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Abstract
MicroRNAs (miRNA) are involved in fine-tuning cellular responses to hypoxia.
miR-210, a hypoxia-induced miRNA, has been shown to play an important role in
angiogenesis. miR-210 is known to target key players in mitochondrial metabolism, DNA
repair, cell cycle regulation, and cell survival. Such targets may broadly affect endothelial
cell homeostasis and angiogenesis. One of the highly ranked targets of miR-210 is
fibroblast growth factor receptor-like protein 1 (FGFRL1). We confirmed this by
luciferase reporter assays that demonstrated FGFRL1 is a direct target of miR-210.
Although FGFRL1 binds Fibroblast Growth Factor (FGF) ligands, it is not a typical FGF
receptor because it lacks an intracellular receptor tyrosine kinase domain. In the present
study, we investigated the role of FGFRL1, on regulating bFGF signaling in endothelial
cells. Our studies suggest that during hypoxia miR-210 inhibits FGFLR1, a dominant
negative or “decoy” receptor, leading to increased FGF signaling in endothelial cells. We
show that transfection with either miR-210 duplex or FGFRL1 siRNA can sensitize
human umbilical vein endothelial cells (HUVECs) to bFGF induced proliferation. Cells
treated with miR-210 or siFGFRL1 also show increased fibroblast growth factor receptor1 (FGFR-1), Protein Kinase B (AKT) and Mitogen-activated protein kinase (MAPK)
phosphorylation after treatment with bFGF.
To corroborate our in vitro finding in endothelial cells, we next investigated the
role of miR-210 and FGFRL1 on angiogenesis using in vivo models. In a transgenic
zebra fish model, we found that injection of miR-210 caused a 30% increase in
angiogenesis at the caudal vein plexus after 36-hours. Injection of FGFRL1 siRNA
showed similar results and increased angiogenesis compared to control. miR-210 knockiii

out (KO) mice were subsequently generated to further understand the role of miR-210
on angiogenesis. Interestingly, miR-210 KO mice showed increased the levels of
FGFRL1 in mouse endothelial cells and other tissues, further demonstrating that miR210 can regulate FGFRL1 levels in vivo. In the matrigel plug assays, miR-210 KO mice
showed decreased angiogenesis in the presence of bFGF compared to wild-type (WT)
mice. In the aortic ring assays, miR-210 KO aortas showed decreased vessel sprouting
in the presence of FGF and hypoxia compared to WT. In a subcutaneous tumor model,
miR-210 KO mouse also showed decreased vascular recruitment to the tumor compared
to WT mice. Overall, our in vivo experiments show that miR-210 plays a critical role
regulating in pathological angiogenesis. Together these findings provide insight that
miR-210 sensitizes endothelial cells to bFGF signaling by targeting the dominantnegative receptor, FGFRL1, during hypoxia. Furthermore, modulation of miR-210 or
FGFRL1 expression or activity is a viable strategy to regulate angiogenesis, either
positively during ischemia or negatively during cancer progression and metastasis.
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CHAPTER I:
Background

1

The Tumor Microenvironment
What is the tumor microenvironment?
The tumor microenvironment is the cellular and structural environment in which
the tumor exists. It plays an important role in tumor physiology, structure and function (1,
2). The tumor microenvironment involves a fundamental relationship between the tumor
and surrounding cells that is essential for tumor cell growth, progression, and
development of metastasis. Immune cells, stromal cells, and extracellular matrix (ECM)
molecules are some of the key neighbors that help to interact and support the growing
malignant cells (Fig. 1) (3). Tumors can in turn influence the surrounding
microenvironment by releasing extracellular signals promoting blood vessel growth and
peripheral immune tolerance. Over the last few decades research interest involving the
tumor microenvironment has dramatically increased. Scientists now hope to develop
diverse therapies that not only target the tumor cells, but also target key components of
the microenvironment in order to better treat cancer patients (4).
A great pioneer in understanding the role of the tumor microenvironment was Dr.
Judah Folkman who introduced the idea that solid tumors could secrete stimulatory
factors that would attract local blood vessels (angiogenesis) for nourishment and growth
(5). He first proposed this idea in 1971 and would describe tumors as “hot and bloody.”
The discovery of these stimulatory factors, one of which is known as vascular endothelial
growth factor (VEGF), would not be discovered until over a decade later (6). Due to his
ground breaking research, Dr. Folkman is credited with founding the field of
angiogenesis research, which has led to the discovery of a number of therapies based
on inhibiting local vascular supply near the tumor site (7-9). In addition to Dr. Folkman’s
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research, many other leaders have made ground-breaking discoveries in understanding
the components of the tumor microenvironment (10).

Figure 1 – The tumor microenvironment. The tumor microenvironment consists of a variety of
cellular and molecular components that help to shape the tumor landscape and promote growth
and metastasis. The cellular constituents consist of immune cells, stromal cells, normal and
transformed cells. The molecular components consist of matrix proteins, growth factors, matrix
remodeling enzymes, and cytokines. The chemical status of the tumor microenvironment can also
include low oxygen tension and low pH. These cellular and molecular components compromise
the proper balance of host immunity by promoting chronic inflammation and tumor progression.
[Image modified from (11). No permission required for educational use (CC BY-NC-SA 4.0)]

Key cellular components
The tumor microenvironment is a highly complex and heterogeneous
environment that is comprised of both cellular and chemical components that can
promote a cancerous phenotype (1, 2). The most well characterized cellular components
3

of the tumor microenvironment include fibroblasts, endothelial cells (ECs), pericytes,
lymphatic ECs, immune cells, bone marrow-derived stromal stem and progenitor cells,

Table 1 – Components of the tumor microenvironment and their function (3, 12).
4

and the surrounding extracellular matrix (ECM) that is produced by these cells (13).
Table 1 summarizes a list of key cells and molecules and a partial list of their functions
within the tumor microenvironment (3). Many of these cells reside in the stroma of the
carcinoma, which is the connective tissue below the basal lamina (14). The stroma
surrounding a tumor often reacts to intrusion via inflammation, similar to how it might
respond to a wound. Inflammation around the tumor cite can encourage angiogenesis,
increase cancer cell growth, and prevent cell death (15). Studies have shown that tumor
microenvironment associated cells, such as fibroblasts, can also contribute to tissue
remodeling that allows the tumor to expand and metastasize by secreting matrix
remodeling enzymes (16). The tumor microenvironment may also promote or initiate
epithelial-mesenchymal transition (EMT), a process required for cancer cell invasion and
metastasis (17).
Some of the unique molecular and chemical properties that make up the tumor
microenvironment include growth factors, fibrous proteins, proteoglycans, matrix
remodeling enzymes, small molecules (e.g. NO), metabolites (e.g. glucose), acidic pH
level, and oxygen level (P02) (12). These molecular properties of the tumor
microenvironment and their pro-tumor functions are highlighted in table 1. Of these
properties, research has found that low oxygen tension, or hypoxia, is a hallmark of the
neoplastic microenvironment (18). Hypoxia within the microenvironment results as
tumors grow at a faster rate that the existing blood supply can support. Hypoxia has
been identified in many cancer types to contribute to tumor development and
progression (19, 20). Hypoxia drives cells of the tumor microenvironment into a survival
state that promotes recruitment of local vasculature, ECM remodeling, genetic instability,
and metabolic transition towards glycolysis. Hypoxia orchestrates these survival tactics
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under low oxygen by increasing protein levels of a transcription factor, Hypoxia-inducible
factor 1 alpha (HIF1-α), which will be discussed in the next section (21).

Role in drug resistance
While we often think resistance to chemotherapy is caused by genetic alterations
within the tumor cells that confer survival and drug resistance, studies have shown that
the tumor microenvironment plays an additional role in chemotherapy response (22).
The tumor microenvironment can lead to anticancer drug resistance by limiting the ability
of drugs to penetrate tumor tissue and to reach all of the tumor cells at a lethal
concentration. To reach all viable cells in the tumor, anticancer drugs must be delivered
efficiently through the tumor vasculature, cross the vessel wall, and traverse the tumor
tissue (23). As we will discuss in the angiogenesis section, tumor blood vessels are often
abnormal and greatly contribute to problems with drug delivery. Additionally,
heterogeneity within the tumor microenvironment can lead to marked gradients in the
rate of cell proliferation and to regions of hypoxia and acidity, which all can influence the
sensitivity of the tumor cells to drug treatment (24). pH can also play a major role in the
ionization state, efficacy, and chemical properties of certain chemotherapies (25).
Absent or dysfunctional lymphatics may cause an increase in interstitial fluid pressure
which can additionally inhibit drug delivery (26).

Therapeutics targeting the tumor microenvironment
Although traditional anti-cancer therapies have been focused on specifically
targeting the cancer cell, there has been a flood of new research and drug design based
on understanding and targeting the unique components of the tumor microenvironment
6

(27). Other research has looked closely at how to solve issues involving tumor
microenvironment impedance on drug delivery (28). Summarized in table 2, is a list of
tumor microenvironment cellular targets, a targeting strategy for anti-tumor response,
and drug example (29).

Microenvironment
Target

Strategy

Drug Example

Promote T cell activation and
enhance immune response

Ipilimumab, Sipuleucel-T

Tumor – Associated
Macrophages

Inhibit recruitment to the tumor
and metastatic sites

Inhibitors of chemokines
such as CCL2, CSF-1R

Endothelial Cells

Inhibit blood vessel growth into
the tumor

Bevacizumab, Aflibercept
(VEGF inhibitors)

Increase tissue O2 levels,
decrease HIF1-α

HIF1-α inhibitors

Cancer Associate
Fibroblasts
Extracellular Matrix
(ECM)

Regulate production of growth
factors and ECM proteins

FGF and PDGF pathway
inhibitors

Inhibit ECM degradation

MMP inhibitors

Signaling Molecules

Inhibit receptor kinase activity

Tyrosine kinase
inhibitors: Gefitinib,
Sunitinib,

Immune Cells

Tumor Hypoxia

Table 2– Drug targets in the tumor microenvironment.

Monoclonal antibodies have been a recent success in targeting various
components of the tumor microenvironment (30). Shown in the table above, Ipilimumab
is a monoclonal antibody that binds cytotoxic T lymphocyte-associated antigen 4 (CTLA4), a receptor of T lymphocytes that dampens their cytotoxic activity (31). By
administering an antibody to CTLA-4, this immune dampening effect can be blocked and
T lymphocytes may become cytotoxic and destroy the cancer cells. Another class of
drugs that have been extensively studied and developed to inhibit the pro-tumor effects
of the tumor microenvironment includes small molecule kinase receptors that
7

preferentially block the receptors that bind growth factors such as VEGF, PDGF, or EGF
(32). Kinase inhibitors such as Sunitinib, work to make the cancer cells “deaf” to much of
the paracrine signaling produced by tumor associated fibroblasts and macrophages.
Another recent therapy that has shown some efficacy against tumor resistance is the
development of liposome formulations that encapsulate anti-cancer drugs for selective
uptake to tumors via the enhanced permeability and retention (EPR) effect (33).
Examples include, Doxil and Myocet which are liposome preparations that encapsulate
Doxorubicin aimed at better penetrate the tumor tissue (34).
While there is still much to be elucidated about the complex interactions between
the tumor cell and its microenvironment, continued research on this dependent
relationship will surely lead to more successful evidence based therapies to better treat
patients with cancer. Certainly, the most effective approaches will combine therapies to
not only kill the cancer cell, but also block the supportive nature of the tumor
microenvironment. The main goal of this work is to better understand the molecular
mechanisms of this symbiotic relationship, so that we may inhibit them and prevent
cancer from progressing.

Hypoxia
What is hypoxia?
Hypoxia is a transient situation in which a given mass of tissue cells does not
receive enough oxygen from the blood vessels (35). In other terms, hypoxia can be
described as a low or suboptimal level of oxygen compared to what is normal for a given
tissue. Hypoxia can result from a failure at any stage in the delivery of oxygen to cells.
This can include decreased partial pressures (pO2) of oxygen, problems with diffusion of
8

oxygen in the lungs, insufficient available hemoglobin, problems with blood flow to the
end tissue, and problems with breathing rhythm (35). Hypoxia and “normoxia” (normal or
physiologic tissue oxygen level) are relative terms. For example, while pO 2 of skeletal
muscle is 20-30 mm Hg, brain tissue pO2 level is much higher at 45-65 mm Hg (36, 37).
Although the terms are similar, hypoxia should not be confused as ischemia.
Ischemia is defined as insufficient blood flow to a tissue, which can result in hypoxia
(38). This is often called 'ischemic hypoxia,’ which can include an embolic event, a heart
attack that decreases overall blood flow, or trauma to a tissue that results in damage.
While physiological hypoxia is an important factor in processes such as development
and embryogenesis, this section will focus primarily on pathological hypoxia. More
specifically for the scope of this work, we will describe tumor hypoxia and its role in
driving tumor progression.
The role of hypoxia inducible factor 1
In order to survive a low oxygen environment, mammalian cells rely on a
transcription factor known as hypoxia inducible factor 1 (HIF1) to upregulate hypoxic
adaptation genes (39). HIF1 has been described as the master regulator of the cellular
hypoxic response and is important for normal physiology as well as pathophysiology and
ischemic disease. HIF1 is a heterodimer composed of two subunits known as HIF1-α
and HIF1-β. These HIF1 subunits are both constitutively translated primarily through the
PI3/AKT/mTOR and MAPK/ERK pathways (40). However regulation at the protein level
is quite different between the two subunits. Unlike HIF1-β, HIF1-α’s stability is drastically
dependent on the level of oxygen available within the cell (41).
In Figure 2, we summarize the canonical pathway of HIF1-α degradation in
normoxia and activation in hypoxia (42). To briefly review, in the presence of
9

Figure 2 – Regulation of HIF1-α. Under normal oxygen conditions HIF1a is degraded. Oxygen
sensing enzyme, prolyl hydroxylase (PHD) begins the process of degradation by hydroxylating
HIF1-α at proline residues 402 and 565. Hydroxylated HIF1-α is recognized by Von Hippel–
Lindau (VHL) protein and incorporated into the VCB-CUL2-E3 ligase complex. HIF1-α is then
polyubiquitinated, leading to degredation by the 28S proteasome. Under hypoxic conditions PHD
enzyme activity is inhibited, allowing HIF1-α to accumulate and stabilize in the cytoplasm. HIF1-α
will then translocate into the nucleus and bind to HIF1-β to form HIF1. Through interaction with
CBP/p300, HIF1 transactivates a multitude of genes necessary for cellular hypoxic adaptation.
[Image modified from (43). Courtesy of S. Ramakrishnan]
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normal oxygen levels, HIF1-α is degraded. However in hypoxia the protein becomes
stabilized and translocates to the nucleus where it heterodimerizes to HIF1-β (44). At
this point, HIF1 can combine with other transcription-related proteins to bind hypoxia
response elements (HRE) within the DNA and upregulate genes appropriate for cell
survival during hypoxia (45). A partial list of the genes upregulated by HIF1 is described
in table 3. Overall, HIF1 is responsible for a large shift in several molecular pathways
that will allow cells to adapt under low oxygen conditions (46).

Hypoxic Adaptation: Genes Upregulated By HIF1
Function





Glucose Metabolism 






Proliferation/Survival 



Iron/Erythropoiesis 




Angiogenesis




Genes
Aldolase-A,C (ALDA,C)
Adenylate Kinase-3
Carbonic anhydrase-9
Enolase- (ENO-1)
Glucose Transporter-1,3 (GLU1,3)
Glyceraldehyde Phosphate Dehydrogenase (GAPDH)
Hexokinase 1, 2 (HK1,2)
Lactate Dehydrogenase-A (LDHA)
Pyruvate Kinase M (PKM)
Phosphofructokinase L (PFKL)
Phosphoglycerate Kinase 1 (PGK1)
Cyclin G2
Insulin-Like Growth Factor-Binding Protein 1, 2, 3
Transforming Growth Factor Receptor a (TGF-a)
Insulin-Like Growth Factor 2
Erythropoietin (EPO)
Transferrin (Tf)
Transferrin Receptor (Tfr)
Ceruloplasmin
Vascular Endothelial Growth Factor (VEGF)
VEGF Receptor
Endocrine-Gland-Derived VEGF
Leptin (Lep)
Transforming Growth Factor Receptor B3 (TGF-B3)
11

Vascular Tone

Matrix Remodeling

Apoptosis

Invasion/Metastasis

















Nitric Oxide Synthase (NOS2)
Heme Oxygenase-1
Endothelin 1 (ET1)
Adrenomedulin (ADM)
Matrix Metalloproteinases (MMPs)
Plasminogen Activator Receptors and Inhibitors (PAIs)
Collagen Prolyl Hydroxylases
Collagen Type V (a1)
Fibronectin (FN1)
Bcl-2/adenovirus EIB 19kD-interacting protein 3 (BNip3)
Nip3-like Protein X (NIX)
Vimentin (VIM)
Urokinase receptor (UPAR)
Autocrine Motility Factor (AMF)
hepatocyte growth factor receptor (c-MET)

Table 3 – Partial list of genes regulated by HIF1-α (46).

Tumor hypoxia
Hypoxia is involved in many pathophysiological processes such as ischemic
disease, diabetes, atherosclerosis, inflammatory disorders, and chronic obstructive
pulmonary disease (47). In these particular disease states, hypoxia can often play a
beneficial role. For example, hypoxia can drive the development of new vasculature to
increase oxygen delivery in the myocardium of patients with coronary artery disease
(48). On the other hand, hypoxia driven angiogenesis can have a deleterious effects for
patients in the context of cancer (49). In addition to stimulating tumor angiogenesis,
hypoxia can alter cancer cell metabolism, increase cell migratory and metastatic
behavior, and promote extracellular matrix remodeling (50).
Cancer cells are often characterized by uncontrolled proliferation (2). As a result,
solid tumors can form and grow at a rate that rapidly outpaces the ability of local
vasculature to supply sufficient levels of oxygen (Figure 4) (51). A tumor mass that
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expands to the size of 1mm3 must recruit local vasculature or risk starving itself as a
result of chronic hypoxia. At this point, the tumor has reached a critical stage and to
survive, and the cancer cells must initiate rescue mechanisms such as HIF1-α activation
in order to save themselves (51).

Figure 4 – Pathogenesis of tumor hypoxia. Rapidly dividing tumor cells quickly outgrow their
blood vessel and oxygen supply. As growth continues the tumor microenvionment becomes
hypoxic (low pO2). Under hypoxia, transcription factor HIF1-α becomes stabilized and activated to
form HIF1 which upregulates a variety of genes that will temporarily aid the cancer cells to
survive with little oxygen availability. Cellular adaptations include metabolism alterations,
activating angiogenesis, and remodeling the surrounding matirx. (51)

Some of the most significant cellualr alterations driven by HIF1 is the modification
of cell metabolism to utilize more energy-efficient pathways and the activation of
vascular endothelial growth factor (VEGF) driven angiogenesis (52). If successful in
initiating these apdaptations, the tumor may have satisfied its need for oxygen in the
short term. However, hypoxic states may still persist heterogeneously in various regions
of the tumor microenvironment (53). This effect may also be enhanced as tumor blood
13

vasculature is often irregular, unevently distributed and leaky, which will be discussed
more in the following section (54).
Tumor hypoxia also enhances the Warburg effect, the dependence of tumor cells
on glycolytic pathways over normal oxidative mechanisms (55). Another effect of
hypoxia is the acidification of tumor cells, primarily as a result of the shift from aerobic to
anaerobic metabolism that results in lactic acid accumulation (56). Low pH withhin the
tumor microenvironment poses a significant threat to the efficacy of certain
chemotherapy drugs as described previously (57). In addition to increasing tumor cell
survival, hypoxia promotes genomic instability (58). For example, inhibition of DNA
repair mechanisms, increased number of point mutations, and increase in telomerase
activity have all been associated with hypoxia (58, 59). HIF1 also promotes extracellular
matrix remodeling by upregualting MMPs, fibronectic, and collagen prolyl hydozylase, to
name a few (18). Finally, in certain cancer cell types hypoxia was found to induce
dedifferentiation and development of stem-cell like features, such as EMT (60). Overall,
these cellular alterations induced by hypoxia truly compound the aggressive phenotype
of malignant cells and contribute to their progression. As summarized in table 5, a
hypoxic tumor microenvironment also can lead to the development of chemotherapy
resistance (24).

Tumor Hypoxia and Treatment Resistance to Chemotherapy
Hypoxic Effect

Treatment Response
A. Reduced DNA damage by radiation
and chemotherapy
B. Unpredictable intratumor
pharmacokinetics. Tumor blood
vessels can have impaired and
uneven drug delivery.
C. Low pH can alter chemotherapy
transport across cell membranes, drug

1. Decreased generation of free radicals
2. Tumor hypoxia promotes abnormal,
leaky vasculature with variable
perfusion capacity.
3. Hypoxia increases glycolysis leading to
the formation of extracellular acidosis.
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activation and accumulation.
D. Chemotherapies that target these
mechanisms (rapidly dividing cells,
DNA damage) can have reduced
efficacy in hypoxic tumors.
E. Heterogeneity can lead to resistant
clonal variants following
chemotherapy.
F. These cancer stem cells may provide
a source of recurrence after
chemotherapy treatment.

4. Hypoxia can slow proliferation kinetics
and also elevate levels of glutathione
and DNA enzymes.
5. Hypoxic areas in a tumor can lead to
increased tumor heterogeneity .
6. Hypoxia can protect and maintain the
properties of cancer stem cells.

Table 4 – Tumor hypoxia and acquired treatment resistance in human cancers (24)

For all its pro-tumor effects, it comes at little surprise that tumors with measured
hypoxia correlate with patient morbidity and mortality (61). For example, cervical tumors
with a pO2 measured at less than 10mm Hg resulted in a significant decrease in
progression-free and overall survival (62). Similar results can be seen across many
types of cancer including, head and neck, breast, pancreatic, and ovarian cancer (63).
Overall, these cases further highlight the need to develop targeted therapies that reduce
the beneficial relationship between the tumor microenvironment and the cancer cells.
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Angiogenesis
Mechanisms of angiogenesis
Endothelium is a specialized form of mesenchymal tissue that divides the
circulating blood from the inner linning of the vascular system (64). It is composed
endothelial cells (ECs) connected by adherent and tight junction molecules, such as VEcadherin and Occludin. Surrounding the ECs is the basement membrane and pericytes
(65). Pericytes are contractile cells that wrap around endothelial cells. They regulate
capillary blood flow, the clearance and phagocytosis of cellular debris, and the
permeability of the blood–brain barrier. Pericytes also stabilize and monitor the
maturation of endothelial cells by means of direct communication between the cell
membrane as well as through paracrine signaling (65).
Angiogenesis is formation of new blood vessels from existing vasculature (66). It
can also be referred to as sprouting angiogenesis which is characterized by the
extension and branching of endothelial cells to form blood vessels (Fig. 4) (67). There
are several other mechanisms of new vessel formation that are distinct from sprouting
angiogenesis. These include vasculogenesis, intussusception, vessel co-option,
vascular mimicry, and tumor to endothelial cell differentiation (67). These mechanisms
are all highlighted and described in Figure 4. Unless induced by the appropriate stimuli
from the local environment, endothelial cells remain largely quiescent during their life
span (68).
When receptors in a quiescent vessel bind secreted growth factors, pericytes and
ECs become activated and loosen cell junctions and detached from the basement
membrane via matrix remodeling (69). This initial process results in vasodilation and
increased vessel permeability, which allows plasma proteins such as fibronectin and
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fibrinogen to extravasate and form ECM. This matrix provides a new source of growth
factors, such as VEGF and FGF, and also provides scaffolding for ECs to migrate. Next

Figure 4 – Mechanisms of new blood vessel formation. (1) Sprouting angiogenesis occurs
when endothelial cells from existing vasculature push through the basement membrane towards
a stimulus. (2) Vasculogenesis is the generation of new blood vessels from circulating endothelial
progenitor cells. (3) Intussusception occurs when an existing vessel splits to form two vessels. (4)
Vessel co-option occurs when tumor cells surround and utilize an existing blood vessel. (5)
Tumor cells may form vascular like structures in the process of vascular mimicry. (6) Certain
tumor cells with stem-like properties may dedifferentiate into endothelial like cells to form new
blood vessels.
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Figure 5 – Key factors and mechanisms involved in angiogenesis. Vessel sprouting is
controlled by the balance between pro- and anti- Angiogenic factors. First, a growth factor
stimulus must initiate the branching process. These growth or angiogenic factors cause
vasodilation, degradation of the basement membrane and surrounding matrix, followed my
pericyte detachment. The selected endothelial cell will begin to migrate through the degraded
ECM and become the leading cell, also known as the “tip” cell. Initially, the surrounding
endothelial cells will remain quiescent. As the tip cell continues its forward migration towards a
guidance stimulus, the connected lagging cells will begin to proliferate. When sufficient number of
cells have sprouted, tubular structure will begin to form. These sprouting vessels will begin to fuse
and recruit pericytes. In the final stages a lumen will form allowing blood to flow. In the final
stages tight junctions are reestablished and the vessel becomes mature and quiescent.
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a single endothelial cell, or tip cell, receiving the appropriate signal will lead a path along
the newly secreted ECM in the direction of the stimulus. Following behind are the stalk
cells that begin to divide and elongate the nascent vessel. Next, myeloid cells aid in
fusing the neovessels to initiate blood flow, which is required to prevent vessel
regression. Finally to complete maturations, the vessel returns to a quiescent state. This
process including some of the key stimulatory factors is summarized in Figure 5 (69).
The key growth factors and their receptors involved in regulating angiogenesis
are summarized in table 5 (9).

Angiogenic Factors and Their Role in Angiogenesis
Ligand-Receptor

Role in EC Physiology

VEGF-VEGFR1
VEGF-VEGFR2

 Induce proliferation, sprouting, and tube formation.
 Increase vascular permeability and suppress apoptosis

VEGFC-VEGFR3-NRP2

 Lymphatic development

Notch Pathway

 Negative feedback for VEGF-mediated vessel
sprouting.
 Vessel fate determination (artery vs. vein).

bFGF-FGFR1

 Chemoattractant for ECs
 Induces proliferation

Ephrin-B2-EPHB4PDGFBB-PDGFRB

 Arterial EC determination
 Guides vessel branching

PDGF-BB-PDGFRB

 Promotes migration, recruitment, and proliferation of
mural cells

ANGPT1-TIE2

 Facilitates EC matrix interaction for vessel stabilization.
 Suppresses EC apoptosis

ANGPT2-TIE2

 Induces apoptosis in the absence of VEGF
 Involved in lymphatic patterning

TGFB1-TGFBRII

 Promotes ECM and protease production

Table 5 – Angiogenic factors and their roles in angiogenesis (9).
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Angiogenesis in cancer
In non-malignant tissue, vessels are largely quiescent (68). During vessel
quiescence, a balance exists between pro- (VEGF, bFGF, PDGF) and anti- (angiostatin,
endostatin, thrombosopodin) angiogenic factors (Figure 7) (70). This balance is thought
to maintain the equilibrium of quiescent vessels. However, if quiescent vessels are
nearby a growing tumor in need of oxygen, the tumor may secrete HIF1-mediated
growth factors and tip the balance toward a proangiogenic response (Figure 6) (70). In
addition the hypoxic microenvironment may also promote matrix remodeling that is
critical for new vasculature sprouting (71). Hypoxia and HIF1 are key contributors of
triggering

the

“angiogenesis

switch.”

Figure 6 – Activation of the angiogenic switch. Quiescent blood vessels are able to remain in
a stable equilibrium by balancing the levels between pro- and anti- angiogenic factors. If the
balance is tipped towards favoring proangiogenic molecules an “angiogenic switch” will be
activated leading to vessel sprouting and angiogenesis. In the tumor microenvironment, hypoxia
can push the balance to favor the increase of proangiogenic factors such as VEGF. This switch
can recruit local vasculature to the tumor and enhance tumor growth and survival. Due to this
dysregulation and increase in growth factors, tumor vasculature is often structurally abnormal and
leaky, which can promote tumor intravasation. (70)
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Although angiogenesis increases in a hypoxic tumor microenvironment, the blood
vasculature that supplies oxygen to the tumor is often irregular (Figure 7) (72). These
vessels are recruited rapidly to the tumor site and are structurally and functionally
distinct from vessels borne of physiological angiogenesis. In particular, tumor vessels
tend to demonstrate increased vasodilation, permeability, and irregularities of the
endothelium, basement membrane and pericyte coverage (72). Tumor vasculature is
often characterized as disorganized and includes a mix of characteristics associated with
capillaries, arteries, and venules (73). These irregularities are largely believed to be a
result of abundant VEGF within the ECM that stimulates vessels via a paracrine fashion
versus more controlled autocrine signaling. A major consequence of the deformed tumor
vasculature is high interstitial pressure created by leaky vessels. This also causes a
maldistribution of blood flow and resources across the tumor. Accordingly, oxygen

Figure 7 – Physiologic versus tumor vasculature. In normal tissue, blood vessels are well
organized and arranged with clear branch points and junctions. Normal vasculature can be
distinctly identified as artery, vein, or capillary. In contrast, tumor vasculature is disorganized and
arbitrarily branched. Blood vessels in the tumor can be difficult to distinguish between arterial,
venous and capillary features. Compared to normal vessels, tumor vasculature is irregular,
dilated, and leaky. These abnormal vessels have a loosely bound basement membrane and
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inconsistent pericyte coverage. For these reasons partial pressure of the tumor can vary
drastically, which can in turn affect delivery of chemotherapeutic agents. Overall, these abnormal
attributes contribute to the survival and metastasis of tumor cells. (72)

nutrients, and even chemotherapy will be distributed heterogeneously. Vascular
fenestrations can also provide an escape route for metastatic cancer cells to distal sites.
In this way tumor vasculature enables tumors to survive, proliferate, and metastasize
(72).

Antiangiogenic therapies
Due to its important role in the progression of malignancy, tumor angiogenesis
has been focus of several anti-cancer therapies (67). Typically these therapies are
combined with traditional chemotherapies to maximize the anti-tumor effect (74). Two
recently developed classes of drugs used to inhibit tumor angiogenesis include antibodybased therapies and small molecule inhibitors. VEGF and its receptor VEGFR are the
two primary targets of these new types of anti-cancer therapies (75). A summary of FDA
approved antiangiogenic therapies is summarized in table 6 (7). For the most part, many
of these drugs may extend patient life expectancy for several months (76). However, due
to the redundancy and existence of multiple angiogenic pathways, simply blocking VEGF
stimulation has proven not to be as successful as hoped in terms of eradicating the
cancer (76).
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Drug

Target

Indication

Antibody-based therapies
Bevacizumab (Avastin)

Anti-VEGF antibody

Glioblastoma, metastatic
colorectal cancer, metastatic
RCC, some non-small cell
lung cancers

Aflibercept (Eylea)

VEGF-trap recombinant fusion
protein of VEGF-binding
domains from VEGFR

Metastatic colorectal cancer

Human monoclonal VEGFR2

Ramucirumab (Cyrazma) antibody inhibits VEGF binding

Advanced gastric or gastrooesophageal junction
adenocarcinome

Small molecule inhibitors
Axitinib (Inlyta)

VEGFR1-3, PDGFRB, c-KIT

Advanced RCC

Cabozantinib (Cometriq)

VEGFR1-3, MET

Metastatic medullary thyroid
cancer

Everolimus (Afinitor)

mTOR

RRC, neuroendocrine tumors

Pazopanib (Votrient)

VEGFR1-3, PDGFR, c-KIT

RCC

Regorafanib (Stivarga)

VEGFR1-3, PDGFRB, TIE2

Metastatic colorectal cancer

Sorafenib (Nexavar)

VEGFR1-3, PDGFR, RAF

Hepatocellular carcinoma,
RCC

Sunitinib (Sutent)

VEGFR1-3, PDGFR, c-KIT,
FLT3, RET, CSF-1R

RCC, neuroendocrine tumors

VEGFR1-3, EGFR, RET

Medullary thyroid cancer in
patients with unresectable
locally advanced or metastatic
disease

Vendatanib (Caprelsa)

Table 6 – FDA-approved antiangiogenic therapies

Recently, two strategies have emerged that aim to target tumor angiogenesis by
using seemingly contradictory approaches. The first aims to starve the tumor by blocking
angiogenesis, while the other looks to “normalize” the vasculature to be more like
physiological blood vessels (77). The strategy behind vessel normalization is that the
vessels will then distribute blood, as well as anti-cancer agents, more uniformly to all
regions of the tumor tissue. This strategy seems counter intuitive, however, may be a
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good way to increase chemotherapy uptake and efficacy inside the tumor. VEGF
antibody, Bevacizumab has been shown to induce vessel normalization, while still
retaining anti-cancer properties in certain types of tumors (78). While we have made
great strides in targeting tumor angiogenesis, additional research of the molecular
mechanisms between endothelial cells, cancer cell and the tumor microenvironment will
help to further elucidate better strategies and therapies for targeting the tumor
vasculature.

Fibroblast Growth Factor Signaling
Key cellular components
Fibroblast growth factors (FGFs) are a family of growth factors, with members
involved in angiogenesis, wound healing, embryonic development and endocrine
signaling pathways (79, 80). They are also key players in the processes of proliferation
and differentiation in of wide variety of cells and tissues. FGF ligands are small
polypeptides with a partially conserved core of 120–130 amino acids (81). In humans, 22
members of the FGF family have been identified, all of which are structurally related.
FGFs are heparin-binding proteins that interact with heparin sulfate proteoglycans,
shown to be essential for FGF signal transduction (82). FGF ligands have a variety of
unique functions and can either activate or inhibit FGF-receptors (FGFRs) (83). Some
FGF molecules are secreted while other have been show to act intracellularly (84). FGF
subfamilies and their target receptors are summarized in table 7 (85).
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FGFs and Target FGFRs
FGF subfamilies

FGF

FGFR

FGF1 (aFGF)

FGFR1-4, Not FGFRL1 (RL1)

FGF2 (bFGF)

FGFR 1c, 3c > 2c, 1b, 4, RL1

FGF4 (secreted)

FGF4, FGF5, FGF6

FGFR 1c, 2c > 3c, 4, RL1

FGF7 (secreted)

FGF3, FGF7, FGF10, FGF22

FGFR 2b > 1b, RL1

FGF8 (secreted)

FGF8, FGF17, FGF18

FGF9 (secreted)

FGF9, FGF16, FGF20

FGF19 (secreted)

FGF19, FGF21, FGF23

FGFR 1c, 2c, 3c, 4 (weak)

FGF11 (intracellular)

FGF11, FGF12, FGF13, FGF14

Not known

FGF1 (secreted or
intracellular)

FGFR 3c > 4, > 2c > 1c > 3b,
RL1
FGFR 3c > 2c > 1c, 3b > 4,
RL1 (weak)

Table 7 – FGF Receptors and their corresponding ligands (85).

In mammals, the FGFR family has 5 members, FGFR1, FGFR2, FGFR3,
FGFR4, and FGFRL1 (or FGFR5) (80). FGFR1-4 consists of three extracellular
immunoglobulin-type domains (Ig1-Ig3), a single-span trans-membrane domain and an
intracellular split tyrosine kinase domain (86). FGFs interact with the Ig2 and Ig3
domains, with the Ig3 interactions primarily responsible for ligand-binding specificity.
Heparan sulfate binding is mediated through the Ig3 domain. An extracellular 'acid box'
motif interacts with the heparan sulfate binding site to prevent receptor activation in the
absence of FGFs. When FGF binds to the extracellular domain of an FGFR, its
dimerization is triggered with other adjacent FGFRs (80). Dimerization leads to a rapid
activation of the protein's cytoplasmic kinase domains. The activated receptor as a result
then becomes autophosphorylated on multiple specific intracellular tyrosine residues
(84).
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Figure 8 – FGFRL1 structure and functions. FGFRL1 is the newest member of the FGFR
family. It shares significant sequence homology with FGFR1-4. However, unlike its family
members, FGFRL1 does not contain a cytoplasmic tyrosine kinase domain. Instead, FGFRL1
contains a short c-terminal tail important for intracellular trafficking and zinc-binding. The FGFreceptors share a similar extracellular domain composed of three immunoglobulin-like domains
and a single hydrophobic membrane-spanning segment. Additionally, FGFRL1 is able to bind a
variety of FGF ligands, including bFGF. FGFRL1 is smaller in size at 504 aa and it is unknown
whether or not it can dimerize with FGFR1-4. Multiple alternatively spliced transcript variants
encoding the same isoform have been found for this gene. The receptor plays a role in
development, differentiation, cell proliferation, and cell adhesion. (87)
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FGFRL1 (FGFR5) is the newest member of the FGFR family (Figure 8) (87).
FGFRL1 binds several FGF molecules (including bFGF, but not aFGF) and has a similar
extracellular domain as its family members. However, its distinguishing feature is that it
does not contain an intracellular tyrosine kinase domain. FGFRL1’s structure is further
described in Figure 8 above (87). Due to its lack of a tyrosine kinase domain,
researchers have hypothesized and demonstrated experimentally that FGFRL1 may act
as a dominant negative, or decoy receptor by sequestering FGF molecules (87-89).
Other studies have shown that FGFRL1 participates in processes such as cell
proliferation, cell adhesion, cell fusion, and is capable of some intracellular signaling
activity (87, 90-97). Studies with FGFRL1 knock-out mice have demonstrated that the
gene plays an important role during embryonic development (98, 99). FGFRL1 deficient
mice die at birth due to a malformed diaphragm and lack metanephric kidneys. While the
protein is conserved across species, the intracellular domain is barely conserved, with
the exception of three motifs, namely a dileucine peptide, a tyrosine-based motif YXXΦ,
and a histidine-rich sequence (100). These sequences are thought to be important for
intracellular trafficking.

Molecular Pathways
Figure 9 summarizes the key signaling transduction pathways activated by FGF-FGFR
(101).
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Figure 9 – FGF signaling pathway. Following FGF ligand and heparin binding, FGF-receptors
dimerize

at

the

plasma

membrane.

The

kinase

domains

of

these

receptors

will

transphosphorylate each other, leading to recruitment of adaptor proteins and activation of four
main intracellular pathways. (1)

signal transducer and activator of transcription (STAT). (2)

phospholipase Cγ (PLCγ). (3) PI3K–AKT. (4) RAS-RAF-MAPK. These pathways can lead to
cellular alterations in proliferation, survival, and motility. [Image from (101). Copyright from
Company of Biologists. No permission required for educational use.]

Role in Angiogenesis
Along with embryogenesis, angiogenesis was one of the first areas where FGF
signaling was shown to be important (102). In particular, FGF1 and FGF2 were found to
be significant for new blood vessel growth in wound healing models (103). FGF2 is a
very potent inducer of angiogenesis (104). In a preclinical model of microvascular
endothelial cells grown on a 3-dimensional collagen gel, VEGF and FGF2 were able to
induce cells to invade the underlying matrix to form capillary-like microvessels (105).
FGFs exert their effects by modulating proliferation and migration of endothelial cells,
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production of proteases, and promotion of integrin and cadherin receptor expression
(106). FGF1 and FGF2 also affect tumor angiogenesis by promoting the cellular
proliferation of endothelial cells. In the tumor microenvironment FGFs may exert their
effects through either autocrine or paracrine signaling, and stimulate a variety of cells,
including ECs (107). A significant amount of cross-talk is thought to exist between
members of the VEGF family and FGF-2 during angiogenesis. FGFR1 and FGFRL1 are
the most commonly expressed FGFR in endothelial cells, followed by FGFR2 (108).
Unlike FGFR1, FGFRL1 remains largely uncharacterized in endothelial cells and in the
tumor microenvironment.
Emerging evidence has suggested that upregulation of FGF and FGFR may
serve as a mechanism of resistance to anti-VEGF therapy (102). Clinical evidence in
colon cancer and glioblastoma supports the role of FGF-2 in resistance to bevacizumabcontaining regimens (109, 110). There are several pharmacologic agents that have been
or are being developed for inhibition of FGFR/FGF signaling (111). These include both
highly selective inhibitors as well as multi-kinase inhibitors. Only four agents (ponatinib,
pazopanib, regorafenib, and recently lenvatinib) are FDA-approved for use in cancer,
although the approval was not based on their activity against FGFR.
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MicroRNA
microRNA (miRNA) are short, ~22 nucleotide RNA that suppress protein
synthesis (112). miRNAs do this by binding to the 3’ untranslated regions (UTRs) of a
target mRNA. miRNAs are well conserved in both plants and animals, and are thought to
be a vital and evolutionarily component of gene regulation (113). The human genome
contains thousands of miRNAs that appear to target about 60% of the genes in humans
and other mammals (114). A single miRNA may repress the production of hundreds of
proteins, but this repression is often relatively mild (> 2-fold). miRNA research has
further revealed different sets of miRNAs expressed in different cell types and tissues
(115). Aberrant miRNA expression is also implicated in variety of disease states (116).
For this reason, many miRNA-based therapies are under investigation (117).

miRNA synthesis
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Figure 10 – microRNA synthesis. miRNA gene sequences are transcribed by Pol II into a primiRNA sequence that will fold into a hairpin structure. While still in the nucleus, the pri-miRNA is
stabilized by DGCR8 and then cleaved into a shorter hairpin pre-miRNA sequence by the
ribonuclease, Drosha. The pre-miRNA is transferred to Exportin-5 and exported out of the
nucleus and into the cytoplasm. There, it is cleaved by endoribonuclease, Dicer in a complex
involving regulatory and stabilizing proteins, TRBP and PACT. This intermediate pre-miRNA form
is further processed by Dicer and Aargonaute. Dicer, Argonaute, and TRBP form the RISC
loading complex, which facilitates assembly of the RISC and incorporation of the mature miRNA
duplex. Once assembled the miRNA duplex is degraded and the functional strand is guided to its
3’UTR target. The miRNA must pair with its target in order to inhibit translation. [Image from
Calore F., Fabbri M. MicroRNAs and Cancer. Atlas Genet Cytogenet Oncol Haematol.
2012;16(1):51-69. No permission required for educational use (CC BY-NC-ND 2.0 FR)]

miRNA synthesis is summarized in Figure 10, including the figure legend (118).

Mechanism of action
Within the RISC, the mature miRNA provides specificity for mRNA silencing
(112). As shown in Figure 11, miRNAs do not perfectly basepair with the target mRNA
(119). However, there are some areas of this interaction that must complement. The
criteria for miRNA-mRNA 3’ UTR interaction are highlighted in Figure 11.

Figure 11 – Criteria for miRNA-mRNA 3’UTR interaction. miRNA interact with their
corresponding mRNA target via base pairing. As shown in the figure, these pairings are not
perfect matches between bases. Bulges or mismatched bases must be present in the central
region of the miRNA-mRNA duplex. In the miRNA “seed” region, represented by nucleotides 2-8,
base pairing by be complementary and contiguous. GU pairs or mismatches in the seed region
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greatly affect mRNA repression. Additionally, there must be reasonable 3’ complementarity to
stabilize the interaction with the mRNA (120).

Binding of the mature miRNA and RICS to the mRNA 3’ UTR initiates
interference of protein translation (121). Blocking of protein synthesis occurs by multiple
mechanisms. These are summarized in Figure 12 (122). Silencing may occur by
deadenylation of the target mRNA leading to mRNA degradation, interference with
ribosome or cofactor recruitment causing inhibition of translation initiation, impairment of
ribosomal activity resulting in arrest or slowing of peptide elongation, and recruitment of
protease to cleave of nascent peptide (121).

Figure 12 – miRNA interference of protein translation. miRNA associated with the RISC
complex for micro-ribonucleuoprotein (miRNP) complexes. Several mechanisms of mRNA
translation repression by miRNA have been identified. (M1) Prevention of the initiation process
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and assembly of the initiation complex, (M2) Recruitment prevention of the 40S ribosomal subunit
on the ribosome assembly, (M3) Prevention of the translation process, (M7,M8) Degradation of
the mRNA. Additional mechanisms include miRNP mediated recruitment of deadenylation
machinery to remove or “decap” the poly A tail from target mRNAs causing degradation. The
miRNP may also recruit proteases (X) that can cleave the nascent peptide as it is produced.
[Image from (122). No permission required (CC BY 3.0).]

miRNAs in cancer and angiogenesis
Reports have demonstrated that speciﬁc mRNAs are involved in the hypoxic response
and contribute to the repression of biologically important genes by low oxygen tension
(123, 124). As mentioned previously, hypoxia is a dominant driver in the development of
tumor angiogenesis, and recent reports have shown that miRNAs are key players in
mediating this process (125, 126). First, miRNAs can modulate HIF1 signaling through
both direct and indirect mechanisms (127). Second, growth factor and proangiogenic
factor secretion by the tumor has also been shown to be regulated by miRNAs (128).
And finally, tumor miRNAs can play a major role in modifying and/or degrading the ECM
in order to enhance the angiogenic response (129). Table 9 summarizes miRNAs that
have been implicated in both physiological and pathological angiogenesis (130). These
miRNAs are sometimes referred to as angiomiRs. While dozens of miRNAs have been
implicated in regulating angiogenesis, the molecular mechanisms of these processes
remain largely understood. Further effort is needed to identify novel targets and show
experimentally how miRNA can orchestrate the angiogenic response.

AngiomiR
miR-126

Confirmed Target/s in
Vascular Cells

Biological Function in Vascular
Cells

SPRED1, PIK3R2, VCAM1,
SDF-1/CXCL12

Proangiogenic, vascular integrity

33

miR-17-92
cluster

Tsp-1, CTGF, TIMP1, HIF1a,
TSR, VEGFR2, VEGF, ITG-a5

Proangiogenic, neovascularization,
proliferation and motility, response to
hypoxia

miR-210

Ephrin A3

Response to hypoxia, pro-angiogenic

miR-424

CUL2

Response to hypoxia, pro-angiogenic

miR-21

RhoB, PPARa, PTEN, Bcl2,
SPRY2, PDCD4

Antiangiogenic/Proangiogenic,
inflammation, proliferation, anti-apoptotic,
migration

miR-15a/16

Bcl-2, VEGFR2, FGFR1, VEGF,
FGF2

Antiangiogenic, anti-survival

miR-221/222

c-kit, eNOS, p27

Antiangiogenis, suppression of proliferation
and migration, pro-apoptosis

Let7

THBS1, THBS2, TIMP1, Nrp-2, cMet, AGO1

Proangiogenic, sprout formation,
proliferation, migration, response to hypoxia

miR-155

CCN1, AT1R, eNOS, Ets-1

Vascular inflammation, cell proliferation and
migration

miR-23a/b

Rb-p, CCNH

Anti-proliferative

miR-24

GATA2, PAK4, NDST1, LIMK2,
PAK4, HMOX-1

Antiangiogenic, anti-survival, proapoptotic,
decreased response to VEGF, decreased
motility

miR-26a

SMAD1, GSK3B

Proangiogenic

miR-27a/b

SEMA6A. Sprouty, VE-Cadherin

Proangiogenic, neovascularization

miR-130a

GAX, HOXA5, RUNX3

Proangiogenic, vascular integrity

miR-31

E-selectin

Vascular Inflammation

miR-200b/c

Ets-1, ZEB1, Flk1

Antiangiogentic, response to hypoxia,
growth arrest

miR-503

CCNE1

Antiangiogenis, anti-proliferation/migration

miR-199a-5p

FLAP, Ets-1

Response to hypoxia, antiangiogenic

miR-143/145

Klf4, myocardin, Elk-1, KLF5,
TGFBR2

Differentiation, proliferation of smooth
muscle cells

miR-101

EZH2, mTOR, CUL3

Antiangiogenic, endothelial cell
homeostasis, Proangiogenic, response to
hypoxia

miR-93

VEGF-A

Antiangiogenic

miR-218

Robo1, Robo2, GLCE

Regulates vascular patterning
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miR-22

AKT3

Induces EPC senescence

miR-107

Dicer-1, HIF-1β

Inhibits EPC differentiation

miR-204

SHP2, RUNX2, angiopoietin-1

Pulmonary arterial hypertension, Corneal
neovascularization

miR-124

NFATc1, CAMTA1, PTBP1

proliferation of pulmonary artery smooth
muscle cells

miR-34a

SIRT1, Foxj2

EC cellular senescence, stress resistance,
differentiation

miR-217

SIRT1, FOXO3A
NOX4, SMAD4, HuR,
IRAK1,TRAF6, RhoA, IL-1
receptor-associated kinase 1, and
TNF receptor-associated factor 6

miR-146a

EC cellular senescence, stress resistance
Proangiogenic, Cell proliferation,
Inflammation

miR-181a

NOX5, Prox1

Cell proliferation, vascular development and
neo-lymphangiogenesis

miR-125

RTEF-1, VE-Cadherin

Antiangiogenic

Table 9 – Key miRNAs in Hypoxia and angiogenesis (130).
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Aims of the Research
Low

oxygen

tension,

or

hypoxia,

is

a

hallmark

of

the

neoplastic

microenvironment and a well-documented source of therapeutic failure in solid tumors.
Numerous studies have consistently linked tumor hypoxia with poor prognosis and
resistance to conventional therapy. Under low oxygen tension, malignant tumors rapidly
adapt to their environment by modifying cell metabolism, activating angiogenesis, and
allowing for increased survival and metastasis. Because these hypoxia-driven cellular
adaptations directly contribute to the survival of cancers, it is an important consideration
for new therapeutic strategies.
Although historically differentially induced genes by low oxygen, and in particular
by Hypoxia Inducible Factor 1 (HIF1), has dominated hypoxia research, recent studies of
gene repression promoted by low oxygen tension have received increased attention.
Reports have demonstrated that speciﬁc microRNAs (miRNA) are involved in “finetuning” the cellular response to hypoxia. Studies have consistently established that miR210 induction is a feature of the hypoxic response in both normal and transformed cells.
miR-210 is trans-activated by HIF1, and its overexpression has been detected in
cardiovascular diseases and cancers. High miR-210 levels in solid tumors have also
been consistently associated with poor clinical outcome. The focus of this research is
on miR-210 and its role in mediating angiogenesis and tumor microenvironment
under hypoxic conditions.
A spectrum of miR-210 targets have been identified, with roles in mitochondrial
metabolism, angiogenesis, DNA repair, and cell survival. Such targets may broadly
affect the progression of tumors and other pathological settings, such as ischemic
disorders. However, few of these targets have been validated using in vivo animal
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models. To this end, there remains a major gap in our understanding of the biological
and biochemical roles of miR-210 and its targets. To help close this gap, we generated
miR-210 KO mice to characterize its biological role angiogenesis and in the tumor
microenvironment. Interestingly, one of the top predicted targets of miR-210, fibroblast
growth factor receptor-like protein 1 (FGFRL1), is overexpressed in KO tissue, including
endothelial cells. Fibroblast growth factor receptors (FGFRs) play a critical role
in angiogenesis, and formation of new blood vessels via activation of tyrosine kinase
signaling pathways. In contrast, FGFRL1 contains no tyrosine kinase domain, but still
has the ability to bind to FGFs. We hypothesized that FGFRL1 acts as a negative
regulator of FGF signaling and is downregulated by miR-210 in hypoxia in order to
sensitize cells to FGFs. The overall goal of this project is to elucidate the role of
miR-210 and FGFRL1 on angiogenesis and tumor microenvironment. We were able
to accomplish this by using both genetic and pharmacologic approaches to characterize
miR-210/FGFRL1 both in vitro and in vivo. This work encompasses two specific AIMs:

AIM-1. To determine the underlying mechanisms of miR-210 and FGFRL1
mediated angiogenesis in vitro.

AIM-2. To characterize the impact of miR-210 on pathological angiogenesis and
tumor microenvironment in vivo.

In compliment to each other, these specific aims were set to elucidate the role of
the miR-210/FGFRL1/FGF-signaling axis in pathological angiogenesis. Understanding
the

molecular

mechanisms

of

hypoxia

induced

angiogenesis

in

the

tumor

microenvironment is important as these insights may lead to improved response to
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therapy, and eventually to better biology-based disease management, thereby improving
prognosis and quality of life. In addition to cancer, hypoxia also plays a central role in the
pathogenesis of major ischemic disorders. Therefore, a deeper understanding of cellular
adaptation to oxygen deprivation has broad and profound implications for translational
medicine.
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CHAPTER II:
MIR-210 MODULATES bFGF SIGNALING AND
ANGIOGENESIS BY DOWNREGULATING FGFRL1 IN
HYPOXIC ENDOTHELIAL CELLS
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Introduction:
Angiogenesis is a key feature of the hypoxic response, and plays a significant
role in vascular ischemic disease as well as tumor adaptation and survival (5, 131-135).
While research has highlighted the role of Hypoxia Inducible Factors (HIFs) in mediating
angiogenesis during hypoxia, we have seen that miRNAs provide a tertiary level of
control in regulating cellular adaptation to hypoxia, including angiogenesis (43, 136-138).
Multiple studies have established that miR-210 induction is a feature of the hypoxic
response in both normal and transformed cells (139-142). miR-210 is a direct target of
Hypoxia Inducible Factor-1a (HIF1a) and its overexpression has been shown to facilitate
cellular adaptation to low oxygen conditions. A handful of miR-210 targets have been
characterized and demonstrated to participate in cellular processes, including cell cycle
regulation, mitochondria function, apoptosis, and cell migration. miR-210 has also been
shown to play a role in endothelial cells (ECs) and in hypoxia induced angiogenesis
(130, 143-145). As a proangiogenic factor, miR-210 has been implicated in variety of
ischemic disorders as well as tumor angiogenesis (141, 146-148).
miR-210-mediated effects on angiogenesis are in part related to its influence on
mitochondrial metabolism. During hypoxia, miR-210 has been demonstrated to suppress
proteins involved in mitochondrial respiration, including the iron-sulfur (Fe-S) cluster
scaffold proteins, ISCU1 and ISCU2 (149, 150). Additionally, miR-210 can control
cellular levels of vascular endothelial growth factor (VEGF) through the targeted
regulation of receptor tyrosine kinase ligand Ephrin-A3 (EFNA3) and phospho-tyrosine
phosphatase-1B (PTP1B) (151, 152). Other than these mechanisms, there remains a
major gap in characterizing the role of miR-210 in ECs and in in vivo models of
angiogenesis. Therefore, miR-210 KO mice were generated to better study these
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processes. Overall, our in vivo studies show that absence of miR-210 dampened
hypoxia-induced vessel sprouting and tumor cell induced angiogenesis.
Interestingly, we found a target of miR-210, Fibroblast Growth Factor ReceptorLike 1 (FGFRL1), upregulated in KO mouse endothelium. In the present study we
identify FGFRL1 as a significant contributor to angiogenesis. Like VEGF signaling,
fibroblast growth factor (FGF) signaling plays a critical role in stimulating angiogenesis
(102, 107, 153). Several FGFR family members, including FGFRL1, are highly
expressed in endothelial cells (108). Unlike FGFR1, the function of FGFRL1 remains
uncharacterized in ECs. Studies have previously established that FGFRL1 is capable of
binding heparin and FGF ligands, including bFGF (87-89). However, it lacks an
intracellular tyrosine kinase domain (98, 100, 154). To this end, researchers have
hypothesized and demonstrated experimentally that FGFRL1 may act as a dominant
negative, or decoy receptor by sequestering FGF molecules (87-89). Previous work has
additionally demonstrated that miR-210 targets and downregulates FGFRL1 in cancer
cells (155, 156). Other studies have shown that FGFRL1 participates in processes such
as cell proliferation, cell adhesion, cell fusion, and is capable of some intracellular
signaling activity (87, 90-97).
This work focuses on uncovering the function of miR-210 and FGFRL1 in primary
ECs and in miR-210 KO mice. We hypothesized that FGFRL1 acts as a negative
regulator of FGF signaling, and is therefore downregulated during hypoxia by miR-210 in
order to sensitize endothelial cells to FGF induced signaling. In vitro studies reveal that
miR-210 can sensitize human umbilical vein endothelial cells (HUVECs) to bFGF
induced proliferation, migration, and tube formation. We found that FGFRL1 played a
more specific role in negatively regulating bFGF induced proliferation. Like previous in
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vitro studies (88), we also identified FGFRL1 excretion from HUVECs into the
extracellular matrix and culture media. Intracellularly we found both cytoplasmic and
nuclear populations of FGFRL1. Further analysis of nuclear FGFRL1 populations
revealed localization to Promyelocytic Leukemia (PML) Nuclear Bodies (NBs). PML
nuclear bodies are highly expressed in vascular endothelium and have been reported in
the literature as a suppressor of neoangiogenesis (157-159). Although the precise cell
function of PML NBs is not clear, they are believed to be nuclear depots that sequester
other factors to control cellular processes such as transcription (160-163). Interestingly,
hypoxia decreased both FGFRL1 and PML levels in HUVECs, implicating their shared
role in cellular adaptation to hypoxia in the nucleus. Overall, both our in vitro and in vivo
studies demonstrate the role of miR-210 in modulating FGF signaling in hypoxic
endothelial cells by downregulating FGFRL1.

42

Materials & Methods:
Cell Culture & Hypoxia – Primary Human umbilical vein endothelial cells
(HUVEC) were purchased from Lonza (Basel, Switzerland) and Neuromics (Edina, MN).
Endothelial cells were cultured in Endothelial cell Growth Media EGM-2™ (Lonza) and
used up to passage number 6 (P6). Lewis Lung Carcinoma (LLC) cells were obtained
from ATCC (Manassas, VA) and grown in RPMI 1640 medium supplemented with 10%
FBS, 2mM L Glutamine, 100units/ml Penicillin-Streptomycin. HEK293T cells were
obtained from ATCC (Manassas, VA) and grown in DMEM high glucose media
supplemented with 10% FBS, 2mM L Glutamine, and 100units/ml PenicillinStreptomycin. Hypoxia was achieved by flushing modular incubator chambers (BillupsRothenberg) with 95% N2, 5% CO2 for 15 min to effect O2 levels of ∼3% in the media.
Reagents – bFGF was purchased from Sigma-Aldrich (F0291). Geltrex® Lowgrowth factor basement membrane matrix (Life Technologies) was used for in vitro tube
formation assays. Matrigel™ basement membrane matrix (BD Biosciences) was used
for plug assay and tumor cell-induced angiogenesis studies. Lipofectamine RNAiMAX
reagent (Invitrogen) was used for cell transfections. Antibodies used were: anti p44/42
MAPK

(CST#4696S),

anti

phospho-p44/42

MAPK

(CST#4370S),

anti

AKT

(CST#2920S), anti phospho-Ser 473 AKT (CST#3787S), anti Beta-Actin (sc-47778), PE
conjugated anti-CD31 (BD Pharminogen-52477), FITC-conjugated anti-αSMA (SigmaF377) anti FGFRL1 (PA5-21516, sc-50326, and sc-18637), anti phospho Y654 FGFR1
(ab59194), anti FGFR1 (CST#3472), anti PML (sc-966), anti Histone 3 (CST#9715), anti
bFGF (sc-1360), Dynabeads sheep anti-Rat IgG (11035). Appropriate secondary
antibodies conjugated to horseradish peroxidase (Vector labs) or IRDye® secondary
antibodies (LI-COR) were used. Secondary antibodies conjugated to Alexa Fluor 488 or
43

Alexa Fluor 647 from Molecular Probes (Invitrogen) used for immunofluorescent
staining. Isolectin GS-IB4, Alexa Fluor 488 conjugate (Life Technologies) was used for
retina assay. miR-210 duplex and scrambled negative control ordered from Pre-miRTM
miRNA Precursors and Ambion (Life Technologies). siRNAs and siControls from Santa
Cruz Biotechnology. TPEN was ordered form Sigma-Aldrich (P4413). Fluorescent
probes- Hoescht-33342, 4', 6-diamidino-2-phenylindole (DAPI) were purchased from
Molecular Probes (Invitrogen). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
Molecular Technologies, Inc. Guava Cell Cycle Reagent (Millipore) for Flow Cytometry
was used for cell cycle analysis.
Real-Time PCR – Total RNA was isolated using the TRIzol Reagent (Invitrogen)
with chloroform extraction, isopropanol and ethanol washes. cDNA was synthesized
using the miScript Reverse Transcription Kit (Qiagen) or Superscript Vilo cDNA
synthesis kit (Invitrogen). Quantitative real-time PCR was performed to examine the
expression of miR-210 or FGFRL1 transcripts using SYBR green (Applied Biosystems)
according to manufacturer’s instructions.

All qPCR experiments were conducted in

triplicate with samples from three separate experiments. Results were interpreted by the
delta-delta-Ct method with normalization to Beta Actin (mRNA), RNU48 (humanmiRNA), or SNORNA (mouse-miRNA) levels.
qPCR Primers –
Target

Forward Primer

Reverse Primer

FGFRL1
(Human)
FGFRL1
(Mouse)
Beta Actin
Control (Human)
Beta Actin
Control (Mouse)

5’-AACTATGAGCCTCACGGCAC-3’

5’-ATGCACACACAGGTGCAGAT-3’

5’- CTCCACTGGGCACTGTAGC-3’

5’-GCTGCTGCTGCTATTGGG-3’

5′-AGGGCTGCTTTTAACTCTGGT-3′

5′-CCCCACTTGATTTTGGAGGGA-3′

5’-CATGGCCTTCCGTGTTCCTA-3’

5’-CCTGCTTCACCACCTTCTTGAT-3’
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miR-210
5’-ATGCCTGTGCGTGTGA-3’
UP: 5’- GTGCGTGTCGTGGAGTC-3’
(Human)
RNU48
5'-CTGCGGTGATGGCATCAG-3'
5'-AGTGATGATGACCCCAGGTAACTC-3'
Control (Human)
miR-210 (Mouse) and SNORNA202 Control (Mouse) primer sets were purchased from QIAGEN
– qPCR miScript primer assay.

miR-210 Overexpression & siRNA Knockdown – For transient transfection,
HUVECs were transfected using lipofectamine RNAiMAX with miR-210 duplex or
scrambled control at a concentration of 50nM. siRNA and siRNA control were
transfected into HUVECs at a concentration of 20nM. Cells were incubated with the
RNAi complexes for a minimum of 8 hours before the media was changed.
Luciferase Assay – Experiments were conducted in HEK293 cells. Cells were
co-transfected with either scrambled-miR or miR-210 duplex, luciferase-FGFRL1 3’UTR
reporter construct, and pRL-SV40 Renilla luciferase construct. Cells were them
incubated in normoxia or hypoxia for 24 hours following transfection. Cell extracts were
prepared after 24 hours, and luciferase activity was measured using the Dual-Luciferase
Reporter Assay System (Promega).
Cell Viability – After transient transfection with RNAi or appropriate negative
control, HUVEC’s were growth factor starved in EBM-2 with 1% serum o/n. HUVEC’s
(10,000) were then plated on gelatin (0.2%) coated 96 well plates and incubated in EBM2 media with 2% FBS was supplemented with bFGF (10ng/ml). Appropriate negative (no
bFGF) were used and all treatments were done in triplicates. Cell viability was measured
by using WST-8 (CCK-8) assay. Proliferation was then calculated as a percentage of the
positive control.
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Real-time Cell Proliferation – HUVEC (20,000) were plated on gelatin (0.2%)
coated E-plate 16 (ACEA Biosciences) in the presence or absence of bFGF in EBM-2
(2% FBS). Transfection and growth factor starvation were done as previously described.
Each experiment was carried out at least twice. Impedance measurement was recorded
every 15 minutes for 24-48 hours using the Real-Time Cell Analyzer Dual Plate (RTCA
DP) Instrument (ACEA Biosciences).
Cell cycle analysis – HUVEC were plated in gelatin (0.2%) coated 60 mm
dishes. Once 75% confluent, they were transfected with either miR-210, siFGFRL1, or
siControl and then growth factor starved in EBM-2 with 1% serum overnight to induce G0
cell cycle arrest. HUVECs were then stimulated to proliferate in EGM-2 in the presence
of bFGF and 2% FBS for 8 hours. Cells were fixed with ice-cold 70% ethanol and
stained with PI (20 μg/ml) and RNase (200 μg/ml) for 30 min at room temperature. PI
labeled cells were then analyzed in BD FACS Canto II using FACS Diva software (BD
Biosciences, USA) and 10,000 events were recorded.
Real-time Cell Migration (trans-well migration) - HUVECs were transfected
and growth factor starved as previously mentioned. Cells (50,000) were plated in the
upper chamber of the CIM Plate-16 (ACEA Biosciences). Migration of cells was
monitored in real-time towards a gradient of 10 ng/ml bFGF (lower chamber). Impedance
measurement was recorded every 15 minutes for 12-24 hours using the Real-Time Cell
Analyzer Dual Plate (RTCA DP) Instrument (ACEA Biosciences).
Scratch-wound migration assay – HUVEC were plated in gelatin-coated
(0.2%) 24 well plates, allowed to attach and then transfected with RNAi. Subsequently
they were growth factor starved in EBM-2 with 2% serum overnight and a scratch wound
46

assay was carried out, as previously described (164). The cells were then treated with or
without 10ng/ml bFGF in EBM-2 with 2% serum. Zero-hour and twenty four-hour images
of the scratch wound were taken at 2.5X and 4X magnification with the Nikon AZ100M
Fluorescence Microscope. Closure of the wound area was quantitated using ImageJ
software.
Tube formation assay – HUVECs were transfected with either miR-210 or
scrambled (sc) control, followed by growth factor starvation in EBM-2 with 1% serum
O/N (14 hours). Geltrex® Low-growth factor basement membrane matrix (250ul/well)
was added to a 24 well plate. Subsequently, 75,000/well HUVECs were added over the
matrix layer to form tubes in the presence or absence of bFGF (10ng/ml). At 12 hours,
images were captured at 4X magnification with the Nikon AZ100M Microscope and the
tube length, nodes and junctions were quantitated using the ImageJ Angiogenesis
Analyzer plugin.
Immunoblotting (bFGF induced signaling) – Endothelial cells were plated on
gelatin (0.2%) coated 60 mm dishes. Once 80% confluent, they were transfected with
either miR-210, sc, siFGFRL1, or siControl. After overnight growth factor starvation, they
were stimulated with 10ng/ml bFGF and lysates were collected at 0, 10, 20 and 40 min
on ice. Cells were washed in PBS then lysed with RIPA buffer (Alfa Aesar) containing
protease and phosphatase inhibitor cocktail (Thermo Scientific). Lysates were cleared by
centrifugation for 30 min at 10,000 rpm at 4°C. Protein concentration was measured
using BCA™ Protein Assay Kit (Pierce). The samples were resolved in SDS-PAGE gels
and transferred to a nitrocellulose membrane (BIO-RAD). Bolts were blocked with 5%
non-fat milk or 5% BSA in TBST (for phospho-proteins) for one hour at room
temperature. The membrane was incubated with primary antibody in their recommended
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dilutions overnight at 4oC. Membranes were then incubated with anti-mouse, goat or
rabbit IgG secondary antibodies (1:2000) conjugated with horseradish peroxidase or
anti-rabbit 680 and anti-mouse 800 IRDye® secondaries (1:10,000) at room temperature
for one hour. Immunoblots were detected with Clarity™ Western ECL Substrate (BIORAD) using enhanced chemiluminescence technique and IR fluorescence was detected
using Odyssey Imager. Densitometric analyses and quantification of bands were done
using ImageJ software.
Immunofluorescence Staining – Cells were grown on glass coverslips treated
with gelatin (0.2%). Cells were fixed in 4% PFA at room temperature for 20 minutes, and
then washed twice with PBS. Cells were permeabilized in 0.2% Triton-X-100 and then
blocked in 5% BSA in TBS plus 1% Tween 20 for 1 hour at room temperature. Primary
antibodies were diluted according to manufacturer instructions and the cells were
incubated overnight. After three washes with PSB, secondary antibodies conjugated to
Alexa Fluor 488 or Alexa Fluor 647 were applied for 2 hours at room temperature. Cover
slips were washed again with PBS then mounted onto glass slides using Prolong Gold
plus DAPI (Invitrogen). Fluorescence images were captured using a Leica DM5500 B
microscope. Nuclear and cytoplasmic localization was quantified by NIH Image analysis
software.
Subcellular Fractionation – HUVECs were lysed on a 10cm plate using 250ul
of subcellular fractionation buffer (250 mM Sucrose, 20 mM HEPES, 10 mM KCL, 1.5
mMMgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and protease and phosphatase
inhibitor cocktail). Lysates were passed through a 25 Ga needle 10 times using a 1ml
syringe then incubated on ice for 20 minutes. The nuclear pellet was collected by
centrifugation and the supernatant (cytosolic fraction) removed. The cytosolic fraction
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was centrifuged again, and the supernatant was saved. To wash out any additional
cytosolic proteins, the nuclear pellet was resuspended in subcellular fractionation buffer,
passed through a 25 Ga needle, and centrifuged again (this step was repeated twice).
After the wash steps, the nuclear pellet was resuspended in non-denaturing lysis buffer
(50 mM Tris HCL, pH 8.5, 10% glycerol, 2 mM EDTA, 150mM NaCl, 1% Triton X-100)
containing DTT and protease/phosphatase inhibitor cocktail. To release soluble proteins
from the nuclei, the resuspended nuclear pellet was briefly sonicated (>3 seconds) once
at low amplitude/intensity on ice. The lysate was mixed gently by pipetting up and down.
Nuclear and cytoplasmic protein concentration was measured using BCA™ Protein
Assay Kit (Pierce).
Immunoprecipitation – For immunoprecipitation, extracts were pre-cleared with
appropriate control IgG and A/G PLUS-agarose beads (Santa Cruz) for 30 minutes at
4˚C. Following centrifugation, lysates were incubated with 3 ug of primary antibody for 1
hour at 4˚C. Next, Protein A/G PLUS-agarose beads were added to the lysates and
incubated overnight at 4 ˚C on a rocker platform. The beads were then extensively
washed (4 times) with buffer, centrifuged, and finally resuspended in sample buffer.
Immunocomplexes were separated on a 4-20% SDS-PAGE gel, blotted on PVDF
membrane and detected with anti-bFGF or anti-FGFRL1.
Zebrafish Developmental Angiogenesis Assay – Tg(fli1:EGFP) zebrafish
embryos were harvested and injected with either miR-210 or miR-210 morpholino,
siFGFRL1 or siControl. Thirty-six hours later the caudal vein plexus was imaged using
fluorescence microscopy. Changes in developmental angiogenesis were assessed by
quantifying the area of the caudal vein plexus. Over 50 embryos were analyzed per
group. These experiments were carried out by Dr. Alexey Benumov.
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Generation of miR-210 KO mice – Gene inactivation was carried out by using a
replacement vector. Only the mature miR-210 sequence was deleted and replaced by a
neomycin resistance cassette during homologous recombination. Diphtheria Toxin A
(DTA) was used for negative selection. Embryos and Breeding? Genotypes of the mice
were identified by PCR and gel electrophoresis. Mice generated by Dr. Yan Zeng.
Whole Mount Immunofluorescence Staining of Neonatal Mouse Retina –
Neonatal mouse retina’s from P5 WT and miR-210 -/- mice were isolated and prepared
for blood vessel analysis as described in (165). Isolectin GS-IB4, Alexa Fluor 488
conjugate (Life Technologies) was used to stain retinal blood vessels. Data pooled from
three separate litters containing altogether 6 miR-210 -/- and 8 WT pups. Whole mount
images taken at 2X and 4X magnification with the Nikon AZ100M Fluorescence
Microscope. 20X and 40X images were taken with Leica DM5500 B microscope. The
radius of vascular networks was quantified by measuring the length between the center
of the optic nerve and the edge of leading vessels. These measurements were
performed in four-five quadrants and then averaged for each retina. Vascular density
and branch points were quantified by measuring Isolectin positive vessels in a fixed
area. 40X images of the vascular network were processed using NIH Image J software
with Angiogenesis Analyzer plugin. The data were expressed as mean ± SD and were
statistically analyzed by student t test.
Aortic Ring Assay – The aortic ring assay was performed as previously
described in (166). Briefly, the descending thoracic aorta was isolated, growth factor
starved, and 1-mm long aortic rings were cut and embedded in growth factor-reduced
Geltrex supplemented with 50ng/ml bFGF and 20 U/mL heparin on a 24-well plate. The
aortic rings were then cultured in EBM-2 media supplemented with 2% FBS and 10
50

ng/ml bFGF at 37°C. Aortas were incubated in either normoxic or hypoxia conditions. A
hypoxia incubator chamber as described previously was used to house embedded aortic
rings during the course of the 12 day experiment. Images of the aortic rings were taken
daily starting on day 2 of the experimental course using a 2X objective on the Nikon
AZ100M microscope. In order to obtain images, embedded aortas were taken out of the
hypoxic chamber (ischemia/reperfusion) for a period of less than an hour daily, and then
placed back into the chamber where the oxygen was flushed out with 95% N2, 5% CO2
for 15 min. After 12 days aortas were fixed and representative images were taken.
Average sprout length per group was measured.
Matrigel Plug Assay – 400 ul of a 3:1 matrigel (BD Biociences):PBS mix
containing 500 ng/ml bFGF or PBS only were injected subcutaneously into the right flank
of WT and miR-210 -/- mice. After 10 days animals were sacrificed; matrigel plugs (n=8
WT, n=6 KO) were surgically removed and fixed in either 10% neutral buffered formalin
or snap frozen in OCT. Formalin fixed plugs were paraffin embedded, sectioned, and
H&E stained. Flash frozen plugs were sectioned (10um) for staining with DAPI and antiCD31. Images taken using Leica DM5500 B microscope at 20x.

Number of CD31

positive vessels per field was quantified and averaged in each group.
Tumor Cell Induced Matrigel Plug Assay – Female, ~4 months old, WT and
miR-210 -/- were used for tumor angiogenesis studies. The University of Minnesota
Institutional Animal Care and Use Committee approved the protocol. LLC cells (5.0x105/
plug) (in PBS) were mixed with Matrigel™ (3:1) and 400 ul was injected subcutaneously
into the right flank of the mice. LLCs are an approved cell line by the NIH and derived
from spontaneous lung tumors of C57BL/6 mice. Tumor volume (mm2) measurements
were obtained every other day starting on day three. After 15 days animals were
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sacrificed; matrigel plugs (n=15 WT, n=14 KO) were surgically removed and
photographed. Plugs were next snap-frozen in liquid nitrogen or fixed in 10% formalin.
Frozen tumor plugs were sectioned (15um), fixed in cold acetone (-20° C) for 10 min,
rehydrated and blocked in 1% BSA. Slides were then stained with PE-conjugated anti
CD31 (1:100), FITC-conjugated anti α-SMA (1:500) and counterstained with DAPI.
Random areas (5-20) were imaged at 20X magnification using Leica DM5500 B
microscope. CD31-positive vessel length and branch points (nodes) were quantified by
morphometric analyses, as described below. CD31-positive vessels co-staining with αSMA were quantified similarly to quantitate mature vessels (morphometric analysis).
Syngeneic ID8 mouse ovarian tumor model – 5 × 10^6 murine ID8 ovarian
cancer cells in 0.2 ml of PBS were injected i.p. into female WT C57BL/6 mice (n=10) or
C57BL/6 miR-210−/− mice (n=8). When the mice reached an advanced disease state
(~2.5 months after injection), both groups were weighed and sacrificed. Malignant
ascites was drained and volume was measured. Number of metastatic nodules (over
10mm3) was documented on peritoneal organs, peritoneal wall, and diaphragm. Organs
and solid tumors were collected and fixed in 10% formalin or flash frozen in liquid
nitrogen. Tissue sections were made followed by H&E staining.
Morphometric Analysis of Blood Vessel Density – As previously described
(167), Fluorescent digital images were first linearized, binarized, and then skeletonized
using the Reindeer Plug-In Functions for Adobe Photoshop before calculating in arbitrary
units the relative number of blood vessels (vessel density), the branch-points (vessel
branching), and total blood vessel length.

52

Statistics – Results represent an average of two-four independent experiments.
Data are expressed as means ± SD. Statistical analyses were performed using
GraphPad Prism® 6. Differences in mean values between the two groups were analyzed
using the two-tailed Student’s t-test. *P value < 0.05 considered statistically significant.

Results:
FGFRL1 3’UTR is a target for miR-210 – Bioinformatics analyses based on miR-210
sequence complementarity to mRNA 3’UTRs identified FGFRL1 as a top target (Fig.
13A-B). The pre-miR and mature sequences are shown in Figure 13A,B. mircroRNAdata-integreation-portal (mirDIP) was utilized as a search engine to identify miR-210
targets across several miRNA prediction algorithms. Using this robust approach,
hundreds of targets were identified. However, we found that FGFRL1 was consistently
ranked as a top target across multiple prediction algorithms (Fig. 13C). miRDB, DIANAmicroT, and PITA all ranked FGFRL1 within the top 1%, giving us evidence to further
pursue miR-210 regulation of FGFRL1. Using miRDP we next generated a FGFRL1
3’UTR sequence map to identify the predicted miR-210 binding sites (Fig. 14A, B).
Shown in Figure 14, we identified seven potential miR-210-seed locations. These target
sites exhibit both significant base-pairing complementarity as well as G-U wobble
pairing.
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Figure 13 – Sequence analysis predicts FGFRL1 as a top miR-210 target. (A) Diagram of the
immature “Pre” miRNA sequence of miR-210. The mature miR-210 sequence is underlined in red
in the pre-miRNA stem loop structure. Mature miR-210 arises from the 3’ minus strand. The PrimiR-210 sequence is 110 base pairs long and is located in an intron on chromosome 11p15.5.
miR-210 is located upstream of one of its predicted targets, IGF-2. Unlike IGF-2, miR-210 is not
genomically imprinted. miR-210 is a direct target of HIF1a and contains an HRE in its promoter.
miR-210 does not appear to be expressed in a miRNA cluster. (B) Diagram of the mature miR210 sequence. miR-210 is conserved across species. (C) Multiple prediction algorithms and
databases identify FGFRL1 as a top predicted target of miR-210. microRNA-Data-IntegrationPortal (mirDIP) was utilized as a search engine to identify miR-210 targets across several
prediction algorithms. Predictions are based on miRNA and 3’UTR sequence interactions and
complementarity. Three algorithms including, miRDB, PITA, and DIANA-microT rank FGFRL1 in
the top 1% of predicted miR-210 targets.
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Figure 14 – The FGFRL1 3’UTR contains multiple target sites for miR-210 (A) Schematic
diagram of the FGFRL1 mRNA transcript and the miR-210-seed locations in the FGFRL1 3′-UTR.
(B) Sequence analysis has revealed 7 seed locations in the FGFRL1 3’UTR that may be
important for mRNA translation inhibition by miR-210. These target sites exhibit seed region
complementarity as well as significant base pairing and G-U “wobble” pairing.

To validate direct targeting by miR0210, the WT FGFRL1 3’UTR containing the
first 5 target sites was cloned downstream of Firefly luciferase reporter construct (Fig.
15A). This construct was then co-transfected into HEK cells along with miR-210 duplex
or a scrambled control (Fig.15A). Shown in figure 15B, both hypoxia and miR-210
decreased luciferase activity compared to the normoxia control. Next, 3’UTR seed
sequence deletion mutants were prepared to delineate the functional importance of each
target site (Fig. 15C). These constructs were co-transfected with miR-210 and luciferase
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activity was determined. Transfection efficiency was normalized to Renilla luciferase
expressed from IRES. These results are summarized in Figure 15C.

Figure 15 – miR-210 suppresses FGFRL1 3’UTR-dependent protein expression. (A)
Schematic diagram of the Luciferase reporter construct containing the FGFRL1 3′-UTR. (B)
Graph represents luciferase activity in HEKs co-transfected with sc miR or miR-210, luciferaseFGFRL1 3’UTR reporter construct, and pRL-SV40 Renilla luciferase construct as described in the
methods section. Cells were incubated in Normoxia or Hypoxia (sc miR) for 24 hours following
transfection. Cell extracts were prepared after 24 hours, and luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Promega). The values are shown relative to
the value obtained with Normoxia - sc miR. n = 3; **P < 0.01. (C) Luciferase activity (mean +/-SD)
using a reporter construct ligated to the 3’UTR of FGFRL1 (wild-type OR individual deletion miR210 seed sequence sites 1-5) co-transfected with sc miR or miR-210. Data are shown relative to
the value obtained with sc miR. n = 3; * p < 0.05, **p < 0.01.
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Hypoxia induced miR-210 decreases FGFRL1 in HUVECs – miR210 induction in
HUVECs was confirmed by incubating cells in hypoxia (3% O2) for 24 and 48 hours.
qPCR results illustrate that miR-210 levels increased at both time points when compared
to cells treated in normoxic conditions (Fig. 16A). Next, we determined the effects of
either hypoxia or miR-210 alone on the expression of FGFRL1 levels in HUVEC. We
confirmed in primary endothelial cells that endogenous FGFRL1 transcript and protein
levels decreased significantly after treatment with hypoxia or miR-210 duplex (Fig. 16B
and 16C).

Figure 16 – Hypoxia induced miR-210 decreases FGFRL1 levels in endothelial cells. (A)
miR-210 levels (qPCR) in normoxia or hypoxia in HUVEC. Values represent mean +/- SD from
three independent experiments. ***P< 0.001, ****P< 0.0001 (B) FGFRL1 transcript levels (qPCR)
in HUVECs treated with normoxia, hypoxia, miR-210, or scrambled control (sc). Values represent
mean +/- SD from three independent experiments. *P < 0.05, **P< 0.01. (C) Representative
western blot shows FGFRL1 levels in normoxia, hypoxia, or treated with miR-210. HUVECs
treated with hypoxia or miR-210 for 24 and 48 hours.
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miR-210 sensitizes HUVEC to bFGF induced proliferation, migration, and tube
formation – Due to the critical role that both hypoxia and FGF signaling play in
angiogenesis we wanted to determine if miR-210 had any effect on sensitizing primary
endothelial cells to bFGF induced proliferation, cell migration, and tube formation as a
result of decreasing FGFRL1 levels. Proliferation of HUVECs was monitored using the
xCELLigence Real Time Cell Analysis (RTCA) instrument and compatible E-plate.
HUVECs transfected with miR-210 and treated bFGF had significantly increased
proliferation (measured by cell index) compared to cells treated with the control
scrambled miRNA and the same concentration of bFGF (Fig. 17A).

Figure 17 – miR-210 sensitizes HUVECs to bFGF induced proliferation. (A) Real-time
proliferation of HUVEC treated with sc-miR or miR-210. After cell recovery from transfection,
HUVECs

were

serum

starved then transferred
to an e-plate in the
presence or absence of
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media.
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Next, we performed similar experiments to examine bFGF induced migration.
HUVEC migration was analyzed by again using the xCELLigence RTCA system as well
as the classical scratch-wound technique. Using the xCELLigence CIM plate, cell index
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was measured as miR-210 or sc treated cells passed through a membrane from an
upper chamber to a lower chamber containing the bFGF stimulus. HUVECs treated with
miR-210 showed significantly increased migration towards the bFGF stimulus compared
to scrambled control (Fig. 18C). Similar results were found in the scratch wound assay.
Cells treated with miR-210 and bFGF showed increased migration into the wound area
compared to control (Fig. 18A-B).

Figure 18 – miR-210 sensitizes HUVECs to bFGF induced migration. (A) Representative
images of scratch wound migration assay. HUVECs were transfected with miR-210 or sc-miR,
serum starved, then treated with or without bFGF (10ng/ml) as described in the methods section.
(B) Quantification of the % cell coverage that migrated into the wound area. Bars represent
average +/- SD. *P < 0.05. (C) Real time migration of HUVEC treated with sc-miR or miR-210 in
the presence or absence of bFGF (10ng/ml) in the lower chamber. Cell index indicates electrical
impedance measurements as cells move from top to bottom chamber. *P < 0.05 at the 24 hour
time point.
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To evaluate the effect of miR-210 on endothelial cell morphogenesis, tubeforming assays were performed as described in the methods section. Shown in the
representative image (Fig. 19A), cells treated with miR-210 and bFGF formed
significantly longer tubes with more nodes and junctions, compared to the scrambled
miRNA control (quantified in Fig. 19B). Overall, results in Figure 1 conclude that miR210 is able to sensitize endothelial cells to bFGF which leads to an increase in
proliferation, migration, and tube formation compared to control cells.
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miR-210 sensitizes endothelial cells to bFGF induced signaling – In order to study
the mechanisms underlying the ability of miR-210 to sensitize endothelial cells to bFGF,
we conducted a series of western blot experiments to evaluate bFGF induced
intracellular signaling. We were interested in first looking at levels of FGF-receptor 1
(FGFR1) phosphorylation, followed by further downstream targets such as activated
p44/42 Mitogen Activated Kinase (MAPK) and serine/threonine specific protein kinase
AKT signaling. Representative blots are shown in supplemental Figure 20A.

Figure 20 – miR-210 sensitizes HUVECs to bFGF induced signaling. (A) Representative
immunoblots of miR-210 or sc-miR treated HUVEC stimulated with bFGF (10ng/ml) for 10, 20,
and 40 minutes. pFGFR1/FGFR1, pERK/ERK, pAKT/AKT, and Beta Actin levels were probed. (B-
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D) Densitometric quantification of bands is represented in the histograms and data represent
mean+/- SD of at least two independent experiments. Relative levels were quantified compared
to the sc-miR 0min (bFGF untreated) control. *P < 0.05.

Our studies find that HUVECs treated with miR-210 and bFGF had significantly
increased levels of phosphorylated FGFR1 (pTyr654) at the 20 minute incubation time
point (Fig. 20B). Similarly, we found an increase in phosphorylation of both p44/42
MAPK and AKT (Ser473), at the 20 minute and 40 minute time points respectively, in
miR-210 and bFGF treated cells compared to control (Fig. 20C, D). Overall, these
results help us to better understand how miR-210 influences FGF induced signaling
pathways.
FGFRL1 regulates HUVEC response to bFGF induced proliferation –
Because miR-210 has multiple gene targets, some of which could potentially influence
FGF signaling, we wanted to analyze more closely the role that FGFRL1 specifically
plays in endothelial cells. Performing similar methods as described in figure one, we
utilized FGFRL1 siRNA to test if decreasing endogenous levels of FGFRL1 had any
physiological effects and altered response to bFGF in primary endothelial cells.
Interestingly HUVECs transfected with siFGFRL1 showed increased bFGF induced
proliferation compared to cells transfected with an siRNA control (siC) as measured in
real time for 24 hours (Fig. 21A). In order to further characterize FGFRL1’s role in
proliferation, we next conducted cell viability and cell cycle assays. Both miR-210 and
siFGFRL1 in the presence of bFGF increased endothelial cell viability nearly 2-fold over
24 hours compared to control (Fig. 21B). By knocking down FGFRL1 levels using siRNA
and miR-210 we were also able to show that the percentage of HUVECs in S and G 2/M
increased after 8 hours of bFGF stimulation compared to control using flow cytometry to
analyze cell cycle (Fig. 21C).
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Figure 21 – FGFRL1 regulates HUVEC response to bFGF induced proliferation. (A) Realtime proliferation of HUVEC treated with siControl or siFGFRL1. After cell recovery from
transfection, HUVECs were serum starved then transferred to an e-plate in the presence or
absence of bFGF (10ng/ml) to stimulate proliferation. Cell index indicates electrical impedance
measurements. *P < 0.05 at the 24 hour time point. (B) Cell viability was determined using the
Cell Counting Kit-8 (CCK-8) method. HUVECs were transfected with either siC, siFGFRL1, or
miR-210. Following serum starvation HUVECs were then plated in low (1%) serum in the
presence or absence of bFGF (10ng/ml) and allowed to proliferate for 48 hours. Data represent
mean +/- SD from three independent experiments normalized to control (siC +bFGF). *P < 0.05,
**P < 0.01. (C) Cell cycle analysis was performed by flow cytometry. Percentage of cells in
G0/G1, S, and G2/M are indicated. Histograms represent flow cytometry analysis of HUVECs
transfected with siC, siFGFRL1, or miR-210. Cells were serum starved then treated with bFGF for
8 hours prior to flow acquisition. Data represent mean +/- SD from three independent
experiments.
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Unlike with treatment of miR-210, HUVECs treated with siFGFRL1 did not alter
bFGF induced migration compared to control siC (Fig. 22A-C). Additionally, we did not
see any significant changes in bFGF induced tube formation in HUVECs with siFGFRL1
(Fig. 23A, B). This suggests that miR-210 may target other factors or pathways that are
involved in bFGF induced migration and tube formation.

Figure 22 – Suppression of FGFRL1 does not affect bFGF induced migration in HUVEC. (A)
Representative images of scratch wound assay. HUVECs were transfected with siFGFRL1 or
siC, serum starved, then treated with or without bFGF (10ng/ml) as described in the methods
section. (B) Quantification of the % cell coverage that migrated into the wound area. Bars
represent average +/- SD. (C) Real time migration of HUVEC treated with siControl or siFGFRL1
in the presence or absence of bFGF (10ng/ml) in the lower chamber. Cell index indicates
electrical impedance measurements as cells move from top to bottom chamber.
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Figure 23 – FGFRL1 does not affect bFGF induced tube formation. (A) Representative
images of HUVEC tube formation are shown at 10X magnification. Cells were treated with
siFGFRL1 or siC, serum starved, and then plated on a Geltrex (reduced growth factor) layer in
the presence or absence or bFGF to stimulate tube formation. (B) Histogram represents
quantification of total tube length, nodes, and junctions in the tube formation assay described in
F. Analysis done with ImageJ Angiogenesis Analyzer plugin. Data represent mean +/- SD from
three independent experiments.
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Knock down of FGFRL1 sensitizes endothelial cells to bFGF induced cellular
signaling – Because we observed that FGFRL1 primarily played a role in cell
proliferation, we wanted to again understand how it was affecting bFGF induced
intracellular signaling. Like our previous experiments, we looked at phosphorylated
FGFR1, MAPK, and AKT levels. Representative western blot images are shown in
Figure 24A. Our studies found that HUVECs treated with siFGFRL1 and bFGF had
significantly increased levels of phosphorylated FGFR1 (pTyr654) both at the 0 and 20
minute time points (Fig. 24B) compared to control cells. There was an increase in
phosphorylation of both p44/42 MAPK and AKT (Ser473), at the 0 minute and 10 minute
time points (Fig. 24C,D). Overall, this data supports that knock down of FGFRL1in
HUVEC sensitizes cells to bFGF induced cellular signaling and proliferation.
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Figure 24 – Suppression of FGFRL1 sensitizes HUVECs to bFGF induced cellular
signaling. (A) Representative immunoblots of siControl or siFGFRL1 treated HUVEC stimulated
with bFGF (10ng/ml) for 10, 20, and 40 minutes. pFGFR1/FGFR1, pMAPK/MAPK, pAKT/AKT,
and Beta Actin levels shown. (B-D) Densitometric quantification of bands is represented in the
histograms. Data represent mean+/- SD of at least two independent experiments. Relative levels
were quantified compared to the siControl 0-min (bFGF untreated) control. *P < 0.05, **P < 0.01.

Due to the ability of FGF signaling to crosstalk with VEGF pathways, we
measured endothelial cell proliferation in response to VEGF after transfection with either
miR-210 or siFGFRL1. It has been documented that miR-210 can enhance VEGF
signaling, but the role of FGFRL1 is not clear. Results in Figure 25 show that only miR210 can sensitize endothelial cells to VEGF induced cell proliferation. FGFRL1 had no
effect on VEGF induced proliferation in HUVECs.

Figure 25 – miR-210 but not FGFRL1 sensitizes HUVEC to VEGF induced proliferation. Cell
viability was determined using the Cell Counting Kit-8 (CCK-8) method. HUVECs were
transfected with either siC, siFGFRL1, or miR-210. Following serum starvation HUVECs were
then plated in low (1%) serum in the presence of bFGF (10ng/ml) or VEGF (100ng/ml) and
allowed to proliferate for 48 hours. Data represent mean +/- SD from three independent
experiments normalized to control (siC +bFGF). *P < 0.05.
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FGFR phosphorylation has been identified to activate JAK/STAT and
PLCy1/Ca2+ signaling pathways. We wanted to identify if FGFRL1 also played a role in
negatively regulating these networks. Data are summarized in Figure 26. We found no
evidence that knock-down of FGFRL1 influenced bFGF stimulation of these pathways.
Our reports are consistent with other studies that show bFGF does not stimulate calcium
signaling in endothelial cells, which is necessary for EC migration (168).

Figure 26 – Suppression of FGFRL1 had no effect on bFGF induced STAT or Calcium
signaling. (A) Representative immunoblot of siFGFRL1 or siC treated HUVEC stimulated with
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bFGF (10ng/ml) for 10, 20, and 40 minutes. pSTAT1/STAT1 and Beta Actin levels were probed.
(B) bFGF does not induce intracellular Ca2+signaling in HUVEC as compared to positive control,
Thapsigargin. siRNA treated HUVECs were loaded with fura 2-AM to monitor intracellular Ca2+
concentration as described in the methods section. Upper lines indicated by the arrow represent
Thapsigargin treated control. bFGF (10ng/ml) treated cells remained at baseline indicating no
calcium release.

FGFRL1 localization in primary endothelial cells – To help us further understand the
role that FGFRL1 plays in the endothelial cells, we performed immunofluorescent
studies to characterize the localization of FGFRL1 in HUVECs. FGFRL1 protein has
unique structural and functional domains that contribute to its function and cellular
trafficking (Fig. 27).

Figure 27 – FGFRL1 amino acid sequence and functional group map. Blue, red, and green
amino acids in parenthesis represent the Ig1, Ig2, and Ig3 domains respectively. Orange amino
acids represent the transmembrane domain (TM). Asparagine (n) highlighted in blue indicate NGlycosylation sites. Amino acids highlighted in green are important for FGF binding. FGFRL1 has
also been shown to interact with heparin as highlighted in yellow. The S-S-S-S motif upstream of
the TM region has been shown to be important for shedding of the receptor. Near the C-terminal
end, the Tyrosine-based motif is likely important for intracellular trafficking and the Histidine-rich
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region important for zinc binding. In the Ig2 domain, prediction analysis reveals a potential
Sumoylation cite (M-K-D-D) and nuclear localization signal (R-K-K). Prediction programs
including cNLS, NucPred, and NLStradamus were used to identify the potential NLS. Prediction
programs including GPS-SUMO, SUMOplot, and JASSA were used to identify potential
Sumoylation consensus sequences. The predicted NLS and SUMO sites are not conserved
among other FGFR family members.

Due to its potential to be cleaved, antibodies against the amino-terminal (N’) and
carboxy-terminal (C’) regions of FGFRL1 were used for our immunofluorescence studies
to follow up the cleavage products. Interestingly, the staining for endogenous FGFRL1 in
HUVECs was primarily localized to the cytoplasm and nucleus, and as predicted FGFR1
localized to the cell membrane (Fig. 28). Both the N’ and C’ terminus of FGFRL1 was
detected in the cytoplasm and nucleus. However, the pattern of localization in the
nucleus was quite different between the two, suggesting that a cleavage event may also
occur in HUVECs. FGFRL1 C’ looked diffuse throughout the nucleus, while FGFRL1 N’
was localized to discrete punctate that were approximately 1 μm in size (Fig. 28). In
order to help confirm these results, we performed western blot analysis on lysates
harvested from HUVEC culture medium, cytoplasmic, and nuclear fractions (Fig. 29A). In
addition, these lysates were taken from HUVECs treated in hypoxia and normoxia. We
were able to detect large amounts of FGFRL1 secreted into the culture media, and could
detect FGFRL1 both in the nucleus and cytoplasm. An antibody against only the
FGFRL1 C’ (~14kDa) was detected in both the cytoplasmic and nuclear fractions. In
addition, we found that the FGFRL1 levels were decreased in hypoxia in each of the cell
compartments as indicated by fold change (Fig. 29A). Immunofluorescent staining also
confirmed that FGFRL1 levels in the cytoplasm and nucleus were decreased by
treatment with either hypoxia or miR-210 (Fig. 29B).
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Figure 28 – FGFRL1 N’ and C’ terminal localization in HUVEC. (A) Immunofluorescence
staining of FGFR1, FGFRL1 C-terminus, and FGFRL1 N’ terminus in HUVECs (green). Cells
were prepared as described in the methods section. Nuclei stained with DAPI. Scales represent
20μm. Images were captured using Leica DM5500 B microscope.
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Figure 29 – FGFRL1 compartmentalization in HUVEC. (A) Representative immunoblots of
HUVEC culture medium, cytoplasmic, and nuclear fractions. Fractioned lysates collected from
cells in normoxia (N) and hypoxia (H) for 48 hours. Blot probed for FGFRL1 N’ and C’ terminal
regions. Fold change of FGFRL1 levels in hypoxia compared to normoxia represented. Levels
based on densitometric quantification of bands and normalized to the normoxia protein level.
Histone 3 (nuclear) and Beta Actin used as loading controls. (B) Immunofluorescent staining of
FGFRL1 N’ (red) and C’ (green) in HUVECs. Cells cultured in normoxia, hypoxia, or treated with
miR-210. Images on the right column are merged with DAPI nuclear staining. Scales represent
20μm.
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Because we were able to detect FGFRL1 in different of cellular compartments,
we wanted to understand if FGFRL1 from all the fractions sequestered bFGF. After
collecting lysates from the culture media, cytoplasmic, and nuclear fractions we used
immunoprecipitation to pull down FGFRL1 N’ from each of these compartments. Using
western blot we probed for bFGF from the immunoprecipitates, and were able to detect
bFGF in all endothelial cell compartments including the culture medium (Fig. 30A).
Immunofluorescent studies also suggest bFGF-FGFRL1 interaction (Fig. 30B). Overall
these results help us to partly elucidate the role of FGFRL1 in endothelial cells. We were
able to confirm that FGFRL1 is secreted from HUVEC cells. However, further studies will
be necessary to help us understand why and how FGFRL1 is going to the nucleus, and
if it has any physiological significance.

Figure 30 – Co-localization and co-IP of FGFRL1 with bFGF. (A) Co-Immunoprecipitation (IP)
of FGFRL1 – bFGF. HUVEC culture medium, cytoplasmic, and nuclear fraction lysates were
incubated O/N with FGFRL1 antibody and then with Agarose Plus A/G beads at 4*C, as
described in the materials methods section. Immunoblot (IB) analysis was performed using antibFGF. Positive control (lane 1) represents input signal from total lysate. Negative control (lane 2)
showed as lysate incubated with IgG control. (B) Immunofluorescent colocalization studies of
FGFRL1 N’ (red) and bFGF (green) staining of HUVECs. Images on the right column are merged
with DAPI nuclear staining. Scale represents 20μm.
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FGFRL1 localizes to Promyelocytic leukemia (PML) nuclear bodies in HUVECs –
After our initial findings, we wanted to investigate where FGFRL1 was localizing in the
nucleus. By using immunofluorescence staining we were able to identify the nuclear
punctate as Promyelocytic leukemia (PML) nuclear bodies (NBs).

Figure 31 – FGFRL1 localizes to Promyelocytic leukemia (PML) nuclear bodies in HUVECs.
(A) Top row: Representative immunofluorescence images of FGFRL1 N’ (red) and FGFRL1 C’
(green) in HUVEC. Co-localization represented in the merged image on the right. Bottom row:
Representative immunofluorescence images of FGFRl1 N’ (red) and PML (green) in HUVEC.
Images acquired using Leica DM5500 B microscope. White scale bars represent 20um (top) and
30um (bottom). (B) Z-stack images (consisting of flattened image slices superimposed) of nuclei
in HUVECs. Images are rotated to show co-localization. Immunofluorescence staining of FGFRL1
N’ (red) and PML (green). Intensity of a single NB (as shown by the white arrow) was measured
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and is represented in the graph on the below. (C) Green and red peaks represent
immunofluorescence signal intensity over a measured distance. (D) Co-Immunoprecipitation (IP)
of PML – FGFRL1. Immunoblot (IB) analysis was performed using anti-FGFRL1.

FGFRL1 N’ specifically colocalized to PML NB aggregates (Fig. 31A). FGFRL1 N’and C’
were both detected in the nucleus, however only FGFRL1 N’ could be visualized in
discrete nuclear punctate (Fig. 31A). In order to validate our colocalization findings, we
utilized confocal microscopy to obtain Z-stack images of HUVEC nuclei co-stained with
FGFRL1 N’ and PML protein (Fig. 31B). Additionally, immunofluorescent signal intensity
from FGFRL1 N’ and PML overlapped as the distance of a single NB was measured
(Fig. 31C). We further confirmed our results by immunoprecipitating PML protein from
HUVEC nuclear lysates, and used western blot to confirm FGFRL1 interaction with PML
protein (Fig 31D).
In the next series of experiments, we decreased or disrupted PML body
formation in order to gain additional insight on FGFRL1 localization. Like FGFRL1, PML
has also been shown to be indirectly downregulated by HIF1a during hypoxia (169). Our
studies confirm that HUVECs treated with hypoxia displayed both decreased nuclear
FGFRL1 and PML levels (Fig. 32A, top two rows). In addition, HUVECs treated with
hypoxia had less PML nuclear bodies compared to cells in normoxia (Fig 32B). PML
protein levels were also decreased in hypoxia as measured by western blot (Fig. 32C).
Next, we used PML siRNA to decrease the number of PML NBs in HUVECs (Fig. 32A,
third row). After decreasing PML, we measured a nearly 2-fold increase in the amount of
FGFRL1 in the cytoplasm, and a decrease in the amount in the nucleus (Fig. 32D).
These results confirm that FGFRL1 is sequestered to PML NBs. Next, because both
PML and FGFRL1 are capable of binding zinc ions, and zinc is important for PML NB
structure and formation (154, 170, 171), we used zinc ion chelator, TPEN, to disrupt
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FGFRL1-PML localization. Strikingly, we were able to disrupt PML NB formation,
however both PML protein and FGFRL1 N’ remained at high concentrations in the
nucleus in a diffuse pattern (Fig. 32A bottom row and 32D). The exact function of the
zinc binding domain of FGFRL1 has yet to be characterized. However, it is possible that
the zinc domain is required for some protein-protein interactions in the nucleus.

Figure 32 – FGFRL1 is sequestered to PML NBs and both are decreased in hypoxia. (A)
FGFRL1 N’ (red) and PML (green) immunofluorescent staining on HUVECs treated with normoxia
(siC), hypoxia (siC), siPML, TPEN (10uM), or DMSO control (image not shown). (B) Average
number of PML NBs per cell in HUVECs treated with normoxia and hypoxia. Error bars show SD.
*P < 0.05. (C) HUVEC nuclear lysates were collected from cells treated in N/H. Western blot
shows levels of PML protein. (D) Measure of nuclear and cytoplasmic FGFRL1pixel intensity in
HUVECs treated with siC, siPML, TPEN, or DMSO. Bars represent average pixel intensity in the
cytoplasm and in the nucleus divided by the area of the measured cell. Error bars show +/- SD.
*P < 0.05.
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In other cell lines, HEK293T express virtually no PML protein (Fig. 33B), and
when we stain them for FGFRL1 most of the localization is found in the cytoplasm (Fig.
33A). In MCF10a cells, FGFRL1 is primarily localized to the cytoplasm (Fig. 33C).
However, in MCF-7 cells we see nuclear expression, but an absence of PML NB
punctate. Western blot analysis confirms differential regulation of FGFRL1 in MCF-10a
and MCF7 cells (Fig. 33D). It is possible that FGFRL1 may have an alternative role in
cells that do not express PML nuclear bodies, such as cancer and other transformed
cells. Future studies will help us to understand nuclear FGFRL1 and its function.

Figure 33 – FGFRL1 localization in non-endothelial cell lines. (A) Representative
immunofluorescent images of FGFRL1 N’ (green) and PML (red) in HEK 293 cells. (B) The
average number of PML bodies per HEK 293 and HUVEC cell was quantified and represented in
the histogram. ****P < 0.0001. (C) Representative immunofluorescent images of FGFRL1 N’ in
mammary epithelial non-tumorigenic cells (MCF10a) and human breast adenocarcinoma cells
(MCF7). Images on the right are merged with DAPI nuclear staining. Scales represent 20μm. (D)
Representative immunoblots of MCF10a and MCF7 cells in normoxia (N) and hypoxia (H). Blot
probed for FGFRL1 N’ and C’ terminal regions.
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Using a construct to overexpress FGFRL1 (FGFRL1-venus or RL1ven) in
HUVEC, we further confirmed its role in endothelial cell proliferation. Compared to GFP
control

cells,

RL1ven

HUVECs

showed

decreased

proliferation

(Fig.

34A).

Figure 34 – Overexpression of FGFRL1 decreases EC proliferation. (A) Overexpression of
FGFRL1 in HUVECs. Representative images of cells that were transfected with a plasmid
construct containing FGFRL1 C-terminal tagged venus fluorescent protein (RL1ven). GFP
expression construct used as a control. Cells were fixed 48 hours after transfection followed by
immunofluorescent staining for FGFRL1 N’ (red). Nuclei were stained with DAPI. Scale bar
represents 20um. (B) Real time proliferation assay of HUVEC overexpressing FGFRL1 (RL1ven)
or GFP control. After cell recovery from transfection, HUVECs were transferred to an E-plate to
proliferate for 24 hours. Cell index indicates electrical impedance measurements. *P< 0.05 at the
24 hour time point. Transfection efficiency (%) is calculated in C. Construct provided by Kilkenny
D. (95).
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The role of miR-210 in developmental angiogenesis – In order to establish the
physiological relevance of our in vitro findings, we carried out the next series of
experiments to characterize the role of miR-210 and FGFRL1 on angiogenesis was
performed using in vivo zebrafish (data from Alexey Benumov) and mouse models.

Figure 35 – miR-210 and FGFRL1 regulate developmental angiogenesis in zebrafish. (A)
Fluorescence microscopy of Tg(fli-gfp) zebrafish caudal vein plexus (CVP). Embryos were
injected with either miR-210 or miR-210 morpholino (MO); miR-control or control MO respectively.
CVP area was analyzed 36 hpf (area outlined by white-dashes). (B) Change in the area size (%)
was quantified and represented in the top histogram. (C) Tg(fli-gfp) zebrafish embryos were
injected with either siFGFRL1 or siControl and the CVP was analyzed 36 hpf. Histogram
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represents the average area (um ) of the CVP in siFGFRL1 (black) and siC (gray) zebrafish. Data
from Alexey Benumov.

First, transgenic zebrafish expressing EGFP in vascular endothelium were
utilized, and embryos were injected with either miR-210 or miR-210 morpholino. After 36
hours post fertilization the caudal-vein plexus (CVP) was analyzed. Our results show
that miR-210 significantly increased the area of the CVP compared to scrambled control
(Fig 35A, B). In the reciprocal experiment, miR-210 morpholino caused a decrease in the
area of the CVP (Fig. 35A, B). Next, siFGFRL1 was injected into embryos, causing an
increase in the CVP area compared to siControl (Fig. 35C). These results confirm that
miR-210 and FGFRL1 may play a role in developmental angiogenesis in zebrafish.
miR-210 KO mice were generated by our collaborator, Dr. Yan Zeng as
described in the methods section and shown in figure 36A. miR-210 loss was confirmed
using both tail-snip genotyping and qPCR analysis (Fig. 36B).
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Figure 36 – Generation of miR-210 KO (-/-) mice. (A) Diagram of the targeting construct used in
miR-210 KO mice generation. (B) PCR fragments of WT (lane 1) and miR-210 -/- mice (lane 2).
Only the mature miR-210 sequence was deleted and replaced by a neomycin resistance gene
cassette (designated as “neo”). Mice generated in collaboration with Dr. Yan Zeng.

Loss of miR-210 did not affect development and KO mice did not show any gross
phenotype. Next, we examined whether the target for miR-210, FGFRL1 expression
levels were changed in the miR-210 KO mice. Results in Figure 37A, B shows q-PCR
data confirming the loss of miR-210 in KO mouse endothelial cells isolated from lung
tissue. Then we determined the protein levels of FGFRL1 in miR-210 KO endothelium
and adipose tissue by westernblots (Fig. 37C). Loss of miR-210 resulted in higher levels
of FGFRL1 in both the tissues which was further confirmed by confocal imaging (Fig.
37E). Treatment of miR-210 KO mouse endothelial cells with hypoxia failed to
significantly reduce FGFRL1 levels compared to WT mouse endothelium (Fig. 37D).
Developmental angiogenesis was analyzed in the miR-210 KO mice by
performing immunofluorescent staining of the vascular endothelium in neonatal mouse
retinas. As described in the methods section, mouse retinas were obtained from P5 mice
and stained with isolectin GS-IB4. We found no changes in the miR-210 KO vascular
network compared to WT mice (Fig. 38). Additionally, we found no differences in length
of the vascular plexus (Fig. 39A-B), or in the number of tip cells at the vascular periphery
(Fig 39C-D). There was no significant difference in the vessel density, branch points, or
empty sleeves in miR-210 KO mice compared to WT control animals (Fig. 39 E-H).
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Figure 37 – FGFRL1 levels are increased in miR-210 KO mouse ECs. (A) Mouse endothelial
cells harvested from WT and miR-210 KO lungs using magnetic beads as described in the
methods section. Cells were plated on gelatin coated coverslips then fixed with 4% PFA and
stained with CD31 to confirm endothelial cell populations. (B) Histogram shows qPCR data
confirming loss of miR-210 expression in the miR-210 -/- mice compared to WT (miR-210 +/+)
mice. RNA was extracted from mouse (n=5) lung endothelial cells as described in the methods
section. ****P < .0001. (C) Representative immunoblots of FGFRL1 protein expression in WT
compared to miR-210 -/- mouse tissues. Lysates were prepared from adipose tissue and lung
endothelial cells. (D) Data represent FGFRL1 levels in endothelial cells from miR-210 KO and WT
mice as measured by qPCR. Cells were cultured in normoxia or hypoxia for 24 hours. Bars show
fold change +/- SD; *P < 0.05, **P< 0.01. (D) FGFRL1 (green) immunostaining in WT and miR210 KO endothelial cells.
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Figure 38 – Developmental angiogenesis is normal in miR-210 KO mice. (A) Visualization of
retinal vasculature by CD31 (green) whole-mount immunofluorescence staining in WT and miR210 -/- (P5) mouse retinas. Images taken at 2X and 4X magnification with the Nikon AZ100M
Fluorescence Microscope. (B) Representative images of arterial (A) and venous (V) architecture
at 20X magnification.
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Figure 39 – No developmental angiogenesis defects in miR-210 KO neonatal mouse
retinas. (A) Quantitative analysis of miR-210 KO and WT retina vascularization. Data pooled
from three litters containing altogether 6 miR-210 -/- and 8 WT pups. Leica DM5500 B
microscope was used. (B) Vessel migration toward the retinal periphery was quantified by
measuring total length as illustrated by the white line. (B) Data represent mean length of the
vascular plexus (from the optic stalk) +/- SD. (C) Tip cells at the retinal periphery. (D) Data
represent mean number of tip cells per field +/- SD in WT and KO retinas. (E) Representative
images of the vascular plexus at 40X magnification were used to quantify; (G) Empty sleeves per
field, (F) Relative vessel density and (H) mean branch points per field. Error bars show SD.
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Pathological angiogenesis is impaired in miR-210 KO mice. – In the first series of
experiments we determined whether the response to hypoxia is attenuated in the blood
vessels of miR-210 KO mice. For this purpose the aortic ring assay was used. Aortas
were obtained from age and sex matched mice, placed on Matrigel containing bFGF,
and incubated in normoxic and hypoxic conditions. Vessel sprouting was very similar
between WT and miR-210 KO mice under normoxia (Fig. 40A). However, when aortas
were subjected to hypoxia, miR-210 KO sprout length was significantly decreased
compared to WT microvessels in the presence of bFGF, (Fig. 40B).

Figure 40 – Microvessel sprout length decreased in miR-210 KO aortas in the presence of
hypoxia and bFGF. (A) Representative images of WT and mir-210 -/- aortas in the aortic ring
assay taken under a 2X objective on the Nikon AZ100M microscope. Aortas were cultured in the
presence of bFGF under normoxic or hypoxic conditions as described in the methods section. (B)
Quantitative analysis was performed by measuring sprout length (distance from the aortic ring to
the sprout tip). Data pooled from 6 miR-210 -/- mice and 8 WT female mice from at least 3
separate liters. Histogram represents mean sprout length per group +/- SD, *P<0.05.
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The next series of experiments focused on FGF-induced angiogenesis in
Matrigel plug assays. These data are summarized in Figure 41. Photomicrographs show
gross morphology of subcutaneous matrigel plugs. Cellular infiltration induced by FGF
was significantly reduced in miR-210 KO mice. Further studies showed CD31 positive
blood vessels were significantly reduced in the KO animals. Blood vessel number per
field was reduced in miR-210 KO animals when compared to WT (Fig. 41B). Overall,
these results suggest that loss of miR-210 attenuated bFGF induced angiogenesis.

Figure 41 – miR-210 KO mice showed decreased vessel migration toward a bFGF stimulus
in the Matrigel plug assay. (A) bFGF-induced angiogenesis in Matrigel (GFR) plugs in WT and
miR-210 -/- mice. Representive images of the plugs are shown in the left column. After 10 days,
the Matrigel plugs were removed, and either fixed in formalin or flash frozen in OCT. Formalin
fixed plugs were paraffin embedded, sectioned, H&E stained (middle column). Flash frozen plugs
were sectioned (10um) for staining with DAPI and anti-CD31 (right column). Images taken using
Leica DM5500 B microscope. (B) Number of CD31 positive blood vessels per field was quantified
and represented in the histogram. Bars represent the mean +/- SD, **P<.01.
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Next, we investigated the role of miR-210 on tumor induced angiogenesis. Tumor
plugs were implanted on the flanks of miR-210 KO and WT mice and tumor volume was
monitored over a 12 day period (Fig. 42B). We noted a significant volume difference on
day 10 between the KO and WT mice; however by the end of the study the tumors
showed no statistical significance in size. Tumors were next harvested and weighed
(Fig. 42A). We found no difference in the overall weight of the tumors (Fig. 42C).

Figure 42 – miR-210 KO mice show a modest decrease in tumor growth. (A) Gross
morphology of the tumor plugs. (B) Subcutaneous LLC tumor plug volume in WT and miR-210 -/mice was measured over a 12 day period and plotted in the graph above. (C) Scatter plot shows
the average tumor plug weight in WT and KO mice +/- SD.
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However, sectioning revealed a significant increase in the area of tumor necrosis in miR210 KO tumor plugs (Fig. 43A, B) compared to WT. Tumor blood vessel length (CD31
positive), was also decreased in miR-210 KO mice, indicating that recruitment of new
vasculature to the tumor was impaired (Fig. 44A, B). Pericyte coverage (aSMA positive)
was measured to evaluate mature tumor vessels (Fig. 44C). Average pericyte coverage
was reduced in miR-210 KO mice. Overall, these results suggest that loss of miR-210
results in inhibition of pathological angiogenesis.
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Figure 43 – Tumors in miR-210 KO mice have increased necrotic area. (A) After 12 days, the
LLC tumor plugs were removed, and either fixed in formalin or flash frozen in OCT. Formalin
fixed plugs were paraffin embedded, sectioned, and H&E stained. H&E stained whole tumor
sections were imaged using the Nikon AZ100M microscope. (E) Image J was used to calculate
the area of necrosis. The histogram represents quantification of average tumor necrosis in WT
and KO tumors as a percent of the total area. Data represent mean +/- SD. *P< 0.05.

Figure 44 – Tumors in miR-210 KO mice have decreased tumor vasculature. (A) Flash
frozen tumor plugs were sectioned (15um) and co-stained with DAPI, anti-CD31 (red), and antialphaSMA (green). Images at 20X were taken using Leica DM5500 B microscope. (B) The
histogram represents average CD31- positive vessel length +/- SD in the LLC tumor plug sections
frozen sections. *P< 0.05. (C) The histogram represents percent pericyte-covered vessel length
(α-SMA positive vessels co-staining with CD31) in Matrigel plugs harvested from mice.
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Utilizing another more clinically relevant cancer model, ID8 ovarian cancer cells
were injected IP into mice to further characterize miR-210’s role in malignant disease. At
the end of the study, both miR-210 KO and WT mice developed large abdomens due to
malignant ascites (Fig. 45A). Ascites collected from both groups contained tumor
spheroids (Fig 45 B). There was no difference in ascites volume between WT and miR210 KO mice (Fig 45C).

Figure 48 – Both WT and miR-210 KO mice develop malignant ascites in ID8 ovarian
cancer model. (A) Gross images of mice with expanded abdomens due to advanced stage
ovarian cancer and malignant ascites development. WT and miR-210 KO mice were injected with
ID8 cells IP in a long term ovarian cancer study. (B) Representative images of tumor spheroids in
WT and miR-210 KO mice. (C) After sacrifice, ascites volume was measured. Data represent
average ascites volume (ml) between WT and miR-210 KO mice +/- SD.
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Despite developing ascites, miR-210 KO mice did show a significant decrease in
omental metastasis and invasion (Fig. 46A, B). As shown in Figure 46, miR-210 KO
mice had few metastatic nodules around the omentum and reproductive organs,
compared to WT. By measuring the adipocyte area, we found a dramatic decrease in
ID8 invasion into the omentum.

Figure 46 – Decreased ID8 tumor invasion into the omentum of miR-210 KO mice. (A) Gross
images of the intraperitoneal cavity and reproductive organs of miR-210 KO and WT mice were
taken followed by organ harvest and fixation with 10% formalin. Fixed organs were paraffin
embedded, sectioned, and H&E stained. Whole images of the reproductive organs were stitched
together using the Nikon AZ100M Microscope at 2X magnification. 10X images of tumor invasion
into the omentum, uterus, and ovary were acquired. (B) Graph represents average adipose area
(%) in miR-210 KO and WT omentum +/- SD, **P<.01.
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We also found a significantly decreased number of metastatic nodules on the peritoneal
wall and diaphragm of miR-210 KO mice (Fig. 47B, D). However, the average number of
metastatic nodules on peritoneal organs, such as the liver, spleen, pancreas, GI, and
kidney was the same between the two groups (Fig. 47A, C, D).

Figure 47 – miR-210 KO mice have decreased ID8 tumor nodules on the peritoneal wall and
diaphragm. No difference in number of nodules to IP organs in miR-210 KO mice
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compared to WT. (A) Gross images and H&E staining of Liver/Pancreas tumor nodules and
invasion. (B) Gross images and H&E staining of peritoneal wall tumor nodules and invasion. (C)
Gross images and H&E staining of GI tumor nodules and invasion. (D) Table showing the
average number of tumor nodules (+/- SD) found within the peritoneal cavity of miR-210 KO and
3

WT mice. Only nodules over 10mm were counted. *P < 0.05.

Discussion:
Endothelial cells are sensitive to environmental alterations in oxygen level. In a
hypoxic microenvironment, response to growth factors is critical for stimulating
angiogenesis.

As a direct target of HIF1a, VEGF has played a dominant role in

angiogenesis research as well as targeted drug design (172). While VEGF targeted
therapies hold great promise, their efficacy in the clinic has been modest, likely owing to
complementary angiogenic pathways (173, 174). Our work along with several others has
helped to define the critical role of FGF signaling in the hypoxic microenvironment and in
pathological angiogenesis (102, 107, 153). Endothelial cells for example become highly
responsive to FGF when exposed to low oxygen levels by upregulating enzymes
involved in the synthesis of heparan sulfate (HS) (30). HS containing proteoglycans
facilitates interaction between FGF and FGFR. HS also creates catchment areas for
FGF in the extracellular matrix. Our data contributes to the value of developing targeted
FGF signaling pathway therapies to either stimulate or suppress angiogenesis. Here, we
show mechanistically how ECs may become sensitized to FGF signaling during hypoxia.
Our studies identify hypoxia induced miR-210 as regulator of FGF signaling by
decreasing FGFRL1 levels.
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In human primary endothelial cell studies in vitro, FGFRL1 negatively influenced
bFGF induced proliferation, but did not have an effect on migration or tube formation.
This observation is in contrast to papers that argue FGFRL1 plays a role in cell
adhesion, which should arguably influence cell migration and tube formation (97, 175).
Additionally, we found that bFGF did not induce calcium signaling in HUVECs, which is
critical for endothelial cell migration. For these reasons, we don’t think FGFRL1 plays a
primary role in endothelial cell adhesion or migration in our in vitro studies. Research in
cancer cell lines corroborates our findings showing FGFRL1 is a primary influencer of
cell proliferation (155, 156). However, in cancer FGFRL1 seems to have the opposite
effect, whereby it increases cell proliferation (155, 156).
miR-210 was able to stimulate not only EC proliferation but also migration and
tube formation in the presence of bFGF. It is possible that miR-210s ability to enhance
migration and tube formation is by downregulating gene targets other than FGFRL1.
Ephrin-A3 (EFNA3) and vacuole membrane protein 1 (VMP1) are two targets of miR-210
that have been implicated in cell migration (152, 176). We speculate that these miR-210
targets and others may play a significant role in endothelial cell attachment and
migration. Although a many miR-210 targets have been identified, it remains a great
challenge to predict the precise mechanisms and cellular functions of this miRNA. On
the other hand our work clearly contributes to the growing evidence that miR-210 is a
potent angiomiR.
Several studies have gained valuable insight on the function of FGFRL1 by
studying its localization and trafficking in various cell lines (88, 90, 95, 177). Therefore,
we wanted to take a closer look at FGFRL1 localization in primary endothelial cells.
FGFRL1 is found endogenously and in high abundance in HUVECs and other
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endothelial cells (108), so we did not have to use of expression vectors. Our results
confirm previous findings about FGFRL1 dynamics as well as offer new insights about
protein localization and function. First, our immunofluorescent studies confirm that it is
unlikely that FGFR1-FGFRL1 heterodimerization is occurring in endothelial cells. Unlike
FGFR1, FGFRL1 is not primarily localizing on the membrane. This agrees with studies
that show wild-type FGFRL1 is barely located at the cell membrane, but is rather found
in vesicular structures and the Golgi complex (87, 177). Likely, FGFRL1 that does reach
the membrane is either rapidly released or endocytosed. Secondly, we also find large
amounts of FGFRL1 in the culture medium, suggesting that it is either being shed or
exported outside the cell (88). Immunoprecipitation studies showed that extracellular
FGFRL1 was bFGF bound. It is tempting to speculate that extracellular FGFRL1 may act
as a decoy receptor to scavenge FGF molecules. However, additional studies are
required to identify the exact mechanisms by which FGFRL1 negatively regulates FGF
signaling. Finally, immunofluorescence and western blot studies also support that there
is a cleavage event of FGFRL1 in endothelial cells. Likely cleavage is occurring around
the transmembrane region. However, the enzyme and location of FGFRL1 cleavage
continues to remain a mystery. Inhibitors to various enzymes that associate with the cell
membrane, such as MMPs or γ-secretase, can be used to identify by which mechanisms
FGFRL1 us getting shed into the culture media.
Our studies are the first to identify nuclear localization of FGFRL1 in endothelial
cells. However, multiple studies have previously shown that other members of the FGF
receptor family are capable of translocating to the nucleus (178-182). FGFR1 retrograde
transport and nuclear localization has been extensively studied in both normal and
transformed cell lines (183-188). It is proposed that both endosomal as well as newly
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synthesized FGFR1 may traffic to the nucleus. Studies show importin beta plays a role in
transporting FGFR1 (189). The interaction between FGFR and importin beta appears to
be indirect, as FGFR1 does not have a putative NLS, and it is not currently known which
proteins mediate this interaction. Interestingly, bFGF ligands themselves have NLSs
making them potentially attractive linker molecules. As a member of the FGFR family, it
is conceivable that FGFRL1 may traffic to the nucleus via similar mechanisms as
FGFR1.
Using NLS prediction algorithms (190-192), we identified a potential NLS
sequence within FGFRL1 at amino acid positions

200

RKK202. Additionally, sumoylation

site prediction algorithms (193, 194) were used to detect a potential Sumoylation
interacting motif (SIM) within FGFRL1 at amino acid positions

185

MKDD188. Sumoylation

state or presence of SUMO interacting motif (SIM) in protein partners are proposed to be
major signals in driving their recruitment into PML NBs (195). Interestingly both of these
predicted sequences are located in the Ig2 domain of FGFRL, but are not conserved
among other FGFR family members. Using mutant analysis, future studies will determine
if the predicted NLS site plays a role in FGFRL1 translocation to the nucleus.
Our studies also provide evidence that FGFRL1 interacts with bFGF in the
cytoplasm and nucleus of HUVECs. Interestingly, studies have shown that endogenous
bFGF ligands within endothelial cells also primarily localize to the nucleus (196). bFGF
lacks the signal peptide sequence for secretion, and yet is still found in the surrounding
microenvironment. A number of mechanisms have been put forth to describe how bFGF
leaves the cell as reviewed in (197). However, few studies have looked at the trafficking
and function of intracellular and nuclear bFGF. We speculate that bFGF and FGFRL1
may play an important role in regulating cell cycle and proliferation internally.
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Additionally, FGFRL1 may provide a mechanism by which bFGF molecules are stored
and trafficked within the cell. Future studies will focus on clarifying the dynamics
between bFGF and FGFRL1 trafficking in ECs. We are curious to discover if FGFRL1 is
binding newly synthesized intracellular bFGF or bFGF ligands that have already made it
out to the extracellular matrix. Because we find FGFRL1 outside the cell, we would also
like to determine if it plays a role in autocrine or paracrine FGF signaling.
Our studies further reveal that FGFRL1 localizes to PML NBs. Interestingly, PML
NBs are highly expressed in vascular endothelium and have been reported in the
literature as suppressors of neoangiogenesis (157-159). PML NBs are known as tumor
suppressors that are involved in regulating cell proliferation, cell cycle, and apoptosis
(163, 198, 199). Because of this function they are often lost or downregulated in cancer
and transformed cell lines (200). PML NBs are largely regulated by factors known to
induce cell stress such as viral infection, DNA-damage, and oxidative stress. It is
hypothesized that endothelial cells express high amounts of PML protein to help blood
vessels cope with the regular mechanical and chemical stress they are exposed to.
Although the precise cell function of PML NBs is not clear, they are believed to be
nuclear depots that sequester other factors to control cellular processes such as
transcription (160, 162, 201). Our data show that FGFRL1 is sequestering to PML
bodies, but we have yet to understand its precise role and whether or not it is involved in
any sort of transcription process. As discussed previously, FGFR1 as well as several
other transmembrane receptors, such as EGFR and Erb-2, have been identified to
regulate transcription directly in the nucleus (202). Therefore, it is not unreasonable to
speculate that FGFRL1 may also play a role in some transcription process. Ch-IP seq
and proteomics analysis may help us to understand if FGFRL1 is involved in any
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transcription complexes or binding directly to DNA. Importantly, we would like to identify
and characterize the role of nuclear FGFRL1 in human ischemic disease and cancer.
Due to a likely cleavage event that separates the FGFRL1 intracellular and
extracellular domains we are curious to understand the role of these domains
individually. Our immunofluorescence data in endothelial cells show a clear difference in
the localization of n and c-terminal FGFRL1 in the nucleus. Interestingly, the c-terminal
end of human FGFRL1 contains a histidine-rich motif involved in binding zinc ions (154).
Given the critical role of zinc in the nucleus and in the formation of PML nuclear bodies
(170, 171), we speculate that FGFRL1 may play a role in the protein-protein interactions
or even DNA binding within the nucleus. We were able to disrupt PML NB formation and
FGFRL1 interaction by using zinc chelator, TPEN. However, despite NB disruption,
FGFRL1 was still localized to the nucleus indicating to us that zinc binding may not be
important for trafficking to the nucleus. Future studies aim to clarify the precise
regulatory roles of the two domains within the nucleus.
In vivo studies
In contrast to our miR-210 KO mouse retina vascularization studies, we show
that miR-210 and FGFRL1 play a role in the development angiogenesis of the caudal
vein plexus in zebrafish. Although FGFRL1 is conserved among vertebrates, the protein
is recently evolved and shows significant sequence alterations among vertebrate
species (154). Interestingly bony fish, including zebrafish, possess two genes for
FGFRL1, FGFRL1B and FGFRL1B, because they have undergone whole genome
duplication (203). The two copies of FGFRL1 display slightly different expression
patterns and thus potentially have different functions. We are not sure how miR-210 may
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differentially regulate FGFRL1A/B levels, yet our results show that their downregulation
inhibits developmental neovascularization. Additionally, studies have found that
zebrafish lack several tumor suppressor genes, including PML protein and PML NBs
(204). We speculate that variations in downstream targets of miR-210 may provide a
reason for why we see different outcomes in developmental angiogenesis between
zebrafish and mice. Additionally, our developmental angiogenesis studies were limited
by location. It is possible we missed alterations in developmental angiogenesis in
compartments other than the mouse retina or zebrafish CVP. Finally, studies have
shown the timing and location of miRNA expression during development is not strictly
conserved across vertebrate species (205). In mice, it is also possible that another
miRNA is compensating for the loss of miR-210 during developmental angiogenesis.
Although we did not see any major differences in developmental angiogenesis
between WT and miR-210 KO mice, we were interested in characterizing the mice using
pathological angiogenesis models. Interestingly, PML KO mice also show no
developmental defects (161). However, when adult mice were challenged with ischemia
in pathological angiogenesis models, the mice showed an accelerated rate of
revascularization (157). These results indicate that PML may play a more direct role in
regulating pathological angiogenesis, and may not be necessary for developmental
angiogenesis. Similar studies have demonstrated that mouse endothelial FGFR1 and
FGFR2 and are not required for embryonic development or for vascular homeostasis
(206,

207).

However,

endothelial

FGFR1

and

FGFR2

are

essential

for

neovascularization after skin or eye injury or following retinal ischemia. Overall, these
studies have identified key pathways and factors that are critical for disease associated
neovascularization, yet are dispensable for developmental angiogenesis. Taking these
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results into account, we speculate that miR-210 may play a more dominant role in
pathological angiogenesis. Interestingly, other studies utilizing miR-210 KO mice also
reveal that miR-210s effects are largely age or disease associated (208, 209). For these
reasons we were very interested in understanding miR-210’s role in pathological
angiogenesis.
Importantly, we also showed that miR-210 KO mouse endothelial cells expressed
an increased level of FGFRL1, confirming in vitro studies that miR-210 regulates
FGFRL1. In the aortic ring assay, WT and miR-210 KO aortas cultured in bFGF showed
similar microvessel sprouting in normoxic conditions. However, when aortas were
challenged with hypoxia we noted a significant decrease in the length of sprouting
vessels in miR-210 KO aortas. In the subcutaneous Matrigel plug assay, WT mice
recruited more endothelial cells in the presence of bFGF compared to miR-210 KO mice.
In subcutaneous LLC tumor plug studies, miR-210 KO mice exhibited decreased blood
vessel recruitment to the tumor compared to WT. Larger areas of necrosis were also
found in KO tumors, indicating that fast growing cancer cells were dying, likely due to the
significantly decreased vasculature in the miR-210 KO mice. However, by the end of the
12-day study KO and WT tumors showed no statistical difference in volume or weight.
Several recent studies have identified that miR-210 can be leaked into the tumor
microenvironment via exosomes secreted by the tumor cells (210-212). It is possible that
exosomes containing miR-210 may have confounded our studies by introducing tumor
associated miR-210 into cellular components of the tumor microenvironment, such as
endothelial cells. Genetic deletion of miR-210 in both the host and the tumor cells may
help answering this question. Overall, our work suggests that miR-210 KO endothelium
has decreased sensitivity to bFGF which will lead to decreased angiogenesis. However
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in the context of the tumor microenvironment there are likely other growth factors and
compensatory mechanisms that will make up for the decreased response to bFGF.
By adding the ID8 ovarian cancer study to our experiments, we introduced an
element of clinical relevance to our model. While we saw no major difference in the
development of advanced stage disease in both the WT and miR-210 KO mice, there
was a striking difference in tumor invasion into the omentum. In mouse ovarian cancer
models, studies have shown that adipocytes from the omentum secrete adipokines to
attract tumor cells (213). These adipocytes also supply the cancer cells with fatty acids
for fuel. We speculate that miR-210 adipocytes may have altered secretion of adipokines
or possibly changes in the cellular machinery required for the transfer of fatty acids to
the tumor. Future studies are needed to understand more about miR-210’s role in
adipocytes and omental invasion.
Overall, these studies have helped to define the critical role of FGF signaling in
the hypoxic microenvironment and in pathological angiogenesis. Our data contributes to
the value of developing targeted FGF signaling pathway therapies to either stimulate or
suppress angiogenesis. We further identify miR-210 as a potent angiomiR that may be
targeted to suppress tumor angiogenesis. Furthermore, as a negative regulator of
endothelial cell proliferation, we propose that FGFRL1 could be a potential target to
inhibit in order to stimulate angiogenesis in ischemic disease. Overall, these studies will
generate more research interest in understanding the biological role of FGFRL1 and that
our findings could translate towards the treatment of human diseases.
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CHAPTER III:
CONCLUSIONS & FUTURE DIRECTIONS
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Conclusions:
Hypoxia induced miR-210 downregulates FGFRL1 in ECs – Bioinformatics
analysis predicted that FGFRL1 was a strong target for repression by miR-210. Using a
luciferase construct in which expression of the reporter is under the control of the
FGFRL1 3’UTR, we showed that miR-210 directly targets the predicted sites within the
FGFRL1 3’UTR. In complementary studies, we found that overexpression of miR-210 in
endothelial cells downregulates FGFRL1 at both the transcript and protein level. We also
demonstrated that miR-210 KO mice had increased levels of FGFRL1 in mouse
endothelial cells. This confirms miR-210 regulation of miR-210 in vivo.

miR-210 sensitizes ECs to bFGF induced proliferation, migration, and tube
formation – Due to the critical role that both hypoxia and FGF signaling play in
angiogenesis we investigated if miR-210 had any effect on sensitizing primary
endothelial cells to bFGF induced proliferation, cell migration, and tube formation.
Furthermore, we were interested in identifying if these effects were mediated through the
downregulation of FGFRL1. In human primary endothelial cells we found that increase of
miR-210 expression sensitized cells to bFGF proliferation, migration, and tube formation.
Additionally, we found that miR-210 increased levels of phosphorylated FGFR1 and
downstream targets MAPK and AKT after treatment of bFGF. We believe that these
effects are mediated by miR-210’s downregulation of FGFRL1. However, due to the
known synergism in endothelial cells between VEGF/FGF pathways (105), and miR210’s ability to also regulate VEGFR, some of the effects we are seeing may be due to
crosstalk between the two pathways. Additional experiments may be required to identify
how miR-210 orchestrates these two pathways in hypoxia.
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FGFRL1 negatively regulates bFGF induced proliferation and intracellular
signaling – In order to corroborate our miR-210 studies in endothelial cells we utilized
siRNA to decrease levels of FGFRL1. Like FGFR1, FGFRL1 is highly expressed in
endothelial cells. We hypothesized that as a negative regulator of FGF signaling, knock
down (KD) of FGFRL1 in endothelial cells would sensitize then to bFGF. Our results
suggest that this was the case in the context of proliferation. KD of FGFRL1 increased
endothelial cell response to bFGF induced proliferation. However we did not see that
FGFRL1 had any effect on migration or tube formation. This is contrary to what we found
in treating HUVEC with miR-210 and bFGF. Likely the bFGF induced migration we see
in cells treated with miR-210 may be a result of another gene target or pathway. Future
studies will clarify this point. In agreement with our miR-210 studies we found that
FGFRL1 KD also increased bFGF induced FGFR1 phosphorylation and activation of
downstream targets MAPK and AKT. These results show that FGFRL1 regulation by
miR-210 plays a strong role endothelial cells response to bFGF. However, the precise
molecular mechanisms by which FGFRL1 may decrease FGF sensitivity will require
further investigation. We performed several immunofluorescence studies to help uncover
this question as described in the next section.
FGFRL1 is shed from endothelial cells and is also found in the nucleus – In order
to gain more insight about the function of FGFRL1 we performed several
immunofluorescence, immunoblotting, and immunoprecipitation studies to identify where
the protein was localizing in HUVEC. We found large amount of soluble FGFRL1 in the
culture medium, as well as populations in the cytoplasm and nucleus. As speculated in a
previous study (88), we think that the secreted form of FGFRL1 may act to scavenge
FGF molecules in the matrix which may reduce the available amount of FGF that
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reaches the cell surface to activate FGF receptors. However further studies are needed
to corroborate this hypothesis. Overall, it is important to characterize why FGFRL1 is
being excreted, and how it interacts with FGF ligands and also heparin sulfates outside
the cell. Our studies also suggest that it is unlikely heterodimerization is occurring
between FGFRL1/FGFR1 based on cellular localization. To date, there is no evidence
that such an interaction occurs.
Our studies also agree with research that shows FGFRL1 is cleaved around the
transmembrane region. The enzyme involved in FGFRL1 cleavage has yet to be
identified. We find both FGFRL1 N’ and C’ cleavage products in the cytoplasm and
nucleus. However, there is a stark difference in the nuclear localization of FGFRL1 N’
and C’. We find FGFRL1 N’ in discrete nuclear punctate, while FGFRL1 C’ is more
diffuse throughout the nucleus. We currently do not know how FGFRL1 is getting into
the nucleus. Multiple prediction algorithms identified a potential NLS sequence in the Ig2
domain of FGFRL1, but we will need to conduct mutant protein analysis to identify if this
site is responsible for nuclear localization. Because FGFRL1 C’ is capable of binding
zinc molecules, it is possible that it may function in DNA binding or in some nuclear
protein-protein interaction. Finally we have identified that FGFRL1 localizes to PML
NBs. Future studies aim to identify whether or not nuclear FGFRL1 plays a role in
transcription, or is merely being sequestered to NBs for storage. Overall, based on these
studies we think it is possible that FGFRL1 may have multiple functions within the cell
and could potentially regulate FGF signaling both extracellularly and at the nuclear level.
Pathological angiogenesis is impaired in miR-210 KO mice – Importantly, we
also showed that miR-210 KO mouse endothelial cells expressed an increased level of
FGFRL1, confirming in vitro studies that miR-210 regulates FGFRL1. Absence of miR105

210 dampened hypoxia/bFGF-induced vessel sprouting in both the aortic ring and
Matrigel plug assays. We plan on corroborating these observations with more clinically
relevant mouse models such as myocardial ischemia and stroke experiments. These
studies will help us to better understand miR-210’s role in disease. Additionally, while
our work focused on endothelial cells, we also hope to utilize miR-210 KO mice to study
other important cell types of the tumor microenvironment such as adipocytes, and other
miR-210 targets such as IGF-II.
In subcutaneous LLC tumor plug studies, miR-210 KO mice exhibited decreased
blood vessel recruitment to the tumor compared to WT. Larger areas of necrosis were
also found in KO tumors, indicating that fast growing cancer cells were dying, likely due
to the significantly decreased vasculature in the miR-210 KO mice. However, by the end
of the 12-day study KO and WT tumors showed no statistical difference in volume or
weight. Several recent studies have identified that miR-210 can be leaked into the tumor
microenvironment via exosomes secreted by the tumor cells (210-212). It is possible that
exosomes containing miR-210 may have confounded our studies by introducing tumor
associated miR-210 into cellular components of the tumor microenvironment, such as
endothelial cells. Knocking out miR-210 in both the host and the tumor cells may help us
answer this question. Overall, our work suggests that miR-210 KO endothelium has
decreased sensitivity to bFGF which will lead to decreased angiogenesis. However in
the context of the tumor microenvironment there are likely other growth factors and
compensatory mechanisms that will make up for the decreased response to bFGF.
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Long-Term Prospects
Cancer is a complex disease and will require a treatment regimen that not only
targets the tumor cells, but also the tumor microenvironment, such as blocking
angiogenesis or stimulating immune response. Understanding the mechanisms of
hypoxia induced angiogenesis leading to tumor progression and survival is important as
these insights may lead to improved response to therapy, and eventually to better
biology-based disease management, thereby improving prognosis and quality of life. In
addition to cancer, hypoxia plays a central role in the pathogenesis of major ischemic
disorders, such as stroke and cardiovascular diseases. Therefore, a deeper
understanding of cellular adaptation to oxygen deprivation has broad implications for
translational medicine.
Our work contributes to the growing evidence that miR-210 acts as a potent
angiomiR. We find that hypoxia induced miR-210 can regulate endothelial cell response
to FGF signaling by regulating the levels of FGFRL1. In the context of cancer, it may be
possible to use RNAi therapies to inhibit miR-210. As summarized in (141), several
types of inhibitory RNAs, such as AntagomiRs, miR-sponge, and miR-Mask can be used
to therapeutically inhibit miRNAs. However, the successful delivery of these therapeutic
RNAi agents to the tumor remains a great challenge. Our studies also suggest that
FGFRL1 plays a role as a negative regulator of endothelial cell proliferation and
angiogenesis. An interesting approach to stimulate angiogenesis for the use in ischemic
diseases is to develop strategies to inhibit this molecule. Overall, we hope that the
findings presented in this work will translate to the treatment of human diseases.
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