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The role of angiogenesis, i.e., the growth of new blood 
vessels,  in tumor biology revolutionized targeted 
cancer therapy when it was introduced approximately 
10–15 years ago (1). Today, however, we know that anti-
angiogenic treatment with either antibodies or small 
molecular inhibitors of the vascular endothelial growth 
factor (VEGF)-A—VEGF receptor (VEGFR)-2 axis are 
less effective in most malignant indications than initially 
expected (2). Such agents are, however, very effective at 
blocking tumor growth in most pre-clinical models, due 
to their potent effects on regressing the tumor vasculature 
leading to tumor hypoxia and necrosis. Recent scrutiny 
of the differences between such pre-clinical models and 
the clinical reality have lifted up a number of issues with 
the most commonly used mouse tumor models that could 
be important to understand the discrepancies observed 
in the effects of anti-angiogenic drugs, including age, 
genetic variability, the tissue in which the tumor grows 
etc. (1). Another emerging difference of potentially critical 
importance is the circadian rhythmicity of the host which 
is generally non-perturbed in tumor baring mice but often 
disrupted in cancer patients (3-5). This commentary is 
dedicated to discussing recent clinical and pre-clinical 
evidence in support of a mechanism that previously has  
not gained much attention but may be critical for our 
understanding of how anti-angiogenic resistance develops 
in cancer. That mechanism is vascular co-option.

Vascular co-option is the process of taking over and 
incorporating or “hijacking” the existing vasculature as the 
blood supply for the tumor (6,7). This can be envisaged 
to happen in two ways. Firstly, tumors, especially those 
rich in myofibroblasts, may pull adjacent blood vessels 

into the tumor. Such a process was recently shown to be 
important for initial vascularization of granulation tissue 
during wound healing and in the injured mouse cornea (8)  
but whether such a process could also be involved in 
tumor vascularization has not yet been investigated. More 
commonly, co-option is considered to occur by invasion 
of the tumor into the adjacent tissue, where the tumor 
cells migrate and grow predominantly in the perivascular 
environment (6,7) (Figure 1). 

The role of vascular co-option during growth of micro-
metastatic lesions was recently convincingly demonstrated 
using highly sophisticated intra-vital microscopy to study 
the early events of brain metastasis over the course of several 
months in living mice (9). In this study, several critical steps 
involved in the metastatic process including the extended 
luminal arrest of cancer cells prior to extravasation and the 
tight coupling of tumor cells to the abluminal vessel wall 
for days or weeks following extravasation, was identified. 
Interestingly, melanoma brain metastases primarily grew 
along and thus co-opted the brain vasculature and rarely 
induced sprouting and angiogenic growth of the vessels as 
they expanded to macro-lesions. This process of vascular 
co-option was independent of VEGF-A, as treatment with 
the VEGF-A neutralizing antibody bevacizumab did not 
inhibit melanoma brain metastatic growth. On the other 
hand, lung cancer cells proliferated in situ, recruited new 
vessels to the tumor by angiogenic sprouting and did not co-
opt existing vessels to a significant extent. This angiogenic 
induction depended on VEGF-A signaling and as such, 
lung cancer brain metastases were significantly inhibited 
by bevacizumab treatment. Following a time of inhibited 
growth, however, the lung cancer metastatic lesions 
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switched to a migratory and invasive phenotype, similar 
to the melanoma lesions, co-opted the host vasculature 
and grew in spite of continued bevacizumab treatment (9) 
(illustrated in Figure 1).

A variation of this study was executed by Zhao et al., 
using a zebrafish xenograft model in which tumors were 
implanted into the perivitelline space or the pericardial 
membrane, tissues of high or low intrinsic vascular density 
respectively, and their growth patterns were examined by 
intravital microscopy over time (10). In contrast to the 
general belief that vascular co-option is more frequently 
observed in tissues with a high vascular density (11), this 
study found that tumor cells, mainly co-opted the host 
vasculature in the poorly vascularized pericardial membrane, 
whereas when implanted in the densely vascularized 
perivitelline space they preferred to grow by angiogenic 
recruitment of new vessels into the tumor mass (10). Lim 
et al. have also recently studied the role of vascular density 
on tumor cell co-option investigating the growth of various 
different tumor cells including breast cancer, melanoma and 
fibrosarcoma in adipose tissues exhibiting varying vascular 
densities (12). The growth rate of tumors implanted in 
brown adipose tissue was found to be much faster than 
that of tumors implanted in white adipose tissue, which in 
turn was much faster than that of tumors implanted sub-
cutaneously. These growth rates directly correlated with 
vascular density of the tissue, the invasiveness of the tumors 

and thus with the degree of vascular co-option (12). This 
is the first time vascular co-option has been demonstrated 
in adipose tissue, leading to the intriguing hypothesis that 
tumors growing in such environments may be less sensitive 
to anti-VEGF treatment. This interesting issue warrants 
further study.

Interestingly, the choice of co-option versus angiogenesis 
may at least in part depend on the tumor size, as small 
tumors were more likely to co-opt the existing vasculature, 
whereas larger masses more readily induced angiogenesis, 
in the zebrafish tumor xenograft model (10). Indeed, in this 
model system the two processes were mutually exclusive, 
when tumors had grown to a size sufficient for induction of 
angiogenesis, which for VEGF-A expressing lung cancer 
cells were significantly smaller than for the non-VEGF-A 
expressing melanoma cells, they no longer used co-option 
as a mechanism for vascularization (12). This is in line with 
the observations of Runge et al. that in an inducible model 
of hepatocellular carcinoma (HCC) found that at initial 
stages of tumorigenesis, malignant cells grew by vascular 
co-option but as the lesions had grown to a critical size they 
switched to an angiogenic phenotype at which point the 
growth could be inhibited by anti-VEGF therapy (13).

In agreement with the findings of Kienast et al., acquired 
resistance and tumor regrowth during sorafenib treatment 
of HCC was recently found to depend on a switch to 
a vascular co-option phenotype rather than rebound 

Figure 1 Schematic representation of in situ versus invasive growth patterns of cancers. Tumors sensitive to anti-VEGF treatment typically 
depend on sprouting-angiogenesis for sustained blood supply, and grow predominantly in situ. Anti-VEGF treatment leads to the regression 
of tumor blood vessels, necrosis especially of cells in the center of the tumor and tumor shrinkage. Tumors that become resistant to anti-
VEGF treatment instead switch to an invasive phenotype where tumor cells are co-opting existing vessels in the tissue and therefore do 
not rely on induction of angiogenesis for continued growth. Often, tumors that are intrinsically resistant to anti-VEGF treatment similarly 
exhibit an invasive growth pattern relying on vascular co-option. Viable tumor cells are shown in green and blood vessels are shown in red. 
VEGF, vascular endothelial growth factor.
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sprouting angiogenesis (14). In this model, orthotropically 
implanted and non-treated HCC lesions were uninvasive, 
highly hemorrhagic and large. Sorafenib (an inhibitor of 
VEGF-signaling) treatment, while effectively reducing 
tumor vascular density, size and inducing tumor necrosis, 
however, also led to a more invasive phenotype as the 
tumors developed resistance to the treatment. Such an 
invasive phenotype of the resistant tumors was associated 
with increased levels of VEGF-A and Osteopontin, the 
levels of which, surprisingly correlated negatively with 
intratumoral vessel density (14). Both sorafenib sensitive 
and resistant tumors exhibited many tumor cells that had 
undergone EMT, indeed, resistant and histologically more 
invasive tumors seemed to have a lower overall percentage 
of mesenchymal-like tumor cells, compared to the sensitive, 
dormant tumors. Upon cessation of sorafenib treatment, 
however, rapid rebound angiogenesis, partial MET and 
accelerated tumor regrowth was observed (14). The effects 
of stopping anti-VEGF treatment were also recently studied 
by Yang et al. In this study, rebound angiogenesis was 
found to be associated with significant growth of sinusoidal 
fenestrae (holes in the vessels) leading to increased leakage 
and either tumor cell extravasation and liver metastasis 
formation or intravasation by HCC cells and metastasis to 
the lung (15). As such, anti-VEGF treatment, especially 
if not administered continuously, may be associated with 
increased invasiveness, hematogenous dissemination and 
metastasis.

While the importance of vascular co-option in tumor 
biology has mostly been studied in pre-clinical models, a 
recent study by Frentzas et al., convincingly demonstrate 
that this is a highly clinically relevant issue which affect the 
anti-VEGF sensitivity of the tumors and may be used as a 
histological biomarker (16). In this study, patients having 
liver metastases (from colorectal or breast cancer origin) 
which exhibited a predominantly invasive phenotype with 
a high degree of vascular op-option (aka displacement 
histopathologic growth pattern) had significantly poorer 
response to neoadjuvant treatment including bevacizumab 
compared to patients with predominantly non-invasive (aka 
desmoplastic) phenotypes (16). Interestingly, these authors 
found that tumor cell migration through Arp2/3-induced 
actin cytoskeletal rearrangements were critical for successful 
vascular co-option. Reducing Arp2/3 expression in tumor 
cells led to a markedly reduced invasiveness and increased 
sensitivity to anti-VEGF treatment compared to Arp2/3 
competent tumors in pre-clinical liver cancer models (16).

Taken together, these and other recent insights into 

vascular co-option in cancer strongly suggest that vascular 
co-option is commonly seen in both pre-clinical and clinical 
cancer studies and associated with invasive phenotypes and 
poor response/resistance to anti-VEGF therapy. As such, 
future studies should focus on elucidating the mechanisms 
underlying vascular co-option as this is an area still very 
much in its infancy, but with an enormous potential for 
paving the way for novel anti-cancer therapies. 
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