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Abstract

Cancer vasculogenic mimicry (VM) is the formation of vasculature structures in the absence of endothelial cells. We
previously established an in vitro model that facilitates the formation of a lumen-containing and fluid-conducting
tubular structures after 4 days of cancer cell growth on Matrigel. Herein, we mechanistically characterize this model
in breast and ovarian cancer cell lines demonstrating distinct phases of VM formation and the dependence of
specific extracellular matrix proteins. We report that VM occurs in four distinct stages. Firstly, alignment, migration
then clustering delineate the area of the future tubular structure. Secondly, contraction of aligned structures
followed by loss of attachment of some cells and cellular blebbing. Thirdly, a phase of mass proliferation followed
by the raising of specific areas of the cancer cell mass above the Matrigel (bridge). Finally, the formation of a cell
monolayer closes the tubular structure, forms a glycoprotein-rich luminal lining, then elevates the structure. Only
later stages of VM require AKT and FAK signaling, as confirmed by chemical inhibition and phosphorylation analysis.
We demonstrate that the lining of the tubular lumen is rich in laminin. Furthermore, the presence of Laminin 111
(but not collagen I) is sufficient in the extracellular matrix (Matrigel) for VM to occur and we confirm that integrin
31, but not integrin B3, is required and this protein changes location during the formation process. RNASeq
analysis suggests that VM formation principally occurs through post-transcriptional regulation. As VM is associated
with poor patient survival VM, an understanding of the mechanism of VM may bring to light novel biomarkers and
anticancer targets.
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Introduction

One of the hallmarks of cancer is the process of angio-
genesis, which is the formation of new blood vessels from
the existing circulation [1]. However, nature has derived
other methods to facilitate blood transport in the body.
In physiology, macrophages have been shown to rear-
range to form tubular structures that allow transport [2].
The growing trophoblast can form so-called spiral arter-
ies present at the maternal fetal interface [3, 4]. Inter-
estingly, before the evolution of endothelial cells, some
invertebrates and cephalochordates (e.g. Amphoxius)
possessed a circulatory system that was not lined by cells,
but by a glycoprotein rich layer [5].

In pathophysiology, namely cancer, another type of irri-
gation has been identified. Cancer Vasculogenic Mimicry
(VM) is the formation of vessel-like structures uniquely
from cancer cells [6]. Tubular structures inside the tumor
are speculated to connect to the blood supply to enhance
oxygen and nutrient supply, and potentially allow an
easier means for metastasis [7]. VM can be observed in
vivo in histological samples with a double stain with Peri-
odic Acid Schiff (PAS), a glycoprotein marker, together
with the absence of endothelial markers such as CD31 or
CD34 [8]. VM was first discovered in 1999 by Maniotis
in a uveal melanoma, and has since been observed in the
majority of known cancers, associating with extremely
poor patient survival [6]. To date there has been no evi-
dence that suggests that VM associates with cancer stage,
grade, tumor size or patient age [9, 10].

While consensus is present on the identification of VM
in vivo (although a better marker than the absence of
CD31 or CD34 is required), there is still controversy over
an in vitro model for VM. The vast majority of cancer
cells typically form a monolayer on cell-culture treated
plastic or glass but tend to form projections and inter-
cellular connections on a 3D matrix. Numerous publica-
tions have reported the interconnection of cancer cells on
an extracellular matrix (ECM, Matrigel or similar hydro-
gel matrix), however many publications do not show the
presence of a lumen or the ability to contain and com-
partmentalize fluid. Building upon the foundation of
other laboratories, our laboratory proposed a model of
VM in vitro that demonstrated the formation of a gly-
coprotein-rich lumen that was capable of fluid conduc-
tion [11-14]. Moreover, this tubular structure presented
diameters of 50 to 200 microns and included numerous
cancer cells [9]. In accordance with other authors, we
reported that the PI3K pathway was essential for com-
plete tubular formation and that classic anti-angiogenics
did not inhibit the process [9, 10, 14].

The ECM that forms the interstitial matrix and the
basement membrane is principally composed of colla-
gen, laminin and fibronectin, together with other glyco-
proteins, polyglycans and enzymes, which have different
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proportions, characteristics, and functions depending
on the tissue function and location in the body [15, 16].
It is unknown if ECM proteins are required to activate
the VM process or merely to provide the opportunity for
structures to form in 3D. Matrigel, the most widely used
substitute for the ECM in vitro, is also rich in these com-
ponents, however the principal laminin present is 111,
not laminins 411 and 511 which are main laminin iso-
forms found in endothelial and perivascular basement
membranes [17, 18]. Laminin in the ECM directly com-
municates to the cell using a plethora of transmembrane
proteins of which three major classes have been reported:
Bl and PB3 integrins, dystrophin glycoprotein complex
and Lutheran blood group glycoprotein [17].

ECM ligand recognition by integrins leads to a con-
formational change of integrin, with an extension of the
heterodimer that eventually transforms into a force-
transducer. This change of conformation allows the cyto-
plasmic tail to initiate the assembly of focal adhesion
proteins to structurally and functionally link ECM ligands
to the cytoskeleton and lead to downstream signal trans-
duction [19]. Among numerous signaling pathways, inte-
grins are known to activate the FAK/PI3K pathway [20].
Integrin-ECM binding leads to recruitment, autophos-
phorylation and activation of the Focal Adhesion Kinase
(FAK). This creates an available binding site for PI3K, its
phosphorylation and activation [20]. From this point,
PI3K can activate many signaling pathways, of which the
AKT pathway is reported to promote cellular prolifera-
tion and migration [21]. This pathway is described previ-
ously in VM formation and is independently associated
with a poor patient prognosis [21]. Proliferation and
migration in an ECM/Matrigel requires the remodeling
of the matrix, and in accordance metalloproteases are
influential in VM formation [7, 11].

Building upon the aforementioned studies, the objec-
tive of this article is to decipher the triggers required, the
role of the ECM, the signaling pathways involved, and
general mechanism of the formation of VM in repro-
ducible in vitro models of breast and ovarian cancer.
The nature and structure of the tubular structure is also
examined.

Materials and methodology

Reagents

Cell culture reagents including were used as previ-
ously described [9]. Growth factor reduced, phenol red-
free Matrigel (356231, here after called Matrigel) was
purchased from Corning (Bedford, MA). 3-D Culture
Matrix Rat Collagen I (3447-020-01) and 3-D Culture
Matrix Laminin I (3446-005-01) were purchased from
R&D Systems (Minneapolis, MN). siRNA against Integ-
rin B1 (sc-35674), primary antibodies Integrin f1 (P5D2,
sc-13590), Cortactin (H-5, sc-55579) and Integrin 3
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(2C9.G2, sc-46655) were purchased from Santa Cruz
Biotechnology (Dallas, TX). Primary antibody beta-
actin and pan-Laminin (ab-1, RB082A1) were purchased
from Invitrogen (Waltham, MA). Secondary antibodies
goat anti-mouse IgG HRP, goat anti-mouse IgG cross-
adsorbed Alexa Fluor 555 and goat anti-rabbit IgG cross
adsorbed Alexa Fluor 555 were purchased from Invitro-
gen (Waltham, MA). Secondary antibody goat anti-rabbit
IgG-HRP conjugate was purchased from Bio-Rad (Her-
cules, CA). Phalloidin Alexa Fluor 488 was purchased
from Invitrogen (Waltham, MA). LY-294,002 hydrochlo-
ride (iPI3K), PF-573,228 (iFAK) and AKT inhibitor IV
(iAKT) (all Merck Sigma-Aldridge, Germany) have been
previously demonstrated to have specific action in ovar-
ian cancer lines at concentrations used herein [22-24].

Cell lines & primary cultures

HEY-A8 and MDA-MB-231 were obtained from ATCC
(Manassas, VA) [25, 26]. GFP-HEY-A8 (GFP) cells were
generated as described [27, 28]. All cells were routinely
passaged in DMEM-F12 10% FBS and 1% penicillin/
streptomycin and continually assessed for mycoplasma.
Primary ovarian cancer cultures derived from ascites
were obtained as described [29-31].

Patient samples

Human ovarian cancer ascites samples were obtained
from the Hospital Pontifical Catholic University of Chile
with prior written informed consent. All experiments
were performed in accordance with the Declaration of
Helsinki and the research protocol was approved by the
Ethics Committee of the Pontifical Catholic University of
Chile, Protocol ID 210,622,007 and approval resolution
No. 012793 (19/4/22).

Inclusion criteria

Female subjects over 18 years of age within no ethnic
exclusion having confirmed stage III or IV ovarian cancer
from the RedUC-Christus hospital in Santiago, Chile.

SiRNA transfection

Transfected was performed using Lipofectamine 2000
(11668019, Invitrogen, Waltham, MA) using manufac-
turer’s protocol on 3 cm cell culture plates. Cells were
between 60 and 80% confluent at transfection. Cell cul-
ture medium was replaced with 2 mL of Opti-MEM I
reduced serum medium (31985062, Gibco Life Technolo-
gies, Waltham, MA) one hour prior to the transfection.
5 mL of Lipofectamine 2000 was diluted in 250 mL of
Opti-MEM I reduced serum medium and incubated for
5 min. In parallel, 100 pmol of siRNA was diluted in 250
mL of Opti-MEM medium. After 5 min the siRNA dilu-
tion with the Lipofectamine 2000 dilution was mixed 1:1
and incubated for 20 min at room temperature. 500 mL
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of the siRNA-lipid complex was added to the cells and
incubated for 6 h. Cells were maintained in DMEM-F12
10% FBS and 1% penicillin/streptomycin.

VM in vitro assay: three dimensional (3D) cultures
Experiments were performed as previously established
by our group [9]. In brief, 18 x 18 mm glass coverslips
(0101030, Marienfeld, Lauda-Konigshofen, Germany)
were ethanol-washed, air-dried and placed in pre-
chilled 6-well culture plates (140675, Thermo Scien-
tific, Waltham, MA). Each. Coverslip was coated with
250 pL cold Matrigel and incubated at 37 °C for 45-60
min to allow the Matrigel to Gel. Cells were trypsinized,
counted and resuspended in 200 pL of culture medium
(RPMI-1640, 15% FBS and 1% penicillin/streptomycin)
before seeding onto Gellified Matrigel-coated coverslips.
Cells were incubated at 37°C for 1 h to allow adhesion to
the matrix before supplementation with 3 mL of culture
medium. Culture medium was changed every 2 days.
Denatured Matrigel was created by heating Matrigel to
65C for 10 min, to denature any proteins present in the
matrix. Cells grow to a monolayer on this matrix but do
not form VM structures. For experiments with chemical
inhibitors the culture medium was changed daily.

RNA extraction and RNA sequencing

From VM assay, cells were extracted in TRIzol reagent
(15596018, Invitrogen, Waltham, MA). The cell solution
(700ul) was incubated for 5 min at room temperature and
150 mL of chloroform (102444, Merck, Darmstadt, Ger-
many) added before agitation for 15 s. A further incuba-
tion of 3 min occurred before centrifugation at 12,000 G
for 15 min at 4 °C. The aqueous phase was transferred to
a new microcentrifuge tube and 380 mL of isopropanol
(109634, Merck, Darmstadt, Germany) added before an
incubation of 10 min at room temperature. After centrif-
ugation at 12,000 G for 10 min at 4 °C the pellet was three
times with 700 mL of 75% ethanol (samples air dry for 5
min during washing). Samples were resuspended in 20
uL of DEPC water (AM9915G, Thermo Fisher) and incu-
bated for 10 min at 55 °C. The RNA samples were sent to
BGI Genomics in Hong Kong, to be sequenced. Samples
were sequenced using the DNBseq platform and the bio-
informatics were performed by BGI Genomics. The RNA
data is available on: https://www.ncbi.nlm.nih.gov/geo/q
uery/acc.cgi? acc=GSE263232.

Conventional PCR

RNA samples were converted into cDNA as reported
previously [32]. SMIM11A forward primer (5-GGACG
GTAGAAGTCGTGGTT-3), SMIM11A reverse primer
(5-GACCAACACCGTAGGCTTGA-3’), beta actin for-
ward primer (5 GCAAAGTCCTGTACGCCAAC-3),
beta actin reverse primer (5-ACATCTGCTGGAAGGT
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GG-3’) using the following protocol: 5 min at 95 °C; 45
sat 95 °C, 30 s at 55 °C, 60 s at 72 °C for 35 cycles; and 5
min at 72 °C.

MTS viability assay

The MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazo-
lium) assay was performed as previously described by our
laboratory [33]. Each point was performed in 5 experi-
mental replicates, in three biological experiments (n = 3).

Protein extraction and Western blot

Protein extraction and Western blotting were performed
as previously described [34, 35]. Protein quantification
was performed using the Pierce BCA Protein Assay Kit
(23225, Thermo Scientific, Waltham, MA). 30 pg of total
protein lysates were used for each sample. Blots were
developed using SuperSignal West Pico PLUS Chemilu-
minescent Substrate (34580, Thermo Scientific, Waltham,
MA).

Phosphoarray analysis

From VM assay, protein lysate was extracted as previ-
ously described [34, 35]. The protein was derived from
HEYAS8 cancer cells growing either on denatured Matri-
gel (not forming VM, methodology described above) or
growing on Matrigel (forming VM). Protein lysates (400
ug at a concentration of 2 pg/uL) were sent to Full Moon
BioSystems (CA, USA) to be analyzed by the Phospho
Explorer Antibody Array. The bioinformatic analysis of
the microarray was performed by Fullmoon Biosystems
(CA, USA) and is specified in more detail on their web-
site: https://www.fullmoonbio.com. Briefly, for each spot
on the array, median signal intensity is extracted from
array image. An average signal intensity of replicate spots
was generated from the mean value of median signal
intensity of replicate spots for each antibody. Normalized
data is achieved from the average signal intensity of rep-
licate spots divided by the median signal. Data is normal-
ized to the median value of average signal intensity for all
antibodies on the array. Finally, fold change between con-
trol (not forming VM) and treatment samples (protein
from cells forming VM) from normalized data are calcu-
lated as treatment sample divided by control sample. Fold
change values<0.5 and =2 were considered as significant
changes.

Immunofluorescence and confocal imaging

Culture medium was extracted from VM assays and 2 mL
of 4% PFA was added. Cells were washed with 1X PBS
twice for 3 min. NH,CI 50 mM was added to the cells for
10 min and washed with 1X PBS twice for 3 min. Perme-
abilization with 0.1% PBS-Triton for 5 min was followed
by washing with 1X PBS twice for 3 min. The samples
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were blocked with PBS-BSA 2% for 30 min and primary
antibodies were added at a dilution of 1:50 (integrin 1)
or 1:100 (cortactin) for 1 h at room temperature in a dark
wet chamber. Cells were washed 3 times with 1X PBS for
3 min and secondary antibodies added at a dilution of
1:1,000 with 1X phalloidin for 1 h at room temperature in
a dark wet chamber. Samples were washed with 1X PBS
3 times for 3 min and DAPI was added at a dilution of
1:75,000 for 30 s. Cells were washed with dH,O for 5 min
and then mounted onto a microscope slide with 10 pL of
Fluoromount G (17984-25, Electron Microscopy Science,
Hatfield, PA). Slides were air-dried overnight at room
temperature in the dark. HEY-A8 images were acquired
using a Nikon Ti-2 inverted confocal microscope (Nikon
Instruments Inc, Melville, NY) and an ISM 880 ZEISS
with Airyscan detection (Leica Microsystems, Wetzlar,
Germany), and analyzed using either the NIS-Elements
Viewer 5.21.00 or Zen 2.3 black, respectively. MDA-
MB-231 images were acquired using a Leica Zeiss LSM
780 confocal microscope (Leica Microsystems, Wetzlar,
Germany) and analyzed by software Zen 3.8 Lite. For
quantification of integrin P1 intensity on the plasmatic
membrane, specific masks were created and the fluores-
cent average intensity was calculated for each experimen-
tal unit. For quantification of cortactin to nuclei (DAPI)
ratio in the upper and lower layers of the tubular struc-
tures, pixel values were gathered for each image in the
z-stack between 0 and 10 pm from Matrigel or the upper
layer between 30 and 40 um.

Statistical analysis

Results are shown as mean+SEM from at least three
independent experiments. Either Student’s t-test or one-
way ANOVA were used followed by post hoc adjustment.
For fluorescence quantification the values were com-
pared between conditions (control vs. VM) with Welch’s
t test. For the comparison between formation times
of VM, ANOVA was used followed by post hoc adjust-
ment. Analysis was performed with GraphPad 9.4.1 (San
Diego, CA). P value of <0.05 was considered statistically
significant.

Results

Stages of VM formation

In our previous studies we reported that cancer cells are
capable of forming tubular structures on Matrigel after
4 days in culture [9]. Based on staining with PAS, we
reported that the lumen-containing vessel was lined with
a glycoprotein rich coating with the cancer cells on the
outside closing this structure. To provide a mechanistic
explanation of the process we examined in detail both the
timing and nature of the tubular formation and the con-
stituents of the glycoprotein-rich lining.
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Fig. 1 (See legend on next page.)
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Fig. 1 Time lapse photography and structure of VM formation in the HEY-A8 cancer cell line A HEY-A8 cells were seeded onto Matrigel and placed in a
temperature-controlled microenvironment for observation by time-lapse light microscopy. Timepoints of from 2 up to 60 h are shown. B 3D reconstruc-
tion of the tubular structure. Images were taken by immunofluorescence. F-actin (phalloidin) and the cell nucleus stained by DAPI (blue). In (1) there is
the highest part of the structure. In (2) is a cross-section of the middle of the tube the walls as a lumen can be observed. In (3) the base of the structure,
composed of a monolayer of cells. C Contraction and blebbing are present in the formation of VM. Time lapse MuviCyte Live Imaging System time-lapse
(Perkin Elmer) microscopy stills of VM formation in the HEY-A8 cancer cell line between during the course of VM formation (N= 3 timelapse, representative
images from one experiment). Segmented lines depict the original location at the 2-5 h time point before contraction. The lower right panel represents
is a magnification of the forming structure to show the presence of rounded cells and blebbing

In supplementary video 1 and in Fig. 1 we demonstrate
that tubular formation in vitro occurs in four distinct
steps which starts with individual cells aligning to form
linear aggregates that, upon cell proliferation, eventually
form a tubular structure that is elevated in the culture
plate by a monolayer than forms below. When observed
after 4 days (Fig. 1B), confocal microscopy shows the
presence of an elevated structure containing a hollow
lumen. From z-stack reconstruction we observe that
the base of the lumen-containing structure is consis-
tent with the cell monolayer, then moving further up we
observe only the walls of the structure, until finally cells
close the top of the tubular structure. Although we origi-
nally reported that this process requires 4 days, we now
report that in certain areas of the culture plate this pro-
cess can occur faster, sometimes in less than 60 h. This
can be clearly observed by comparing the formation time
between supplementary video 1 and 2, and thus for the
purposes of this characterization, we have stated a range
of times in which each step in the process could occur.
The first step (alignment and migration) occurs between
0 and 2 h after plating the cancer cells migrate to align
on Matrigel and form cellular connections. This process
is then accompanied by extensive cell migration (please
refer to supplementary video 1 and 2) where cancer cells
migrate along linear cell aggregates. Cellular prolifera-
tion occurs at this step. As mentioned previously, many
cancer cells (and non-cancerous cells) behave in a similar
way when seeded on Matrigel, however it is advancement
to the following steps that define VM.

The second step (contraction, blebbing, prolifera-
tion and bridge formation) is shown in Fig. 1C (and best
observed in supplementary video 2) and involves con-
traction of the mass of cells. This contraction occurs over
a few hours and reduces drastically the area of the plate
covered by cells. Once this contraction finishes, certain
cells appear to reorientate in the forming structure and
circularize. This minority of cells undergoes what appears
to be extensive blebbing (final panel in Fig. 1C and sup-
plementary video 2). The consequence for this poten-
tial blebbing is currently unknown, however these cells
either undergo apoptosis or proliferation then reincor-
porate into the tubular structure. Experiments are cur-
rently ongoing to understand the role of blebbing. This
second phase, which commences around 6 h and contin-
ues until approximately 32 h, is also a phase of massive

proliferation with formation of a multilayered aggregate
and the final location of the tubular structure is defined
(Figs. 1C and 8-15 h). Whether directly due to the con-
tractile process or not, bridges now appear where cells
detach from the Matrigel and move upwards as observed
in the 8- and 24-hour time points on Fig. 2. This bridge
structure is shown in greater detail in Supplementary Fig.
1. The third stage is tube closure, when cells at the edge of
the tubular structure spread to form a monolayer across
the plate. Confocal microscopy at each time point shows
that these cells close the tubular structure from below as
shown in panel B in Fig. 2. This can be seen by comparing
48 h with 96 h in Fig. 1 (and the formation of a monolayer
below the structures in supplementary video 1). Interest-
ingly, the formation of the monolayer cells can be seen
at 9 h on supplementary video 2 (this is exceptionally
fast, it usually takes at least 24 h longer). The final stage
(Stage 4, elevation, and luminal lining formation) occurs
when these tubular structures are elevated above the cell
monolayer and formation of a glycoprotein-rich luminal
lining can be seen. This can be observed in supplemen-
tary video 1, as the newly formed monolayer is now in
focus and the tubular structure that formed first is ele-
vated and out of focus. Interestingly, cortactin immuno-
reaction was repeatedly stronger in the cells in the upper
region of the structure, despite actin (phalloidin) and
nuclei (DAPI) in cancer cells were notably present below
(panel 96 h, Fig. 2. We quantified these levels in the upper
and lower regions of the tubular structure and found a
statistical difference when normalizing to abundance of
cell nuclei (please refer to supplementary Fig. 2). From 60
h, confocal microscopy of the tubular structure reveals
the presence of a glycoprotein-lined luminal structure.
Figure 2C presents a schematic representation of this
four-step process.

Laminin is present in the matrix of VM lumen

While we previously identified a glycoprotein-rich inner
lining of the completed tubular structure, we can now
demonstrate that a major luminal component is laminin.
Immunoreaction of a pan-laminin antibody was observed
in tubes formed from HEY-A8 and MDA-MB-231 cells
(Fig. 3A and D, respectively). Using an orthogonal view,
laminin is present principally within the interior of the
tube (Fig. 3B-E). Although laminin is uniformly distrib-
uted in the glycoprotein matrix on the luminal side of
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the tube, it is not the only protein. Using picrosirius red
staining, which is used to observe collagen I and collagen
111 fibers, it could be seen that collagens I or III were pres-
ent on the glycoprotein matrix, but they weren't present
along the entire lumen, just in some spots, compared to
laminin (data not shown).

Extracellular matrix is essential for VM

VM in vitro requires Matrigel, but whether this is due to
the physical requirement of a matrix for 3D growth or the
presence of proteins in the Matrigel to initiate the process
is unknown. To answer this question, we heated Matri-
gel to 65°C for 10 min, to denature any proteins present
in the matrix, yet maintain a matrix in which cells could
attach and grow onto. Denatured Matrigel allowed the
formation of a monolayer of cancer cells but not the for-
mation of VM structures (supplementary Fig. 4a).

We have been able to get reproducible results using
Matrigel purchased from three different companies
(Matrigel from Corning, Cultrex from R&D Biosy-
tems, GelNest Matrix from Wuxi Nest Biotechnology).
Furthermore, the assay is reproducible irrespective of
whether we use standard Matrigel or Matrigel depleted
in growth factors (both Corning). A protein-free 3D
hydrogel (purchased from TheWell Bioscience) did not
promote VM formation (not shown). To identify the
protein(s) we utilized Matrigel that was depleted in ECM
proteins except for either laminin 111 or collagen I. As
shown in Fig. 4, in both cell lines and in a primary cul-
ture of patient derived ovarian cancer cells, VM forma-
tion occurs in Matrigel that contains only laminin 111,
but not on a matrix that exclusively contains collagen I.
Furthermore, we observed that the coating of tissue cul-
ture grade plates with recombinant laminin 111 did not
facilitate the formation of VM (not shown). These results
altogether demonstrate that the process requires both a
3D matrix for growth and the presence of specific matrix
protein content.

Integrin B, and the PI3K signaling pathway are involved in
the formation of VM

Given that the laminin 111 in the ECM is reported to
signal from the matrix to the actin cytoskeletal via inte-
grins, treatment with pharmacological inhibitor TCI-15,
an inhibitor of integrins o, ayPs, asPy, agP;, and oy Ps,
blocked VM formation in both cell lines [36, 37]. Since
it is the conformational change of the P subunit, the
responsible for extension and activation of integrin het-
erodimer, we focused only on integrins 1 and 3 [38].
Using blocking antibodies against integrin 31 and integ-
rin 83, only the former inhibited VM formation (Fig. 5)
[39, 40]. We confirmed localization of integrin p1 at the
cell membrane during VM formation and throughout
the whole process in both cancer cell lines (Fig. 5C). In
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accordance with previous publicativons in the MDA-
MD-231 we confirm the specifically by siRNA knock-
down of integrin 31 which also resulted in the absence
of VM structures (Fig. 6). Figures 7 shows representa-
tive immunofluorescence images of integrin 1 (green),
F-actin/phalloidin (red), and nuclei stained with DAPI
(blue). An increase in integrin P1 signal is observed
during VM formation compared with cells grown as a
monolayer on denatured Matrigel (Fig. 7A and B). Quan-
titative analysis of three independent biological experi-
ments is presented in Fig. 7C demonstrating an increase
of integrin B1 during VM formation at 2 h. Integrin 1
immunofluorescence is shown at 2, 8, and 24 h, with a
reduction observed at 8 and 24 h (panel labbed Fig. 7D),
corresponding to the graph in Fig. 7E. During the first 24
h cells remain as a monolayer, whereas by 96 h they form
tubular structures. Orthogonal confocal views in Fig. 7F
demonstrate that integrin B1 expression localizes to the
upper monolayer, corresponding to the original cell layer
at earlier time points. Z-stack separation into bottom and
middle planes reveals the two walls of the tube and a hol-
low lumen, with integrin B1 expression detected at the
tube closure (apical/top region) (Fig. 7G).

Downstream of integrin outside-in signaling, the PI3K
pathway has been previously reported to be essential for
the completion of the process of VM, however the roles
of FAK and AKT have not yet been demonstrated in this
in vitro model [14]. Figure 8 shows that chemical inhibi-
tion of PI3K (LY-294,002 hydrochloride (iPI3K)) hindered
the VM process at early stage (before 8—12 h), however,
FAK (PF-573228) and AKT (AKT inhibitor IV) inhibi-
tion allowed the aligning and connecting of the cancer
cells within the first 12 h but did not allow progression
to the later stages of lumen formation (as shown at the 24
timepoint in Fig. 8). Pathway inhibitors do not cause tox-
icity in the HEY-A8 ovarian cancer cell line as measured
by the MTS and allow proliferate to a cell monolayer on
Matrigel (see supplementary Fig. 3). In accordance with
previous reports, we verified that VM formation requires
PI3K, FAK and AKT are essential only after the initial
stages (migration and connection) are complete. The
conclusion that these signaling pathways are not involved
at early-stage formation was confirmed by phosphoarray
analysis, described in detail in legend of Fig. 8.

De novo transcription is not a principal regulator of the VM
process

Taking advantage that VM can form on Matrigel, but
not on denatured Matrigel, we extracted mRNA at 2, 8,
24 and 48 h from cells grown on both substrates in four
independent VM experiments. The mRNA was ana-
lyzed through RNA sequencing (RNASeq) by the Beijing
Genomic Institute (BGI). The formation of VM at each
time point in each independent experiment is shown in
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Fig. 2 Confocal microscopy demonstrating the formation of VM over time A HEY-A8 cells were seeded onto Matrigel and fixed at different timepoints.
Immunofluorescence and analysis by confocal microscopy. 3D reconstruction of z-stacks shows first a raising (bridge structure) and the start of lumen
formation at 24 h and a closed tube at 48 h to 96 h. Cortactin (red), F-actin (phalloidin, green) and the cell nucleus stained by DAPI (blue). B Orthogonal
image (20X) of the tubular structure base at 48 h demonstrating cells migrating under the bridge structure to close the tube. C A schematic representa-
tion of this four-step process. Image created using Bio-Render. Representative images from a minimum of three experiments

supplementary Fig. 4B. Transcriptomics levels of cells
forming VM compared to cells forming a monolayer
show that depending on the time of tubular structure for-
mation there are only a few genes that are up- or down-
regulated with a statistical change despite the notable
change in biological phenotype. In supplementary Fig.
5 we are showing volcano plots the result of one of the
four replicates. When analyzing the results of the four
replicates combined, the number of regulated transcripts
decreases considerably. Specifically, at 2 h of VM forma-
tion there are only 9 Genes upregulated, at 8h there is
only 1 Gene downregulated, at 24h there is 1 Gene upreg-
ulated and 3 downregulated, and at 48 h there are 7 genes
downregulated. In accordance, when we examine the
heatmap figure in Fig. 9A comparing mRNAs in all the
samples, the distribution is by time point and not than
cells forming or not forming VM. Similarly, the Venn dia-
gram in Fig. 9B compares differentially expressed genes
(DEGs) between samples forming and not forming VM,
in a specific replicate. Figure 9C shows the transcripts
that changed at timepoints with in a specific replicate.
Although the number of changes in transcripts does not
necessarily relate to function, it was at the 2 h timepoint
that the greatest difference was observed in cells form-
ing or not forming VM. Gene Ontology analysis demon-
strated the potential biological processes and molecular
functions of the four replicates, at different timepoints of
VM formation (supplementary Fig. 6). The data discussed
in this publication have been deposited in NCBI's Gene
Expression Omnibus [41] and are accessible through
GEO Series accession number GSE263232 (https://ww
w.ncbi.nlm.nih.gov/geo/query/acc.cgi?  acc=GSE26323
2). However, albeit a low number, there were significant
changes in RNA expression present in several of the four
independent experiments (supplementary Table 1).

Discussion

VM has been a controversial area since the first report by
the Hendrix group in 1999 [6]. This controversy is fur-
ther hindered by the lack of standardization in an in vitro
model to allow the discovery of meaningful biomarkers
(that can be applied both in research and in the clinic)
and potential new anticancer targets for this phenom-
enon that is correlated to poor patient survival [7]. We
previously presented a model demonstrating that both
primary tissues and cancer cell lines can form lumen-
containing and fluid-conducting tubular structures
when grown in Matrigel [9]. These tubular structures

require several days in culture and the resultant PAS-
positive lumen is lined by glycoprotein of an unknown
nature. Herein, we demonstrate in a breast and ovarian
cancer cell line that this lumen is rich in laminin. While,
in our opinion, this confocal microscope gives the first
solid confirmation that the lumen is laminin lined, other
authors have speculated the presence of laminin in these
structures. Seftor and colleagues (2001) had previously
noticed that laminin-5y2 was increased in a VM micro-
array analysis [12]. Laminin networks have been sug-
gested to associate with PAS +structures in tumor cross
sections, and laminin-5y2 has been identified in certain
assays [10, 42—-45]. Herein, we have shown (Fig. 3) the
very first solid evidence of the presence of laminin inside
the tubes formed by breast and ovarian cancer cell lines
during VM. Our identification of laminin as a lumen lin-
ing further confirms that these VM structures are not
lined directly by cells, thus further proving the structural
difference between VM and endothelial-lined blood ves-
sels. Vascular structures of this nature have only been
identified in invertebrates and speculated in trophoblas-
tic cells forming the placenta [7].

Center to the controversy in this field is the use of the
intercellular connections after 24 h on Matrigel as an
indicator of in vitro VM. Our current publication puts
this dilemma into perspective, as we show that an ini-
tial aligning, migration, and intercellular interaction is
merely the first of four steps that are required to produce
a lumen. As we demonstrated previously, a high per-
centage of immortalized cells and primary cancer tissue
form connections in the first 24 h, however these struc-
tures often do not continue into lumen containing tubu-
lar structures that are capable of fluid conduction [7]. In
deciding whether quantitation of this assay is possible
using Image J, as published by authors, given our current
knowledge of VM, our conclusion is that it cannot be at
the present time. For this reason, we have characterized
the process of VM into four distinct phases. How do we
define VM in vitro? The answer our group propose is
the formation of tubular structures with the presence of
a lumen on an extracellular matrix substrate (e.g. Matri-
gel). As outlined in what we define as step 1, the simple
cellular connections at this stage may form VM or may
not, depending on the specific cancer cells under inves-
tigation. Do longer, thicker or more honeycomb patterns
form better future VM structures? Current knowledge
does not enable us to answer this question and thus we
cannot use this as a method to quantify. Even at further
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Fig. 3 The luminal lining of VM vessel is rich in lamininA Epifluorescence demonstrating the presence of pan-laminin immunoreaction below the cancer
cell layer in the HEY-A8 cancer cell line. Pan-laminin (red), cancer cells transfected with fluorescent protein (green) with the cell nuclei stained by DAPI
(blue). B and € Orthogonal view from a z-stack showing the walls of the tubular structure and pan-laminin immunoreaction in the lumen. Pan-laminin
(red) immunoreaction within the lumen wall. D Epifluorescence demonstrating the presence of pan-laminin immunoreaction below the cancer cell layer
in the MDA-MB-231 cancer cell line. Pan-laminin (red) and F-actin (phalloidin, green). E Still image taken from Z-stack reconstruction showing the walls
of the tubular structure and pan-laminin immunoreaction (red) and F-actin (phalloidin, green). Representative images from a minimum of three experi-

ments in each cell line

stages of VM, tubular structures vary in both width and
length. In accordance, a wide range of vessel diameters
have been observed by pathologists in tumor patient
cross sections. Until we understand this process better
and potentially follow VM progression through a specific
marker protein, herein we have proposed a four-step pro-
cess to help report at what stage VM reaches in the pres-
ence of an inhibitor or an environmental change. While
the role of FAK in VM has been speculated previously
[46], we can now report that FAK is not essential for the
first step of VM, ie. a network of interconnecting cells
is present in a cell line shown to form lumen containing
structures at later time points. However, FAK protein is

essential for at least the second stage of VM as formation
stopped before the 24-hour time point (probably between
8 and 12 h) having only presented intercellular connec-
tions. In contrast, the knockdown of integrin 31 inhibits
all stages of VM formation and thus is responsible in the
initiation of the structures. Interestingly, Kawahara and
colleagues had reported previously by intergrin p1 dele-
tion, then rescue experiments, that integrin 1 is respon-
sable for allowing the interceular connections present
when the MDA-MB-231 cells were grown on Matrigel
[47]. Our results confirm this observation in the breast
cancer cell line, and demonstrate that the formation of
tubular stuctures at 4 days in the both the MDA-MB-231
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Fig.4 Matrix of laminin 111 is sufficient to allow the process of VM HEY-A8 GFP (A), MDA-MB-231 (B) and primary cultured ovarian cancer cells (PC) were
grown on Matrigel or Gels composed in either laminin 111 or collagen | for 24 and 96 or 72 h. Cells seeded in either Matrigel or the Gel composed only by
laminin 111 form VM, while cells seeded in gel only composed by collagen | do not form VM. Scale bar =100 um. Representative images from a minimum

of three experiments in each cell line, and one patient sample

and HEY-AS8 cell line require the presence of integrin p1,
but not intergrin 3. Knowing that integrin p1 is essential
for formation from the first stage we examined the tem-
poral expression profile of this protein. integrin f1 had
higher expression in cells forming VM than cells forming
a monolayer on denatured Matrigel. Interenstingly, this
intitial expression fell at 8 and 24 h, potentially suggest-
ing that the integrin role is required for the initiatio of
the VM process. This hypothesis is supported by the our
observation that the absence of natured Matrix proteins

(an example being laminin 111) also results in a failure
to initiate this process. A further interesting observation
was that integrin 1 was more abundantly expressed in
the upper layer of the tubular structure at 96 h. This is
in keeping with our earlier results showing that the mon-
alyer of cells at 24 h is elevated (bridge struture) and this
form the top of the vasculogenic mimicry tube. Future
experiments may show a functional role for the local-
ization of this and other proteins in the functionality of
these tubes. In future publications, we encourage authors
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72 Hours

Fig.5 Integrin 31, but not integrin (3, is required for the formation of VM HEY-A8 GFP (A) or MDA-MB-231 (B) cells were incubated with a blocking anti-
body against integrin 31 or integrin 33 before seeding on Matrigel for 96 h. Photographs were taken at 24 and 96 h. Blocking of integrin 31 is enough to
stop the formation of VM. (C) Airy Scan microscopy demonstrating the presence of integrin 81 (red) and the cell nucleus stained by DAPI (blue) in both
celllines during VM formation at 2 and 72 h. Scale bar =100 pum. Panel A &B, representative images from a minimum of three experiments in each cell line.

Panel C representative images from two experiments

to demonstrate that any report on in vitro VM is accom-
panied by clear evidence of a lumen-containing structure
and not just intercellular connections at 24 h.

As mentioned above, the PI3K pathway is crucial for
completion of the VM process, however, the individ-
ual inhibition of FAK or AKT does allow the migration
and intercellular connections in step 1 of VM, but then
the process stops, and the later stages of lumen forma-
tion do not occur [9, 14, 48]. This demonstrates that the

VM process requires specific components of the PI3K
pathway at specific time points. Although only show-
ing (potentially) initial stages of VM, several papers have
shown an involvement of AKT during VM formation
and others have reported a decrease in FAK and AKT
when VM was inhibited [10, 49]. In agreement with our
chemical inhibition of FAK not inhibiting VM formation
before 12-24 h, no phosphorylation of Tyr407, Tyr576,
Tyr861, Tyr925 or Tyr397 (essential for FAK activity),



Mingo et al. Cell Communication and Signaling (2025) 23:422 Page 13 of 21

a)
2
3
-
o
Ly
O
@
g
=
w| e
T3
I
b)
7]
—
>
o
5 l=
C}l o~
1]
=
<
a|e
=13
2
o
(=]
c) HEY-AB GFP MDA-MB-231
Scrambled SiRNA Scrambled SiRNA
N=1 N=2 N=3 N=1 N=2 N=3 N=1 N=2 N=3 N=1 N=2 N=3
Integrin 31
150 «4-138kDa
Integrin B1 100 kDa =
150 kDa —»> 138 kDa
100kDa —» 50kDa —»
37kDa —»

Actin
150 kDa —»
e s 442 kDa 100 kDa el
S0kDa ——» kD8
37kDa —»

e
) Silencing of Integrin g1
§ 200 B Scrambled
2 * B silntegrin 1
S 1507
>
k]
2 1004
c
2
E 50
&
w3
'5\
® @
Q‘é ol
«

Fig.6 Integrin 31 is essential for the formation of VM HEY-A8 (A) or MDA-MB-231 (B) cells were transfected with siScrambled or siRNA against integrin 31
(silntegrin 31) before seeding on Matrigel for 96 h. Photographs were taken at 24 and 96 h. Cells that were transfected by silntegrin 1 do not form VM.
(C)-(E) Western blot demonstrates that levels of integrin 1 protein were reduced. * = p <0.05. Scale bar on panel A=100 um. Representative images from
a minimum of three experiments in each cell line
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Fig.7 Integrin 31 is highly expressed and localized on the plasmatic membrane during VM formationA and B Confocal microscopy showing that integrin
B1 is localized in the plasmatic membrane of HEY-A8 cells at 2 h of VM formation. (C) Quantification of integrin 31 intensity comparing cells grown on
denatured Matrigel (control) and cells grown onto Matrigel after 2 h (VM). D HEY-A8 cells were seeded onto Matrigel and fixed at different timepoints.
Confocal microscopy shows that integrin 31 is highly localized at 2 h of VM formation but not at 8 and 24 h. E Quantification of integrin B1 intensity
comparing different timepoints of VM formation. F 3D reconstruction of z-stacks showing that integrin 31 is localized at the top of the VM tube at 96 h.
G Confocal microscopy showing that integrin 31 is more present at the top of the VM tubular structure compared to the bottom and the middle of the
tube. For all images integrin 31 (red), F-actin (green) and the cell nucleus stained by DAPI (blue). Representative images from a minimum of three experi-

ments in each cell line. * = p<0.05

was observed a 2-8 h of VM formation. Interestingly
Ser910, an understudied phosphorylation thought be
involved in mediating various signal pathway interac-
tions was phosphorylated at these early time points,

although our results may suggest that this phosphory-
lation is not essential in early stage VM [50-54]. While
no change occurred in the essential FAK phosphoryla-
tion at Tyr397, at 24 h there was an increase in Tyr407,
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Fig. 8 (See legend on next page.)

Tyr576 and Tyr861 at 24 h and these remain to be tested
in future experiments to verify if these play an essential
role in VM formation and thus the reason why VM for-
mation stops in early stage with a FAK inhibitor. AKT is

activated by dual phosphorylation at Thr308 and Ser473,
reportedly due to an activation of PDK1 when being
phosphorylated at Ser241 [55, 56]. Even though there is
an increase in the phosphorylation of Thr308 at 8 and 24
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Fig. 8 The PI3K-FAK-AKT pathway is required for the formation of VM HEY-A8 A or MDA-MB-231 B cells were seeded on Matrigel for 96 hours. 1 hour
after seeding cells were treated with LY-294002 hydrochloride (20uM, iPI3K), PF-573228 (400nM, iFAK) or AKT inhibitor IV (625nM, iAKT). Treatments were
replenished after 48 hours. Photographs were taken at 24 and 96 hours. Inhibition of PI3K inhibits stages early on in VM formation in HEY-A8 cells, but in
MDA-MB-231 inhibition occurs after the first step of migration and aligning (aprox 8-12hours). The latter also occurs with the inhibitor of FAK or AKT in
both cell lines. Scale bar = 100um. Representative images from a minimum of three experiments.C HEY-A8 cells were seeded on Matrigel or denatured
Matrigel for 2, 8 and 24 hours. Protein lysate was extracted at 2, 4 and 24 hours and sent to Full Moon BioSystems to be analyzed by a Phospho Explorer
Antibody Array. From the data obtained a heatmap was generated showing changes in phosphorylation of selected proteins related to the PI3K-FAK-AKT
pathways.D Schematic PI3K-FAK-AKT pathways during the first 24 hours VM formation. The proteins not activated according to our phosphorylation array
are indicated by red circles, while green circles denote proteins that are phosphorylated at the specified sites (black numbers) and therefore considered
activated. Red numbers represent phosphorylation that reduce the enzymatic activating the protein. Notably, changes in full activating phosphoryla-
tions* of FAK (Thr397) and AKT (together Ser 308 and Ser 473) are not observed during the first 24 hours of VM formation. Activating phosphorylation of
Phosphatase and Tensin Homolog deleted on chromosome 10 (PTEN) at site 380 favors the formation of PIP3. Interestingly, other downstream compo-
nents of the PI3K pathway—such as mammalian target of rapamycin (mTOR), Forkhead Box O3a protein (FOXO3a), also have increased phosphorylation
on sites that reduce the activity of these proteins. There is downregulation of phosphorylation at Tyr223 on Bruton'’s tyrosine kinase (BTK) which is a
critical regulatory modification that enhances the enzyme's catalytic activity. A similar situation is seen with phosphorylation at tyrosine 216 (Tyr216) on
glycogen synthase kinase-3 beta (GSK-3(3). Conversely activating phosphorylation is observed on other phosphoinositide 3,4,5-trisphosphate (PIP3) as-
sociated proteins such as 3-phosphoinositide-dependent protein kinase-1 (PDK1) Ser241 and p70S6K1 Thr229 (albeit not at the same time point). These

observations add to the conclusion that AKT and FAK are not essential in the initial stages of VM. Created in BioRender.

h of VM formation, which correlates positively with an
increase phosphorylation of PDK1 in Ser241, there are
no changes in Ser473, possibly indicating that AKT is
not fully activated and again agreeing with our observa-
tion that chemical inhibition of AKT does not alter early
VM formation. Also in accordance is the phosphoryla-
tion at 8 and 24 h of PTEN at Ser380, Thr382 and Thr383
which leads to loss of phosphatase activity and tumor
suppressor function, and coincides with an increase in
phosphorylation of AKT at Thr308 [57]. Future phos-
pho-mutant experiments will ascertain if Thr308 at 8
and 24 h is essential for VM. In summary, at early time
points AKT and FAK are not fully activated, potentially
explaining why AKT and FAK chemical inhibition does
not affect VM formation before 12-24 h. The ability of
chemical inhibtion of PI3K to eliminate all VM may sug-
gest that formation of PIP, is required, potential activa-
tion of PDK1 at Ser241 and downstream targets such as
phosphorylation of p70S6K are required in VM forma-
tion. However, the PI3K subunits also feed into the RAC
and other pathways such as Ras, PKA and PLC. Experi-
ments are ongoing with further chemical inhibitors and
phospho-mutant proteins to answer these questions and
understand the complex signaling involved in the four
phases of VM formation.

Integrin PB1 is essential for VM and is present at the
cell membrane during the entire four-day process. This
further confirms results that show in non-endocrine
derived CDX30P cancer cells the requirement of integ-
rin B1 to form hollow tubules at 72 h [13]. Furthermore,
Liu and colleagues (2021) showed by fluorescent stain-
ing in MDA-MB-231 that integrin B1 localized to the cell
surface during what appears to be the initial stages of in
vitro VM [58]. These authors also observed alterations in
glycosylation of integrin 1. In support of integrin 1 as a
potential VM biomarker, immunohistochemistry staining
has suggested that integrin 1, together with nectin-4,

is associated with VM formation and distant metastasis
[59].

Although further experimentation is required to show
cause and effect, our results suggest that integrin f1 may
be initiating the process of VM by connecting to lam-
inin 111 in the ECM (Matrigel). Our depletion experi-
ments show that the presence of laminin 111 in hydrogel
(commercially available depleted Matrigel) is sufficient
to allow VM. A similar collagen I-containing depleted
Matrigel did not permit VM formation (although attach-
ment and proliferation occurred). This may have logic,
as in the basement membrane it is laminin, not colla-
gen, that is nearest to the cell and forms connections
through integrins. Although not shown, when we mixed
a non-protein containing hydrogel with recombinant
laminin 111, we did not see VM formation, suggest-
ing that laminin is required either in a specific confor-
mation (potentially cross-linked) or a yet unidentified
matrix component is required. Interestingly, laminin 111
is abundant in tumors and during embryogenesis, but is
not common in the adult body. While no solid evidence
is available, we speculate that the cancer cell may create
its own microenvironment (Matrigel is derived from a
sarcoma) rich in laminin 111 and this embryogenic sig-
nal may trigger signaling pathways destinated to tubular
structure formation. The a chains of laminin 111 binds
to integrins alPl, a3p1, a4fpl, a6p1, and in accordance,
our experiments demonstrate that it is integrin p1 not
integrin B3 that is essential [60]. The future knockdown
of individual integrin subunits may provide more precise
information on the mechanism of action. Although not
addressed herein, the authors are aware that denaturing
the Matrigel not only denatures proteins but may have
a mechanobiology effect of changing the stiffness of the
Matrigel. Future experiments will be needed to deter-
mine the role of stiffness in the presence and absence of
natured matrix proteins.
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Fig. 9 Multiomics analysis and validation by time and presence of VMHEY-A8 GFP cells were seeded on Matrigel or denatured Matrigel for 2, 8, 24 or 48
hours. RNA was extracted and sent to BGl Genomics in Hong Kong to be analyzed by RNASeq. A From the data obtained a heatmap was generated using
iDEP where it can be seen that the differences between up and downregulated genes is in the time when the samples were obtained rather than the
formation of VM [68]. B Venn diagram of the third replicate comparing the DEGs between cell forming or not forming VM. C Venn diagram showing the

genes that were present at each timepoint from the third replicate

Given the striking biological observation that tubular
structures are present on Matrigel but absent on dena-
tured Matrigel, it came as a surprise that our RNASeq
analysis revealed only 11 genes that were altered in a
majority of four separate biological replicates (N=4).
Interestingly, under similar conditions and number of
replicates, a microarray in gastric cancer (results not
shown) returned a similar number of significantly altered
genes (albeit different). This result suggests that the
process of VM is regulated principally at the post-tran-
scriptional level. In accordance, the alignment of can-
cer cells on Matrigel occurs within 15 min, and the first
cell interactions within the hour, which is potentially
too quick for the majority of transcriptional responses.
However, current dogma still implies that the formation
of tubular structures over a 4-day period requires tran-
scriptional regulation different to that of cell survival and

proliferation. We observe that the VM process always
occurs in four distinct stages and is complete within 4
days, however depending on the experiment, step 2 may
occur as early as 8 h and as late as 20 h. It is this interex-
perimental difference at 2, 8, 24 and 48 h that may cause
sufficient changes in RNA for statistical significance to
be lost when four biological replicates are considered.
Interestingly, work from the group of Lépez-Camarillo
in MDA-MB-231 reported that a miR-204 and miR-145
mimics resulted in the inhibition of the early stages of
VM formation [61, 62]. It is thus likely that transcrip-
tional changes are present and necessary for VM, how-
ever we should also focus on post-transcriptional and
post-translational signaling pathways. As expected, phos-
phoarray data shows that phosphorylation occurs during
VM formation.
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We are aware of the potential limitations that an in
vitro model possesses. The aim of our experimentation
is to identify a key protein (or modified protein) in VM
formation that will serve as a biomarker of VM and thus
replace the currently inadequate identification by the
absence of CD31. Once this marker has been identified,
the positive staining by immunohistochemistry in tumor
slides will validate that this in vitro model corresponds
to VM presence in tumors. In vivo the TME plays an
essential role in tumor development through interactions
between other cell types, such as fibroblasts, endothelial
and immune cells [63]. Even the composition of the ECM
that is found on the TME has a critical role in tumor
progression [64]. Our in vitro model utilizes Matrigel, a
commercially ECM extracted from Engelbreth-Holm-
Swarm mouse tumor, which composition is 60% laminin,
30% collagen IV, and 8% nidogen/entactin [65, 66]. We
demonstrate that Laminin 111 alone permits the forma-
tion of VM, however, this does not rule out that other
matrix proteins can also have a similar effect. Further-
more, this model does not consider the role and contri-
bution of other cell types present within the TME, such
as fibroblast, inflammatory and immune cells, blood ves-
sels and even the microbiome. Standard deficiencies of
an in vivo model aside, herein we believe that we demon-
strate the most comprehensive in vitro model to date of
the formation of lumen-containing and fluid-conducting
tubular structures comprised exclusively of cancer cells.
We hope that this model, and the supplied RNASeq data,
will help identify biomarkers of VM containing tumors
and identify druggable targets to offer a better quality of
life to patients with these aggressive tumors.

Conclusions

The contribution of our results to the vasculogenic mim-
icry community has been to define that the VM process
occurs in four distinct stages: (1) alignment, migration
then clustering delineate the area of the future tubular
structure. (2) contraction of aligned multilayer struc-
tures followed by reorientation of some cells and cellular
blebbing. (3) mass proliferation followed by the raising
of specific areas of the cancer cell mass above the Matri-
gel (bridge). (4) the formation of a cell monolayer at the
Matrigel surface that closes the tubular structure, forms
a laminin-rich luminal lining, then further elevates the
structure. We anticipate that these steps will be further
subdivided in the future. Many other factors may be
involved in the formation of VM that are not included
in this model. Interestingly a recent paper speculated on
the role of the immune system in this process [67]. While
presenting solid arguments as to why this assay cannot be
justifiably quantified using image] software, we do pres-
ent a manner that will allow the discussion of quantifica-
tion. We demonstrate that the four stages utilize different
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signaling pathways, with matrix proteins and Integrin 31
being essential from the initiation of VM, while inhibi-
tory PI3BK/AKT/FAK chemicals showing varying degrees
of antagonism at later stages.

After much speculation in the literature regarding the
role of the ECM, herein we conclusively demonstrate that
the matrix not merely provides a 3D environment but
also contributes specific proteins (we show that laminin
111 is one such protein) that are required to initiate this
process. Furthermore, after numerous reports suggesting
the involvement of integrin f1 and the structural pres-
ence of laminin, we demonstrated by siRNA the essen-
tial nature of this integrin, and that laminin is lining the
lumen of the tubular structure. Our RNASeq analysis
raised more questions than it answered, however, we now
conclude that the regulation pathway of VM is predomi-
nantly post-transcriptional/translation. Current studies
are ongoing to perform a comprehensive phospho-array
analysis. Preliminary results from this analysis show
that full activation of the AKT and FAK signaling path-
ways are not essential for early stage VM formation. We
have observed that differences exist in the process of
VM formation between our two reported cell lines (and
further cancer cell lines and primary cultures studies
within our laboratory), that suggests there may be either
redundancy within protein families mediating VM and/
or there is more than one route to obtain tubular struc-
tures. This highlights the current difficulty in finding a
highly specific biomarker of VM for clinical use. Hope-
fully, our characterization of an in vitro VM model and
the presentation of new pathways and proteins will help
identify both a future marker of VM and potentially
druggable targets to treat the VM-containing subtype
of cancer tumors, which notably correlates with poor
patient prognosis.
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