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Abstract: Alternative splicing of mRNA leads to an increase in proteome biodiversity by
allowing the generation of multiple mRNAs, coding for multiple protein isoforms of various
structural and functional properties from a single primary pre-mRNA transcript. The protein
isoforms produced are tightly regulated in normal development but are mostly deregulated in
various cancers. In HIV-infected individuals with AIDS, there is an increase in aberrant alterna-
tive splicing, resulting in an increase in HIV/AIDS-related cancers, such as Kaposi’s sarcoma,
non-Hodgkin’s lymphoma, and cervical cancer. This aberrant splicing leads to abnormal pro-
duction of protein and is caused by mutations in cis-acting elements or frans-acting factors in
angiogenesis-related genes. Restoring the normal regulation of alternative splicing of angiogenic
genes would alter the expression of protein isoforms and may confer normal cell physiology in
patients with these cancers. This review highlights the abnormalities in alternative splicing of
angiogenesis-related genes and their implication in HIV/AIDS-related cancers. This allows us
to gain an insight into the pathogenesis of HIV/AIDS-related cancer and in turn elucidate the
therapeutic potential of alternatively spliced genes in HIV/AIDS-related malignancies.

Keywords: vascular endothelial growth factor, oncogenic viruses, hypoxia induced factor 1,
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Introduction
In eukaryotic multi-exonic genomes, ~95% of the genes encode transcripts that undergo
alternative splicing.'? Alternative splicing leads to an increase in protein diversity in
cells, by allowing a single gene to code for multiple protein isoforms. The resulting
isoforms may be structurally and functionally distinct.>* The vascular endothelial
growth factor (VEGF) is one of the most important regulators of angiogenesis. This
growth factor functions to regulate vascularization by regulating the proliferation,
survival, and permeability of vascular endothelial cells derived from arteries, veins,
and lymphatics.’® The loss of fidelity in alternative splicing in a gene-like VEGFA is
the result of mutations within cis-acting elements which results in incorrect pre-mRNA
processing or alternatively from mutations that affect frans-acting components leading
to changes in the regulation of splicing.! These defects in the regulation of alternative
splicing can serve as a direct causative agent of disease, including cancer. It may also
increase the susceptibility of an individual to a disease or an increase in disease severity.’
Numerous RNA binding proteins play dual roles in alternative splicing regulation
and RNA processing events. Defects in these RNA processing events are known to play
arole in diseases such as neurodegenerative disorders and cancer.'? This highlights the
importance of abnormalities in alternative splicing in diseases and emphasizes this event
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as a common signature of many diseases including cancers.
Cancer-related genes such as those involved in apoptosis,
cell proliferation, angiogenesis, adhesion, metastasis, and
invasion are commonly regulated by alternative splicing.!
Cancer is a significant cause of mortality and morbidity in
those infected with HIV and AIDS. Approximately 35 mil-
lion HIV-infected people are prone to develop a malignancy
during their life time because of increased susceptibility to
opportunistic diseases as a result of the decreased functioning
of the immune system.'? Angiogenesis is implicated in >20
diseases including Kaposi’s sarcoma (KS), non-Hodgkin’s
lymphoma (NHL), and cervical cancer. It is also a hallmark
of most malignancies, contributing to carcinogenesis.'* This
review summarizes the details of the molecular machinery
required for normal constitutive alternative splicing and the
mechanism by which abnormalities in alternative splicing
of angiogenesis-related genes contribute to the development
of HIV/AIDS-related cancers. Major focus is placed on the
role of abnormalities in alternative splicing of angiogenesis-
related genes in KS, NHL, and cervical cancer. Lastly, this
review covers therapeutic strategies targeting angiogenesis-
related alternative splicing through the manipulation of some
of the tumor angiogenesis-related genes, in order to restore
normal cell physiology in patients with HIV/AIDS-related
cancers.

Aberrant alternative splicing
Alternative splicing of RNA is a vital and precisely regu-
lated process occurring prior to mRNA translation.? The
pre-mRNA formed by gene transcription processes is a
copy of the genomic RNA that still retains the intronic
regions. In order to form a mature RNA molecule, these
introns must be removed during pre-mRNA processing.!!
Alternative RNA splicing also occurs in several ways as
depicted in Figure 1A." Different combinations of exons
are joined together, and in some instances, introns or their
segments are included in the mature mRNA, resulting in
the generation of multiple protein products of different
function yet encoded by a single gene.!! Alternative splicing
can result from 1) exon skipping, 2) inclusion of mutually
exclusive exons, 3) use of alternative 5" or 3’ splice sites,
or 4) intron retention.?

Alternative splicing occurs in the spliceosome, which
encompasses a complex of small nuclear ribonucleoproteins,
in which the two-step splicing reaction comprising intron
removal and exon ligation takes place.'> Basically the spli-
ceosome facilitates the “cut-and-paste” reaction of the intron

and exon (5" and 3’ splice site) sequences.'® Sequences that
act as enhancer or repressor regulatory factors exist within
the pre-mRNA. The cis-element binding proteins are known
as serine-arginine-rich (SR) proteins. The trans-element
binding proteins include members of the heterogeneous
nuclear ribonucleoprotein (hnRNP) protein family (Figure
1B). Therefore, the RNA sequences and other cellular fac-
tors within the exons and introns play a role in positively or
negatively regulating splicing.!”!® De-phosphorylation of SR
proteins results in the modification of their activity and regu-
lation. This leads to changes in alternative splicing, which
results in the altered expression of isoforms involved with
apoptosis and angiogenesis during cancer. This is exemplified
by the expression switch from the anti-apoptotic Bcl-xL to a
pro-apoptotic isoform, Bel-xS, and from the pro-angiogenic
VEGF__ to the anti-angiogenic VEGF b (Figure 2A and
B).! Changes in the activity and composition of these splice
factors have been reported to modify the selection of splice
sites and, therefore, interfere with normal cell development
and differentiation.>!® Point mutations during alternative
splicing often occur causing aberrant alternative splicing,
thereby generating variants that contribute to tumor develop-
ment and perpetuate disease progression. '

Mutations within the spliceosome machinery can also
alter alternative splicing. There are three known alterna-
tively spliced isoforms of the polypyrimidine tract binding
protein, each with distinct RNA recognition activities. The
presence of these isoforms directly affects alternative RNA
splice site selection and contributes to disease-causing
aberrant alternative splicing.?® A large-scale study of
32,000 mutations associated with inherited human diseases
revealed that 14% of the point mutations that caused these
disorder occurred at the intron—exon junctions, resulting
in RNA splicing defects.?'*> The actual percentage is
most likely much higher as defined enhancer and repres-
sor sequences were not analyzed. For instance, 50% of
the alternative RNA splicing defects that arise during the
transcription of the neurofibromatosis type 1 or ataxia
telangiectasia genes resulted from mutations in enhancers
and repressor regions.”*?* The exonic splicing enhancer
located before exon 8 prevents the binding of the splicing
factor 2 or alternative splicing factor 3 winner (ie, SF2/
ASF) resulting in exon skipping. The modification in the
activity of SR protein (phosphorylated/non-phosphorylated
SR protein and frans-acting factors) induces a splicing
switch of VEGF to either an anti-antiangiogenic or pro-
angiogenic isoform.
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Figure | Different forms of alternative splicing.
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Notes: (A) The process of alternative splicing differentially selects and pairs exons and splices out introns producing multiple mMRNAs and uses different promoters to
produce different transcripts. A gene is first transcribed by removing introns after which alternative splicing can occur in various ways. These include A) exon skipping, B)
intron retention alternative, C) 3’ or 5, D) splicing. E) Mutually exclusive exons. F) Alternative polyadenylation and finally the use of G) multiple promoters. (B) Cis splicing
mRNA is assembled from the same strand RNA transcript. In trans-splicing exons from two different RNA transcripts are joined end to end.

Alternatively spliced angiogenic

genes in malignancies

Angiogenesis is defined as the formation of new capillary
blood vessels from the existing micro vessels. This process
is initiated by the recruitment of associated supporting cells
together with different segments of the vasculature.??” Under
physiological conditions, the activity of inducers and inhibi-
tors of various angiogenic factors are maintained in a tightly
controlled and balanced manner. Angiogenesis is controlled
through a series of “on” and “off” regulatory switches. The
main “on” switch being the angiogenesis growth factors

(cytokines), whereas the main “off” switches are endogenous
angiogenesis inhibitors.?®

Persistently upregulated angiogenesis is often found as
the causal factor in certain pathological conditions such as
cancer, atherosclerosis, and diabetic retinopathy.? The onset
of angiogenesis in most tumor cell populations is indepen-
dent and expressed at different times during neoplasia; for
example, the onset of angiogenesis in cervical cancer occurs
before neoplasia, whereas in breast cancer, it occurs during
neoplasia.'>? The angiogenic process occurs in a series of
events (Figure 3) that are controlled by receptors, cytokines,
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Figure 2 VEGF splicing.

Notes: (A) Alternative splice isoforms of VEGFA. All variants contain exons |—4. Two families of VEGF isoforms arise due to differential splice-acceptor-site selection in the
3’'UTR within exon 8 of the VEGF gene. The first family VEGF __ are pro-angiogenic, whereas the members of the VEGF b family are anti-angiogenic. (B) Alteration in cis-
and trans-splicing regulatory elements in VEGF. A mutation in the exonic splicing enhancer (ESE) located before exon 8 prevents binding of the splicing factor 2 or alternative
splicing factor 3 winner (ie, SF2/ASF) resulting in exon skipping. The modification in the activity of SR protein (phosphorylated/non-phosphorylated SR protein and trans-acting
factors) induces splicing switches in the expression to either an anti-angiogenic or a pro-angiogenic isoform of VEGF.»

Abbreviation: VEGF, vascular endothelial growth factor.
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factors (ie, VEGF, bFGF)
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Figure 3 The key stages of angiogenesis along with relevant markers in each stage.

Ty

Stage 1: Endothelial cell activation by growth

Stage 2: The endothelial capillary
wall is degraded by extracellualar
proteinases (matrix
metalloproteinases/MMP)

Stage 3: Formation
of a branch point in
the vessel wall

Stage 6: Interconnection
of the new tubules to
form a branched network
(formation of new blood
vessels)

Notes: Stage |: Potent stimulatory factor for endothelial cell migration and proliferation, splicing switches involved include VEGF. Stage 2: Splicing isoforms of MMPs
(MMP1/2) act as extracellular matrix components. Stages 3 and 4: Integrins are expressed during this stage and allows the migrating endothelial cells to interact with specific
compounds of the surrounding matrix. Stage 5: Splicing isoforms of Angiopoietin (Ang 1) are produced by surrounding cells to facilitate endothelial survival and stabilization
of new capillary tubes. Stage 6: Endothelial cells of the new capillaries produce alternatively spliced isoforms of platelet-derived growth factor (PDGF) and recruit pericytes

which in turn stabilize the new blood vessels.'*

Abbreviation: VEGF, vascular endothelial growth factor.

and enzymes. These include VEGF, angiopoietin, and ephrin
family members. !

Angiogenesis stimulators such as VEGF, angionenin,
proliferin, and interleukin-8 together with angiogenesis
inhibitors such as interleukin-2 and -18 are tightly controlled
in normal physiological conditions.’' Angiogenesis requires
the endothelial cells of existing blood vessels to degrade the
underlying basement membrane and invade into the stroma
(which supplies blood) of the neighboring tissue in order to
form new capillaries.’> Many of the various novel splicing
transcripts that are associated with cancer are not expressed
in normal adult tissues, but are found during embryonic
development.** The activation of varying oncogenes and an
inactivation of suppressor genes (Table 1) enable cancer cells
to successfully proliferate, survive, and resist apoptosis.'®

Given the widespread function of alternatively spliced
genes that play a role in angiogenesis, it is of no surprise
that aberrant regulation of alternative splicing is a hallmark
of tumorigenesis. Exon inclusion is controlled by splicing
factors such as SF2/ASF, which determine the transition of
the epithelial cell phenotype to a mesenchymal trait that is
commonly observed in cancer cell invasion.** Tumor cells are

exposed to stressful conditions such as hypoxia and acidosis,
leading to growth factors and cytokines, being provided
by cancer or nontumor cells, activating signaling cascades
that affect both the activity and/or the expression levels of
splicing regulatory factors (SRFs), thereby altering target
gene splicing.'® SRSFs enhance the translation of oncogenic
variants involved in key aspects of cancer cell biology and
are also involved in the regulation of alternative splicing of
pre-mRNAs relevant to cancer progression.'® This network
of alternative splicing events is susceptible to change causing
various abnormalities in genes involved in cancer progres-
sion mechanisms.

Abnormalities in alternatively

spliced angiogenesis-related genes

Deregulation of splicing and the expression of pro-cancer
splice variants that occur in cancer can be caused by changes
in the activity of trans-acting splicing regulators.* Extensive
studies on the abnormalities of alternative splicing of several
candidate angiogenesis-related genes have been investigated
in correlation with cancer risk or progression (Table 2).
Fibroblast growth factors (FGFs), along with VEGF remain
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Table | Alternately spliced genes involved in angiogenesis and cancer

Factor

Role in disease

Angiopoietin-|

ACI33 (Prominin)

CD44

Del-1

Epidermal growth factor (EGF)

Ephrins

Fibroblast growth factor-1 (acidic FGF, FGFI)
Fibroblast growth factor-2 (basic FGF, FGF2)
Fibronectin (FN)

Hepatocyte growth factor/scatter factor (HGF/SF)
Hyaluronidase-1 (HYAL-1)

Hypoxia inducible factor-1a (HIF-1a)
Insulin like growth factor (IGF)
Integrins,

eratinocyte growth factor (FGF-7)
MCP-| Cyclase-activating polypeptide
Midkine

Matrix metalloproteases (MMP 2)
Neuregulin-2

Neuropilin-1
Nitric oxide synthase (NOS)

Phosphatase and tensin homolog

Placental growth factor (PIGF)
Platelet/endothelial cell adhesion molecule- 1
(PECAM-1)

Platelet-derived growth factor-BB (PDGF-BB)
Progranulin

Pyruvate dehydrogenase lipoamide kinase isozyme |,
mitochondrial (PDK)
Stromal cell-derived factor-1 (SFD-1)

Transforming growth factor-f§ (TGF-f)

Tryptophanyl tRNA synthetase

Urokinase plasminogen activator (uPA)

Vascular endothelial growth factor/vascular (VEGF).
Vasoactive intestinal peptide and pituitary Adenylate

VE cadherin

Vasohibin-1 (VASHI)

Reviewed in Reiss*? Gacche and Meshram'?®

Reviewed in Yu et al'?

The expression of different variants correlates with more aggressive stages of cancer''®

Up-regulated in many cancers'?

Deregulation of this gene has been associated with the growth and progression of certain

cancers'®

Reviewed in Cheng et al'?®

Reviewed in Gacche and Meshram'?

Reviewed in Gacche and Meshram'?

Alternate splicing may modulate growth factor signalling during vascular morphogenesis.

An isoform known as Migration-stimulating factor (MSF) is expressed in more than 80% of

common human tumours''®

Implicated in a variety of cancers including breast cancer'?

Hyaluronan (HA) increases VEGF levels and promote endothelial cell proliferation. Variant

I (HYALI-vl) is lower in bladder tumour tissues and reduced tumour growth and micro-

vessel density''

Reviewed in Gacche and Meshram'?

Implicated in many cancers'*®

Reviewed in Gacche and Meshram'?®

Reviewed in Craig and Loberg'?'

Enhances cancer cell proliferation and angiogenesis in tumours'®?
Reviewed in Mook et al'®

Neuregulin-2ct and  induce proliferation of endothelial cells, while Neuregulin-2y and &

reduced proliferation and inhibited angiogenesis''®

Increased expression in leukemia and lymphoma cell lines'**

Promotes carcinogenesis through induction of angiogenesis, whereas it inhibits
carcinogenesis through induction of cell death Reviewed in Yang et al'*

The expression of the different variants is affected by p53. PTEN then regulates the
stability of p53'3¢

Reviewed in Gacche and Meshram'®

The expression pattern of isoforms changes during vascularisation in retina, suggesting a

distinct role of the PECAM-| variants in vascular homeostasis''®

Reviewed in Gacche and Meshram'®

Expression enhances proliferation and promotes tumor growth in multiple cancer cell

lines'¥”

Reviewed in Raimondi and Falasca'®

Alternative splicing may increase SDF-| activity by inducing the expression of stable
variants. SD-| expression correlates with CXCR-4, CXCR7 and VEGF. Increased SFD-|

expression is a prognostic marker of a poor outcome in most caners''®

Reviewed in Gacche and Meshram'?

Truncated variant (mini TrpRS) is anti-angiogenic''®

Elevated expression correlates with tumour malignancy'*

Reviewed in Gacche and Meshram'?®

Receptors for these molecules are frequently overexpressed on tumour cells. Affect the
growth of tumour cells. Reviewed in Ajiro and Zheng'“

In breast carcinoma, VE-cadherin was shown to promote tumour cell proliferation and
invasion through enhancing TGF-B signalling'*!

Expression is up-regulated by VEGF. VASH I B inhibited endothelial cells proliferation,
migration and vessel growth VASHIA causes no inhibition of endothelial cell proliferation

and vessel growth, and increased migration rate''®

Note: The table lists some of the genes involved in angiogenesis whose alternate splicing may contribute to malignancies.

the key players in tumor angiogenesis and their inhibition
represses tumor growth.* Little is known about the involve-

genes such as angiopoietin and the ephrin gene family in
comparison with VEGF in the development of HIV/AIDS-

ment of alternative splicing of other angiogenesis-related  related cancers.
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Table 2 Aberrantly spliced genes in malignancies

Gene
VEGF

Aberrant splicing

VEGF b is expressed in normal
tissues but is downregulated in many
cancers where angiogenesis plays

a crucial role in the survival of the
tumour!?404!

Nitric oxide synthase Unique splice variants detected in

cancer cells'#?

Fibroblast growth factors Aberrant expression of multiple FGF

(FGFs) family members and their cognate
receptors are found in multiple
cancers®

TGF-B Different isoforms may lead to a

favorable environment for tumor
development by angiogenesis
stimulation and immune system
suppression®
Tumor necrosis factor alpha Facilitate stimulation of endothelial
cells by regulating pro-angiogenic
factors during angiogenesis®
Hypoxia-inducible factor-1

(HIF-1)

HIFl o isoform is expressed in nearly
all cell types, HIF20. expression is
more restricted and is particularly
abundant in blood vessels. Altered
expression of one or both isoforms
occurs in many cancers. Reviewed

in 143

MMP-2 and MMP-9 as well as
aberrant splice variants of MMP-9 and

MMP-2
MMP-9
MMP-7 are required for the release
of pro-angiogenic isoforms of VEGF*
Endostatin Endostatin A, a C-terminal cleavage
product, plays a role in inhibiting
endothelial cell proliferation in vitro
and in vivo and enhance angiogenesis
and growth of tumours®
Angiopoietin A correct balance of both the pro and
anti- angiogenic isoforms of both Ang
| and Ang 2 are required. In tumors,
there is an excess of pro-angiogenic

forms of Ang-23°

Note: A list of genes whose aberrant splicing contribute to abnormal angiogenesis
in tumor cells.

VEGF

Aberrant splicing of the pre-mRNA of genes such as VEGFA
leads to isoforms with altered functions in angiogenesis
because the isoforms produced have different C-termini and
different affinities for receptors.? The alternative splicing of
VEGFA transcripts promotes the formation of new blood
vessels. For instance, VEGF4 results from alternative splic-
ing of the 3’ splice site and is implicated in the formation
of new blood vessels.** In cancer, hypoxic cells with VEGF
encoded by VEGFA interacts with hypoxia-inducible factor
(HIF-10) and diffuses through the tumor mass to the normal
neighboring blood vessels. There, they bind to VEGFR2,

stimulating proliferation and migration of endothelial cells
in order to form new capillaries.'®

There are at least four structurally related human VEGF
isoforms. These include VEGF121, VEGF165, VEGF189,
and VEGF206%¢% (Figure 2A). VEGF 165 is one of the most
abundant isoforms and has the highest activity. The pro-
angiogenic VEGF165 and anti-angiogenic VEGF165b result
from the mutually exclusive inclusion of alternate terminal
exons. The pro-angiogenic isoform (VEGF _/VEGF165) is
generated from a proximal 5’ splice site (PPS) in exon 8a,
whereas the anti-angiogenic isoform (VEGF _ b/VEGF165b)
is generated from a distal 5’ splice site (DSS) in exon 8b.
These isoforms bind to a receptor (VEGFR2) to either induce
or inhibit angiogenesis, respectively (Figure 2 A and B).!840
The expression and secretion of VEGF165 is regulated by
numerous growth factors and cytokines such as interleukin
1B, platelet-derived growth factor (PDGF), and transform-
ing growth factor .3® In several studies, it was discovered
that VEGF_ b/VEGF165b is expressed in normal tissues
such as kidney, pancreas, and lung but is downregulated in
many cancers such as renal cell carcinoma and malignant
prostate cancer where angiogenesis plays a crucial role in
the survival of the tumour.!*4%#! These studies indicate that
VEGEF is required for tumor survival and progression and
its inhibition suppresses tumor growth in a wide variety of
tumor cell lines in murine models.>*?

Formation of branched vascular vessels depends on
VEGF-A to regulate endothelial cell division, migration, and
survival in a dose-dependent manner. VEGF-A acts through
the tyrosine kinases, FLK-1 (VEGFR2) and FLT-1 (VEGFR1)
(Figure 4).” FLT-1 comprises a ligand-binding domain splice
variant, SFLT-1 (soluble VEGR receptor-1), which results
from alternative splicing of FLT-1 pre-mRNA and functions
to inhibit VEGFE.* It accomplishes this by binding to VEGF-
A with high affinity and blocking VEGF/FLT-1 signaling.®

Matrix metalloproteinases (MMPs)

MMPs act as both pro-angiogenic and anti-angiogenic proteo-
lytic enzymes. Their function depends on the type and stage
of a particular cancer.*® The activity of MMPs is controlled
through their tissue inhibitors (tissue inhibitor of metallopro-
teinases). MMPS and tissue inhibitor of metalloproteinases
function to regulate the breakdown of extracellular matrix
(ECM), which is an essential step in the formation of new
blood vessels. They achieve this by degrading the structural
components of the ECM. This leads to changes in cellular
proliferation, cell-cell adhesion, angiogenesis, invasion,
and metastases.* In humans, there are >50 MMPs. These
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submit your manuscript 83

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Mthembu et al

Dove

Cell proliferation, survival, angiogenesis, and calcium signaling

Figure 4 A schematic overview of the angiogenesis gene signaling pathways.

Y

Cell survival

Angiogenesis

Notes: Three signaling pathways involved in angiogenesis are the FGF signaling pathway, the VEGF signaling pathway and the Ang-1/Ang-2 signaling pathway.
Abbreviations: FGF, fibroblast growth factor; FGFR, FGF receptor; PDGF, platelet derived growth factor; PDGFR, platelet derived growth factor receptor; VEGF, vascular

endothelial growth factor; VEGFR, VEGF receptor.

are very similar but can be divided further into separate
families. These include the MMPs (23 in humans), the A
disintegrin and metalloproteinases (ADAMs) (13 in humans)
and ADAMs with thrombospondin motifs (19 in humans).
The MMP family can be further divided into collagenases
(MMP-1, MMP-8, and MMP-13), stromelysins (MMP-3,
MMP-10, and MMP-11), and gelatinases (gelatinase A or
MMP-2; gelatinase B or MMP-9).4¢

MMPs that play a more vital role than others in angiogen-
esis include MMP-2 (gelatinase A) and MMP-9 (gelatinase
B), which cleave the major components of the blood vessel
basement membrane, including collagen type IV, fibronectin,
and laminin.*” Many studies suggest that MMP-2 and MMP-9
as well as aberrant splice variants of MMP-9 and MMP-7
are required for the release of pro-angiogenic isoforms of
VEGF from the tumor matrix leading to the initiation of
tumor angiogenesis.”®#’ At the same time, MMP-9 seems to be
important for angiogenesis as it is expressed in blood vessels
at proliferative margins.*® Other angiogenic factors function
to upregulate the expression of the gelatinases (MMP-2 and
MMP-9) and MMP-2, respectively.*® Excessive breakdown

of the basement membrane can have negative effects on
angiogenesis as the MMPs begin to damage essential sup-
port for endothelial cells, as well as releasing anti-angiogenic
factors such as endostatin.”'

Angiopoietin

The angiopoietin family of proteins comprise three structur-
ally related proteins, angiopoietin-1 (Ang-1), Ang-2, and
Ang-3/4.52 Ang-1 phosphorylates and activates endothelial
cell-specific receptor tyrosine kinase (Tie-2) receptor. Ang-2
can inhibit the activation of Tie-2 by Ang-1.5 Ang-1 interacts
with Tie2 to enhance the production and stabilization of
new blood vessels through the Akt signaling pathways.>*%
Ang-1 acts as an anti-angiogenic factor by preventing cell
migration by affecting junction molecules,* tightening the
attachment of mesenchymal cells to endothelial tube. This
leads to the maturation of mesenchymal cells into pericytes,
Ang-1 then binds to Tie-2 and promotes the attachment of
these pericytes to form mature, “nonleaky” blood vessels.”’
Ang-2 acts as a pro-angiogenic factor by blocking the vessel
stabilizing action of angiopoietin-1 promoting endothelial
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cell migration. This leads to the establishment of new vas-
culature. These activities of Ang-2 are known to occur in the
presence of VEGF or other pro-angiogenic factors. However,
it is may also act alone.’%

Alternatively spliced isoforms that have both pro- and
anti-tumorigenic effects have been identified for both Ang-1
and Ang-2.%° The Ang-1 coding region of 1.5 kb gives rise
to three isoforms of Ang-1 that are 0.7, 0.9, and 1.3 kb in
size.®! One of the alternately spliced exons is exon 7, and
this exon is responsible for receptor binding.®? The shorter
versions that lack this domain may act as dominant negative
form of the protein and regulate the binding and activity of
longer forms. An isoform of Ang-2 encoding a protein of
443 amino acids was identified and named Ang2443. This
isoform lacks exon 2 and codes for a glycosylated dimer
that binds Tie-2 but not Tie-1. It can act as a negative regu-
lator of both Ang-1 and wild-type Ang-2 by competing for
receptor binding.%> Another Ang-2 isoform has an alternate
version of exon 1, exon 1B, which results from an alternate
transcription start site.®

Fibroblast growth factor

Basic fibroblast growth factor (bFGF) is a pro-angiogenic
growth factor that encourages capillary endothelial cell
growth and division in vitro and in vivo.% This molecule
initiates ECM remodeling and is stored in the ECM in antici-
pation of this step in angiogenesis.® When the growth factor
binds to the growth factor receptor, the receptors dimerize,
which initiates the intracellular signaling cascade. Multiple
isoforms of the bFGF receptor type 1 (FGFR1) are generated
by alternative splicing of mRNA.*" To date, 23 FGF isoforms
and five FGFRs have been identified. Three receptors have a
very similar structure consisting of an extracellular immuno-
globulin (Ig)-like domain and an intracellular tyrosine kinase
domain. The fourth isoform lacks the frans membrane and
intracytoplasmic domains.®’ The fifth isoform (FGFR-5) only
has two Ig-like domains.*®® The presence of these isoforms
may alter the ability of ligands to bind, leading to changes
in the signaling cascade, contributing to cancer progression
and agiogenesis.®” In cancers such as ovarian cancer, FGF
is suspected to play a direct role in tumor cell proliferation
and angiogenesis by interacting with pro-angiogenic factors
such as VEGF. The FGF signaling pathway also involves
downstream proteins such as MAPK proteins and proteins of
the PI3K/Akt cascade. There is also “crosstalk” between the
FGF pathway and the Notch and IP3 cascades.® A schematic
overview of some elements of the FGF-related pathways are
shown in Figure 4.

Oncogenic viruses, angiogenesis, and
AIDS-related cancers

The cancers that affect HIV-positive people can be described
as those cancers that are AIDS-defining and opportunistic
cancers. The AIDS-defining cancers are those that can be
described as cancers that constitute an AIDS diagnosis in
patients with HIV. These include KS, NHL, and invasive
cervical cancer.”” Oncoviruses contribute to carcinogenesis
by affecting cell signaling pathways and their downstream
targets that play a role in the development of cancer. One of
the major pathways affected by oncoviruses is that of the HIF
family of transcription factors. The HIF proteins play a major
role in the response of normal cells to hypoxic conditions.”
Oxygen limitation in normal cells is resolved by suppressing
the degradation of HIF-1o.. HIF-10 is degraded by the action
of von Hippel-Lindau tumor suppressor protein and the 26S
proteasome. When oxygen supply is sufficient, HIF-1a is
ubiquinylated and degraded, preventing its dimerization with
HIF-1p. The HIF dimer associates with the hypoxia response
element (RE) of the promoter target gene. These target genes
play arole in processes such as angiogenesis, glucose metabo-
lism, cell proliferation, apoptosis, and invasion/metastasis.’""?
Stabilization and increased transcription and expression of
HIF-1 is commonly affected by human oncogenic viruses.
This is achieved by disrupting the degradation of HIF-1ct or
through increased HIF-1ae mRNA translation via the PI3K/
Akt/mTOR or MAPK signaling pathways.”' Table 3 gives a
list of oncogenic viruses, the cancers they cause, and alter-
natively spliced genes involved in their oncogenic activity.

Kaposi’s sarcoma-associated herpes

virus (KHSV)

KS is a type of skin cancer, commonly found in HIV/AIDS
patients, and is related to an infection with the human herpes
virus 8 (HHV-8). KS results in skin, lymph node, liver, spleen,
lungs, and digestive tract lesion. HHV-8 is a DNA virus whose
genome consists of a large 165 kb double-stranded DNA mol-
ecule and is enveloped by an icosahedral capsid. The virus was
originally isolated from KS lesions from an AIDS patient and
has been linked to other malignancies besides KS, including
primary effusion lymphoma, body cavity-based lymphoma,
multicentric Castleman’s disease, germinotropic lymphoprolif-
erative disease, multiple myeloma, angiosarcomas, malignant
skin tumors, and squamous cell carcinomas.” In KS lesions,
most of the cells infected by the virus are in the latent phase
and do not proliferate or express angiogenic cytokines. A small
percentage remain active and express angiogenic cytokines
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Table 3 Oncogenic viruses, the cancers they cause, and alternatively spliced genes involved in their oncogenic activity

Tumor virus Associated cancer Viral oncogenes References
AIDS defining cancers
Human papillomavirus Cervical cancer E6 and E7 early region open reading frames 144
Kaposi’s sarcoma-associated Kaposi’s sarcoma, primary effusion LANA, vFLIP, vCyclin, vGPCR, VvIRF-1, K1 104
herpes virus lymphoma, multicentric Castleman’s disease
Epstein—Barr virus Burkitt lymphoma, Hodgkin lymphoma, LMPI 104
non-Hodgkin lymphoma nasopharyngeal
cancer, T-cell and NK lymphoma
Non-AIDS-defining cancers
Human papillomavirus Anogenital cancers, oropharyngeal cancers  E6 and E7 early region open reading frames 144
Merkel cell polyomavirus Merkel cell carcinoma T antigens 104,105
Human T-cell leukemia virus Adult T-cell lymphoma Tax 104
Hepatitis B virus Hepatocellular carcinoma HBx 104
Hepatitis C virus Hepatocellular carcinoma NS3, NS4B, NS5A 104

such as cytokines such as VEGF, IL-6, CXCL38, and bFGE.”?
Multiple cell types can be infected by KHSV, but the infection
of endothelial cells plays a major role in viral proliferation and
angiogenesis. These endothelial cells have increased levels of
proliferation and display chemotactic migration and invasion
characteristics.”* KSHV can promote angiogenesis through
the action of proteins encoded by the virus itself. During the
lytic phase of the life cycle of the virus, all the viral proteins
are expressed. Many of these are able to induce angiogenesis.”

KSHYV viral interleukin-6 (vIL-6) shares 49.7% sequence
similarity with human IL-6 (hIL-6)7 and is capable of
upregulating VEGF expression and angiogenesis in experi-
mental models.” The pro-angiogenic activities of vIL-6
are enhanced through interaction with HIV-1-encoded Nef
protein.” vIL-6 is capable of initiating multiple downstream
pathways transcription factors and REs, including JAK/STAT,
MAPK, PI3K/AKT, STAT1/3, STATS, IL-6 RE, C/EBP, and
c-jun.” The KSHV homolog of the angiogenic IL-8 recep-
tor, viral G-protein-coupled receptor (vGPCR) controls
the secretion of various angiogenic factors. These include
VEGE, bFGF, IL-10, IL-2, IL-4, IL-6, and IL-8, and TNF
0. vGPCR modulates the nuclear factor of activated T-cells
(NFAT) pathway by elevating cytosolic calcium through
sarcoplasmic reticulum calcium ATPase.” The ability of
vGPCR to control multiple pathways including the PLC,
PKC, MAPK, PI3K/AKT/mTOR, NF-kB, AP1, and NFAT
networks allows this protein to cause multifocal and aber-
rantly vascularized tumors.” vGPCR also upregulate HIF
expression leading to the increased expression of VEGE,
PDGF, TGFa, TGFb, ANGPT-2, and ANGPTL-4.” HIF also
increases the expression of pyruvate kinase M2 (PKM2),
which leads to an increase in angiogenesis in KS.”® KSHV-
encoded viral interferon regulatory factor (vIRF-3) is a cel-
lular interferon regulatory factor homolog and is also known

as latency-associated nuclear antigen-2 (LANA2). LANA
inhibits p53, modulates G1-S transition, and interacts with
c-Myc, angiogenin (ANG), and Annexin A2, leading to an
increase in the cells ability to resist apoptosis.” It promotes
angiogenesis by inducing the expression of VEGF-A by
stabilizing HIF-10..”” LANA also upregulates EMPIRIN?8!
and suppresses immune responses by inhibiting antigen
presentation MHC-I peptide presentation and suppressing
MHC-II gene expression.”

The trans-membrane glycoprotein K1 promotes angio-
genesis in cell culture® and promotes VEGF expression in
primary human endothelial cells.® The activation of VEGF
signaling pathways is expected to be one of the primary
means, whereby KSHV infection leads to increased angio-
genesis.>* It is important to note that K1 can interact with
HIV proteins to promote angiogenesis. HIV Tat promotes
K1-induced angiogenesis through the activation of the NF-xB
signaling pathway. This is due to HIV Tat and K1 promot-
ing the transcription of the microRNA miR-891a-5p which
inhibits IkB expression.® HIV-1 Nefand K1 also act together
to promote angiogenesis by initiating the transcription of
the microRNA miR-718 in chicken and mice models. This
miRNA promotes the degradation of PTEN, resulting in the
activation of the AKT/mTOR pathway.®® K1 also induces
angiogenesis by enhancing the expression of MMP-9.
KSHYV also upregulates MMPs through the increased levels
of EMMPRIN,® and KS tumors express higher levels of
MMP-1, MMP-2, MMP-3, MMP-9, and MMP-19. For this
reason, MMP inhibitors have been used to treat AIDS-related
KS.¥” The three proteins K4, K4.1, and K6 are homologs
of cellular chemokines that also promote angiogenesis by
inducing VEGF expression.®

KSHYV also influences angiogenesis through the transcrip-
tion of its own non-coding microRNAs. KSHV encodes 12
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microRNAs k12-1 through to k12-12. Thrombospondin 1
is an anti-angiogenic factor and is a target of the KSHV-
encoded miRNAs miR-K12-1, miR-K12-3, miR-K12-6,
and miR-K12-11.% The transcription factor MAF is also
repressed by miR-K12-6 and miR-K12-1, resulting in blood
vessel endothelial cells being reprogrammed.®® K5 is also
known as a modulator of immune recognition (MIR-2), and
is an E3 ligase that blocks immune function and promotes
angiogenesis by degrading cadherin, promoting the re-
modeling of endothelial adherens junctions.”' K5 achieves
this by modulating AKT and extracellular signal-regulated
kinase 1 and 2 (Erk 1/2) activity.”> The KHSV proteins
Kaposin B and K12 interact with MK2 kinase and enhance
its activity, leading to the stabilization of pro-inflammatory
and angiogenic mRNAs.” K15 activates the Rass/MAPK,
INK/SAPK, and NF-xB pathways, leading to the induction
of angiogenesis® and increased expression of IL-6, IL-8,
CCL20, CCL2, CXCL3, IL-1a/b, and COX-2. K15 can also
induce angiogenesis through the RCAN1/DSCR1 pathway
by upregulating calcineurin and NFAT1.”

NHL (Epstein—Barr virus)

HIV/AIDS-related NHL is the second most common AIDS-
related cancer. NHLs are heterogeneous lymphoprolifera-
tive malignancies and can be divided based on the type of
lymphocyte that becomes malignant. The most common
lymphomas are B-cell lymphomas and represent 88% of all
lymphomas. In HIV/AIDS patients, 80% of all lymphomas
are high-grade B-cell lymphoma. Lymphomas of the T and
natural killer (NK) cells make up 12% of all NHLs. In HIV/
AIDS patients, the most common types of NHL are primary
central nervous system lymphomas which affect the brain and
spinal fluid.*> Lymphoma cells are able to induce or promote
angiogenesis in numerous ways; first, through increased
release of pro-angiogenic factors such as MMP2 and MMP9%
and second, by increasing their ability to bind and interact
with the substratum by interacting with the ECM components
vitronectin and fibronectin. This leads to increased prolifera-
tion and protease secretion.”’

The true effect that lymphomas have on angiogenesis can
be observed by comparing the effect that cancerous and non-
cancerous tissue has on the development of blood vessels.
Implantation of normal lymph nodes in the chick embryo
CAM model results in the development of a small number of
growing vessels and increased levels of microvascular density
(MVD).”® Benign lymphadenopathies show increased levels
of MVD in reactive parts of affected lymph nodes. B-NHL
displays alterations in laminin and type I'V collagen expression

that corresponds to the expected expression patterns that would
occur during endothelial sprouting in outgrowing capillaries.®

The expression of tenascin is increased in the stroma
of B-NHL, leading to increased levels of angiogenesis and
endothelial cell migration.” Intermediate and high-grade
NHLs contain immature capillaries that lack the basement
membrane,'® whereas low grade b-NHLs contain more devel-
oped capillaries that is surrounded by a continuous basement
membrane.'! VEGF-A is overexpressed in tumor and endo-
thelial cells in angioimmunoblastic T-cell lymphoma.'* The
levels of VEGF expression in NHL can be used as an accurate
predictor of tumor stage as well as a prognostic indicator of
patient survival.'”® Other angiogenic growth factors whose
expression is increased in NHL include FGF-2 and PDGF-.%

Epstein—Barr virus is a human c-herpes virus that has been
associated with NHL. The major viral oncogene expressed
in EBV-associated lymphoma is latent membrane protein-1
(LMP1). This is a 62-kDa integral membrane protein that
immortalizes and transforms human B cells, promoting cell
proliferation. LMP1 activation leads to overexpression of
anti-apoptotic genes and inhibits p53-induced apoptosis.
LMP1 is also able to influence angiogenesis through the
overexpression of HIF-1o by increasing the level of reac-
tive oxygen species such as H,0,. The increase in oxidative
stress activates downstream signaling, leading to increased
HIF activity.”! LMP1 is transcribed from two different pro-
moters producing two LMP1 isoforms, with one isoform
being a shorter version lacking the N terminus. This shorter
version is non-coding and acts as a negative regulator of the
larger oncogenic isoform.!* Other oncogenes expressed by
EBYV include the EBV nuclear antigens (EBNAs). EBNA-1
enhances the transcriptional activity of activator protein 1,
which is responsible for the transcription of HIF-1c.

Non-AlDS-defining cancers
Merkel cell polyomavirus causes an aggressive non-mel-
anoma skin tumor known as Merkel cell carcinoma. The
levels of Merkel cell polyomavirus infection is higher in
HIV-infected individuals.'®® Alternative splicing of the early
pre-mRNAs of the virus produce four isoforms (LT, sT1,
sT2, and 57kT).! The T antigens have different functions,
with the large T- and small t-antigen exerting their oncogenic
effects by inhibiting tumor suppressors, activating tumor
promoters, preventing apoptosis, inducing angiogenesis,
stimulating metastasis, translation, and inhibiting E3 ubig-
uitin ligase activity.'%

Hepatitis C virus is an RNA virus with a 9.6-kb genome
encoding for a single polyprotein that is cleaved into 10
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protein products. HIV and hepatitis C virus have shared
transmission routes, and this results in patients commonly
being infected with both the viruses. HIV infection increases
the severity and worsens the outcomes for patients with HCV
by increasing the risk of hepatocellular carcinoma. Further-
more, the effect of HIV on the immune system combined
with cross reactivity between proteins expressed by both
viruses leads to increased viral proliferation.!”” HIF-1a.
is overexpressed in hepatocellular carcinoma, leading to
increased VEGF expression and cell survival. This is partly
due to viral infection inducing oxidative stress as these cells
are in hypoxic conditions in the damaged liver where there
is a reduction in vascularization. Non-structural hepatitis C
viral proteins are able to induce HIF pathways as can the
HCV core protein.’"'% Alternative splicing does not occur
in CV mRNA, but the virus requires the activity of the host
cells RNA helicase DDX3. DDX3 plays a role in splicing
and the innate immune response to viruses.'%

HTLV-1 is a delta retrovirus capable of causing adult
T-cell lymphomas or leukaemia’s.” The viral oncogene
of HTLV-1, Tax, is a 40-kDa nuclear phosphoprotein that
promotes viral transcription and leads infected T cells to
becoming immortalized.'” Tax activates the PI3K/Akt
pathway, leading to an increase in the levels of HIF-1a. pro-
tein. The single HTLV-1 pre-mRNA undergoes extensive
splicing to give rise to nine types of spliced and unspliced
mRNAs.!*

Therapies targeting alternative
splicing

The widespread and vital role played by angiogenesis in the
occurrence of all cancer types and its relatively limited role
in normal physiology has resulted in the suggestion that the
inhibition of angiogenesis may be effective in the treatment
of cancer." This therapeutic inhibition of angiogenesis may
be achieved through the modulation of alternative splicing.
Currently, multiple strategies are under investigation as a
means of correcting aberrant alternative splicing in cancer.
However, one of the most promising strategies is the use of
small molecules that can target alternative splicing that alter
angiogenesis in cancer. Many of these compounds are already
used as chemotherapy drugs and have been shown to alter
alternative splicing."'® Some of these compounds and their
modes of action are listed in Table 4.

Specific RNAs to interfere with splicing
Alternative splicing can be targeted at multiple stages
including at the transcription stage by targeting the splicing

Table 4 Small molecules that affect alternative splicing

Drug name Function

HDAC (histone deacetylase) inhibitors
Vorinostat (SAHA) s

1o

Na butyrate
Splicing factor inhibitors

Resveratrol Downregulation of hnRNPAI/A2/BI
ASF/SF2 and HuR'"”

Caffeine Inhibits ATM and ATR kinases''®

Mitomycin C Increase in the levels of VEGF |11b'®

Kinase inhibitor

Camptothecin Topoisomerase | inhibitor!'

Doxrubicin Topoisomerase 2 inhibitor!'?

TGO003 CLK inhibitor'*

AR-A014418 Glycogen synthase kinase 3 inhibitor''*
Protein phosphatase-| inhibitor

Tautomycin 4

Cantharidin e

Epigallocatechin-3-gallate 2

Note: A list of examples of small compounds that have effects on alternative
splicing, their targets ,and modes of action.

Abbreviations: HDAC, histone deacetylase; VEGF, vascular endothelial growth
factor; CLK, CDC-like kinase.

machinery, by preventing RNA binding proteins from recog-
nizing their RNA targets, by preventing RNA binding proteins
from performing their actions on the splicing machinery, and
finally, through controlling agents that alter the ability of
RNA binding proteins to carry out their splicing actions. One
strategy is to prevent splicing factors from gaining access to
specific RNA sequences. This can be achieved through the
use of specifically designed oligonucleotides that act to block
the recruitment of splicing factors to specific pre-mRNA
as in antisense oligonucleotides.!"!"! Alternatively, RNA
sequences can be designed to be targets for specific splicing
factors. These RNA sequences can then be used to position
splicing factors at a specific splice point or sequester these

splicing factors.!?

Histone deacetylase (HDAC) inhibitors

The reversible acetylation of histones plays an important
role in the regulation of transcription and HDACs repress
transcription by condensing chromatin. Aberrant HDAC
recruitment is associated with cell growth and tumor cell
proliferation, most likely due to inappropriate transcriptional
repression mediated by HDAC.!'3!"* HDAC inhibitors cause
cells to undergo growth arrest, terminal differentiation, and/
or apoptosis. By inhibiting the activity of HDACs, these small
molecules change the expression pattern of splicing factors
leading to a change in splicing. One of these molecules
sodium butyrate changes SR protein expression in mice.'"
However, the same compound was able to alter the splicing of
the prohibitin protein, leading to an increase in the levels of
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the anti-cancer long isoform in a splicing factor independent
manner.'" These compounds my also lead to increased levels
of protein acetylation and activity.!'* Another compound
named vorinostat-SAHA (suberoylanilide hydroxamic acid)
induces growth arrest or apoptosis in cancer cells, and antitu-
mor activity has been observed in patients. Vorinostat leads
to the accumulation of acetylated proteins such as BCL6,
p53, and Hsp90.!"

Splicing factors

These small molecules have the advantage of being able to
target multiple splicing factors and affecting the splicing of
multiple gene products. This increases their effectiveness,
but the decrease in specificity might limit their usefulness.
Treatment of cells with DNA damaging agents such as UV
and a series of chemotherapeutic drugs including camptoth-
ecin, doxorubicin, and cisplatinum leads to the expression
of the VEGF isoform VEGF111. It is a pro-angiogenic
factor and is resistant to degradation by plasmin and MMP.
This makes it a very attractive target for the development
of anti-cancer drugs.!'® There are many small compounds
that inhibit the upregulation of VEGF111 caffeine, epigal-
locatechin gallate, and resveratrol. Resveratrol may accom-
plish this by through the downregulation of several RNA
processing factors including hnRNPA1/A2/B1 ASF/SF2
and HuR.'” Caffeine inhibits ATM and ATR kinases leading
to the disruption of multiple DNA damage-responsive cell
cycle checkpoints and inhibit the repair of DNA lesions.
This may lead to a downregulation in the expression of the
VEGF111 isoform.!'*!" The SR splicing factor, SC35, was
upregulated by caffeine treatment. This caffeine-induced
upregulation of SC35 led to an increase in the expression of
the alternatively spliced tumor suppressor gene Kruppel-like
factor 6 transcript'!? as well as the p53f isoform that pro-
motes senescence.!' Caffeine induces alternative splicing
in multiple targets and, therefore, lacks specificity and is not
suitable for use in clinical practice.''’ Treatment of ovarian
cancer cells with the chemotherapy agent mitomycin C leads
to an increase in the levels of the anti-apoptotic isoform
of VEGF111, VEGF 111b. This leads to a decrease in cell
growth.'?” Another strategy is to interfere with the structural
proteins that make up the spliceosome or the proteins that
regulate RNA binding. An example of this would be the
compound borrelidin. This antifungal compound binds to
the splicing protein FBP21. This results in the use of an
alternative splice site in VEGF pre-mRNA, resulting in the
expression of a protein with an alternate C terminus and
that prevents angiogenesis.!!?

Kinase inhibitors

In order to regulate pre-mRNA splicing, SR proteins are
phosphorylated to allow their nuclear import and dephos-
phorylated in order to allow for the assembly of the spliceo-
some. As aresult of this both hypo- and hyperphosphorylation
result in the inhibition of SR protein function. DNA damaging
agents such as camptothecin exert their activity by inhibit-
ing the topoisomerase 1 SR protein phosphorylating factor,
whereas doxrubicin inhibits topoisomerase 2. These drugs
are able to alter splice site selection in numerous pre-mRNA
targets including VEGFA."'*!"* Other drugs that have been
developed to target proteins that phosphorylate SR proteins
include TGOO3 that inhibits members of the CDC-like
kinases, AR-A014418 and LiCl both of which inhibit gly-
cogen synthase kinase 3.4

Phosphatase and protease inhibitors

Protein phosphatase-1 (PP1) is able to affect splice site selec-
tion by directly binding to a RNA-recognition motif of differ-
ent splicing regulatory proteins. Tautomycin and cantharidin
inhibit PP1 and PP2A, leading to changes in alternative
splicing patterns.'!* Epigallocatechin-3-gallate (EGCG) and
ibuprofen synergistically act to suppress proliferation and
enhance apoptosis of prostate cancer cell lines by increasing
the level of pro-apoptotic variants of Bcl-X and Mcl-1 while
lowering the levels of the anti-apoptotic splice variants. This
is accomplished through the increased activity of PP1."2! Yet
another strategy is the use of protease inhibitors. Inhibitors
of metalloproteinase activity, such as the synthetic inhibi-
tor AG3340, are being tested for their ability to treat brain
tumors. This molecule inhibits glioma growth, invasion, and
angiogenesis.'” The use of HIV protease inhibitor (HIV-PI)-
based therapies was discovered to be closely associated with
the regression of KS or NHL, in HIV-infected people.'? This
is due to various HIV PIs down regulating the expression of
pro-angiogenic MMP. This was shown in animal models and
in humans, where HIV-PI blocks MMP-2 proteolytic activa-

tion, thus inhibiting tumour angiogenesis in vitro.'**

Conclusion

The immunosuppression resulting from infection with HIV
increases the risk for development of several cancers. The
spread and progression of cancer relies upon the establish-
ment of new blood vessels. Angiogenesis involves multiple
cellular signaling pathways and results from the altered
expression of pro-inflammatory and pro-angiogenic chemo-
kine factors. AIDS-related cancers such as KS and NHL show
high degrees of vascularization with the increased expression
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of multiple angiogenic factors such as bFGF and VEGF-A
(VEGFHIV proteins also contribute to angiogenesis. There-
fore, anti-angiogenic therapy may represent an important tool
for the treatment of AIDS-related cancers. Since angiogenesis
is not common in normal adult tissues, the process may be
targeted with little adverse effects. With the multitude of
genes whose regulation of alternative splicing goes awry in
cancer development, there is no shortage of potential targets.
The varied pathways that many alternatively spliced onco-
genic gene products contribute to angiogenesis in cancers
resulting from viral infections all converge on the activation
of HIF-1. This makes the upregulation of HIF-1 an attractive
target for the development of new therapies. Nevertheless,
the chance of adverse effects on normal physiology must
always be assessed.
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