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Endothelial-to-mesenchymal transition in
anticancer therapy and normal tissue damage

Kyu Jin Choi', Jae-Kyung Nam', Ji-Hee Kim', Seo-Hyun Choi* and Yoon-Jin Lee'

Abstract

Endothelial-to-mesenchymal transition (EndMT) involves the phenotypic conversion of endothelial-to-mesenchymal
cells, and was first discovered in association with embryonic heart development. EndMT can regulate various
processes, such as tissue fibrosis and cancer. Recent findings have shown that EndMT is related to resistance to cancer
therapy, such as chemotherapy, antiangiogenic therapy, and radiation therapy. Based on the known effects of EndMT
on the cardiac toxicity of anticancer therapy and tissue damage of radiation therapy, we propose that EndMT can be
targeted as a strategy for overcoming tumor resistance while reducing complications, such as tissue damage. In this
review, we discuss EndMT and its roles in damaging cardiac and lung tissues, as well as EndMT-related effects on
tumor vasculature and resistance in anticancer therapy. Modulating EndMT in radioresistant tumors and radiation-
induced tissue fibrosis can especially increase the efficacy of radiation therapy. In addition, we review the role of
hypoxia and reactive oxygen species as the main stimulating factors of tissue damage due to vascular damage and
EndMT. We consider drugs that may be clinically useful for regulating EndMT in various diseases. Finally, we argue the

importance of EndMT as a therapeutic target in anticancer therapy for reducing tissue damage.

Introduction

Endothelial-to-mesenchymal transition (EndMT) was
initially observed by electron microscopy in 1975 during a
detailed analysis of endocardium differentiation during
the formation of heart valves in vertebrate embryogen-
esis'. This process has also been observed in pathological
contexts, such as vascular calcification®, atherosclerosis®,
and cardiac and pulmonary fibrosis*. Endothelial cells
(ECs) display high plasticity, particularly under patholo-
gical conditions and in EndMT. During EndMT, endo-
thelial cells lose their characteristic markers, such as
CD31, VE cadherin, Tie2, and vWF, while gaining
increased expression of mesenchymal markers, such as
fibroblast-specific protein-1 (FSP1), alpha 2 smooth
muscle actin (a-SMA), and type I/IIl collagen.
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Transforming growth factor (TGF)-B1 may induce a
phenotypic transformation of proliferating endothelial
cells into fibroblast-like cells. TGF-B1, TGF-B2, and bone
morphogenetic proteins are also well-known to cause
EndMT™>°. Several groups have reported on signaling
systems and molecules that induce EndMT, including
Wnt/B-catenin’ and Notch signaling®, as well as hypoxia’
and oxidative stress'®, These signaling pathways are
related to transcription factors involved in mesenchymal
transition, such as Snail, Slug, ZEB1, and ZEB21412,
EndMT exhibits phenotypic changes similar to the
epithelial-mesenchymal transition (EMT), which is con-
sidered the main process driving phenotypic changes of
cells into mesenchymal cells. TGF-f also plays important
roles in the EMT process in the tumor microenvironment
during tumorigenesis and metastases, and in fibroblastic
changes of epithelial cells that occur during the develop-
ment of fibrotic diseases. EndMT has been further studied
in atherosclerosis and tumor angiogenesis'>'*. Recently,
increasing evidence has suggested that EndMT-related
processes are important contributors to the
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microenvironmental plasticity of cancerous tumors®.
EndMT leads to the production of cancer-associated
fibroblasts (CAFs)'®>, which affect tumor growth and
metastases. ECs can differentiate via EndMT into adipo-
cytes and mural cells, such as pericytes and smooth
muscle cells'®. It has also been reported that endothelial
progenitor cells differentiate into smooth muscle-like
progenitor cells via TGF-B1-driven EndMT"”. Moreover,
tumor EndMT induces the formation of both a CAF-
associated tumor microenvironment and aberrant tumor
vessels'®1°, Here, we review the role of EndMT in tissue
fibrosis and cancer. We focus on EndMT in lung and
cardiac tissue, which are often injured during anticancer
therapy. In addition, we discuss the therapeutic advan-
tages of targeting EndMT in anticancer therapy.

EndMT effects on tissue damage
EndMT in cardiac tissue damage

Cardiac fibrosis is a common feature in patients with
advanced heart failure. Anti-fibrotic therapy may be useful
for improving the function of a diseased heart, but the
development of therapies has been limited by the
incomplete understanding of the origin of fibroblasts in
the heart. Cardiac fibrosis occurs because of excessive
deposition of the extracellular matrix, which is mediated
by the reduction of microcirculation and destruction of
the normal myocardial structure. Cardiac fibrosis is
associated with the appearance of EndMT?’. TGF-f1
caused EndMT in TielCre;R26RstoplacZ mice (in which
the endothelial origin is marked by lacZ expression) and
ESP1-GFP mice (expressing green flourescent protein
(GFP) under the promoter activity of FSP1), whereas bone
morphogenetic protein-7 preserved the endothelial phe-
notype and inhibited cardiac fibrosis in mice with pres-
sure overload and chronic allograft rejection (Table 1)*°.
EndMT also occurs during the neohypertensive reaction
following grafting of veins into the arterial circulation in
both mice and humans. An intervening vein graft
was evaluated in different mouse models, including a
constitutive Endotrack™™® model and an Endotrack"***
and tamoxifen-induced Endotrack”™® transgenic mouse
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model. Staining for endothelial-specific markers revealed
that in neointimal (but not luminal) YFPY' cells, the
expression of endothelial-specific markers was lost after
grafting. In addition, the expression of the vascular
smooth muscle cell markers, SMA and smooth muscle
protein 22-alpha (SM22a), progressively increased in
YFP" cells (Table 1). Previous data revealed TGF-
f—Smad2/3-Slug signaling as a principal pathway reg-
ulating EndMT during vein graft remodeling™. A study
using ET-175Tie2-Cre transgenic mice with specific ET-1
inhibition showed that diabetes mellitus-induced cardiac
fibrosis was associated with the emergence of fibroblasts,
and that ET-1 further promoted cardiac fibrosis and heart
failure through the accumulation of fibroblasts via
EndMT (Table 1)*% It has been reported that hypoxic
conditions can induce EndMT in cardiac damage.
Hypoxia induced EndMT in human coronary endothelial
cells, an effect mediated by hypoxia-inducible factor
(HIF)-1a-induced activation of SNAIL, an EndMT
master-regulatory transcriptional factor®>.

EndMT in lung injury

Recently, EndMT was reported to play a role in pul-
monary fibrosis. Chronic hypoxia is an important con-
tributing factor to pulmonary hypertension. EndMT was
observed in the pulmonary arteries of rat models of pul-
monary hypertension. In pulmonary microvascular ECs,
hypoxia-induced HIF-1a activity modulates the transdif-
ferentiation of ECs via Twist>®. It has been reported that
vildagliptin (a dipeptidyl peptidase 4 [DPP-4] inhibitor
that serves as an antidiabetic drug) improves vascular
dysfunction. In a model of lipopolysaccharide-induced
septic lung injury, vildagliptin reduced pulmonary fibrosis
by attenuating EndMT (Table 1)*°. Recent data demon-
strated that the mesenchymal transition of pulmonary
capillary ECs served as the origin of fibroblasts found
during bleomycin-induced pulmonary fibrosis using the
Tie2-Cre/CAG-CAT-LacZ double-transgenic mouse sys-
tem, which enabled tracing of LacZ expression in Tie2-
positive ECs*. Cotreatment with TGF-B and activated
Ras caused a persistent EndMT phenotype, inducing

Table 1 The effects of miRNAs on EndMT.

miRNA Target Function Research model Refs.
miR-200b  TGF-B-dependent Smad2/Snail1  Inhibit EndMT Retina in diabetic animals 108
miR-18a-5p  Notch2 Attenuate EndMT Diabetic cardiomyopathy 1o
miR-126a-5p TGF-( signaling Increase EndMT Neonatal pulmonary hypertension 49
miR-302¢ Metadherin Inhibit EndMT Hepatocellular carcinoma >3
miR-199a-5p  Snail/miR-199a-5p axis Promote EndMT via the Irradiated human umbilical vein %

Snail/miR-199a-5p axis

endothelial cells
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a-SMA expression, which was not induced by TGF-§ or
activated Ras alone. The data showed that, via TGF-
signaling, Ras/MAPK regulated the completion of EndMT
in bleomycin-induced pulmonary fibrosis*’. Nintedanib is
a tyrosine kinase inhibitor that targets platelet-derived
growth factor (PDGF) and the fibroblast growth factor
receptor, and reduces vascular remodeling-related
neointimal lesions and the medial wall thickness of pul-
monary arteries. Moreover, Twist expression and related
EndMT were reduced by treatment with nintedanib®®,

Role of oxidative stress and hypoxia in EndMT

Reactive oxygen species (ROS) have been reported to
induce EndMT during oxidative stress'®*’. Oxidative
stress promotes TGF-P1 secretion, a key inducer of
EndMT?. Oxidants can directly activate latent TGF-$>'.
In addition, many oxidants can activate the nuclear factor-
kappa B (NF-kB) pathway”?, and subsequently induce the
production of inflammatory cytokines, which directly
stimulate EndMT>*3*,

Recent reports have shown that EndMT contributes to
fibroblast accumulation during heart and kidney fibrosis
and cancer®'®**, Although ROS, TGF-p, inflammatory
cytokines, and hypoxia are known to be involved in the
development of chronic fibrosis in the lungs, the precise
mechanism underlying the progression of initial radiation
injuries to chronic fibrosis remains unclear’®*’. It has also
been demonstrated that radiation-induced hypoxia can
trigger EndMT through HIF-la-mediated activation of
TGF-B1/Smad signaling in human pulmonary artery ECs.
Moreover, regulating EndMT has been suggested as an
effective strategy for stopping radiation-induced pul-
monary fibrosis at an early stage®. Cells derived from
EndMT were previously found during atherosclerotic
development in intimal plaques, and this process was
guided by TGEF-P signals, oxidative stress, and hypoxia
in vitro and in vivo in mice®”.

Salvianolic acid A (which has been widely used for the
clinical therapy of various diseases involving vascular
disturbance) upregulates CD31 and downregulates a-
SMA, and can attenuate EndMT, suppresses oxidative
stress, and alleviates pulmonary vascular remodeling. The
Nrf2/HO-1 signaling pathway may be involved in these
processes™’.

The inhibition of ROS production in ECs reduces oxi-
dative stress-induced EndMT. Brain and muscle ARNT-
like protein-1 (BMAL1), an essential clock transcription
activator, can prevent the accumulation of intracellular
ROS caused by lipoproteins, and subsequent EndMT in
human endothelial aortic cells*'~** in vitro. In addition,
BMALL deficiency aggravated intracellular ROS accu-
mulation and EndMT progression via bone morphoge-
netic protein-mediated signaling. These results provide a
mechanism to explain the central role of BMALI in
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atherosclerosis progression, and the phenotype switch of
plaque cells**. Low-intensity pulsed ultrasound protects
endothelial human aortic cells from oxidative stress-
induced EndMT, which has been associated with PI3K/
AKT signaling**. As previously reported, EndMT occurs
when oxidative stress and NF-kB activity are increased in
ECs by TGF-B1 and TGF-B2**°. Taken together, these
findings suggest that inflammation, hypoxia, and endo-
thelial oxidative stress exacerbate EndMT by inducing
canonical TGF-B signaling®. NADPH oxidases and ROS
play key roles in mediating fibrotic responses induced by
TGF-B via Smad2/Smad3 activation®. Oxidative stress
can induce EndMT conversion via TGF-p1- and TGF-p2-
dependent pathways and the intracellular ALK5/Smad3/
NF-«B pathway*>*.

Recent findings have also suggested that EndMT can be
regulated using nanoparticles or natural compounds.
Polyglucose sorbitol carboxymethyether-modified Fe,O3
(PSC-Fe,0O3) iron oxide nanoparticles decreased the
expression of the endothelial markers CD31 and VE
cadherin at an acutely noncytotoxic concentration, and
increased the expression of the mesenchymal marker
a-SMA. ESP, via its peroxidase-like activity, enhanced EC
migration and inhibited angiogenic function, which
clearly indicated the occurrence of EndMT in ECs™.
EndMT leads to vascular damage during angiotensin-II-
treated chronic inflammation, which can be prevented by
treatment with schisandrin B. Schisandrin B is a natural
product derived from Schisandra chinensis that can
inhibit the activation of NF-kB. Schisandrin B was also
found to suppress inflammation/ROS-mediated EndMT
by inhibiting NF-kB**. Hypoxia is the main factor pro-
moting the occurrence of EndMT. The relationship
between hypoxia and TGEF-p signaling is regulated by the
expression of microRNAs (miRNAs). miR-126a-5p, which
inhibits TGF-p signaling, was upregulated in hypoxia-
induced persistent pulmonary hypertension of newborns
as a cardiac syndrome (Table 2)*’. Chronic hypoxia
increased oxygen consumption and activated fibroblasts
in cardiac fibrosis, resulting in aberrant ventricular
remodeling®®. Under hypoxic conditions, the EndMT of
human cardiac microvascular ECs promoted tube for-
mation. Autophagy provides protective effects against the
EndMT of human cardiac microvascular ECs by degrad-
ing Snail under hypoxic conditions®". In addition, it has
been suggested that hypoxia induces EndMT in human
coronary ECs via Hifla-activated Snail, indicating that
endocardium-derived ECs undergo EndMT>’.

Effects of EndMT on cancer

EndMT is a specific mechanism resulting in CAF
accumulation; antiangiogenic tumor therapy may directly
decrease the abundance of activated fibroblasts that are
likely to promote cancer progression®”.
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Tumor EndMT and CAFs

ECs contribute to the abundance of CAFs through
EndMT in the tumor microenvironment®”. Using Tie2-
cre;R26Rosa-lox-Stop-lox-LacZ transgenic mice, it was
discovered that approximately 30% of fibroblastic cells
(FSP™ cells) and 12% of a-SMA™ cells in the B16F10
tumor stroma were derived from EndMT (Table 1)°2
Cancer cells can induce EndMT via TGF-f through
several mechanisms. In hepatocellular carcinoma, miR-
302c inhibits tumor growth through metadherin, a factor
that contributes to cell motility (Table 2)*°3, The levels of
miR-302c expressed by ECs isolated from tumor tissues
were significantly lower than the corresponding levels in
normal liver tissues®®. The levels of miR-302c in ECs
correlated negatively with the proliferation rate of the
hepatocellular carcinoma cell line HCCLM3>®,

Tumor-induced EndMT is mediated by factors secreted
from tumor cells, such as TGF-f2 and interleukin (IL)-1p.
Tumor-driven EndMT is accompanied by the activation
of proinflammatory pathways in ECs>*. The expression of
cyclooxygenase-2, intercellular adhesion molecule-1, and
vascular cell adhesion molecule-1 is increased, and NF-kB
is activated in EndMT-transformed ECs®. ECs showed
phenotypic changes consistent with EndMT when
cocultured with OE33 esophageal adenocarcinoma cells
expressing high levels of IL-1p and TGEF-p2. CAFs, which
were likely a result of EndMT, were found at the invasive
front of esophageal adenocarcinoma, indicating the sig-
nificance of EndMT in tumor progression®*. Notably, a
remarkably large number of these EndMT-derived CAFs
were located close to the invasive tumor front®. ECs
undergoing tumor-induced EndMT express higher levels
of the vascular endothelial growth factor (VEGF) gene,
whereas VEGF receptor 2 (VEGFR2) was downregulated
in ECs®>. EndMT-transformed esophageal ECs may be an
important source of VEGF in the tumor microenviron-
ment, and function more in a paracrine than in an auto-
crine manner®®,

Loss of Tie-1, an EC-specific receptor essential for the
vascular system, induces EndMT in human ECs and
pancreatic tumors. Downregulation of Tie-1 triggers
EndMT by activating the Slug promoter®”. EndMT plays
an important role in cancer progression and metastasis.
ECs that undergo EndMT are more invasive, as they lose
expression of their endothelial markers (CD31, von
Willebrand factor VIII, and VE cadherin) and acquire a
mesenchymal phenotype and an increased migration
ability. The tumor promotes a mesenchymal shift in ECs
that is regulated by Smad signaling through the syner-
gistic stimulation of TGF-p and Notch pathways in breast
cancer cells. Tumor cells increase the mesenchymal
phenotypes of ECs, but maintain their endothelial phe-
notypes. It was shown that tumor-stimulated processes
that increase extracellular matrix formation are also
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regulated by activation of the Notch pathway via phos-
phorylation of TGF-B/Smad1/5°°~°. HSPB1 has been
described as a key regulator of EndMT in lung cancer.
Endothelial HSPB1 deficiency in the mesenchymal tran-
sition of vascular ECs contributes to lung fibrosis and
tumorigenesis®’.

Osteopontin is a multifunctional phospho-glycoprotein
that stimulates angiogenesis in ECs. In colorectal cancer,
the presence of osteopontin—integrin aV3 induces HIF-
la expression via a PI3K/Akt/tuberous sclerosis complex
2-mediated and mTORCI1-dependent protein synthesis
pathway, which transactivates TCF12 gene expression.
These findings indicate that HIF-1a promotes EndMT by
inducing TCF12°2. EndMT reversal contributes to the
control of chemoresistance, irrespective of the level of
soluble TGF-B that is present. In a xenograft mouse
model of multicellular tumor spheroids containing lung
cancer cells and human umbilical vein endothelial cells
(HUVECs), GSK-3p inhibition reduced the lung cancer
volume by inhibiting EndMT, and had a synergistic
anticancer effect on non-small-cell lung cancer cells in
combination with gefitinib®®.

The PLEK2-SHIP2 axis promotes both lung cancer cell
migration (via TGF-B/PI3K/AKT signaling) and vascular
invasion. This suggests that PLEK2 can serve as a valuable
prognostic marker and a promising target in non-small-
cell lung cancer therapy®. Researching functional genes
and regulatory mechanisms associated with EndMT is
important for revealing the mechanisms driving lung
cancer metastasis and improving targeted diagnoses or
treatments.

EndMT and the tumor vasculature

EndMT also plays a major role in the tumor vasculature.
ECs undergoing tumor-mediated EndMT show functional
alterations, such as greater migratory capacity, higher
proliferation rates, and a gain of contractile capacity,
whereas the cells lose their angiogenic ability to form
capillary-like tubes®. In glioblastoma, c-Met-mediated
EC plasticity induces mesenchymal transformation to
promote EC proliferation and migration, resulting in
aberrant vasculature formation and chemoresistance to
multiple therapies (Table 1)'°. EndMT contributes to
metastatic extravasation and intravasation. Primary tumor
vasculature showing EndMT exhibits the loss of endo-
thelial cell-cell junctions, which causes the transen-
dothelial migration of metastatic cells®®. For example,
Rock was shown to reduce microvascular—endothelial
hyperpermeability via the Rho/ROCK/MLC pathway of
actin stress-fiber formation®. The Rho/RACK pathway
rescued tight-junction integrity in brain ECs®’. ROCK
inhibition prevented tumor endothelial migration®®,
Downregulated ERG and FL1 expression caused EndMT
in intratumoral ECs in B16F10 melanoma tumors,
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indicating the aberrant behavior of ECs in pathological
environments®”.

EndMT in anticancer therapy
EndMT and CAF chemoresistance

After chemotherapy, the activated stromal compart-
ment contributes to the survival of residual cancer cells
and tumor resistance’, CAFs promote tumor-supportive
functions through cytokine and metabolite release. The
CD10- and GPR77-positive CAF subset exhibits che-
moresistance and poor survival in patients with breast or
lung cancer”'. CAFs may originate from ECs via EndMT,
bone marrow-derived cells, adipocytes, and stellate cells”.
Various reports have shown that CAFs mediate tumor
progression and resistance, as well as relapse after
chemotherapy'.

EndMT and anti-VEGF therapy

Aberrant vascularization is a characteristic of resistance
to chemotherapy. Human glioblastoma multiforme (GBM)
tissues show an aberrant vasculature altered by EndMT. In
GBM, chemoresistance and cancer progression are related
to c-Met-mediated EndMT. EC-specific Met deletion
resulted in EndMT, inhibited aberrant vascularization and
tumor growth, and prolonged the survival of GBM-bearing
mice after temozolomide treatment'’, In GBM mouse
models, PDGF-mediated EndMT decreased VEGFR2
expression via the PDGF/NF-kB/Snail axis in ECs, and
thus induced resistance to anti-VEGF/VEGEFR therapy.
EC-specific PDGFR-B deletion sensitized tumors to anti-
VEGEF therapy’®. SMA-positive perivascular cells were
evaluated for their resistance to antiangiogenic therapy
in vivo in malignant melanoma’* and pancreatic neu-
roendocrine tumor mouse models using RIP1-Tag2
mice’®. Aberrant a-SMA ™ perivascular cells were related
to increased metastasis in RIP1-Tag2 mice deficient in
neural cell adhesion molecule’®. Endoglin-deficient
tumors showed increased o-SMA- and NG2-positive
cells in the blood vessels, and endoglin-deficient tumor
ECs in RIP1-Tag2 mice caused EndMT, which induced
Twist expression. Endoglin-deficient tumors exhibited
more hepatic metastases than wild-type tumors, but
maintained their sensitivity to anti-VEGF therapy, sug-
gesting that the synergistic interaction of endoglin defi-
ciency and VEGF inhibition can be used as a combined
therapeutic strategy (Table 1)”’. EC-specific miR-302c
inhibited metadherin expression, reduced EndMT, and
suppressed tumor growth in hepatocellular carcinoma.
Metadherin and Mir-302c may be useful as antiangiogenic
therapies in hepatocellular carcinoma (Table 2)>°.

Cardiotoxicity of anticancer drugs
Chemotherapeutic agents, including anthracycline and
doxorubicin (Dox), and targeted therapies in anticancer



Choi et al. Experimental & Molecular Medicine (2020) 52:781-792

786

a Collagen deposition 1
Radiation ECM
Hypoxic region
HIF1-a 1
p-Smad2/3 1
EndMT
= e 1
Normal EC Baten
erevie aSMA* CD31*
EC Lung
[ Lung vessel | [ Lung vessel ] [ Irradiated lung vessel ] Fibrosis
b Hypoxic
region
Tumor cell
OPNos o
Radiation . Proliferation

® @@@@é@@@yg 3

Tumor cell t

EndMT, resulting in a fibrotic vascular environment.

Blood Flow <:: S —) Abnormal Pericyte
'~ - recruitment
;,3@:)@(3)@“ S=S)esy  EndMT
L2 ) “A% ®
I:! Tumor EC /\%,} Y- —g s
)
aSMA* CD31*
Pericyte £C Monocyte
M2 Macrophage
Tumor
regrowth
[ Tumor vessel ] [ Tumor vessel | [ Irradiated tumor vessel |
{®) Normal EC - Pericyte Monocyte M2 Macrophage
[ ECM Y1 (<] yt phag
=) TumorEC D Tumor cell = Abnormal pericyte °  OPN

Fig. 1 Schematic illustration of the effects of tumor EndMT on the tumor microenvironment. Mesenchymal transition of tumor ECs results in
CAF formation and an abnormal tumor vasculature. a CAFs can affect tumor resistance to chemotherapy. b Fibrotic changes in ECs cause the loss of
EC-specific characteristics with downregulated VEGF receptor expression, which can cause resistance to anti-VEGF therapy. ¢ Immune cell infiltration
into the tumor microenvironment after chemotherapy and radiation therapy can promote the generation of more protumor-immune cells via

therapy are well known to cause cardiac toxicity. Recently,
data from several studies demonstrated that EndMT
occurs during the development of cardiac toxicity due to
anticancer chemotherapies. A recent study showed that
Dox and Herceptin increased drug permeability by
affecting tight-junction formation by human cardiac
microvascular—endothelial cells, showing decreased
expression of ZO-1 and tight-junction protein-1, which
resulted in cardiotoxicity’®. Cardiotoxicity is also
caused by monotherapy with Herceptin (trastuzumab), a
humanized monoclonal antibody used to treat breast
cancers.

Calcitriol, an active form of vitamin D3 that inhibits the
growth of cancer cells, has been shown to attenuate Dox-
induced myocardial fibrosis and fibrotic proteins, and
improve diastolic function by reducing TGF-B—Smad2-
mediated EndMT and fibroblast-to-myofibroblast transi-
tion. The hearts of mice with EC-specific GFP expression
showed increased levels of vimentint GFP* ECs (indica-
tive of EndMT), whereas calcitriol treatment attenuated
these effects’”. Administration of arsenic trioxide induced
cardiac fibrosis in rats. In human aortic ECs, the AKT/
GSK-3p/cochlear pathway was activated in arsenic
trioxide-mediated EndMT, and EndMT was inhibited by
the AKT inhibitor LY294002%.
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EndMT in radiation therapy

Approximately half of all patients with cancer are
treated with radiation therapy. Despite recent technolo-
gical advances, tumor radioresistance and normal tissue
damage remain challenges to improving cancer-cure
rates. Normal tissue damage in radiation therapy
remains a dose-limiting factor®'.

In previous studies, we reported the occurrence of
EndMT in irradiated tumor and normal tissues after
radiation therapy'®®"**%  Radiation-induced EndMT
causes fibrotic changes in both tumors and the normal
tissue microenvironment, such as in the lungs and heart
vessels, which contribute to tumor radioresistance and
normal tissue damage, respectively. Therefore, strategies
targeting EndMT may enhance the efficacy of radio-
therapy to overcome normal tissue damage and tumor
radioresistance.

Radiation-induced tumor EndMT
There is increasing interest in combining radiotherapy
with antiangiogenic therapy or immunotherapy to further
improve the effectiveness of radiotherapy (Fig. 1)*°.
Combining radiation therapy with antiangiogenic ther-
apy has been reported to be effective, and VEGFR2
blockade may normalize the abnormal tumor vasculature
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Fig. 2 Schematic illustration of radiation-induced EndMT during radiation therapy in patients with lung cancer. a Radiation-induced lung
vascular damage causes the mesenchymal transition of lung ECs, and thus, hypoxic regions formed by damaged vessels enhance the process of
tissue fibrosis. Increased HIF-a expression on vascular ECs enhances EndMT via Smad2/3 signaling. b In lung cancer, radioresistant tumors can regrow
after radiation therapy. ECs remaining following irradiation undergo EndMT, which increases the tumor burden, and leads to the recruitment of
abnormal pericytes. Tumor EndMT promotes tumor regrowth via EndMT-related secreted molecules (such as OPN), and tumor EndMT promotes M2
macrophage polarization of monocytes recruited into the tumor microenvironment after radiation therapy.

with increased pericyte and basement membrane coverage,
resulting in tumor oxygenation and an increased response
to radiation therapy®®. Therefore, understanding the
tumor endothelial transition in radiation therapy may lead
to more efficient combined radiotherapies. Radiation-
induced EndMT results in the formation of a tumor vas-
culature with irregular SMA*NG2" pericyte recruitment
in adenocarcinoma lung tumors with p53 deletion and
KRAS mutation (Fig. 2). EndMT has also been observed in
human non-small-cell lung cancer tissues following irra-
diation. EC-specific p53 deletion inhibits tumor EndMT
and subsequent irregular SMAYNG2" pericyte recruit-
ment, resulting in decreased tumor regrowth after radia-
tion therapy (Table 1). In addition, EC-specific TGFbR2
deletion in the tumor is associated with increased tumor
regrowth after radiation therapy because of enhanced
TGEBR1 signaling (Table 1). Tumor EndMT occurring
after radiotherapy results in osteopontin secretion, which
stimulates CD44V6 " cancer stem cell proliferation, and
contributes to the M2 polarization of macrophages.
Coculture of monocytic cells and irradiated tumor ECs
facilitated the conversion of monocytic cells into M2
macrophages'®. In a neuroblastoma xenograft model,
high-dose radiation therapy (HDRT) combined with
Notch inhibition decreased tumor EC numbers more than
HDRT alone. Notch inhibition reduced HDRT-induced
EndMT, as demonstrated by decreased SMA-stained ECs.
HDR increased Notchl signaling, which was not observed
at doses less than 2 Gy. These results suggest that Notchl
activation can protect tumor vessels and control the
EndMT process in HDRT®®,
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Radiation-induced vascular fibrosis

During radiation therapy, radiation-induced tissue
damage can cause morbidity, which is considered a
treatment-limiting factor. In radiation-induced tissue
damage, vascular fibrosis is well known as a prominent
occurrence®, Radiation directly induces DNA damage, and
ionizing radiation causes ROS production and the activa-
tion of inflammatory processes, which result in fibrosis by
increasing collagen deposition and reducing vascularity®’.
Blood vascular damage-induced tissue hypoxia and ische-
mia contribute to severe tissue injury, such as fibrosis and
necrosis, and vascular fibrosis can greatly worsen the
prognosis of patients undergoing radiotherapy®"*®,

Irradiated ECs acquire a proinflammatory, procoagu-
lant, and prothrombic phenotype, and increase the pro-
liferation and migration of vascular smooth muscle cells®®,

Radiation-induced vascular endothelium damage can
lead to the burst release of ROS, and change the balance
of angiogenesis, lipid-metabolism pathways, and immune
homeostasis®”. These acute effects can cause long-term
vascular dysfunction®.

Radiation-induced heart disease

Cardiovascular complications limit the use of thoracic
radiation therapy for treating Hodgkin lymphoma, lung
cancer, and breast cancer’’. A meta-analysis revealed
excess mortality due to cardiac disease, including cardi-
ovascular damage, in women undergoing radiation ther-
apy for left-sided breast cancer®. Atherosclerosis occurs
as a delayed side effect of radiation-induced heart
disease”.
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Previously, we reported that radiation-induced EndMT
occurs in human aortic ECs. Oxidized low-density lipo-
protein increased radiation-induced EndMT, and irra-
diated ApoE™~ mice showed increased oxidized low-
density lipoprotein levels and a more fibrotic phenotype
of ECs®.

Radiation-induced intestinal damage

Gastrointestinal toxicity after radiotherapy is a major
treatment-related complication. Radiation proctitis
commonly occurs following inflammation of the rectal
lining after treatment for cervical, prostate, and colon
cancer. Recently, Mintet et al. showed that EndMT
occurred during radiation proctitis development in Tie2-
GFP mice, and that tissue inflammation caused the
phenotypic conversion of endothelial-to-mesenchymal
cells”. In conditional endothelial Hey2-deleted mice,
EndMT occurrence and rectal tissue damage were
reduced after irradiation. Microvascular protection
reduced stem/clonogenic EC loss. These results suggest
that EndMT can be targeted to mitigate radiation-
induced intestinal damage (Table 1)°%

Radiation-induced pulmonary fibrosis (RIPF)

Thoracic radiotherapy can cause RIPF as a late side effect.
In particular, RIPF is one of the most frequent complications
after radiotherapy for lung cancer. RIPF is characterized by
fibroblast proliferation and leukocyte recruitment, as well as
excessive extracellular matrix deposition. Previously, we
reported that the presence of EndMT significantly increased
during the early phase of RIPF development. In that study, it
was demonstrated that initial vascular hypoxic damage
induced EndMT at various irradiation doses in different
tissue volumes. Vascular EndMT prominently appeared prior
to EndMT of alveolar epithelial II cells®®.

In irradiated human pulmonary artery ECs, EndMT was
dependent on HIF-la expression via TGF-fR1/Smad sig-
naling. Data generated in that study revealed HIF-1a-related
EndMT in human RIPF tissues™. A recent study provided
evidence that in a coculture system of human fetal lung
fibroblasts (MRC-5) and irradiated HUVECs, Snail and
vimentin expression was upregulated, and CD31 expression
was downregulated. Radiation-induced EndMT enhances the
differentiation of fibroblasts to myofibroblasts via the Snail/
miR-199a-5p axis (Table 2)*.

Drugs with EndMT-inhibiting effects

Recently, several drugs in clinical testing have been
reported to inhibit EndMT in various animal disease
models (Table 1). These drugs inhibit EndMT by targeting
various signaling molecules, such as DPP-4>>%, Smad”’,
TGF-[397_99, AMPK*®, and other protein528’101_106.

Nintedanib, which has been approved for treating pul-
monary fibrosis, showed anti-vascular remodeling effects
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in pulmonary hypertension®®. Macitentan was approved
for treating pulmonary fibrosis and inhibited TGF-f3- and
ET-1-mediated EndMT in ECs isolated from patients with
systemic sclerosis”. Recent data demonstrated that dia-
betic complications were related to EndMT. High glucose
levels can lead to EndMT, which is regulated by miRNAs
(miR-200b and miR-18a-5p) (Table 2)'%7~11°,

Vildagliptin, a drug used to treat diabetes, regulates
DPP-4-dependent EndMT and showed anti-fibrotic effects
in a mouse model of sepsis®. Liraglutide, linagliptin, and
losartan, which have been approved for treating diabetes
and its complications, inhibited EndMT in diabetic mice
and diabetic complications in mouse models’**”'®, In
addition, the GSK inhibitor, CHIR99021, was shown to
inhibit radiation-induced EndMT in HUVECs'. Imati-
nib, a PDGF receptor antagonist, regulated EndMT in
pulmonary artery remodeling of pulmonary artery hyper-
tension in rats''’. Table 3 shows various drugs that are
used clinically to inhibit EndMT.

Concluding remarks

Taken together, the results of various studies have
demonstrated that EndMT contributes to tissue fibrosis
and cancer. EndMT can affect tumor progression via the
mesenchymal transition of cells to CAFs, or effects on
the abnormal tumor vasculature. Moreover, fibrotic
changes and specific gene loss in tumor ECs may cause
tumor resistance to and relapse after anti-VEGF therapy.
Considering these tumor vasculature EndMT-related
phenotypic changes, antiangiogenic therapies can be
developed, particularly anti-VEGF therapy combined
with chemo- and radiation therapy. The role of EndMT
in regulating normal tissue damage, such as tissue
fibrosis, should also be evaluated to reduce the side
effects of anticancer therapy, such as cardiovascular
damage, cardiotoxicity, and kidney and lung fibrosis. In
particular, EndMT modulation may provide a new
strategy for radiation therapy. Regulating EndMT in
irradiated normal tissues around the tumor can reduce
vascular damage and tissue fibrosis. Simultaneously,
regulating tumor EndMT after radiation therapy may
prevent tumor regrowth and tumor microenvironmental
changes, such as those mediating the protumorigenic
activities of immune cells in the fibrotic phase. Further
studies are necessary to understand the exact mechanism
behind tumor EndMT in human cancer.

Understanding EndMT may provide new therapeutic
strategies against cancer, and reduce the related side
effects, such as tissue damage.
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