10.1097/SLA.0000000000003534

2. Engstrand J, Nilsson H, Strömberg C, Jonas E, Freedman J. Colorectal cancer
liver metastases - A population-based study on incidence, management and
survival. BMC Cancer (2018) 18:1–11. doi: 10.1186/s12885-017-3925-x

3. Nanji S, Mackillop WJ, Wei X, Booth CM. Simultaneous resection of primary
colorectal cancer and synchronous liver metastases: A population-based study. Can
J Surg (2017) 60:122–8. doi: 10.1503/cjs.008516

4. Chow FC, Chok KS. Colorectal liver metastases: An update on
multidisciplinary approach. World J Hepatol (2019) 11:150–72. doi: 10.4254/
wjh.v11.i2.150

5. Kanas G, Taylor A, Primrose J, Langeberg W, Kelsh M, Mowat F, et al.
Survival after liver resection in metastatic colorectal cancer: Review and meta-
analysis of prognostic factors. Clin Epidemiol (2012) 4:283–301. doi: 10.2147/
CLEP.S34285

6. Rocha FG, Helton WS. Resectability of colorectal liver metastases: An
evolving definition. HPB (2012) 14:283–4. doi: 10.1111/j.1477-2574.2012.00451.x

7. Frentzas S, Simoneau E, Bridgeman VL, Vermeulen PB, Den EGV, Daley F,
et al. Vessel co-option mediates resistance to anti-angiogenic therapy in liver
metastases. Nat Med (2017) 22:1294–302. doi: 10.1038/nm.4197.Vessel

8. Lazaris A, Amri A, Petrillo SK, Zoroquiain P, Ibrahim N, Salman A, et al.
Vascularization of colorectal carcinoma liver metastasis: Insight into stratification of
patients for anti-angiogenic therapies. J Path Clin Res (2018) 4:1–9. doi: 10.1002/cjp2.100

9. Rada M, Lazaris A, Kapelanski-Lamoureux A, Mayer TZ, Metrakos P. Tumor
microenvironment conditions that favor vessel co-option in colorectal cancer liver
metastases: A theoretical model. Semin Cancer Biol (2021) 71:52–64. doi: 10.1016/
j.semcancer.2020.09.001

10. Dam PV, van der Stok EP, Teuwen LA, Van Den Eynden GG, Illemann M,
Frentzas S, et al. International consensus guidelines for scoring the
histopathological growth patterns of liver metastasis. Br J Cancer (2017)
117:1427–41. doi: 10.1038/bjc.2017.334

11. Kuczynski EA, Vermeulen PB, Pezzella F, Kerbel RS, Reynolds AR. Vessel
co-option in cancer. Nat Rev Clin Oncol (2019) 16:469–93. doi: 10.1038/s41571-
019-0181-9

12. Rada M, Tsamchoe M, Kapelanski-lamoureux A, Hassan N, Bloom J,
Petrillo S, et al. Cancer cells promote phenotypic alterations in hepatocytes at
the edge of cancer cell nests to facilitate vessel Co-option establishment in
colorectal cancer liver metastases. Cancers (2022) 14:1–19. doi: 10.3390/cancers
14051318

13. Donnem T, Reynolds AR, Kuczynski EA, Gatter K, Vermeulen PB, Kerbel
RS, et al. Non-angiogenic tumours and their influence on cancer biology. Nat Rev
Cancer (2018) 18:323–36. doi: 10.1038/nrc.2018.14

14. Donnem T, Hu J, Ferguson M, Adighibe O, Snell C, Harris AL, et al. Vessel
co-option in primary human tumors and metastases: An obstacle to effective anti-
angiogenic treatment? Cancer Med (2013) 2:427–36. doi: 10.1002/cam4.105

15. Seano G, Jain RK. Vessel co − option in glioblastoma: Emerging insights and
opportunities. Angiogenesis (2020) 23:9–16. doi: 10.1007/s10456-019-09691-z

16. Bridgeman VL, Vermeulen PB, Foo S, Bilecz A, Daley F, Kostaras E, et al.
Vessel co-option is common in human lung metastases and mediates resistance to
anti-angiogenic therapy in preclinical lung metastasis models. J Pathol (2017)
241:362–74. doi: 10.1002/path.4845
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2022.1004793/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.1004793/full#supplementary-material
https://doi.org/10.1097/SLA.0000000000003534
https://doi.org/10.1186/s12885-017-3925-x
https://doi.org/10.1503/cjs.008516
https://doi.org/10.4254/wjh.v11.i2.150
https://doi.org/10.4254/wjh.v11.i2.150
https://doi.org/10.2147/CLEP.S34285
https://doi.org/10.2147/CLEP.S34285
https://doi.org/10.1111/j.1477-2574.2012.00451.x
https://doi.org/10.1038/nm.4197.Vessel
https://doi.org/10.1002/cjp2.100
https://doi.org/10.1016/j.semcancer.2020.09.001
https://doi.org/10.1016/j.semcancer.2020.09.001
https://doi.org/10.1038/bjc.2017.334
https://doi.org/10.1038/s41571-019-0181-9
https://doi.org/10.1038/s41571-019-0181-9
https://doi.org/10.3390/cancers14051318
https://doi.org/10.3390/cancers14051318
https://doi.org/10.1038/nrc.2018.14
https://doi.org/10.1002/cam4.105
https://doi.org/10.1007/s10456-019-09691-z
https://doi.org/10.1002/path.4845
https://doi.org/10.3389/fonc.2022.1004793
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Rada et al. 10.3389/fonc.2022.1004793
17. Ibrahim N, Lazaris A, Rada M, Petrillo S, Huck L, Hussain S, et al.
Angiopoietin1 deficiency in hepatocytes a ff ects the growth of colorectal cancer
liver. Cancers (Basel) (2020) 12:1–18. doi: 10.3390/cancers12010035

18. Rada M, Kapelanski-Lamoureux A, Tsamchoe M, Petrillo S, Lazaris A,
Metrakos P. Angiopoietin-1 upregulates cancer cell motility in colorectal cancer
liver metastases through actin-related protein 2/3. Cancers (Basel) (2022) 14:2540.
doi: 10.3390/cancers14102540

19. Li Q, Lai Q, He C, Zhang H, Pan X, Li H, et al. RUNX1 regulates the
proliferation and chemoresistance of colorectal cancer through the hedgehog
signaling pathway. J Cancer (2021) 12:6363–71. doi: 10.7150/jca.51338

20. Rada M, Kapelanski-Lamoureux A, Petrillo S, Tabariès S, Siegel P, Reynolds
AR, et al. Runt related transcription factor-1 plays a central role in vessel co-option
of colorectal cancer liver metastases. Commun Biol (2021) 4:1–15. doi: 10.1038/
s42003-021-02481-8

21. Rada M, Mi T, Kapelanski-Lamoureux A, Bloom J, Petrillo SK, Kim DH,
et al. Cancer cells induce hepatocytes apoptosis in co-opted colorectal cancer liver
metastatic lesions. BioRxiv (2021), 429243. doi: 10.1101/2021.02.11.429243

22. Jaillon S, Ponzetta A, Di Mitri D, Santoni A, Bonecchi R, Mantovani A.
Neutrophil diversity and plasticity in tumour progression and therapy. Nat Rev
Cancer (2020) 20:485–503. doi: 10.1038/s41568-020-0281-y

23. Palmieri V, Lazaris A, Mayer TZ, Petrillo SK, Alamri H, Rada M, et al.
Neutrophils expressing lysyl oxidase-like 4 protein are present in colorectal cancer
liver metastases resistant to anti-angiogenic therapy. J Pathol (2020) 251:213–23.
doi: 10.1002/path.5449

24. Tuo Z, Zhang Y, Wang X, Dai S, Liu K, Xia D, et al. RUNX1 is a promising
prognostic biomarker and related to immune infiltrates of cancer-associated
fibroblasts in human cancers. BMC Cancer (2022) 22:1–16. doi: 10.1186/s12885-
022-09632-y

25. Boivin G, Faget J, Ancey PB, Gkasti A, Mussard J, Engblom C, et al. Durable
and controlled depletion of neutrophils in mice. Nat Commun (2020) 11:1–9.
doi: 10.1038/s41467-020-16596-9

26. Burnett A, Gomez I, De Leon DD, Ariaans M, Progias P, Kammerer RA,
et al. Angiopoietin-1 enhances neutrophil chemotaxis in vitro and migration in vivo
through interaction with CD18 and release of CCL4. Sci Rep (2017) 7:1–9.
doi: 10.1038/s41598-017-02216-y

27. Rada M, Kapelanski-Lamoureux A, Zlotnik O, Petrillo S, Lazaris A,
Metrakos P. Disruption of integrin alpha-5/beta-1-dependent transforming
growth factor beta-1 signaling pathway attenuates vessel co-option in colorectal
cancer liver metastases. BioRxiv (2022), 2003–5. doi: 10.1101/2022.05.24.493291

28. Mentzel T, Brown LF, Dvorak HF, Kuhnen C, Stiller KJ, Katenkamp D, et al.
The association between tumour progression and vascularity in myxofibrosarcoma
Frontiers in Oncology 08
and myxoid/round cell liposarcoma. Virchows Arch (2001) 438:13–22.
doi: 10.1007/s004280000327

29. Van Coillie E, Van Aelst I, Wuyts A, Vercauteren R, Devos R, De Wolf-
Peeters C, et al. Tumor angiogenesis induced by granulocyte chemotactic protein-2
as a countercurrent principle. Am J Pathol (2001) 159:1405–14. doi: 10.1016/
S0002-9440(10)62527-8

30. Wisdom AJ, Hong CS, Lin AJ, Xiang Y, Cooper DE, Zhang J, et al.
Neutrophils promote tumor resistance to radiation therapy. Proc Natl Acad Sci
USA (2019) 16(37):18584–9. doi: 10.1073/pnas.1901562116

31. SenGupta S, Hein LE, Parent CA. The recruitment of neutrophils to the
tumor microenvironment is regulated by multiple mediators. Front Immunol
(2021) 12:734188. doi: 10.3389/fimmu.2021.734188

32. Xiong S, Dong L, Cheng L. Neutrophils in cancer carcinogenesis and
metastasis. J Hematol Oncol (2021) 14:1–17. doi: 10.1186/s13045-021-01187-y

33. Coffelt SB, Kersten K, Doornebal CW, Weiden J, Vrijland K, Hau CS, et al.
IL-17-producing gd T cells and neutrophils conspire to promote breast cancer
metastasis. Nature (2015) 522:345–8. doi: 10.1038/nature14282

34. Kaltenmeier C, Simmons RL, Tohme S, Yazdani HO. Neutrophil
extracellular traps (Nets) in cancer metastasis. Cancers (Basel) (2021) 13:1–15.
doi: 10.3390/cancers13236131

35. Li T, Zhang Z, Li X, Dong G, Zhang M, Xu Z, et al. Neutrophil extracellular
traps: Signaling properties and disease relevance. Mediators Inflamm (2020)
2020:1–14. doi: 10.1155/2020/9254087

36. Albrengues J, Shields MA, Ng D, Park CG, Ambrico A, Poindexter ME, et al.
Neutrophil extracellular traps produced during inflammation awaken dormant
cancer cells in mice. Science (2018) 361:1–13. doi: 10.1126/science.aao4227

37. Zhu Y, Huang Y, Ji Q, Fu S, Gu J, Tai N, et al. Interplay between extracellular
matrix and neutrophils in diseases. J Immunol Res (2021) 2021:1–11. doi: 10.1155/
2021/8243378

38. Tan HY, Wang N, Zhang C, Chan YT, Yuen MF, Feng Y. Lysyl oxidase-like
4 fosters an immunosuppressive microenvironment during hepatocarcinogenesis.
Hepatology (2021) 73:2326–41. doi: 10.1002/hep.31600

39. Patel S, Fu S, Mastio J, Dominguez GA, Purohit A, Kossenkov A, et al.
Unique pattern of neutrophil migration and function during tumor progression.
Nat Immunol (2018) 19:1236–47. doi: 10.1038/s41590-018-0229-5

40. Powell DR, Huttenlocher A. Neutrophils in the tumor microenvironment.
Trends Immunol (2016) 37:41–52. doi: 10.1016/j.it.2015.11.008

41. Sionov RV, Fridlender ZG, Granot Z. The multifaceted roles neutrophils
play in the tumor microenvironment. Cancer Microenviron (2015) 8:125–58.
doi: 10.1007/s12307-014-0147-5
frontiersin.org

https://doi.org/10.3390/cancers12010035
https://doi.org/10.3390/cancers14102540
https://doi.org/10.7150/jca.51338
https://doi.org/10.1038/s42003-021-02481-8
https://doi.org/10.1038/s42003-021-02481-8
https://doi.org/10.1101/2021.02.11.429243
https://doi.org/10.1038/s41568-020-0281-y
https://doi.org/10.1002/path.5449
https://doi.org/10.1186/s12885-022-09632-y
https://doi.org/10.1186/s12885-022-09632-y
https://doi.org/10.1038/s41467-020-16596-9
https://doi.org/10.1038/s41598-017-02216-y
https://doi.org/10.1101/2022.05.24.493291
https://doi.org/10.1007/s004280000327
https://doi.org/10.1016/S0002-9440(10)62527-8
https://doi.org/10.1016/S0002-9440(10)62527-8
https://doi.org/10.1073/pnas.1901562116
https://doi.org/10.3389/fimmu.2021.734188
https://doi.org/10.1186/s13045-021-01187-y
https://doi.org/10.1038/nature14282
https://doi.org/10.3390/cancers13236131
https://doi.org/10.1155/2020/9254087
https://doi.org/10.1126/science.aao4227
https://doi.org/10.1155/2021/8243378
https://doi.org/10.1155/2021/8243378
https://doi.org/10.1002/hep.31600
https://doi.org/10.1038/s41590-018-0229-5
https://doi.org/10.1016/j.it.2015.11.008
https://doi.org/10.1007/s12307-014-0147-5
https://doi.org/10.3389/fonc.2022.1004793
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	The molecular mechanisms underlying neutrophil infiltration in vessel co-opting colorectal cancer liver metastases
	Introduction
	Materials and methods
	Cells culturing
	Lentiviral shRNA knockdown
	Immunoblotting
	Immunohistochemical staining
	Statistical analysis

	Results
	Knockdown of RUNX1 in the cancer cells attenuates the migration of neutrophils to the tumour microenvironment
	The expression levels of RUNX1 in the cancer cells affect the presence of Ang1 in the neighboring liver parenchyma
	The expression levels of Ang1 in the hepatocytes drive neutrophil infiltration into the tumour microenvironment

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


