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In solid tumors, vasculogenic mimicry (VM) is the formation of vascular structures by cancer cells, allowing to generate a
channel-network able to transport blood and tumor cells. While angiogenesis is undertaken by endothelial cells, VM is
assumed by cancer cells. Besides the participation of VM in tumor neovascularization, the clinical relevance of this
process resides in its ability to favor metastasis and to drive resistance to antiangiogenic therapy. VM occurs in many
tumor types, including breast cancer, where it has been associated with a more malignant phenotype, such as triple-
negative and HER2-positive tumors. The latter may be explained by known drivers of VM, like hypoxia, TGFB, TWIST1,
EPHA2, VEGF, matrix metalloproteinases, and other tumor microenvironment-derived factors, which altogether induce the
transformation of tumor cells to a mesenchymal phenotype with a high expression rate of stemness markers.
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| 1. What Is Vascular Mimicry?

Tumor growth and dissemination depend on vascularization, a process that is achieved through vasculogenesis and/or
angiogenesis. Vasculogenesis is de novo blood vessel formation by newly differentiated endothelial cells (ECs), while
angiogenesis is the formation of blood vessels from pre-existing ones, either by sprouting or intussusception .
Intussusception refers to the formation of pillars inside the blood vessel, resulting in its division into segments 4. In the
context of cancer, both vasculogenesis and angiogenesis are regulated by microenvironment-derived factors, tumor
heterogeneity, cell-cell interactions (including malignant and non-transformed cells), as well as modifications on
extracellular matrix (ECM) components Bl In addition, there are alternative non-angiogenic mechanisms used by tumor
cells to obtain nutrients and oxygen and to disseminate to distant sites, for instance vessel co-option, which consists in the
hijacking of pre-existing blood vessels from non-tumoral surrounding tissue 2!, While all these processes and their related
pathways play an essential role in the growth, proliferation, migration, invasion, and metastasis of highly aggressive
tumors, they are not the only mechanisms by which tumors generate vasculature and escape routes B |n 1999,
Maniotis and collaborators described for the first time an endothelial-independent vascularization mechanism in highly
aggressive and metastatic uveal and cutaneous melanoma tumors. They observed the presence of patterned networks of
interconnected loops and cord formation, composed of cancer cells and ECM that stained with the periodic acid-Schiff
(PAS) reagent, but that in relation to EC markers such as CD31 or factor VllI-related antigen, showed weak, focal, and
discontinuous staining. Erythrocytes could be found inside these structures, suggesting that they actually conducted blood
and represented an intratumor microcirculatory system. Moreover, it was shown that highly invasive M619 human
melanoma cells were able to form three-dimensional channel-like structures resembling vascular networks. This process
was termed “vasculogenic mimicry” (VM) [EIR1110]

Vascular channels in VM share several characteristics with endothelial-dependent vasculature; however, distinctive
features differentiate them (Table 1). For instance, ECs express vascular endothelial (VE)-Cadherin, also known as
CD144, the major molecule related to cell-cell adhesion in endothelial adherent junctions. However, in cancer cells
capable of forming VM, VE-Cadherin is aberrantly expressed and seems to be involved in a different function, namely, the
acquisition of tubule-like structures 1. Even if at present time there is no infallible biomarker for VM channels
identification, some specific characteristics and the expression of particular markers associated with these cellular
arrangements have been described (Table 1).

Table 1. Distinctive features/markers between vasculogenic mimicry and angiogenesis.

Vasculogenic Mimicry Angiogenesis References
Formation of vascular channels from cancer stem Development of new blood vessels and capillaries [a1r12]

cells (tumor cells). from pre-existing ones.



Vasculogenic Mimicry Angiogenesis References

Patterned networks of mterc?nnected loops and cords Formation by sprouting or intussusception m
formation
Formed by tumor cells and cancer stem cells Formed by endothelial cells @
Aberrant expression of VE-Cadherin VE-Cadherin localization in cell membranes (s
PAS+, CD317°" staining PAS™°%, CcD31+ staining @
Factor Vlil-related antigen negative or low Factor Vlil-related antigen highly positive @
Unaffected by endostatin and other antiangiogenic Inhibited by antiangiogenic factors [14][15]
factors
EPHA2, TIE1, LAMC2, overexpression EPHA2, TIE1, LAMC2 generally negative. [
Express stemness markers, e.g., CD133, ALDH1 CD133 positivity mostly in endothelial precursor cells [A7][18][19120]
More abundant in poorly differentiated tumors, such Present in embryogenesis, wound healing and tumor [16](21]
as HER2+ and TNBC growth

There are two types of VM described up to now. The tubular type and the patterned matrix type 2 (Figure 1). In vitro, the
first type refers to networks of cellular cords above a thin matrix, encircling cell-free spaces (Figure 1a). In vivo, this type
would appear as matrix “rivers” that may arrange as parallel PAS+ ECM deposits (Figure 1b). This matrix is produced by
cancer cells. In some cases, PAS+ tumor endothelial-like cells can be found forming cords or lining blood channels. In the
second type, PAS+ ECM patterns enclose packs of tumor cells wedged into the matrix arrays (Figure 1c,d). This last one
is characteristic of highly invasive tumors 22, It may be possible that the patterned type gives rise to the tubular type, after
the enclosed cells die. In Figure 2, we provide photographs depicting VM-structures formed in vitro and in vivo by the
triple-negative breast cancer (TNBC) cell line MBCDF-Tum, reported as highly tumorigenic 23! (Figure 2).

Figure 1. Graphical representation of the types of vasculogenic mimicry structures formed in vitro and in vivo by cancer
cells. (a) In vitro tubular type. Is formed by networks of cellular cords encircling cell-free spaces above a matrix rich in
collagen such as Matrigel. Tumor cells aligned in cords or tubular-like interconnected structures are depicted. (b) In vivo
tubular type (parallel PAS+ patterned). Deposits of PAS+ proteoglycan/laminin-enriched matrix derived from cancer cells
resembling “matrix rivers” may contain PAS+ tumor cells able to form channels and may be flanked by endothelial-like
tumor cells. (c) In vitro patterned matrix type. Flattened tumor cells lodged into the matrix form packages of cells that
deposit matrix enriched in collagen, laminin, and proteoglycans. Tumor endothelial-like cells may be found surrounding
the packs. (d) In vivo patterned matrix type (network or back-to-back loops PAS+ patterned). Several layers of
extracellular matrix rich in laminin, fibronectin, and collagens IV and VI form loops surrounding packs of tumor cells.
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Figure 2. Photographs of vascular mimicry structures formed by the TNBC cell line MBCDF-Tum in vitro and in vivo. (a)
MBCDF-Tum cells were labeled using Cell tracker-green (Abcam) and photographed by epifluorescence microscopy at 24
h of seeding (10 magnification, Olympus BX51). (b) MBCDF-Tum cells xenografted in nude mice generated VM-forming
tumors. VM structures (yellow arrow heads) were identified by PAS-staining (magenta color, left side of the picture) in a
tumor section. In the right part of the picture, a similar section of the same tumor was stained for Integrin-3 (ITGB3) as
an endothelial marker, identifying tumor endothelial-vasculature (brown staining, red arrow heads) in a hot spot of ITGB3-
negative VM channels (black arrow heads) (40 magnification).

| 2. First Highlights of VM in Breast Cancer

VM has been identified in numerous types of highly aggressive tumors including breast cancer. Only two years later from
the first report of VM in melanoma, a group in Japan identified the presence of blood pooling without a lining of ECs on
hyper vascularized xenografts of inflammatory breast cancer. Remarkably, these cells were able to form tube-like
structures and loops in vitro, and were associated with lung metastasis in vivo, representing the first evidence of VM in
breast cancer 24, These results helped to establish the relationship between angiogenesis and VM. Shirakawa et al.
observed that the hyper vascularized zone in the tumor periphery contained vessels lined by ECs positive to murine
CD31, consistent with angiogenesis, while the central highly hypoxic area of the tumor exhibited channels that were PAS
positive, presented weak expression of human integrin 0,83 and lacked ECs, consistent with VM. Altogether, this
suggested that in some instances, tumors can develop hybrid vascular networks combining angiogenesis and VM to
efficiently obtain oxygen and nutrients (21281 |n addition, structural heterogeneity (mosaic vessels) has also been
described in solid tumors, including breast cancer, where a vessel may be lined by ECs in some parts and by tumor cells
in others, forming hybrid vascular structures associated with intravasation and systemic dissemination of cancer cells 22,
Since it has been demonstrated that VM can enhance metastasis after an anti-angiogenic treatment 28, research in the
VM field will surely improve cancer therapeutics.

3. Clinical Relevance of VM in Breast Cancer and Association with
Clinicopathological Parameters

There is no doubt that a major drawback of anti-angiogenic treatment is the formation of VM. Indeed, by inducing hypoxia,
VM may be favored, which in turn enhances distant metastasis 2829 Notably, the angiogenesis inhibitor endostatin
readily inhibits proangiogenic factors such as vascular endothelial growth factor (VEGF), fibroblast growth factor 2
(FGF2), matrix metalloproteinases (MMPs), and hypoxia-inducible factor 1-a (HIF1A), blocking endothelial tube formation.
However, endostatin does not affect VM-forming cells, which after being exposed to this collagen-derived factor remain
fully active and capable to configure vascular channels 24!, Other antiangiogenic factors have shown similar results 151,
suggesting a differential response of EC-dependent angiogenesis and cancer-dependent VM channels formation. In
addition, as with the well-established relationship between microvascular density and metastasis in invasive breast cancer
B9 VM also has been associated with malignant cells dissemination and bad prognosis, including higher recurrence,
lower survival, larger tumor size, and poorer differentiation grade REI251BUI32] |inking this feature to a more malignant
breast cancer phenotype 23311821 The VM-positivity rate and its impact on clinicopathological parameters and prognosis
in breast cancer patients have been largely studied in the last two decades. For instance, the study from Shirakawa K et
al. (23 showed that from 331 surgically resected breast cancer specimens, only 26 (7.9%) evidenced the presence of VM.
A high proportion of these VM-positive tumors exhibited pseudo-comedo formations, which are channels containing blood
cells instead of necrotic tumor cells. Notably, in these 26 cases, patients were more likely to have hematogenous
recurrence and lower percentage of 5-year survival 23, However, in another study involving eight clinical reports with
1238 breast cancer patients, the VM-cases rate was higher, specifically 24%, and this was associated with larger tumor



size (>2 cm), lymph node metastasis, poorer differentiation grade (grades 2 and 3), and shorter overall survival than those

without VM, corroborating that this feature is associated with more aggressive breast cancer tumors and poorer prognosis
[32]

Interestingly, in invasive ductal carcinoma samples, VM was detected in 13.3% of the analyzed tumors. Still, in this VM-
positive group, 75% were significantly associated with bad clinicopathological characteristics, including axillary lymph
node metastasis (95.6%), tumor size larger than 3 cm (56.25%), higher histological grade (stage 3, 75%), and overall poor
prognosis 31, Similarly, another study showed that breast cancer patients with VM-positive tumors were related to positive
nodal status and advanced clinical stage, being the majority of VM-cases in progressive stage 2 and 3, thus, again,
associating VM to a poorer outcome 4. Of note, a meta-analysis on the role of VM in cancer progression and its
prognostic value was undertaken considering different types of tumors, corroborating that the presence of VM predicts
poorer survival outcomes in cancer patients 22!,

| 4. Relationship between VM and Tumor Phenotype

Human breast cancer tumors are classified mainly considering clinic and histopathologic features, as well as molecular
markers. Regarding this, the vast majority of these tumors belong to a group that expresses estrogen receptor alpha
(ERa) and progesterone receptor (PR). Tumors overexpressing epidermal growth factor receptor 2 (HER2) generally lack
ER and PR, while those that do not express neither of these three proteins are collectively called TNBC tumors. HER2
and TNBC are commonly considered as the most aggressive phenotypes of breast cancer.

The association between VM and breast tumor phenotype has been investigated. In vitro studies have shown that TNBC
aggressive cells are particularly prone to form tubular structures, in contrast to more differentiated breast cancer cells. For
example, the TNBC MDA-MB-231 and HCC1937 cells readily formed tubular-like structures in Matrigel B8IE7, |n
comparison, the ERa-positive cell line MCF-7 has been reported to be incapable of forming VM in this matrix & however,
in the presence of some VM drivers such as interleukin 13, MCF-7 cells formed microvessel-like intersections and cords
(B8] Further studies are needed to corroborate the effects of VM-drivers upon tubular-like structure formation in ER-
positive breast cancer cells.

The link between VM and a more malignant breast cancer phenotype is coherent with the previously discussed
association between VM and poor prognosis, as well as with the stemness features and increased plasticity characterizing
cells with high VM-forming potential 829 |ndeed, some stemness markers have been negatively related to the hormone
receptor status, while their expression has been found significantly increased in TNBC 1822 There are important
features of the genotypic and phenotypic differences in breast cancer that confer a greater capacity to develop VM, like in
TNBC compared to hormone receptor-positive or HER2-positive tumors. For instance, BRCA1 mutations have been
shown to predispose for the basal-like/TNBC tumor subtype 29,

On the other hand, there is also solid evidence showing a positive association between VM and the overexpression of
HERZ2. In a study using the MCF-7 cells, forced exogenous HER2 overexpression allowed these cells to form vessel-like
structures in Matrigel, a characteristic previously absent in the parental cell line. Interestingly, this process was associated
with increased VE-Cadherin protein expression, which abundance and interaction with the epithelial cell kinase 2 (EPHA2)
are known to be linked to VM induction 2441, Strongly supporting these observations, studies undertaken in aggressive
melanoma cells have shown that knockdown or downregulation of VE-cadherin, EPHA2, or laminin subunit gamma 2
(LAMC?2) results in abolishing of their ability to form VM ¥2E43144] Notably, in invasive breast carcinoma specimens, HER2
overexpression highly correlated with VM, further corroborating the in vitro results in MCF-7 cells [B3I34] However, other
studies have not found a statistically significant association between HER2 overexpression and VM B2, The reason for
this discrepancy is not known, but may be related to an incomplete transformation to a full vasculogenic phenotype in
HER2-positive cells, probably due to a lesser level of aggressiveness or the development of alternative survival pathways
not related to HER2. Supporting this hypothesis, it is known that HER2-positive tumor cells previously treated with
trastuzumab express antigens normally associated with endothelial and stemness phenotypes, together with VM markers,
indicating that the treatment may induce VM. However, and interestingly, these cells were not able to form VM structures
unless they had fully developed resistance to trastuzumab. Indeed, trastuzumab-resistant cells readily formed tubular
structures on Matrigel, which suggested that while HER2-positive cells remain sensitive to treatment, an incomplete
vasculogenic phenotype prevails, while fully resistant cells have already experienced a complete transformation and
therefore can form VM channels 1431,
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