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Abstract. Transforming growth factor β (TGFβ) serves a key 
physiological role in regulating the mobilization of mesen‑
chymal stem/stromal cells (MSCs) to peripheral blood and 
injured tissues during ischemic and inflammatory processes. 
However, it has been suggested that in pathological settings 
circulating MSCs in peripheral blood contribute to tumor 
angiogenesis in response to immunosuppressive cytokines, 
such as TGFβ. The fact that MSCs are unable to fully differ‑
entiate into an endothelial angiogenic phenotype suggests 
that alternative mechanisms, including vasculogenic mimicry 
(VM), may be involved. The present study aimed to assess 
the impact of TGFβ signaling on the in vitro formation of 3D 
capillary‑like structures that recapitulate VM, and to elucidate 
the underlying signal transduction and molecular mechanisms 
involved in the vasculogenic function of MSCs. In vitro VM of 
MSCs was induced on a Cultrex matrix and gene expression was 
measured by reverse transcription‑quantitative PCR. Protein 
expression in total lysates or in cytosolic/nuclear fractions was 
measured by western blotting. Transient gene suppression was 
performed using small interfering RNA. Cell chemotaxis was 
assessed using the xCELLigence system. Notably, treatment 
of MSCs with TGFβ induced the expression of Snail, a key 

transcription factor regulating epithelial‑to‑mesenchymal 
transition, as well as its translocation into the nucleus along‑
side phosphorylated Smad2/3. Similarly, the formation of 
3D structures resulted in the upregulation of Snail, FOXC2 
and TGFβ expression. Treatment with Galunisertib, a TGFβ 
receptor (TGFβR) kinase inhibitor, prevented the formation 
of 3D structures, demonstrating that TGFβR signaling is 
required for the vasculogenic activity of MSCs. Furthermore, 
transient silencing of Smad2/3 impaired TGFβ‑mediated cell 
chemotaxis, which is critical for in vitro VM, reinforcing the 
previous evidence of the importance of TGFβR activity in 
this process. Taken together, the present study highlighted a 
new in vitro alternative mechanism involving VM that allows 
MSCs to adopt a vasculogenic phenotype. The involvement of 
TGFβ‑mediated autocrine signaling in VM could represent 
a new target to modulate the angiogenic activity of MSCs in 
future anticancer strategies.

Introduction

Transforming growth factor β (TGFβ), a well‑known 
angiogenic and immunosuppressive cytokine, significantly 
affects mesenchymal stromal cells (MSCs) through different 
processes. Among those, inhibition of their terminal differ‑
entiation into osteoblasts (1), and regulation of chondrogenic 
differentiation (2), both of which requiring TGFβ signaling. In 
pathological conditions, TGFβ signaling in MSCs contributes 
to the development of myelofibrosis, a condition characterized 
by increased collagen deposition in the bone marrow (3,4). On 
the other hand, overexpressing TGFβ in MSCs has been shown 
to enhance their therapeutic effects, particularly in reducing 
organ injury and inflammation during septic conditions (5). 
Collectively, these effects highlight the complex multifaceted 
role of TGFβ in regulating MSCs functions.

Efforts to enhance MSCs' therapeutic potential have 
increasingly focused on their response to TGFβ. For instance, 
overexpressing TGFβ1 in MSCs was found to attenuate organ 
dysfunction in septic mice, by reducing macrophage‑driven 
inflammation, and also by promoting the mobilization of 
MSCs for tissue repair (5,6). Additionally, strategies exploiting 
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specific inhibitors of TGFβ signaling, along with genetic engi‑
neering techniques have also been employed to overexpress 
or knock down TGFβ receptors (TGFβR) or downstream 
signaling molecules in MSCs (7). Hypoxic preconditioning, 
a condition that mimics the low oxygen tension present in 
ischemic tissues or that found within solid tumors (8,9), has 
been shown to upregulate TGFβ and other immunosuppressive 
factors, thereby improving MSCs' ability to modulate immune 
responses  (4). These strategies help harness the beneficial 
effects of TGFβ while minimizing potential adverse effects, 
thereby improving the efficacy of MSC‑based therapies.

MSCs play a complex role in tumor angiogenesis, acting 
as both promoters and inhibitors of tumor growth [10]. This 
dual role makes them a double‑edged sword in cancer therapy, 
as their ability to home to tumor sites and modulate the tumor 
microenvironment (TME) is being explored for therapeutic 
purposes, including targeted drug delivery and modulation 
of the immune response (10,11). Recently, MSCs have been 
suggested to be involved in vasculogenic mimicry (VM), a 
process where cells form vascular‑like structures without 
the involvement of endothelial cells, contributing in patho‑
logical settings to tumor blood supply and metastasis (12). 
Interestingly, MSCs' ability to migrate and invade tissues 
is closely linked to epithelial‑to‑mesenchymal transition 
(EMT), a process closely linked to VM, as it enables cells 
to acquire properties necessary for forming these vessel‑like 
structures (13). MSCs share characteristics with cancer stem 
cells (CSCs), which are known to play a crucial role in VM. 
CSCs can differentiate into various cell types, including those 
that contribute to VM (14). Moreover, MSCs interact with the 
TME, promoting conditions that support VM through their 
paracrine activity, including TGFβ secretion, and that enhance 
local angiogenesis and VM that support tumor growth and 
metastasis (15,16). Understanding the role of MSCs in VM 
could facilitate the development of targeted therapies aimed 
at inhibiting this process, thereby potentially reduce tumor 
progression and metastasis.

As cancer cells often adapt and develop resistance to 
TGFβ's tumor‑suppressive effects and start secreting TGFβ 
themselves, the autocrine effects of such secretion role in 
MSCs' ability to promote tumor growth, invasion, metastasis, 
and immune evasion remains unknown (17). For instance, in 
colorectal cancer, TGFβ secretion by tumor cells contributes 
to the TME, facilitating immune suppression and neovascu‑
larization (18). Similarly, in breast cancer, TGFβ secreted by 
tumor cells and stromal cells within the TME supports tumor 
maintenance and progression (19).

Tumors have therefore a remarkable ability to regulate their 
environment and influence body homeostasis through several 
mechanisms including metabolic reprogramming to support 
their rapid growth and survival. This involves altering their 
energy production pathways, such as increasing glycolysis 
not only to support the energy demands of tumor cells but to 
also create an acidic and hypoxic tumor microenvironment 
TME (20), which can suppress the immune response  (21). 
In addition, interaction with stromal cells within the TME 
can further promote tumor growth and new blood vessel 
formation  (21). Finally, tumors can hijack normal homeo‑
static processes in the body as they can alter cytokine and 
chemokine secretion, leading to systemic inflammation and 

immune dysregulation (22,23). These mechanisms highlight 
the complex interplay between tumors and their environment, 
demonstrating how MSC recruitment can support their growth 
and evade the body's defense mechanisms. In this study, we 
aim to investigate the potential impact of TGFβ and particu‑
larly, the interrelation between TGFβ and Smad2/3‑dependant 
signaling on the in  vitro formation of 3D capillary‑like 
structures.

Materials and methods

Reagents. Micro bicinchoninic acid (BCA) protein assay 
reagents were from Pierce (Micro BCA™ Protein Assay Kit; 
Thermo Fisher Scientific, Inc.). The polyclonal antibodies 
against Snail (3879S), FOXC2 (12974S), and Fibronectin 
(30903S), as well as the monoclonal antibody against 
GAPDH (D4C6R) were all from Cell Signaling Technology. 
HRP‑conjugated donkey anti‑rabbit and anti‑mouse immu‑
noglobulin (Ig) G secondary antibodies were from Jackson 
ImmunoResearch Laboratories. All other reagents were from 
Sigma‑Aldrich; Merck KGaA.

Cell culture and capillary‑like structure formation assay. 
Human bone marrow‑derived mesenchymal stromal/stem cells 
(MSCs, PCS‑500‑012) were purchased from the American 
Type Culture Collection. Cell culture media was from Life 
Technologies Corp. Cells were plated in high glucose aMEM 
supplemented with 10% FBS and 50 units/ml penicillin/strep‑
tomycin and cultured in a humidified incubator at 37˚C with 
5% CO2. MSCs were kept subconfluent and expanded for not 
more than 10 passages by a 1:2 split on a weekly basis. VM was 
assessed in vitro using Cultrex (3432‑010‑01, R&D Systems) 
to monitor 3D capillary‑like structures formation  (24). In 
brief, each well of a 96‑well plate was pre‑coated with 50 µl of 
Cultrex. MSCs suspension in culture media (104 cells/100 µl) 
was then seeded on top of polymerized Cultrex and incubated 
at 37˚C in a CO2 incubator for different time points of vascular 
network formations. Phase contrast pictures were taken over 
time using a digital camera coupled to an inverted microscope. 
For each loop and tube measurement, the pixels that belong to 
its edge are considered its border or perimeter. The number 
of loops and tubes, as well as tube branching formed by the 
cells were quantified using the Wimasis analysis software 
(https://www.wimasis.com; Cordoba, Spain) or the ImageJ 
software (https://imagej.net) (25).

Total RNA isolation, cDNA synthesis, and reverse 
transcription‑quantitative PCR (RT‑qPCR). Total RNA 
was extracted from cell monolayers using 1 ml of TRIzol 
reagent for a maximum of 3x106 cells as recommended by the 
manufacturer (Life Technologies). For cDNA synthesis, 2 µg 
of total RNA was reverse‑transcribed using a high‑capacity 
cDNA reverse transcription kit (Applied Biosystems). The 
cDNA was stored at ‑20˚C prior to PCR. Gene expression was 
quantified qPCR using iQ SYBR‑Green Supermix (Bio‑Rad 
Laboratories). DNA amplification was carried out using an 
Icycler iQ5 (Bio‑Rad Laboratories) and product detection 
was performed by measuring the binding of the fluorescent 
dye SYBR‑Green I to double‑stranded DNA. The following 
primer sets were from Qiagen: FOXC2 (Hs_FOXC2_1_SG, 



ONCOLOGY LETTERS  30:  405,  2025 3

QT00220871), SNAI1 (Hs_SNAI1_SG, QT00010010), 
Fibronectin (Hs_FN1_1_SG, QT00038024), TGFβ (Hs_
TGFB1_1_SG, QT00000728), GAPDH (Hs_GAPDH_1_SG, 
QT00079247) and Peptidylprolyl Isomerase A (PPIA) 
(Hs_PPIA_4_SG, QT01866137). The relative quantities of 
target gene mRNA were normalized against internal house‑
keeping genes PPIA and GAPDH. The RNA was measured 
by following a ∆CT method employing an amplification plot 
(fluorescence signal vs. cycle number). The difference (∆CT) 
between the mean values in the triplicate samples of the target 
gene and the housekeeping genes was calculated with the CFX 
manager Software version 2.1 (Bio‑Rad Laboratories) and the 
relative quantified value (RQV) was expressed as 2‑ΔΔCq (26). 
Single amplicons and appropriate melting curves were indica‑
tive of specific qPCR conditions and efficacy (not shown).

Transfection method and RNA interference. For gene 
silencing experiments, MSCs were transiently transfected 
with siRNA sequences using Lipofectamine‑2000 transfec‑
tion reagent (Thermo Fisher Scientific, Inc.). Gene silencing 
was performed over 24 h using 20 nM siRNA against TGFβ 
(Hs_TGFB1_2 FlexiTube siRNA Geneglobe ID: SI00013601), 
Smad2 (Hs_SMAD2_1 FlexiTube siRNA GeneGlobe ID: 
SI00082460), Smad3 (Hs_SMAD3_1 FlexiTube siRNA 
GeneGlobe ID: SI00082481), or scrambled sequences (AllStar 
Negative Control siRNA, 1027281). The above small inter‑
fering RNA and mismatch siRNA were all synthesized by 
Qiagen and annealed to form duplexes. Gene silencing efficacy 
was assessed by RT‑qPCR as described above.

Nuclear extraction. Nuclear extraction was performed as 
described by us previously  (27). Briefly, cell monolayers 
were first lysed with a cytoplasmic buffer and then with 
a nuclear buffer according to the manufacturer's instruc‑
tions (Invent Biotechnologies, SC‑003). In the case of the 
cells cultured on Cultrex, they were first detached from the 
matrix using a non‑enzymatic Cultrex organoid harvesting 
and dissociation solution (3700‑100‑01) from R&D Systems. 
Nucleus enrichment was assessed upon Fibrillarin protein 
expression, whereas protein GAPDH protein expression was 
used to assess cytosolic purity/contamination of the nuclear 
fraction.

Western blot. Electrophoresis reagents origin, total cell 
lysis procedure, SDS‑polyacrylamide gel electrophoresis, 
electro transfer to low‑fluorescence polyvinylidene difluo‑
ride membranes, and immunodetection were conducted as 
described in detail previously (28). Immunoreactive material 
was visualized by enhanced chemiluminescence.

Chemotactic cell migration assay. Cell migration assays 
were carried out using the Real‑Time Cell Analyzer (RTCA) 
Dual‑Plate (DP) Instrument of the xCELLigence system 
(Roche Diagnostics). Adherent MSC monolayers were tryp‑
sinized and seeded (30,000 cells/well) onto CIM‑Plates 16 
(Roche Diagnostics). These migration plates are similar to 
conventional transwells (8 µm pore size) but have gold elec‑
trode arrays on their bottom side of the membrane to provide 
real‑time data acquisition of cell migration. Prior to cell 
seeding, the underside of the wells from the upper chamber 

were coated with 25 µl of 0.15% gelatin in PBS and incubated 
for 1 h at 37˚C. Cell migration was continuously monitored for 
up to 6 h using serum‑free media, in the presence or absence 
of 30 ng/ml TGFβ. In all cases, the impedance values were 
measured by the RTCA DP Instrument software and were 
expressed as Normalized Cell Migration Index. Each experi‑
ment was performed two times in triplicates.

Statistical data analysis. All statistical analyses were 
conducted using the GraphPad Prism 7 software (Dotmatics). 
Data and error bars are presented as the mean ± standard error 
of the mean from three or more independent experiments, 
unless otherwise specified. Hypothesis testing was performed 
using the Kruskal‑Wallis test followed by a Dunn Tukey's 
post‑test (>2 groups). P<0.05 was considered to indicate a 
statistically significant difference.

Results

MSCs in vitro VM triggers the expression of EMT biomarkers 
and Smad2/3 phosphorylation. The ability of MSCs to form 
in vitro 3D capillary‑like structures mimicking VM was first 
assessed as described in the Methods section. Mature struc‑
tures were formed upon 6 h (Fig. 1A, middle panels) when 
compared to 2D monolayers (Fig.  1A, upper panels). VM 
parameters analysis, namely mean loop area and perimeter, 
were performed as described in the Methods section (Fig. 1A, 
lower panels) and reflected such in vitro maturation in time 
(Fig. 1B). Cell lysates were isolated from 2D and 3D cultures 
and immunoblotting performed in an attempt to characterize 
the acquisition of an epithelial‑to‑mesenchymal transition 
(EMT) molecular phenotype as well as TGFβ signaling 
(Fig. 1C). VM structures were found to significantly trigger the 
expression of EMT biomarker Snail and FOXC2 as reported 
elsewhere (24), whereas inductions in TGFβ and of the phos‑
phorylated states of Smad2/3, but not that of total Smad2/3 or 
β‑Actin, were also observed (Fig. 1D, black bars). Harmonized 
densitometric normalization was performed to β‑Actin for the 
expression of all those tested biomarkers that were found to be 
changed only. Altogether, these data suggest that a potential 
TGFβ signaling axis appears to correlate with EMT and be 
involved during VM in MSCs.

Transient silencing of TGFβ and pharmacological inhibition 
of TGFβR1 kinase activity alters in vitro VM. The contribu‑
tion of the TGFβ signaling axis involving the TGFβR was next 
assessed using Galunisertib, a pharmacological inhibitor well 
known to alter the kinase activity of TGFβR (29‑31). Moreover, 
the requirement of TGFβ, as induced upon VM (Fig.  1), 
was also addressed. Pre‑transient silencing of TGFβ was 
performed for 24 h, then cells seeded on top of Cultex for 6 h. 
VM structures were reduced when TGFβ was silenced (Fig. 2, 
middle panels). This suggests a potential requirement for an 
autocrine regulation process to take place in order to trigger 
VM. Similarly, when cells were treated with Galunisertib, VM 
formation was also inhibited (Fig. 2, lower panels). Altogether, 
these data confirm that a TGFβ signaling axis requiring the 
kinase activity of the TGFβR is a prerequisite to VM and 
further support the increase in downstream phosphorylation 
status of Smad2/3 observed (Fig. 1). Whether TGFβ could 
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further solely and specifically regulate any downstream 
transcriptional activity was next assessed.

TGFβ triggers activation of Smad2/3 and nuclear translo‑
cation of Snail. MSCs were treated or not with TGFβ and 
nuclear fractionation performed as described in the Methods 
section. Cell lysates were harvested along cytoplasmic and 
nuclear fractions and immunoblotting performed. The purity 
control of the cytosolic fraction and of the nuclear material 
was respectively attested when GAPDH and Fibrillarin were 
immunoblotted (Fig. 3A). While TGFβ effects in total cell 
lysates were confirmed (Fig. 3B, Lysate), Snail as well as 
the phosphorylated Smad2/3 proteins were found to signifi‑
cantly translocate to the Fibrillarin‑enriched nucleus fraction 
(Fig. 3B, Nucleus). Collectively, efficient nuclear translocation 
in response to TGFβ treatment prompts for the exploration of 
gene regulation processes. Total RNA was therefore extracted 
from treated cells and genes of interest assessed by RT‑qPCR. 
TGFβ indeed significantly increased Snail, Fibronectin, and 

TGFβ gene expression levels confirming increased tran‑
scriptional activity in treated MSC (Fig. 3C). Galunisertib 
pharmacological inhibition of the TGFβR activity prevented 
those TGFβ‑mediated inductions and confirms the necessity 
of an active signal transducing process (Fig. 3C).

VM triggers differential EMT and TGFβ biomarker gene 
expression and requires Smad2/3 signaling. Given the active 
transcriptional process induced in TGFβ‑treated cells, total 
RNA was extracted from cell monolayers and from cells 
forming VM on Cultrex. While increased gene expression of 
Snail, FOXC2, and TGFβ upon VM recapitulated that increase 
observed in response to TGFβ, gene expression of Fibronectin 
remained however unchanged (Fig.  4A). As FOXC2 and 
SNAIL have been previously reported to alter VM formation 
in MSC (24), transient gene silencing was performed to repress 
TGFβ, as well as Smad2/3 and cells subsequently seeded 
on top of Cultrex (Fig.  4B). Accordingly with the down‑
stream effect of Galunisertib on Smad2/3 phosphorylation, 

Figure 1. MSC in vitro VM triggers the expression of TGFβ and Smad2/3 phosphorylation. (A) MSC were seeded as 2D monolayers or ontop of Cultrex as 
described in the Methods section and phase contrast pictures taken for up to 6 h of 2D monolayers (upper panels) and 3D structures (middle panels). Wimasis 
analysis was performed to monitor structure maturation (lower panels). Scale bar, 1,000 µm. (B) Mean loop and perimeter analysis as computed upon Wimasis 
analysis. (C) Cell lysates were isolated from 2D and 3D cultures and immunoblotting performed to assess protein expression of the indicated biomarkers. (D) A 
representative densitometric analysis, out of two independent experiments, was performed of the protein expression from 2D (white boxes) and 3D cultures 
(black boxes). β‑actin expression was used as an internal loading control to normalize the expression of only those biomarkers for which the expression was 
changed. MSC, mesenchymal stem cells; VM, vasculogenic mimicry; TGF, transforming growth factor; P‑, phosphorylated. 
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silencing of Smad3 reduced all the VM parameters associ‑
ated with vascular structure formation, including tube length, 
branching points, total loops, and total tubes (Fig. 4C). This 
was strongly associated with significant reduction in total 
loops, and a tendency to reduction of all other parameters in 
Smad2‑silenced cells. Intriguingly, silencing of TGFβ also 
only altered total loops and tubes formation without affecting 
other VM parameters (Fig. 4C). Collectively, this evidence 
suggests that common signaling cues are triggered upon either 
TGFβ treatment or VM formation. Moreover, given the selec‑
tive regulation of EMT biomarkers expression, namely that of 
Fibronectin, complex interplay between these cues will require 
further investigation although evidence suggests that possible 
autocrine regulation by TGFβ may regulate VM.

Silencing of Smad2/3 in MSC inhibits their chemotactic 
response to TGFβ. Given some of the common acquisition of 
an EMT phenotype between TGFβ treatment and VM forma‑
tion, the involvement of the Smad2/3 signaling required for 
MSCs to migrate and form 3D capillary‑like structures was 
next assessed. Coupled to the increased TGFβ expression and 
a possible autocrine regulation, MSC chemotaxis in response 
to TGFβ was performed in siRNA transiently silenced cells 
for Smad2 and Smad3 as described in the Methods section and 
validated (Fig. 5A). Real‑time cell migration was monitored 
for up to 6 h and found to significantly increase in response 
to TGFβ (Fig.  5B, left panel, closed circles). When gene 
silencing was performed to suppress either Smad2 or Smad3, 
TGFβ chemotaxis was significantly reduced in both conditions 
(Fig. 5B, middle and right panels respectively). This evidence 
supports the hypothesis that an autocrine TGFβ‑mediated 
process could regulate in vitro VM formation. More impor‑
tantly, and along their role in VM formation described above, 

this represents strong evidence for the involvement of Smad2/3 
transducing events in response to such autocrine regulation.

Discussion

Several signaling pathways such as Wnt/β‑Catenin, Notch 
signaling, PI3K/Akt, MAPK/ERK, and Hedgehog path‑
ways regulate MSCs plasticity (32), impacting their ability 
to differentiate into various cell types and compromising 
their adaptive capacity within different environments 
including the TME. In the current study we focused on 
the TGFβ/SMAD pathway which is recognized to regulate 

Figure 2. Transient silencing of TGFβ and pharmacological inhibition of 
TGFβR1 alters in vitro VM. MSC were transiently transfected with a nonspe‑
cific siScrambled siRNA sequence or a specific siRNA directed against 
TGFβ (siTGFβ). MSC were then seeded ontop of Cultrex as described in 
the Methods section and phase contrast pictures taken for up to 6 h. The 
contribution of the TGFβ signaling axis involving the TGFβR was assessed 
using 10 µM Galunisertib, a pharmacological inhibitor well known to alter 
the kinase activity of TGFβR. Scale bar, 1,000 µm. MSC, mesenchymal 
stem cells; VM, vasculogenic mimicry; TGF, transforming growth factor; 
TGFβR1, transforming growth factor β receptor 1; si, small interfering.

Figure 3. TGFβ triggers nuclear translocation of Snail and of phosphory‑
lated Smad2/3. MSC were treated or not with 30 ng/ml TGFβ for 24 h. 
Next, total cell lysates or a cytosolic and nuclear fraction from a nuclear 
fractionation protocol were isolated as described in the Methods section. 
(A)  Immunoblotting was performed to assess protein expression of the 
indicated biomarkers. (B) A representative densitometric analysis, out of two 
independent experiments, was performed of the proteins expression from 
(A). (C) Total RNA was extracted and RT‑qPCR performed as described 
in the Methods section to assess the expression levels of the indicated 
genes in the absence (white boxes) or presence (black boxes) of 30 ng/ml 
TGFβ, and in combination or not of 10 µM Galunisertib. *P<0.05. n.a., not 
applicable. MSC, mesenchymal stem cells; TGF, transforming growth factor; 
P‑, phosphorylated.
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MSCs differentiation into 3D capillary‑like structures, a 
process also believed to maintain stemness (33). As TGFβ 
signaling through Smad2/3 is particularly important for 
inducing EMT (34), one can thereafter safely assume that 
these pathways collectively interact with each other, and with 
the extracellular matrix (ECM) proteins to regulate MSC 
plasticity and adaptability, facilitating their role in VM (35). 
Understanding these interconnected pathways can help to 
develop novel therapeutic strategies in tissue regeneration 
repair, or in anticancer therapies.

Cytokines' regulation that promotes MSC mobilization 
include Stromal Cell‑Derived Factor‑1 (SDF‑1), Granulocyte 
Colony‑Stimulating Factor (G‑CSF), Granulocyte‑Macrophage 
Colony‑Stimulating Factor (GM‑CSF), Substance P (SP), and 
incidentally, TGFβ (36). These cytokines interact through 
complex networks to regulate MSC motility and migra‑
tion (37). While MSCs can exhibit anti‑tumor effects, such 
as through modulation of the immune response within the 

TME (11), tumors create an inflammatory microenvironment 
that releases several of these cytokines and chemokines which 
enable MSCs recruitment to the tumor site  (38). Notably, 
vascular progenitors derived from murine bone marrow 
stromal cells were found to be avidly recruited by vascular‑
izing tumors  (39). Once recruited, MSC can interact with 
tumor cells through paracrine signaling, promoting angiogen‑
esis, tumor growth, and metastasis (40).

Additionally, MSCs are involved in VM a process 
where vessel‑like structures form without endothelial cells, 
providing a blood supply to the tumor. MSC can contribute 
to these pseudo‑vascular networks by differentiating into 
endothelial‑like cells (24). This involvement of MSCs in VM 
highlights their role in tumor progression and metastasis (41). 
While TGFβ signaling is known to promote tumor vasculature 
by strengthening the association between pericytes and endo‑
thelial cells (42), which is crucial for the formation of stable 
blood vessels, the role of TGFβ‑primed MSC was yet to be 
explored. Here, we demonstrate that TGFβ and TGFβ‑mediated 
signaling play a role in regulating in vitro VM.

TGF‑β also plays a crucial role in immunosuppression within 
the TME through several molecular mechanisms involving, in 
part, the Smad2 and Smad3 proteins (43). These mechanisms 

Figure 5. Silencing of Smad2/3 in MSC inhibits their chemotactic response 
to TGFβ. (A) Specific transient gene silencing was performed to repress 
either Smad2 (siSmad2) or Smad3 (siSmad3) as described in the Methods 
section and validated by RT‑qPCR. *P<0.05. (B) MSC chemotaxis was next 
performed using a real‑time cell migration assay with the xCELLigence 
instrument as described in the Methods section. MSC were transiently trans‑
fected for either Smad2 (siSmad2) Smad3 (siSmad3), or a random siRNA 
sequence (siScrambled), then cell migration was assessed in response to 
vehicle (Ctrl, open circles) or 30 ng/ml TGFβ (closed circles) for up to 6 h. 
Data represent triplicates from a representative experiment out of two. MSC, 
mesenchymal stem cells; TGF, transforming growth factor; RT‑qPCR, reverse 
transcription‑quantitative polymerase chain reaction; si, small interfering.

Figure 4. VM triggers differential EMT and TGFβ biomarker gene expression 
and requires Smad2/3 signaling. (A) Total RNA was extracted from MSC 
cultured as 2D monolayers (white bars) or from 3D structures on Cultrex 
(black bars). RT‑qPCR was performed as described in the Methods section 
to assess the gene expression levels of the indicated genes. (B) Transient 
gene silencing was performed for the indicated genes and MSC seeded 
ontop of Cultrex to monitor VM upon 6 h of formation. Representative phase 
contrast pictures are shown (upper panels), along with WIMASIS analysis 
(lower panels). Scale bar, 1,000 µm. (C) Representative VM parameters are 
shown from siScrambled (white bars) or MSC transfected with the indicated 
siRNA (black bars). *P<0.05. EMT, epithelial‑mesenchymal transition; MSC, 
mesenchymal stem cells; VM, vasculogenic mimicry; TGF, transforming 
growth factor; RT‑qPCR, reverse transcription‑quantitative polymerase 
chain reaction; si, small interfering. 
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collectively help TGFβ maintain immune homeostasis and 
prevent overactive immune responses that could lead to auto‑
immunity or chronic inflammation (44). Strategies, such as 
using antibodies to block TGFβ receptors have shown promise 
in reversing immunosuppression. These antibodies have been 
shown to modulate macrophage polarization and enhance 
immune cell infiltration, leading to significant anti‑tumor 
effects (45). Since VM is associated with immunosuppression 
in cancer, our study provides the first evidence of Smad2 and 
Smad3 involvement in MSC‑driven. These signaling intermedi‑
ates are part of the TGFβ signaling pathway and, through this 
nuclear translocation, appeared to be crucial in the in vitro 
formation of VM. Pharmacological evidence further highlights 
the importance of TGFβR kinase activity in VM. The nuclear 
translocation of phosphorylated Smad2/3 is necessary for 
transcriptional regulation, reinforcing their role in MSC‑driven 
VM (46). While we show that TGFβ potentially plays a signifi‑
cant role in regulating MSCs within the context of cancer, in 
part through the acquisition of mesenchymal properties which 
enhance their migratory capabilities and VM, more work will 
be required to better assess how increased TGFβ secreted by 

MSCs forming VM can shape the TME through the secretion 
of ECM components and cytokines that would support tumor 
growth and immune evasion. MSCs secretion of TGFβ and 
contribution to an immunosuppressive environment may also 
affect immune cells within the TME and help tumors evade 
immune detection. Whether MSCs can maintain the cancer 
stem cells crucial for tumor initiation, progression, and resis‑
tance to therapy will also require to be addressed. Altogether, 
these multifaceted roles of TGFβ definitely make it a critical 
target for therapeutic strategies aimed at disrupting its signaling 
pathways to inhibit cancer progression.

On the other hand, the contribution of MSCs to carcinogenic 
processes can be relatively well exploited in clinical settings 
by employing them as drug delivery vehicles (47). Thanks to 
their natural tumor‑homing abilities, MSCs can be engineered 
to deliver anticancer drugs like doxorubicin, paclitaxel, and 
cisplatin directly to tumor sites (11). This approach has the 
potential to enhance treatment efficacy while minimizing side 
effects. Moreover, MSCs can also be engineered to alter the 
TME so that to inhibit cancer progression by, modifying them 
to secrete anti‑tumor cytokines or to disrupt the supportive 
stroma around tumors (48). Accordingly, several clinical trials 
are underway to evaluate the safety and efficacy of MSC‑based 
therapies in cancer treatment (49). Although these strategies 
are still under investigation, they hold promise for advancing 
cancer treatment by targeting the complex and diverse roles 
MSCs play in tumor biology.

In conclusion, MSCs' key contributions and guiding 
significance for future research and clinical practice include 
their tumor homing ability, and capacity to modulate the 
immune response, which is crucial in the TME (50). Our 
study highlights in vitro an alternative mechanism involving 
VM and allowing MSCs to adopt a vascular‑like phenotype. 
The role of Smad2/3 signaling and TGFβ‑mediated autocrine 
regulation in MSCs mobilization and in vitro VM is summa‑
rized (Fig. 6). The involvement of TGFβ‑induced autocrine 
signaling in VM could be a target for future anticancer 
strategies targeting Smad2/3 signaling in MSCs. Unraveling 
the roles of Smad2/3 in VM highlights their potential as 
therapeutic targets in cancer treatment. Modulating this 
pathway could provide means to disrupt the VM process 
and inhibit tumor progression. Drugs that inhibit TGFβR 
activity can indirectly modulate Smad2/3 signaling. Several 
of these inhibitors are currently being investigated for their 
ability to disrupt TGFβ‑mediated cancer progression (51,52). 
While these experimental approaches are still in early stages 
of research, further studies are essential to evaluate their 
safety and effectiveness in cancer treatment. Despite their 
potential, MSCs face several challenges in clinical applica‑
tions. Among those, combining MSC‑based therapies with 
other treatments like chemotherapy, radiotherapy, and 
immunotherapy could eventually enhance overall treatment 
efficacy but may show limitations in clinical trials  (53). 
Importantly, in the current study, additional research is 
needed to explore their potential in specifically targeting 
MSCs mobilization processes.
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