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Abstract:

Angiogenesis is an important component of many physiological processes, such as the female
sexual cycle, placenta formation, the processes of growth and differentiation of tissues, and
reparative processes including wound healing, fracture repair, and liver regeneration. The
formation of new blood vessels during angiogenesis and vasculogenesis allows the growth and
functioning of multicellular organisms. Pathological angiogenesis most commonly occurs in
ischaemic, inflammatory and neoplastic diseases. Conditions in the pathogenesis of which
angiogenesis plays an important role are sometimes labelled angiogenic diseases. To date, a
number of pro-and anti-angiogenic factors have been defined. VEGF is the only specific mitogen
for endothelial cells. It stimulates their growth and inhibits apoptosis, increases vascular
permeability in many tissues, promotes vasculogenesis and angiogenesis. VEGF signalling activity
in relation to the cell is dependent on having its specific membrane receptors (Flt-1, KDR, Flt-
4). Angiogenesis plays a protective role in ischaemic heart disease and myocardial infarction.
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Introduction:

Angiogenesis refers to the biological mechanism through which new blood vessels arise from
existing ones. This process plays a crucial role in various physiological functions as well as in
several pathological conditions (1).

The vascular system constitutes a vital element of the bone marrow microenvironment,
facilitating the transport of nutrients and metabolic waste while ensuring the proper functioning
of hematopoiesis (2). Angiogenesis is a multifaceted process that involves the proliferation,
migration, and branching of vascular endothelial cells, leading to the creation of new microvessels

from preexisting ones in response to a range of stimuli (3).

The rapid division and proliferation of tumor cells demand substantial nutrient supplies, which
are delivered via blood vessels. Consequently, the survival, invasion, and metastasis of these
tumor cells necessitate the development and growth of new blood vessels (4). In solid tumors,

endothelial cells within the proliferating blood vessels exhibit elevated levels of vascular
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endothelial growth factor (VEGF) and its receptor, vascular endothelial growth factor receptor

(VEGEFR) (4).

In the context of hematologic malignancies, VEGF promotes mitotic activity, stimulates growth,
survival, and migration, and enhances the self-renewal capabilities of leukemia progenitor cells

(5).

Vascular endothelial growth factor (VEGF) serves as the primary direct stimulator of
angiogenesis, influencing various endothelial cell functions such as mitogenesis, permeability,
vascular tone, and the production of vasoactive molecules (6). The VEGF family comprises five
glycoproteins, namely VEGFA, VEGFB, VEGFC, VEGED (also known as FIGF), and placental
growth factor (PIGF, also referred to as PGF) (7).

The human VEGF gene family is situated on the short arm of chromosome 6 and includes five

members: VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth factor (8).

The expression levels of VEGF and its receptors are recognized as indicators of angiogenesis in
solid tumors. Additionally, various types of leukemia, similar to solid tumors, have demonstrated
elevated microvessel density (MVD) in bone marrow (9). While naturally occurring VEGFA and
PIGF heterodimers exist, the members of the VEGF family are predominantly homodimeric
polypeptides (10).

Among the VEGF family, VEGFA (commonly known as VEGF) is the most extensively
characterized. It is expressed in several isoforms resulting from alternative splicing, producing
mature proteins of 121, 165, 189, and 206 amino acids. The VEGF165 isoform is the most
prevalent and is frequently overexpressed in various human tumors (11).

VEGFs exert their functions by binding to three structurally related receptor tyrosine kinases:
VEGEFR1 (FLT1), VEGFR2 (KDR, FLK1), and VEGFR3 (FLT4). These receptors consist of an
extracellular ligand-binding region with an immunoglobulin-like domain, a transmembrane
domain, and a tyrosine kinase (TK) domain within the cytoplasmic region. The interaction
between VEGFs and VEGEFRs results in the phosphorylation of distinct tyrosine residues across
various intracellular domains of the different VEGFRs (12).

The expression patterns of these receptors are notably overlapping yet distinct. Generally,
VEGFRI is found in monocytes and macrophages, while VEGFR2 is present in vascular
endothelial cells and VEGFR3 in lymphoid endothelial cells. However, the distribution of VEGF
receptors is broader than previously anticipated (13).

Three structurally analogous type III receptor tyrosine kinases, namely VEGFRI (also referred to
as Flt-1), VEGFR2 (known as KDR), and VEGFR3 (identified as FLT4), become activated
upon the binding of VEGF ligands. Leukemia cells frequently express one or both of the primary
VEGEF receptor tyrosine kinases, specifically the c-fms-like tyrosine kinase (Flt-1) and the kinase
domain receptor (KDR), and they are capable of producing and secreting VEGF (14).

Regarding other receptor tyrosine kinases, the binding of VEGF to its receptor induces either
homodimerization or heterodimerization of the receptors, followed by autophosphorylation at
specific tyrosine residues. This process initiates an intracellular signaling cascade facilitated by
various effectors that can recognize and bind to the phosphorylated tyrosine residues of the
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activated receptors. These interactions are mediated by Src homology 2 (SH2) domains,
phosphotyrosine-binding domains, and other components of the signaling proteins (15).

There is substantial evidence indicating that VEGFR2 serves as the primary mediator of VEGEF-
induced responses in endothelial cells, playing a vital role as a signal transducer in both
physiological and pathological angiogenesis. The signaling pathways associated with VEGFR2
are relatively well characterized. In human VEGFR2, the principal autophosphorylation site
activated by VEGF binding is Y1175, which functions as a docking site for phospholipase C-
gamma. This interaction indirectly facilitates the activation of the mitogen-activated protein
kinase pathway, thereby influencing cell proliferation. Furthermore, Y1175 also acts as a binding
site for other adaptor molecules, including Src homology 2 (SH2) domain-containing protein

adaptor protein B (Shb) (16).

The interaction between Shb and phosphorylated Y1175 of VEGFR2 is essential for the VEGEF-
dependent activation of the phosphatidylinositol 3-kinase/Akt anti-apoptotic pathway. Another
significant autophosphorylation site in human VEGFR2 is Y1214, which plays a role in the
activation of Cdc42 and p38 mitogen-activated protein kinase (17).

Autocrine and paracrine stimulation by VEGF leads to a mitogenic response in hematologic
malignancies, particularly enhancing the self-renewal of leukemia progenitors (18). The critical
function of autocrine VEGF loops in hematological malignancies is supported by the co-
expression of both VEGF and its receptors in conditions such as leukemia, lymphoma, and
multiple myeloma, along with their direct effects on tumor cell survival, migration, and
proliferation. Additionally, it has been demonstrated that autocrine activation occurs in the
expression of VEGF and other pro-angiogenic factors, such as tissue factor, in acute myeloid

leukemia (AML) blasts (19).

VEGE-A, VEGF-C, VEGFR-2, and VEGFR-3 are found to be overexpressed in acute myeloid
leukemia (AML). The human vascular endothelial growth factor (VEGF) family includes VEGEF-
A, VEGF-B, VEGF-C, VEGEFE-D, and placenta growth factor (PIGF) (20).

Various isoforms of VEGF-A and VEGE-B arise from alternative splicing, while different forms
of VEGF-C and VEGF-D result from proteolytic processing. Currently, there is no evidence
indicating abnormal expression levels of VEGF-B and/or VEGF-D in AML (21).

The most extensively studied and likely the most significant members of the VEGF family in the
context of AML are VEGF-A and VEGF-C. VEGF ligands have the ability to bind to one or
more VEGF receptors, namely VEGFR-1, VEGFR-2 (also known as kinase insert domain
receptor, KDR), and VEGFR-3 (also referred to as fms-related tyrosine kinase-4, FLT-4).
Isoforms of VEGF-A can interact with either VEGFR-1 or VEGFR-2. The specificity of receptor
binding for VEGE-C is regulated by its proteolytic processing (14).

VEGEFR-2 shows a preference for the fully processed mature form of VEGE-C, whereas VEGFR-
3 is capable of binding to both processed and non-processed forms (22).

Research indicates that approximately 85% of bone marrow biopsies from AML patients exhibit
elevated levels of VEGF-A protein expression when compared to normal bone marrow (NBM)

(23). The highest levels of VEGF-A mRNA expression are observed in patients with t(8;21) and
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t(15;17) translocations, while VEGEF-C protein expression is significantly increased in all AML
bone marrow samples relative to NBM controls (24).

In addition to the increased expression of VEGF ligands, VEGF receptors are also prominently
expressed across various subgroups of patients with acute myeloid leukemia (AML). The
expression levels of VEGFR-1 protein were found to be comparable between AML bone marrow
biopsies and normal bone marrow (NBM) controls (25).

Notably, when comparing bone marrow samples from AML patients with the t(15;17)
translocation to those with other cytogenetic abnormalities, it was observed that the former

group exhibited significantly elevated levels of VEGFR-1 mRNA expression (25).

Furthermore, the overall levels of VEGFR-2 protein are markedly higher in the bone marrow of
AML patients in comparison to NBM. The highest levels of VEGFR-2 mRNA expression were
identified in samples from AML patients with the t(8;21) translocation, surpassing those of other
cytogenetic subgroups (26).

Additionally, membrane-restricted VEGFR-2 protein expression levels were noted, with 88% of
AML bone marrow samples demonstrating significantly elevated membrane VEGFR-2
expression across all cytogenetic variations, while MLL-rearranged AML samples exhibited the
highest levels of membrane VEGFR-2 expression. The overall expression levels of VEGFR-3
protein were also found to be significantly increased in bone marrow biopsies from AML patients

(27)

VEGE-A and VEGEF-C ligands are found to be overexpressed in the bone marrow of patients
with acute myeloid leukemia (AML), alongside an increased expression of VEGFR-2 and
VEGEFR-3. The presence of VEGF-A and VEGF-C proteins is noted in the cytoplasm of AML

blast cells, and these proteins may also be secreted (14).

Total expression of VEGFR-2 is observed on the membranes of AML blast cells, as well as in the
cytoplasm and nucleus. The activated form of VEGFR-2 is specifically located in both the
cytoplasm and nucleus of these cells, while VEGFR-3 is predominantly expressed in the
cytoplasm. The binding of VEGF to its receptors can trigger activation through both internal

and external signaling mechanisms. AML cells produce VEGF-A, which can bind to and activate
VEGFR-2 (14).

VEGE-C is responsible for inducing the phosphorylation of both VEGFR-2 and VEGFR-3 in
AML cells. The expression patterns of these VEGF receptors indicate that autocrine signaling in
AML blasts may be modulated through internal signaling loops involving VEGFR-2 and

VEGFR-3 (intrinsic signaling pathway), whereas the external signaling pathway appears to be
primarily restricted to VEGFR-2 (28).

VEGE-A and VEGEF-C serve as negative prognostic indicators in acute myeloid leukemia (AML).
The overexpression of VEGF-A and VEGE-C holds significant prognostic implications for AML.
Elevated plasma levels of VEGF-A correlate with diminished rates of complete remission and
lower survival outcomes among AML patients. The variability observed in VEGEF-A expression
among these patients may be influenced by factors such as alternative exon splicing, single-

nucleotide polymorphisms (SNPs), or genetic mutations (29).
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VEGF-A can undergo alternative splicing, resulting in various isoforms, including VEGF121,
VEGF145, VEGF148, VEGF165, VEGF183, VEGF189, and VEGF206. These isoforms
exhibit distinct functionalities, particularly in their interactions with the extracellular matrix
(ECM). Notably, a significant co-expression of VEGF121, VEGF165, VEGF183, and
VEGF189 has been observed in AML cases (30).
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