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Abstract: Mesenchymal stem cells (MSCs) are considered to be a powerful tool in the treatment of
various diseases. Scientists are particularly interested in the possibility of using MSCs in cancer
therapy. The research carried out so far has shown that MSCs possess both potential pro-oncogenic
and anti-oncogenic properties. It has been confirmed that MSCs can regulate tumor cell growth
through a paracrine mechanism, and molecules secreted by MSCs can promote or block a variety
of signaling pathways. These findings may be crucial in the development of new MSC-based cell
therapeutic strategies. The abilities of MSCs such as tumor tropism, deep migration and immune
evasion have evoked considerable interest in their use as tumor-specific vectors for small-molecule
anticancer agents. Studies have shown that MSCs can be successfully loaded with chemotherapeutic
drugs such as gemcitabine and paclitaxel, and can release them at the site of primary and metastatic
neoplasms. The inhibitory effect of MSCs loaded with anti-cancer agents on the proliferation of
cancer cells has also been observed. However, not all known chemotherapeutic agents can be used in
this approach, mainly due to their cytotoxicity towards MSCs and insufficient loading and release
capacity. Quinazoline derivatives appear to be an attractive choice for this therapeutic solution due
to their biological and pharmacological properties. There are several quinazolines that have been
approved for clinical use as anticancer drugs by the US Food and Drug Administration (FDA). It
gives hope that the synthesis of new quinazoline derivatives and the development of methods of
their application may contribute to the establishment of highly effective therapies for oncological
patients. However, a deeper understanding of interactions between MSCs and tumor cells, and the
exploration of the possibilities of using quinazoline derivatives in MSC-based therapy is necessary to
achieve this goal. The aim of this review is to discuss the prospects for using MSC-based cell therapy
in cancer treatment and the potential use of quinazolines in this procedure.

Keywords: mesenchymal stem cells; MSC-based cell therapy; quinazoline derivatives; cancer treatment

1. Introduction

Cancer diseases are one of the major health problems all over the world. As a cell cycle
disease, cancer is associated with uncontrolled cell division. Cell therapy is still evolving
and seems to be a promising therapeutic approach for the treatment of many diseases,
including cancer. The unique biological characteristics of Mesenchymal Stem Cells (MSCs)
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makes them useful in many areas such as cardiovascular diseases, liver diseases, nervous
system diseases and regenerative medicine. The results of MSC therapies achieved so
far have been encouraging. Searching for new therapeutic solutions in the field of cancer
treatment, scientists point to the important role of MSCs in tumorigenesis and metastasis.
The broad distribution of MSCs in the human body causes close mutual contact between
MSCs and other types of cells, including cancer cells. Many studies have indicated that
MSCs exhibit tropism for sites of tumor microenvironment and interact with cancer cells
through paracrine signaling. Due to the pro-oncogenic and anti-oncogenic properties of
MSCs, understanding the mechanisms of the interplay between MSCs and tumor cells is of
high interest to researchers [1].The ability of MSC-secreted molecules to promote or block
a variety of signaling pathways may be crucial in developing new therapeutic strategies
based on MSCs. There are many anti-cancer drugs on the market, but new therapeutic
solutions to overcome systemic drug toxicity and drug resistance to cancer are still being
sought. It has been proven that MSCs have the ability to selectively home in on damaged
tissues, tumors and metastases following systemic administration. However, it should
also be noted that the differentiation potential and immunosuppressive activity of MSCs
make them a key factor in tumor development [2]. Therefore, the possibilities of using
MSCs as vectors for therapeutic substances are being explored. This review focuses on the
benefits and barriers of using MSC cell therapy in cancer treatment. In addition, we present
quinazoline derivatives as potential anticancer drugs that could be successfully used in
MSC-based cell therapy. The biological and pharmacological properties of quinazoline
compounds make them attractive in the selection of new substances that could be effectively
delivered by MSCs to cancer cells.

2. General Properties of MSCs

MSCs were first isolated from adult bone marrow, described as non-hematopoietic
stromal cells, in the late 1960s by Friedenstein et al. [3,4]. They were initially defined
as colony-forming-unit-fibroblasts (CFU-Fs). In 1991, Caplan et al. defined CFU-Fs as
“mesenchymal stem cells” (MSCs) based on their differentiation pattern [5,6]. Ultimately,
MSCs are characterized as self-renewing cells with long-term viability, high migration
and multi-differentiation potential [7–9]. According to the minimal criteria presented
by the International Society for Cellular Therapy (ISCT), MSCs are cells with plastic-
adherent properties in standard culture conditions and they express CD105 (known as
endoglin), CD73 (known as ecto-5′-nucleotidase) and CD90 (known as Thy-1) surface
markers. The expression of those surface antigens allows for rapid identification of an
MSC cell population [10]. These markers have been also researched as possible therapeutic
targets in cancer cells [11–13].

It has been found that CD105 induces activation and proliferation of endothelial cells.
This protein is expressed in haematological cancers and in the vessels of solid tumors. It is
worth noting that endoglin is a transmembrane glycoprotein and one of the transforming
growth factor β (TGF-β) co-receptors [11]. TGF-β is a pleiotropic cytokine regulating
cellular apoptosis, differentiation, migration and proliferation [14]. Ecto-5′-nucleotidase
is a protein that is expressed on multiple cells and overexpressed in many cancers. CD73
mediates the suppression of immunity via adenosine, protects endothelial barrier function
and inhibits leukocyte trafficking in inflammation. Hypoxia and inflammatory factors
significantly influence CD73 expression. It has been reported that CD73expression is posi-
tively associated with tumor growth, angiogenesis, metastasis and poor prognosis [12,15].
It has been found that CD90 plays an important role in regulating cell adhesion, migration,
apoptosis, cell-cell and cell-matrix interactions. This protein also influences axon growth,
T-cell activation, and fibrosis. There is evidence that CD90 regulates cancer cell prolifera-
tion, metastasis, and angiogenesis. However, several reports also show tumor suppressor
activity of CD90 [13].
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MSCs express CD105, CD73 and CD90, while not expressing the markers of hematopoi-
etic cells CD45 (a pan-leukocyte marker), CD34 (marker of primitive hematopoietic progen-
itors and endothelial cells), CD14 (marker of monocytes and macrophages), CD11b (marker
of monocytes and macrophages), CD19 (marker of B cells), CD79α (marker of B cells) and
HLA-D (marker expressed on MSC under INF-γ stimulation) [10]. In addition, MSCs have
the ability to differentiate into mesodermal (adipocytes, osteoblasts, chondrocytes and
myocytes), ectodermal (i.e., neurocytes) and endodermal (i.e., hepatocytes) lineages [10,16].
The main sources of MSCs are bone marrow and adipose tissue [17]. These cells are re-
sponsible for supporting hematopoietic stem cells and promoting hematopoiesis in bone
marrow [18]. MSCs isolated from liposuction materials can differentiate into adipose cells,
and can promote an immune-evasive environment [19]. There are increasing reports that
MSCs can also be relatively easily isolated from other human tissues, including lung [20],
skeletal muscle [21], peripheral blood [22], umbilical cord blood [22], amniotic fluid [23]
and placenta [24]. MSCs play an essential role in these tissues, supporting their homeostasis
and integrity [25–27]. In addition to efficient isolation from numerous tissues, MSCs can be
expanded in culture without loss of functionality [28]. Moreover, they can be genetically
modified with viral vectors [28,29]. The biological activity of isolated MSCs depends on
local, systemic and environmental factors. Recent research has shown that the ability of
umbilical cord–derived stem cells to self-renew and survive depends on the age of the
mother [30]. Therefore, the origin of the isolated MSCs may determine the success of using
MSCs in research and therapy.

3. Therapeutic Strategies Based on MSCs

Due to the traits of MSCs such as tumor tropism, deep migration into the tumor
microenvironment, immune evasion, wide availability and expandability, there is a wide
interest in the use of MSCs as tumor-specific therapeutic agent-loaded vehicles. MSCs
have been considered as a convincing approach for drug and gene delivery in a variety of
diseases and disorders, including cancer (Table 1) [31–50].

Table 1. Examples of the use of MSCs as carriers for drug and gene loading described in the
literature [31–50].

Loaded Drug/Expressed
Transgene Target Disease Experimental Model Therapeutic Effect Study

TNF-related
apoptosis-inducing ligand
(TRAIL)

Glioma Glioblastoma cells (C6) Apoptosis of tumor cells Tang X.J. et al. [31]

Galectin-1 Allergic Airway Disease
(AAD) Mouse model Anti-inflammatory effect Ge X. et al. [32]

Doxorubicin (DOX) Colorectal cancer
Female BALB/c mice
(4–6weeks), C26 and MCF7
cell lines

Significant tumor growth
inhibition in comparison with free
DOX

Bagheri E. et al. [33]

Gemcitabine Pancreatic cancer Human pancreatic carcinoma
(pCa) cells

Growth inhibition of a human pCa
cell line in vitro Bonomi A. et al. [34]

Ptx-PLGA NPs Glioma Rat model Tumor cell death, prolonged
survival Wang X. et al. [35]

Paclitaxel (PTX) Melanoma lung metastasis Syngeneic murine model Inhibition of the formation of lung
metastasis Pessina A. et al. [36]

Paclitaxel (PTX) Pancreatic cancer Human pancreatic cell line
CFPAC-1 Strong anti-proliferative effect Pascucci L. et al. [37]

Interferon-β (IFN-β) Ovarian cancer

Syngeneic mouse tumors
(ID8-R) and human xenograft
(OVCAR3, SKOV3) tumor
models

Modulation of tumor kinetics
resulting in prolonged survival Dembinski J.L. et al. [38]

(C-X3-C motif) ligand 1
(CX3CL1)

Light-induced retinal
degeneration Rat model Neuroprotective and

immunomodulatory effects Huang L. et al. [39]
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Table 1. Cont.

Loaded Drug/Expressed
Transgene Target Disease Experimental Model Therapeutic Effect Study

Multineurotrophin MNTS1 Spinal Cord Injury (SCI) Rat model
Promotion of cell growth and
improvement of sensory function
after SCI

Kumagai G. et al. [40]

GATA binding protein 4
(GATA-4) Myocardial infarction Cardiomyocytes

A significant increase the number
of blood vessels, a decrease the
proportion of apoptotic cells, and
an increase the mean number of
cardiac c-kit-positive cells

He J.G. et al. [41]

Interleukin (IL)-18 Breast cancer Mouse model

Inhibition of tumor cell
proliferation and tumor
angiogenesis, induction of a more
pronounced and better therapeutic
effect at tumor sites, especially in
early tumors

Liu X. et al. [42]

Pigment epithelium-derived
factor (PEDF) Glioma Mouse model Apoptosis of glioma cells and

prolonged the survival Wang Q. et al. [43]

C-X-C chemokine receptor
type 4 (CXCR4)

Inflammatory bowel disease
(IBD) and IBD-induced cancer Mouse model Anti-tumor effect Zheng X.B. et al. [44]

Glial cell line-derived
neurotrophic factor (GDNF) Parkinson’s disease Rat model Localized neuroprotective effect Hoban D.B. et al. [45]

Angiotensin-converting
enzyme 2 (ACE2) gene

Lipopolysaccharide-Induced
Lung Injury Mouse model

Improvement of the lung
histopathology; anti-inflammatory
effects; reduction of pulmonary
vascular permeability;
improvement of endothelial
barrier integrity, and
normalization of lung eNOS

He H. et al. [46]

Brain-derived neurotropic
factor (BDNF) gene

Severe Neonatal Hypoxic
Ischemic Brain Injury Rat model

Supression of the increase in
cytotoxicity, oxidative stress, and
cell death in vitro; significant
attenuating effects on severe
neonatal HI-induced short-term
brain injury scores, long-term
progress of brain infarct, increased
apoptotic cell death, astrogliosis
and inflammatory responses, and
impaired negative geotaxis and
rotarod tests in vivo

Ahn S.Y. et al. [47]

Oxidation Resistance 1
(OXR1) gene Immune-mediated nephritis Mouse model

Protective effect on nephritis by
suppressing inflammation and
oxidative stress

Li Y. et al. [48]

Insulin-like growth factor-1
(IGF-1) Chronic Chagas disease Mouse model

Immunomodulatory and
proregenerative effects to the
cardiac and skeletal muscles

Silva D. N. et al. [49]

Human tissue kallikrein (TK)
gene Cardiac injury Rat model

Protect against cardiac injury,
apoptosis and inflammation, and
promote neovascularization to
improve cardiac function

Gao L. et al. [50]

3.1. Interactions of MSCs with Normal and Tumor Cells

It is known that MSCs participate in the regeneration of damaged tissues and may be
useful tools in regenerative medicine. Stem cell therapy may be applied in the treatment of
various diseases, such as cardiovascular, digestive and nervous system diseases [1,51]. It
is also believed that MSCs could be used to treat cancer, as these cells are tropic to tumor
and metastatic niches and then incorporate into the tumor stroma [52,53]. The migration of
these cells is determined by inflammatory signaling similar to a non-healing wound [54]. It
has been reported that MSCs recruited into the tumor microenvironment may have varied
potential and origin due to different types of MSCs (from distinct tissues) expressing a
distinct set of genes [17,55,56]. The possibility of these cells transiting into tumor-associated
fibroblasts is one of the factors contributing to oncogenesis [57]. Migration of MSCs to
the tumor stroma has been demonstrated in several tumor entities, such as gastric can-
cer [58], pancreatic cancer [59], hepatocellular carcinoma (HCC) [60], ovarian cancer [61]
and prostate cancer [62]. Kidd et al. showed that not only endogenous MSCs can migrate
to the sites of inflammation, but exogenous MSCs, after systemic injection, also have this
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property. In the study on SCID mice with cancer, the authors demonstrated using biolumi-
nescent imaging that, after both intravenous and intraperitoneal administration of MSCs,
these cells selectively implant at the site(s) of tumor growth. Similar results were observed
in the Balb/C immunocompetent syngeneic breast cancer model in which MSCs were
specifically co-localized with subcutaneous neoplasms [52]. Research has also indicated
that MSCs possess significant immunological functions, including immunomodulation,
autocrine and paracrine activities and the evasion of innate immunity [50,63]. These cells
are characterized by a low level of expression of major histocompatibility complex (MHC)
I, no expression of MHC II, and no expression of costimulatory ligands (CD40, CD80 and
CD86) [64]. Therefore, MSCs are considered to be poorly immunogenic, meaning that there
is no need for immunosuppression during allogenic transplantation. Simultaneously, this
research points out that MSCs may differentially influence the proliferation of immune
cells by secreting various immunomodulators, such as human leukocyte antigen (HLA-G),
indoleamine 2,3 dioxygenase (IDO), nitric oxide (NO), prostaglandin (PGE2), interleukin
(IL)-6, and IL-10 [9,47]. HLA-G secreted by MSCs inhibits the migration of neutrophils to
the site of injury and the generation of reactive species of O2. MSCs can affect T-cells by
secreting IDO, which alters the cytokine secretion profile of naïve and effector T cells. In
addition, IDO suppresses cellular or mitogen-induced T-cell proliferation. The phenotype
of NK cells changes under the influence of NO produced by MSCs. NO reduces the prolifer-
ation of NK cells and influences their cytotoxic properties and modifies the set of cytokines
secreted by them. Mediators secreted by MSCs also play a role in B cell proliferation. PGE2
released by MSCs inhibits the proliferation of B cells and has an effect on the chemotaxis
and terminal differentiation of these cells. The production of interleukins by MSCs leads to
the induction of regulatory T (TREG) cells either directly (IL-10 dependent) or indirectly
(IL-6 dependent) through the generation of immature dendritic cells (DC). IL-10 secreted
by MSCs promotes the expansion and function of TREG cells [65]. It is also known that
MSCs are recruited to tumor sites by soluble factors secreted by cancer cells that can induce
both phenotypic changes and modify the gene expression of MSCs. As a consequence,
MSCs surrounding cancer cells may differentiate into more mature mesenchymal cells, and
subsequently may contribute to tumor growth and metastasis. MSCs may participate in
various stages of carcinogenesis through their immunosuppressive and immunomodula-
tory properties in the tumor microenvironment [66]. The mediators released by MSCs may
inhibit apoptosis of cancer cells and enhance the promotion of cell proliferation, angiogene-
sis, and metastases. Cancer cell proliferation is stimulated by MSC-derived chemokines
CXCL1/2 and CXCL12/SDF-1 that activate signaling pathways dependent on respective
CXCR2 and CXCR4 receptors expressed by cancer cells [9]. Moreover, vascular endothelial
growth factor (VEGF) and fibroblast growth factor 2 (FGF2) are believed to be two key
angiogenic factors secreted by MSCs that promote tumor neovascularization [57]. MSCs
have been reported to stimulate tumor growth and angiogenesis in breast and colorectal
cancer [67,68]. The mechanism proposed by Huang and coworkers is that the secretion
of interleukin-6 (IL-6) from MSCs increases the secretion of endothelin-1 (ET-1) in cancer
cells, which induces the activation of Akt and ERK in endothelial cells, thereby enhancing
their capacities for recruitment and angiogenesis to tumors [68]. However, many stud-
ies have shown that MSCs also have tumor-suppressive properties. MSCs have been
reported to inhibit proliferation in pancreatic and prostate cancer [69,70]. The observations
reported by Cousin and coworkers demonstrate that MSCs have the ability to interfere
with the proliferation of tumor cells by altering cell cycle progression. Tumor cells under
the influence of MSCs were in a resting state (G0/G1), and with down regulated CDK4
and cyclin D1 [69]. This indicates that MSCs can suppress tumorigenesis by increasing
inflammatory cell infiltration [71], inhibiting angiogenesis [72], suppressing the signaling
of Wnt and AKT [73], and inducing apoptosis and cell cycle arrest [74]. The ability of
MSCs to inhibit capillary growth was demonstrated in a matrigel angiogenesis assay [72].
Dasari et al. reported that downregulation of XIAP (X-linked inhibitor of apoptosis protein)
by treatment with cord blood MSCs induces apoptosis leading to the death of glioma
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cells and xenograft cells. XIAP, as one of the important anti-apoptosis family inhibitors,
is upregulated in many malignancies and promotes invasion, growth, metastasis and the
survival of cancer cells [74].

3.2. MSCs Can Affect PI3K/AKT and Wnt Signaling Pathways in the Tumor Microenvironment

MSCs can affect tumor cells through secreted extracellular proteins triggering the
activation of various cell signaling pathways, in particular those related to cell growth and
apoptosis regulation in cancer cells. PI3K/AKT and Wnt pathways are signaling pathways
that are similar for both MSCs and tumor cells. The role of these pathways is to regulate
differentiation and self-renewal potential, and determine cell fate [75,76]. The effects of
MSCs on the PI3K/AKT and Wnt signaling pathways in cancer cells seem to be of particular
interest. As research shows, MSCs can upregulate or downregulate the activity of these
signaling pathways, and consequently they can promote or suppress both proliferation
and the apoptosis of tumor cells. The phosphatidylinositol-3-kinase/protein kinase B
(PI3K/AKT) signaling pathway plays an important role in regulating cell proliferations,
cell apoptosis, angiogenesis and metastasis [77]. This intracellular pathway is activated
by estrogen receptor (ER), IL-6 receptor (IL-6R), G protein-coupled receptors, tyrosine
kinase receptors and vascular endothelial growth factor receptor (VEGFR). It has been
shown that MSCs secrete paracrine molecules, such as IL-6 and VEGF, which can be ligands
for these receptors. IL-6, CCL5/RANTES, SDF-1 are prooncogenic factors released by
MSCs. VEGF and FGF2 are proangiogenic factors secreted by MSCs. As some studies
show, CCL5/RANTES and SDF-1 may also potentially initiate signaling via the PI3K/AKT
pathway [78]. Although the factors released by MSCs can upregulate the PI3K/AKT
signaling, some researchers note that MSCs can also reduce the activity of this pathway.
The tumor-specific antiproliferative effects of paracrine factors secreted by MSCs were
observed by Yulyana et el. for hepatocellular carcinoma (HCC). The authors showed that
MSCs can inhibit the growth of liver cancer because MSCs, by increasing the expression of
IGFBP proteins, reduce the activation of IGF-1R/PI3K/AKT signaling [79]. Another study
indicates that MSCs can inhibit the proliferation, invasion, and migration of glioma cells
and promote apoptosis of these cells by downregulating the PI3K/AKT pathway. It has
been shown that this is because MSCs increase the levels of proteins such as annexin A1
[ANXA1], 14-3-3 protein epsilon [YWHAE], and tumor protein p53 [TP53], and decrease
the levels of proteins such as CD40, the mechanistic target of rapamycin [mTOR], and heat
shock protein beta-1 [HSPB1] in glioma cells [80].

The Wnt signaling pathway is one of the key cascades regulating cell survival, differ-
entiation, morphogenesis and proliferation. Wnt activators are secreted Wnt proteins (a
family of 19 secreted glycolipoproteins) that work in an auto-, para- and endocrine manner.
Disruptions in Wnt signaling have been found in many pathophysiological states, includ-
ing different types of cancer [81]. Wang et al. showed that MSCs can promote metastatic
growth and the chemoresistance of cholangiocarcinoma cells via the Wnt/β-catenin sig-
naling pathway. MSCs promote β-catenin nuclear translocation and up-regulate the Wnt
target genes’ MMPs family, cyclin D1 and c-Myc. In addition, the researchers indicated that
β-catenin is related to Pathologic Tumor-Node-Metastasis (PTNM) and may be a key factor
in the development of cholangiocarcinoma. The study suggests that MSCs can increase
β-catenin expression and stimulate Wnt activity by MSC-secreted soluble factors and the
previously mentioned molecular mechanisms [82]. On the other hand, there is research
that underscores the importance of MSCs in inhibiting the proliferation, invasion, and
migration of cancer cells through the Wnt signaling pathway [83,84]. It has been reported
that MSC-derived exosomes containing miR-133b suppress glioma development by in-
hibiting EZH2 and the Wnt/β-catenin signaling pathway [83]. Recent studies have also
shown that exosomes derived from MSCs may play a significant role in cancer control.
Jia et al. found that adipose derived MSC-exosomes containing miR-1236 increase the
sensitivity of breast cancer to cisplatin with the involvement of SLC9A1 downregulation
and Wnt/β-catenin inactivation [84]. Torsvik et al. indicate that tumor growth can also be
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inhibited by MSC secreted inflammation cytokines, by Dkk-1 and the subsequent inhibition
of the Wnt/β-catenin pathway [78]. The cellular and molecular mechanisms of action of
MSCs in the tumor microenvironment underlie the supportive and suppressive effects of
MSCs on tumor growth.

However, the mechanisms of MSCs secreting molecules that promote or inhibit car-
cinogenesis have not been elucidated so far. Therefore, the role of recruited MSCs in tumor
sites is still under discussion. A comprehensive understanding of the effects of MSCs on
cancer cells is crucial for the development of treatment strategies using MSCs as vehicles
of anticancer agents. Nevertheless, the results of research on MSC-based cell therapy
are promising.

3.3. The Use of MSCs as Vehicles of Various Therapies

One of the strategies of MSC-based cell therapy is the use of MSCs as direct carriers
of therapeutic agents [9,60]. The ability to load into MSCs and then to release into the
tumor microenvironment has been investigated with many known and used drugs, such as
doxorubicin, gemcitabine, paclitaxel and sorafenib (Table 1). As studies show, the loading
capacity of MSCs for gemcitabine and paclitaxel was evaluated most highly. In addition, it
has been found that hydrolipophilicity plays a role in drug release by MSCs. It was noticed
that Paclitaxel is characterized by higher lipophilicity, therefore it is released by MSCs
in a smaller amount, while in relation to the more water-soluble gemcitabine, its higher
release by MSCs was observed [85]. It is also worth noting that MSCs can be loaded with
an active drug that will be released in the tumor microenvironment or an inactive form
of the drug that will be activated when MSCs reach the tumor site. For instance, MSCs
have been used to increase the specificity of macromolecule G114, a thapsigargin-based
prostate specific antigen (PSA)-activated prodrug in prostate cancer. These cells delivered
inactive prodrugs that were activated in the tumor by tumor-specific proteases such as
prostate-specific antigen (PSA) or prostate-specific membrane antigen (PSMA) [86,87].

Researchers tracked the anticancer agents in MSCs’ membrane and cytoplasm. It
seems that there are three mechanisms of drug loading into MSCs: (1) simple diffusion
based on the chemical nature of anticancer agent, (2) endocytosis, and (3) transport of the
drug by hCNT1 and hENT1 transporters [85]. Some types of therapeutic agents such as
paclitaxel were found in their place of action such as microtubule networks and centriole,
in mitochondria where paclitaxel is metabolized, in the Golgi apparatus, as well as in
Golgi-derived vesicles of MCSs. It was also observed that anticancer agents may interfere
with the normal gene expression pattern of MSCs. Researchers noted the presence of
multivesicular structures with the drug originating from cell membrane budding. It seems
that MSCs initiate to form exosomes near cellular membranes [88–90]. The secreted vesicles
from paclitaxel-loaded MSC were observed, whereas no interactions with the plasma
membrane, such as a gap junction or junction structure between the MSCs and cancer
cells, were noticed. Simultaneously, a significantly antineoplastic effect against ductal
pancreatic adenocarcinoma cells was observed [91,92]. These observations suggest that the
extracellularvesicles (EVs) are recruits for transporting anticancer agents between MSCs
and tumor cells [93,94].

Figure 1 shows how a small-molecule anticancer agent can be loaded into the MSC
and released into the tumor microenvironment.

The use of MSCs as vehicles of anticancer agents is an opportunity to minimize the
unexpected side effects of chemotherapeutic drugs and to improve clinical outcomes.
MSCs can release anticancer agents in a time-dependent manner. This makes them an
excellent tool for the development of therapy in which drugs will be slowly released
locally to ensure an effective concentration in the tumor site. However, the release capacity
depends on both the MSCs and the properties of the therapeutic agents [85]. Therefore,
it is necessary to determine the best tissue source for MSC isolation and to define the
route of administration of MSCs that will achieve the desired therapeutic goal. Another
way to increase the possibilities for developing effective therapies using MSCs is through
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genetic engineering. In this type of approach, native MSCs are isolated and expanded from
autologous or allogeneic donors, and then the MSCs are transfected with a therapeutic
transgene (Table 1). There are two common strategies for the use of transgenes. Transgenes
can be used to enable MSCs to secrete therapeutic proteins that affect cancer cells either
directly or indirectly. Another strategy is to use transgenes encoding a “suicide gene”. In
this case, the MSCs are genetically modified to convert a non-toxic prodrug (administered
systematically) to a toxic and active form at the tumor site. After the conversion/uptake
of the toxic drug, not only cancer cells but also MSCs are killed [9]. This strategy can
overcome the limitations of MSC-based cell therapy, especially those related to the tumor
promoting actions of MSCs. The use of genetic engineering techniques can ensure not only
the effectiveness but also the safety of the treatment.
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Figure 1. Therapeutic agent delivery by MSC to the tumor site. Mechanisms of small-molecule
anticancer agent loading into MSC: 1. Simple diffusion; 2. Endocytosis; 3. Transporters: hCNT1,
hENT1. MSC produce vesicles that contain small-molecule anticancer agents. The presence of
extracellular vesicles (EVs) between MSCs and cancer cells suggests that the small-molecule anticancer
agent can be delivered to cancer cells in a vesicular system [84].

MSCs are being genetically modified to convert inactive drugs, overexpress im-
munomodulatory molecules and induce cancer cells apoptosis. For instance, MSCs have
been genetically manipulated to express specific enzymes to convert inactive systemati-
cally administered prodrugs like ganciclovir and fluorouracil (5-FU) into active cytotoxic
agents [95,96]. This treatment approach improves tumor-specificity and reduces the side
effects of systemic toxicity. MSCs can also be genetically engineered to overexpress selected
immunomodulatory cytokines that promote the action of killing cancer cells. This result
was obtained in melanoma cells in which MSCs genetically modified to produce IFNβ

induced a significant anti-proliferative effect [97]. Lu et al. showed in animal models that
adipose MSCs combined with a modified E7′ antigen possess an antitumor effect in colon
and lung cancer by inducing cell apoptosis [98]. In another example of cancer gene therapy
strategy, adipose MSCs have been modified to release a soluble trimeric and multimeric
variant of known anti-cancer TNF-related apoptosis-inducing ligand (sTRAIL) soluble
anti-cancer factors, which could lead to apoptosis in the cell lines of primary pancreatic
ductal adenocarcinoma [99]. Overall, genetic engineering capabilities have resulted in
both the adaptive and innate immune systems being successfully stimulated to inhibit
cancer growth [9].



Int. J. Mol. Sci. 2022, 23, 2745 9 of 18

Nevertheless, the challenge remains to match the type of therapy to the tumor type in
order to obtain the best possible treatment results. MSC-based cell therapy also has several
other limitations, including non-specific dissemination throughout the body and ineffective
local concentration of therapeutic agents in cancer niches [100]. Moreover, the potential of
MSCs to differentiate into mesenchymal lineages may increase immunogenicity and reduce
the therapeutic effects [101]. It seems that the best way to avoid tumor-supporting effects is
to engineer MSCs containing anticancer therapeutics so that they become inactive or die
when released [9]. Niess et al. found that the application of CCL5/HSV-TK transfected
MSCs in combination with ganciclovir significantly reduced HCC growth. The researchers
discovered that exogenously added MSCs are recruited to the tumor site with concomi-
tant activation of the CCL5 or Tie2 promoters within MSCs. In the case of treatment of
experimental HCC, stem cell-mediated delivery of suicide genes into the tumor followed
by prodrug administration was effective [60]. Another promising solution is a therapeutic
approach using MSC exosomes. Altanerova et al. demonstrated that MSCs expressing the
yeast cytosine deaminase::uracil phosphoribosyl transferase (yCD::UPRT) suicide fusion
gene and labeled with an iron oxide carbohydrate nanoparticle released exosomes that
contained iron oxide. The researchers indicated that MSC exosomes packaged with mag-
netic nanoparticles can be efficiently endocytosed by cancer cells. In this study, exosomes
from labeled MSCs expressing the suicide fusion gene in the presence of the prodrug 5-
fluorocytosine suppressed tumor growth. In addition, magnetically induced hypothermia
facilitated the targeted ablation of cancer cells [102].

Although a deeper understanding of the cellular and molecular interactions between
MSCs and the tumor microenvironment is necessary, the immune privilege, plasticity
and migratory potential of MSCs, have made them ideally suited for cellular-based im-
munotherapy and as vehicles for gene and drug delivery in a wide range of diseases and
disorders, including cancers (Table 1) [9,28].

4. Are anticancer Quinazoline Derivatives Good Candidates to Be Delivered with MSCs?

One of the potential chemotherapeutic agents that can potentially be delivered by
MSCs to tumor sites are quinazoline derivatives. The importance and application of these
compounds and MSCs in cancer therapy has so far been independently investigated, but
the results of these studies are encouraging in both subjects. Quinazolines are a group of
compounds whose ability to be loaded and released by MSCs has not yet been of significant
interest to scientists. However, research on other anti-cancer agents, on MSCs which
have an ability to tropic tumor site, and the discovered mechanisms of small-molecules
anticancer agents uptake by MSCs and their release into the tumor microenvironment
support the possibility of using quinazoline derivatives in MSC-based cell therapy. To
confirm this, research is needed to reveal the existing interactions between quinazolines
and MSCs, and to determine the ability of MSCs to load and release these small-molecule
anticancer agents.

Quinazolines are one of the most active classes of nitrogen containing heterocyclic
compounds. A quinazoline structure includes two fused six-membered simple rings
(1) [103] (Figure 2). Derivatives of quinazoline, quinazolinones, are the oxidized form of
quinazoline (ketoquinazoline). Depending on the position of the keto (oxo) group, they
may be classified into three types: 2(1H)-quinazolinones (2), 4(3H)-quinazolinones (3) and
2,4(1H,3H)-quinazolinedione (4) (Figure 2).

These rings are also part of quinazoline alkaloids (5–7) (Figure 3). Among these three
quinazolinone structures, 4(3H)-quinazolinones are more prevalent, either as intermediates
or as natural products in many proposed biosynthetic pathways (5) (Figure 2).

Quinazolines and quinazolinones occur naturally and artificially [104]. Currently,
derivatives of quinazoline are widely used in clinical practice, and the methods of their
synthesis are still developing due to the potential variety of their medical uses. They have a
significant and wide range of pharmacological activity which is associated with the presence
of two fused six-membered simple aromatic rings, a benzene and a pyrimidine ring as well



Int. J. Mol. Sci. 2022, 23, 2745 10 of 18

as heteroatoms [103,104]. The numerous biological properties of quinazolines have raised
great interest in the scientific community. Among these properties are antibacterial, anti-
tuberculosis, antimalarial, antifungal, antiviral, antihypertensive, antioxidant, analgesic,
anticonvulsant, anti-inflammatory and antitumor activities [105–113]. A particular field of
medical application for quinazolines appears to be in the treatment of cancer. In recent years,
The Food and Drug Administration (FDA) has approved several quinazoline derivatives as
a new class of cancer chemotherapeutic agents with significant therapeutic efficacy against
solid tumors. Anticancer drugs such as gefitinib (8), erlotinib, lapatinib (9), afatinib (10),
and vandetanib were approved for clinical use (Figure 3) [114]. However, the potential of
quinazolines is still being researched, and new therapeutic approaches for their use are also
being sought. It has been shown that quinazoline derivatives can exhibit antitumor effects
via multiple ways, for instance as an inhibitor of phosphatidylinositol-3-kinase (PI3K) and
an inhibitor of receptor tyrosine kinases (RTK) [115,116]. Tyrosine kinases (TKs) play a key
role in signal recognition, transduction and amplification. It has been established that many
cellular processes require tyrosine phosphorylation. However, loss of control over cell
proliferation, differentiation and migration can lead to serious diseases, including the onset
of cancer, and its progression and metastasis [117–119]. Some of the new TK inhibitors are
shown in Figure 4 (11–13). They include pyrrole (11), morpholine(12) or urea (13) moieties
and were designed on the basis of gefitinib or other quinazoline anticancer drugs being
TK inhibitors (Figure 4) [120,121]. Quinazoilnes can also act as tubulin inhibitors on cell
lines and can lead to apoptosis (14–16) (Figure 3) [122–125]. Verubulin (derivative 14)
had reached phase II of a trial for the treatment of glioblastoma, but it was halted due to
cardiovascular toxicity. Recently, Li et al. described a new potent tubulin inhibitor with a
pyridine ring (16) showing nanomolar activity against some cancer cell lines (Figure 3) [126].
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Tubulin, as the main structural protein of microtubules, is important for cell division
and motility. Therefore, tubulin is a target for anticancer drugs such as vincristine, do-
cetaxel, paclitaxel and others. These agents prevent the formation of a mitotic spindle
by binding to tubulin. Another effect of compounds that inhibit tubulin is the ability to
inhibit cell migration and invasiveness. Thus, these agents prevent metastases in neo-
plastic diseases [125,126]. Some compounds act as multifunctional ligands. Fluorinated
aminoacid quinazoline hybrids were described as dual inhibitors of 650 tubulin polymer-
ization and epidermal growth factor receptor (EGFR) kinase 17 [127]. Compound 18 is a
cyclin-dependent kinase 4 (Cdk4) and tubulin 653 polymerization inhibitor (Figure 5) [128].
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The inhibitory effects of quinazolines on voltage-dependent sodium channels (VDSCs)
can lead to antiangiogenic and analgesic effects [129]. VDSCs are not only expressed in
excitable cell systems. High expression of these channels is also observed in metastatically
active cells. Therefore, VDSCs are considered as a promising target for antitumor and
antimetastatic therapy [130,131]. Pyrrolidinyl carbamate derivatives of quinazoline were
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described and patented as VDSC inhibitors 19 (Figure 5) [132]. Other quinazoline-based
anticancer agents can act as protein lysine methyltransferase inhibitors, including diazepam
and piperidyne rings 20 [133], or as PI3K/Akt/mTOR inhibitors 21 (with morpholine
andnicotinonitrile moieties) (Figure 5) [134].

Another ability of quinazolines is to overcome multidrug resistance (MDR) in tu-
mors by inhibiting ATP-Binding cassette (ABC) transporters. The overexpression of ABC
transport proteins such as ABCB1 or ABCG2 causes the efflux of harmful substances out
of cells at the cost of ATP hydrolysis. Inhibition of the ABC transporters by potent and
selective inhibitors may increase the efficacy of cancer therapy. The expression of ABC
transporters is often associated with the occurrence of MDR in chemotherapy of multiple
cancers [135,136]. Quinazolines have also been shown to exhibit satisfactory cytotoxic
activity and can significantly inhibit the proliferation of different human cancer cell lines
such as MCF-7, BT-474 and MDA-MB231 human breast cancer cell lines, the A-549 hu-
man lung adenocarcinoma cell line, the HeLa cervical cancer cell line, the HT-29 human
colorectal adenocarcinoma cell line, the A375 melanoma cancer cell line and the D283
medulloblastoma cell line [114,137–140].

Currently, it is also indicated that multifunctional hybrid compounds containing
quinazoline/quinazolinone and other biologically active pharmacophores can potentially
significantly increase the effectiveness of pharmacotherapy [141]. Osipov et al. point out
that hybrid compounds containing the quinazoline cycle may constitute the basis for the
synthesis of effective drugs with great therapeutic potential in the complex treatment of
oncological, neurological or infectious diseases [142]. There are many reports that show
the therapeutic potential of various quinazoline/quinazolinone-based hybrid analogues
against a wide range of diseases. Additionally, the properties of the newly synthesized
quinazolines are still being investigated, and the results are promising.

5. Conclusions and Perspectives

In light of the proven properties of quinazoline derivatives in relation to different
cancer cell lines, they seem to be an attractive choice for new therapeutic solutions in
the treatment of neoplasms and metastases. The drugs currently used in cancer diseases
give hope that the synthesis of new quinazoline derivatives and the development of
new methods of their application may contribute to the establishment of effective and
low-toxic therapies for oncological patients. MSCs seem to be a promising therapeutic
tool to achieve this goal. Systematically applied conventional cancer treatment agents
are characterized by the lack of tumor specificity. They cause insufficient concentration
of the chemotherapeutic agent in tumor cells and toxic effects in normal cells. These
obstacles in cancer treatment can be overcome by using the migratory capacity of MSCs.
A more accurate characterization of the subtypes of MSCs and a better understanding
of the specific molecular mechanisms underlying their pro-tumorigenic properties could
enable the development of highly effective therapeutic strategies based on MSCs. There
is also a need to find therapeutic drugs that can be successfully used in this type of
therapy. Quinazolines are potential candidates for this purpose due to their biological
and pharmacological anticancer properties. Therefore, researching and understanding
the interactions between MSCs and quinazoline derivatives may show new perspectives
in cancer treatment. The use of MSCs as a delivery vehicle of small-molecule anticancer
agents with activities such as quinazolines may turn out to be a milestone in the treatment
of cancer patients.
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81. Koziński, K.; Dobrzyń, A. Wnt signaling pathway—Its role in regulation of cell metabolism. Postepy Hig. Med. Dosw. 2013, 67,
1098–1108. [CrossRef] [PubMed]

82. Wang, W.; Zhong, W.; Yuan, J.; Yan, C.; Hu, S.; Tong, Y.; Mao, Y.; Hu, T.; Zhang, B.; Song, G. Involvement of Wnt/β-catenin
signaling in the mesenchymal stem cells promote metastatic growth and chemoresistance of cholangiocarcinoma. Oncotarget
2015, 6, 42276–42289. [CrossRef] [PubMed]

83. Xu, H.; Zhao, G.; Zhang, Y.; Jiang, H.; Wang, W.; Zhao, D.; Hong, J.; Yu, H.; Qi, L. Mesenchymal stem cell-derived exosomal
microRNA-133b suppresses glioma progression via Wnt/β-catenin signaling pathway by targeting EZH2. Stem Cell Res. Ther.
2019, 10, 381. [CrossRef] [PubMed]

84. Jia, Z.; Zhu, H.; Sun, H.; Hua, Y.; Zhang, G.; Jiang, J.; Wang, X. Adipose Mesenchymal Stem Cell-Derived Exosomal microRNA-
1236 Reduces Resistance of Breast Cancer Cells to Cisplatin by Suppressing SLC9A1 and the Wnt/β-Catenin Signaling. Cancer
Manag. Res. 2020, 12, 8733–8744. [CrossRef]

85. Babajani, A.; Soltani, P.; Jamshidi, E.; Farjoo, M.H.; Nikneja, H. Recent Advances on Drug-Loaded Mesenchymal Stem Cells with
Anti-neoplastic Agents for Targeted Treatment of Cancer. Front. Bioeng. Biotechnol. 2020, 8, 748. [CrossRef] [PubMed]

86. Levy, O.; Brennen, W.N.; Han, E.; Rosen, D.M.; Musabeyezu, J.; Safaee, H.; Ranganath, S.; Ngai, J.; Heinelt, M.; Milton, Y.; et al. A
prodrug-doped cellular Trojan Horse for the potential treatment of prostate cancer. Biomaterials 2016, 91, 140–150. [CrossRef] [PubMed]

87. Krueger, T.E.G.; Thorek, D.L.J.; Denmeade, S.R.; Isaacs, J.T.; Brennen, W.N. Concise review: Mesenchymal stem cell-based drug
delivery: The good, the bad, the ugly, and the promise. Stem Cells Transl. Med. 2018, 7, 651–663. [CrossRef] [PubMed]

88. Pessina, A.; Bonomi, A.; Coccè, V.; Invernici, G.; Navone, S.; Cavicchini, L.; Sisto, F.; Ferrari, M.; Viganò, L.; Locatelli, A.; et al.
Mesenchymal stromal cells primed with paclitaxel provide a newapproach for cancer therapy. PLoS ONE 2011, 6, e28321. [CrossRef]

89. Duchi, S.; Dambruoso, P.; Martella, E.; Sotgiu, G.; Guerrini, A.; Lucarelli, E.; Pessina, A.; Coccè, V.; Bonomi, A.; Varchi, G.
Thiophene-based compounds as fluorescent tags to study mesenchymalstem cell uptake and release of taxanes. Bioconj. Chem.
2014, 25, 649–655. [CrossRef]

90. Brini, A.T.; Coccè, V.; Ferreira, L.M.J.; Giannasi, C.; Cossellu, G.; Giannì, A.B.; Angiero, F.; Bonomi, A.; Pascucci, L.;
Falchetti, M.L.; et al. Cell-mediated drug delivery by gingival interdentalpapilla mesenchymal stromal cells (GinPa-MSCs)
loaded with paclitaxel. Expert Opin. Drug Deliv. 2016, 13, 789–798. [CrossRef]

91. Pessina, A.; Coccè, V.; Pascucci, L.; Bonomi, A.; Cavicchini, L.; Sisto, F.; Ferrari, M.; Ciusani, E.; Crovace, A.; Falchetti, M.L.; et al.
Mesenchymal stromal cells primed with P aclitaxel attract and killleukaemia cells, inhibit angiogenesis and improve survival of
leukaemia-bearingmice. Br. J. Haematol. 2013, 160, 766–778. [CrossRef] [PubMed]

92. Bonomi, A.; Steimberg, N.; Benetti, A.; Berenzi, A.; Alessandri, G.; Pascucci, L.; Boniotti, J.; Coccè, V.; Sordi, V.; Pessina, A.; et al.
Paclitaxel-releasing mesenchymal stromalcells inhibit the growth of multiple myeloma cells in a dynamic3D culture system.
Hematol. Oncol. 2017, 35, 693–702. [CrossRef] [PubMed]

93. Nawaz, M. Extracellular vesicle-mediated transport of non-coding RNAsbetween stem cells and cancer cells: Implications in
tumor progression andtherapeutic resistance. Stem Cell Investig. 2017, 4, 83. [CrossRef]

94. Fatima, F.; Nawaz, M. Vesiculated long non-coding RNAs: Offshorepackages deciphering trans-regulation between cells, cancer
progressionand resistance to therapies. Noncoding RNA 2017, 3, 10. [CrossRef] [PubMed]

95. Kucerova, L.; Altanerova, V.; Matuskova, M.; Tyciakova, S.; Altaner, C. Adipose tissuederived human mesenchymal stem cells
mediated prodrug cancer gene therapy. Cancer Res. 2007, 67, 6304–6313. [CrossRef]

96. Cavarretta, I.T.; Altanerova, V.; Matuskova, M.; Kucerova, L.; Culig, Z.; Altaner, C. Adipose tissue-derived mesenchymal stem
cells expressing prodrug-converting enzyme inhibit human prostate tumor growth. Mol. Ther. 2010, 18, 223–231. [CrossRef]

97. Studeny, M.; Marini, F.C.; Champlin, R.E.; Zompetta, C.; Fidler, I.J.; Andreeff, M. Bone marrowderived mesenchymal stem cells as
vehicles for interferon-beta delivery into tumors. Cancer Res. 2002, 62, 3603–3608.

98. Lu, J.H.; Peng, B.Y.; Chang, C.C.; Dubey, N.K.; Lo, W.C.; Cheng, H.C.; Wang, J.R.; Wei, H.-J.; Deng, W.-P. Tumor-targeted immunotherapy
by using primary adipose-derived stem cells and an antigen-specific protein vaccine. Cancers 2018, 10, 446. [CrossRef]

99. Spano, C.; Grisendi, G.; Golinelli, G.; Rossignoli, F.; Prapa, M.; Bestangno, M.; Candini, O.; Petrachi, T.; Recchia, A.; Miselli, F.;
et al. Soluble TRAIL armed human MSC as gene therapy for pancreatic cancer. Sci. Rep. 2019, 9, 1788. [CrossRef] [PubMed]

100. Shah, K. Mesenchymal stem cells engineered for cancer therapy. Adv. Drug Deliv. Rev. 2012, 64, 739–748. [CrossRef]

http://doi.org/10.1155/2015/964842
http://doi.org/10.1016/j.ctrv.2012.03.005
http://doi.org/10.1038/mt.2015.13
http://doi.org/10.1016/j.biopha.2019.108625
http://doi.org/10.5604/17322693.1077719
http://www.ncbi.nlm.nih.gov/pubmed/24379251
http://doi.org/10.18632/oncotarget.5514
http://www.ncbi.nlm.nih.gov/pubmed/26474277
http://doi.org/10.1186/s13287-019-1446-z
http://www.ncbi.nlm.nih.gov/pubmed/31842978
http://doi.org/10.2147/CMAR.S270200
http://doi.org/10.3389/fbioe.2020.00748
http://www.ncbi.nlm.nih.gov/pubmed/32793565
http://doi.org/10.1016/j.biomaterials.2016.03.023
http://www.ncbi.nlm.nih.gov/pubmed/27019026
http://doi.org/10.1002/sctm.18-0024
http://www.ncbi.nlm.nih.gov/pubmed/30070053
http://doi.org/10.1371/journal.pone.0028321
http://doi.org/10.1021/bc5000498
http://doi.org/10.1517/17425247.2016.1167037
http://doi.org/10.1111/bjh.12196
http://www.ncbi.nlm.nih.gov/pubmed/23293837
http://doi.org/10.1002/hon.2306
http://www.ncbi.nlm.nih.gov/pubmed/27283119
http://doi.org/10.21037/sci.2017.10.04
http://doi.org/10.3390/ncrna3010010
http://www.ncbi.nlm.nih.gov/pubmed/29657282
http://doi.org/10.1158/0008-5472.CAN-06-4024
http://doi.org/10.1038/mt.2009.237
http://doi.org/10.3390/cancers10110446
http://doi.org/10.1038/s41598-018-37433-6
http://www.ncbi.nlm.nih.gov/pubmed/30742129
http://doi.org/10.1016/j.addr.2011.06.010


Int. J. Mol. Sci. 2022, 23, 2745 17 of 18

101. Levy, O.; Zhao, W.; Mortensen, L.J.; Leblanc, S.; Tsang, K.; Fu, M.; Phillips, J.A.; Sagar, V.; Anandakumaran, P.; Ngai, J.; et al.
mRNA-engineered mesenchymal stem cells for targeted delivery of interleukin-10 to sites of inflammation. Blood 2013, 122,
e23–e32. [CrossRef] [PubMed]

102. Altanerova, U.; Babincova, M.; Babinec, P.; Benejova, K.; Jakubechova, J.; Altanerova, V.; Zduriencikova, M.; Repiska, V.; Altaner,
C. Human mesenchymal stem cell-derived iron oxide exosomes allow targeted ablation of tumor cells via magnetic hyperthermia.
Int. J. Nanomed. 2017, 12, 7923–7936. [CrossRef] [PubMed]

103. Srivastava, S.; Srivastava, S. Biological activity of Quinazoline: A Review. Int. J. Pharm. Sci. Res. 2015, 6, 1206–1213.
104. Mahato, A.K.; Srivastava, B.; Nithya, S. Chemistry structure activity relationship and biological activity of quinazoline-4(3H)-one

derivatives. Inventi. Rapid Med. Chem. 2011, 2, 13–19.
105. Nagar, A.A.; Patel, A.; Rajesh, K.S.; Danao, K.R.; Rathi, L.G. Solvent Free One Pot Microwave Synthesis of Quinazolin 4-(3H)-One

derivatives with their Antibacterial and Antifungal Activity. Pharmagene 2013, 1, 1–6.
106. Mohamed, M.S.; Kamel, M.M.; Kassem, E.M.M.; Abotaleb, N.; Kherd, M.; Ahmed, M.F. Synthesis, Biological Evaluation and

Molecular Dockingof Quinazoline-4(1h)-one Derivatives as Anti-inflammatory and Analgesic Agents. Acta Pol. Pharm. 2011, 68,
665–675. [PubMed]

107. Patel, H.U.; Patel, R.S.; Patel, C.N. Synthesis and Antihypertensive Activity of Some Quinazoline Derivatives. J. App. Pharm. Sci.
2013, 3, 171–174.

108. Mohamed, Y.A.; Amr, A.E.G.E.; Mohamed, S.F.; Abdalla, M.M.; Al-Omar, M.A.; Shfik, S.H. Cytotoxicity and anti-HIV evaluations
of some new synthesized quinazoline and thioxopyrimidine derivatives using 4-(thiophen-2yl)3,4,5,6tetrahydrobenzo[h]quinazoline-
2(1H)-thione as synthon. J. Chem. Sci. 2012, 124, 693–702. [CrossRef]

109. Mukherjee, D.; Mukhopadhyay, A.; Shridhara, K.B.; Shridhara, A.M.; Rao, K.S. Synthesis, Characterization And Anticonvulsant
Activity Of Substituted 4-Chloro-2-(4-Piperazin-1-Yl) Quinazolines. Int. J. Pharm. Pharm. Sci. 2014, 6, 567–571.

110. Sen, D.; Banerjee, A.; Ghosh, A.K.; Chatterjee, T.K. Synthesis And Antimalarial Evaluation Of Some 4-Quinazolinone Derivatives
Based On Febrifugine. J. Adv. Pharm. Technol. Res. 2010, 1, 401–405. [CrossRef] [PubMed]

111. El-Azab, A.S.; Al-Omar, M.A.; Abdel-Aziz, A.A.M.; Abdel-Aziz, N.I.; El-Sayed, M.A.A.; Aleisa, A.M.; Sayed-Ahmed, M.M.;
Abdel-Hamide, S.G. Design, Synthesis And Biological Evaluation Of Novel Quinazoline Derivatives As Potential Antitumor
Agents: Molecular Docking Study. Eur. J. Med. Chem. 2010, 45, 4188–4198. [CrossRef] [PubMed]

112. Srivastav, M.K.; Shantakumar, S.M. Design and Synthesis of Novel 2-Trichloromethyl-4Substituted Quinazoline Derivatives as
Anti-tubercular Agents. Chem. Sci. Trans. 2013, 2, 1056–1062. [CrossRef]

113. Al-Omar, M.A.; El-Azab, A.S.; El-Obeid, H.A.; Hamide, S.G.A. Sythesis of Some New 4-(3H)quinazoline Analogs as Potential
Antioxidant Agents. J. Saudi Chem. Soc. 2006, 10, 1131.

114. Bathula, R.; Mondal, P.; Raparla, R.; Satla, S.R. Evaluation of antitumor potential of synthesized novel 2-substituted 4-
anilinoquinazolines as quinazoline-pyrrole hybrids in MCF-7 human breast cancer cell line and A-549 human lung adeno-
carcinoma cell lines. Future J. Pharm. Sci. 2020, 6, 44. [CrossRef]

115. Alqasoumi, S.I.; Al-Taweel, A.M.; Alafeefy, A.M.; Ghorab, M.M.; Noaman, E. Discovering some novel tetrahydroquinoline
derivatives bearing the biologically active sulfonamide moiety as a new class of antitumor agents. Eur. J. Med. Chem. 2010, 45,
1849–1853. [CrossRef]

116. Peng, W.; Tu, Z.C.; Long, Z.J.; Liu, Q.; Lu, G. Discovery of 2-(2-aminopyrimidin-5-yl)-4morpholino-N-(pyridin-3-yl)quinazolin-7-
amines as novel PI3K/mTOR inhibitors and anticancer agents. Eur. J. Med. Chem. 2016, 108, 644–654. [CrossRef]

117. Zwick, E.; Bange, J.; Ullrich, A. Receptor tyrosine kinase signalling as a target for cancer intervention strategies. Endocr. Relat.
Cancer 2001, 8, 161–173. [CrossRef]

118. Porter, A.C.; Vaillancourt, R.R. Tyrosine kinase receptor-activated signal transduction pathways which lead to oncogenesis.
Oncogene 1998, 17, 1343–1352. [CrossRef]

119. Ahmad, I. An insight into the therapeutic potential of quinazoline derivatives as anticancer agents. MedChemComm 2017, 8,
871–885. [CrossRef]

120. Yang, L.L.; Liu, S.S.; Chu, J.J.; Miao, S.; Wang, K.; Zhang, Q.W.; Wang, Y.; Xiao, Y.; Wu, L.; Liu, Y.; et al. Novel anilino quinazoline-based
EGFR tyrosine kinase inhibitors for treatment of non-small cell lung cancer. Biomater. Sci. 2021, 9, 443–455. [CrossRef]

121. Bhatia, P.; Sharma, V.; Alam, O.; Manaithiya, A.; Alam, P.; Alam, M.T.; Imran, M. Novel quinazolinebased EGFR kinase inhibitors:
A review focussing on SAR and molecular docking studies (2015–2019). Eur. J. Med. Chem. 2020, 204, 112640. [CrossRef] [PubMed]

122. Chinigo, G.M.; Paige, M.; Grindrod, S.; Hamel, E.; Dakshanamurthy, S.; Chruszcz, M.; Minor, W.; Brown, M.L. Asymmetric
synthesis of 2,3-dihydro-2 arylquinazolin-4-ones: Methodology and application to a potent fluorescent tubulin inhibitor with
anticancer activity. J. Med. Chem. 2008, 51, 4620–4631. [CrossRef] [PubMed]

123. Sirisoma, N.; Pervin, A.; Zhang, H.; Jiang, S.; Willardsen, J.A.; Anderson, M.B.; Mather, G.; Pleiman, C.M.; Kasibhatla, S.;
Tseng, B.; et al. Discovery of Nmethyl-4-(4-methoxyanilino)quinazolines as potent apoptosis inducers. Structureactivity relation-
ship of the quinazoline ring. Bioorg. Med. Chem. Lett. 2010, 20, 2330–2334. [CrossRef] [PubMed]

124. Al-Obeed, O.; Vaali-Mohammed, M.A.; Eldehna, W.M.; Al-Khayal, K.; Mahmood, A.; Abdel-Aziz, H.A.; Zubaidi, A.; Alafeefy, A.;
Abdulla, M.; Ahmad, R. Novel quinazoline-based sulfonamide derivative (3D) induces apoptosis in colorectal cancer by inhibiting
JAK2-STAT3 pathway. OncoTargets Ther. 2018, 11, 3313–3322. [CrossRef] [PubMed]

125. Xia, L.Y.; Zhang, Y.L.; Yang, R.; Wang, Z.C.; Lu, Y.D.; Wang, B.Z.; Zhu, H.-L. Tubulin Inhibitors binding to colchicine-site: A
review from 2015 to 2019. Curr. Med. Chem. 2020, 27, 6787–6814. [CrossRef]

http://doi.org/10.1182/blood-2013-04-495119
http://www.ncbi.nlm.nih.gov/pubmed/23980067
http://doi.org/10.2147/IJN.S145096
http://www.ncbi.nlm.nih.gov/pubmed/29138559
http://www.ncbi.nlm.nih.gov/pubmed/21928711
http://doi.org/10.1007/s12039-012-0242-4
http://doi.org/10.4103/0110-5558.76439
http://www.ncbi.nlm.nih.gov/pubmed/22247880
http://doi.org/10.1016/j.ejmech.2010.06.013
http://www.ncbi.nlm.nih.gov/pubmed/20599299
http://doi.org/10.7598/cst2013.490
http://doi.org/10.1186/s43094-020-00059-5
http://doi.org/10.1016/j.ejmech.2010.01.022
http://doi.org/10.1016/j.ejmech.2015.11.038
http://doi.org/10.1677/erc.0.0080161
http://doi.org/10.1038/sj.onc.1202171
http://doi.org/10.1039/c7md00097a
http://doi.org/10.1039/D0BM00293C
http://doi.org/10.1016/j.ejmech.2020.112640
http://www.ncbi.nlm.nih.gov/pubmed/32739648
http://doi.org/10.1021/jm800271c
http://www.ncbi.nlm.nih.gov/pubmed/18610995
http://doi.org/10.1016/j.bmcl.2010.01.155
http://www.ncbi.nlm.nih.gov/pubmed/20188546
http://doi.org/10.2147/OTT.S148108
http://www.ncbi.nlm.nih.gov/pubmed/29892198
http://doi.org/10.2174/0929867326666191003154051


Int. J. Mol. Sci. 2022, 23, 2745 18 of 18

126. Li, W.; Yin, Y.; Shuai, W.; Xu, F.; Yao, H.; Liu, J.; Cheng, K.; Xu, J.; Zhu, Z.; Xu, S. Discovery of novel quinazolines as potential
anti-tubulin agents occupying three zones of colchicine domain. Bioorg. Chem. 2019, 83, 380–390. [CrossRef]

127. Zayed, M.F.; Rateb, H.S.; Ahmed, S.; Khaled, O.A.; Ibrahim, S.R.M. Quinazolinone-amino acid hybrids as dual inhibitors of EGFR
kinase and tubulin polymerization. Molecules 2018, 23, 1699. [CrossRef]

128. Sonawane, V.; Siddique, M.U.M.; Jadav, S.S.; Sinha, B.N.; Jayaprakash, V.; Chaudhuri, B. Cink4T, a quinazolinone-based dual
inhibitor of Cdk4 and tubulin polymerization, identified via ligand-based virtual screening, for efficient anticancer therapy. Eur. J.
Med. Chem. 2019, 165, 115–132. [CrossRef]

129. Alafeefy, A.M.; Kadi, A.A.; Al-Deeb, O.A.; El-Tahir, K.E.H.; Al-Jaber, N.A. Synthesis, analgesic and anti-inflammatory evaluation
of some novel quinazoline derivatives. Eur. J. Med. Chem. 2010, 45, 4947–4952. [CrossRef]

130. Nilius, B.; Droogmans, G. A role for K+ channels in cell proliferation. Physiology 1994, 9, 105–110. [CrossRef]
131. Fraser, S.; Grimes, J.; Djamgo, M. Effects of voltage-gated ion channel modulators on rat prostatic cancer cell proliferation:

Comparison of strongly and weakly metastatic cell lines. Prostate 2000, 44, 61–76. [CrossRef]
132. Wilson, D.; Fanning, L.T.D.; Krenitsky, P.; Termin, A.; Joshi, P.; Sheth, U. Quinazolines Useful as Modulators of Voltage Gated Ion

Channels. U.S. Patent 8,158,637, 17 April 2012.
133. Liu, F.; Chen, X.; Allali-Hassani, A.; Quinn, A.M.; Wasney, G.A.; Dong, A.P.; Barsyte, D.; Kozieradzki, I.; Senisterra, G.;

Chau, I.; et al. Discovery of a 2,4diamino-7-aminoalkoxyquinazoline as a potent and selective inhibitor of histone lysine methyl-
transferase G9a. J. Med. Chem. 2009, 52, 7950–7953. [CrossRef] [PubMed]

134. Hei, Y.Y.; Xin, M.H.; Zhang, H.; Xie, X.X.; Mao, S.; Zhang, S.Q. Synthesis and antitumor activity evaluation of 4,6-disubstituted
quinazoline derivatives as novel PI3K inhibitors. Bioorg. Med. Chem. Lett. 2016, 26, 4408–4413. [CrossRef] [PubMed]

135. Krapf, M.K.; Gallus, J.; Spindler, A.; Wiese, M. Synthesis and biological evaluation of quinazoline derivatives—A SAR study of
novel inhibitors of ABCG2. Eur. J. Med. Chem. 2019, 161, 506–525. [CrossRef] [PubMed]

136. Krapf, M.K.; Gallus, J.; Wiese, M. Synthesis and biological investigation of 2,4-substituted quinazolines as highly potent inhibitors
of breast cancer resistance protein (ABCG2). Eur. J. Med. Chem. 2017, 139, 587–611. [CrossRef]

137. Ding, C.; Chen, S.; Zhang, C.; Hu, G.; Zhang, W.; Li, L.; Chen, Y.Z.; Tan, C.; Jiang, Y. Synthesis and investigation of novel
6-(1,2,3-triazol-4-yl)-4-aminoquinazolin derivatives possessing hydroxamic acid moiety for cancer therapy. Bioorg. Med. Chem.
2017, 25, 27–37. [CrossRef]

138. Abuelizz, H.A.; Marzouk, M.; Ghabbour, H.; Al-Salahi, R. Synthesis and anticancer activity of new quinazoline derivatives. Saudi
Pharm. J. 2017, 25, 1047–1054. [CrossRef]

139. Madhavi, S.; Sreenivasulu, R.; Yazala, J.P.; Raju, R.R. Synthesis of chalcone incorporated quinazoline derivatives as anticancer
agents. Saudi Pharm. J. 2017, 25, 275–279. [CrossRef]

140. Regin, G.L.; Bai, R.; Coluccia, A.; Famiglini, V.; Pelliccia, S.; Passacantilli, S.; Mazzoccoli, C.; Ruggieri, V.; Sisinni, L.;
Bolognesi, A.; et al. New pyrrole derivatives with potent tubulin polymerization inhibiting activity as anticancer agents including
hedgehog-dependent cancer. J. Med. Chem. 2014, 57, 6531–6552. [CrossRef]

141. Auti, P.S.; George, G.; Paul, A.T. Recent advances in the pharmacological diversification of quinazoline/quinazolinone hybrids.
RSC Adv. 2020, 10, 41353. [CrossRef]

142. Osipov, V.N.; Khachatryan, D.S.; Balaev, A.N. Biologically active quinazoline-based hydroxamic acids. Med. Chem. Res. 2020, 29,
831–845. [CrossRef]

http://doi.org/10.1016/j.bioorg.2018.10.027
http://doi.org/10.3390/molecules23071699
http://doi.org/10.1016/j.ejmech.2019.01.011
http://doi.org/10.1016/j.ejmech.2010.07.067
http://doi.org/10.1152/physiologyonline.1994.9.3.105
http://doi.org/10.1002/1097-0045(20000615)44:1&lt;61::AID-PROS9&gt;3.0.CO;2-3
http://doi.org/10.1021/jm901543m
http://www.ncbi.nlm.nih.gov/pubmed/19891491
http://doi.org/10.1016/j.bmcl.2016.08.015
http://www.ncbi.nlm.nih.gov/pubmed/27544401
http://doi.org/10.1016/j.ejmech.2018.10.026
http://www.ncbi.nlm.nih.gov/pubmed/30390439
http://doi.org/10.1016/j.ejmech.2017.08.020
http://doi.org/10.1016/j.bmc.2016.10.006
http://doi.org/10.1016/j.jsps.2017.04.022
http://doi.org/10.1016/j.jsps.2016.06.005
http://doi.org/10.1021/jm500561a
http://doi.org/10.1039/D0RA06642G
http://doi.org/10.1007/s00044-020-02530-7

	Introduction 
	General Properties of MSCs 
	Therapeutic Strategies Based on MSCs 
	Interactions of MSCs with Normal and Tumor Cells 
	MSCs Can Affect PI3K/AKT and Wnt Signaling Pathways in the Tumor Microenvironment 
	The Use of MSCs as Vehicles of Various Therapies 

	Are anticancer Quinazoline Derivatives Good Candidates to Be Delivered with MSCs? 
	Conclusions and Perspectives 
	References

