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ABSTRACT 

 Retinoic acid is a vitamin A derivative that has growth inhibitory and 

differentiating effects.  For these reasons, it was thought that retinoic acid could 

function as a chemopreventative and a chemotherapeutic agent.  However, clinical trials 

have shown mixed results - it is beneficial to some patients and harmful to others.  We 

studied the effects of 9-cis-retinoic acid on breast cancer in vitro.   In this work I show 

that retinoic acid treatment of SKBR-3 cells has growth inhibitory and differentiating 

effects; however, instead of differentiating into epithelial cells, retinoic acid treated 

SKBR-3 cells differentiate into endothelial-like cells.  These results may explain the 

failure of retinoic acid treatment in clinical trials in a subset of the population.  Previous 

data in the laboratory indicates that SOX9 and ER81 expression are necessary but not 

sufficient for inducing the expression of VE-cadherin.  The use of two pan-kinase 

inhibitors, Genistein and SD705702, demonstrates that VE-cadherin expression is 

dependent on kinase activity; however, the active kinase is not a receptor tyrosine 

kinase since retinoic acid treatment results in the loss of tyrosine kinase activity.  The 

TGFβR1 kinase inhibitor, SB431542, has the ability to inhibit VE-cadherin expression. 
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Retinoic acid also induces profound morphological changes in SKBR-3 cells, 

reminiscent of vasculogenic mimicry, an alternative form of tumor vascularization.  

When retinoic acid treated SKBR-3 cells are grown on Matrigel, they form endothelial 

like networks with hollowed out balls resulting from cell fusion.  VE-cadherin siRNA 

and SB431542 treatment result in the loss of cell fusion, but not network formation in 

retinoic acid treated cells.   On the other hand, COUP-TFII siRNA does not affect cell 

fusion, but inhibits network formation. 

Functionally, retinoic acid treated SKBR-3 cells are able to interact with 

HUVECs in Matrigel.  Untreated SKBR-3 cells grow on top of established HUVEC 

networks.  On the other hand, retinoic acid treated SKBR-3 cells fuse together and form 

the nodal points into which HUVEC networks grow into and out of.  This arrangement 

might allow a channel lined by tumor cells to conduct nutrients deep into the tumor.   

In conclusion, VE-cadherin expression in retinoic acid treated SKBR-3 cells is 

mediated by 3 necessary but not sufficient factors – SOX9, ER81, and a TGFβ pathway.  

The cell fusion portion of vasculogenic mimicry is mediated by VE-cadherin, while 

network formation is mediated by COUP-TFII.  Given the poor prognosis associated 

with vasculogenic mimicry, it is important to understand the mechanism of vitamin A 

induced endothelial transdifferentiation to help tailor a patient’s treatment.
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Introduction 

 

The accumulation of mutations in ontogenes and tumor suppressor genes leads 

to  the deregulated growth of abnormal cells, and ultimately cancer (1).  If left 

untreated, cancer can spread and result in death.  In the United States, cancer is the 

second leading cause of death; during the course of a lifetime, one half of all men, and 

one third of all women will develop cancer (2). 

The most common cancer among American women is breast cancer.  According 

to recent statistics released by the American Cancer Society, invasive breast cancer 

affects approximately 213,000 women in the US annually, and ducal carcinoma in situ 

affects another 62,000 women.   In addition, about 1,700 men are diagnosed with breast 

cancer.  Breast cancer is the second leading cause of cancer death in women, with over 

41,000 deaths annually.  Breast cancer also claims 460 men every year.  Morbidity and 

mortality are associated with increased tumor size and metastasis, both of which depend 

upon new blood vessel growth.  Vasculogenesis and angiogenesis, originally thought to 

be the only forms of blood vessel formation, lead to the development of endothelial cell 

lined channels.  However, more recent data indicates that tumor cells can form blood 

vessel like spaces, and this phenomenon is known as vasculogenic mimicry. 

 

I.A Vasculogenesis and Angiogenesis 

The de novo formation of a vascular system is called vasculogenesis.  The 

formation of a mature vascular system is highly dependent on the presence of growth 
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factors and their kinase receptors.  Vasculogenesis begins in the yolk sac when Indian 

Hedgehog (IHH) signaling produced by the extraembroyonic visceral endoderm induces 

mesenchymal cells to aggregate and form blood islands (3,4).  Within the blood island, 

expression of the growth factor, fibroblast growth factor (FGF), is required for the 

generation of hemangioblasts, which are precursors of both endothelial and 

hematopoietic precursor cells (Figure 1) (5-8).  Another growth factor, vascular 

endothelial growth factor (VEGF), binds to its receptors, vascular endothelial growth 

factor 2 (VEGFR2/Flk1) and vascular endothelial growth factor 1 (VEGFR1/Flt1), 

which results in the differentiation of hemangioblasts into angioblasts and 

hematopoietic precursor cells (9).  Angioblasts further differentiate into endothelial 

cells in the periphery of the blood island, form cell-cell contacts, and surround 

immature hematopoietic precursors in the center.  The fusion of blood islands forms 

endothelial cell lined tubes and is known as the primary vascular plexus in the yolk sac 

(10-13).  Next, the binding of angiopoietin-1 (Ang1) to its receptor, Tie2, results in 

increased stabilization of the vascular wall via the recruitment of pericytes (14-17).  At 

this point, vasculogenesis is complete and angiogenesis begins to fashion a mature 

vascular system.    

While vasculogenesis results in the formation of an immature vascular network, 

angiogenesis is the process by which the primary vascular plexus is remodeled into a 

mature vascular system with capillary beds, arteries, and veins (18).  During 

angiogenesis, VEGF functions to loosen cell contacts and degrade the extracellular 

matrix of the primary vascular plexus (19,20).  Endothelial cells can then proliferate and 
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sprout new vessels.  Transforming growth factor-β (TGF-β) functions to strengthen the 

extracellular matrix surrounding the new vessels and to stabilize the mature capillary 

network.  Next, another growth factor, platelet derived growth factor (PDGF), recruits 

pericytes, which then interact with endothelial cells, via platelet derived growth factor 

receptor-β (PDGFβR) to give the capillary wall strength and flexibility (21,22).   The 

next level of angiogenesis involves the definition of arteries versus veins (Figure 2).  

The ephrinB2 (EFNB2) ligand has been identified as a marker of arterial identity while 

its receptor, ephrinB4 (EphB4), is associated with venous identity (23-25).  Arterial 

formation is mediated by neuropilin 1 signaling (NRP1) which activates members of the 

Notch pathway, such as Notch1, Notch3, Notch4, Delta-lik4, Jagged1, and Jagged2 (26) 

and promotes the expression of EfnB2 (27), while suppressing the expression of EphB4 

via Hey and gridlock members of the Notch pathway (27-29).  The development of 

veins, on the other hand, is mediated by expression of chicken ovalbumin upstream 

transcription factor II (COUP-TFII) (27).  COUP-TFII directly inhibits NRP1 mediated 

signaling leading to venous development and expression of EphB4.  Similar processes 

can occur during cancer angiogenesis. 

 

I.B The Role of Angiogensis in Cancer 

The growth and metastatic potential of malignant tumors is dependent on the 

presence of an adequate vascular supply.  For example, a breast tumor must induce 

angiogenesis if it is to grow larger than 4 mm
3
 and metastasize.  When a tumor has 

acquired the ability to induce angiogenesis, it is a negative prognosticator of survival.  
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This acquisition of angiogenic properties by an invasive tumor is referred to as the 

“angiogenic switch.”   

The current theory suggests that tumor expansion results in central necrosis due 

to hypoxia and nutrient deprivation resulting in the upregulation of HIF-1α (30).  HIF-

1α, in turn, leads to the production of angiogenic factors such as VEGF, FGF, 

interleukin-8 (IL-8), TGF-β, PDGF, and pleiotrophin (31-33).  The induction of these 

factors results in angiogenesis via the recruitment of endothelial cells from neighboring 

blood vessels or circulating progenitor cells (30).  The crucial role of angiogenesis in 

cancer progression has led to the development of angiogenesis inhibitors.  It was hoped 

that by inhibiting angiogenesis, tumor growth and expansion could be arrested 

secondary to nutrient deprivation.  However, studies have shown angiogenesis 

inhibitors to be ineffective (34). 

 

I.C Vasculogenic Mimicry 

The phenomenon of vasculogenic mimicry is one potential mechanism for tumor 

resistance to angiogenesis inhibitors (35) and increased patient mortality (36).  

Vasculogenic mimicry refers to the ability of highly aggressive tumor cells to form 

matrix-rich networks surrounding spheroidal clusters of tumor cells in the absence of 

tumor necrosis and angiogenesis (37).  Observational data indicates that these tumor 

cells line channels that connect with endothelial cells and are capable of conducting 

blood into the tumor (38,39). This phenomenon been observed in vivo in melanoma, 

prostate, ovarian, liver, breast cancers, astrocytomas, mesothelial sarcomas, and 
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sarcomas, as well as in vitro in highly aggressive melanoma and bladder cancer cell 

lines (38-49). 

Tumor cells exhibiting vasculogenic mimicry upregulate endothelial associated 

genes, such as VE-cadherin, VEGF, thrombin receptor, TIE2, platelet endothelial cell 

adhesion marker (PECAM1/CD31), and endothelin-B receptor (37,50).   Markers of 

vasculogenic mimicry are continually being identified, but the mechanism regulating 

vasculogenic mimicry or the factors inducing the phenomenon are still unknown.  For 

example, no studies have addressed whether chemotherapeutic or chemopreventive 

agents can elicit or inhibit vasculogenic mimicry. 

 

I.D Retinoids and their roles in embryonic vasculogenesis and chemoprevention 

One potential factor regulating the occurrence of vasculogenic mimicry may be 

Vitamin A and its derivatives, which are potent differentiating agents.  Retinoids, 

Vitamin A derivatives, play a role in regulating cell growth, differentiation, and 

apoptosis (51).  Retinol circulates bound in a complex with retinol binding protein, 

which also mediate the uptake of retinol into cells (Figure 3) (52).  Cellular retinol 

binding proteins (CRBPs) bind retinol in cells (53,54).  Once in the cell, retinol is 

converted into active RA via retinol dehydrogenases (RoDH) and retinaldehyde 

dehydrogenases (RALDHs) (55).  

Once retinols are converted into their active forms, they bind to retinoid 

receptors within a cell.  Retinoid receptors are located in the nucleus and come in 2 

varieties – RAR-α, -β, -γ (retinoic acid receptors) and RXR-α, -β, -γ  (retinoid X 
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receptors).  Both of these receptor types are ligand-activated transcription factors.  

Ligands bind to either RAR/RXR heterodimers or RXR homodimers in the nucleus.  

The heterodimers then bind to retinoic acid receptor elements (RARES), while the 

homodimers bind to retinoic acid X response elements (RXREs) in the promoters of 

target genes.  During development, RA mediated signaling decreases cell proliferation 

and promotes differentiation. 

 During embryogenesis, the visceral endoderm of the yolk sac expresses both 

RBPs and CRBPs that take up and store maternal retinol (56,57).  The visceral 

endoderm of the rat yolk sac also expresses RoDH and RALDH, implying that RA can 

be made in the visceral endoderm, itself (56,57).  RA produced by the embryo is 

necessary for proper organization of the extraembryonic vessels of the yolk sac (58) and 

suppression of endothelial cell cycle progression, which is necessary for remodeling of 

the primary capillary plexus (59).  A recent study indicates that RA produced by the 

visceral endoderm binds to RAR-α1 and –α2 receptors which induce TGFβ dependent 

fibronectin deposition between the visceral endoderm and mesoderm.  This fibronectin 

interacts with the α5-integrin leading to suppression of endothelial cell proliferation and 

production of VEGF-A, IHH, and bFGF (60). 

Due to their roles in regulating cell growth and differentiation, retinoids are 

potential chemopreventive agents; however, initial studies have shown mixed results.  

For example, MCF-7 breast cancer cells induce apoptosis when treated with retinoic 

acid (61), retinoic acid treated C3(1)-SV40 T Antigen (Tag) mice show delayed 

tumorigenesis (62), and  Fenretidine, a retinoid analog that preferentially accumulates in 
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the breast, was shown to induce apoptosis in one clinical trial (63).  However, other 

clinical trials demonstrated adverse outcomes following treatment with retinoids.   For 

example, smokers treated with β-carotene, the primary precursor of Vitamin A, had an 

increased incidence of both lung cancer and death (64).  In addition, a multicenter Phase 

III randomized trial showed that Fenretidine decreased the incidence of contralateral 

and ipsilateral breast tumors in premenopausal women, but increased the incidence of 

these same tumors in postmenopausal women (35,62,65-69).  Therefore, the efficacy of 

retinoic acid treatment appears to be dependent on the molecular profile of the patient’s 

tumor.  Previous studies have indicated that retinoic acid may induce a cell-surface 

molecule, possibly a cadherin, in some cell lines. 

 

I.E Cadherins 

Cadherins are a major class of cell adhesion molecules involved in calcium-

dependent cell-cell adhesion in both vertebrates and invertebrates.  Cadherin-cadherin 

interactions primarily occur homophilically, although there have been some examples 

of heterophilic interactions.  In the presence of calcium, the association of cadherins on 

adjacent cells forms adherens junctions, and the highly conserved cytoplasmic domain 

is essential for the stabilization of these junctions(Figure 4) (70).  The cytoplasmic tail 

of a cadherin molecule interacts with β-catenin or plakoglobin which then binds via α-

catenin to actin, thus, forming a stable adherens junction (Figure 4) (70,71).   

In addition to their role in forming and stabilizing cell-cell junctions, cadherins 

are very important during morphogenesis.  Morphogenesis is a complex process 
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encompassing such functions as cell proliferation, cell death, cell-cell adhesion, cell 

migration, polarization, and differentiation(72).   The upregulation of cadherin 

molecules can promote differentiation, whereas a downregulation or loss of cadherins 

leads to de-differentiation.  VE-cadherin is a type of cadherin that is important in both 

angiogenesis and vasculogenesis. 

 

I.F VE-cadherin 

VE-cadherin (cadherin-5, CD144) is a cadherin that was thought to be only 

expressed in the endothelia of adults.  Like other cadherins, VE-cadherin is localized to 

sites of cell-cell contact (73).  During vasculogenesis, VEGFR2/FLK1 is the earliest 

marker for endothelial and hematopoietic differentiation (74-76), and VE-cadherin 

appears following the appearance of FLK1 (77,78).  Thus, VE-cadherin is expressed 

following the determination of endothelial or hematopoietic potential.  

Since VE-cadherin may not play a role in determining endothelial fate, studies 

were performed to assess the role of VE-cadherin in vascular development and 

maintenance.  The role of VE-cadherin during vasculogenesis was studied in mouse 

embryonic stem cells (ES cells) and in mice null for the VE-cadherin gene (66,79) .  

The loss of VE-cadherin expression did not alter the expression of other endothelial cell 

markers.  However, knockout of VE-cadherin prevented the formation of endothelial 

tubes.  Taken together, these data suggest that VE-cadherin is not an initiating factor 

during vasculogenesis, rather it serves as a molecular glue to maintain the three 
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dimensional structure of the vascular system.  This role of VE-cadherin is important 

even in the adult, especially in the context of cancer angiogenesis. 

 

I.G Retinoic Acid Induced Vasculogenic Mimicry in SKBR-3 Breast Cancer 

Cells 

 Data in our laboratory suggests that retinoic acid treatment of SKBR-3 breast 

cancer cells leads to changes in cell morphology and the induction of an unknown 

cadherin (80).  Microarray data indicates that the induced cadherin is VE-cadherin, a 

molecule normally associated with endothelial differentiation, and that many other 

genes associated with the endothelial lineage are induced as a result of RA treatment 

(Chapter 1).   

These results imply that RA treated SKBR-3 cells transdifferentiate into 

endothelial-like cells that exhibit vasculogeneic mimicry.  The potential for 

vasculogenic mimicry might explain the mixed results of Vitamin A chemoprevention 

studies.   Data indicates that Vitamin A may be chemopreventive in individuals without 

cancer; however in individuals with pre-existing tumors susceptible to retinoic acid, 

Vitamin A treatment may cause increased tumor aggressiveness due to vasculogenic 

mimicry.  Therefore, understanding the mechanism of retinoic acid dependent 

vasculogenic mimicry may have important therapeutic implications.   
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I.H Molecules that may play roles in RA-Mediated Vasculogenic Mimicry 

The mechanism of vasculogenic mimicry and VE-cadherin induction is still under 

study.  Based on our data, several genes, such as the Ets factors, ER81 and ELF3; 

SOX9; NRP1; and COUP-TFII are candidates for regulating retinoic acid-mediated 

vasculogenic mimicry and VE-cadherin expression.  As has been previously described, 

receptor kinases play major roles in angiogenesis and vasculogenesis.  One particular 

signaling pathway, the TGFβ pathway, may also play a role in regulating RA mediated 

vasculogenic mimicry. 

 

I.H.1 Ets Factors:  ER81 and ELF3 

 The Ets family of transcription factors contains many members who share a 

conserved binding domain, the Ets binding domain (EBS).  Ets factors bind to 

complementary sequences on DNA via the EBS and regulate the transcription of genes 

associated with various biological processes, including vasculogenesis and angiogenesis 

(Figure 5) (81-84).  v-ets erythroblastosis virus E26 oncogene homolog 1 (Ets1) is 

known to regulate angiogenesis and vasculogenesis in vivo (84) as well as VE-cadherin 

expression (81,84-87).  Ets1, and other Ets family members may also have RAREs 

(88,89).  Two other Ets factors, v-ets erythroblastosis virus E26 oncogene like (Erg) and 

ets-related protein 71 (ER71), are also known to play a role in regulating angiogenesis, 

vasculogenesis, and VE-cadherin expression (90,91). 
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Microarray analysis indicates that two Ets factors, ets variant gene 1 (ER81) and 

E74-like factor 3 (ELF3), not previously associated with either angiogenesis or 

vasculogenesis, are induced as a result of RA treatment.   

ER81 is a member of the PEA3 group of Ets transcription factors that are expressed 

at differing points during embryogenesis and in cancer (92).   During embryogenesis, 

ER81 is expressed in mesenchyme (93,94).  In adult human tissues, ER81 is highly 

expressed in the brain, testis, lung, and heart, and moderately expressed in the spleen, 

small intestine, pancreas, and ovaries (95). ER81, along with other PEA3 transcription 

factors, are also expressed highly during breast cancer and play a role in metastasis(96). 

ELF3 is another member of the Ets family of transcription factors whose expression 

is increased in response to retinoic acid treatment.  The tertiary structure of the Ets 

domain of ELF3 is similar to that of Ets-1, which is known to play a role in 

angiogenesis (97).  

ELF3 is important in the breast both during development and in the context of 

cancer.  During development, ELF3 expression in the breast is temporally regulated -  

expression increases in ductules during ducal differentiation, decreases during terminal 

differentiation, and increases, again, during involution (97).  ELF3 is highly expressed 

in breast cancers, especially ducal carcinoma in situ (DCIS).  As many breast cancers 

overexpress Her2/neu, it is important to note that Her2/neu contains an ELF3 binding 

site, and that ELF3 is involved in a positive feedback loop with Her2/neu (98).  Given 

the importance of Ets factors in vasculogenesis, and angiogenesis, we decided to study 
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the roles of these transcription factors in regulating VE-cadherin expression or network 

formation in our model of vasculogenic mimicry.   

I.H.2 SOX9 

 SOX family members are a group of proteins involved in transcription that 

contain a high mobility group (HMG) DNA-binding domain (99,100).  These 

transcription factors bind to the minor groove of the DNA helix and lead to bends in the 

DNA molecule that allow for distal proteins on promoters of genes and enhancers to 

come closer together and interact resulting in either transcriptional activation or 

repression (100,101).  Two members of the family, SOX17 and SOX18, play redundant 

roles in the developing vasculature (102).  In xenopus, SOXD interacts with two Ets 

factors, FLI and ERG, that play a role in vessel formation (103,104).  SOX9, another 

member of the SOX family, regulates the expression of type II collagen (105) and 

chondrogenesis (106,107).  In the vasculature, SOX9 expression is activated in 

endocardial endothelial cells that undergo an epithelial to mesenchymal transformation 

(EMT) and migrate through the cardiac jelly to form endocardial cushions (108).  More 

recent studies indicate that SOX9 overexpression in prostate cancer results in increased 

growth, invasion, and angiogenesis in a prostate cancer model (109).  These studies 

suggest that a SOX factor might play a role in regulating vasculogenic mimicry in RA 

treated SKBR-3 cells, and given that SOX9 is the only SOX factor induced shortly after 

RA treatment, this is a viable candidate gene for regulating the initiation of 

vasculogenic mimicry (Chapter 1). 
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I.H.3 NRP1 

 Neuropilin 1 (NRP1) is a transmembrane glycoprotein that binds to class 3 

secreted semaphorins, VEGF165, VEGF-B, VEGF-E (110).  The presence of NRP1 on 

cells enhances VEGFR-2 signaling, and deletion of NRP1 is embryonic lethal.  In 

zebrafish, knockdown of zNRP1 using morpholinos reduces the activity of VEGF and 

interferes with formation of segmental arteries (111). 

This gene is of interest to us due to its role in promoting artery formation and 

increasing the expression of Efnb2 expression, an arterial marker (27,112) and 

inhibiting expression of Ephb4, a venous marker (Figure 4).  Preliminary microarray 

data in retinoic acid treated SKBR-3 cells, treated with RA, indicates that NRP1 and 

Efnb2 mRNA levels are upregulated, while Ephb4 levels are downregulated. 

 

I.H.4 COUP-TFII 

Unlike NRP1, which promotes artery formation, chicken ovalbumin upstream 

transcription factor II (COUP-TFII) promotes vein formation and is also found in the 

smooth muscle cells surrounding arteries.  COUP-TFII is an orphan steroid hormone 

nuclear receptor that binds to DNA as a dimer (113), and deletion of this gene results in 

embryonic lethality due to excess vessel formation and hemorrhaging(114).   

The transcription of COUP-TFII is directly regulated by RA (115).  COUP-TFII 

expression is also regulated by Ets factors (116).  There are two Ets-1 binding sites in 

the COUP-TFII promoter that may also allow the binding of Ets2 and ER81.  The 

expression of COUP-TFII promotes Ephb4 expression (Figure 4) and inhibits Efnb2 
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and NRP1 expression (27,112).  Preliminary data indicates that COUP-TFII expression 

is enhanced following RA treatment, but Ephb4 expression is decreased. 

I.I TGF-ββββ Signaling Pathway 

 

I.I.1 TGF-β Signaling 

 The transforming growth factor β (TGFβ) family is comprised of ligands that 

include TGFβs, nodals, activins, myostatin, anti-Muellerian hormone and bone 

morphogenetic proteins (BMPs) that play vital roles in cell proliferation, differentiation, 

extracellular matrix production, cell motility and apoptosis (117,118).  In the embryo, 

TGFβ promotes tumor growth and morphogenesis, while activating cytostatic and 

apoptotic processes in mature tissues (117,118).  In cancer, members of the TGFβ 

pathway are often mutated to promote tumor growth and invasion (119), and play roles 

in angiogenesis. 

 There are three primary TGFβ ligands – TGFβ1, TGFβ2, TGFβ3 – that signal 

by binding to a receptor complex of TGFβ receptor II (TGFβRII) and TGFβ receptor I 

(TGFβRI).  The TGFβ receptors are transmembrane serine/threonine kinases.  There are 

7 types of TGFβRI – ALK1-7 (117).  Most TGFβ signaling occurs through a 

heteromeric pairing of TGFβRII and ALK5 (Figure 5).  Binding of the ligand to this 

receptors results in the phosphorylation of a SMAD2/3 complex, the effector SMADs, 

which can then form a complex with SMAD4, the co-SMAD, and translocate to the 

nucleus to activate transcription of target genes (120-123).  On the other hand, SMAD6 

and SMAD7 serve as inhibitory SMADs which interact with the type I receptor 
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preventing the phosphorylation and activation of the effector SMADs.  TGFβ is known 

to regulate its own activity by inducing the expression of SMAD7. 

 More recent data also indicates that ALK1/TGFβRII signaling can also occur, 

especially in the context of angiogenesis.  Binding of TGFβ to a complex of 

ALK1/TGFβRII results in the phosphorylation of SMAD1 and SMAD5 and subsequent 

signal transduction (124).  Of interest is the fact that ALK1 recruitment to the TGFβRII 

is dependent upon the presence of ALK5.  Endothelial cells that are deficient in ALK5 

are unable to signal through the ALK1/TGFβRII pathway (125). Endoglin, an accessory 

TGFβ receptor, is also needed for activation of the ALK1 pathway (126,127) (Figure 6).  

TGFβ is also known to activate several other signal transduction pathways through yet 

to be elucidated mechanisms (Figure 6).  TGFβ can activate Rho, Ras, RhoA, TAK1, 

p38 MAPK, and PP2A signaling (128-132).  In addition, TGFβ signaling also regulates 

endothelial proliferation and migration, which play crucial roles in angiogenesis (Figure 

7). 

 

I.I.2 TGF-β in Angiogenesis and Vasculogenesis 

TGFβ signaling is critical in both embryologic and pathologic angiogenesis.  As 

previously discussed, there are several types of TGFβRI – Alk1-7. Alk1 activates 

SMAD1/SMAD5 phosphorylation and activates a signaling pathway similar to BMP 

signaling(124).  The activation of ALK1 is pro-angiogenic in that it promotes 

endothelial cell proliferation and migration.  On the other hand, activation of the ALK5 
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receptor results in phosphorylation of SMAD2/3 which results in the transcription of 

genes that are antiangiogenic and inhibit endothelial cell growth and migration 

(126,133).  ALK1 is primarily expressed in the arterial endothelium, and knockout of 

this gene results in dilated arterial lumens (134).  On the other hand, ALK5 is expressed 

in the perichondria, periostea, and the mesenchymal cells that underlie the epithelia of 

the kidney, lung, and gallbladder (134).  Alk5 is also expressed in the media and 

adventitia of blood vessels, but not the intima. 

Mouse embryos with a knockout of either the TGFβ1 gene or TGFβRII die at 

midgestation due to defects in development of the yolk sac, placenta, and red blood 

cells (135,136).  Similarly, ALK1
-/-
 and SMAD5 

-/-
 mouse embryos die at midgestation 

due to excess fusion of the capillary plexus and hyperdilation of the large vessels, 

presumably due to an inability to remodel the primary vascular plexus (137-139).  

Endoglin also appears to be important for proper development of the vasculature.  Eng -

/- mice also die at midgestation due to a lack of mature vessels in the yolk sac, in a 

phenotype reminiscent of the Alk1 and SMAD5 knockout animals (127).  Taken 

together, these results indicate that activity of TGFβ signaling during embryonic 

development is essential to proper development of the vasculature, and these same 

mechanisms reappear during the process of adult and tumor angiogenesis. 

TGF-β alone is able to induce angiogenic behaviors.  When TGFβ is added to 

chick chorioallantoic membranes (CAM) for 72 hours, the growth of large blood vessels 

is induced towards the site of TGFβ treatment  (140).  Furthermore, subcutaneous 

injection of TGF-β into newborn mice, induces the formation of a vascularized 
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granulation tissue at the injection site (141).  Similarly, TGFβ1 overexpressing Cho 

cells that were injected subcutaneously into mice were able to induce angiogenesis 

(142).  In wild-type glomerular capillary endothelial cells, treatment with TGFβ results 

in apoptosis and vascular remodeling promoting capillary formation;  however, 

transfection of a dominant TGFβRII plasmid decreases apoptosis and capillary 

formation (143).   

TGFβ activity is also important in cancer angiogenesis.  Plasma TGFβ levels 

correlate with the degree of vascularity in hepatocellular carcinoma (144), prostate 

cancer (145), breast cancer (146), and gastric cancer (147) that is associated with poorer 

clinical outcomes.  BMP2 and BMP4, which are members of the TGFβ pathway and 

signal via similar mechanisms as the ALK1/TGFβRII pathway, lead to enhanced 

angoiogenesis in malignant melanoma (148).  Treatment of mouse embryo derived 

AKR-2B cells or A549 human lung cancer cells with TGFβ results in an increase in 

VEGF-A mRNA(149).  This induction of VEGF-A may promote angiogenesis.  

Additionally, a kinase dead ALK5 mutation at the tumor front of MDA-MB231 

xenograft tumors in SCID mice leads to decreased tumor invasion and decreased 

formation of new blood vessels (150)  A constitutive active ALK5 under the same 

conditions induces invasion and angiogenesis via matrix metalloproteinase 9 (MMP9) 

and gelatinase B via a MEK/ERK pathway (150). 

 The TGFβ pathway is of interest to our study on RA mediated vasculogenic 

mimicry in SKBR-3 cells due to its importance in embryonic and pathologic 
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angiogenesis.  We believe that the TGFβ pathway may also play a role in regulating RA 

mediated vasculogenic mimicry.  Furthermore, two recent studies describe a link 

between VE-cadherin expression and TGFβ signaling.  In one study, VE-cadherin 

induced by an EMT in a mouse breast cancer cell line controls cell proliferation in a 

TGFβ-dependent manner (151).  The expression of VE-cadherin leads to SMAD2 

phosphorylation and cell proliferation.  In another study, VE-cadherin junctional 

clustering in endothelial cells results in an increase in TGFβ-mediated antiproliferative 

and antimigratory signals (152).  These results again underscore the importance of 

TGFβ signaling in regulating vascular behavior, and also suggest a mechanism 

describing the interplay between VE-cadherin and TGFβ.  Therefore, we are interested 

in examining the role of TGFβ in RA mediated endothelial transdifferentiation in 

SKBR-3 cells and the role of VE-cadherin in this process. 

 

I.K Statement of Purpose 

Cancer is one of the leading causes of death in America and worldwide.  

Vascularization of a tumor is necessary for its ability to grow and spread.  Traditionally, 

angiogenesis was only thought to happen due to vessel sprouting from pre-existing host 

vasculature.  However, recent data indicates that tumor cells, themselves, can for tumor 

cell lined channels that can conduct nutrients into a tumor.  There have been no 

previous studies implicating dietary agents in this process.  However, our data suggests 

that 9-cis-retinoic acid, a vitamin A derivative, may play a role in regulating 
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vasculogenic mimicry. Retinoids were thought to be potential cancer preventatives or 

therapeutics due to their growth inhibitory and differentiating abilities.  However, 

clinical trials indicate that retinoids are only beneficial in a subset of the population, and 

in another subset, retinoids are, in fact, deleterious(63-65).   Therefore, understanding 

the mechanism of retinoid action in cancer progression is important for determining its 

effectiveness as a chemopreventive and a chemotherapeutic.  Furthermore, tailored 

medicine is becoming more prevalent, and understanding the molecular signature that 

will allow for RA-mediated vasculogenic mimicry can help customize treatments to 

best suit the therapeutic profile of a patient. 

Preliminary data from our laboratory indicates that retinoids have the ability to 

transdifferentiate breast cancer cells into endothelial cells, and this ability may explain 

the failure of retinoids as chemopreventive and chemotherapeutic agents.  Of the 

endothelial genes regulated by retinoic acid, VE-cadherin is perhaps one of the most 

important, and can serve as a marker of endothelial transdifferentiation.   

This project is comprised of two parts.  The first part involves determining 

regulators of VE-cadherin expression and that of other endothelial specific gene 

products. The second part of this project involves studying the behavior of RA treated 

SKBR-3 cells on Matrigel and determining regulators of this behavior. Based on the 

results of our microarray experiments using both 10
-6
M and 10

-7
M RA, we identified 

potential regulators of endothelial transdifferentiation. I first wanted to determine 

whether VE-cadherin, itself, can serve as a master regulator of endothelial 

transdifferentiation.  I studied this by using VE-cadherin specific siRNA to 
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downregulate the expression of VE-cadherin prior to RA treatment and performing 

microarray analysis to determine whether endothelial specific genes are regulated.  

Next, we wanted to study the role of Ets factors since they are known to regulate VE-

cadherin expression in endothelial cells(86).  Data presented in Chapter 1 (courtesy of 

Endo and Deonauth) indicates that an Ets factor, ER81, is necessary but not sufficient 

for regulating the expression of VE-cadherin.  My analysis also indicates that another 

Ets factor may play a role in this process.  ELF3 is a second Ets factor regulated by RA 

in our system; therefore, I undertake to determine whether ELF3 plays a role in 

regulating this process.   

I also undertake to determine whether COUP-TFII and NRP1 play roles in 

regulating VE-cadherin expression.  COUP-TFII and NRP1 play antagonistic roles in 

regulating venous and arterial development, respectively.  Both of these factors are 

induced as a result of RA treatment; therefore, we want to determine whether they also 

play a role in regulating VE-cadherin expression.  In addition to studying the roles of 

ELF3, COUP-TFII, and NRP1 in regulating VE-cadherin expression, I am also 

interested in studying the roles of kinases in regulating VE-cadherin expression.    

The binding of growth factors to their kinase receptors is crucial at all stages of 

vasculogenesis and angiogenesis (153).  SKBR-3 cells overexpress tyrosine kinases, 

such as EGFR and ERBB2.  Therefore, I want to determine whether tyrosine kinase 

activity is necessary for the expression of VE-cadherin.  Additionally, I want to 

determine whether other kinase pathways, such as the TGFβ pathway, are involved in 

regulating the expression of VE-cadherin.   
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For the second part of this project, I was interested in understanding factors that 

may regulate the behavior of SKBR-3 cells on Matrigel.  Untreated SKBR-3 cells grow 

as grape like clusters in Matrigel; however, preliminary data (Chapter 1) indicates that 

RA treated SKBR-3 cells can form networks and hollowed out balls when grown in 

Matrigel.  Since it is the phenotypic changes, rather than genotypic changes, that can 

lead to adverse outcomes in patients, I was interested in determining what factors might 

play a role in regulating network formation and cell fusion in RA treated SKBR-3 cells 

grown on Matrigel.  The candidate genes that I will be studying are VE-cadherin, ELF3, 

NRP1, COUP-TFII, and kinases. Furthermore, to serve as an alternative method of 

tumor angiogenesis, the networks formed by vasculogenic mimicry need to form 

functional contacts with the host vasculature.  Therefore, another aspect of this aim is to 

determine whether RA treated SKBR-3 can form mixed vessel networks with 

endothelial cells.  

My hypothesis is that RA induced vasculogenic mimicry is a multifactorial 

process involving the induction of transcription factors, such as Ets factors or COUP-

TFII, to regulate the expression of endothelial markers.  In addition to transcription 

factors, the activity of kinases is essential to promoting endothelial transdifferentiation.  

Finally, I hypothesize that the expression of endothelial associated genes by RA treated 

SKBR-3 cells enables these cells to interact with endothelial cells, providing another 

means of tumor vascularization.
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I.J Figure Legends 

Figure 1.  A Schematic Description of Growth Factor and Kinase Signaling During 

Vasculogenesis and Angiogenesis 

This figure adapted from (8) depicts the various growth factors and their receptor 

kinases that are involved in vasculogenesis and angiogenesis. 

 

Figure 2.  Ephrin Signaling is Involved in Determining Arterial v. Venous Fate in 

Endothelial Cells 

This diagram adapted from (27) depicts the regulation of arterial v. venous fate in 

endothelial cells.  COUP-TFII, which controls venous fate, regulates the signaling of 

NRP1 which determines arterial fate. 

 

Figure 3.  Uptake and Processing of Retinol by the Cell Results in Functional 

Retinoic Acid That Activates Gene Transcription 

 

Figure 4.  The Structure of Adherens Junctions. 

This figure adapted from (154) illustrates the adherens junction with its cadherin 

dimerization and links to the cytoskeleton. 

 

Figure 5.  Ets Factor Mediated Regulation of Angiogenesis 

This diagram adapted from (83) illustrates the current understanding of the role of Ets 

factors in angiogenesis. 
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Figure 6. TGFββββ Signaling via ALK5 SMAD-Dependent and SMAD-Independent 

Pathways 

This schematic adapted from (117) and depicts TGFβ signaling via the ALK5 SMAD-

dependent pathway and the non-SMAD dependent pathways. 

 

Figure 7.  Comparison of TGFββββ Signaling via ALK1 and ALK5 in Endothelial 

Cells 

This diagram taken from (126) depicts the contrasting roles of ALK1 and ALK5 

signaling on endothelial cell proliferation and migration. 
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I.L Figures 

 

Figure 1. A Schematic Representation of Growth Factor and Kinase Signaling 

During Vasculogenesis and Angiogenesis 

From Gilbert, S. F. Developmental Biology. 2000 
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Figure 2. Ephrin Signaling is Involved in Determining Arterial v. Venous Fate in 

Endothelial Cells 

From You, L. R., Lin, F. J., Lee, C. T., DeMayo, F. J., Tsai, M. J., and Tsai, S. Y. 

Suppression of Notch signaling by the COUP-TFII transcription factor regulates vein 

identity. Nature, 435: 98-104, 2005. 
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Figure 3. Uptake and Processing of Retinol by the Cell Results in Functional 

Retinoic Acid That Activates Gene Transcription 

 

 

Retinol Retinol

CRBP

RBP

ADH/RoDH

Retinaldehyde

RALDH

RA

RARRXR

RA

RARE

Target 

Genes

4-OH RA

4-OXO RA

9-cis ?

Blood

Cell

CRABP

RoDH

CYP26

Retinol Retinol

CRBP

RBP

ADH/RoDH

Retinaldehyde

RALDH

RA

RARRXR

RA

RARE

Target 

Genes

4-OH RA

4-OXO RA

9-cis ?

Blood

Cell

CRABP

RoDH

CYP26



 28 

 

 

Figure 4.  The Structure of Adherens Junctions. 

From Alberts, B. J., Alexander Lewis, Julian Roberts, Keith Walter, Peter Molecular 

Biology of the Cell, Fourth edition. London: Garland Science, 2002. 

 

 

 



 29 

 

 

Figure 5. Ets Factor Mediated Regulation of Angiogenesis. 

From Lelievre, E., Lionneton, F., Soncin, F., and Vandenbunder, B. The Ets family 

contains transcriptional activators and repressors involved in angiogenesis. Int J 

Biochem Cell Biol, 33: 391-407, 2001. 
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Figure 6. TGFββββ Signaling via ALK5 SMAD-Dependent and SMAD-Independent 
Pathways. From Derynck, R., Akhurst, R. J., and Balmain, A. TGF-beta signaling in 

tumor suppression and cancer progression. Nat Genet, 29: 117-129, 2001. 
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Figure 7. Comparison of TGFββββ Signaling via ALK1 and ALK5 in Endothelial 

Cells. 

From Lebrin, F., Goumans, M. J., Jonker, L., Carvalho, R. L., Valdimarsdottir, G., 

Thorikay, M., Mummery, C., Arthur, H. M., and ten Dijke, P. Endoglin promotes 

endothelial cell proliferation and TGF-beta/ALK1 
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THE WORK PRESENTED IN CHAPTER II IS ACCEPTED FOR 

PUBLICATION IN PLoS ONE AS FOLLOWS: 

 

Yoshimi Endo, Kamla Deonauth, Priya Prahalad, Yuelin Zhu and Stephen W. Byers.  

Role of Sox-9, ER81 and VE-cadherin in Retinoic Acid-Mediated Trans-

differentiation of Breast Cancer Cells.  

 

II.A Abstract  

Many aspects of development, tumor growth and metastasis depend upon the 

provision of an adequate vasculature. This can be a result of regulated angiogenesis, 

recruitment of circulating endothelial progenitors and/or vascular trans-differentiation. 

The present study demonstrates that treatment of SKBR-3 breast cancer cells with 

retinoic acid (RA), an important regulator of embryogenesis, cancer and other diseases, 

stimulates the formation of networks in Matrigel. RA-treatment of SKBR-3 cells co-

cultured with human umbilical vein endothelial cells resulted in the formation of mixed 

structures. RA induces expression of many endothelial genes including vascular 

endothelial (VE) cadherin. VE-cadherin was also induced by RA in a number of other 

breast cancer cells. We show that RA-induced VE-cadherin is responsible for the RA-

induced morphological changes. RA rapidly induced the expression of Sox-9 and ER81, 

which in turn form a complex on the VE-cadherin promoter and are required to mediate 

the transcriptional regulation of VE-cadherin by RA. These data indicate that RA may 

promote the expression of endothelial genes resulting in endothelial-like differentiation, 
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or provide a mechanism whereby circulating endothelial progenitor cells could be 

incorporated into a growing organ or tumor. 

 

II.B Introduction 

Organogenesis during embryonic development and tumor growth are dependent 

on adequate vasculature. For example a breast tumor that is unable to induce 

angiogenesis fails to reach a size greater than 4 mm and is incapable of distant 

metastasis. Metastatic lesions are often the source of cancer symptoms and the primary 

cause of death in cancer patients. Thus, the degree of vascularization of the tumor is one 

of the most important negative prognostic parameters in breast cancer.  

Illustrating how a tumor induces new vasculature is, therefore, a crucial step to 

understand molecular nature of tumor progression. The classic paradigm of the 

angiogenic switch states that, as the tumor expands, central necrosis occurs due to 

hypoxia and nutrient deprivation (155). This leads to the production of angiogenic 

factors such as VEGF and the recruitment of endothelial cells from neighboring blood 

vessels or circulating progenitors (30). An alternative concept of tumor angiogenesis has 

been proposed in which some tumor cells trans-differentiate into endothelial cells and 

give rise to patterned spheroidal tumor clusters containing channel-like spaces between 

them capable of mimicking the circulatory system (50). This phenomenon, termed as 

“vasculogenic mimicry”, is highly predicative of clinical outcome in patients with 

aggressive melanoma. Vasculogenic mimicry also occurs in other tumor types including 

breast cancer (37,39,43,151). In the breast cancer model, blood flows between tumor 
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cell-lined vascular spaces and endothelium-lined and/or mature vasculature. However, 

detailed molecular mechanisms underlying vasculogenic mimicry still remain to be 

elucidated, and it is not known if any treatment regimens can regulate this process.  

Retinoids, natural or synthetic vitamin A analogues, have been used in anti-

cancer therapy for many years. RA exhibits differentiation and cell cycle arrest-

dependent growth inhibition properties in many cells and tissues. Many clinical and 

experimental model studies have shown that retinoids and their derivatives are effective 

in prevention and treatment of breast cancer (61,62,69). On the other hand, treatment of 

primary lung cancer with β-carotene, the most important dietary precursor of vitamin A, 

induced an even higher incidence of lung cancer (64,156). Fenretidine, a vitamin A 

analogue, appears to reduce the risk of second breast cancers in premenopausal women, 

but increases risk in postmenopausal women (65). These studies imply that retinoids 

may be effective in a preventative setting, but may actually have a negative effect after 

tumor initiation and during progression, particularly in estrogen-depleted circumstances. 

As some tumor cells may harbor a pluripotent stem cell phenotype, retinoid-induced 

“differentiation” during carcinogenesis could result in either a negative outcome (e.g. 

vascular or mesenchymal differentiation) or a positive one (e.g. mammary epithelial 

differentiation). In other words, retinoid-dependent “differentiation” may be responsible 

both for its failure as a treatment in certain circumstances as well as its side effects, due 

to its action on non-tumor cells. In the present study, we report that 9-cis-RA induced 

endothelial-like differentiation in the estrogen receptor negative SKBR-3 breast 

adenocarcinoma cell line. Using microarray analysis, we found that 9-cis-RA treatment 
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resulted in an endothelial-like genetic program and robustly induced VE-cadherin. 9-

cis-RA treatment induced VE-cadherin in four other breast cancer cells.  We also show 

that Sox-9 and the Ets-1 family member ER81 are required for the transcriptional 

regulation of VE-cadherin by 9-cis-RA.  
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II.C Materials and Methods 

II.C.1 Materials and Reagents 

9-cis-RA was obtained from Sigma-Aldrich (Germany), mouse anti-VE-

cadherin was from Immunotech (France) and R&D systems (Minneapolis, MN), goat 

anti-VE-cadherin were from Santa Cruz Biotechnology (Santa Cruz, CA), rabbit anti-

Sox-9 was from Chemicon (Temecula, CA), anti-myc was from Invitrogen (Carlsbad, 

CA), anti-FLAG (M2) was from Sigma, anti-GAPDH was from Research Diagnostics 

Inc (Flanders, NJ). Small interference RNA (siRNA) reagent (SMART pool) for human 

VE-cadherin was purchased from Dharmacon (Lafayette, CO). As a control siRNA, Luc 

siRNA was used (CGUACGCGGAAUACUUCGA).  Plasmid DNA encoding wild type 

(WT) Sox-9 and dominant negative (DN) form of Sox-9 (lacking the C-terminal trans-

activation domain) were kindly provided by Dr. Véronique Lefebvre (Cleveland Clinic 

Foundation, Cleveland, OH). 6x Myc ER81
(2-477) 

and 6x Myc-ER81
(249-477)

 were kindly 

provided by Dr. Ralf Janknecht (Mayo Clinic, Rochester, MN). Human VE-cadherin 

cDNA was kindly provided by Dr. William A. Miller (Cornell University, New York, 

NY).  

 

II.C.2 Cell Culture and Transfection 

Early passage (< passage 30) SKBR-3 cells were maintained in Dulbecco's 

Modified Eagle's Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS) 

in 5 % CO2 incubator at 37 °C. All transient transfection experiments of plasmid DNA 
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and siRNA were performed with Amaxa electroporation system (Amaxa, Inc, 

Gaithersburg, MD) according to the manufacturer’s protocol.  

 

II.C.3 Electron Microscopy  

Following 48 h of RA treatment 80% confluent SkBr3 cells were rinsed in PBS 

and trypsinized for 30 seconds to detach cell sheets from the plate but maintain cell-cell 

contacts. 10% FBS was added to stop the action of the trypsin. Cells were gently 

centrifuged (300Xg) for 2 minutes, the medium decanted and one ml of warm 2% liquid 

agar was added to the cell pellet and allowed to solidify (5 minutes). The cells were 

fixed in 2% glutaraldehyde for three hours at room temperature rinsed in PBS and post 

fixed in 2% Osmium Tetroxide overnight at 4
o
C. The pellets were rinsed again in PBS, 

dehydrated and embedded in epon 812. 600 angstrom sections were cut and viewed on a 

Siemens transmission electron microscope. 

 

II.C.4 Matrigel Assay 

Each well of a 12-well glass-bottom dish (MatTek, Ashland, MA) was coated 

with 100 µL of Matrigel (BD Biosciences, San Jose, CA) and incubated 15 min at 37°C. 

SKBR-3 cells (15,000 cells/100 µl medium) were gently plated on top of the Matrigel 

layer directly and further incubated 30 min at 37°C. One milliliter of growth medium 

was added along with either ethanol control or the appropriate concentration of 9-cis-

RA. Cells were maintained at 37°C in a 5 % CO2 incubator, and the media and 9-cis-RA 
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were replenished every 48 h. On day 11, cells were stained with 1 µg/ml of Calcein AM 

(Invitrogen) for 30 min at 37 °C before visualization. 

 

II.C.5 Network Formation and Mixed Vessel Assay 

SKBR-3 cells were pre-treated for 24 hours with ethanol control or 10
-7
M 9-cis-

retinoic acid.  The SKBR-3 cells were trypsinized, and cell suspended to 10
6
cells/ml.  

Glass-bottom dishes (Mattek) were plated with 125 µl of Matrigel (BD Biosciences) 

and allowed to polymerize for 30 min in the incubator.  100 µl of cell suspension was 

plated on top of the Matrigel layer and incubated at 37°C for 30 minutes.  1 mL of 

DMEM (Invitrogen) or EGM (Cambrex) supplemented with control or 10
-7
M RA was 

added to the appropriate wells.  For mixed vessel assays SKBR-3 cells and HUVEC 

cells were treated with 15 µM CFMDA (Invitrogen) or 15 µM CMTPX (Invitrogen), 

respectively for 30 minutes at 37°C.  The media was changed and cells were incubated 

for an additional 30 minutes at 37°C.  The SKBR-3 cells and HUVECs were 

trypsinized, and suspended to 5 X10
5
cells/ml.  50 µl of HUVECs were mixed with an 

equal volume of treated or untreated SKBR-3 cells.  100 µl of each suspension was 

plated on top of the Matrigel layer and incubated at 37°C for 30 minutes.  1 mL of 

DMEM (Invitrogen) or EGM (Cambrex) supplemented with control or 10
-7
M RA was 

added to the appropriate wells.  The networks and mixed vessels were imaged using an 

Olympus IX71 Inverted Fluorescent Microscope. 
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II.C.6 Microarray Analysis 

SKBR-3 cells were incubated in the presence or absence of 9-cis-RA (1 µM) for 

48 h. Total RNA was isolated using Trizol (Invitrogen) combined with RNAeasy 

(Qiagen, Valencia, CA) and was amplified according to the Affymetrix protocol 

(GeneChip Eukaryotic Small Sample target labeling Assay Version II) modified so that 

the ethanol precipitation cDNA cleanup step was substituted by Qiaquick PCR 

purification kit (Qiagen). Biotin-11-CTP and biotin-16-UTP (Enzo Diagnostics, 

Farmingdale, NY) was incorporated during in vitro transcription and 20 µg of the 

biotinylated cRNA product was fragmented at 94°C for 25 min. Treated and untreated 

samples were amplified, labeled, fragmented and hybridized in the same run. 

Hybridizations to Affymetrix HG-U133A GeneChips were performed at 45 °C for 16 h 

followed by staining and washing as described in the manufacturer's instructions. The 

processed chips were then scanned using an Affimatrix GeneArray scanner. Grid 

alignment and raw data generation were performed using Affymetrix GeneChip 5.0 

Software. For quality control, oligo B2 was hybridized to the chip and the checkerboard 

pattern in each corner of the chip analyzed. BioB, bioC and bioD probes are added to 

each sample to standardize hybridization, staining and washing procedures. Raw 

expression values representing the average difference in hybridization intensity between 

oligonucleotides containing single base pair mismatches, was measured.  
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II.C.7 Real-time quantitative PCR 

Relative quantification was used to evaluate the raw data obtained from real-

time PCR (7900 HT real time PCR system, 96 well format, Applied Biosystems, Foster 

City, CA). All standards and unknowns were performed in triplicate. The average value 

of the triplicate readings for each unknown was then divided by the corresponding value 

for 18S ribosomal RNA to normalize the data. After normalization, the value obtained 

for the treated unknown was divided by the value obtained for the corresponding 

untreated sample. The final value obtained was a measure of the fold change in gene 

expression for the particular genes of interest between the treated sample and the 

untreated sample. For all analyses a p-value of <0.05 was considered to be statistically 

significant. 

 

II.C.8 Reverse transcriptase PCR 

Total RNA was isolated with Trizol reagent (Invitrogen). cDNA was prepared 

by first strand cDNA synthesis kit (Invitrogen). PCR primer sequences were as 

followings.  

ER81-F             (5’-CCAAACTCAACTCATACACCGAAACC-3’),  

ER81-R        (5’-TGGCTCTTGTTTGATGTCTCC-3’),  

E-selectin-F         (5’-CCTACAAGTCCTCTTGTGCC-3’),  

E-selectin-R     (5’-GCTAATGTCAGGAGGGAGAG-3’),  

cyclooxygenase(Cox)-1-F   (5’-AGGAGTACAGCTACGAGCAG-3’),  

Cox-1-R        (5’-CCTCAGAGCTCTGTGGATGG-3’),  



 42 

 

 

β-actin-F             (5’-TGACGGGGTCACCCACACTGTGCCCATCTA-3’),  

β-actin-R                    (5’-CTAGAAGCATTTG CGGTGGACGATGGAGGG-3’).  

 

II.C.9 Immunocytochemistry 

SKBR-3 cells seeded on glass cover slips in DMEM medium (10
5
 cells/well in 

24 well plate) were treated with either 9-cis-RA (0.1 or 1 µM) or control medium and 

incubated for indicated times. Then cells were fixed with cold methanol at –20
o
C for 20 

min for VE-cadherin staining, or with freshly prepared 3.7 % formaldehyde for 15 min 

at room temperature (RT) followed by permeabilization with 0.1 % Triton X-100/PBS 

for 5 min for phalloidin staining. After blocking with 5 % BSA/PBS for 1 h at RT, fixed 

cells were incubated overnight at 4
o
C with VE-cadherin antibody diluted 1:1000 (mouse 

anti-VE-cadherin) or 1:200 (goat anti-VE-cadherin) in 2 % BSA/PBS, followed by 

incubation with Alexa Fluor 488-laboratoryeled anti-mouse IgG (1:1000, Invitrogen) or 

anti-goat IgG (1:1000, Invitrogen) for 30 min at RT.  For phalloidin staining, Alexa 

Fluor 488 or 568-laboratoryeled phalloidin was used (1:2000, Invitrogen). For nuclear 

staining, 4’, 6-Diamidine-2’-phenylindole dihydrochloride (DAPI) was used. Nikon 

E600 Fluorescence Microscope with Hamamatsu Orca-100 and 20x, 40x, 60x objective 

lens and MetaMorph (version 6.1.5) imaging analysis software (Universal Imaging 

Corp.) were used to detect fluorescence. Images were processed with Adobe Photoshop 

Elements 2.0 (Adobe Inc., San Jose, CA).   
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II.C.10 Immunoblotting  

Eighty-90 % confluent SKBR-3 cells were incubated with DMEM in the 

presence or absence of 9-cis-RA for indicated times. Cells were rinsed twice with PBS 

and lysed with buffer containing 1 % NP-40, 1 % sodium deoxycholate, 0.1 % SDS, 

150 mM NaCl, 10 mM sodium phosphate, pH 7.2 and complete mini protease inhibitors 

(Roche Applied Science, Indianapolis, IN).  Cell lysates were clarified by centrifugation 

at 14,000 rpm for 10 min at 4
o
C. Protein concentration was determined with a Bio-Rad 

DC reagent (Bio-Rad, Hercules, CA). After SDS-PAGE, proteins were transferred to 

Immobilon P (Millipore, Billerica, MA). Membranes were blocked with 5 % milk in 

Tris-Buffered Saline containing 0.1 % Tween-20, and incubated with primary antibody 

overnight at 4
o
C and subsequently with HRP-laboratoryeled secondary antibody. 

Proteins were visualized with ECL reagents (Amersham Biosciences, Piscataway, NJ) 

or SuperSignal West Femto (Pierce biotechnology Inc., Rockford, IL), using X-ray 

films (Denville Scientific Inc., Metuchen, NJ).  
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II.C.11 Electrophoretic Mobility Shift Assays (EMSA)  

Nuclear extract preparation 

SKBR-3 cells were incubated in the presence or absence of 9-cis-RA (1 µM) for 

48 h, and washed twice with PBS, harvested with ice-cold PBS containing 

protease/phosphatase inhibitors (1 mM sodium orthovanadate, 10 mM β-

glycerophosphate, 1 mM DTT [Dithiothreitol], 1 mM PMSF [Phenylmethylsulfonyl 

Fluoride]). Cells were spun down at 1,200 rpm for 5 min at 4
o
C, and pellets were 

resuspended with ice-cold Buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM 

EDTA, 0.1 mM EGTA) containing protease/phosphatase inhibitors. After incubation on 

ice for 10-15 min, Triton-X 100 was added (0.5 %), and cells were vortexed for 10 sec, 

spun down at 3,000 rpm for 3 min at RT, and supernatant (cytoplasmic extract) was 

removed. The pellet was re-suspended with Buffer C (20 mM HEPES, pH 7.9, 400 mM 

NaCl, 1 mM EDTA, 1 mM EGTA) containing protease/phosphatase inhibitors, 

vortexed, incubated on ice for 15 min, and spun down for 5 min at 12,000 rpm at 4
o
C. 

The supernatant was used as nuclear extract.  

32
P-DNA oligonucleotide probes 

Sense and antisense strand oligo DNA were separately dissolved in TE (pH 8.0). 

Denaturing and annealing were performed in annealing buffer (10 mM Tris-HCl pH 7,5, 

50 mM NaCl, 1 mM EDTA). 5’-end phosphorylation of the annealed DNA was 

performed using T4 polynucleotide kinase (New England BioLaboratorys, Beverly, 

MA) and γ-
32
P-ATP (Amersham) at 37 

o
C for 10 min. Laboratoryeled probes were 

purified using G-25 spin columns.  
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Binding reaction and electrophoresis 

Nuclear extract (2 µg) was incubated with 5x binding buffer (Promega, Cat# 

E3581) for 10-15 min at RT. Ten fmol of DNA probe was added and the mixture was 

incubated for 15-20 min at RT. In some experiments, antibody was added to the 

mixture, and further incubated for 10 min at RT. Loading buffer (3.3 % Ficoll 400, 1.67 

% Glycerol, 0.041 % Orange G) was added to each sample, and electrophoresed with 6 

% TBE /polyacrylamide gel and 0.5 x TBE buffer. Gels were fixed with 40 % methanol 

and 10 % acetic acid for 15 min at RT, and dried under vacuum for 2 h at 80
o
C. Gels 

were scanned by a Molecular Dynamics 445 SI Phosphorimager, and analyzed with 

ImageQuaNT software (Amersham Biosciences, Piscataway, NJ). 

The following probes were used: 

 

      WT  : CAAAGGAACAATAACAGGAAACCATCCCAG 

     SOX-9 MUTANT  : CAAAGGTACTATAACAGGAAACCATCCCAG 

    5’ ETV MUTANT  :   AACTAACAATAACAGGAAACCATCCCAG 

    3’ ETV MUTANT   : CAAAGGAACAATAACAGGCTACCATCCCAG 

 5’&3’ ETV MUTANT   :   AACTAACAATAACAGGCTACCATCCCAG 

      ALL MUTANT   :   AACTTACTATAACAGGCTACCATCCCAG 

 

II.C.12 Antibody Neutralization  

Mouse monoclonal antibody raised against an antigen encoding the extracellular 

domain of human VE-cadherin (amino acids 48-593) was used as a neutralizing 
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antibody (R&D systems). Cells were pre-treated with either the VE-cadherin antibody 

or with control mouse IgG (50 µg/ml) for 6 h, followed by 48 h incubation in the 

presence or absence of 9-cis-RA (0.1 µM).  

II.D Results 

 

II.D.1  9-cis-RA induced an endothelial-like morphological change in SKBR-3 

cells 

SKBR-3 cells treated with 9-cis-RA for 48 h became flattened and/or extended 

(Figure 8A) in comparison with control cells. In many cells, actin-lined lumen-like 

structures as well as cytoplasmic extensions, which resembled channels, sinuses, and 

vessel-like structures reminiscent of differentiated endothelial cell cultures were 

observed (Figure 8A, right). Electron microscopy further revealed formation of cell-cell 

junctions in the presence of 9-cis-RA, indicating formation of rudimentary lumen 

structure in SKBR-3 cells (Figure 8B). When cells were grown at a density of 1.5 X 

10
5
cells/ml in Matrigel, control cells formed grape-like clusters after 9 days (Figure 8C, 

left). In contrast, cells growing in Matrigel and treated with concentrations of 9-cis-RA 

less than10
-7
 M, often exhibited sinus-like structures (Figure 8C, middle and right). 

Cells treated with 10
-9 
M 9-cis-RA for 9 days formed colonies of fused cells with sinus-

like structures (Figure 8C, middle). The cytoplasmic extensions seen at day 11 

contained live cells as indicated by calcein staining (Figure 8C, right, inset). When pre-

treated for 24h with 10
-7
 M 9-cis-RA and grown at a density of 0.5-1 X 10

6
cells/ml 

SKBR3 cells formed extensive network structures in Matrigel (Figure 9).  
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Microarray analysis revealed that many “endothelial” genes were induced by 

9-cis-RA in SKBR-3 cells. Principal component analysis illustrated the excellent 

reproducibility of our microarray data (Figure 10A). Table 1 shows selected 

“endothelial-specific” genes that were up-regulated by 9-cis-RA. These included Cox-1, 

ets family member ER81, VE-cadherin, tissue factor pathway inhibitor 2 and E-selectin. 

These data indicated that the “epithelial” differentiation we observed in our earlier 

studies is more likely an “endothelial-like” differentiation (80). However not all 

endothelial genes are regulated by RA, for example neither von Willebrands factor nor 

N-cadherin were induced by RA (not shown). Real-time PCR analysis demonstrated 

that 9-cis-RA treatment induced VE-cadherin mRNA in not only SKBR-3, but also 

T47D, MCF-7 and BT474 breast cancer cell lines (Figure 10B). Other genes, such as 

Sox-4, Sox-18 and Sox-9, which are not known to be associated with endothelial 

differentiation, were also reproducibly elevated following 48 h of RA treatment (Table 

1).  

 

II.D.2  9-cis-RA treatment resulted in a rapid and sustained increase in VE-

cadherin expression in SKBR-3 cells 

Among the many endothelial genes identified by microarray analysis, VE-

cadherin is known to play a major role in angiogenesis (67). Using real-time PCR, we 

confirmed that the level of VE-cadherin transcripts was increased in response to 9-cis-

RA (Figure 11A). Steady state levels of VE-cadherin transcripts were significantly 

elevated within 2 h of 9-cis-RA treatment (6.84 fold), and were sustained for at least 
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120 h (maximum 116 fold). We also examined the time- and dose-dependent effects of 

9-cis-RA on VE-cadherin protein (Figure 11A, inset). Robust induction of VE-cadherin 

protein was detected at 24 h after treatment with 9-cis-RA. In addition, concentrations 

as low as 10
-9
 M 9-cis-RA resulted in significant increases in VE-cadherin protein after 

48 h, indicating that 9-cis-RA is able to induce VE-cadherin in SKBR-3 cells at levels 

below the physiological concentration (10
-8
 M). Immunostaining analysis also 

confirmed that 9-cis-RA induces endogenous VE-cadherin which is primarily localized 

at the cell membrane, resulting in cell-cell adhesion in SKBR-3 cells (Figure 11A, 

right).  

II.D.3  9-cis-RA rapidly and significantly induced Sox-9 and ER81 

Our in silico studies indicated that VE-cadherin may not be a direct target of 

RA, since we were unable to find retinoic acid response elements (RAREs) in the 

human VE-cadherin promoter. Therefore, we hypothesized that the effects of RA on 

VE-cadherin expression are mediated by RA induction of other, perhaps known, 

endothelial regulatory genes. VE-cadherin expression is known to be regulated by 

members of the ets family of transcription factors (85,157). Indeed, our examination of 

the VE-cadherin promoter suggested ets and sox binding sites in VE-cadherin promoter 

(see Figure 13A). We reasoned that any candidate mediator genes for VE-cadherin 

expression would be also rapidly induced by 9-cis-RA in SKBR-3 cells. Sox-9, a 

member of the high mobility group (HMG) box gene family of transcription factors, 

was one of the candidate genes identified in our microarray. Indeed, Sox-9 is known as 

a target of RA. In the Sox-9 promoter, there are three potential RARE sites at 500 bp 
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upstream from the transcription initiation site (158). Another candidate gene was ER81 

(ETV1; ets variant gene1). The ER81 promoter contains 4 RARE sites, and RA induces 

Ets1 transcription. Using real-time PCR analysis We found that he Sox-9 transcript was 

rapidly elevated by 9-cis-RA-treatment (Figure 11B, left), and was increased 8.28 fold 

after 2 h exposure to 9-cis-RA. Significant induction of Sox-9 protein was also 

observed, and it preceded the expression of VE-cadherin (Figure 11B, left inset). 

Induction of Sox-4 and Sox-18 by 9-cis-RA were also observed, but levels did not begin 

to increase until well after VE-cadherin induction (not shown). Increase of nuclear 

expression of Sox-9 by 9-cis-RA was also observed by immunostaining (Figure 11B 

right). Similarly, we confirmed that the transcript of ER81 increased more than two fold 

following 2 h of 9-cis-RA treatment (Figure 11C). Likewise, 9-cis-RA-induction of 

Cox-1 and E-selectin were also detected by conventional reverse transcriptase-PCR 

(Figure 11C inset).   

 

II.D.4  Sox-9 and ER81 were both necessary for 9-cis-RA-mediated VE-

cadherin expression, but neither was sufficient to induce VE-cadherin in SKBR-3 cells. 

Because Sox-9 was rapidly induced by 9-cis-RA (Figure 11B) and the VE-

cadherin promoter contains a well-conserved Sox-9 binding site (Figure 13A), we 

considered Sox-9 as a candidate to co-operate with ER81 in the transcriptional 

regulation of VE-cadherin. Sox-9 is not known to be involved in endothelial 

differentiation, but is an important determinant of the chondrocyte lineage (106). We 

next tested whether Sox-9 and ER81 mediate 9-cis-RA-induced VE-cadherin expression 
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in the SKBR-3 cells. When cells were transiently transfected with DN-FLAG-Sox-9 

lacking the C-terminal trans-activation domain, VE-cadherin expression was not 

observed in any transfected cells in the presence of 9-cis-RA (Figure 12A, indicated by 

arrows). Efficiency of plasmid DNA transfection in SKBR-3 cells was 30-50 % using 

Amaxa electroporation. Consistent with this, DN-FLAG-Sox-9 reduced 9-cis-RA-

mediated induction of VE-cadherin by approximately 50% as judged by Western blot 

(Figure 12B). These data suggest that Sox-9 positively mediates 9-cis-RA-induced VE-

cadherin expression in SKBR-3 cells.  

Ets transcription factors are known to be involved in angiogenesis (82). There 

are Ets binding sites in the VE-cadherin promoter, and Ets1 has can positively regulate 

VE-cadherin transcription in endothelial cells (85-87). Consistent with these studies, we 

observed that cells transfected with a DN form of ER81, lacking the N-terminal trans-

activation domain, clearly lacked membrane staining of VE-cadherin (Figure 12C). 

Next we examined whether Sox-9 and ER81 are sufficient to induce VE-

cadherin expression in the absence of 9-cis-RA. As shown in Figure 12D, expression of 

WT-Sox-9, WT-ER81 or both failed to induce the expression of VE-cadherin. Taken 

together, these results suggested that both Sox-9 and ER81 are required for 9-cis-RA-

dependent VE-cadherin expression in SKBR-3 cells, however, they are not sufficient to 

induce VE-cadherin protein in the absence of 9-cis-RA.  
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II.D.5  Sox-9 and ER81 bound to the VE-cadherin promoter in response to 9-

cis-RA 

Sequences between –166bp and -5bp are critical for human VE-cadherin 

promoter activity in endothelial cells (85). Our analysis revealed that the human VE-

cadherin promoter has one Sox-9 binding site (5’-AACAAT-3’) and two ETV binding 

sites (5’-GGAA-3’) located between -114bp and -86bp (Figure 13A). For convenience, 

we named these two ETV binding sites as 5’ ETV site and 3’ ETV site, which 

corresponds to EBS5 and EBS4, respectively, reported in previous studies (85,87). 

Using a wild type, 
32
P-laboratoryeled probe, two major DNA/protein complexes 

formation was observed (Figure 13B left). Formation of these two complexes was 

enhanced by 9-cis-RA (lane 2 and 3, Figure 13B). 5’ ETV mutant probe did not block 

the complex formation (lane 2/3 and lane 14/15). Sox-9 mutant alone slightly decreased 

the complex formation (lane 2/3 vs lane 4/5), and Sox-9 and 3’ETV double mutant 

failed to form the complex (lane 6/7). The effect of the double mutant was more 

significant compared with 3’ETV mutant alone (lane 8/9), suggesting that Sox-9 is also 

involved in complex formation. Thus, the Sox-9 site and the 3’ ETV site, but not the 5’ 

ETV site, appeared to be involved in complex formation. This finding was consistent 

with previous reports showing that the 3’ ETV site (EBS4) is essential for ets 

transcription factors to induce VE-cadherin in endothelial cells (85,87).  

With the 5’ETV/3’ETV double mutant probe, the two complexes were still 

observed (Figure 13C, left, lane 2, 3). Complex formation was completely blocked by 

WT cold oligo (lane 4) but not Sox-9 mutant cold oligo (lane 5), suggesting that Sox-9 
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binding is involved in complex formation. Furthermore, DNA/protein complex 

formation induced by RA (Figure 13C, right) was significantly inhibited by Sox-9 

antibody (lane 3), not by rabbit IgG control (lane 4). These results indicated that Sox-9 

is involved in the DNA/protein complex induced by 9-cis-RA in SKBR-3 cells. 

Complex formation was often enhanced with the 5’ ETV mutant probe 

compared with WT probe (Figure 13D; compare lane 1, and 2 and 7, 8). Complex 

formation induced by 5’ ETV mutant probe was significantly inhibited by ER81 

antibody (Figure 13D, compare lane 8 and 10). In addition, when both Sox-9 and ER81 

antibodies were combined, the band intensity was significantly decreased (compare lane 

8 and 11). The reason the 5’ ETV mutant probe enhances complex formation is not 

clear; however, it is possible that the 5’ ETV site might be occupied by another ets 

family member protein(s) which is not recognized by the ER81 antibody, therefore the 

blocking effect of the ER81 antibody was less significant when WT oligo probe was 

used (compare lane 2 and 4). Taken together, these data indicated that both Sox-9 and 

ER81 (at the 3’ETV site) directly bind to the VE-cadherin promoter.  

 

II.D.6  VE-cadherin antibody and VE-cadherin siRNA inhibited 9-cis-RA-

induced morphological changes 

VE-cadherin is endothelial-specific and a major constituent of the adherens 

junctions.  The presence of VE-cadherin is able to protect endothelial cells from 

apoptosis and contributes to contact inhibition (159). Next, we asked whether VE-

cadherin plays an essential role in RA-mediated endothelial morphological changes in 
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SKBR-3 cells. Treatment with VE-cadherin antibody raised against extracellular 

domain of VE-cadherin completely reversed the 9-cis-RA-induced morphological 

changes, including the formation of lumen and sinus-like structures (Figure 14A), 

suggesting that homotypic interaction of VE-cadherins at the cell membrane contributes 

to the 9-cis-RA-induced cell-cell adhesion and endothelial morphological changes. We 

next examined the effect of VE-cadherin knockdown on 9-cis-RA-induced cell shape 

changes. Using pooled siRNA, we were able to obtain almost complete knockdown of 

endogenous VE-cadherin (Figures 14B and 14C). 9-cis-RA-induced morphological 

changes were blocked in cells transfected with VE-cadherin siRNA (Figure 14C 

compare middle and right panel). Thus, VE-cadherin is essential in 9-cis-RA-induced 

morphological alteration in SKBR-3 cells. 

 

II.D.7  Exogenous expression of VE-cadherin partially recapitulated 9-cis-RA-

dependent morphological changes 

We next examined if VE-cadherin expression is sufficient to reproduce the 

effect of 9-cis-RA in phenotypic changes. Human VE-cadherin was transiently 

tranfected into SKBR-3 cells (Figure 14D). SKBR-3 cells expressing VE-cadherin 

showed prominent cell-cell adhesion (Figure 14D, middle, asterisk) and flattened 

(Figure 14D right, asterisk). However, this morphological change was not identical to 

that induced by 9-cis-RA as VE-cadherin expressing cells did not exhibit the 

cytoplasmic extensions observed following treatment with 9-cis-RA (Figure 14D, left, 

arrow). These data indicated that VE-cadherin expression can partially, but not 
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completely, reproduce endothelial-like phenotypic changes induced by 9-cis-RA in 

SKBR-3 cells.  

 

II.D.8  SKBR3 cells form mixed networks with human umbilical vein endothelial 

cells 

Although SKBR3 cells cannot form tumors in nude mice we did find that RA-

treated SKBR3 cells could form mixed vessel-like structures when co-cultured with 

human umbilical vein endothelial cells (HUVECs). In the absence of RA, SKBR3 cells 

decorated the surface of HUVEC networks but did not fuse or actually become part of 

the network (Figure 15A). Remarkably in the presence of RA, SKBR3 cells formed 

nodes from which the HUVECs either grew toward or emanated from (Figure 15B).
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II.E Discussion 

Growth, proliferation and metastasis of most tumors is dependent on adequate 

vasculature (160). “Vasculogenic mimicry” is a concept that illustrates the plasticity of 

tumor cells, their ability to contribute to vasculogenic-like networks and the expression 

of genes associated with multiple cellular phenotypes. There is a growing body of in 

vivo evidence that tumor cells can line channels, sinuses and vessel-like spaces. In 

addition, mosaic blood vessels occur in colon carcinomas and melanomas. The 

formation of these networks seems to recapitulate the embryonic development of 

vasculogenic networks, and is associated with the distinctly patterned, extra-cellular 

matrix-rich networks that are observed in aggressive tumors. In aggressive melanoma 

with a vasculogenic phenotype, altered expression of angiogenesis/ vasculogenesis-

related genes such as VE-cadherin, E-selectin and tissue-factor pathway inhibitor is 

observed (50). We show that 9-cis-RA induced these endothelial specific genes in 

SKBR-3 breast cancer cells with concomitant endothelial-like morphological alterations 

including network formation in Matrigel. SKBR3 cells cannot form tumors when 

explanted in nude mice so we cannot directly test if the endothelial transdifferentiation 

we observe influences their tumor growth. However we do find that RA-treated SKBR3 

cells can form mixed vessel-like structures when co-cultured with HUVECs. These 

findings suggest that, under certain circumstances, RA treatment triggers an endothelial-

like transdifferentiation in a subset of breast cancer cells perhaps allowing the formation 

of mixed vessels with the host vasculature resulting in an unfavorable clinical outcome.  
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VE-cadherin is exclusively expressed in endothelial cells and is restricted to 

cell-to-cell junctions where it mediates cell adhesion. Using VE-cadherin null 

embryonic body and mouse model systems, it was shown that VE-cadherin plays an 

essential role in angiogenesis during development (66,79). In addition, VE-cadherin has 

been implicated in tumorigenesis in the adult, and monoclonal antibodies against VE-

cadherin prevent angiogenesis, suggesting that VE-cadherin is a potential target in 

cancer treatment (161,162). Our antibody blockade and siRNA experiments also 

showed that VE-cadherin plays a central role in RA-induced morphological changes. 

However, the extent to which VE-cadherin directly induces an endothelial genetic 

program remains elusive.  

The effect of RA in the present study is reminiscent of the effects of RA in 

driving differentiation during development (163,164).  In these situations, master 

regulatory genes, such as those in the homeobox, sox and ets families are targets for RA 

through RARE elements in their promoters, and these genes ultimately result in RA-

induced changes in cell fate. Sox-9 plays an essential role in sex determination 

downstream of the sex-determining region Y (SRY) in mammals (165,166). In addition, 

Sox-9 directly regulates Col2a1, the gene encoding type II collagen, and serves as a 

master regulatory gene in chondrocyte differentiation (105-107,167). Although no 

previous studies have shown a role for Sox-9 in regulating VE-cadherin expression and 

endothelial trans-differentiation, expression of Sox-9 is detected in the developing 

mouse heart (168,169), and Sox-9 null mice are embryonic lethal exhibiting major 
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cardiovascular abnormalities (108). These studies suggest that in addition to its role in 

sex determination and chondrogenesis, Sox-9 may play a broader role in the 

cardiovascular system. Given that VE-cadherin is widely expressed in the developing 

heart and vascular system, it is possible that Sox-9 is implicated in VE-cadherin 

expression during embryonic development (73). Consistent with this, Sox-9 regulates 

the epithelial-mesenchymal transition and proliferation in endocardial cells that 

precedes the development of the heart valves (108). 

Our data demonstrated that SKBR-3 cells treated with RA turned on an 

endothelial-like genetic program and acquired some phenotypic characteristics of 

endothelial cells such as sinus formation, lumen-like structures and the ability to form 

networks in Matrigel. It is possible that angiogenesis is secondary to vasculogenesis in 

providing a circulatory system for the growing tumor. In other words, RA-induced 

trans-differentiated cells may provide a homing mechanism for circulating endothelial 

cells (CECs) or bone marrow-derived endothelial precursor cells (EPCs). Circulating 

endothelial cells and progenitor cells are clearly important in tumor growth (170). Thus, 

it is possible that these CECs/EPCs migrate to the tumor site and are stabilized at that 

location because of homotypic cell-cell interactions between cell surface antigens (e.g. 

VE-cadherin) that are common to both trans-differentiated tumor cells and migrating 

CECs/EPCs. The observations that RA-treated SKBR3 cells formed nodes form which 

HUVEC networks appear to nucleate is consistent with this possibility. 
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The ability of carcinoma cells to take on characteristics typical of cells from 

quite different backgrounds is well established and may be related to a stem cell-like 

origin. Perhaps the best example of this is the ability of breast carcinoma cells to 

acquire the molecular and phenotypic hallmarks of migratory and invasive 

mesenchymal cells (171,172). Our data suggests that these properties need to be taken 

into account when considering treatment or prevention regimens using potent 

differentiating agents such as vitamins A and D. Although some agents might inhibit 

proliferation of a subpopulation of tumor cells, they might stimulate the trans-

differentiation of another subpopulation. Clearly, those tumor cells that re-acquire 

differentiated properties in response to such an agent still harbor the genetic defects that 

transformed them initially and cannot be considered as normal differentiated cells.  

In summary, we demonstrated that 9-cis-RA induces endothelial-like trans-

differentiation in SKBR-3 cells. These phenotypic changes are accompanied by 

significant induction of the endothelial genetic program. VE-cadherin plays a central 

role in these morphological alterations, and we found that both Sox-9 and ER81 bind to 

VE-cadherin promoter and participate in its transcriptional induction by RA. These data 

may explain the mixed results of clinical trials using various vitamin A analogues, and 

bring up the rather disturbing notion that treatments with retinoids might stimulate 

certain tumor cells to acquire vasculogenic properties. 
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II.G Figure legends 

 

Figure 8. Morphological changes in SKBR-3 cells induced by 9-cis-RA treatment. 

(A) Phalloidin staining. Untreated SKBR-3 cells exhibited cuboidal shape. After 48 h 

treatment with 9-cis-RA (1 µM), SKBR-3 cells became flattened, enlarged and showed 

increased cell-cell adhesion, and often extended a rim of cytoplasm to form lumen-like 

structures. (B) Electron Microscopy. SKBR-3 cells treated with 9-cis-RA showed cell-

cell junctions (black arrow) and lumens (white arrow), while untreated cells did not 

form these structures. (C) Matrigel assays at 1.5 X 10
5
cells/ml. Control SKBR-3 cells 

(left), SKBR-3 cells treated with 10
-9 
M 9-cis-RA for 9 days (middle) and at day 11 

(right). Green image in Inset indicates calcein staining.   

 

Figure 9. 9-cis-RA induces SKBR3 cells to form networks in Matrigel. Matrigel 

assays at 1 X 10
6
cells/ml. (A) SKBR3 cells grown in Matrigel for 48h. (B) SKBR3 cells 

pretreated for 24 h with 10
-7
M RA and grown in Matrigel for 48h. 
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Figure 10. 9–cis-RA induced the expression of endothelial-specific genes. (A) 

Principal-component analysis (PCA) of triplicate microarray experiments from control 

and 9-cis-RA (1 µM)-treated SKBR-3 cells. (B) Real-time PCR amplification of VE-

cadherin induction by RA in 4 breast cancer cell lines.  

 

Figure 11. 9-cis-RA induced VE-cadherin, Sox-9 and ER81 expression. (A) VE-

cadherin induction by 9-cis-RA. Bar graph indicates VE-cadherin real-time PCR in 

SKBR-3 cells treated with 9-cis-RA (1 µM) for indicated times. Insets are Western 

blots showing time (upper)- and dose (lower)- dependence of 9-cis-RA on VE-cadherin 

protein expression. GAPDH was used as a loading control. Right panel shows 9-cis-RA 

(0.1 µM) induced expression and the membrane localization of VE-cadherin (green) in 

SKBR-3 cells after 48 h treatment. Blue staining represents nuclei stained with DAPI. 

(B) Sox-9 induction by 9-cis-RA. Bar graph indicates Sox-9 real-time PCR. Inset shows 

time-dependent induction of Sox-9 protein. Right panel shows immunostaining. 9-cis-

RA-induced Sox-9 (red) was localized at nuclei in SKBR-3 cells. (C) ER81 induction 

by 9-cis-RA. Bar graph indicates ER81 real-time PCR. (D) Reverse transcriptase-PCR 

showing induction of E-selectin and Cox-1 by 9-cis-RA (0.1 µM, 48 h). β-actin was 

used as an internal control. All of these data is representative result of more than three 

independent experiments. 
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Figure 12. Sox-9 and ER81 were necessary for RA-mediated VE-cadherin 

expression, but not sufficient to induce VE-cadherin. (A) VE-cadherin expression 

lacked in SKBR-3 cells expressing DN form of Sox-9. SKBR-3 cells were transfected 

with FLAG-Sox-9 DN by Amaxa transfection, and treated with 9-cis-RA (0.1 µM). 

After 48 h, cells were fixed and double-stained with anti-FLAG (red) and anti-VE-

cadherin (green) antibodies. The pictures show representative result from multiple 

experimental samples. (B) Western blot analysis. RA-induced VE-cadherin expression 

was partially inhibited by FLAG-Sox-9 DN. (C) VE-cadherin expression lacked in 

SKBR-3 cells expressing DN form of ER81. SKBR-3 cells were transfected with 

6xMyc-ER81 DN
 
by Amaxa transfection. Cells were stained with anti-Myc (red), anti-

VE-cadherin (green) antibodies and DAPI (blue). The pictures show representative 

result from multiple experimental samples. (D) The effect of transient transfection of 

FLAG-Sox-9 WT and 6xMyc-ER81 WT in SKBR-3 cells. VE-cadherin expression was 

not induced by FLAG-Sox-9 WT or Myc-ER81 WT when expressed independently or 

together. Data is representative of three independent experiments. 

 

Figure 13. Sox-9 and ER81 bound to the human VE-cadherin promoter. (A) Sox-9 

(5’-AACAAT-3’) and two ER81 (5’-GGAA-3’) binding sites were present between –

114 bp and –86 bp in the human VE-cadherin gene. (B) EMSA with various 
32
P-

laboratoryeled probes. With wild type probe, two major bands (arrows) were detected, 

and the formation of these complexes was increased by 9-cis-RA (1 µM). Complex 

formation was diminished by mutation of the Sox-9 binding site and 3’ ETV binding 
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site but was not affected by mutation in the 5’ ETV binding site. (C) Sox-9 binds to VE-

cadherin promoter: (left) competition experiment with cold WT and Sox-9 mutant 

probes. (right) effect of Sox-9 antibody on 9-cis-RA-induced DNA/protein complex 

formation. (D) Both Sox-9 and ER81 antibodies inhibited 9-cis-RA-dependent complex 

formation. WT probe and 5’-ETV mutant probe were used and compared. Note that 5’-

ETV probe showed enhanced DNA/protein complex formation, which was reduced by 

either, Sox-9 antibody, ER81 antibody, and their combination. Data is representative of 

three independent experiments. 

 

Figure 14. VE-cadherin played an essential role in 9-cis-RA-mediated 

morphological changes. (A) Antibody neutralization experiment. Morphology of 

SKBR-3 cells was visualized by phalloidin staining. (B) The effect of VE-cadherin 

siRNA in SKBR-3 cells. Cells were tranfected with VE-cadherin siRNA using Amaxa 

transfection procedure, and incubated for 6 h followed by additional 48 h incubation in 

the presence or absence of RA (0.1 µM). (C) The effect of VE-cadherin suppression in 

SKBR-3 cell shape. VE-cadherin siRNA completely blocked 9-cis-RA-mediated VE-

cadherin expression (green) and localization to the cell surface (upper series). Phalloidin 

staining (red) indicated that 9-cis-RA-dependent, flattened morphology, cell-cell 

adhesion and cytoplasmic extensions were blocked by VE-cadherin siRNA (Lower 

series). (D) The effect of VE-cadherin transfection on cell morphology. SKBR-3 cells 

were transiently tranfected with human VE-cadherin using Amaxa system and analyzed 

48 h after transfection. VE-cadherin expressing cells (green) were flattened (asterisk) 
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and had more prominent cell-cell adhesion compared with non-VE-cadherin expressing 

cells. However, VE-cadherin expression did not stimulate the formation of cytoplasmic 

extension structures induced by RA (arrow). These data are representative of three 

independent experiments. 

 

Figure 15. SKBR3 cells form mixed networks with human umbilical vein 

endothelial cells.  (A) In the absence of RA SKBR3 cells decorated the surface of 

HUVEC networks but did not fuse or actually become part of the network. (B) In the 

presence of 10
-7
M RA, SKBR3 cells formed nodes from which the HUVECs either 

grew toward or emanated from. 
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II.H Figures 

 

Figure 8. Morphological changes in SKBR-3 cells induced by 9-cis-RA treatment. 

Panel A is courtesy of Endo and Deonauth. 
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 Figure 9. 9-cis-RA induces SKBR3 cells to form networks in Matrigel. 
 

HUVEC SKBR-3 Merge 

B  A Control RA 
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Figure 10. 9–cis-RA induced the expression of endothelial-specific genes. 

Panel A is courtesy of Ressom. 
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Figure 11. 9-cis-RA induced VE-cadherin, Sox-9 and ER81 expression.  

Figure is courtesy of Endo and Deonauth. 

 

 

Courtesy of 

Endo and 

Deonauth 
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Figure 12. Sox-9 and ER81 were necessary for RA-mediated VE-cadherin 

expression, but not sufficient to induce VE-cadherin. 

Figure is courtesy of Endo and Deonauth. 
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Figure 13. Sox-9 and ER81 bound to the human VE-cadherin promoter.  
Figure is courtesy of Endo. 

 

 

Courtesy of 

Endo and 

Deonauth 
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Figure 14. VE-cadherin played an essential role in 9-cis-RA-mediated 

morphological changes. 

Figure is courtesy of Endo and Deonauth. 

 

 

D 
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Figure 15. SKBR3 cells form mixed networks with human umbilical vein 

endothelial cells. 
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Table 1. Endothelial genes significantly (p<0.01) induced by 9-cis RA in SKBR-3 

cells.  

Table courtesy of Ressom 

 

*sox genes not endothelial specific. 

Gene Name Gene 

ID# 

(Entrez 

Gene) 

Accession # 

(GenBank) 

Fold 

induction 

Prostaglandin endoperoxide synthase 1 (Cox-

1) 

5742 M59979.1 16 

ETS variant gene 1 (ETV1; ER81) 2115 NM_004956.3  11.8 

Tissue factor pathway inhibitor-2  7980 L27624.1  11.9 

VE-cadherin (cadherin-5) 1003 X79981.1 11.4 

E-selectin 6401 M30640.1  10.5 

Lipocalin 3933 NM_002297.2 5.9 

Bradykinin receptor B2 624 S56772.1 5.5 

Sox-18* 54345 AB033888.1 5.4 

Fibrinogen beta chain 2244 NM_005141.2 3.9 

Sox-4* 6659 AF070669.1  3.6 

Ets-like factor 5 2001 AF049703.1  3 

Sox-9* 6662 S74506.1  3 

Fibrinogen gamma chain 2266 NM_021870.2  2.8 

Endothelin converting enzyme 1889 D49471.1  2.6 

Endothelin-2 1907 M65199.1 2.4 

Vascular endothelial growth factor D (VEGF-

D) 

2277 AJ000185.1 1.8 

Endothelial differentiation G-protein coupled 

receptor 

1901 M31210.1 1.7 

Endothelial PAS domain protein 2034 U81984.1 1.7 
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II.I Addendum 

 The following data was not presented in the manuscript. 

II.I.1 Introduction 

 Our data indicates that a second Ets factor, other than ER81, binds to the VE-

cadherin promoter.  Our microarray analysis indicates that ELF3 is a second Ets factor 

that is regulated by RA treatment.  Therefore, we wanted to determine whether ELF3 

plays a role in regulating VE-cadherin expression. 

In addition to studying the role of Ets factors in vasculogenic mimicry, we are 

also interested in determining whether growth conditions can affect RA mediated 

vasculogenic mimicry.  SKBR-3 cells are grown in DMEM supplemented with 10% 

fetal bovine serum (FBS), while endothelial cells, such as HUVECs, are grown in 

endothelial growth media (EGM) which consists of endothelial basal media (EBM) 

supplemented with growth factors such as bFGF, VEGF, and EGF.  We were interested 

in studying the behavior of SKBR-3 cells in EGM since EGM is necessary for our 

mixed vessel assays. 

 

II.I.1 Materials and Methods 

 

siRNA Transfection 

SKBR-3 cells were transfected with either control luciferase siRNA or ELF3 

specific siRNA (Dharmacon, Lafayette, CO) using the Amaxa nucleofection system as 

per the manufacture’s instructions (Gaithersburg, MD).  Eight hours after transfection, 
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SKBR-3 cells were treated with control ethanol or 10
-7
M RA for an additional 48 hours.  

Samples were collected for real-time quantitative PCR or immunoblot analysis as 

previously described. 

 

Growth of SKBR-3 Cells in Different Culture Media 

SKBR-3 cells were plated in 6-well dishes at a density of 500,000 cells per well and 

grown in either DMEM, endothelial growth media (EGM), or a mixture of both for 48 

hours at 37°C, 5% CO2 in the presence or absence of 10
-7
M RA.  Samples were 

collected after 48 hours for qPCR analysis. 

 

Matrigel Assays 

 Matrigel assays were performed as previously described in this chapter, with the 

exception of the growth medium.  Cells were grown in either DMEM, endothelial basal 

medium (EBM), or EGM. 

 

II.I.2 Results and Discussion 

 Our data indicates that another Ets factor binds to the promoter of VE-cadherin.  

Microarray analysis indicates that ELF3 is a second Ets factor induced by RA 

treatment; therefore, we wanted to determine whether this transcription factor can 

regulate VE-cadherin expression.  Knockdown of ELF3 was performed using siRNA, 

and samples were collected for both RNA and protein analysis.  We find that 

knockdown of ELF3 is unable to inhibit the RA induced expression of VE-cadherin at 
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either the protein (Figure 16A) or RNA (Figure 16B) levels.  This implies that the 

second Ets factor is not ELF3.  While ELF3 and ER81 are the only Ets factors induced 

by RA treatment, another Ets factor might be constitutively expressed in SKBR-3 cells, 

and this factor may cooperate with ER81 to regulate VE-cadherin expression. 

 SKBR-3 cells grown in DMEM on Matrigel only form networks and fuse in the 

presence of RA (Figure 17C, D) not in control conditions (Figure 17A, B).  However, in 

the presence of EGM, untreated SKBR-3 cells formed networks in the absence of RA 

treatment (Figure 17I, J).  Upon treatment with RA, cells grown in EGM fuse as well as 

forming more defined networks (Figure 17K, L).  The control SKBR-3 cells grown in 

EBM can form networks but to a lesser degree (17E, F) than the cells grown in EGM.  

Upon RA treatment, the cells grown in EBM fuse (17G, H).  These results suggest that 

the growth factors present in both EBM and EGM are able to induce some degree of 

network formation in the absence of RA treatment.  However, cell fusion is a distinct 

phenomenon that occurs only in the presence of RA. Given the changes in cell 

morphology, we wanted to assess the ability of culture medium to influence VE-

cadherin expression in the absence of RA treatment. Our results indicate that after 48 

hours of growth in DMEM, EGM, or a mixture of the two, none of the conditions can 

induce VE-cadherin expression in the absence of RA treatment (Figure 17M).   

 

 



 76 

 

 

II.I.3 Figure Legends 

Figure 16.    ELF3 Does Not Regulate the RA-Mediated Induction of VE-cadherin 

Expression. Knockdown of ELF3 is unable to inhibit RA mediated increases in VE-

cadherin RNA expression (A) or protein expression (B). 

 

Figure 17.  The effects of culture media on SKBR-3 cells morphology and 

expression of VE-cadherin. Control SKBR-3 cells grown in DMEM do not fuse or 

form networks (A, B) until they are treated with RA (C, D).  When the cells are grown 

in EBM, there is slight network formation in the absence of RA (E, F), but no cell 

fusion until the addition of RA (G, H).  The control SKBR-3 cells grown in fully 

supplemented EGM form networks (I, J), but the networks become more defined and 

fuse in the presence of RA (K, L).  VE-cadherin expression is not influenced by culture 

media, only RA treatment (M). 
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II.I.4 Figures 

 

Figure 16. ELF3 Does Not Regulate the RA-Mediated Induction of VE-cadherin 

Expression. 
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Figure 17. The effects of culture media on SKBR-3 cells morphology and 

expression of VE-cadherin. 
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THE WORK PRESENTED IN CHAPTER III IS ACCEPTED FOR 

PUBLICATION IN PLoS ONE AS FOLLOWS: 

 

Priya Prahalad, Sivanesan Dakshanamurthy, Habtom Ressom and Stephen W. Byers.  

 

Retinoic Acid Mediates Regulation of Network Formation by COUP-TFII and VE-

Cadherin Expression by TGFββββ Receptor Kinase in Breast Cancer Cells 

III.A Abstract 

Tumor development, growth, and metastasis depend on the provision of an 

adequate vascular supply.  This can be due to regulated angiogenesis, recruitment of 

circulating endothelial progenitors, and/or vascular transdifferentiation.  Our previous 

studies showed that retinoic acid (RA) treatment converts a subset of breast cancer cells 

into cells with significant endothelial genotypic and phenotypic elements including 

marked induction of VE-cadherin, which was responsible for some but not all 

morphological changes. The present study demonstrates that of the endothelial-related 

genes induced by RA treatment, only a few were affected by knockdown of VE-

cadherin, ruling it out as a regulator of the RA-induced endothelial genotypic switch. In 

contrast, knockdown of the RA-induced gene COUP-TFII prevented the formation of 

networks in Matrigel but had no effect on VE-cadherin induction or cell fusion. Two 

pan-kinase inhibitors markedly blocked RA-induced VE-cadherin expression and cell 

fusion.  However, RA treatment resulted in a marked and broad reduction in tyrosine 

kinase activity. Several genes in the TGFβ signaling pathway were induced by RA, and 

specific inhibition of the TGFβ type I receptor blocked both RA-induced VE-cadherin 

expression and cell fusion. Together these data indicate a role for the TGFβ pathway 
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and COUP-TFII in mediating the endothelial transdifferentiating properties of RA.
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III.B Introduction 

Tumor growth and metastasis are dependent upon the presence of an adequate 

vascular supply.  A breast tumor that is unable to properly vascularize can grow no 

larger than 4 mm
3
 or spread, and it was traditionally thought that angiogenesis was the 

sole method by which tumor cells can acquire an adequate vasculature.  As a tumor 

expands, central necrosis occurs due to hypoxia and nutrient deprivation (155) leading 

to the production of angiogenic factors that recruit blood vessels from neighboring 

vessels or progenitor cells (30).  However, clinical trials with angiogenesis inhibitors 

have been disappointing. 

The phenomenon of vasculogenic mimicry is one potential mechanism for tumor 

resistance to angiogenesis inhibitors (35) and increased patient mortality (36).  

Vasculogenic mimicry refers to the ability of highly aggressive tumor cells to form 

matrix-rich networks surrounding spheroidal clusters of tumor cells in the absence of 

tumor necrosis and angiogenesis (37).  Observational data indicates that these tumor 

cells may also be able to interact with endothelial cells and line channels that conduct 

blood into the tumor (38,39). This phenomenon has been observed in vivo in melanoma, 

prostate, ovarian, liver, breast cancers, astrocytomas, mesothelial sarcomas, and 

sarcomas, as well as in vitro in highly aggressive melanoma and bladder cancer cell 

lines (38-49).  Tumor cells exhibiting vasculogenic mimicry can upregulate the 

expression of endothelial specific genes (37,50).   While markers of vasculogenic 

mimicry are being identified, the mechanism regulating vasculogenic mimicry or the 

factors inducing the phenomenon are still unknown. 
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Previously, we have shown that treatment of SKBR-3 breast cancer cells with  

9-cis-retinoic acid (RA) induces the expression of endothelial specific genes, including 

VE-cadherin (173).  When these cells are grown in Matrigel, they form network-like 

structures, and RA treated SKBR-3 cells are able to fuse with each other.  Additionally, 

RA-treated SKBR-3 cells are able to interact with HUVEC cells in Matrigel to form 

mixed vessel networks.  Two factors, the HMG box protein SOX9 and the ets-family 

member ER81, were necessary for the RA induced expression of VE-cadherin (173).   

In the present study we eliminate VE-cadherin as a master regulator of the RA-induced 

endothelial gene upregulation by showing that few of the many endothelial-related 

genes are affected by knockdown of VE-cadherin. COUP-TFII is an orphan nuclear 

receptor that is induced by RA treatment and involved in venous differentiation (174-

176). We found that knockdown of COUP-TFII prevented the formation of networks in 

Matrigel but had no effect on VE-cadherin induction and subsequent cell fusion. 

Surprisingly, considering the important role of tyrosine kinases in angiogenesis and 

vascular development, tyrosine kinases are not important in RA-mediated vascular 

mimicry (153). In fact, RA-treatment resulted in a marked and broad reduction in 

tyrosine kinase activity. However, several genes in the TGFβ signaling pathway were 

induced by RA, and specific inhibition of the TGFβ type I receptor blocked both RA-

induced VE-cadherin expression and cell fusion. Together these data indicate a role for 

the TGFβ pathway and COUP-TFII in mediating the endothelial transdifferentiating 

properties of RA. 
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III.C Materials and Methods 

 

III.C.1 Materials and Reagents 

9-cis-RA was obtained from Sigma-Aldrich (Germany), mouse anti-VE-

cadherin was obtained from R&D systems (Minneapolis, MN) and anti-GAPDH was 

from Research Diagnostics Inc (Flanders, NJ). Small interference RNA (siRNA) 

reagent (SMART pool) for human VE-cadherin, human COUP-TFII, and human NRP1 

were purchased from Dharmacon (Lafayette, CO). As a control siRNA, Luc siRNA was 

used (CGUACGCGGAAUACUUCGA).  We obtained TGFβ1 (100-21) from 

PeproTech (Rocky Hill, NJ), SB431542 from Sigma-Aldrich (Germany).  Genistein 

was kindly provided by Dr. Partha Banerjee (Georgetown University, Washington, DC).  

The Human Phospho-RTK Array was performed as per the manufacturer’s instructions 

(R&D Systems, Minneapolis, MN). 

 

III.C.2 Cell Culture and Transfection 

SKBR-3 cells were obtained from the ATCC (Manassas, VA).  Early passage (< 

passage 30) SKBR-3 cells were maintained in Dulbecco's Modified Eagle's Medium 

(DMEM) supplemented with 10 % fetal bovine serum (FBS) in 5 % CO2 incubator at 

37 °C. All transient transfection experiments of plasmid DNA and siRNA were 

performed with Amaxa electroporation system (Amaxa, Inc, Gaithersburg, MD) 

according to the manufacturer’s protocol.  
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III.C.3 Inhibitor Studies 

SKBR-3 cells were plated in 6-well plates at a density of 500,000 cells per well.  

Cells were pre-treated with the inhibitor or vehicle for 1 hour at 37 °C in a 5 % CO2 

incubator.  Cells were then treated with 0.1 µm RA and incubated for an additional 48 

hours at 37 °C in a 5 % CO2 incubator. 

 

III.C.4 Matrigel Assays 

For the siRNA experiments, SKBR-3 cells were transfected with the appropriate 

siRNA and incubated for 8 hours prior to the addition of 10
-7
M RA.  For the inhibitor 

experiments, SKBR-3 cells were pre-treated with inhibitor for 1 hour prior to the 

addition of 10
-7
M RA.  Following the addition of RA, the siRNA transfected cells and 

inhibitor treated cells were incubated for 24 hours at 37 °C in a 5 % CO2 incubator.  The 

next day, each well of a 12-well glass-bottom dish (MatTek, Ashland, MA) was coated 

with 120 µL of Matrigel (BD Biosciences, San Jose, CA) and incubated 15 min at 37 

°C. SKBR-3 cells (100,000 cells/100 µl medium) were gently plated on top of the 

Matrigel layer directly and further incubated 30 min at 37 °C. One milliliter of growth 

medium was added along with either ethanol control or the appropriate concentration of 

9-cis-RA and inhibitor, if appropriate. Cells were maintained at 37 °C in a 5 % CO2 

incubator.  Cells were visualized using the Olympus IX71 inverted fluorescent 

microscope.  Each study was performed a minimum of three times. 
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III.C.5 Microarray Analysis 

SKBR-3 cells were incubated in the presence or absence of 9-cis-RA (0.1 YM) 

for 48 h. Total RNA was isolated using Trizol (Invitrogen) combined with RNAeasy 

(Qiagen, Valencia, CA) and was amplified according to the Affymetrix protocol 

(GeneChip Eukaryotic Small Sample target labeling Assay Version II) modified so that 

the ethanol precipitation cDNA cleanup step was substituted by Qiaquick PCR 

purification kit (Qiagen). Biotin-11-CTP and biotin-16-UTP (Enzo Diagnostics, 

Farmingdale, NY) was incorporated during in vitro transcription and 20 ug of the 

biotinylated cRNA product was fragmented at 94°C for 25 min. Treated and untreated 

samples were amplified, laboratoryeled, fragmented and hybridized in the same run. 

Hybridizations to Affymetrix HG-U133A GeneChips were performed at 45 °C for 16 h 

followed by staining and washing as described in the manufacturer's instructions. The 

processed chips were then scanned using an Affimatrix GeneArray scanner. Grid 

alignment and raw data generation were performed using Affymetrix GeneChip 5.0 

Software. For quality control, oligo B2 was hybridized to the chip and the checkerboard 

pattern in each corner of the chip analyzed. BioB, bioC and bioD probes are added to 

each sample to standardize hybridization, staining and washing procedures. Raw 

expression values representing the average difference in hybridization intensity between 

oligonucleotides containing single base pair mismatches, was measured.  The data from 

three independent experiments was analyzed using BRB Array tools (National Cancer 

Institute, Bethesda, MD). 
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III.C.6 Network Generation 

A data set containing gene identifiers and corresponding expression values was 

uploaded into Ingenuity Pathway Analysis. Each gene identifier was mapped to its 

corresponding gene object in the Ingenuity Pathways Knowledge Base. Focus genes, 

were overlaid onto a global molecular network developed from information contained 

in the Ingenuity Pathways Knowledge Base. Networks of these focus genes were then 

algorithmically generated based on their connectivity. 

 

III.C.7 Real-Time Quantitative PCR  

Relative quantification was used to evaluate the raw data obtained from real-

time PCR (7900 HT real time PCR system, 384 well format, Applied Biosystems, 

Foster City, CA).  All probes were purchased from Applied Biosystems (Foster City, 

CA).  All standards and unknowns were performed in triplicate. The average value of 

the triplicate readings for each unknown was then divided by the corresponding value 

for GAPDH RNA to normalize the data. After normalization, the value obtained for the 

treated unknown was divided by the value obtained for the corresponding untreated 

sample. The final value obtained was a measure of the fold change in gene expression 

for the particular genes of interest between the treated sample and the untreated sample.  

Each experiment was performed at least three times and the standard error of the means 

was calculated. 
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III.C.8 Immunoblotting 

Eighty-90 % confluent SKBR-3 cells were incubated with DMEM in the 

presence or absence of 9-cis-RA for 48 hours under the indicated conditions. Cells were 

rinsed twice with PBS and lysed with buffer containing 1 % NP-40, 1 % sodium 

deoxycholate, 0.1 % SDS, 150 mM NaCl, 10 mM sodium phosphate, pH 7.2 and 

complete mini protease inhibitors (Roche Applied Science, Indianapolis, IN).  Cell 

lysates were clarified by centrifugation at 14,000 rpm for 10 min at 4 
o
C. Protein 

concentration was determined with a Bio-Rad DC reagent (Bio-Rad, Hercules, CA). 

After SDS-PAGE, proteins were transferred to Immobilon P (Millipore, Billerica, MA). 

Membranes were blocked with 5 % milk in Tris-Buffered Saline containing 0.1 % 

Tween-20, and incubated with primary antibody overnight at 4
o
C and subsequently with 

HRP-laboratoryeled secondary antibody. Proteins were visualized with ECL reagents 

(Amersham Biosciences, Piscataway, NJ) or SuperSignal West Femto (Pierce 

biotechnology Inc., Rockford, IL), using X-ray films (Denville Scientific Inc., 

Metuchen, NJ).  Each experiment was performed a minimum of three times. 
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III.D Results 

 

III.D.1 VE-cadherin, COUP-TFII, and NRP1 are not master regulators of endothelial 

transdifferentiation 

 We have previously shown that SOX9 and ER81 expression are necessary but 

not sufficient for RA-induced endothelial transdifferentiation.  Since VE-cadherin is 

important for both vasculogenesis and angiogenesis, we wanted to determine which RA 

induced genes were dependent upon VE-cadherin expression.  In our previous study, we 

treated SKBR-3 cells with 10
-6
 M RA.  We repeated the experiment using 10

-7
M RA 

(ArrayExpress accession: E-MEXP-2417) and found a similar induction of RA induced 

endothelial specific genes (Table 2).  Using Ingenuity Pathway Analysis, we determined 

that the genes regulated by RA treatment belonged to the tumor morphology pathway 

(Table 5), cardiovascular development (Table 6), and hematological and coagulation 

pathways (Table 7). 

We then used microarray analysis to compare the genes induced by RA in the 

presence and absence of VE-cadherin (ArrayExpress accession: E-MEXP-2418) to 

analyze which induced genes are regulated by VE-cadherin.  We transfected SKBR-3 

cells with control luciferase siRNA or VE-cadherin siRNA.  After 8 hours, cells were 

treated with 10
-7
M RA.  The cells were allowed to grow for an additional 48 hours 

before RNA was collected and processed for microarray analysis. 

 Analysis of the microarray data using BRB Array Tools and the RMA 

Methodology yields 208 unique genes that are differentially regulated as a result of VE-
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cadherin siRNA transfection.  We found that 10 of the genes we had identified as being 

endothelial related in our original microarray were differentially regulated in the 

presence of VE-cadherin siRNA (Table 3).  Of those, only 3 genes – VE-cadherin itself, 

HMGCS1, and KLF5 – were reduced (compared to RA and control siRNA) in the 

absence of VE-cadherin.  As expected VE-cadherin was markedly reduced, HMGCS1 

and KLF5 were modestly affected (1.59 and 1.3 fold respectively).  Seven other 

endothelial related genes were further induced (albeit slightly; 1.2-1.6 fold) in the 

absence of VE-cadherin.  These data suggests that VE-cadherin may regulate some 

endothelial-related genes, but it does not serve as a master regulator of endothelial 

transdifferentiation. 

Since VE-cadherin is not responsible for the RA mediated induction of 

endothelial genes, we next examined the roles of COUP-TFII and NRP1 in regulating 

the expression of endothelial specific genes.  COUP-TFII is an orphan nuclear receptor 

involved in venous differentiation, whereas NRP1 is a transmembrane glycoprotein that 

promotes artery formation. Both were significantly induced by RA (27,177).  In 

addition to looking at the regulation of VE-cadherin, COUP-TFII, and NRP1, we used 

the expression of three other RA-regulated endothelial related genes – EfnB2, TFPI2, 

and COX1 – as markers of endothelial transdifferentiation.  EfnB2, a ligand for the Eph 

receptor B4 (EphB4), is induced by NRP1 and is involved in artery formation (27,177).  

TFPI2, a serine protease inhibitor, is involved in the clotting cascade (178), whereas 

COX1 is a gene expressed by endothelial cells and involved in inflammation (179,180).  

To determine whether NRP1 or COUP-TFII can serve as regulators of endothelial 
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transdifferentiation, we reduced the expression of these genes using siRNA, treated 

them with RA for 48 hours, and performed qPCR assays to determine the expression 

levels of various endothelial specific genes (Figure 18). qPCR analysis verifies the 

microarray result indicating that VE-cadherin may regulate the expression of TFPI2.  

Similar to VE-cadherin, neither COUP-TFII nor NRP1 regulate the expression of the 

other endothelial genes we measured.  The 2.5 fold induction of NRP1 by RA observed 

by microarray analysis was not confirmed by qPCR further ruling out a role for this 

molecule. Taken together, these results indicate that VE-cadherin, COUP-TFII, and 

NRP1 do not regulate one another. 

 

III.D.2 Receptor tyrosine kinase activity is not important for RA-mediated VE-cadherin 

induction 

We next examined the roles of kinases in regulating VE-cadherin expression and 

network formation.  Activation of kinases by their ligands is important during most 

stages of angiogenesis and vasculogenesis.  During vasculogenesis, binding of basic 

fibroblast growth factor to its receptor results in the differentiaton of mesodermal cells 

into hemangioblasts, precursors of both hematopoietic cells and endothelial cells (6,7).  

VEGF binding to its receptors, VEGFR-2 and VEGFR-1, is necessary for further 

differentiation of endothelial cells, endothelial cell-cell contacts, and vascular tube 

formation (10-13).  Next, the binding of angiopoietin-1 (Ang1) to its receptor, Tie2, 

results in increased stabilization of the vascular wall via the recruitment of pericytes 

(15-17).  At this point, vasculogenesis is complete and angiogenesis begins to model a 
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mature vascular system.  VEGF works to loosen cell-contacts and breaks down the 

basement membrane so that endothelial cells can migrate and form sprouts (181).  Next, 

platelet derived growth factor (PDGF) binds to its receptor, PDGFβR, and recruits 

pericytes to strengthen the capillary wall (182).  TGF-β signaling via the TGFβ type I 

receptor has both pro-angiogenic and anti-angiogenic effects on proliferation and 

migration (124,133).   

 Since kinases play important roles in most steps of angiogenesis and 

vasculogenesis, we were interested in determining whether kinase activity is necessary 

for expression of VE-cadherin in RA treated SKBR-3 cells.  Previous studies have 

indicated that Genistein plays a role in regulating VE-cadherin expression and vascular 

network formation in HUVECs (183).  Following an hour of pre-treatment with two 

pan-kinase inhibitors, Genistein (Figure 19a) and SD705701, a novel kinase inhibitor 

(Figure 19b), VE-cadherin expression was lost following 48 hours of RA treatment.  

Each experiment was conducted three times and representative blots are shown.  Since 

Genistein and SD705701 both target tyrosine kinases we next tested the roles of 

receptor tyrosine kinases (RTKs) in regulating VE-cadherin expression. SKBR-3 cells 

were treated with control ethanol or 10
-7
M RA for 48 hours and tyrosine kinase activity 

was analyzed using a Human Phospho-Receptor Tyrosine Kinase array.  Tyrosine 

kinase phosphorylation was broadly and markedly reduced following treatment with RA 

(Figure 19c).  Although the Tyrosine Kinase array demonstrates a decrease in tyrosine 

kinase activity following RA treatment, we decided to examine the role of ERBB2 in 

regulating VE-cadherin expression.  SKBR-3 cells are known to overexpress ERBB2, 
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and it was a candidate regulator of VE-cadherin expression.  Pre-treatment of SKBR-3 

cells with AG825, an ERBB2 specific inhibitor, for 1 hour prior to a 48 hour treatment 

with RA was unable to regulate VE-cadherin expression (Figure 19d).    The only 

receptor tyrosine kinase whose activity appears to remain the stable following RA 

treatment is DTK.  DTK is a member of the AXL family of receptor tyrosine kinases.  

Downregulation of DTK expression via DTK specific siRNA (Figure 19e) was unable 

to inhibit VE-cadherin mRNA expression (Figure 19f), thereby eliminating its role as a 

regulator of VE-cadherin.  In addition to inhibiting receptor tyrosine kinases, both 

Genistein and SD705701 also have activity against serine/threonine kinases, including 

the TGFβ pathway. 

 

III.D.3 TGFβR1 activity is necessary for VE-cadherin expression, but TGFA1 alone is 

unable to induce VE-cadherin expression 

Ingenuity Pathway Analysis of our microarray data comparing control cells to 

RA treated cells indicates that several members of the TGFβ family of serine/threonine 

kinases were regulated by RA.  These include bone morphogenic protein 7 (BMP7), 

SMAD1, SMAD3, transforming growth factor-β 1 (TGFβ1), and transforming growth 

factor-β receptor 2 (TGFβR2) (Table 4).  Treatment of SKBR-3 cells with SB431542, a 

specific TGFβR1 kinase inhibitor, completely blocked the RA mediated expression of 

VE-cadherin (Figure 20a).  Inhibition of TGFβR1 activity was confirmed via qPCR 

using PAI-1 activity as a marker (Figure 20b). However, treatment with TGFβ1, alone, 



 94 

 

 

is unable to induce VE-cadherin expression in the absence of RA treatment (Figure 

20c).  These results indicate that TGFβR1 activity is necessary but not sufficient for the 

RA mediated induction of VE-cadherin expression.   

 

III.D.4 VE-cadherin and TGFβR1 are necessary for cell fusion, but not network 

formation, while COUP-TFII is necessary for network formation but not cell fusion 

While neither VE-cadherin, COUP-TFII, nor TGFβR1 are master regulators of 

the endothelial genetic program, they may play important roles in the cell fusion and 

network formation that occurs following RA treatment (173).  SKBR-3 cells were 

transfected with control siRNA and pretreated for 24 hours with either ethanol control 

or 10
-7
M RA for 24 hours prior to plating in Matrigel.  When control treated SKBR-3 

cells are gown in Matrigel, they grow as grape like clusters (Figure 21a) and do not fuse 

(inset).  In the presence of RA, SKBR-3 cells form network-like structures (Figure 21b) 

and begin to fuse, and boundaries between cells are indistinguishable (inset).  In the 

presence of VE-cadherin siRNA, control SKBR-3 cells grow like the control siRNA 

transfected SKBR-3 (Figure 21c) and do not fuse (inset); however, VE-cadherin siRNA 

transfected cells treated with RA still form rudimentary networks (Figure 21d), but cell 

fusion is greatly reduced (inset).  Similarly, the treatment of SKBR-3 cells with vehicle 

does not result in network formation or cell fusion in the absence of RA (Figure 21g), 

but does result in network formation and cell fusion when treated with RA (Figure 21h).  

Treatment of SKBR-3 cells with the TGFβR1 inhibitor (Figure 21i), SB431542, does 

not alter morphology in the absence of RA.  SB431542 (Figure 21j) treated SKBR-3 
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cells that are treated with RA do not fuse (inset) but do form networks (Figure 21j) 

much like RA treated VE-cadherin siRNA transfected SKBR-3 cells.  These results 

indicate that VE-cadherin expression is necessary for cell fusion, but not the network 

formation phenomenon.  Additionally, inhibiting TGFβR1 activity mimics the effects of 

a loss of VE-cadherin providing further evidence that TGFβR1is necessary for VE-

cadherin expression.   

When SKBR-3 cells are transfected with COUP-TFII siRNA, untreated cells 

grow as clusters (Figure 21e) and do not fuse (inset).  On the other hand, treatment with 

RA results in cell fusion (Figure 21f, inset), but network formation does not occur 

(Figure 21f).  These results indicate that COUP-TFII, which does not regulate VE-

cadherin expression, is not responsible for cell fusion; however, the loss of COUP-TFII 

prevents the formation of networks. 

III.E Discussion 

 The role of this study was to further understand the mechanism of RA mediated 

endothelial transdifferentiation in SKBR-3 breast cancer cells.  We have previously 

shown that RA induces the expression of genes associated with the endothelial lineage 

and allows for interaction of RA treated SKBR-3 cells with HUVEC cells in Matrigel.  

We have shown that ER81 and SOX9 are necessary but not sufficient for inducing VE-

cadherin expression.  In this study, we have shown that a physiologic dose of RA 

regulates many genes.  Some of the affected pathways are the cancer growth regulation 

pathway, cardiovascular development, and the hematological and coagulation pathways.  

Genes associated with proliferation and cancer are decreased, as is expected with RA 
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treatment (184,185).  As we have previously shown, genes associated with the 

endothelial lineage are induced (173).  These results may help explain the mixed results 

of RA treatment in clinical trials.  In individuals with specific molecular profiles, RA 

treatment, while decreasing cell growth, may also push cells along deleterious 

differentiation pathways, such as the endothelial pathway.  This differentiation may 

promote vasculogenic mimicry, and thus, an alternative mechanism of tumor 

vascularization.  We utilized several markers of endothelial transdifferentiation – VE-

cadherin, COUP-TFII, NRP1, EfnB2, TFPI2, and COX1 -   and analyzed the roles of 

VE-cadherin, COUP-TFII, and NRP1 as master regulators of vasculogenic mimicry.  

Knockdown of VE-cadherin expression using siRNA was unable to inhibit the 

expression of endothelial genes when analyzed using both qPCR and microarray 

analysis.  Surprisingly, the loss of VE-cadherin seemed to promote the expression of 

some pro-angiogenic genes in RA treated SKBR-3 cells.  However, down-regulation of 

VE-cadherin expression is one of the first steps of angiogenesis; thus, this may, in fact, 

promote further branching morphogenesis.  VE-cadherin siRNA also potentiated the 

RA mediated increase in coagulation/hematological factors, which is in line with the 

current understanding of the role of VE-cadherin in the coagulation cascade (186).  The 

loss of VE-cadherin did not have an effect on the growth regulatory genes that were 

affected by RA treatment.  We also used siRNA technology to knockdown COUP-TFII 

and NRP1 and study the expression of endothelial-related genes on the qPCR level.  

Neither of these genes appears to play a role in regulating the expression of endothelial 

specific genes. 
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 Given the importance of kinases in various steps of vasculogenesis and 

angiogenesis, we wanted to know whether kinases played a role in regulating the 

expression of endothelial-related genes.  For these studies, we used VE-cadherin as a 

marker for endothelial transdifferentiation.  We find that treatment of SKBR-3 cells 

with Genistein results in a loss of VE-cadherin expression, which is similar to that 

observed in HUVECs treated with Genistein (187).   Another pan-kinase inhibitor, 

SD705701, had similar effects on VE-cadherin expression at much lower 

concentrations.  To determine whether tyrosine kinases are involved in this process, we 

utilized a receptor tyrosine kinase array to determine the activity of kinases following 

RA treatment.   We found that RA treatment leads to a loss of tyrosine kinase activity.  

These results indicate that while kinase activity is necessary for VE-cadherin 

expression, it is independent of receptor tyrosine kinases. 

 Following closer analysis of our microarray data, we identified several members 

of the TGF-β family of cytokines that are induced as a result of RA treatment.  

SD705701 is known to have activity against serine/threonine kinases, and Genistein, 

while inducing the expression of TGF-β has also been shown to inhibit TGFβR1 

mediated phosphorylation of p38 MAPK (188).  TGF-β treatment, alone, is unable to 

induce VE-cadherin expression; however, inhibition of TGFβR1 activity using the 

specific kinase inhibitor, SB431542, inhibits RA-induced VE-cadherin expression. 

These results imply that activity of TGFβR1 is necessary but not sufficient for VE-

cadherin expression, and presumably complete endothelial transdifferentiation.  

Additionally, the activation of ALK1 type I receptors induces the phosphorylation of 
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SMAD1, SMAD5, and transcription of Id1, while activation of ALK5 receptors induces 

the phosphorylation of SMAD2 and the transcription of PAI-1 (124).  ALK1 has been 

shown to stimulate endothelial proliferation and migration, while ALK5 activation 

inhibits these processes.  Our microarray analysis indicates that Id1 expression is 

induced as a result of RA treatment.  Thus, the ALK1 type I receptor may also play a 

role in RA induced endothelial transdifferentiation.   

 We have also shown that network formation and cell fusion are distinct 

processes during vasculogenic mimicry.  VE-cadherin expression, as expected, plays a 

role in mediating the formation of cell-cell adhesions and cell fusion.  Loss of VE-

cadherin expression either directly by VE-cadherin siRNA or indirectly via inhibition of 

TGFβR1 kinase is able to inhibit cell fusion in Matrigel, but does not appear to affect 

the formation of primitive network-like structures.  On the other hand, loss of COUP-

TFII expression using siRNA is unable to inhibit cell fusion following RA treatment, 

but profoundly inhibits network formation.  Proper vascular formation by endothelial 

cells requires both processes.  Network formation without cell fusion may not allow for 

the proper conductance of nutrients to a tumor.  In the same way, cell fusion without 

network formation will not allow the lumen-like spaces formed by RA treated SKBR-3 

cells to properly connect with the host vasculature.  Thus, both processes may have to 

occur to allow for the deleterious effects in cancer patients.   

The presence of vasculogenic mimicry is a negative prognosticator of patient 

outcomes in human cancers.  We have previously identified a dietary agent, vitamin A, 

in regulating this process in breast cancer.  We now propose that VE-cadherin 



 99 

 

 

expression induced by RA is regulated by ER81, SOX9, and TGFβR1 activity, while 

network formation is regulated by COUP-TFII (Figure 22).   

 

III.F Figure Legends 

 

Figure 18.  VE-cadherin, COUP-TFII, and NRP1 are not master regulators of 

retinoic acid mediated vasculogenic mimicry. Following siRNA transfection with 

luciferase control or siRNA targeting VE-cadherin, COUP-TFII, or NRP1, cells were 

treated with control ethanol or RA for 48 hours.  qPCR analysis was performed to 

assess knockdown of VE-cadherin (a), COUP-TFII (b), NRP1 (c), COX1 (d),  TFPI2 

(e), and EFNB2 (f).  Samples have been laboratoryeled as follows: 1 - Control, 

Luciferase siRNA; 2 - RA, Luciferase siRNA; 3 - Control, VE-cadherin siRNA; 4 - RA, 

VE-cadherin siRNA; 5 - Control, COUP-TFII siRNA; 6 - RA, COUP-TFII siRNA; 7 - 

Control, NRP1 siRNA; 8 - RA, NRP1 siRNA. 

 

Figure 19.  Inhibition of VE-cadherin expression occurs with treatment of pan-

kinase inhibitors but is independent of tyrosine kinase activity.  Pre-treatment of 

SKBR-3 cells for 1 hour with 10 µM, 50 µM or 100 µM of Genistein prior to a 48 hour 

RA treatment results in a loss of VE-cadherin expression and tyrosine phosphorylation 

(a).  Pre-treatment with the novel pan-kinase inhibitor, SD705701, also results in a loss 

of VE-cadherin expression in a dose-dependent manner (b).  A Human Phospho-

Receptor Tyrosine Kinase array demonstrates that RA treatment results in the loss of 
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tyrosine kinase phosphorylation (c).  A key for this array is as follows: Control - A1, 

A2, A23, A24, F1, F2, F23, F24; EGFR - B1, B2; EphB4 - E9, E10; ErbB2 - B3, B4;  

ERBB3 - B5, B6;  EGFR - B11, B12, B13, B14; Dtk - B23, B24; Mer - C1, C2; Tie-2 - 

D1, D2; TrkA - D3, D4; VEGFR2 - D11, D12. Inhibition of ERBB2 activity with 

AG825 is unable to inhibit VE-cadherin expression (d). Samples are laboratoryeled as 

follows: 1 - Control; 2 - RA; 3 - Control, Ethanol; 4 - RA, Ethanol; 5 - Control, 100 µm 

Genistein; 6 - RA, 100 µM Genistein; 7 - Control, DMSO; 8 - RA, DMSO; 9 - Control, 

50 µM AG825; RA - 50 µM AG825. Inhibition of DTK expression with siRNA (e) is 

unable to inhibit VE-cadherin expression (f). 

 

Figure 20.  TGFββββR1 kinase activity is necessary for VE-cadherin expression.  A 

one hour pre-treatment with SB431542, a TGFβR1 kinase specific inhibitor, prior to a 

48 hour RA treatment results in a loss of VE-cadherin expression in a dose-dependent 

manner (a). Treatment with SB431542 decreases PAI-1 activity, confirming TGFβR1 

blockade (b).The samples are as follows: 1 - Control; 2 - RA; 3 - Control, 10 µM 

SB431542; 4 - RA, 10 µM SB431542; 5 - Control - 50 µM SB431542; 6 - RA, 50 µM 

SB431542.   Treatment with 10 ng/ml of TGFβ, alone, does not induce VE-cadherin 

expression in the absence of RA treatment (c). 

 

Figure 21.  COUP-TFII is necessary for network formation while TGFββββR1 activity 

is necessary for cell fusion. Low power images (20x) of control siRNA transfected 
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untreated SKBR-3 cells show that they grow as clusters of individual cells in Matrigel 

(a) without any cell fusion (inset, 40x).  Upon RA treatment, the cells begin to form 

networks (b) with cell fusion (inset).  Loss of VE-cadherin expression using VE-

cadherin siRNA does not affect untreated SKBR-3 cells (c, inset).  However, a loss of 

VE-cadherin expression with concomitant RA treatment results in a preservation of 

network formation (d), but a loss of cell fusion (inset).  Like the VE-cadherin siRNA 

treatment, COUP-TFII siRNA treatment does not affect the growth patterns of untreated 

SKBR-3 cells (e, inset).  However, treatment with COUP-TFII siRNA does not affect 

the fusion of RA treated SKBR-3 cells (f, inset), but it does inhibit network formation 

(f).  Untreated SKBR-3 cells also grow as clusters of unfused individual cells in the 

absence of RA treatment (g, inset), and RA treatment results in network formation and 

cell fusion (h, inset).  Pre-treatment with 50 µM SB431542 does not affect the growth 

patterns of untreated SKBR-3 cells (i, inset).  Pre-treatment with SB431542 prior to RA 

treatment does not alter network formation (j), but inhibits cell fusion (j, inset). 

 

Figure 22.  Schematic representation of factors regulating RA-mediated 

endothelial transdifferentiation. 

 

Table 2.  Top 25 Endothelial Related Genes Regulated by RA. 

 

Table 3.  Endothelial-Related Genes Regulated by RA and VE-cadherin. 
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Table 4.  TGFβ Family Members Regulated by RA Treatment. 

 

Table 5.  Tumor Morphology Genes Regulated by RA 

 

Table 6.  Cardiovascular Development and Function Genes Regulated by RA. 

 

Table 7. Hematologic Function and Development Genes + Coagulation Cascade Genes 

Regulated by RA.
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III.G Figures 

Figure 18. VE-cadherin, COUP-TFII, and NRP1 are not master regulators of 

retinoic acid mediated vasculogenic mimicry. 
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Figure 19. Inhibition of VE-cadherin expression occurs with treatment of pan-

kinase inhibitors but is independent of tyrosine kinase activity. 
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Figure 20.  TGFββββR1 kinase activity is necessary for VE-cadherin expression.   
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Figure 21. COUP-TFII is necessary for network formation while TGFER1 activity 

is necessary for cell fusion.  
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Figure 22. Schematic representation of factors regulating RA-mediated endothelial 

transdifferentiation. 
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 Table 2. Top 25 Endothelial Related Genes Regulated by RA. 

 

Gene Symbol Description 

Fold Change 

(RA/Control) 

p-value 

CDH5 

cadherin 5, type 2, VE-cadherin (vascular 

epithelium) 10 

7.0E-07 

TFPI2 tissue factor pathway inhibitor 2 6.34 7.0E-07 

BDKRB2  bradykinin receptor B2 5 2.0E-05 

EFNB2  ephrin-B2 5 3.0E-03 

CP ceruloplasmin (ferroxidase) 5 1.1E-03 

SELE selectin E (endothelial adhesion molecule 1) 5 3.6E-06 

SELL selectin L (lymphocyte adhesion molecule 1) 5 1.0E-06 

ID1 

 inhibitor of DNA binding 1, dominant negative 

helix-loop-helix protein 3.33 

9.2E-05 

COUP-TFII  nuclear receptor subfamily 2, group F, member 2 3.33 3.4E-05 

PLAU  plasminogen activator, urokinase 3.33 2.2E-03 

COX1  prostaglandin E synthase 3.33 4.6E-06 

CAV1  caveolin 1, caveolae protein, 22kDa 2.5 6.0E-04 

NRP1  neuropilin 1 2.5 2.0E-04 

TGFBR2 

 transforming growth factor, beta receptor II 

(70/80kDa) 2.5 

3.4E-03 

ANXA2  annexin A2 2 2.6E-04 

BDKRB1  bradykinin receptor B1 2 1.3E-04 

CAV2  caveolin 2 2 1.5E-02 

EPAS1  endothelial PAS domain protein 1 2 3.2E-03 

SERPINE1 

 serpin peptidase inhibitor, clade E (nexin, 

plasminogen activator inhibitor type 1), 

member 1 2 

3.5E-03 

TGFB2  transforming growth factor, beta 2 2 2.8E-03 

EPHB4  EPH receptor B4 -1.5 7.5E-03 

 F12  coagulation factor XII (Hageman factor) -1.5 4.1E-03 

TGFBR1 

 transforming growth factor, beta receptor I 

(activin A receptor type II-like kinase, 

53kDa) -1.9 

1.6E-02 

TGFB3  transforming growth factor, beta 3 -2.5 3.89E-05 
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Table 3. Endothelial-Related Genes Regulated by RA and VE-cadherin.  

 

Gene Symbol Gene Name 

Fold Change 

with RA + Luc 

siRNA 

Fold Change with 

RA + VE-cadherin 

siRNA 

CCL2 Chemokine Ligand 2 2 (p=2.0E-02) 2 (p=1.1E-04) 

CDH5 VE-cadherin 10 (p=7.0E-07) -3.8 (p=6.5E-06) 

CTSS Cathepsin S 5 (p=1.7E-04) 1.6 (p=4.1E-04) 

HMGCS1 

3-hydroxy-3-methylglutaryl-

Coenzyme A synthase 1 1.4 (p=9.1E-03) -1.6 (p=6.5E-03) 

HMOX1 Heme oxygenase 1 1.7 (p=3.7E-03) 1.3 (p=1.0E-02) 

IGFBP3 

Insulin-like Growth Factor Binding 

Protein 3 2.5 (p=1.7E-03) 1.4 (p=1.4E-03) 

KLF5 Kruppel Like Factor 5 2 (p=1.6E-03) -1.3 (p=2.4E-02) 

MGP Matrix Gla Protein 10 (p=2.9E-06) 1.2 (p=2.9E-02) 

PLAU Plasminogen Activator, Urokinase 3.3 (p=2.2E-03) 1.7 (p=6.3E-04) 

TGFB2 TGFβ2 2 (p=2.8E-03) 1.5 (p=1.6E-03) 
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 Table 4. TGFββββ Family Members Regulated by RA Treatment. 
 

Gene 

Name 

Fold 

Change p-value 

TGFB2 1.9 2.8E-03 

TGFB3 0.4 3.9E-05 

TGFBI 2.8 1.0E-04 

TGFBR1 0.5 1.6E-02 

TGFBR2 2.7 2.2E-05 

BMP3 1.9 1.1E-02 

BMP7 0.4 6.2E-04 

SMAD1 2.3 1.3E-02 

SMAD3 2.4 2.1E-04 

GRB2 1.9 2.5E-03 
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Table 5. Tumor Morphology Genes Regulated by RA.  

 

Gene Symbol Description 

Fold Change 

(RA/Control) 

AURKA  aurora kinase A -2.30 

BDKRB2  bradykinin receptor B2 5.00 

BIRC5 

 baculoviral IAP repeat-containing 5 

(survivin) -2.00 

BRCA1  breast cancer 1, early onset -1.90 

BUB1 

 BUB1 budding uninhibited by 

benzimidazoles 1 homolog (yeast) -1.60 

CASP1 

 caspase 1, apoptosis-related cysteine 

peptidase (interleukin 1, beta, convertase) 1.67 

CAV1  caveolin 1, caveolae protein, 22kDa 2.50 

CCL2  chemokine (C-C motif) ligand 2 2.00 

CCNA1  cyclin A1 -2.00 

CCND1  cyclin D1 2.00 

CD44  CD44 molecule (Indian blood group) 3.33 

CD47  CD47 molecule 1.67 

CDC25B 

 cell division cycle 25 homolog B (S. 

pombe) -2.50 
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CDK2  cyclin-dependent kinase 2 -1.60 

CDKN2B 

 cyclin-dependent kinase inhibitor 2B (p15, 

inhibits CDK4) 2.50 

CGA  glycoprotein hormones, alpha polypeptide 2.50 

CHEK2  CHK2 checkpoint homolog (S. pombe) -1.80 

CST3 

 cystatin C (amyloid angiopathy and 

cerebral hemorrhage) 1.67 

CTSS  cathepsin S 5.00 

DAPK1  death-associated protein kinase 1 -1.70 

DNMT1  DNA (cytosine-5-)-methyltransferase 1 -1.90 

EGF  epidermal growth factor (beta-urogastrone) 1.67 

EGFR  epidermal growth factor receptor  2.50 

ENG  endoglin (Osler-Rendu-Weber syndrome 1) 1.43 

ERBB3 

 v-erb-b2 erythroblastic leukemia viral 

oncogene homolog 3 (avian) 1.43 

ESR1  estrogen receptor 1 2.00 

FGF1  fibroblast growth factor 1 (acidic) 3.33 

FOS 

 v-fos FBJ murine osteosarcoma viral 

oncogene homolog -3.50 

FOXM1  forkhead box M1 -2.60 

GPX2  glutathione peroxidase 2 (gastrointestinal) 2.00 
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HIP1  huntingtin interacting protein 1 -2.00 

HMMR 

 hyaluronan-mediated motility receptor 

(RHAMM) -2.80 

ID1 

 inhibitor of DNA binding 1, dominant 

negative helix-loop-helix protein 3.33 

ID2 

 inhibitor of DNA binding 2, dominant 

negative helix-loop-helix protein -2.50 

IGFBP2 

 insulin-like growth factor binding protein 

2, 36kDa -1.60 

IL12A  interleukin 12A  -1.80 

INHA  inhibin, alpha 2.00 

IRF1  interferon regulatory factor 1 2.50 

ITGB6  integrin, beta 6 2.50 

KIF11  kinesin family member 11 -2.90 

LOXL2  lysyl oxidase-like 2 2.00 

MCL1 

 myeloid cell leukemia sequence 1 (BCL2-

related) 2.50 

MET 

 met proto-oncogene (hepatocyte growth 

factor receptor) -2.30 

NDRG1  N-myc downstream regulated gene 1 -1.90 

NRP1  neuropilin 1 2.50 
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ODC1  ornithine decarboxylase 1 -2.40 

OLR1 

 oxidized low density lipoprotein (lectin-

like) receptor 1 2.50 

PBX1  pre-B-cell leukemia home box 1 2.00 

PDGFD  platelet derived growth factor D 3.33 

PEG10  paternally expressed 10 -2.60 

PLAU  plasminogen activator, urokinase 3.33 

PLCE1  phospholipase C, epsilon 1 -1.50 

PLK1  polo-like kinase 1 (Drosophila) -2.20 

PTGES  prostaglandin E synthase 3.33 

SAT1 

 spermidine/spermine N1-acetyltransferase 

1 1.67 

SERPINE1 

 serpin peptidase inhibitor, (plasminogen 

activator inhibitor type 1), member 1 2.00 

SLC25A1 

 solute carrier family 25 (mitochondrial 

carrier; citrate transporter), member 1 -1.50 

SMAD3  SMAD family member 3 2.50 

STAT3 

 signal transducer and activator of 

transcription 3 (acute-phase response 

factor) 2.00 

TIMP2  TIMP metallopeptidase inhibitor 2 2.50 
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TNFSF10 

 tumor necrosis factor (ligand) superfamily, 

member 10 3.33 

TNS1  tensin 1 -1.40 

TPR 

 translocated promoter region (to activated 

MET oncogene) 2.50 
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Table 6. Cardiovascular Development and Function Genes Regulated by RA. 

 

Gene 

Symbol Description 

Fold Change 

(RA/Control) 

ANXA2  annexin A2 2.00 

BDKRB1  bradykinin receptor B1 2.00 

BDKRB2  bradykinin receptor B2 5.00 

CAV1  caveolin 1, caveolae protein, 22kDa 2.50 

CAV2  caveolin 2 2.00 

CCL2  chemokine (C-C motif) ligand 2 2.00 

CCND1  cyclin D1 2.00 

CD44  CD44 molecule (Indian blood group) 3.33 

CDH5 

 cadherin 5, type 2, VE-cadherin (vascular 

epithelium) 10.00 

CITED2  Cbp/p300-interacting transactivator -1.90 

CRKL 

 v-crk sarcoma virus CT10 oncogene homolog 

(avian)-like 1.43 

CSF1R  colony stimulating factor 1 receptor 2.00 

CST3 

 cystatin C (amyloid angiopathy and cerebral 

hemorrhage) 1.67 

CTSS  cathepsin S 5.00 

DLG1  discs, large homolog 1 (Drosophila) 1.67 
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EFNB2  ephrin-B2 5.00 

EGF  epidermal growth factor (beta-urogastrone) 1.67 

ENG  endoglin (Osler-Rendu-Weber syndrome 1) 1.43 

EPAS1  endothelial PAS domain protein 1 2.00 

EPHB4  EPH receptor B4 -1.50 

ESR1  estrogen receptor 1 2.00 

F11R  F11 receptor 1.67 

FGF1  fibroblast growth factor 1 (acidic) 3.33 

FGFR3  fibroblast growth factor receptor 3  -2.20 

FOLH1 

 folate hydrolase (prostate-specific membrane 

antigen) 1 2.50 

FOXM1  forkhead box M1 -2.60 

FOXO1  forkhead box O1 1.43 

GBP1 

 guanylate binding protein 1, interferon-

inducible, 67kDa 3.33 

GRN  granulin 1.67 

HMMR 

 hyaluronan-mediated motility receptor 

(RHAMM) -2.80 

HMOX1  heme oxygenase (decycling) 1 1.67 

HTATIP2  HIV-1 Tat interactive protein 2, 30kDa 1.67 

ID1  inhibitor of DNA binding 1, dominant negative 3.33 
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helix-loop-helix protein 

IGFBP3  insulin-like growth factor binding protein 3 2.50 

IL12A  interleukin 12A  -1.80 

IL1RN  interleukin 1 receptor antagonist 3.33 

KLF2  Kruppel-like factor 2 (lung) -1.60 

KLF5  Kruppel-like factor 5 (intestinal) 2.00 

MED1  mediator complex subunit 1 2.50 

MET 

 met proto-oncogene (hepatocyte growth factor 

receptor) -2.30 

MGP  matrix Gla protein 10.00 

MKL2  MKL/myocardin-like 2 -1.50 

NR2F2 

 nuclear receptor subfamily 2, group F, member 

2 3.33 

NRP1  neuropilin 1 2.50 

OLR1 

 oxidized low density lipoprotein (lectin-like) 

receptor 1 2.50 

PLAU  plasminogen activator, urokinase 3.33 

PPAP2B  phosphatidic acid phosphatase type 2B 2.50 

PTGES  prostaglandin E synthase 3.33 

QKI 

 quaking homolog, KH domain RNA binding 

(mouse) 2.00 



 119 

 

 

RBPJ 

 recombination signal binding protein for 

immunoglobulin kappa J region -1.60 

SCARB1  scavenger receptor class B, member 1 1.67 

SEMA3C semaphorin 3C -1.60 

SERPINE1 

 serpin peptidase inhibitor, (plasminogen 

activator inhibitor type 1) 2.00 

SPRY4  sprouty homolog 4 (Drosophila) -1.90 

TGFB2  transforming growth factor, beta 2 2.00 

TGFB3  transforming growth factor, beta 3 -2.50 

TGFBR1 

 transforming growth factor, beta receptor I 

(activin A receptor type II-like kinase, 53kDa) -1.90 

TGFBR2 

 transforming growth factor, beta receptor II 

(70/80kDa) 2.50 

TIMP2  TIMP metallopeptidase inhibitor 2 2.50 

TNFRSF12A 

 tumor necrosis factor receptor superfamily, 

member 12A 2.00 

TNFSF10 

 tumor necrosis factor (ligand) superfamily, 

member 10 3.33 

VAV3  vav 3 guanine nucleotide exchange factor -2.30 

VLDLR  very low density lipoprotein receptor 1.67 
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Table 7. Hematological Function and Development Genes + Coagulation Cascade 

Genes Regulated by RA.  

 

Name Description 

Fold 
Change 
(RA/Control) 

 BDKRB1  bradykinin receptor B1 2.00 

 BDKRB2  bradykinin receptor B2 5.00 

 F12  coagulation factor XII (Hageman factor) -1.50 

 FGB  fibrinogen beta chain 2.50 

 PLAU  plasminogen activator, urokinase 3.33 

 
SERPINE1 

 serpin peptidase inhibitor, (plasminogen 
activator inhibitor type 1) 2.00 

ADORA2A adenosine A2a receptor 1.67 

BHLHB2 
basic helix-loop-helix domain containing, 
class B, 2 2.00 

CFLAR 
CASP8 and FADD-like apoptosis 
regulator 2.00 

CP ceruloplasmin (ferroxidase) 5.00 

CSRP2 cysteine and glycine-rich protein 2 -2.30 

FUT4 fucosyltransferase 4 -1.50 

FXYD5 
FXYD domain containing ion transport 
regulator 5 1.43 

FZD1 frizzled homolog 1 (Drosophila) -1.80 

HMGCS1 
3-hydroxy-3-methylglutaryl-Coenzyme A 
synthase 1 (soluble) 1.43 

HMOX1 heme oxygenase (decycling) 1 1.67 

ITGB6 integrin, beta 6 2.50 

MAT2A methionine adenosyltransferase II, alpha 1.67 

OLR1 
oxidized low density lipoprotein (lectin-
like) receptor 1 2.50 

PCGF2 polycomb group ring finger 2 -1.60 

PCYT1A 
phosphate cytidylyltransferase 1, choline, 
alpha 1.43 

PDLIM7 PDZ and LIM domain 7 (enigma) 1.67 

RYBP RING1 and YY1 binding protein 1.67 

SELE 
selectin E (endothelial adhesion molecule 
1) 5.00 

SELL 
selectin L (lymphocyte adhesion molecule 
1) 5.00 

SLC29A1 
solute carrier family 29 (nucleoside 
transporters), member 1 -1.70 
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SLC6A6 
solute carrier family 6 (neurotransmitter 
transporter, taurine), member 6 2.50 

SNAP23 synaptosomal-associated protein, 23kDa 1.67 

SSX2IP 
synovial sarcoma, X breakpoint 2 
interacting protein -1.50 

STOM stomatin -2.10 

TRIOBP TRIO and F-actin binding protein 2.00 

WNT5A 
wingless-type MMTV integration site, 
member 5A 1.43 
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IV Conclusions and Discussion 

 Vitamin A and its derivatives were thought to be chemopreventive and 

chemotherapeutic due to their ability to cause growth arrest and promote differentiation.   

However, clinical trials studying the efficacy of vitamin A in preventing or treating 

cancer have yielded mixed results with vitamin A treatment being beneficial to some 

patients and harmful to others (64,69).  When we treated SKBR-3 cells with 9-cis-

retinoic acid, we saw profound morphological changes such as a flattening of the cells 

and increased cell-cell contacts (80).  We determined that an unknown cadherin is 

induced as a result of RA treatment, but it was not until we performed a microarray that 

we found that RA induced VE-cadherin, along with other endothelial genes.   These 

findings were surprising, but could explain the mixed results of the clinical trials.  The 

aberrant expression of endothelial genes suggests that these cells are undergoing 

vasculogenic mimicry, an alternative form of tumor vascularization (37,40,41,189).  

During vasculogenic mimicry, the tumor cells line channels that may be capable of 

conducting nutrients to a tumor and promoting its survival (39,41,190). 

 The purpose of this body of work was to understand the regulation of 9-cis-

retinoic acid mediated endothelial transdifferentiation.  RA treatment of many breast 

cancer cell lines results in the induction of VE-cadherin expression on the RNA level; 

however, among the panel of breast cancer cells that we have tested, we have found that 

only SKBR-3 cells are able to induce the expression of VE-cadherin expression at the 

protein level.  Therefore, I wanted to identify what factors permit SKBR-3 cells the 

ability to undergo endothelial transdifferentiation.   I have found that RA treatment of 
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SKBR-3 cells results in both cell differentiation and growth arrest.  However, the 

differentiation pathway is not along the epithelial lineage, but along a lineage that 

makes these breast cancer cells mimic endothelial cells.  Thus, this differentiation may 

promote tumor survival by facilitating the conduction of nutrients deep within the 

tumor.  Our laboratory has found that SOX9 and ER81 are two factors that are 

necessary but not sufficient for inducing endothelial transdifferentiation.  I determined 

that another Ets factor, ELF3, is unable to regulate VE-cadherin expression.  Since 

SOX9 and ER81 are necessary, but not sufficient, I wanted to look at other molecules 

that might regulate endothelial transdifferentiation.   

Given the importance of growth factor signaling in vasculogenesis and 

angiogenesis, I believed that kinases may also play a role in RA mediated endothelial 

transdifferentiation.  My original hypothesis was that tyrosine kinases play a role in 

regulating this process, but RA treatment leads to a loss of kinase activity.  

Additionally, blockade or inhibition of 6 different receptor tyrosine kinases did not 

affect VE-cadherin expression.  However, blockade of the TGFβ pathway does inhibit 

the expression of VE-cadherin.  Taken together, these results suggest that SOX9, ER81, 

and a TGFβ-mediated pathway are involved in regulating VE-cadherin expression in 

RA treated SKBR-3 cells. 

 The second part of this project involved addressing the behavioral aspects of RA 

treated SKBR-3 cells.  I determined that untreated SKBR-3 cells grow as grape-like 

clusters of cells, whereas RA treatment results in the formation of networks and 

hollowed-out balls, reminiscent of network and lumen formation by endothelial cells in 
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Matrigel.  I was also able to determine that RA treated SKBR-3 cells can interact with 

HUVEC cells when grown in a mixed cell network formation assay, but the untreated 

SKBR-3 cells only grow on top of the HUVECs.  Then, I wanted to determine what 

factors regulate network formation in RA treated SKBR-3 cells.  I determined that 

COUP-TFII, an orphan nuclear receptor that is induced by RA treatment and involved 

in vein formation can mediate network formation.  On the other hand, VE-cadherin and 

a TGFβ pathway regulate cell fusion, but not network formation.  These results suggest 

that the cell fusion and network formation aspects of endothelial transdifferentiation in 

SKBR-3 cells are distinct phenomenon regulated by VE-cadherin/TGFβ pathway and 

COUP-TFII, respectively.  Figure 22 summarizes these data. 

 

IV.A Gene Regulation by RA 

 Retinoic acid is known to be inhibit cell growth and promote differentiation 

(61).  Therefore, it was thought that RA can be used to prevent or treat cancer.  Analysis 

of the microarray comparing SKBR-3 cells treated with control ethanol and 10
-7
M RA 

indicates 2 broad categories of genes that are regulated – the genes associated with cell 

growth and proliferation, and by extension cancer, and those associated with the 

endothelial lineage.  The genes associated with cell growth and proliferation are, for the 

most part, downregulated as a result of RA treatment; wheras the genes associated with 

the endothelial lineage are largely increased.   These results suggest that while RA is 

functioning to both arrest cell growth and differentiate cells, the differentiation pathway 

adapted by these cells is aberrant.  The expression of genes associated with the 
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endothelial lineage may induce RA treated SKBR-3 cells to behave like endothelial 

cells, and thus promote tumor vascularization.  Additionally, the microarray results 

indicate that treatment with RA induces the expression of genes associated the 

coagulation cascade.  Coagulation occurs on the surface of endothelial cells, and the 

expression of genes associated with the coagulation cascade can indicate that these 

SKBR-3 cells exhibiting endothelial transdifferentiation may behave functionally like 

endothelial cells, as well. 

 

IV.B Role of VE-cadherin in RA-Treated SKBR-3 cells 

 To determine whether VE-cadherin can serve as a master regulator of 

vasculogenic mimicry, I transfected SKBR-3 cells with control luciferase siRNA or VE-

cadherin siRNA prior to RA treatment for 48 hours.  Inhibition of the expression of VE-

cadherin does not affect genes associated with growth or cell proliferation, indicating 

that these effects are independent of VE-cadherin expression.  However, I found that 

many genes associated with the coagulation cascade, such as TFPI2 and PLAU, are 

further induced in the absence of VE-cadherin.  These results were initially surprising, 

however, the literature indicates that cells lacking VE-cadherin can have increased 

fibrinolytic activity (186).  Therefore, our results appear to concur with the current 

literature.  In addition, our results show that a loss of VE-cadherin increases the 

expression of pro-angiogenic genes such as Ang1.  The literature indicates that during 

angiogenesis, VE-cadherin disappears from the adherens junctions of endothelial cells 

resulting in increased permeability (67,161).  Therefore, the loss of VE-cadherin in 
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these cells may be promoting a more pro-angiogenic state allowing for greater 

branching morphogenesis. 

 

IV.C Regulation of VE-cadherin Expression 

 

IV.C.1 ELF3, COUP-TFII, NRP1 

 Our previous data indicated that ER81 and potentially a second Ets factor bound 

to the VE-cadherin promoter in RA treated SKBR-3 cells (173).  Therefore, I wanted to 

identify the second Ets factor that might play a role in RA-mediated endothelial 

transdifferentiation.  Based on our microarray results, I identified ELF3 as being 

induced as a result of RA treatment.  However, inhibition of ELF3 with siRNA is 

unable to inhibit VE-cadherin expression.  Thus, I believe ELF3 is not regulating VE-

cadherin expression. 

 Next, I looked at the role of COUP-TFII in regulating VE-cadherin expression.  

COUP-TFII is an orphan nuclear receptor whose expression can be induced directly by 

Ets1 and RA treatment (115,116).  COUP-TFII is known to regulate venous identity 

(27,112), and knockout animals die during development due to defects in angiogenesis 

and cardiovascular development (114).  Due to its role in angiogenesis, I wanted to 

determine whether COUP-TFII is capable of regulating VE-cadherin expression.  

Knockdown of COUP-TFII expression with siRNA is unable to inhibit VE-cadherin 

expression; thus, it is not a master regulator of vasculogenic mimicry. 
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 Finally, I looked at the role of NRP1 in regulating VE-cadherin expression.  

NRP1 can serve as a co-receptor for VEGFR-2 and enhance VEGFR-2 signaling.  

NRP1 also serves an antagonistic function to COUP-TFII by promoting arterial 

development and inhibiting venous development (27,111).  Like COUP-TFII, NRP1 

expression is induced by RA treatment; therefore I wanted to determine whether NRP1 

can regulate VE-cadherin expression.  My results find that loss of NRP1 expression via 

siRNA is unable to inhibit VE-cadherin expression; therefore, I believe that NRP1 

cannot serve as a regulator of VE-cadherin expression.  However, kinases are important 

in the regulation of most steps of vasculogenesis and angiogenesis; therefore I was 

interested in studying the ability of kinases to regulate VE-cadherin expression. 

 

IV.C.2 Regulation of VE-cadherin expression by kinase activity 

 During normal angiogenesis and vasculogenesis, growth factors and their 

receptors play key roles in regulation of development.  FGF, VEGF, ANG1, PDGF, 

EfnB2/EphB4, and TGFβ binding to their respective receptors activate signaling 

cascades promoting differentiation.  A majority of the signaling pathways involve 

receptor tyrosine kinases.  Therefore, I utilized Genistein, a known pan-kinase inhibitor 

with higher activity towards tyrosine kinases, to inhibit tyrosine kinase activity in 

SKBR-3 cells.  I found that Genistein treatment inhibits VE-cadherin protein expression 

in a dose dependent manner without major alterations in RNA expression.  I next tried a 

novel pan-kinase inhibitor, SD705702, which is also known to have activity against 

both tyrosine kinases and serine/threonine kinases.  Treatment of SKBR-3 cells with 



 129 

 

 

this drug led to a dose dependent decrease in VE-cadherin expression.  These results 

suggested that kinases do, in fact, regulate VE-cadherin expression.  However, when I 

performed a phospho-receptor tyrosine kinase array to assay for tyrosine kinase 

activation, I found that most tyrosine kinase activity decreases profoundly in the 

presence of RA treatment, with the possible exception being Dtk, a member of the Axl 

family of tyrosine kinases.  I tested out the role of several receptor tyrosine kinases – 

ERBB2, EGFR, VEGFR, FGFR, Dtk, and EfnB2/EphB4 – but found that none of them 

is able to regulate VE-cadherin expression.   

Upon further analysis of the microarray, I found several members of the TGFβ 

family were upregulated as a result of RA treatment.  Therefore I wanted to determine 

whether TGFβ receptor signaling is involved in the RA mediated induction of VE-

cadherin expression.  Inhibition with the TGFβRI specific kinase, SB431542, was able 

to block the RA mediated induction of VE-cadherin expression.  SB431542 specifically 

blocks ALK4, 5, 7 and has known activity against p38 MAPK-α at higher doses.  Since 

I was able to block VE-cadherin expression using SB431542, I believe that activity of a 

TGFβ pathway is required for VE-cadherin expression.   

One possibility is that VE-cadherin is regulated by p38 MAPK activity.  The 

literature suggest that p38 MAPK activation by TGFβ signaling leads to increased cell 

adhesion in prostate cancer (191).  TGFβ signaling can activate p38 MAPK activity in a 

SMAD-independent manner.  Our laboratory has shown that p38 MAPK activity is 

responsible for the regulation of another type II cadherin, cadherin-11 (192).  
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Additionally, SB431542 has activity against p38 MAPK-α with an IC50 of 10µΜ (193).  

Given that I begin to see inhibition at 10 µM and complete inhibition at 50 µM, it is 

possible that p38 MAPK may also be involved in regulating the expression of type II 

cadherins, including VE-cadherin.  As a whole, we have identified 3 factors that are 

necessary but not sufficient for regulating the expression of VE-cadherin – SOX9, 

ER81, and a TGFβ pathway. 

 

IV.D Morphological Behavior of RA Treated SKBR-3 Cells 

 When SKBR-3 cells are grown in DMEM on a plastic culture dish, they grow as 

a fairly heterogeneous population of cells.  Following the addition of RA, the cells 

begin to flatten out and extend cytoplasmic processes.  When SKBR-3 cells are grown 

in endothelial growth medium (EGM) on a plastic substrate, they begin to flatten out in 

the absence of RA treatment, and these morphological changes are further enhanced 

when the cells are treated with RA.  Similarly, untreated SKBR-3 cells grown in 

DMEM grow as clusters of unfused cells in Matrigel, whereas RA treatment results in 

the in cell fusion and network-like formation.  In some instances, the cells fuse and 

form hollowed out balls, which may serve as sinusoids or conduits to direct nutrients 

deep into a tumor.  When the SKBR-3 cells are grown in endothelial growth medium 

(EGM), there is no cell fusion despite network formation.  This was our first indication 

that the network formation induced by RA is independent of the cell fusion induced by 

RA.  We also ascertained that growth of SKBR-3 cells in EGM does not induce the 

expression of VE-cadherin in the absence of RA treatment.  While the formulation of 
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EGM is proprietary, it is known that EGM contains growth factors such as EGF, bFGF, 

and VEGF.  Thus, it is possible that one of the growth factors present in the media is 

responsible for inducing network formation, but is unable to promote cell fusion on its 

own. 

 For RA treated SKBR-3 cells to function as part of the tumor vasculature, it is 

necessary for these cells to interact with endothelial cells.  We used HUVEC cells in a 

co-culture experiment with SKBR-3 cells in the presence and absence of RA.  We 

found that untreated SKBR-3 cells sit on top of HUVEC cells, almost as if the HUVEC 

cells served a basement membrane for them.  However, I found that RA treated SKBR-

3 cells primarily fused to each other, but interacted with HUVECs in an interesting 

manner.  The SKBR-3 cells served as nodal points towards which the HUVEC cells 

either grow towards or out of.  This leads me to speculate that SKBR-3 cells may not 

formed mixed lineage vessels with HUVEC cells, but that SKBR-3 cells can form 

tumor cell lined sinusoidal spaces that send out angiogenic signals to circulating 

endothelial cells.  The endothelial cells then form networks that connect with the 

hollowed out ball or sinusoid of SKBR-3 cells via VE-cadherin and help conduct 

nutrients into deeper parts of the tumor via this channel.  Studies by other groups into 

vasculogenic mimicry indicate that tumor cells can form hollowed out channels that 

connect with the host vasculature and allow for the transport of nutrients (41,189). 

 Next, we wanted to determine whether COUP-TFII, NRP1, VE-cadherin, or 

TGFβRI can mediate network formation or cell fusion in Matrigel.  Knockdown of VE-

cadherin was unable to prevent network formation; however, the knockdown of VE-



 132 

 

 

cadherin was able to prevent cell fusion, as is consistent with its function.  NRP1 is 

unable to prevent either cell fusion or network formation, and cells transfected with 

NRP1 siRNA look very similar to the cells transfected with luciferase siRNA, 

indicating that NRP1 is not involved in the morphological changes associated with 

endothelial transdifferentiation.  On the other hand, knockdown of COUP-TFII levels 

correlated with a loss of network formation in RA treated SKBR-3 cells.  These results 

are similar to what is seen in mouse models.  When COUP-TFII knockout in mouse 

embryos is lethal to due improper vascularization of the placenta due to a failure in 

formation of the labyrinth (194) 

Inhibition of a TGFβ pathway does not affect network formation.  Thus, if 

growth factor signaling mediates network formation, we can eliminate TGFβ as a 

candidate.  However, TGFβR1 activity appears to be necessary for cell fusion.  It is 

possible that a TGFβ pathway controls cell fusion via its ability to modulate VE-

cadherin expression since inhibition of TGFβR1 inhibits VE-cadherin expression and  

phenocopies the morphological changes associated with a knockdown of VE-cadherin 

expression.  Therefore, we can conclude that VE-cadherin and a TGFβ pathway 

regulate cell fusion while COUP-TFII regulates network formation. 
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IV.E SKBR-3 Cells as Multipotent Cells and Epigenetic Regulation 

 

IV.E.1 SKBR-3 cells as multipotential cancer stem cells 

One potential explanation for our observations is that SKBR-3 cells have a high 

degree of pluripotency when compared to other cell breast cancer types, and may 

therefore function as cancer stem cells.  Cancer stem cells are not necessarily true stem 

cells, they are rare cancer cells with an indefinite proliferative potential that drives the 

formation and growth of tumors (195).  While tumors are monoclonal in origin, the 

actual tumor bulk contains a heterogeneous population of cells in different states of 

differentiation, of which only a small subset is capable of forming tumors in nude 

mice(196).  Stem cells and cancer cells share three common characteristics – the ability 

for heterogeneous differentiation, self-renewal, and homeostatic control (197).  SKBR-3 

cells grown in culture are a heterogeneous mix of cells with the capacity for 

differentiation and self-renewal.  While every SKBR-3 cell may not be a cancer stem 

cell, there may be a population of such cells within the culture that is able to 

differentiate, and possibly differentiate along aberrant lineages. 

 

IV.E.2 Epigenetic regulation of endothelial transdifferentiation 

Another explanation of our observations is epigenetic control of the endothelial 

differentiation pathway.  All cells within an individual contain the same repertoire of 

genes encoded in the DNA; however, cells in different parts of the body express 

different genes that allow for cells to perform different functions.  The regulation of 
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gene expression is controlled via the expression of transcription factors and 

epigenetically via DNA methylation (198).  Methylation of genes renders them 

transcriptionally inactive, and gene demethylation will allow for transcription and 

translation of the target gene (198).  A recent study introduces the concept of 

transcriptional “poising” in which certain lineage specific genes are kept in a ready but 

inactive state via an H3K4me2 dimethylation state, and demethylated and expressed 

during a predetermined time in during erythroid differentiation (199).  I believe that 

SKBR-3 cells may be in a similar state with endothelial related genes being “poised” for 

activation.  Treatment of SKBR-3 cells with vitamin A may allow for demethylation of 

these genes thereby enabling transcriptional activation.  This effect seems to be specific 

to vitamin A treatment, since unpublished work in our laboratory indicates that vitamin 

D is unable to induce endothelial transdifferentiation (200). 

 

IV.F Conclusions and Future Directions 

 I have shown that RA treatment of SKBR-3 cells results result in growth arrest 

and differentiation, but the differentiation is along an aberrant endothelial pathway.  The 

endothelial transdifferentiation of SKBR-3 cells may explain why RA treatment is 

harmful in some cancer patients.  We had previously identified SOX9 and ER81 as 

being necessary but not sufficient for RA mediated regulation of VE-cadherin 

expression.  As a follow up to this study, it would be important to determine whether 

this process is specific to SOX9.   Therefore, studying the effects of other SOX genes, 

such as SOX17 and SOX18, which are known to regulate angiogenesis (201) can help 
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to answer this question.  Our data also indicates that an Ets factor other than ER81 may 

bind to the VE-cadherin promoter.  We found that ELF3, another Ets factor induced by 

RA, may not be that Ets factor; however, SKBR-3 cells may express other Ets factors 

independent of RA regulation that could play a role in regulating VE-cadherin 

expression.  I also determined that activity of a TGFβ-mediated pathway is also 

necessary but not sufficient for VE-cadherin expression.  However, the exact pathway 

by which this occurs is yet to be determined.  Therefore, the next steps would be to 

determine whether VE-cadherin expression is regulated by the p38 MAPK pathway. 

 I also showed that RA treated SKBR-3 cells can behave like endothelial cells in 

a 3-dimensional matrix.  Upon treatment with RA, SKBR-3 cells begin to organize 

themselves into networks in Matrigel and the individual cells fuse.  In certain instances, 

the cell fusion can result in the formation of a hollowed out ball that could serve as a 

sinusoid for tumor vascularization.  When co-cultured with HUVEC cells, the RA 

treated SKBR-3 cells can serve as nodal points from which tumors cells can emanate 

from or grow into.  The connection between the tumor cells and endothelial cells may 

be via VE-cadherin.  To test this hypothesis, the next step would be to knock down VE-

cadherin expression in the RA treated SKBR-3 cells and determine if the same 

connections can occur.  To determine if the hollowed out SKBR-3 nodes are actually 

hollow and capable of conducting nutrients, tracer dye studies should be performed to 

measure fluid conductance. 

 I have shown that the network formation and cell fusion phenomenon are two 

distinct processes.  The growth of SKBR-3 cells in EGM supplemented with growth 
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factors is able to promote network-like formation in the absence of RA treatment, but is 

unable to allow for cell fusion.  To determine what growth factors regulate network 

formation, the experiment should be performed in growth factor reduced Matrigel with 

growth factor free endothelial basal media (EBM) with the growth factor supplements 

added back individually or in combination.   This experiment will enable us to 

determine which growth factor(s) are necessary for network formation.  In addition to 

growth factors, we have shown that COUP-TFII expression is necessary for network 

formation but not cell fusion.  Knockdown of COUP-TFII expression results in cell 

fusion without network formation.  While COUP-TFII is not a growth factor, COUP-

TFII expression may be tied to growth factor expression or signaling.  So, determining a 

relationship between growth factor signaling and COUP-TFII may help to elucidate this 

process. 

 The other aspect of the morphological changes associated with RA treatment 

involves cell fusion.  This process appears to be regulated by VE-cadherin expression 

and can be inhibited via siRNA specific for VE-cadherin or by using SB431542.  To 

determine whether cell fusion is necessary for formation of the sinusoid and conduction 

of nutrients to a tumor, VE-cadherin expression should be downregulated via siRNA or 

blocked using SB4315432 to assess the ability of these network forming cells to interact 

with endothelial cells. 

 Finally, it is important to determine why SKBR-3 cells are able to induce the 

endothelial program while other RA treated cells are unable to do so.  One way to do 

this is to determine whether SKBR-3 cells are cancer stem cells by assaying for the 
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presence of cancer stem cell markers that may be present on SKBR-3 cells v. other 

breast cancer cell lines that are unable to induce vasculogenic mimicry.  To determine 

whether endothelial specific genes are “poised” for activation in SKBR-3 cells and 

other cells lines exhibiting vasculogenic mimicry, a comparative ChIP analysis using 

antibodies specific for H3K4me2 followed by qPCR for endothelial specific genes in 

cells that undergo vasculogenic mimicry versus those that do not will enable us to 

determine whether “poising” is necessary for endothelial transdifferentiation.  

Cancer is the second leading cause of death in America, therefore understanding 

its mechanisms of growth and spread are crucial to treating and controlling the disease.  

Vascularization of a tumor is necessary for its continued growth and expansion, 

therefore, angiogenesis inhibitors were once hypothesized to effectively treat cancer due 

to their ability to stop angiogenesis, thereby starving a tumor (155).  However, clinical 

trials studying the efficacy of anti-angiogenic therapies have been disappointing.  

Melanoma cells exhibiting vasculogenic mimicry are resistant to anti-angiogenic drugs, 

and this may be one of the reasons for the lower success rates of anti-angiogenic 

therapy (35).  For the first time, it has been demonstrated that a dietary agent, vitamin 

A, may play a role in inducing vasculogenic mimicry.  This is an important finding 

because vitamin A is present in a variety of foods, and if it can promote tumor growth 

and metastasis, it should be avoided in certain patients.  Our data indicates that 

vasculogenic mimicry does not occur in all cancers, and not even in all types of breast 

cancers.  This suggests that a particular expression pattern of growth factors and genes 

makes individuals susceptible to the harmful effects of vitamin A.  This study 
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demonstrates some of the molecular events that are necessary for vitamin A dependent 

vasculogenic mimicry to occur and may help to identify the molecular phenotype of 

tumors that may undergo endothelial transdifferentiation.  Therefore, conducting further 

studies to identify the phenotypic profile of cancers that are susceptible to the 

endothelial differentiating effects of RA can help customize therapies to treat cancer 

and provide for better patient outcomes.
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