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Abstract
Background Glioblastoma, the most common primary malignant brain tumour in adults, is a highly vascular 
tumour characterised by abnormal angiogenesis. Additional mechanisms of tumour vascularisation have also been 
reported in glioblastoma, including the formation of tumour cell-derived vessels by vasculogenic mimicry (VM) or 
the transdifferentiation of tumour cells to endothelial cells. VM and endothelial transdifferentiation have frequently 
been reported as distinct processes, however, the use of both terms to describe a single process of vascularisation 
also occurs. Some overlapping characteristics have also been reported when identifying each process. We therefore 
aimed to determine the markers consistently attributed to VM and endothelial transdifferentiation in the glioblastoma 
literature.

Methods Ovid MEDLINE and Ovid Embase were searched for studies published between January 1999 and July 
2021 that assessed VM or tumour to endothelial transdifferentiation in human glioblastoma. The online systematic 
review tool Covidence was used for screening and data extraction. Extracted data included type of tumour-derived 
vasculature reported, methods and techniques used, and markers investigated. Studies were grouped based on type 
of vasculature reported for further assessment.

Results One hundred and thirteen of the 419 unique records identified were included for analysis. VM was reported 
in 64/113 studies, while tumour to endothelial transdifferentiation was reported in 16/113 studies. The remaining 
studies used both terms to describe a single process, did not define the process that occurred, or concluded that 
neither VM nor endothelial transdifferentiation occurred. Absence of CD34 and/or CD31 in vascular structures was the 
most common indicator of VM, while expression of CD34 and/or CD31, in addition to various other endothelial, stem 
cell or tumour cell markers, indicated tumour to endothelial transdifferentiation.

Conclusion Cells derived from tumour to endothelial transdifferentiation express typical endothelial markers 
including CD34 and CD31, while tumour cells contributing to VM lack CD34 and CD31 expression. Additional 
tumour markers are required to identify transdifferentiation in glioblastoma tissue, and this process requires further 
characterisation.
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Background
Angiogenesis is a complex, highly regulated process 
requiring the interaction of various cell types, includ-
ing endothelial cells and pericytes, extracellular matrix 
components, proteolytic enzymes, and soluble factors for 
the successful growth of mature, stable, and functional 
vascular networks [1]. Tumour angiogenesis involves 
persistent pro-angiogenic signalling, and reduction in 
anti-angiogenic signalling, and results in poorly formed, 
dysfunctional vasculature. In addition to causing exces-
sive endothelial proliferation and vessel branching, the 
imbalance in angiogenic signalling in tumour angiogen-
esis leads to loose association with, or lack of coverage 
by, pericytes and therefore vessel instability [2]. It is now 
recognised that tumours may acquire their blood supply 
not only through angiogenesis but also through alterna-
tive vascularisation processes, including the contribution 
of tumour cells themselves to vessel development. Two of 
these tumour cell-derived vascularisation processes, vas-
culogenic mimicry and tumour to endothelial cell trans-
differentiation, are the focus of this review.

The term “vasculogenic mimicry” (VM) was first used 
by Maniotis et al. in 1999 to describe the patterns of 
functional microcirculation generated by tumour cells 
and lacking an endothelial lining observed in uveal and 
metastatic cutaneous melanoma tissue [3]. Vascular 
structures in this initial report were described as loops 
and networks that showed positive staining with periodic 
acid-Schiff (PAS) and may have solid and/or hollow com-
ponents, with the hollow channels sometimes contain-
ing red blood cells. Endothelial cells were not identified 
in these vessel-like channels by microscopy or immuno-
histochemical labelling for various endothelial markers, 
including CD31 and CD34 [3]. Presence of PAS-positive 
(PAS+) networks was consistent with more aggressive 
and invasive melanomas and was associated with death 
from metastatic disease in uveal melanoma. Melanoma 
cell lines with the invasive phenotype were also able 
to form similar networks to those seen in tissue when 
grown in vitro on Matrigel® or Type I collagen, while less 
invasive melanoma cells and normal melanocytes could 
not.

The VM networks formed by melanoma cells have 
been described as resembling the networks formed dur-
ing embryonic vasculogenesis, the de novo formation of a 
primitive vascular network by endothelial precursor cells 
in the developing embryo [4]. Research in melanoma has 
identified several markers associated with both vascular 
and embryonic signalling pathways in VM-capable cells 
[5–9]. Plasticity is frequently described as an important 
characteristic for VM, and embryonic and stem cell sig-
nalling are involved in its formation through Notch and 
Nodal pathways [8]. Several markers of VM, such as vas-
cular endothelial (VE)-cadherin [5, 10], EphA2 [10, 11], 

matrix metalloproteinase (MMP)-2 [7, 12], membrane 
type 1 (MT1)-MMP (MMP-14) [7, 12], and the base-
ment membrane component laminin 5 [7, 12], are also 
associated with vasculogenesis and/or angiogenesis. Lack 
of the endothelial marker CD31 has also been reported 
subsequent to the initial VM study [5]. Additionally, sig-
nalling pathways associated with hypoxia are associated 
with VM formation [13, 14], suggesting that in addition 
to promoting angiogenesis, the hypoxic tumour microen-
vironment may promote VM.

Vasculogenic mimicry, also referred to as vascular 
mimicry, has now been reported in several other tumour 
types, including glioblastoma [15–17]. Glioblastoma 
is a CNS WHO grade 4 diffuse glioma and is the most 
common primary malignant brain tumour in adults [18, 
19]. Glioblastomas are aggressive, treatment-resistant 
tumours and have poor prognosis and survival outcomes, 
with a median survival time of only 14.6 months with 
the current standard therapy [20]. Diagnosis of glioblas-
toma includes both histological and molecular criteria, 
with the presence of wildtype isocitrate dehydrogenase 
(IDH) gene(s) being necessary [18]. Glioblastomas are 
both hypoxic and highly vascular, with abnormal angio-
genic activity in the form of microvascular proliferation 
being a typical histological feature [21]. The anti-vascular 
endothelial growth factor (VEGF) antibody bevacizumab 
may be used in recurrent tumours to target angiogen-
esis [22–24]. However, bevacizumab treatment has not 
demonstrated overall survival benefit in either primary 
or recurrent glioblastoma and treatment resistance 
often occurs [23–25]. Formation of vasculature through 
alternate mechanisms, such as VM, may contribute to 
treatment resistance to anti-angiogenic therapies in 
glioblastoma.

Additional forms of tumour cell-derived vascula-
ture have also been identified in glioblastoma, includ-
ing the transdifferentiation of cancer stem-like cells 
into functional endothelial cells that participate in ves-
sel formation [26]. Researchers have identified a subset 
of endothelial cells in glioblastoma tissue that display 
the same genetic aberrations as surrounding tumour 
cells and thus propose that these cells are derived from 
tumour cells [26, 27]. A fraction of stem-like cells isolated 
from glioblastomas have been shown to express a num-
ber of endothelial cell markers including CD31, CD34, 
CD105, VE-cadherin, von Willebrand factor (vWF), and 
VEGF receptor 2 (VEGFR2) [26, 28, 29]. When cultured 
in endothelial growth medium and grown on Matrigel®, 
these cells are also able to form tubes in vitro, resembling 
vessels formed by normal endothelial cells [26, 27, 29].

While VM and tumour to endothelial transdifferen-
tiation are frequently reported as individual processes, 
an overlap in terminology has also started to occur in 
the glioblastoma literature. For example, some studies 
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indicate that VM occurs as the result of endothelial trans-
differentiation of tumour cells. Additionally, expression 
of some markers, such as VE-cadherin, or the impact 
of microenvironmental conditions, such as hypoxia, 
are reported as contributing to both processes. This has 
resulted in some confusion relating to the understand-
ing of the characteristics that distinguish these forms of 
tumour-derived vasculature. Therefore, this systematic 
review aimed to assess the descriptions in the litera-
ture attributed to vasculogenic mimicry and endothelial 
transdifferentiation in relation to human glioblastoma, 
and to determine the characteristics and techniques that 
are used to identify each vascularisation process.

Methods
Protocol registration
As this review deals with preclinical studies involving in 
vitro experiments, there is currently no suitable reposi-
tory in which the protocol for this review could be regis-
tered. Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines were followed 
to the extent that this was applicable.

Eligibility criteria
Studies that assessed vasculogenic mimicry and/or 
tumour cell to endothelial cell transdifferentiation in 
human glioblastoma cells, cell lines, or tissues were con-
sidered eligible for inclusion, regardless of study design. 
This included in vitro and in vivo studies. Only origi-
nal research studies were included; review articles and 
conference abstracts were excluded. Studies in which 
all experiments related to any of the following criteria 
were excluded: paediatric glioblastoma, brain tumour 
types other than glioblastoma, assessment of only ani-
mal cells, animal cell lines or animal tissues, differentia-
tion or transdifferentiation of tumour cells into cell types 
other than endothelial cells, assessment of vascularisa-
tion processes that were not tumour cell-derived (e.g. 
angiogenesis).

Information sources & search strategy
The electronic databases Ovid MEDLINE and Ovid 
Embase were searched on 8th July 2021 using various 
search terms relating to the concepts of glioblastoma 
and tumour-derived vasculature, specifically vasculo-
genic mimicry and/or the transdifferentiation of tumour 
cells to endothelial cells. Searches were limited to studies 
conducted from January 1999 to July 2021, as 1999 was 
the year in which the term “vasculogenic mimicry” was 
first attributed to tumour cell-lined vascular channels in 
melanoma [3]. The complete search strings used for each 
database are included in Supplementary Tables 1 & 2.

Study selection
All records retrieved from the database searches were 
imported into the online systematic review tool Covi-
dence for screening and data extraction. Records were 
automatically de-duplicated upon importing into Covi-
dence, and any duplicate references that were not 
detected by this process were manually identified and 
removed. Title and abstract screening and full text 
screening were performed independently by two review-
ers (KM and PAT), and discrepancies between reviewers 
were resolved by discussion. Studies that were published 
in languages other than English were excluded at the full 
text review stage due to inability to translate these stud-
ies. This allowed for identification and reporting of the 
number of studies that were potentially relevant but were 
excluded on the basis of language. We acknowledge that 
this introduced a language bias into the study selection 
process.

Data extraction
Data extraction was performed independently by two 
reviewers (KM and PAT) using a data extraction form 
created in Covidence. The extracted data included the 
following:

  • General information: title, authors, year of 
publication, and study aim.

  • Type(s) of tumour-derived vasculature investigated, 
including terminology used, definitions provided, 
and type(s) of vasculature reported in the study 
based on cellular/tissue characteristics that were 
observed.

  • Whether the study used tissue and/or in vitro and/
or in vivo techniques, and, where relevant, details 
relating to the techniques used and markers assessed:

  – tissue studies: type of glioblastoma tissue (primary 
or recurrent), techniques used, markers assessed.

 – in vitro studies: type and names of cells/cell lines 
used, control cells, techniques used, markers 
assessed, timepoint(s) at which observations 
were made, growth conditions, whether a tube 
formation assay was performed, whether vessel 
functionality was assessed.

 – in vivo studies: type of cells/cell lines used, 
techniques used, markers assessed, whether vessel 
functionality was assessed.

Quality assessment
As we were interested in further understanding the varia-
tion and overlap in descriptions of vasculogenic mim-
icry and endothelial transdifferentiation in glioblastoma, 
including variation in methods and results on which con-
clusions on vasculature were based, we have not applied 
a quality assessment step. Additionally, no pre-existing, 
standardised risk of bias or quality assessment tool was 
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identified as being suitable for use with all types of stud-
ies included in this review.

Data synthesis
The proportion of studies describing VM, tumour to 
endothelial transdifferentiation, both processes, or nei-
ther process was reported. Studies were divided into 
groups based on type of tumour-derived vasculature 
that was described. Within the VM and tumour to endo-
thelial transdifferentiation groups, the most common 
techniques used to assess vasculature, and markers or 
characteristics attributed to each type of vasculature 
were determined as a proportion of studies included in 
each subgroup.

Results
Study selection and characteristics
The database searches identified a total of 593 records 
from Medline and Embase, all of which were retrieved. 
Following deduplication, 419 records underwent title 
and abstract screening, and 144 potentially relevant full 

texts were assessed for eligibility. Of these studies, 114 
were included for analysis. The study selection process 
and exclusion reasons are detailed in Fig.  1. During the 
preparation of this manuscript, one included study was 
retracted and has been excluded from the below results, 
which are therefore described for a total of 113 studies.

The year of publication for the included studies ranged 
from 2005 to 2021. Of the 113 studies identified as 
assessing VM and/or endothelial transdifferentiation in 
glioblastoma, 54 studies (47.79%) analysed human tissue 
samples, 94 studies (83.19%) used in vitro methods, and 
59 studies (52.21%) used in vivo methods.

Definitions of tumour-derived vasculature in glioblastoma
VM was more frequently described than tumour to endo-
thelial transdifferentiation, with 60/113 studies (53.1%) 
mentioning or defining VM as a distinct process com-
pared to 16/113 (14.2%) that described tumour to endo-
thelial differentiation or transdifferentiation. Twelve 
studies (10.6%) mentioned both terms and considered 
them separate processes, while nine studies (8.0%) used 

Fig. 1 Study selection flow diagram
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both terms to describe a single form of tumour-derived 
vasculature. Sixteen of the 113 studies (14.2%) did not 
mention or provide any description of tumour-derived 
vasculature prior to presenting or discussing experimen-
tal results. Seven studies (6.2%) also provided descrip-
tions of tumour-derived vascularisation processes that 
were not either VM or endothelial transdifferentiation, 
e.g. tumour to pericyte transdifferentiation, in addition 
to one or both of the processes of interest. Subgroups of 
studies that provided a clear definition and assessment of 
either VM (64/113) or tumour to endothelial cell (trans)
differentiation (16/113) were further evaluated to deter-
mine the methods and markers used to identify each type 
of tumour-derived vasculature.

Vasculogenic mimicry in glioblastoma
Of the 60 studies that mentioned VM only in their 
description of tumour-derived vasculature, all sug-
gested that their results indicated that the type of vessels 
observed were VM. Additionally, four of the 12 studies 
that mentioned both VM and endothelial transdifferen-
tiation as separate processes concluded that the type of 
vasculature observed was VM, and these studies were 
therefore included when determining markers used to 
identify VM.

In the 64 studies that assessed VM, in vitro methods 
were most commonly used (55/64), followed by tumour 
tissue (35/64), then in vivo methods (32/64). The most 
frequently used techniques in in vitro studies were tube 
formation assay (TFA; 49/55), Western blot (34/55), PCR 
(22/55), immunofluorescence (IF) (8/55), and ELISA 
(6/55) (Supplementary Table  5). All studies that used 
TFAs assessed the ability of tumour cells to undergo VM 
based on morphological changes and reported varying 
descriptions of VM formation, for example, tube-like 
structures, capillary-like structures, cavity structures, 
branching, loops, or networks. Several aspects of the 
TFA varied between studies, such as use of commercial 
or patient-derived cells, growth conditions, and incu-
bation time. The majority of glioblastoma cells used for 
TFAs were commercially available cell lines (e.g. U87, 
U251, A172), which were used in 46/49 studies, com-
pared to five studies using patient-derived cells. Fourteen 
studies used endothelial cells (10/49 used HUVECs, 4/49 
used HMVECs) as positive controls to evaluate the VM 
capability of glioblastoma cells, whilst 32 studies did not 
compare tube formation to a control cell line.

Though hypoxia-related signalling has previously been 
associated with the formation of VM, only six studies 
compared tube formation under both hypoxic and nor-
moxic conditions. All six studies determined that tube 
formation was induced or enhanced by hypoxia in VM-
capable cells, over periods of time ranging from 2 to 24 h. 
Time from cell plating to image capture/analysis ranged 

from two hours to six days, with 11/49 studies collecting 
image data at multiple timepoints. No study that per-
formed a TFA to assess VM conducted functional assess-
ment of the resulting vessel-like structures. One study 
used IF in combination with the TFA and observed that 
VEGFR2, laminin 5 γ2 chain, and the mural cell marker 
smooth muscle actin (SMa) were expressed by glioblas-
toma cells that were capable of VM, and that these cells 
lacked the endothelial cell markers CD31, VE-cadherin, 
Tie1, and Tie2 [30]. Three studies that assessed CD31 
expression by Western blot or PCR agreed that VM-capa-
ble glioblastoma cells lacked CD31. VE-cadherin was one 
of the most evaluated markers by Western blot, however, 
conclusions regarding the involvement of VE-cadherin 
in VM were inconsistent, with eight studies reporting 
an association between VE-cadherin expression and the 
ability of cells to form tube-like structures in vitro, and 
another four studies reporting that VE-cadherin was not 
expressed by VM-capable cells or that its expression was 
not associated with tube formation ability. Other com-
monly evaluated markers were some of those that have 
previously been reported as VM-associated in mela-
noma, including MMP-2, MMP-9, and EphA2 (Supple-
mentary Table  6). Associations were reported between 
VM and MMP-2 expression by 15 studies (7 by Western 
blot, 2 by PCR, 6 used both), VM and MMP-9 expression 
by 11 studies (7 by Western blot, 2 by PCR, 4 used both), 
and VM and EphA2 expression by five studies (all PCR).

All 35 studies that assessed glioblastoma tissue per-
formed immunohistochemistry (IHC). Forty-two unique 
IHC markers were assessed across the 35 studies (Supple-
mentary Table 4). PAS staining to visualise vascular base-
ment membranes was the most frequently used marker 
(34/35) and was used in combination with CD34 (28/35) 
and/or CD31 (8/35) to identify VM vessels. VM vessels 
were defined as CD34-/PAS+ structures by 24/28 stud-
ies using CD34, while the remaining four studies did not 
provide a description of how the markers were used to 
identify VM vessels. All studies that used CD31 as an 
endothelial cell marker identified VM structures as being 
CD31-/PAS+. Fourteen studies also noted that red blood 
cells were observed within VM vessels. None of these 
studies mentioned whether white blood cells were also 
present. Five studies labelled tissue sections with glial 
fibrillary acidic protein (GFAP) to identify tumour cells. 
Of these studies, three used GFAP labelling to confirm 
that cells lining VM vessels were tumour cells. Four stud-
ies labelled for the pericyte marker aSMa, two of which 
concluded that VM structures are composed of mural-
like tumour cells. Other techniques used were IF (6/35), 
fluorescence in situ hybridisation (FISH) (2/35), PCR 
(2/35), and Western blot (1/35) (Supplementary Tables 3 
& 4). Five of 35 studies specified that glioblastoma tissue 
was collected from primary tumours; the remaining 30 
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studies did not specify whether primary or recurrent tis-
sue was assessed.

All studies that assessed VM in in vivo models also 
used IHC. As with the studies that assessed human tis-
sue, PAS staining was used in the majority of stud-
ies (30/32) in combination with CD34 (18/32) and/or 
CD31 (9/32). Antibodies directed against both human 
and mouse CD31 and/or CD34 were occasionally used 
to determine the presence of VM. In three studies that 
used human CD31 (hCD31) and mouse CD31 (mCD31) 
antibodies, two studies reported that PAS+ vessels that 
lacked both hCD31 and mCD31 indicated VM, while 
the remaining study defined VM vessels as hCD31+/
PAS+ [31]. Other IHC markers assessed by more than 
one study each were GFAP (3/32), SMa (2/32), and 
Tenascin-C (2/32). IF was used by five studies to assess 
in vivo VM, which was identified using various combina-
tions of markers, including GFAP+/CD34- and SMa+/
GFAP+/VEGFR2+/hCD31-/hCD34-. The same study 
that reported hCD31+/PAS+ vessels by IHC also defined 
VM vessels as hCD31+ by IF[31]. Additionally, one study 
reported localisation of VE-cadherin and EphA2 to ves-
sels, but did not confirm by IF that cells lining the ves-
sel were tumour cells rather than endothelial cells [32]. 
Techniques and markers used to assess VM in vivo are 
summarised in Supplementary Tables 7 & 8. As with the 
in vitro assessments of VM, in vivo models more com-
monly used commercial cell lines (29/32) than patient-
derived tumour cells (6/32). Five studies reported that 
VM vessels were functional based on presence of red 
blood cells in vessel lumen (2/5), injection of Evan’s blue 
dye (2/5), or staining of lectin perfused vessels that were 
lined or partially lined by tumour cells (1/5).

Tumour to endothelial transdifferentiation
Of the 16 studies that described tumour-derived ves-
sels forming by transdifferentiation of tumour cells into 
endothelial cells, 12 studies concluded that tumour to 
endothelial transdifferentiation was observed. From the 
group of studies that defined VM and endothelial trans-
differentiation as separate processes, four studies con-
cluded that transdifferentiation was observed, and have 
been included in the group of studies (n = 16) used to 
evaluate the characteristics of endothelial transdifferen-
tiation in glioblastoma.

The ability of glioblastoma cells to transdifferentiate 
into endothelial cells was most frequently assessed using 
in vitro techniques (13/16 studies). TFAs were again one 
of the most commonly used techniques (9/13), with mor-
phological changes indicating endothelial phenotype. 
One study used IF to label tumour-derived endothelial 
cells that had undergone tube formation and showed 
that they expressed CD105 (endoglin) [26], a cell surface 
glycoprotein normally expressed by vascular endothelial 

cells that is associated with endothelial proliferation and 
angiogenesis[33]. Another study harvested glioblastoma 
cells after they had undergone tube formation and per-
formed Western blots to determine their expression of 
the endothelial markers CD31 and ETS transcription fac-
tor ERG (ERG) [34]. Both ERG and CD31 were expressed 
by glioblastoma stem-like cells capable of tube formation, 
indicating transdifferentiation to endothelial cells. In con-
trast to studies assessing VM, patient-derived cells were 
more commonly used (7/9) than commercial cell lines 
(5/9), and all studies that performed a TFA to identify 
endothelial transdifferentiation used glioblastoma stem-
like cells (GSCs) isolated either from patient-derived or 
commercial cell lines. Five of nine studies did not com-
pare tube formation by glioblastoma-derived endothelial 
cells to a control cell line (5/9), while the remaining four 
studies compared tube formation to a normal endothe-
lial cell line (2/9 used HUVECs, 1/9 used human brain 
endothelial cells, and 1/9 used human dermal micro-
vascular endothelial cells). Tube formation was usually 
assessed under normoxic conditions only (5/9), with only 
one study assessing under hypoxic conditions [29]. One 
study compared normoxic and hypoxic conditions and 
reported increased tube formation with hypoxia [28]. The 
remaining two TFA studies did not specify whether cells 
were grown in normoxic or hypoxic conditions. Time 
from cell plating to image capture and/or analysis ranged 
from 15 min to 8 days, with 4/9 transdifferentiation stud-
ies assessing tube formation across multiple timepoints. 
In contrast to VM, where only one study assessed tube 
formation using endothelial cell growth medium (EGM) 
[16], GSCs in transdifferentiation studies were often 
plated in an EGM for the duration of the TFA (4/9), and/
or grown in EGM to promote transdifferentiation prior 
to undergoing the TFA (5/9). Two studies determined 
that transdifferentiated glioblastoma cells displayed 
functional characteristics of endothelial cells using fluo-
rescently labelled acetylated low-density lipoprotein (DiI-
Ac-LDL) uptake assays.

Endothelial transdifferentiation was also assessed 
by PCR in 9/13 in vitro studies, most frequently using 
the markers CD31 (6/9), VE-cadherin (4/9), CD34, 
VEGFR2, and vWF (each 3/9). One study compared 
VEGFR2 expression between GSCs, differentiated glio-
blastoma cells, and endothelial cells derived from GSCs 
and did not identify a significant difference in VEGFR2 
expression between these cell types [35]. All other stud-
ies assessing CD31, VE-cadherin, CD34, VEGFR2, and 
vWF determined that mRNA expression of these markers 
was associated with the transdifferentiation of glioblas-
toma cells to endothelial cells. CD31 and CD34 were also 
identified as being associated with endothelial transdif-
ferentiation and/or acquisition of endothelial phenotype 
by additional methods (Supplementary Tables  11 & 12) 
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including IF, where six studies assessed CD31 and four 
studies assessed CD34.

Endothelial transdifferentiation was assessed using in 
vivo models in 12/16 studies, with IF and IHC used by six 
studies each. The most common method of identifying 
glioblastoma-derived endothelial cells in IF studies was 
through the use of both human- and mouse-specific anti-
CD31 antibody labelling (3/6). In these studies, vessels 
containing glioblastoma-derived endothelial cells were 
identified by their expression of human-specific CD31. 
In IHC studies, human-specific CD31 was the most fre-
quently assessed marker, used by 2/6 studies. All other 
markers assessed were used by one study each (Supple-
mentary Tables  13 & 14). Patient-derived cells were 
more frequently used (9/12) to study endothelial trans-
differentiation in vivo than commercial cell lines (3/12). 
Three studies noted that vessels formed by glioblastoma-
derived endothelial cells were functional, each using a 
different method to assess this (presence of red blood 
cells in vessel lumen in H&E sections, uptake of systemi-
cally injected lectin, and presence of systemically injected 
absorbate particles within the vessels).

Seven studies assessed endothelial transdifferentiation 
using human glioblastoma tissue. One study assessed pri-
mary tumours only, two studies assessed both primary 
and recurrent tumours, and the remaining four studies 
did not specify whether tumours were primary or recur-
rent. Five studies used IF to demonstrate expression of 
various endothelial and stem cell markers, most com-
monly CD31 (3/7), CD34, vWF, and Nestin (each 2/7). 
Two studies used IF in combination with FISH to deter-
mine whether cells that lined blood vessels and expressed 
endothelial markers also demonstrated amplification 
of epidermal growth factor receptor (EGFR), a com-
mon genetic alteration in glioblastoma [36]. Both studies 
observed EGFR amplification in a proportion of endo-
thelial-like cells and suggested that these cells were of 
glioblastoma origin. Four studies used IHC, with Nestin 
being the only marker assessed by more than one study 
(2/4). All techniques and markers used to assess tumour 
to endothelial transdifferentiation in human tissue are 
summarised in Supplementary Tables 9 & 10.

Discussion
This systematic review identified 113 papers that used 
terms relating to either or both of the concepts of vascu-
logenic mimicry and endothelial transdifferentiation in 
reference to tumour blood vessel formation in glioblas-
toma. Although VM and vessel formation by tumour-
derived endothelial cells have frequently been described 
as separate vascularisation processes, nine papers used 
both terms/concepts to describe a single form of tumour-
derived vasculature. While some studies suggested that 
VM may be an earlier stage of the transdifferentiation 

process, or vice versa, a number of descriptions using ter-
minology referring to both concepts were not clear about 
whether VM, endothelial transdifferentiation, or a single 
multi-stage process was being investigated. We identified 
64 studies that reported cellular and tissue markers and 
phenotypes specifically in relation to VM, and 16 stud-
ies that did the same for tumour to endothelial transdif-
ferentiation. We used these subsets of studies to assess 
the characteristics that distinguish VM from endothelial 
transdifferentiation.

VM in glioblastoma tissue is described similarly to 
early reports of VM in melanoma; PAS+ basement mem-
brane-lined structures without an endothelial cell lin-
ing, sometimes containing red blood cells [3]. Lack of an 
endothelial cell lining is confirmed by IHC using labelling 
for CD31 or CD34 in VM studies across various cancer 
types [37–41]. While both CD31 and CD34 labelling may 
be used in combination with PAS staining to distinguish 
VM vessels (PAS+/CD31- or PAS+/CD34-) from endo-
thelial vessels (PAS+/CD31+ or PAS+/CD34+), the major-
ity of studies that assessed VM in glioblastoma using 
IHC confirmed the lack of endothelial lining by label-
ling tissue for CD34. Two studies compared labelling of 
CD31 and CD34 for identification of endothelial vessels 
in astrocytoma tissue, with one study finding that CD34 
provided more distinct labelling, and the other noting 
similar results with both markers [15, 42]. The observa-
tion of red blood cells within VM structures suggests that 
they make a functional contribution to the tumour vas-
culature. A relationship between lower endothelial vessel 
density and the presence of VM has also been reported in 
glioma[17], indicating that VM complements angiogenic 
vessel growth and may compensate for lack of blood sup-
ply to tumour tissue when angiogenesis is insufficient 
or disrupted by anti-angiogenic treatment. The collec-
tive results of the studies included in this review suggest 
that identification of VM in glioblastoma tissue can be 
achieved by IHC using either CD31 or CD34 labelling in 
combination with PAS staining of the basement mem-
brane of the vessel structure.

Identification of glioblastoma-derived endothelial cells 
in tissue samples also commonly used CD31 and CD34 as 
markers. In contrast to VM, presence of CD31 or CD34 
in cells that co-expressed tumour markers (e.g. EGFR 
amplification [26, 43]) or stem cell markers (e.g. CD133 
[44], Nestin[44, 45]) indicated vessels containing endo-
thelial cells resulting from transdifferentiation of GSCs. 
However, no tumour or stem cell marker was consis-
tently used across multiple studies to identify tumour to 
endothelial transdifferentiation, though Nestin was used 
slightly more frequently than other markers. Both Nes-
tin, an intermediate filament protein, and CD133, a stem 
cell marker frequently used to isolate cancer stem cells, 
are expressed by normal neural stem and progenitor cells 
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and have been previously used to identify and isolate 
glioblastoma stem-like cells [46–49]. Accumulation of 
Nestin+ or CD133+ cells around glioblastoma vasculature 
was reported by one study that performed IHC and IF for 
these markers to assess transdifferentiation of GSCs to 
endothelial cells [44]. This pattern of labelling may how-
ever indicate colocalisation of cancer stem cells with cap-
illaries, as has previously been reported in glioblastoma 
and other brain tumours [46], rather than co-expression 
of endothelial and stem cell markers. Chromosomal 
aberrations in CD31-expressing cells have also been sug-
gested to indicate tumour to endothelial transdifferen-
tiation in glioblastoma [26, 27]. However, chromosomal 
abnormalities, such as aneuploidy, have been reported in 
endothelial cells isolated from tumour tissue[50, 51]. A 
study that isolated murine CD31+ endothelial cells from 
human melanoma and liposarcoma xenografts demon-
strated that a subset of these endothelial cells were aneu-
ploid [51]. Normal endothelial cells were also isolated 
from non-tumour tissue for comparison, and these cells 
were diploid when freshly isolated and remained diploid 
after multiple passages in vitro [51]. A subsequent study 
demonstrated induction of aneuploidy in endothelial 
cells exposed to hypoxic conditions in vitro and in vivo, 
suggesting that chromosomal aberrations in endothelial 
cells may result from tumour microenvironmental factors 
[52]. While tumour to endothelial transdifferentiation 
may still represent a mechanism by which endothelial 
cells develop genetic alterations, relatively few studies 
have been conducted to identify tumour to endothelial 
transdifferentiation in glioblastoma tissue. Based on the 
current literature, tumour to endothelial transdifferen-
tiation can be identified by the expression of CD31 and/
or CD34 in tumour cells, as absence of these markers is 
consistently reported in VM. Ideally, endothelial marker 
expression would be assessed in combination with a 
glioblastoma-specific marker to confirm the tumour ori-
gin of vessel-lining cells. However, further characterisa-
tion of potential tumour-derived endothelial cells needs 
to occur before firm conclusions can be drawn regarding 
the extent of their presence in glioblastoma tissue and the 
optimal markers for their identification.

VM in xenograft tissue was again described as 
PAS+ and negative for endothelial markers CD34 and/
or CD31. Interestingly, studies that used both serum-
cultured commercial cell lines and GSC-only populations 
to generate xenograft tumours reported these VM struc-
tures. GSCs have been reported to more accurately reca-
pitulate the genetic and phenotypic features of human 
glioblastoma than serum-cultured cell lines, with xeno-
graft models developed using glioma stem cells resulting 
in highly vascular tumours with histological features such 
as palisading necrosis, microvascular proliferation, and 
cellular heterogeneity, and demonstrating infiltration into 

surrounding brain tissue [53, 54]. In comparison, some 
models using serum-cultured cell lines lack the intra-
tumoural heterogeneity and diffuse infiltration seen in 
patient tumours [53, 55]. However, cell lines such as U87 
and U251, both of which were used by studies included in 
this review, are reported to contain CD133+ stem-like cell 
populations [56]. This may contribute to their capacity to 
form VM structures, as embryonic and stem cell signal-
ling pathways have previously been associated with VM 
[8].

Xenograft tumours formed by implantation of GSC-
only populations were also reported to contain tumour-
derived endothelial cells [26, 29, 34, 35]. Identification 
of endothelial transdifferentiation in xenograft tissue 
was frequently based on CD31 expression, with tumour-
derived endothelial cells possibly being more easily dis-
tinguished in xenograft tissue than human tissue. Rather 
than the combination of endothelial and tumour cell 
markers that indicated endothelial transdifferentiation 
in human tissue, reactivity to human-specific antibod-
ies indicated that cells expressing endothelial markers or 
vessel morphology were derived from tumour cells. The 
use of xenograft models also allows for the assessment of 
both tumour to endothelial transdifferentiation and VM 
within the same tissue sections. For example, Porcù et 
al. [29] observed both tumour-derived endothelial cells, 
based on human-specific CD31 labelling, and PAS+ VM 
structures that were negative for human- and mouse-
specific CD31 in their orthotopic xenografts. Evaluating 
the expression of additional markers reported in these 
tumour vascularisation process in vivo could provide fur-
ther insight into their differing, or shared, features.

The ability of tumour cells to undergo VM in vitro was 
also initially reported in melanoma cells [3]. A protocol 
for the in vitro assessment of the VM ability of tumour 
cells has since been proposed [57] based on the TFA 
developed for the assessment of angiogenesis by endo-
thelial cells [58, 59]. During this assay endothelial cells 
migrate through a basement membrane matrix, such as 
Matrigel®, and align to form networks of tube-like struc-
tures resembling angiogenic vessels [59]. Acquisition of 
this endothelial phenotype by tumour cells during a TFA 
was the most common method used to identify both VM 
and tumour to endothelial transdifferentiation in vitro. 
Identification of markers expressed by tumour cells dur-
ing or subsequent to tube formation was uncommon, 
though markers again included lack of CD31 in VM stud-
ies and expression of CD31 in transdifferentiation studies 
[30, 34]. Further distinctions between VM and endo-
thelial transdifferentiation were made using additional 
techniques, such as PCR and Western blot, to indicate 
expression of markers of interest at baseline or under 
certain growth conditions, for example, growth of GSCs 
in EGM to promote endothelial differentiation prior to 
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conducting a TFA. VM was distinguished from endothe-
lial transdifferentiation again based on CD31 expression 
using these techniques. Other markers noted in stud-
ies that identified VM-capable glioblastoma cells were 
expression of VE-cadherin, MMP-2, MMP-9, and EphA2, 
all of which have previously been associated with VM in 
melanoma [5, 7, 10–12]. In addition to CD31, endothelial 
cells resulting from tumour cell transdifferentiation were 
reported to express various other markers that are gen-
erally considered to be vascular endothelial cell-specific, 
such as CD34, vWF, and VE-cadherin. Identification of 
VE-cadherin as a marker of both processes provides an 
example of the overlap in pathways, such as vascular 
signalling, that are associated with VM and endothelial 
transdifferentiation.

Uncertainty relating to which markers can be attrib-
uted to VM, endothelial transdifferentiation, or both, 
also arises from the inability to directly compare results 
between studies, which was evident in studies that per-
formed TFAs. Despite nearly all studies reporting some 
form of tumour-derived vessel formation, these results 
were based on TFAs in which aspects such as growth 
conditions, incubation time, cell density, and cell type 
(i.e., commercially available cell lines, patient-derived 
tumour cells, or isolated GSCs) varied greatly, and in 
some cases these details were not specified. Some differ-
ences in the TFA occurred between VM and endothelial 
transdifferentiation groups, such as the use of commer-
cially available cell lines in VM studies and the use of 
stem cell-only populations in transdifferentiation studies. 
However, one study reported tube formation ability and 
lack of CD31 and CD34 expression, and concluded that 
cells were undergoing VM, when the TFA was performed 
using GSCs isolated from patient tumours grown in 
EGM [16]. These aspects of the TFA method were com-
mon to transdifferentiation studies, in which presence of 
endothelial cell markers was frequently reported. Specific 
details of the TFA such as seeding density and time taken 
for tube formation to occur may differ for glioblastoma 
cells from what is recommended for endothelial cells, so 
determining optimal TFA conditions for the cells being 
used will be important in more fully characterising blood 
vessel formation ability of glioblastoma cells and provid-
ing insight into the conditions under which it occurs.

This systematic review provides an overview of the cel-
lular and tissue characteristics that have so far been used 
to identify tumour blood vessels consisting of either VM 
or endothelial cells arising from tumour cell transdif-
ferentiation in human glioblastoma. Assessing studies 
that use multiple methods allowed for variation in defi-
nitions and descriptions of tumour-derived vasculature 
in glioblastoma to be more fully explored. However, the 
inclusion of a wide range of study designs presents some 
limitations. For example, it precluded the use of a single 

quality assessment or risk of bias tool, and included study 
designs such as in vitro preclinical research, for which 
there are no standardised risk of bias tools. Quality of 
reporting within the included studies was therefore not 
fully determined. While direct comparisons between 
studies was also a challenge, sources of discrepancy have 
been noted for the most frequently used in vitro tech-
nique, the TFA. A more in-depth analysis of this subset 
of studies in the future would allow for the consistent 
design of reproducible experiments able to confirm the 
presence (or absence) of the markers reported here as 
being involved in the processes of VM and tumour to 
endothelial transdifferentiation.

Conclusion
The results of this review suggest that expression of 
endothelial markers CD31 and/or CD34 distinguishes 
tumour to endothelial transdifferentiation from VM in 
glioblastoma. However, additional markers are required 
to confirm the tumour origin of potential glioblastoma-
derived endothelial cells, and identification of tumour-
specific markers for this purpose has not been consistent. 
Further research is also required to confirm the reliability 
of markers distinguishing VM from tumour to endothe-
lial transdifferentiation in comparable studies.
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