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Abstract of the Dissertation 
 

The role of Twist1 transcriptional targets in facilitating angiogenesis and Epithelial-
Mesenchymal Transition 

 

by 

Janine Michelle Low-Marchelli 

Doctor of Philosophy 

University of California, San Diego, 2011 

Professor Jing Yang, Chair 

 

The majority of cancer mortalities are caused by aggressive metastases. During 

metastasis, carcinoma cells detach, invade through the basement membrane, migrate 

through the circulation, and establish colonies in distant organs. A major limiting factor in 

tumor growth and the metastatic cascade is for tumors to stimulate angiogenesis, with 

new blood vessels facilitating oxygen and nutrient delivery and providing the 

infrastructure necessary for malignant cell dispersion. The transcription factor Twist1 is a 

major driver of metastasis and is associated with vascular development and tumor 

angiogenesis. My doctoral work focused on defining the relationship between Twist1 and 

tumor angiogenesis. 
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First, I found that Twist1 promoted angiogenesis in a chicken CAM assay and in 

mouse Matrigel plugs without regulating VEGF directly. Instead, I found strong and 

potentially direct regulation of CCL2 transcript by Twist1, leading to increased secretion 

of protein from the cells. Twist1-induced angiogenesis was blunted with CCL2 

knockdown in the CAM assay. Twist1 cells were capable of attracting macrophages in 

vivo and I found this was dependent on CCL2 in vitro. I suggested that Twist1 cells were 

capable of polarizing attracted macrophages to be pro-angiogenic, thus promoting tumor 

malignancy.   

Second, I investigated the potential function of a group of Twist1 targets, the 

axon guidance genes, in modulating angiogenesis. I examined the molecular control of 

metastasis using Twist1-inducible cells and microarray analysis to uncover gene 

regulatory networks important in malignancy. Several axon guidance genes were 

regulated by Twist1, including EPHB2 and SEMA5A, which function in developmental 

angiogenesis. As both proteins are membrane bound, I hypothesized their influence is 

close-range in positioning and in stabilizing tumor-endothelial cell interaction. Twist1 

shEPHB2 blood vessels were hemorrhagic in the CAM assay and tumors grew more 

slowly with fewer lung-disseminated cells in mice that received subcutaneous injections. 

SEMA5A contributed to Twist1-induced angiogenesis but alone could not promote 

angiogenesis in the CAM assay.  

In closing, I have made significant contributions to understanding various 

methods Twist1 can exploit to stimulate and modulate angiogenesis by regulating a 

diverse and unexpected set of transcriptional targets. These discoveries may pave the 

way for novel therapeutic strategies to treat cancer. 

 



 

 

1 

 

Chapter 1: Introduction 
 

1.1 Background 

1.1.1 The War on Cancer 

Almost 40 year ago, President Nixon declared the War on Cancer by signing the 

National Cancer Act. The purpose of this Act was to strengthen the efforts of the 

National Cancer Institute through increased funding and training in cancer research with 

the eventual goal of eradicating the disease. While cancer research has greatly 

benefitted from this mandate resulting in better education on prevention, earlier 

detection, and improved treatments that extend lifespan after diagnosis, cancer remains 

the second leading cause of death in the United States, following cardiovascular 

disease. In particular, over 200,000 new breast cancer diagnoses and close to 40,000 

deaths from breast cancer are expected in 2011 (National Cancer Institute, estimated 

statistics).  

One reason we have not “won” the war or found a cure for cancer is that cancer 

is actually a collection of over 100 individual diseases. Cancers behave differently 

depending on the tissue of origin, and even within tissues, may respond very differently 

to one kind of therapy. For example, within an individual breast lesion exist cells in many 

stages of differentiation with variable malignant potential (Berman et al., 2010). 

Therefore, individualized combination therapies may be required to effectively treat the 

vast heterogeneity of this disease. While each type appears quite diverse, all cancers 

are characterized as diseases of uncontrolled growth of abnormal cells, which if left 

unchecked, may spread to other parts of the body. It is this spread, or metastasis, that 

differentiates a benign from a malignant tumor and usually results in death
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1.1.2 The Problem of Cancer Metastasis  

Metastasis remains a leading problem in treating cancer. To metastasize, cancer 

cells become motile, breach the basement membrane that normally keeps the cells 

compartmentalized, and enter the bloodstream. Once in the blood, cells migrate through 

the circulation, exit the bloodstream, invade new tissues, and finally establish new 

colonies in distant organs (Fig 1.1). In the case of breast cancer, these organs include 

lung, bone, liver, and brain.  

A Rate-Limiting Step in Metastasis: The Angiogenic Switch  

Of the fundamental contributors to metastasis is the ability of tumor cells to elicit 

new blood vessel growth, or angiogenesis. Transgenic mouse models that develop 

spontaneous tumors have helped elucidate that this “angiogenic switch” occurs early in 

tumor development, well before large tumors form (Hanahan and Folkman, 1996). 

Establishing and expanding a blood supply is critical for tumors to continue to proliferate, 

as oxygen diffusion is limited to 100-200 µm (Brem et al., 1976; Gimbrone et al., 1972; 

Olive et al., 1992; Torres Filho et al., 1994). Besides unlimited growth potential, 

angiogenesis allows malignant, motile cells to gain access into the circulation. Blood 

vessels associated with tumors usually have abnormal structure including increased 

fenestrations and lack of basement membrane, making it difficult to exclude a motile 

carcinoma cell from entering (Munn, 2003). Clinically, immunohistochemical staining of 

CD31 and von Willebrand Factor (vWF) to measure the density of endothelial cells in 

tumor biopsies has been a useful prognostic tool for predicting human breast cancer 

metastasis (Weidner et al., 1991). Therefore, when a tumor gains the ability to flip the 

angiogenic switch, it has overcome a major limitation to expansion and metastasis. 
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Key changes must occur in the tumor cell to be able to recruit new blood vessel 

growth, particularly regulation of soluble angiogenic factors. Secreted molecules that 

facilitate the angiogenic switch in breast cancer include aFGF, bFGF, VEGF, TGFbeta-1, 

pleiotrophin, PlGF, PDGF (Relf et al., 1997). As an example, VEGF stimulates its 

receptor expressed on endothelial tip cells that then activates proliferation and migration 

toward the VEGF chemical gradient established within the tumor cell mass. Following 

the proliferating tip cells is a wave of cell differentiation and cell fusion to create the 

vascular lumen behind it. In direct opposition to pro-angiogenic molecules are those that 

inhibit angiogenesis and keep blood vessels quiescent throughout most of the 

adulthood, such as thrombospondin and angiostatin. To activate the switch, tumors must 

shift the balance of regulatory molecules to favor angiogenesis by silencing anti-

angiogenic and amplifying pro-angiogenic molecule expression. 

Angiogenesis and the Tumor Associated Macrophage (TAM)  

An alternative method for a tumor to activate the angiogenic switch is through 

recruitment and stimulation of macrophages. Instead of directly altering the balance of 

pro- and anti- angiogenic factors it secretes, tumors can send out signals to attract 

monocytes that differentiate into macrophages, which then can flip the angiogenic 

switch. These macrophages are referred to as tumor associated macrophages (TAM) 

and are distinct from resident macrophages that exist in several tissues under basal 

conditions.  

Macrophages are leukocytes that have a wide variety of functions that depend on 

the signals they encounter in their environment. Macrophages have long been known to 

be sources of neovascularization, however not all macrophages can induce 

angiogenesis and are required to be activated as such (Polverini et al., 1977). 
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Macrophages are not easily classified into distinct categories; rather, macrophages 

exhibit an extensive spectrum of behavior and undergo as many molecular and cellular 

changes. The case of a paper cut to the fingertip will illustrate two major modes of 

macrophage action and activation. 

First, to prevent and neutralize an infection that could be brought on by 

compromising the integrity of the skin, macrophages participate in both innate and 

adaptive immune responses. They engulf and phagocytose microbes, release reactive 

oxygen species, and secrete cytokines to aid in further inflammatory processes. After 

digesting a foreign organism, macrophages migrate to lymph nodes and present antigen 

to T cells. Macrophage secretion of IL-12 increases Th1 cell proliferation and stimulates 

natural killer cell activity. Th1 cells in turn, can stimulate macrophages with interferon-

gamma and CD40 ligand to enhance macrophage phagocytic behavior. These actions of 

macrophages promote  immune responses that result in pathogen elimination (Janeway 

et al., 2001). These macrophages are characterized as “M1” or classically activated 

macrophages. 

Second, to heal the injured tissues, macrophages infiltrate and promote 

reepithelialization and angiogenesis. Macrophage stimulation of wound-induced 

angiogenesis is primarily through upregulation of VEGF and to a lesser extent PlGF 

(Rodero and Khosrotehrani, 2010). In addition to VEGF and PlGF, macrophages secrete 

other factors which induce migration and proliferation of endothelial cells including 

bFGF, IL-8, PDGF, TGF-beta, and TNF-alpha (Sunderkotter et al., 1994). Additionally, 

increased secretion of TNF-alpha from macrophages causes local increases in blood 

flow, permeability, and increased endothelial adhesiveness for leukocytes and platelets, 

important in clotting. TGF-beta secretion promotes collagen accumulation and scarring. 
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Macrophages that promote healing are generally characterized as “M2” or alternatively 

activated macrophages. 

Several lines of evidence support macrophages in a tumor-assisting role, with 

particular regards to their pro-angiogenic or M2-like functions. TAMs are highly 

represented in clinical invasive breast cancer and correlate with microvessel density, 

VEGF content, tumor grade, metastatic lymph node, disease relapse, and poor overall 

survival (Bolat et al., 2006; Leek et al., 1996; Murri et al., 2008; Tsutsui et al., 2005; 

Valkovic et al., 2002). Experimentally, macrophages were shown to regulate the 

angiogenic switch as they appeared in small PyMT mammary tumor nodules before 

major angiogenesis took place. Macrophage inhibition delayed the onset of 

tumorigenicity, while addition of exogenous macrophages shortened the onset of 

tumorigenicity (Lin 2006). Depletion of macrophages inhibited tumor growth and 

angiogenesis in teratocarcinoma and rhabdomyosarcoma xenografts (Zeisberger et al., 

2006). Breast tumor spheroids implanted into the skin folds of mice contained more 

VEGF and vasculature if macrophages were co-injected (Bingle et al., 2006). And most 

recently, histidine-rich glycoprotein (HRG) treatment decreased tumor growth 4T1 

mouse mammary tumors, skewed TAM away from M2 toward M1, and normalized 

vessels of fibrosarcoma tumors (Rolny et al., 2011). These studies demonstrate the 

importance of tumor associated macrophages in regulating tumor angiogenesis and 

promoting metastasis. 

1.1.4 A Relationship between Metastasis and Epithelial-Mesenchymal Transition 
(EMT) 

The ability to flip the angiogenic switch is a significant step in tumor progression 

and metastasis as this allows tumor cells to proliferate with abandon and brings the 

infrastructure necessary for tumor cells to spread to other parts of the body. However, 
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we must also ask how benign tumor cells learn to attract blood vessels. Also, once the 

blood vessels are built, how does a benign cell get into the vasculature? One hypothesis 

is that tumor cells become malignant by reactivating an ancient developmental program 

called Epithelial-Mesenchymal Transition (EMT). During EMT, highly organized, 

stationary epithelial cells become spindle-shaped, motile mesenchymal cells capable of 

breaking through the basement membrane. In embryogenesis, EMT occurs during 

mesoderm formation and neural crest migration to allow tissue rearrangement (Hay, 

1995).  

It is believed that like embryonic cells, cancer cells from solid tumors must 

undergo a process similar to EMT in order to detach from the primary tumor, invade the 

surrounding cellular landscape, and enter the bloodstream. Several of the changes seen 

in developmental EMT are also found in metastatic cells including loss of tight cell-cell 

contact, loss of apical-basolateral polarity, increased motility, and gain in the ability to 

degrade extracellular matrix. Several cellular and biochemical changes are found to 

change during EMT such as a decrease in E-cadherin expression, relocalization of beta-

catenin from the cell membrane to the nucleus, the appearance of stress fibers, and 

increased expression of vimentin, fibronectin, and matrix metalloproteases (Hugo et al., 

2007). Research to identify the roles of EMT and the reverse process, Mesenchymal-

Epithelial Transition (MET), in breast cancer metastasis is ongoing. 

1.1.5 A Mediator of EMT and Metastasis, the Twist1 Transcription Factor 

Several regulators of EMT have been identified in embryonic development and 

their importance has been demonstrated in metastasis; one such regulator is Twist1. 

Twist1 is a 25 kDa basic helix-loop-helix transcription factor that is important in 

Drosophila mesoderm formation and mouse neural tube formation, during which time, 
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cells migrate and invade the surrounding tissues (Chen and Behringer, 1995; Simpson, 

1983). Mutations in TWIST1 in humans are responsible for the craniofacial and limb 

defects in Saethre-Chotzen syndrome (el Ghouzzi et al., 1997; Howard et al., 1997). 

Expression of Twist1 in mammary gland terminal end buds, which invade the 

surrounding fat pads during branching morphogenesis, further points toward its role in 

EMT (Kouros-Mehr and Werb, 2006). 

Importantly, we showed Twist1 was sufficient to promote EMT in mammalian 

epithelial cells and was necessary to promote metastasis of the spontaneous mouse 

mammary tumor cell line 4T1 (Yang et al., 2004). Since this discovery, several groups 

have found clinical correlations between Twist1 expression and metastasis, disease 

progression, and survival in breast and other cancers such as ovarian, endometrial, 

cervical, colorectal, head and neck squamous cell, nasopharyngeal, and gastric 

carcinomas (Eckert et al., 2011; Gomez et al., 2011; Hosono et al., 2007; Kyo et al., 

2006; Martin et al., 2005; Ou et al., 2008; Rosivatz et al., 2002; Shibata et al., 2008; 

Soini et al., 2011; Song et al., 2006; Watson et al., 2007). Mechanistically, our lab has 

begun to define the role of Twist1 transcriptional targets in controlling several 

components of EMT and steps in metastasis. We showed that Twist1 directly binds and 

activates transcription of SNAI2, which encodes Slug, another transcription factor known 

to inhibit E-cadherin and regulate cell adhesion (Casas et al., 2011).  We also 

demonstrated the role of Twist1 to induce formation of podosomes, structures that 

degrade extracellular matrix, through regulation of PDGFR-alpha and Src activation 

(Eckert et al., 2011). These observations support the role of Twist1 as an EMT regulator 

and its identity as an important activator of metastasis. 

Twist1-ER Inducible System and Microarray Experiments  
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While published literature and ongoing research in our lab support a significant 

role for Twist1 in inducing EMT and metastasis in mammalian cells and tumor models, 

the molecular mechanisms for how these vast changes occur are just beginning to be 

understood. Since Twist1 is a transcription factor, it has the potential to regulate a large 

number of genes that are mostly unknown. In an attempt to fill this gap in our 

understanding, our lab developed a Twist1-inducible system to study Twist1 gene 

regulation in mammalian cells (Fig. 1.2 A). To Twist1, we fused the ligand-binding 

domain of the estrogen receptor that has been modified to only bind 4-hydroxytamoxifen 

(4OHT) and has no transcriptional activity (Littlewood et al., 1995). HMLE cells lack ER; 

therefore, upon binding to 4OHT, Twist1-ER translocates to the nucleus where it can 

bind specific E-boxes and control transcription of its target genes. Within 10-12 days of 

induction, HMLE Twist1-ER cells undergo complete Epithelial-Mesenchymal Transition 

(EMT). Cells lose epithelial characteristics, such as decreased e-cadherin and cell-cell 

adhesion, and gain mesenchymal characteristics, such as increased fibronectin, and 

vimentin, increased cell scattering, and gain of cell motility; this phenotype is identical to 

the EMT program induced by the expression of the wild-type Twist1 protein in HMLE 

cells (Fig. 1.2 B and (Casas et al., 2011).  

To monitor the activation patterns of Twist1 targets during the EMT process, our 

lab treated HMLE Twist1-ER cells with 4OHT and performed microarray experiments for 

time points spanning 1.5 hrs up to 15 days. Analysis of the data revealed regulation of 

several expected genes including decreased e-cadherin transcripts and increased n-

cadherin, fibronectin, and vimentin. In addition, we uncovered at least 2000 other 

differentially regulated genes. The Twist1-inducible system and data from the microarray 

experiments prove to be valuable sources of discovery and will spawn new questions 

regarding the process of Twist1-induced EMT. 
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1.2 Dissertation Overview  

1.2.1  Research History  

Based on the crucial role our lab and others have postulated for Twist1 in EMT 

and disease, my doctoral work focused on beginning to unravel some of the 

mechanisms Twist1 could use to potentiate steps in breast cancer metastasis. Using our 

microarray analysis as a starting place, I chose to study genes we hypothesize to be 

downstream of Twist1.  

When I joined the lab in November 2007, our lab had just finished preparing the 

HMLE Twist1-ER mRNA samples for microarray analysis. As we began to analyze the 

data, we found several genes involved in neuronal axon guidance to be regulated by 

Twist1. As will be discussed in more detail in the following chapters, we discovered that 

axon pathfinding genes were regulators of vascular cell positioning and angiogenesis. 

Additionally, several of these genes were expressed frequently in cancer. Upon further 

review, I found a small number of papers associating Twist1 with vascular development 

and pathological angiogenesis. Frequently, Twist1 was postulated to regulate VEGF, 

however much of this data was correlative. Interestingly, our microarray data did not 

suggest VEGF regulation even after 15 days of Twist1 activation and full EMT had 

occurred. Since the angiogenic switch appears as an early step in the metastatic 

cascade and EMT presumably would occur before cells intravasate, I was curious to 

understand the relationship between the EMT inducer Twist1 and angiogenesis. My 

initial questions consisted of the following:  

• Does Twist1, in fact, regulate VEGF but our induction time course was not long 

enough to activate this change? If so, this suggests that Twist1 may not directly 

activate VEGF transcription. What transcription factors or molecules downstream of 

Twist1 could regulate VEGF synthesis or secretion?  
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• Would Twist1 expression in our human mammary epithelial cells, which are non-

cancerous, be sufficient to promote angiogenesis in the absence of VEGF 

regulation? 

As will be discussed in the following chapter, our cells and several other cell lines 

we tested do not regulate VEGF as HMLE cells overexpressing wild type Twist1 for 

several weeks or months never show an increase in VEGF mRNA, with secreted protein 

following in suit. I was surprised to learn that despite this lack of VEGF regulation, HMLE 

Twist1 cells stimulated robust and repeatable angiogenesis in a chicken CAM model. 

Based on these preliminary observations I proceeded to investigate the molecular 

mechanisms through which Twist1 could exert these angiogenic effects. 

1.2.2 Summary of Research Aims  

Aim 1: Define the role of CCL2 in Twist1-induced angiogenesis (Chapter 2) 

This chapter serves as the basis for a manuscript for publication regarding a 

novel mechanism for Twist1 to induce angiogenesis. Using a cytokine array, I analyzed 

proteins secreted from HMLE Twist1 cells. Addition of heparin into my conditioned media 

was the secret to uncover a small pair of dots that were noticeably darker on the Twist1 

array than on the control array. It was then that I began to study the role of MCP1, or 

CCL2, in Twist1-induced angiogenesis.  

Aim 2: Define the role of axon guidance genes in Twist1-induced EMT and 
Metastasis (Chapter 3 and Chapter 4, Future Direction) 

In Chapter 3, I will discuss relevant literature and present preliminary data from 

experiments I pursued regarding the role of axon guidance genes EPHB2 and SEMA5A 

in modulating angiogenesis. I intend this chapter to serve as the basis for projects that 
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could be pursued by others in our lab as an extension of my studies regarding Twist1-

induced angiogenesis.  

In Chapter 4 as a Future Direction, I will describe an alternative research 

direction and hypothesis regarding EphBs and cell repulsion within the primary tumor. 
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Figure 1.1 Model of metastasis. 

Solid tumors become malignant when they dissolve cell contacts, become motile, gain 
the ability to degrade the extracellular matrix, and stimulate angiogenesis. Tumor cells 
escape into leaky blood vessels, survive in the bloodstream, and eventually extravasate 
to form colonies in secondary tissues.  

Image adapted from R. Weinberg and J. Yang  



13 

 

 

 

 

Figure 1.2  Twist1-ER inducible system.  

A) Model of Twist1-ER inducible system. In ER negative HMLE cells, addition of 4OHT 
allows Twist1-ER to translocate into the nucleus, bind E-boxes and control transcription 
of target genes. B) Light micrographs showing that Twist1-inducible cells recapitulate the 
Twist1 overexpression phenotype within 12 days of continuous 4OHT treatment. 
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Chapter 2: The role of Twist1 to regulate CCL2 and macrophage attraction 
in angiogenesis 

2.1  Abstract 

The majority of cancer related deaths are due to metastasis. One of the key 

steps distinguishing the transition from tumor quiescence to malignancy is the 

angiogenic switch. The Twist1 transcription factor has been implicated in the metastatic 

cascade and has been linked to vascular development, angiogenesis, and VEGF 

signaling. In an effort to understand how Twist1 may be involved in this switch, we 

sought to define the molecular relationship between Twist1 and VEGF regulation. 

Surprisingly, our cells do not regulate VEGF from a transcriptional or translational level 

yet are capable of inducing strong angiogenesis in animal models. We find instead that 

Twist1-induced CCL2 contributes to these angiogenic effects in a chicken CAM assay. 

Associated with angiogenesis, we observe an influx of macrophages into Matrigel plugs 

containing Twist1 expressing cells. We demonstrate that macrophages can be attracted 

to Twist1 cells in a CCL2 dependent manner. Finally, we propose that Twist1 cells may 

influence macrophages to assume a pro-angiogenic phenotype. We conclude that 

Twist1 regulation of CCL2 can promote angiogenesis by recruiting macrophages and 

potentially influencing their functional output.  

2.2  Introduction 

Metastasis is the leading cause of death in cancer patients. Understanding the 

molecular mechanisms behind cancer metastasis is crucial to developing effective 

pharmacological inhibitors. Recently, the basic helix-loop-helix transcription factor Twist1 

was discovered to facilitate Epithelial-Mesenchymal Transition (EMT) and promote 

metastasis in mammary tumor models (Yang et al., 2004). Since then, Twist1 expression 

was found to be upregulated in several solid cancers including breast cancer and 
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correlated negatively with patient survival (Gomez et al., 2011; Soini et al., 2011; 

Tjensvoll et al., 2010; Xie et al., 2009). Based on these observations, it is of great 

therapeutic interest to study the molecular mechanisms underlying Twist1-associated 

tumor progression. 

A relationship between Twist1 and vascular development and angiogenesis has 

been forming steadily. From a developmental standpoint, XMyc knockdown resulted in 

severe edema and hemorrhage in Xenopus larvae. These defects in the maturation and 

completion of vascular development were rescued by re-expression of XTwist or XSlug 

mRNA, which are downstream of XMyc. However, XSlug knockdown alone was unable 

to recapitulate these vascular defects and required coincident knockdown of XTwist 

(Rodrigues et al., 2008). In mammals, TWIST1 mRNA was upregulated in conjunction 

with other vascular cell markers and growth factors including VEGF, PECAM1, CD34, 

VCAM1, VE-CAD, and ANG1 during vascular development in a human embryoid body 

model (Gerecht-Nir et al., 2005). Twist1 is regulated by HIF-1alpha and HIF-2alpha 

(Chang et al., 2011; Gort et al., 2008; Yang et al., 2008). In a tumor model, Twist1 

overexpression increased VEGF synthesis and secretion from MCF7 cells and increased 

vascular volume and permeability of MCF7 tumors (Mironchik et al., 2005). In clinical 

hepatocellular carcinoma, a positive correlation was reported between Twist1 and VEGF 

mRNA and protein (Niu et al., 2007). Finally, TWIST1 knockdown in the B16F10 

melanoma cell line inhibited angiogenesis, while Twist1 overexpression in these same 

cells increased mRNA and protein levels of VEGF, KDR, ANG2, TIE2, GRO-α (Hu et al., 

2008). Noteworthy is that several of these studies attributed the observed angiogenic 

changes to the increased production or signaling of the molecule VEGF, a potent 

angiogenic stimulus that increases the proliferation, survival, and migration of endothelial 

cells. However, a molecular causal relationship between Twist1 and VEGF production 
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remains undefined. As a transcription factor, Twist1 could bind to an E-box in the VEGF 

promoter to stimulate transcription directly. Alternatively, Twist1 could stimulate 

transcription of other factors, such as HIF-1 alpha, that regulate VEGF directly. 

In this study, we attempt to understand the molecular basis of Twist1-induced 

angiogenesis in the context of VEGF regulation. Surprisingly, Twist1 in our human 

mammary epithelial cell system does not induce expression of VEGF, but is capable of 

inducing robust and repeatable angiogenesis in a quantitative chick chorioallantoic 

membrane (CAM) assay. Instead we show that CCL2, a chemokine known to attract 

monocytes and found to be upregulated in various cancers, is transcriptionally 

upregulated by Twist1, and that CCL2 protein is measured in Twist1 cell conditioned 

medium. We report that Twist1 binds to an E-box 2.7 kb upstream of the CCL2 

transcriptional start site. Knockdown of CCL2 in Twist1 cells results in decreased 

angiogenesis in chicken CAMs. In mice, we find that Twist1 expressing cells promote 

angiogenesis and this is associated with strong infiltration of macrophages. In vitro, we 

show that macrophages migrate toward Twist1 cell conditioned medium quite readily, 

and this attraction depends on CCL2. Treatment of macrophages with Twist1 media 

results in increased VEGFA mRNA, suggesting that Twist1 cells may secrete molecules 

that can prime macrophages to facilitate tumor progression. We conclude that Twist1 

can use alternative mechanisms such as direct regulation of CCL2 to induce blood 

vessel growth by attracting and priming macrophages to be pro-angiogenic.  

2.3  Methods 

2.3.1  Cells and Cell Culture 

All cells were cultured at 37°C with 5% CO2. All media  contain 1% pen/strep 

unless otherwise indicated. Human mammary epithelial cells immortalized with 
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telomerase and large T antigen (HMLE) were cultured using a 50:50 mixture of MEGM 

Bullet Kit (Lonza, Basel, Switzerland) and DMEM/F12 (Cellgro, Manassas, VA) 

supplemented with 5 ng/mL EGF, 5 µg/mL insulin, 0.5 µg/mL hydrocortisone, L-

glutamine, and 0.5% pen/strep. The mouse mammary tumor cell lines 168 FARN and 

4T1 were cultured in DMEM 5% FBS, 5% calf serum, and 1% nonessential amino acids. 

MDA-MB-231, -435, -468 breast cancer cell lines were maintained in DMEM, 10% FBS. 

SUM1315 cells were cultured in DMEM/F12, 5% FBS, 10 ng/mL EGF, and 10 µg/mL 

insulin. All above mentioned cell lines were passaged at 80-90% confluence with trypsin. 

The RAW 264.7 macrophage cell line was cultured in DMEM, 10% FBS. Primary 

bone marrow derived macrophages (BMDM) were harvested and differentiated in culture 

using the hind limbs of 10-week-old female BALB/c mice or male C57BL/6 mice. After 

red blood cell lysis, remaining bone marrow cells were resuspended and grown in 

differentiation medium (50% RPMI, 30% L-cell-conditioned medium, 20% heat-

inactivated FBS). Differentiating macrophages were allowed to adhere to the plate for at 

least 4-5 days before unattached cells were removed by aspiration and fresh medium 

was replaced. BMDM were used for migration experiments 10 days post-harvest. 

Macrophages were washed once with dPBS and lifted using a plastic scraper for splitting 

or seeding.  

HMLE and HMLE Twist1 conditioned media were made by plating 300K cells in 

20 mL of media in 15 cm dishes for 4 days with 0.03% BSA and 10 µg/mL heparin, to 

promote the collection of secreted chemokines in vitro, and subsequently passed 

through a 0.45 um filter (Wang and Stenken, 2009). Media were stored at 4°C up to 1 

week or -20°C for longer storage. 
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2.3.2  Vectors 

The Twist1 and Twist1-ER pWZL-blast retroviral vectors were previously 

described (Mani et al., 2008). For our stable lentiviral knockdowns, we used the Control 

scrambled shRNA pLKO.1 from the Sabatini lab (Addgene) and Mission shRNA shCCL2 

(Sigma, St Louis, MO) with the targeting sequences of GCTCGCGAGCTATAGAAGAAT 

and GATGTGAAACATTATGCCTTA. Oncogenic h-Ras (V12) was cloned into the pRRL 

lentiviral vector. 

2.3.3  Quantitative Polymerase Chain Reaction (QPCR) 

Cells were grown to 90% confluence and total RNA was harvested and purified 

using the QIAshredder and RNeasy Mini Kits with DNase treatment (Qiagen, Hilden, 

Germany). Two µg of RNA were reverse transcribed using High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Carlsbad, CA). Resulting cDNAs were analyzed 

in duplicate or triplicate using SYBR-Green Master PCR mix (Applied Biosystems, 

Carlsbad, CA) and these amplification conditions: 10 min, 95°C; 40 cycles, 15 sec at 

95°C, 60 sec at 60°C; followed by melt curve analysis. Relative mRNA concentrations 

were determined by 2-(Ct-Cc) where Ct and Cc are the mean threshold cycle differences 

after normalizing to GAPDH values. Primers used for QPCR are listed below: 

hCCL2 Fwd: CAG CCA GAT GCA ATC AAT GCC 
  Rev: TGG AAT CCT GAA CCC ACT TCT 
 
hGAPDH  Fwd: GAG AGA CCC TCA CTG CTG 
  Rev: GAT GGT ACA TGA CAA GGT GC 
 
hVEGFA Fwd: ATG AAC TTT CTG CTG TCT TGG GT 
  Rev: ACT TCG TGA TGA TTC TGC CCT 
 
mCcl2  Fwd: TTA AAA ACC TGG ATC GGA ACC AA 
  Rev: GCA TTA GCT TCA GAT TTA CGG GT 
  
mGapdh Fwd: GAC CCC TTC ATT GAC CTC AAC 
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Rev: CTT CTC CAT GGT GGT GAA GA 
 
mTwist1  Fwd: CGG GTC ATG GCT AAC GTG 

Rev: CAG CTT GCC ATC TTG GAG TC  
 
mVegfa Fwd: GCA CAT AGA GAG AAT GAG CTT CC 
  Rev: CTC CGC TCT GAA CAA GGC T 
 
2.3.4  Enzyme-Linked Immunosorbant Assay (ELISA) and Cytokine Array 

ELISAs for VEGFA, bFGF, IL-8, and MCP-1 and human cytokine arrays were 

performed according to manufacturer’s protocols (Raybiotech, Norcross, GA) using 

either cell lysates from onplants after angiogenesis scoring or from 48 hr tissue culture 

conditioned media supplemented with 10 µg/mL heparin. Quantification of cytokine 

arrays was done using the Image J Protein Array Analyzer Tool (Gilles Carpentier). 

2.3.5  Chick Chorioallantoic Membrane (CAM) Angiogenesis Assays 

The shell-less chick CAM angiogenesis assays were performed as previously 

described (Deryugina and Quigley, 2008). Briefly, fertilized White Leghorn chicken eggs 

(McIntyre Farms, Lakeside, CA) were placed in a 38°C hu midified incubator and split 

into plastic weigh boats on day 3. On day 10, type I rat tail collagen (BD Biosciences, 

Franklin Lakes, NJ) was neutralized with 10X MEM (Biowhittaker, Walkersville, MD), 

NaOH, and HEPES buffer, pH 7.4 (0.25 M final). Test cells were resuspended in the 

neutralized collagen and the resulting solution was pipetted directly onto two layers of 

nylon mesh (Sefar America, Depew, NY), at a final density of 75,000 cells per 30 µL 

onplant. These collagen-mesh “onplants” polymerized at 38°C for 30 minutes before 

being gently placed on the CAM with forceps. For each independent experiment, 36 total 

onplants were distributed onto the CAMs of 4-7 embryos for each cell type tested.  

Angiogenesis was scored live on day 13 using a dissecting microscope. Blood 

vessels that grew vertically past the lower mesh into the onplant and that could be 
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visualized within the grids of the upper mesh were regarded as angiogenic. Data are 

presented as an Angiogenic Index (AI) where the number of grids containing blood 

vessels is divided by the total number of grids scored. In some experiments, onplants 

were removed intact from the CAM for further analysis: lysates were made for the 

cytokine array or onplants were fixed and embedded in paraffin for histological analysis. 

2.3.6 Matrigel Plug Injections  

Female BALB/c mice were bilaterally subcutaneously injected with 200 µL of a 

50:50 mixture of growth factor reduced Matrigel (BD Biosciences, Franklin Lakes, NJ) 

and cell suspension (2x106 cells/injection). After 5 days, mice were sacrificed and 

Matrigel plugs were harvested and fixed in 10% zinc formalin overnight followed by 

standard dehydration and tissue processing for paraffin embedding and sectioning.  

2.3.7  Mouse Tumor Models 

Female nude mice were bilaterally subcutaneously injected with 100 µL of a 

50:50 mixture of Matrigel (BD Biosciences, Franklin Lakes, NJ) and cell suspension 

(5x105 cells/injection). Mice were sacrificed when tumor diameter reached at least 1 cm. 

Tumors were excised, fixed in 4% paraformaldehyde, followed by standard dehydration 

and tissue processing for paraffin embedding and sectioning.  

2.3.8  Immunohistochemistry 

After sections were deparaffinized and rehydrated, antigen retrieval was 

performed with hot citrate buffer and endogenous peroxidases were blocked with 0.3% 

H2O2. Serial sections were blocked in 2% goat serum and 2% BSA, stained with 

monoclonal rat anti-F4/80 CI:AI3-1 (Santa Cruz Biotechnology, Inc, Santa Cruz, CA) or 

polyclonal rabbit anti-CD31 (1:50, Abcam, Cambridge, MA) antibodies in blocking buffer. 
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After washing, sections were incubated with species specific biotinylated secondary 

antibodies at 1:200, ABC reagent (Vector Labs, Burlingame, CA), and developed with 

DAB substrate (Vector Labs, Burlingame, CA). Nuclear counterstain was performed 

using Hematoxylin QS (Vector labs, Burlingame, CA) followed by standard dehydration 

and coverslipping. 

2.3.9  CCR2 Staining for Flow Cytometry 

RAW 264.7 cells and BMDM were washed and scraped in dPBS, counted, and 

resuspended in FACS buffer (0.5% BSA-PBS solution) to final concentration of 5K/µL. 

Cells were incubated with 10 µL of mouse IgG2B-PE isotype control (100 µL of cell 

suspension), rat anti-mCCR2-PE mouse, or anti-hCCR2-PE (50 µL of cell suspension) 

or no antibody for 20 min on ice (R&D Systems, Minneapolis, MN). Cells were washed 3 

times, resuspended in 400 µL FACS buffer, and subjected to standard flow cytometry. 

2.3.10  Migration Assays 

Low passage (p<10) RAW 264.7 cells or 10 day old BMDM were detached from 

their tissue culture plates with a cell scraper and resuspended in serum free DMEM 

(RAW cells) or RPMI-1640, 0.5% heat inactivated FBS, 20 ng/mL M-CSF (Shenandoah 

Biotechnology, Warwick, PA)  (BMDMs). Cell suspensions (200K cells/100uL) were 

added to 8 um pore tissue culture treated Transwell inserts (Corning, Lowell, MA) for 2 

hrs at 37°C. To promote attachment of RAW 264.7 cells, Transwell inserts previously 

were coated on both sides with 10 ug/mL human fibronectin solution for 2 hrs at 37°C 

(Sigma, St Louis, MO). After allowing attachment of macrophages to the filters, 

Transwells were moved to the 24-well migration chambers containing 0.6 mL cell-

conditioned media and incubated at 37°C for the indica ted times. For blocking 

experiments, 2 µg/mL mouse IgG control antibody (Santa Cruz Biotechnology, Inc, 
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Santa Cruz, CA) or mouse anti-human CCL2 neutralizing antibody (R & D, Minneapolis, 

MN) were added to conditioned media in the lower half of the Boyden chambers. 

Recombinant human CCL2 was used as a positive control for migration (R & D, 

Minneapolis, MN). Cells were fixed in 4% PFA for 30 min, washed in water, and stained 

with 0.1% crystal violet. Transwells were rinsed in water to remove excess stain. The top 

of the Transwells were gently cleaned with the flat, wooden end of a cotton swab 

applicator, rinsed, and allowed to dry completely. Transwells were placed on a glass 

slide, visualized with an inverted microscope, and photographed using an attached 

digital camera. Migrated cells were quantified using photographs of at least 12-15 high-

powered (50x) random fields.   

 

2.3.11 Chromatin Immunoprecipitation (ChIP) 

Briefly, HMLE Twist1-ER cells were treated with 4-hydroxytamoxifen (20 nM 

final) for 4 days. Cells were cross-linked with PFA (1% final); glycine was added to 

quench the reaction (0.4 M final). Cells were scraped, spun down in ice-cold PBS, and 

washed in a series of buffers before lysis. Lysates were sonicated to produce 500-1000 

bp chromatin fragments. Chromatin was diluted 10x, incubated with a mixture of anti-ER 

(Neomarkers, Fremont, CA) and 1.5 mL anti-Twist1 hybridoma supernatant or normal 

mouse IgG (Santa Cruz Biotechnology, Inc, Santa Cruz, CA) antibodies (Gitelman, 

1997) and Protein G Dynabeads overnight at 4°C. Afte r beads were washed and 

chromatin was eluted, chromatin was reverse crosslinked overnight at 65°C and purified 

by phenol-chloroform extraction. Purified ChIPed DNA was measured by QPCR (10 min 

95°C; 40 cycles: 45 sec 95°C, 60 sec 60°C; followed by me lt curve analysis) and 

normalized to percent input and non-specific pull down. Primers for CCL2 promoter 

fragments were as follows: 
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-2268 Fwd: GTG AAC ACT CAG CCA GCA AA 
  Rev: GTC ATG CTT CGG GTT TTC TC 
 
-2657 Fwd: GGG CCC AGT ATC TGG AAT G 
  Rev: CCT CCC ACT TCT GCT CTG TC 
 
-2709 Fwd: TGA CCC TCA TTT TCC CCA TA 
  Rev: GGA GCC TGC ATT CCA GAT AC 
 
2.3.12  Statistics 

Student’s T-test was performed to determine p-values and significance. 

2.4  Results 

2.4.1  Twist1 cells lacking VEGF regulation promote angiogenesis. 

 To begin to understand the molecular mechanisms of Twist1-induced 

angiogenesis, we expressed a Twist1-inducible construct in immortalized Human 

Mammary Epithelial cells (HMLE) and performed microarray experiments comparing 

untreated cells with cells induced for up to 15 days (Data not shown). We previously 

established that this time course of induction fully recapitulates Twist1 overexpression 

such that cells undergo EMT, appearing and behaving as mesenchymal cells (Casas et 

al., 2011). Unexpectedly, of the approximately 1200 upregulated genes, VEGFA was not 

regulated by Twist1 (data not shown). We confirmed the results of the microarray using 

QPCR, showing no significant increase in VEGFA transcript levels in induced versus 

uninduced cells or in HMLE cells overexpressing Twist1 (Fig. 2.1 A, B). We found 

several examples of cells that do not show regulation of VEGFA mRNA when Twist1 is 

expressed, including the human breast cancer lines MDA-MB-231 and MDA-MB-468 

(Fig. 2.1 C, D). Likewise, the mouse mammary tumor line 168 FARN, which has high 

endogenous levels of Twist1, was found to have no change in Vegfa mRNA when Twist1 

was stably knocked down (Fig. 2.1 E) (Yang et al., 2004). 
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To determine if Twist1 had post-transcriptional effects on VEGF, we performed 

an ELISA on the conditioned media from HMLE Twist1 cells and from the mouse 

spontaneous mammary tumor line 4T1, which has high levels of endogenous Twist1 

protein. We measured similar levels of VEGF protein in both HMLE and HMLE Twist1 

cells with and without oncogenic h-Ras and similar levels of VEGF protein in both 4T1 

and 4T1 cells with Twist1 knockdown (Fig. 2.1 F). We conclude that VEGF is not 

regulated by Twist1 in the cells we tested.  

Since VEGF was not regulated by these cells but a positive correlation between 

Twist1 and angiogenesis has been reported by other groups, we were curious to know if 

our HMLE Twist1 cells could induce angiogenesis. To measure angiogenesis, we first 

employed a quantifiable chicken chorioallantoic membrane (CAM) assay using nylon 

mesh onplants (Deryugina and Quigley, 2008). Surprisingly, onplants containing HMLE 

Twist1 cells exhibited robust and repeatable angiogenesis that was nearly absent in 

onplants containing control HMLE cells (Fig. 2.2 A-C). Similar results were obtained 

using HMLE Twist1 cells co-expressing oncogenic h-Ras and using MDA-MB-468 

Twist1 cells, suggesting that Twist1 alone was sufficient to promote angiogenesis in our 

quantitative CAM assay (Fig. 2.2 D, E). To test the necessity of Twist1 in promoting 

angiogenesis, we found 168 FARN with Twist1 knockdown had significantly reduced 

levels of angiogenesis compared to controls (Fig. 2.2 F). To test the contribution of 

Twist1 in angiogenesis in a mammalian system, we injected mice with Matrigel plugs 

containing 168 FARN shCt or shTwist1 cells. After 5 days, we removed the plugs for 

analysis. Macroscopically, plugs containing the control knockdown were redder in 

appearance, seeming to contain more blood than those with the Twist1 knockdown (Fig. 

2.3 A). Histologically, we found more CD31 positive staining in Twist1 positive plugs than 

in Twist1 negative plugs (Fig 2.3 B). These results suggest that Twist1-induced 
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angiogenesis can occur in the absence of direct VEGF regulation, a mechanism not yet 

explored by other groups.  

2.4.2 Twist1 induces expression of CCL2. 

To explore how Twist1 promotes angiogenesis without regulating VEGF directly, 

we asked whether other pro-angiogenic molecules could be produced by Twist1 

expressing cells. To answer this question, we performed human cytokine array analysis 

to measure the protein expression of 174 cytokines from tissue culture conditioned 

media and from CAM onplant lysates that represented the mean angiogenic index for 

their respective test group. With the cytokine array, we confirmed that human VEGF 

protein was not upregulated in Twist1 conditioned media or in angiogenic onplants (Fig. 

2.4 A). Additionally, common pro-angiogenic cytokines such as bFGF and IL-8 were 

found to be unchanged or repressed in HMLE Twist1 cells (Fig. 2.4 A). These results 

were further confirmed by ELISA of conditioned media from HMLE and HMLE Twist1 

cells with and without h-Ras and from 4T1 cells with control or Twist1 knockdown (Fig. 

2.4 B, C). At this point in our analysis, we concluded that common pro-angiogenic 

cytokines were not being regulated in a manner consistent with the strong angiogenic 

response we had observed in the CAM assay.  

Interestingly, the cytokine array detected an increase in monocyte chemotactic 

protein-1 (MCP-1) or CCL2 in HMLE Twist1 samples (Fig. 2.4 A). MCP-1, as its name 

suggests, functions to attract monocytes from the blood that then differentiate into 

macrophages upon reaching their target tissues. Macrophages are well known to have 

pro-angiogenic functions in both physiological and disease states (Pollard, 2009). Based 

on these known functions, we focused our studies on the role of CCL2 in Twist1-induced 

angiogenesis. Using a CCL2 ELISA, we confirmed the upregulation of CCL2 protein in 
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HMLE and MDA-MB-468 cells stably expressing the Twist1 construct (Fig. 2.4 D). Using 

QPCR, we measured strong regulation of CCL2 mRNA in the same cell lines that we 

previously found to have no VEGF regulation (Fig. 2.5 A-E). In addition, the human 

SUM1315 breast cancer cell line, which endogenously expresses high levels of Twist1, 

had high levels of CCL2 mRNA. When we expressed a stable Twist1 knockdown in 

SUM1315 cells, we measured a concomitant decrease in CCL2 mRNA expression (Fig. 

2.5 F). We conclude that Twist1 can regulate CCL2 in cells whose angiogenic response 

depends largely on Twist1 expression in the absence of apparent VEGF regulation. 

2.4.3 CCL2 contributes to Twist1-induced angiogenesis in the quantitative chick 
CAM onplant assay.  

To test the hypothesis that CCL2 is important for Twist1-induced angiogenesis, 

we stably infected HMLE Twist1 cells with shRNA constructs against CCL2 and tested 

their ability to promote angiogenesis in the CAM assay. Expression of two different 

shRNA constructs in HMLE Twist1 cells demonstrated varying abilities to knockdown 

CCL2 expression, but had no effect on Twist1 mRNA expression (Fig. 2.6 A-C). When 

we applied these cells to the CAM assay, we found that the angiogenesis was repressed 

in a pattern similar to the level of CCL2 knockdown (Fig. 2.6 D). The results from this 

experiment suggest that CCL2 can contribute to Twist1-induced angiogenesis in the 

CAM. 

2.4.4 Twist1 cells attract macrophages in vivo. 

Since CCL2 functions to attract monocytes and macrophages, we next asked 

whether our Twist1 cells could attract macrophages. As the literature regarding the 

function of avian cytokines and immune regulation is somewhat limited, we shifted the 

focus of our next experiments to mouse models to answer this question (Hughes et al., 
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2007; Kaiser et al., 2005). Using a xenograft model, we injected HMLE and HMLE 

Twist1 cells expressing h-Ras into nude mice and allowed tumors to reach 1 cm in 

diameter before histological examination. We found clear staining of the mature 

macrophage marker F4/80 only in HMLE Twist1 tumors (Fig. 2.7 A). A high 

concentration of positive staining was sometimes found in what appeared to be the 

necrotic core of HMLE Twist1 tumors.  

Additionally, we analyzed the macrophage content of our 168 FARN Matrigel 

plugs used previously for blood vessel stains. We found in sections serial to the CD31 

stained sections (Fig 2.3 B) that F4/80 positive cells were recruited to 168 FARN shCt 

plugs within the 5 day period (Fig 2.7 B). We conclude that Twist1 expression coincides 

with macrophage infiltration in mouse tumor and angiogenesis models.   

2.4.5 Twist1-induced macrophage migration depends on CCL2.  

To investigate the mechanism behind Twist1-induced macrophage infiltration, we 

performed Boyden chamber migration assays using the mouse macrophage cell line 

RAW 264.7 and primary bone marrow derived macrophages (BMDM) isolated from mice 

and differentiated in culture. HMLE or HMLE Twist1 conditioned medium was used as 

chemoattractants. We found that both RAW 264.7 and BMDM were more attracted to 

HMLE Twist1 wells compared to HMLE wells (Fig. 2.8, Fig. 2.9 B, C). Flow cytometry 

analysis revealed strong surface expression of the CCL2 receptor, CCR2 (Fig.  2.9 A). 

Addition of a CCL2 neutralizing antibody to the media of the Twist1 wells led to a 

reduction in the number of migrating macrophages (Fig. 2.9 B, E). Finally, macrophage 

migration was significantly repressed when we used HMLE Twist1 cells with CCL2 

knockdown as the chemoattractant (Fig. 2.9 D). This series of experiments 
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demonstrates the ability of HMLE Twist1 cells to attract macrophages in a CCL2 

dependent manner, consistent with the primary function of CCL2.  

2.4.6 Twist1 cells prime macrophage phenotype in vitro to favor tumor 
progression. 

We were interested to know whether Twist1 cells could influence macrophage 

function to favor tumor progression, or in other words, to polarize them away from an M1 

inflammatory phenotype towards an M2 pro-angiogenic phenotype (Qian and Pollard, 

2010). We examined our cytokine arrays for other hints and found a significant reduction 

in GM-CSF, a cytokine thought to polarize macrophages toward M1 or a tumor inhibitory 

phenotype (Fig. 2.10 A, B), (Hamilton, 2008; Mantovani and Sica, 2010). Additionally, we 

treated BMDM with HMLE or HMLE Twist1 conditioned media for 24 hours, harvested 

the cells for mRNA, and performed QPCR of the resulting cDNA to measure for changes 

in angiogenesis related genes. We found a slight increase in mVegfa transcripts in 

BMDMs treated with Twist1 medium (Fig. 2.10 C). We also measured mFgf2, mMmp2, 

and mMmp9 but could find no increases in these angiogenesis promoting molecules 

(data not shown). These data suggest that Twist1 cells may skew macrophages toward 

a pro-tumoral or M2 phenotype.  

2.4.7 Twist1 binds directly to the CCL2 promoter in human mammary epithelial 
cells.  

Finally, we wished to characterize Twist1 regulation of CCL2 on a molecular 

level. QPCR analysis of our HMLE Twist1-ER cells revealed robust and sustained 

induction of CCL2 mRNA within 1.5 hrs of 4-hydroxytamoxifen (4OHT) treatment, 

suggesting the likelihood of Twist1 to control CCL2 directly at the transcriptional level 

(Fig. 2.11 A). Our lab previously performed ChIP-sequencing analysis using HMLE 

Twist1-ER cells treated for 4 days with 4OHT, revealing a potential binding site about 2.7 
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kb upstream of the CCL2 transcriptional start site (Fig. 2.11 B). We confirmed the results 

of the ChIP-sequencing with ChIP-QPCR using primers that flanked three potential E-

box binding sites (Fig. 2.11 C). We measured a 3-fold increase in binding using primers 

flanking an E-box at -2657 bp (Fig. 2.11 D). These results suggest Twist1 directly binds 

the CCL2 promoter to stimulate transcription. 
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Figure 2.1 Twist1 does not regulate VEGF.  

QPCR of cells either expressing A) mTwist1-ER induced from 0-11 days, B), C), and D) 
mTwist1, or E) shTwist1 expression constructs demonstrating VEGFA transcript 
expression does not correlate with Twist1 expression in these cell lines. All mRNA is 
normalized to human GAPDH or mouse Gapdh where appropriate. F) ELISA showing 
VEGF protein is not regulated by Twist1 in human (HMLE) and mouse (4T1) cell lines. 
Error bars, SD of 2 replicate samples.  
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Figure 2.2  Twist1 promotes angiogenesis in the quantitative chick CAM onplant 
assay system. 

A) Examples of onplants in situ with some features highlighted. Arrows, nascent vessel; 
circles, pre-existing vessel; triangle, grid with both nascent and pre-existing vessels. B) 
Representative CAM experiment where each data point represents the angiogenic index 
(AI) of a single onplant (n=36 onplants per test group). AI for C) HMLE (n=6 expts), D) 
HMLE h-Ras (n=7 expts), and E) MDA-MB-468 (n=1) cells with Twist1 expression and 
F) 168 FARN cells with stable Twist1 knockdown (n=2 expts). *SEM, p<0.05 by 
Student’s T-test. 
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Figure 2.3  Twist1 induces angiogenesis in mouse Matrigel plugs.  

A) Images of Matrigel plugs removed after 5 days showing 168 FARN shCt plugs appear 
to contain more blood than shTwist1 plugs. Numbers in white refer to mouse identity. B)  
Immunohistochemistry sections stained with CD31 antibody, marking dense vasculature 
in 168 FARN shCt versus shTwist1 samples.   
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Figure 2.4 Twist1 regulates CCL2 protein expression.  

A) Cytokine array using HMLE or HMLE Twist1 conditioned medium and ELISAs for B) 
bFGF, C) IL-8 and D) CCL2 showing increases only in CCL2 secreted into the media of 
cells stably expressing the Twist1 construct. Error bars, SD of 2 replicate samples.  
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Figure 2.5 Twist1 regulates CCL2 mRNA expression in several cell lines.  

QPCR of cells either expressing A) mTwist1-ER induced from 0-17 days, B, C, and D) 
mTwist1, or E and F) shTwist1 expression constructs demonstrating CCL2 expression 
correlates with Twist1 expression. All mRNA is normalized to human GAPDH or mouse 
Gapdh where appropriate. Error bars, SD of 2 replicate samples.  
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Figure 2.6 Twist1-induced angiogenesis in the quantitative CAM onplant 
system is dependent on CCL2.  

CCL2 A) mRNA and B) protein expression in HMLE Twist1 shCt versus shCCL2 cells 
showing differing levels of knockdown with 2 shRNA constructs. C) QPCR showing 
CCL2 knockdown does not affect Twist1 mRNA expression. D) CAM assay showing 
knockdown of CCL2 attenuates Twist1-induced angiogenesis (n=2). *SEM p<0.05 by 
Student’s T-test.  
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Figure 2.7  Twist1 promotes macrophage infiltration in a tumor model and  
Matrigel Plugs 

Immunohistochemistry for the mature macrophage marker F4/80 on paraffin sections 
taken from A) tumors generated with HMLE h-Ras cells expressing a control vector or 
Twist1 construct and B) 5 day old Matrigel plugs containing 168 FARN shCt or shTwist1 
cells. Strong brown staining is found in Twist1 expressing cell tumors and plugs. Dotted 
line in A) indicates necrotic core.  
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Figure 2.8 Macrophages are attracted to HMLE Twist1 conditioned medium.  

A) Representative images of migrated macrophages on the Boyden chamber Transwell 
insert after exposure to conditioned media (RAW 264.7, 48 hr; BMDM, 24 hr). 
Quantification of B) one representative experiment for RAW 264. 7 and C) two expts for 
BMDM. *SEM p<0.05 by Student’s T-test.  
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Figure 2.9 Macrophage attraction to HMLE Twist1 cells is dependent on CCL2.  

A) Flow cytometry showing macrophage CCR2 surface expression as detected by 2 
different CCR2 antibodies. B) RAW 264.7 cell migration for 24 hr toward HMLE Twist1 
media containing control IgG or CCL2 blocking antibody (n=1). BMDM migration for 2 
hrs toward C) HMLE or HMLE Twist1 conditioned media (n=3), D) HMLE Twist1 with 
control or CCL2 shRNA conditioned media (n=2) or E) HMLE Twist1 conditioned media 
containing control IgG or CCL2 blocking antibody. *SEM p<0.05 by Student’s T-test.  
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Figure 2.10 Twist1 cells skew macrophages toward pro-angiogenic M2 
phenotypes.  

A) Images and B) quantification of one representative cytokine array incubated with 
conditioned media demonstrating that Twist1 cells down-regulate GM-CSF. C) 
Macrophages exposed to HMLE Twist1 media upregulate mVegfa mRNA. Primers 
specific to mouse Vegfa were used and normalized to mouse Gapdh. *SEM p<0.05 by 
Student’s T-test  
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Figure 2.11 Twist1 binds the CCL2 promoter in human breast cells.  

A) QPCR of HMLE Twist1-ER induced over the course of 1 day. Error bars, SD of 2 
replicate samples. B) ChIP-Seq results for HMLE Twist1-ER cells induced for 4 days 
using Ct IgG or Twist1 and ER antibodies indicating a binding site approx 2.7 kb 
upstream of the CCL2 transcriptional start site (TSS). C) Diagram of resulting amplicons 
using primer pairs flanking 3 E-boxes in the CCL2 promoter region (Not to scale). Values 
represent bp upstream of the TSS. D) ChIP-QPCR confirmation of B) showing 
amplification using primers flanking the -2657 site.  
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Figure 2.12 Model of Twist1-induced angiogenesis via CCL2 regulation and 
macrophage recruitment.  

We propose the following model: Twist1 directly binds to the CCL2 promoter in 
mammary cells, inducing CCL2 expression. CCL2 attracts macrophages to Twist1 
expressing cells. Twist1, through unknown secreted factors, promotes macrophage 
polarization toward M2 to increase pro-angiogenic functions of macrophages such as 
upregulation of VEGFA transcript. Additionally, CCL2 may bind endothelial cells directly 
to induce angiogenesis. 
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2.5  Discussion 

Our research supports and expands upon what was previously established that 

Twist1 initiates multiple steps important in metastasis including angiogenesis. We have 

demonstrated the ability of Twist1 cells to promote angiogenesis in both avian and 

mammalian models through a mechanism that does not rely on regulation of VEGF in 

the Twist1 expressing cell. Instead, we show in human mammary epithelial cells that the 

Twist1 transcription factor directly binds to the promoter of CCL2, a known 

chemoattractant for monocytes. Twist1 induces robust CCL2 transcription and eventual 

CCL2 protein secretion. Knockdown of CCL2 transcript leads to a decrease in Twist1-

induced angiogenesis in a quantitative CAM assay. In vivo, we find increased 

macrophage infiltration into tumors and Matrigel plugs containing Twist1 expressing 

cells. In vitro we demonstrate that isolated macrophages, which express high levels of 

CCR2, can migrate toward Twist1 conditioned medium in a CCL2-dependent manner. 

Finally, we suggest that Twist1 cells may influence macrophages to adopt a phenotype 

favoring angiogenesis and tumor progression. We propose a model in which metastatic 

cells upregulate Twist1, which binds the CCL2 promoter and activates transcription. 

Secretion of CCL2 protein creates a chemical gradient for macrophage infiltration. 

Through an unknown mechanism, Twist1 cells then influence recruited macrophages to 

promote angiogenesis (Fig 2.12). 

2.5.1  Twist1 regulation of VEGF appears to be cell-context dependent. 

Using the HMLE Twist1-ER system for microarray experiments and confirming 

the results with QPCR, we established that VEGFA was not regulated by Twist1. We 

found several additional example cell lines in which Twist1 did not correlate with VEGF 

expression. In contrast, when other groups expressed Twist1 in MCF7A and B16F10 
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cells, VEGF expression was affected, though it is unclear if the regulation was direct (Hu 

et al., 2008; Mironchik et al., 2005). ChIP-sequencing data in our lab suggest that 

Twist1-ER does bind to the VEGFA promoter in HMLE cells (data not shown); these 

results have not been confirmed by ChIP-QPCR. Since we did not see a change in 

VEGFA transcription in Twist1-inducible or overexpression cells, we cannot make any 

conclusions regarding the functional significance of this potential binding. Our results 

highlight a common observation that transcriptional regulation can be cell context 

specific and could explain why some cancers that express similar markers may behave 

differently to one kind of therapy.  

2.5.2 Advantages of using a modified, quantitative CAM assay to measure 
Twist1-induced angiogenesis.  

In our angiogenesis studies, we chose to use a modified version of the CAM 

assay in which test cells are suspended in Type I collagen, a major substrate found in 

stromal tissue for blood vessel growth, and pipetted onto two layers of nylon mesh 

(Deryugina and Quigley, 2008). We find that the mesh, as opposed to filter discs or 

gelatin sponges used in other CAM assays, serves two important functions. First, 

nascent blood vessels must grow vertically into the mesh and are therefore easily 

distinguishable from pre-existing vasculature under different focal planes under a 

dissecting microscope. Second, the mesh forms a consistent grid, aiding in 

standardized, binary quantification in which vessel positive squares are counted over 

total number of squares. In this assay, we found very consistent angiogenic results for 

HMLE Twist1 cells, which was intriguing as they lacked VEGF regulation. 
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2.5.3 A novel mechanism for Twist1 to promote angiogenesis involving CCL2.  

In our quest to understand how Twist1 cells may enact alternative means to 

promote angiogenesis, we discovered a strong and repeatable regulation of CCL2 in 

several lines that did not regulate VEGF. Given our ChIP data and a previous study 

conducted in white adipose tissue, we have reason to believe that CCL2 induction is 

through direct binding of Twist1 to an E-box in the CCL2 promoter (Pettersson et al., 

2009). We identified 3 potential E-boxes spanning approximately 500 bp. Since our 

sheared chromatin fragments range from 500 to 1000 bp, we cannot accurately 

determine which of the 3 sites is critical for CCL2 activation with this method. Thus in 

addition to performing further ChIP-QPCR in regions where binding is hypothesized to 

not occur, luciferase assays with mutational analyses of individual E-boxes could be 

performed to determine which binding sites are important for CCL2 transcription.  

We were intrigued to find that Twist1 could regulate CCL2. CCL2, also known as 

Monocyte Chemotactic Protein-1 (MCP-1), is known for its ability to attract monocytes 

especially in immune responses via binding to its receptor CCR2 (Boring et al., 1997; 

Fuentes et al., 1995; Gunn et al., 1997; Lu et al., 2011). Upon reaching tissues, 

monocytes differentiate into macrophages. Depending on the type of stimulus and the 

timing since stimulation, recruited macrophages develop a wide spectrum of ever-

changing functions and cellular markers that are not classified easily into distinct 

categories. However, the most basic classifications for macrophages are classical (M1) 

and alternative (M2) activation, distinguishing these cells from resident macrophages, 

which are present in several tissues under baseline conditions. M1 macrophages exhibit 

pro-inflammatory characteristics while M2 macrophages exhibit strong pro-angiogenic 

functions. Based on the known angiogenic functions of M2 macrophages, we felt CCL2 
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was a highly attractive gene that could explain the Twist1-induced angiogenesis we saw 

in our CAM assay.  

As the chicken genome was recently sequenced, phylogenetic comparisons 

between avian and mammalian immunology have only just begun. Immune system 

structure and function varies widely between birds and mammals as these phyla are 

under different pathogenic evolutionary pressures. For example, birds lack lymph, have 

different MHC structure, and different modes of somatic recombination for antibody 

production (Kaufman et al., 1999; Reynaud et al., 1985; Reynaud et al., 1989). It is not 

surprising then that the number of avian CCL chemokines differs and that phylogenies 

constructed by DNA sequence have not adequately clarified the relationship between 

chicken and mammalian CCLs (Kaiser et al., 2005). By genomic cluster analysis and 

tissue mRNA expression, it is suggested that chicken CCRa or CCRb may function as 

mammalian CCR2 (Hughes et al., 2007). Regarding the lack of knowledge surrounding 

interspecies CCL2 homology, we can only hypothesize that human CCL2 can bind and 

activate chicken CCRs to induce the angiogenic changes we saw in our CAM assay.  

2.5.4 Macrophages infiltrate tumors and Matrigel plugs containing Twist1 
expressing cells. 

Given the limitations of literature on avian immunology and our desire to study a 

system more relevant to human health and disease, we used mouse models to 

understand the role of macrophages in Twist1-induced angiogenesis. Initially, we chose 

to use HMLE Twist1 cells in our mouse tumor xenograft experiment as these were the 

cells that gave the strongest and most repeatable angiogenic results in the CAM assay 

and because we next planned to use the HMLE Twist1 shCCL2 cells to test whether 

angiogenesis would be attenuated. We expressed h-Ras in these cells because we have 

found from previous experience that HMLE, which are untransformed normal cells, 



46 

 

 

otherwise do not survive and establish primary tumors well. This model allowed us to 

identify F4/80 positive cells in Twist1 tumors. However, the overexpression of h-Ras 

allowed tumor diameter to reach 1 cm within 3-4 weeks with cores that were often 

necrotic. We take these preliminary results with caution since tumor cells could secrete 

additional cytokines in response to hypoxia to attract macrophages to induce 

angiogenesis (Kuwabara et al., 1995; Murdoch et al., 2004).  

We also attempted to measure macrophage influx into Matrigel plugs containing 

HMLE Twist1 without h-Ras expression in shorter, 5 day assays, as we believed these 

conditions would simultaneously avoid the necrosis and cell survival problems previously 

mentioned. Unfortunately, we could not find F4/80 staining in these samples (data not 

shown). It is possible that immature macrophages expressing the NG2 marker but not 

yet expressing F4/80 could be recruited at this time point, as CD31, the marker for 

mature endothelial cells, was also not found (Tigges et al., 2008).  

Because of the caveats associated with the human cells, we performed the short-

term Matrigel plug assays in BALB/c mice using the syngenic spontaneous mouse 

mammary tumor cell line 168 FARN. We found strong F4/80 staining in 168 FARN shCt 

plugs, which we previously had found to have high endogenous expression of Twist1, 

versus shTwist1 plugs, demonstrating that Twist1 could regulate macrophage 

recruitment. To our knowledge, this is the first study to identify macrophage recruitment 

to tumor cells in relation to Twist1 expression. It is of interest to test whether CCL2, 

whose mRNA expression appears to be linked to Twist1 expression, is responsible for 

this recruitment by using 168 FARN cells knocked down for CCL2 (Fig 2.5). Additionally, 

this experiment could be repeated in mice injection of clodronate to chemically ablate 

macrophages, to demonstrate the importance of macrophages in Twist1-induced 

angiogenesis. 
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2.5.5 Human CCL2 from HMLE Twist1 cells attracts mouse macrophages in vitro.  

While the role of Twist1-induced CCL2 to attract macrophages and promote 

angiogenesis in a mouse model remains to be tested, our in vitro experiments as well as 

published literature suggest that the in vivo results will agree. Specifically, we were able 

to demonstrate a repeatable and significant loss of macrophage migration in response to 

conditioned media from Twist1 cells with stable knockdown of human CCL2 and from 

Twist1 cells media treated with a neutralizing antibody specific to human CCL2 (Fig 2.9 

B, D, E). The significance of these results should not be underscored: human CCL2 is 

less efficient than mouse CCL2 to attract mouse macrophages (Boring et al., 1997; Luini 

et al., 1994). This suggests that we were measuring mouse macrophage migration under 

sub-optimal conditions, yet we were still able to detect a significant difference in vitro.  

As mentioned previously, we could not detect mouse macrophage infiltration to 

HMLE Twist1 cell plugs by F4/80 staining in vivo. Since the source of CCL2 in these 

cells was human, it is possible that longer exposure of HMLE Twist1 cells is required for 

sufficient, detectable macrophage infiltration in mice. The strong F4/80 staining in 

Matrigel plugs containing 168 FARN cells might be explained by the apparent preference 

of mouse macrophages and mouse CCR2 for mouse CCL2. Using this same reasoning, 

168 FARN shCt and shTwist1 cells may prove to show stronger differences in the in vitro 

migration assay. Finally, migration experiments using BMDMs from CCR2 null mice 

could be employed to test the importance of the CCL2-CCR2 signaling axis.  

2.5.6 Twist1 cells induce angiogenesis-promoting functions of macrophages. 

Macrophages have long been known to promote angiogenesis (Polverini et al., 

1977). Also, macrophages and tumor cells are known to influence collagen degradation 

ability when co-cultured (Henry et al., 1983). Angiogenic functions of macrophages 
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include, but are not limited to, the secretion of the endothelial cell mitogens and 

chemoattractants VEGF and bFGF as well as the secretion of proteases MMP2, MMP9, 

and uPA which may degrade extracellular matrix or may release matrix bound bFGF 

(Anghelina et al., 2004, 2006; Falcone et al., 1993). Interestingly, ovarian tumor cells 

that have undergone EMT have been known to induce the angiogenesis promoting 

activity of monocytes (Collino et al., 2009). The observation in ovarian cells is similar to 

our data in which we use HMLE cells that express Twist1, a known regulator of EMT, 

and measure an increase in VEGF transcripts in macrophages. These results also 

suggest the possibility that the observed increase in VEGF staining in clinical tumors 

samples with high Twist1 expression could come not just from the tumor cells 

themselves, but could be of macrophage origin (Niu et al., 2007).  

In our preliminary attempts to characterize our Twist1-stimulated BMDMs as pro-

angiogenic, we were only able to measure small increases in VEGF mRNA. However, 

we believe Twist1 cells have the potential to polarize macrophages toward M2. We 

found Twist1 cells secrete less GM-CSF, a cytokine known to polarize macrophages 

toward M1 (Fig. 2.10 A, B and (Verreck et al., 2004)). GM-CSF has been shown to 

invoke an anti-angiogenic program of macrophages that inhibits breast cancer growth 

and metastasis (Eubank et al., 2009). While we did not measure an increase in M-CSF, 

a cytokine that polarizes macrophages toward M2, the change in M-CSF:GM-CSF ratio 

could be sufficient for our Twist1 cells to polarize macrophages toward anti-

inflammatory, pro-angiogenic characteristics (Brocheriou et al., 2010). Thus, it is 

possible that the macrophages that Twist1 expressing cells attract could be polarized to 

M2. Certainly, we would be interested in characterizing the macrophages we found 

infiltrating into Twist1 containing Matrigel plugs and tumors as pro-angiogenic and tumor 

promoting. This could be done either through immunohistochemistry of tissue sections or 
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flow cytometry of Matrigel plugs for M1 and M2 markers, such as IL-12, IL-10, and 

others (Adini et al., 2009; Tigges et al., 2008). 

An interesting alternative role of macrophages in Twist1-induced angiogenesis is 

the possibility of their transdifferentiation into endothelial cells (Fernandez Pujol et al., 

2000; Schmeisser et al., 2001; Urbich et al., 2003; Zhao et al., 2003). Perhaps through 

autocrine or paracrine VEGF signaling, attracted macrophages could be stimulated to 

become tumor vasculature.  

2.5.7  Possibility of Twist1-induced CCL2 to stimulate endothelial cells directly. 

While we have demonstrated that Twist1 cells attract macrophages in a CCL2-

dependent manner and believe that Twist1 may promote the pro-angiogenic functions of 

macrophages, we cannot exclude the possibility that Twist1-derived CCL2 could directly 

stimulate angiogenesis. Mounting evidence from several groups who performed in vitro 

studies in the absence of macrophage influence suggests that CCL2 binds to CCR2 

expressed on endothelial and vascular smooth muscle cells. Activation of CCR2 

signaling with recombinant CCL2 promoted angiogenesis associated functions including 

migration, proliferation, tubule formation, sprouting, and activation of the transcription 

factors Ets1 and MCPIP (Hayes et al., 1998; Niu et al., 2008; Parenti et al., 2004; 

Salcedo et al., 2000; Stamatovic et al., 2006; Weber et al., 1999).  

In the course of our experiments, we asked whether Twist1 cells were able to 

attract endothelial cells using Boyden chamber migration assays in parallel to those 

conducted with our RAW 264.7 and BMDMs. Initially we found no difference in HUVEC 

migration toward HMLE and HMLE Twist1 cells (data not shown). However, we later 

discovered through flow cytometry that we could not detect surface expression of CCR2 

on our cells, which could be an artifact of variable culturing conditions (Watson et al., 
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1995); thus the ability of Twist1-derived CCL2 to affect angiogenesis in a monocyte-

independent manner and to directly attract endothelial cells remains a possibility.  

2.6 Conclusion 

We believe our study makes important contributions to understanding the role of 

Twist1 in promoting metastasis. First, we show that Twist1 induces CCL2 expression in 

breast cells, potentially by direct transcriptional control. Second, we demonstrate the 

importance of Twist1-induced CCL2 in angiogenesis, a mechanism that was previously 

unknown. Third, we show Twist1 cells can attract macrophages and we have evidence 

that this attraction depends on Twist1-induced CCL2. Finally, we suggest that Twist1 

cells may enlist macrophages to further drive tumor progression.  

 While the association with Twist1 and angiogenesis is not new, our research 

highlights an alternative mechanism that Twist1 expressing tumors may exploit to 

promote blood vessel growth was previously unknown. That Twist1 cells may directly 

induce expression of CCL2 rather than VEGF could hold promise in therapeutic arenas 

in which tumors become resistant to anti-VEGF therapy.  

Additionally our study, along with others, highlights the importance of current 

pharmacological research and development of anti-CCL2 therapies in the context of 

macrophage infiltration. Tumor associated macrophages (TAMs) and CCL2 are 

recognized as important potential therapeutic targets due to the poignant role they have 

in angiogenesis as wells as overall cancer progression. TAMs have been shown to 

correlate to poor prognosis and patient survival in several cancers including breast 

cancer (Bingle et al., 2002; Leek et al., 1996; Ojalvo et al., 2009; Qian et al., 2011; 

Zabuawala et al., 2010). In the PyMT model of spontaneous mammary cancer, onset of 

metastasis was delayed when mice lacked CSF-1, the gene encoding M-CSF, a major 
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growth factor for macrophages (Lin et al., 2001). Later it was found that in PyMT mice 

with normal CSF-1 expression, the onset of the angiogenic switch in the primary tumors 

coincided with a large influx of macrophages. This angiogenic switch was delayed in 

CSF-1 null animals (Lin et al., 2006). This group went on to define the role of CCL2 

responsive macrophages in extravasation and seeding of lung metastases modifying 

their mouse model by performing tail vein injections (Qian et al., 2009; Qian et al., 2011). 

Another group found that tumor CCL2 engaged CCR2 positive lung and bone 

macrophages to promote metastatic seeding (Lu and Kang, 2009). These studies 

emphasize the important role of CCL2 and macrophages in cancer progression; 

therefore, it is not surprising that CNTO 888, a human specific monoclonal CCL2 

antibody, is currently in Phase I and II clinical trials to treat solid and metastatic tumors.  

In conclusion, we have defined a novel mechanism for Twist1-induced 

angiogenesis that involves the upregulation of a pharmacologically interesting target, the 

cytokine CCL2. Twist1 appears to have direct transcriptional control over CCL2 leading 

to its secretion and subsequent recruitment of macrophages. Finally, Twist1 may secrete 

other cytokines that influence macrophage polarization to promote angiogenesis and 

tumor progression. The ability of Twist1 to attract macrophages via upregulation of CCL2 

is novel and may eventually prove to have more complex roles in tumor immunology and 

metastasis as a whole. 
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Chapter 3: Induction of axon guidance genes by Twist1: proposed 
functions in angiogenesis 

3.1 Abstract 

Metastasis continues to be a leading concern in cancer research. The EMT 

regulator Twist1 has been shown to promote metastasis and has been correlated with 

progressive disease and survival. In an effort to understand the molecular mechanisms 

surrounding this phenomena, our lab developed a Twist1-inducible system to identify 

gene networks important in metastasis. One major group of Twist1-regulated genes we 

identified is involved in axon pathfinding. Axon guidance molecules have been studied in 

developing nervous and vascular systems and their misregulation is often found to be 

associated with malignant cancers. Therefore, I proposed to study the function of two 

genes EPHB2 and SEMA5A and their roles in modifying tumor angiogenesis. My 

preliminary data suggests these genes may stabilize and promote vessel maturation 

after the endothelial cells have been attracted to the tumor by alternative means. 

3.2 Introduction 

3.2.1 Motivation 

As discussed previously, our lab developed a Twist1-ER inducible system that 

we used to perform microarray experiments to understand the gene regulation patterns 

involved in Epithelial-Mesenchymal Transition (EMT) and metastasis. We compared 

uninduced HMLE Twist1-ER cells with several time points after induction spanning 3 

hours up to 15 days. Analysis of the data revealed regulation of several genes known to 

be involved in neuronal axon guidance during embryonic development and after nerve 

injury. The observation that axon guidance genes could be involved in Twist1-induced 

EMT and metastasis is intriguing, as these genes have been studied extensively in 

tumor progression, especially angiogenesis (Klagsbrun and Eichmann, 2005; Mehlen et 
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al.,2011; Neufeld and Kessler, 2008; Pasquale, 2010). As with many genes involved in 

embryonic development, including Twist1, axon guidance gene expression is silenced 

for the majority of the life of an organism and only re-activated in times of wound healing 

and other pathology. Because Twist1 appeared to regulate a large number of axon 

guidance genes, we were curious to investigate the role these genes play in 

development and how these functions could be reactivated in metastasis.  

As discussed in Chapter 2, we found Twist1 cells were capable of inducing 

angiogenesis in a CCL2 dependent manner. In this chapter I will review current literature 

and present preliminary data regarding the role of two axon guidance genes EPHB2 and 

SEMA5A and their potential influence in Twist1-induced metastasis, with a particular 

emphasis on their effects on vasculature.  

3.2.2 Axon Guidance Genes in Development 

The extensive family of axon guidance genes encodes proteins involved in 

directing the movement of axonal growth cones especially during embryonic 

development. Ligands and receptors are expressed on the growth cones of axons as 

and on tissues that surround neurons. Interaction of ligand and receptor pairs in trans 

allows the growth cone to be either attracted to or repelled from the tissue, with the 

eventual result that the entire developed organism is correctly and sufficiently 

innervated.  

Axon guidance genes are also known to regulate vascular development. The 

observation that the nervous system and the vascular system follow strikingly similar 

anatomical branching patterns is a result of this shared molecular machinery (Larrivee et 

al., 2009; Mukouyama et al., 2002). The Eph and ephrin family of axon guidance genes 
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will now be discussed with particular emphasis on how their signaling directs vascular 

development.  

3.2.3 Eph and Ephrin Signaling and Function 

Eph receptors were first discovered in a screen for kinases important in cancer. 

All of the 14 Eph receptors and 8 ephrin ligands are glycosylphosphatidyl-inositol- (GPI) 

linked or transmembrane proteins and therefore binding is on a cell-to-cell basis. Several 

promiscuous ligand-receptor interactions are known to take place but as a general rule, 

EphAs bind ephrinAs and EphBs bind ephrinBs (Frisen et al., 1999). Ligand binding 

induces clustering of receptors into multimers; signaling through RhoA, Rac1, and 

Cdc42; and finally, regulating the actin cytoskeleton (Davis et al., 1994; Holmberg and 

Frisen, 2002). Signaling results in either growth cone collapse (repulsion) or growth cone 

propulsion (attraction) and depends not only on the particular ligand-receptor pairing but 

also on the identity of the cells involved (Holmberg and Frisen, 2002). Proteases from 

either cell may be secreted to cleave the extracellular portions of the ligand-receptor 

pair. This cleavage allows endocytosis of the Eph-ephrin complex, causing signaling to 

stop, and in the case of repulsion, allowing the two cells to physically separate (Janes et 

al., 2005).  

Eph-Ephrin Reverse Signaling in Angiogenesis 

Ephs, acting as ligands, may signal through ephrins, acting as receptors, in a 

process called reverse signaling. Therefore, bidirectional signaling between Ephs and 

ephrins can occur such that each molecule may act as both a ligand and a receptor 

simultaneously. Expression of Ephs and ephrins in discrete tissue locations during 

development and subsequent bidirectional signaling is the basis for cell sorting and 

positioning (Mellitzer et al., 1999; Xu et al., 1999). An interesting consequence of 
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allowing interaction between cells that only express Ephs with cells that only express 

ephrins is the segregation of these two cell populations. Evidence of this activity is found 

in the alternating expression of EphB4 and ephrinB2 in adjacent rhombomeres during 

hindbrain development and in specific expression of EphBs and ephrinBs in arterial-

venous cell segregation during vascular development; both processes depend on 

bidirectional signaling (Adams et al., 1999; Gerety et al., 1999; Mellitzer et al., 1999; 

Wang et al., 1998; Xu et al., 1999). 

The importance of reverse signaling has been demonstrated for a number of 

vascular functions early in development between individual endothelial cells and 

between endothelial and mesenchymal cells (Adams et al., 1999; Wang et al., 1998). 

EphrinB2 is phosphorylated in both endothelial and mural cells during assembly into 

cordlike structures and is required for proper coverage of vessels with mural cells (Gale 

et al., 2001; Salvucci et al., 2009). EphrinB2 is expressed in adult angiogenic vessels; its 

expression and reverse signaling is required for tip cell sprouting during developmental 

and tumor angiogenesis, and it regulates VEGFR signaling in endothelial cells (Foo et 

al., 2006; Sawamiphak et al., 2010; Shin et al., 2001; Wang et al., 2010). Experiments 

using soluble forms of EphB4 support the pro-angiogenic effects of reverse signaling by 

EphB dimers versus EphB monomers acting on ephrinB expressing endothelial cells 

(Fuller et al., 2003; Martiny-Baron et al., 2004). These studies highlight the role of 

reverse signaling in regulating angiogenic processes.  

Curiously, tumor cells frequently misregulate EphBs, setting up the possibility 

that malignant cells may influence tumor angiogenesis. The potential function of EphB 

regulation in the context of cancer will be discussed next.  
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Relevance of EphB2 in Cancer 

Ephs and ephrins have been implicated in cancer progression. Depending on the 

type and context of cancer, signaling between Ephs and ephrins has been postulated to 

have both protective and pathological functions. While EphAs have been studied more 

extensively, less is known about EphBs and EphB2. Loss or inactivation of EphB2 is 

associated with malignancy and poor survival in colorectal and prostate cancers 

(Alazzouzi et al., 2005; Guo et al., 2006; Huusko et al., 2004; Jubb et al., 2005; Lugli et 

al., 2005). As with the cell sorting actions described in rhombomeres, it is through the 

repulsive actions of ephrinB expressing stromal cells interacting with EphB expressing 

tumor cells that the tumor cells remain compartmentalized and benign; loss of this 

interaction through inactivation or deletion of EphB allows the tumor to progress into 

malignancy (Batlle et al., 2005; Cortina et al., 2007). In this context, EphB2 acts as a 

tumor suppressor. 

In contrast, increased EphB2 expression is associated with poor disease-free 

survival and poor overall survival in breast and ovarian cancer patients (Wu et al., 2006; 

Wu et al., 2004). Additionally, EphB2 is overexpressed in gliomas, which is believed to 

contribute to cell motility and invasiveness (Nakada et al., 2004). EphB2 is 

phosphorylated in melanoma, upregulated in Rhabdomyosarcoma, and upregulated and 

correlated to tumor grade in Wilms tumors (Berardi et al., 2008; Chetcuti et al., 2011; 

Tworkoski et al., 2011). In MMTV-EphB4 neuT transgenic mice, tumor latency was 

shorter and metastasis to the lungs was increased (Munarini et al., 2002). Regarding the 

vasculature, EphB2 regulation of reverse signaling has not been examined. However, 

expression of a dominant negative EphB4 in a mouse mammary tumor model was 

shown to stimulate tumor angiogenesis, resulting in increased growth of the primary 

tumor and subsequent metastasis. Blood vessels in these animals were lower in density, 
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but larger in diameter, covering a larger overall surface area per tumor area than tumors 

where VEGF was the main driver of angiogenesis (Noren et al., 2004). These studies 

support the role of EphBs in tumor progression.  

Since EphBs appear to have multiple roles in cancer, I chose to focus my studies 

on the potential role of Twist1-induced EphB2 to promote tumor-endothelial cell 

interactions. As mentioned previously, Ephs and ephrins are membrane bound 

molecules. I hypothesize that EphB2 has a role in short-range tumor-endothelial cell 

interactions. It is conceivable that other molecules secreted from the Twist1 expressing 

cell are responsible for long-range chemoattraction of endothelial cells. This could be 

through direct attraction, by secretion of VEGF as suggested by others, or through 

indirect attraction, by secretion of CCL2 as discussed in Chapter 2 (Hu et al., 2008; 

Mironchik et al., 2005). After endothelial attraction, interactions between membrane 

bound receptors and ligands, such as EphB2 on tumor cells and ephrinB2 on endothelial 

cells, could be used to refine the final positioning or stability of blood vessels within the 

primary tumor. This two-step approach of the tumor cell to first attract endothelial cells 

with a soluble ligand and then further alter cell positioning with a membrane bound axon 

guidance gene has been postulated by others (Salvucci et al., 2006).  

Thus, I hypothesize that upregulation of EphB2 in Twist1 cells induces 

reverse signaling in endothelial and mural cells to enhance angiogenic sprouting 

and encourage tumor blood vessel maturation.  

3.2.4 Semaphorin and Plexin Signaling and Function 

Another class of axon guidance genes that directs neurons and regulates the 

vasculature is the semaphorins. Semaphorins compose a diverse group of ligands that 

are secreted, transmembrane, and GPI-linked proteins. Semaphorins bind and activate 
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their receptors, the plexins, through their highly conserved sema domains. Signaling 

generally results in regulation of the actin cytoskeleton and integrin function, but cellular 

function varies depending on receptor association with specific second messenger 

signals (Yazdani and Terman, 2006). In particular, secreted semaphorins from Class 3 

and cleaved semaphorins from Class 4 are known to regulate the vascular system in 

development and cancer angiogenesis (Serini et al., 2009).  

Relevance of Sema5A in cancer 

While the gene was cloned relatively recently and the literature regarding its roles 

in axon guidance and cancer is still in its infancy, Semaphorin 5A (Sema5A) has 

interesting potential functions in tumor progression (Adams et al., 1996). As with Ephs 

and ephrins, Sema5A has been given both protective and pathological functions. In 

particular, downregulation of Sema5A transcript is associated with poor survival in non-

small cell lung carcinoma (Lu et al., 2010). Sequencing of pancreatic and skin cancers 

defined missense mutations of the receptor, PlexinB3, which led to defective Sema5A 

binding (Balakrishnan et al., 2009). Likewise, Sema5A loss was found in high-grade 

gliomas, where the proposed function of its signaling was to inhibit migration via 

promoting interaction between PlexinB3 and Rho-GDPI-alpha or Fascin-1, known 

regulators of the actin cytoskeleton (Li et al., 2011; Li and Lee, 2010).  

In contrast, based on its identification in a phage display screen, Sema5A gene 

upregulation was postulated to be important in metastasis of pancreatic cancers 

(Sadanandam et al., 2007). In agreement, Sema5A and PlexinB3 expression correlates 

with tumor grade in gastric cancers and may promote proliferation and survival of cells in 

the primary tumors (Pan et al., 2010; Pan et al., 2009).  
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Most appealing to our lab was the potential role of Sema5A in angiogenesis. In 

mice, Sema5A inactivation led to a defect in the cranial vascular branching of larger 

vessels during embryonic development (Fiore et al., 2005). Sema5A caused 

phosphorylation of the receptor tyrosine kinase Met and stimulated endothelial cell 

migration that was PlexinB3 dependent. (Artigiani et al., 2004). Finally, Sema5A was 

found have numerous pro-angiogenic effects on cultured endothelial cells and induced 

blood vessel formation in a Matrigel plug assay (Sadanandam et al., 2010). Interestingly, 

Semaphorin family members have been shown to regulate tumor angiogenesis including 

the soluble anti-angiogenic Sema3F and the cleaved extracellular domain of pro-

angiogenic Sema4D (Basile et al., 2004; Bielenberg et al., 2004; Conrotto et al., 2005; 

Guttmann-Raviv et al., 2007).  

However, Sema5A is a transmembrane protein, and most of the above-

mentioned studies examining its function made use of a truncated, soluble form of the 

extracellular domain (Sema5A-Fc) that certainly aids in experimental logistics but most 

likely does not reflect its in vivo availability as there is no evidence that it is cleaved or 

secreted (Neufeld and Kessler, 2008; Oster et al., 2003). As demonstrated by the 

Sema5A knockout mouse, the vascular defect was quite subtle overall, being confined to 

the cranial region. Mice died around E11.5, the same time period that Twist1 null 

embryos die (Chen and Behringer, 1995; Fiore et al., 2005). Because of the physical 

restraints of the expressed protein and the subtlety of the Sema5A knockout phenotype, 

I find it unlikely that Sema5A acts as a chemoattractant in the way that VEGF, IL-8, 

bFGF, or other endothelial mitogens function in angiogenesis. Instead, I propose that 

Sema5A may have a role in short range tumor-endothelial cell interactions, much in the 

way I propose tumor derived EphB2 to function upon cell-cell contact. Mechanistic 

studies on gliomas indicate that Sema5A inhibits migration while those on endothelial 
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cells indicate Sema5A promotes migration, proliferation, and survival (Artigiani et al., 

2004; Li et al., 2011; Li and Lee, 2010; Sadanandam et al., 2010). These seemingly 

conflicting functions of Sema5A signaling could very well be cell context specific and 

only in vivo studies will be able to determine the role of Sema5A in Twist1-induced 

angiogenesis. Thus, I propose to study Sema5A in the chick CAM assay to examine the 

effects on angiogenesis.  

I hypothesize that upregulation of Sema5A in Twist1 cells engages 

PlexinB3 on endothelial cells to stabilize tumor-endothelial cell interactions or to 

promote endothelial cell proliferation and survival.  

3.3 Methods 

3.3.1  Cells and Cell Culture 

Human mammary epithelial cells immortalized with telomerase and large T 

antigen (HMLE) were cultured at 37°C with 5% CO 2 using a 50:50 mixture of MEGM 

Bullet Kit (Lonza, Basel, Switzerland) and DMEM/F12 (Cellgro, Manassas, VA) 

supplemented with 5 ng/mL EGF, 5 µg/mL insulin, 0.5 µg/mL hydrocortisone, L-

glutamine, and 0.5% pen/strep.  

For in vitro growth rate measurements, 30K HMLE h-Ras Twist shCt or shEPHB2 

cells were seeded in duplicate 10 cm dishes, such that cells were sub-confluent on day 

5. Each day, one set of cells was completely trypsinized and live cells were counted 

using the trypan blue exclusion method.  

3.3.2  Vectors 

The Twist1 and Twist1-ER pWZL-blasticidin retroviral vectors were previously 

described (Mani et al., 2008). For our stable lentiviral knockdowns, we used the GIPZ 

Control shRNA, SEMA5A, and EPHB2 vectors with the targeting sequences of 
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CCTTCAACCTCTATTACTA for EPHB2.1 and GCGGGAAATACAAGGAATA for 

EPHB2.2 (Open Biosystems, Huntsville, AL). Oncogenic h-Ras (V12) and GFP were 

cloned into the pRRL lentiviral vector. Sema5A overexpression construct was purchased 

from Open Biosystems, excised, and subcloned into the pBabe-puromycin vector (Open 

Biosystems, Huntsville, AL).  

3.3.3  Quantitative PCR 

QPCR was preformed as described in Chapter 2. Primers used are listed below: 

hEPHB2  Fwd: GTG TGC AAC GTG TTT GAG TCA 
Rev: ACG CAC CGA AAA CTT CAT CTC 

 
hSEMA5A Fwd: GGA ACC TGT GTT ATA GCA TGG C 

Rev: CGC TCT GAA CTC CCG TAA CC 
 
hGAPDH  Fwd: GAG AGA CCC TCA CTG CTG 
  Rev: GAT GGT ACA TGA CAA GGT G  

3.3.4 Western Blotting 

Cells were grown to 90% confluence and lysed in 1% Triton X-100, 50 mM Tris, 

150 mM NaCl, 10 mM NaF, 100 µM Na3VO4, 2  mM DTT, and 1x Protease Inhibitor 

Cocktail Set III (Calbiochem, Gibbstown, NJ). After sonication and removal of cell debris 

by centrifugation, 50 µg of protein was loaded and run on a gel, followed by standard 

tank transfer and western blotting protocols. Rabbit anti-EphB2 was used at 2 µg/mL 

(generous gift from the Elena Pasquale lab), and rat anti-tubulin was used at 1:1000 

dilution (Santa Cruz Biotechnology, Santa Cruz, CA).     

3.3.5 Immunoprecipitation 

Two µg EphrinB2-Fc (R&D Systems, Minneapolis, MN) or Control-Fc (Jackson 

ImmunoResearch Laboratories, Inc., Westgrove, PA) were pre-conjugated with anti-Fc 

antibody (Jackson ImmunoResearch Laboratories, Inc., Westgrove, PA) for 1 hour on 
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ice. Cells were treated with Fc conjugates for 15 min and then harvested on ice for IP 

using lysis buffer, sonication, and centrifugation steps described above. Lysates 

containing 100 µg of protein were incubated first with 4 µg Control Rabbit IgG (Santa 

Cruz Biotechnology, Inc, Santa Cruz, CA) or anti-EphB2 for 2 hrs and next with protein A 

beads overnight at 4°C. After washing, immunoprecipita ted samples were unbound from 

beads by adding 20 µL 5x protein loading buffer (PAGEgel, San Diego, CA). Half the 

sample was loaded onto a gel, followed by standard tank transfer and western blotting 

protocols for EphB2 (as above) and anti-phosphotyrosine at a 1:1000 dilution (Millipore, 

Temecula, CA).  

3.3.6 Chick CAM Angiogenesis Assays and Staining  

After angiogenic scoring (described in Chapter 2) onplants were removed with 

forceps and surgical scissors, fixed overnight in 4% PFA, and subjected to standard 

histological processing for paraffin embedding. Cross-sections of onplants were cut to 5 

µm and stained using typical protocols for hematoxylin and eosin.  

3.3.7 Mouse Tumor Model  

Five 6-week old female nude mice per test group were bilaterally subcutaneously 

injected with 100 µL of a 50:50 mixture of Matrigel (BD Biosciences, Franklin Lakes, NJ) 

and cell suspension (5x105 cells/injection). Tumor dimensions were measured bi-weekly 

with calipers to estimate volume. Mice were sacrificed when tumor diameter reached 

approximately 1.5 cm such that at least one control mouse and one test mouse were 

matched as closely as possible. Lungs were removed, lobes separated, and individually 

photographed under a dissection microscope with a fluorescent filter for GFP. The 

number of visible surface GFP positive cells was counted for all 5 lobes of the lung for 

each mouse. Only mice with proper subcutaneous injections were included in the study.  
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3.3.8 Chromatin Immunoprecipitation Sequencing 

ChIP was performed as in Chapter 2 and samples were prepared for sequencing 

according to manufacturer’s directions (Illumina, San Diego, CA). 

3.3.9 Statistics 

Student’s T-test was performed to determine p-values and significance. 

3.4  Preliminary Results  

3.4.1 The Role of EphB2 in Twist1-Induced Metastatic Dissemination 

As mentioned previously, our microarray identified EphB2 as a potential 

transcriptional target of Twist1. I confirmed the results of the microarray with QPCR and 

western blotting, showing that indeed Twist1 induction caused a strong increase in 

EphB2 transcript and protein (Fig. 3.1 A, B). I also treated cells with the soluble, 

clustered form of ephrinB2 and found a bold increase in receptor phosphorylation in 

HMLE Twist1 cells, indicating that EphB2 protein expression is on the cell membrane, 

and can participate in bidirectional signaling (Fig. 3.1 C).  

To investigate the role of EphB2 in Twist1-induced angiogenesis, I expressed 

shRNAs in cells and performed CAM onplant assays. While EPHB2 mRNA was 

repressed successfully with shEPHB2, the angiogenic index increased significantly (Fig. 

3.2 A, B). However, several of the angiogenic vessels in shEPHB2 onplants appeared to 

be hemorrhagic, with blood spreading and filling many of the grid squares compared to 

the sharp and distinct vessels of HMLE Twist1 and HMLE Twist1 shCt onplants, (Fig. 3.2 

C, D no images of shCt onplants). Upon closer examination, cross sections of onplants 

revealed several loose red blood cells in shEPHB2 onplants that were not enclosed by 

vasculature (Fig. 3.2 E). Thus, the increase in angiogenic index could be artificially 
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inflated due to the binary method used for counting and may not indicate an increase in 

the number of functional vessels.  

Based on the results in the CAM assay, I was curious to know if this assumed 

defect in vessel assembly would have an effect on cell dissemination from the primary 

tumor in a mouse model. I injected nude mice with HMLE Twist1 shEPHB2 cells 

expressing h-Ras and GFP to aid in tumor formation and later identification in the lungs. 

While there was no difference in cell proliferation in vitro, a small decrease in tumor 

volume was measured in shEPHB2 mice versus controls (Fig. 3.3 A, B). After sacrifice, I 

detected fewer GFP positive cells on the surfaces of the lungs of shEPHB2 mice (Fig. 

3.3 C, D).  

Collectively, these results suggest that EphB2 may assist in proper blood vessel 

assembly in Twist1-induced angiogenesis that may affect tumor growth and metastatic 

dissemination (Fig. 3.4).  

3.4.2 The Role of Sema5A in Twist1-Induced Angiogenesis 

As mentioned previously, our microarray identified SEMA5A as a potential 

transcriptional target of Twist1. I confirmed the results of the microarray with QPCR 

showing that Twist1 induces SEMA5A transcript (Fig. 3.5). ChIP-sequencing of Twist1-

ER cells induced for 4 days indicated that this regulation may be through direct binding 

of E-box elements in the Sema5A gene (Fig. 3.6). 

I employed the quantitative chick CAM assay to ask whether Sema5A played a 

role in Twist1-induced angiogenesis. Using lentivirus I made stable SEMA5A knockdown 

HMLE Twist1 cells (Fig. 3.7 A, C). In two experiments, I showed significant repression of 

angiogenesis in Twist1 shSEMA5A cells (Fig. 3.7 B, D). To further test the importance of 
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Sema5A on angiogenesis, I overexpressed Sema5A in HMLE cells (Fig. 3.7 A). Sema5A 

expression alone was unable to induce angiogenesis in this model (Fig. 3.7 B).  

These results are consistent with my hypothesis that other soluble molecules, 

such as CCL2, may be required to first attract endothelial cells to the onplant, as it 

appears that Sema5a alone does not act as a soluble mitogen but does modulate 

Twist1-induced angiogenesis (Fig. 3.8).  
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Figure 3.1 Twist1 regulates a functional EphB2 in HMLE cells. 

A) QPCR of EPHB2 relative to GAPDH in HMLE Twist1-ER cells induced for 11 days. B) 
Western blot of EphB2 protein in HMLE Twist1-ER cells induced for 16 days. Tubulin is 
used as a loading control. C) Immunoprecipitation of EphB2 in HMLE (H) and HMLE 
Twist1 (T) cells treated for 15 minutes with either Control-Fc (c) or ephrinB2-Fc (e) pre-
clustered with anti-Fc antibody.   
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Figure 3.2  EphB2 affects Twist1-induced vessel assembly in CAM onplants. 

A) QPCR of EPHB2 relative to GAPDH in HMLE cells with indicated vectors. B) 
Angiogenic index from CAM assay C) Representative images of vessel formation 
defects in shEPHB2 onplants. Upper right, low mag. showing that the surrounding pre-
existing vessels are intact, lower right, high mag. of same onplant. D) Quantification of 
defective vessel formation per onplant. E) H&E cross-sections of Twist1 onplants 
showing complete vessels in shCt onplants and loose red blood cells in shEPHB2 
onplants. Open circles in tissue result from embedded nylon mesh. 
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Figure 3.3  EphB2 promotes Twist1 tumor growth and cell dissemination to 
lungs. 

A) Growth curve of HMLE h-Ras Twist1 GFPcells with shCt or shEPHB2 showing no 
significant differences in vitro. B) Average volume of tumors formed after subcutaneous 
injection of cells from A) into nude mice. C) Representative images of lungs showing 
GFP positive cells in mice injected with Twist1 shCt cells only (arrows). D) Quantification 
of all visible GFP positive cells in C) for the external surfaces of all 5 lung lobes.  
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Figure 3.4 Proposed model for EphB2 to contribute to Twist1-induced 
angiogenesis. 

Through mechanisms described in Chapter 2, Twist1 tumor cells attract endothelial cells. 
Twist1 also activates transcription of EPHB2 mRNA, leading to an increase in protein 
expression at the cell membrane. Interaction of EphB2 protein on tumor cells with the 
ephrinB2 on attracted endothelial and mural cells leads to reverse signaling, which is 
required for proper blood vessel assembly.  
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Figure 3.5 Twist1 activation leads to a marked increase in Sema5A transcript.  

QPCR for SEMA5A relative to GAPDH from HMLE cells expressing a control or Twist1-
ER vector. Cells were treated with 4-OHT for the times indicated.  
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Figure 3.6 SEMA5A may be a direct transcriptional target of Twist1 in breast 
cells. 

ChIP-sequencing results showing the binding pattern of Twist1 on SEMA5A for A) the 
whole gene and B) one major peak within the gene with potential Twist1 binding sites 
(E-boxes, CANNTG), boxed in red 

   



73 

 

 

 

 

Figure 3.7 Sema5A modulates Twist1-induced angiogenesis but is not 
sufficient to induce angiogenesis in a quantitative CAM assay. 

A) QPCR of SEMA5A relative to GAPDH in HMLE cells expressing control, Sema5A 
overexpression, Twist1 or stable shRNA vectors. B) Angiogenic index showing stable 
knockdown of SEMA5A limits angiogenesis by Twist1 cells but Sema5A overexpression 
is not sufficient to recapitulate Twist1-induced angiogenesis. C) Similar to A) but with h-
Ras cells. D) Similar to B) but with h-Ras cells.  
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Figure 3.8 Proposed model for Sema5A to modulate Twist1-induced 
angiogenesis. 

Twist1 expressing tumors cells generate a chemical gradient for endothelial cells by 
secreting chemoattractants such as VEGF or CCL2 by mechanisms discussed in 
Chapter 2. Twist1 also binds to an E-box in the SEMA5A gene, inducing transcription. 
Membrane bound Sema5 protein binds its receptor PlexinB3 on tumor endothelial cells. 
PlexinB3 signaling could inhibit endothelial cell motility, strengthening the association of 
blood vessel cells with tumor cells. Alternatively, PlexinB3 activation could promote 
endothelial cell proliferation and survival.  
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3.5  Discussion 

Our microarray data identified several axon guidance genes as potential targets 

of Twist1 activation. Based on how their normal functions in development could suggest 

functions that assist in tumor angiogenesis, I focused my preliminary studies on EPHB2 

and SEMA5A. Since both genes encode proteins that are membrane bound, I 

hypothesized that their roles in Twist1-induced angiogenesis are not in the initial 

chemoattraction, but rather in modulating blood vessel assembly, cell positioning, or in 

strengthening the interaction of vasculature with tumor tissues (Fig. 3.4, 3.8).  

3.5.1  The Proposed Functions of Twist1-induced EphB2 in vessel assembly 

I first confirmed EphB2 was regulated by Twist1 by QPCR and western blotting in 

our model cell line HMLE (Fig. 3.1 A, B). Additionally, I showed that the receptor could 

be phosphorylated and presumably activated by addition of exogenous, clustered 

ephrinB2 (Fig. 3.1 C). This experiment highlights an important detail that is rarely 

distinguished in literature: whether the receptor is membrane bound and functional in 

response to ligand treatment in monomer versus multimer form. Ephs and ephrins are 

thought to bind as multimers for functional bidirectional signaling. Rather than stimulate 

EphB phosphorylation, use of monomeric ephrinB could inhibit signaling, as monomers 

would saturate binding sites and act as competitive inhibitors. While I did not directly 

demonstrate EphB2 cell localization by flow cytometry or immunological staining, the 

phosphorylation results using clustered ephrinB2 suggest that they are membrane 

bound and could theoretically interact with clustered membrane bound ephrinB2 on 

endothelial or mural cells and participate in bidirectional signaling.  

I demonstrated that EphB2 could participate in blood vessel assembly as HMLE 

Twist1 shEPHB2 onplants contained vessels that were hemorrhagic (Fig. 3.2). This 
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defect in blood vessel assembly could explain why primary tumor growth was partially 

attenuated in the mouse model, as the in vitro measurements on cell proliferation 

indicated that EPHB2 knockdown did not affect Twist1 cell division. It is of interest to 

perform further in vitro and histological analyses on blood vessel formation. This could 

include co-culture of HMLE Twist1 cells with endothelial cells in tube formation assays or 

sectioning and immunohistochemical staining of HMLE Twist1 shEPHB2 tumors to 

examine mural cell coverage, and density and diameter of tumor vessels. Additionally 

upon repeat of this experiment, dextran injections could be performed just before 

sacrifice to measure the functionality or leakiness of the vessels. My hypothesis, which 

suggests that Twist1-induced EphB2 could be involved in modulating close range 

endothelial sprouting, is supported by these results and by previous reports that highlight 

the role of ephrinB2 reverse signaling in angiogenesis (Fig. 3.4 and (Adams et al., 1999; 

Foo et al., 2006; Gale et al., 2001; Gerety et al., 1999; Salvucci et al., 2009; 

Sawamiphak et al., 2010; Shin et al., 2001; Wang et al., 1998; Wang et al., 2010).   

Alternative Directions Regarding the Role of Twist1-induced EphB2 interaction 
with vessels 

As an extension of tumor-endothelial cell interactions, I propose that Twist1-

induced EphB2 could function later in the metastatic cascade, potentially in 

extravasation. As demonstrated by others, EphB4 was shown to facilitate 

transendothelial migration of monocytes via interaction with luminal endothelial ephrinB2 

(Pfaff et al., 2008). In line with this hypothesis, I attempted to measure extravasation of 

fluorescently labeled HMLE Twist1 cells into the livers or brains of chicken embryos in 

ovo. These experiments proved to be technically challenging but have been pursued 

successfully by others where HMLE and MDA-MB-231 cells overexpressing Twist1 were 

found to extravasate more frequently than control cells in zebrafish and chicken models 
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(personal communication, K. Stoletov and (Stoletov et al., 2010)). These extravasation 

experiments could also be performed in mice by injecting the cells via tail vein. I also 

attempted in vitro transendothelial migration assays but results were inconclusive, as I 

could not produce a consistent, continuous endothelial monolayer. In the future, these 

experiments could be optimized to test the contribution of EphB2 in extravasation in vivo 

or transendothelial migration in vitro.  

Limitations to Studying Twist-induced EphB2 

A major obstacle for these studies on the function of Twist1-induced EphB2 first 

lies in the inconsistency of its expression in the cells I tested. Throughout the course of 

my research, the fold induction by Twist1 of EphB2 mRNA and protein fluctuated. This 

was especially apparent in HMLE Twist1-ER cells under basal conditions, where the 

level of transcript was sometimes 4 fold higher than HMLE control cells. Upon induction, 

EphB2 mRNA would then only increase 1.5-2 fold rather than 8-10 fold as was initially 

observed. Likewise, EphB2 protein level sometimes was very high even in HMLE control 

cells (example evidence seen in Fig. 3.1 C). ChIP sequencing data in our lab suggests 

that EphB2 is not a direct transcriptional target of Twist1 and this could be the reason 

why I measured inconsistent expression patterns in our cells. Second, as discussed 

earlier, the Eph-ephrin family exhibits a high degree of ligand-receptor binding 

promiscuity, and EphB2 is just one of 14 Ephs that potentially bind and activate 

ephrinBs. The minimal changes in EphB2 expression in our cells combined with the 

potential compensatory binding between Ephs and ephrins could explain difficulties in 

repeating results and seeing strong changes upon experimental manipulation. Perhaps 

other cell models with high Twist1 levels will prove to have different cellular dynamics 

regarding EphB2 expression that could be used in these experiments instead. 
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3.5.2 The Proposed Functions of Twist1-induced Sema5A in vessel assembly 

I confirmed the upregulation of SEMA5A transcript in HMLE Twist1 cells by 

QPCR and proposed it to be a direct target of Twist1 activation (Fig. 3.5, 3.6). 

Additionally, I showed that Sema5A was capable of modulating Twist1-induced 

angiogenesis (Fig 3.7). I demonstrated that upregulation of Sema5A alone was unable to 

promote vessel growth, in contrast to the proposed mitogenic functions of soluble 

Sema5A, which is not known to exist in vivo (Artigiani et al., 2004; Sadanandam et al., 

2010).  

The role of Sema5A in modulating angiogenesis should be confirmed and 

studied further regarding the involvement of PlexinB3 and downstream associated 

signaling proteins using mammalian tools and models. Several experiments could be 

performed to ask whether Sema5A contributes to angiogenic processes such as co-

culturing Twist1 cells and endothelial cells to measure the rate and stability of 

endothelial tube formation in vitro or examining the degree of vessel maturation in 

Matrigel plugs or tumor models. Concerning the mechanistic studies done involving 

glioma cells, Sema5A expressed on tumor cells could interact with PlexinB3 on 

endothelial cells to strengthen tumor-stroma interactions (Li et al., 2011; Li and Lee, 

2010).  

Limitations to Studying Twist1-induced Sema5A 

Currently the main limitations to pursuing this project center on the lack of 

research on Sema5A. It is somewhat of a chicken and egg scenario: there is only a 

small body of supporting literature and there are few reagents, particularly reliable 

antibodies, to study these molecules. While some groups have detected altered 

expression of PlexinB3 in relation to cancer, the receptor has not been detected in blood 
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vessels in vivo (personal communications, EMBO Cell Guidance Signals in Cancer 

Meeting, 2010 and (Li and Lee, 2010; Pan et al., 2009; Perala et al., 2005; Sadanandam 

et al., 2007; Worzfeld et al., 2004). Potentially, tumor vasculature may express genes 

such as PlexinB3 that are not expressed under non-pathological conditions; evidence of 

this has not been defined yet. 

3.6 Conclusion 

In conclusion, I found Twist1 acts upstream of several axon guidance molecules, 

including EphB2 and Sema5A. These molecules appear to modify Twist1-induced 

angiogenic vessel assembly or maturation. Optimization of existing experimental assays 

and improvements on reagent quality and availability will enable our lab to pursue further 

functional and mechanistic studies regarding these molecules and their role in Twist1-

induced metastasis. The function of axon guidance molecules in tumors will continue to 

be studied as they have been identified as major players in cancer progression.  
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Chapter 4: Future Directions and Concluding Remarks 

4.1 Summary 

Cancer remains a leading health concern in the Unites States. Education on 

prevention, improved methods of detection and new pharmacological intervention 

strategies have aided in increasing lifespan after detection. However, cancer as a whole 

does not have a cure and patients ultimately succumb to aggressive metastases. A 

common ally in tumor progression is the tumor associated macrophage, which has been 

shown to promote angiogenesis and correlate positively with tumor aggressiveness and 

negatively with survival. Likewise, the transcription factor Twist1 has been shown to be a 

regulator of the evolutionarily conserved Epithelial-Mesenchymal Transition and has a 

prominent role in promoting metastasis in a number of cancers.  

Research in our lab has highlighted the importance of Twist1 in several steps of 

the metastatic cascade including its ability to promote dissolution of cell-cell contacts, to 

increase motility and invasiveness, and to drive formation of podosomes for extracellular 

matrix degradation. In my doctoral work, I demonstrated that Twist1 also has roles in 

angiogenesis and potentially in tumor immunology. In particular, I proposed that Twist1 

uses alternative mechanisms to induce blood vessel growth through upregulation of 

CCL2 and subsequent attraction of macrophages. Macrophages, which are already well-

known inducers of angiogenesis, are becoming recognized as increasingly important 

players in tumor progression with intricate roles in inflammation. Additionally, I showed 

the potential of axon guidance genes EPHB2 and SEMA5A to refine and modulate 

interactions between Twist1 cells and endothelial cells. Further exploration of the role 

that these unique transcriptional targets will certainly uncover more unexpected and 
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interesting functions of Twist1 in promoting metastasis and could lead to novel 

therapeutic interventions.  

4.2 Future Directions 

EphBs in determining cell segregation and positioning within the primary tumor 

The microarray experiments performed in our lab offer a wealth of clues to 

dissect the mechanisms of Twist1-induced EMT and metastasis. As mentioned 

previously, in addition to the expected classical EMT markers, Twist1 regulated 

members of the axon guidance gene family. I initially chose to pursue experiments 

regarding how axon guidance genes could modulate angiogenesis because I had 

already successfully established this as a new research direction in our lab and because 

literature suggested they could function this way. However, the main function of axon 

guidance genes, as the name suggests, is guiding axons. The majority of axon guidance 

genes act in cell-cell repulsion, a function I found could be very appealing to cells that 

have undergone EMT and are looking to move away from the primary tumor.  

When I joined the Yang lab, my scientific background was in whole animal, 

organ, and cellular physiology and not in cancer or molecular biology. Therefore, my 

approach was first to understand the molecules under normal, physiological conditions, 

and second to propose how these normal functions could be hijacked by a rogue 

metastatic cell. As there were representatives from several gene families recognized on 

our array, I enlisted the help of Axon Guidance and Growth to review them as a whole 

before going back to specific primary literature (Back et al., 2007). The axon pathfinding 

system is composed of ligands and receptors expressed on both the axonal growth cone 

of the neuron and on the tissues surrounding the neuron. The wandering axon uses 

these molecular interactions as guideposts to navigate the wilderness of the surrounding 
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tissue environment to a final destination. The importance of axon guidance cues is 

particularly pertinent when imagining the distance a single axon must travel to innervate 

the human pinky toe if its cell body resides about a meter away in the spinal cord. My 

first impression was that the majority of these ligand-receptor interactions result in 

repulsion of the growth cone such as what can occur between EphB2 and ephrinB2 

during development (Fig 4.1 A). By analogy, in the wilderness of the developing embryo, 

a growing axon senses a treacherous mountain to the left, a roaring river to the right, 

and a hungry post-hibernation Grizzly to the rear. There is only one way for the axon to 

go. I later came to understand that not all ligand-receptor interactions were repulsive, 

though many are, and that attraction and repulsion between a specific ligand and 

receptor pair are cell context dependent. 

To apply these concepts of cell-cell repulsion to cancer cells undergoing EMT,  

I hypothesize that Twist1 upregulates axon guidance genes to segregate 

themselves from cells that have not undergone EMT, perhaps to the tumor 

periphery, or to repel away from the primary tumor.  

For instance, from the microarray we learned that Twist1 drives transcription of 

EphB2, discussed previously, as well as EphB6 receptors. HMLE and HMLE Twist1 cells 

express very high levels of the ligand ephrinB2. Cells that have undergone EMT and are 

now expressing EphBs could interact with ephrinB2 already existing on surrounding cells 

that have not undergone EMT, leading to cell sorting and repulsion (Fig. 4.1 B). This 

could explain the non-random cell positioning of invasive cells along the periphery of a 

tumor versus less invasive cells in the interior of a tumor. I believe this remains an 

interesting and viable direction for future studies in our lab, as other groups have 

researched the cellular mechanisms for cell sorting and positioning in great detail (Batlle 
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et al., 2005; Batlle et al., 2002; Cortina et al., 2007; Jorgensen et al., 2009; Mellitzer et 

al., 1999; Poliakov et al., 2008; Xu et al., 1999). 

4.3 Concluding Remarks 

In closing, I have investigated the role of transcriptionally regulated targets in 

promoting and modulating Twist1-induced angiogenesis. I identified alternative methods 

that Twist1 can exploit to stimulate angiogenesis that do not initially rely on the common 

pro-angiogenic molecule, VEGF. Specifically, I found that Twist1-induced CCL2 could 

initiate macrophage recruitment, and that Twist1 might influence polarization to an M2-

like phenotype. Additionally, I proposed that axon guidance genes EPHB2 and SEMA5A 

could be involved in directing a second wave of vascular modulation on a cell-to-cell 

contact basis. Results from my doctoral work could have potentially interesting 

implications in developing pharmacological inhibitors or therapeutic strategies that have 

not yet been pursued to modulate or normalize tumor vasculature. 
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Figure 4.1  Model of cell repulsion by regulation of axon guidance genes.  

A) During embryonic development, the growing axon, expressing EphB molecules, 
encounters ephrinB ligands in the surrounding tissue. Ligand- receptor binding leads to 
contact repulsion, directing the trajectory of growth away from this tissue (Orioli and 
Klein, 1997). B) Model of proposed function in cell segregation in EMT and metastasis. 
(1) Benign cancer cells express only express ephrinB.  (2) Twist1 becomes activated in 
a small number of cells. (3) Twist1 promotes EMT and simultaneously activates 
expression of EphB. (4) Twist1-induced EphB interacts with ephrinB in trans, directing 
the cells away from each other.  
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Appendix: Protocols 

A.1  Isolation and Differentiation of Bone Marrow-Derived Macrophages 
(BMDM)  
Adapted from Michael Lam (ML), Christopher Glass Lab, UCSD 

A.1.1 Materials 

• Mouse, approx 10 wks old  
• 2 pairs medium weight forceps with teeth  
• Small surgical scissors 
• Surgical board, pins  
• Kimwipes 
• dPBS, approx 20 mL, on ice 
• RPMI solution 
• Petri dishes, not tissue culture treated (BD Falcon #351029, Franklin Lakes, NJ) 
• Differentiating Medium  
• 10 mL syringe 
• 25 G ½” needle 
• RBC Lysis solution  

 

A.1.2 Recipes 

Differentiation Medium 
50% RPMI 1640 media 
30% L-cell Conditioned Medium 
20% Heat inactivated FBS (Gemini or Hyclone) 
1% Pen/strep (10,000 U/mL)  
1% Fugizone (amphotericin B), optional  
 
Heat inactivated FBS 
Place FBS at 65ºC for 30 min.  
Store at 4ºC. 
 
L-cell Conditioned Medium 
Culture L929 cells in DMEM 10% Heat inactivated FBS for 1 week. 
Filter the media through 0.45um to remove cell debris  
Make 50 mL aliquots and store at -20°C 
 
RBC lysis buffer  
eBioscience #00-4333-57, San Diego, CA 

or 
8.26 g   ammonium chloride (NH4Cl) 
1 g   potassium bicarbonate (KHCO3) 
0.037 g  EDTA 
Dissolve in 1 L MilliQ water. 
Mix well and autoclave.
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Store up to 6 months at RT or 4°C. Use at RT. 
 
RPMI solution 
RPMI 1640 media 
0.5%  Heat inactivated FBS  
1%  Pen/strep 
 

A.1.3 Procedure 

1. Sacrifice mouse by CO2 asphyxiation and cervical dislocation. 
2. Pin limbs to surgical board and harvest hipbone, femur, and tibia bilaterally. This 

step can be done at a lab bench. 
a. Expose hind limb bones using surgical scissors to cut skin and separate 

muscle from bones. 
b. Once the majority of muscle tissue is removed from the leg bones, free 

the entire limb from the torso at the level of the hip bone. To expose the 
hip bones requires removal of the overlying tissues to the level of the 
intestines. Next, use both pairs of forceps to apply a small amount of 
force to separate the hips from each other where they are connected at 
the center of the body. Each entire limb should now easily separate from 
the body. 

c. Holding the bones with Kimwipes, separate the foot from the tibia, the 
tibia from the femur and the femur from the hip at each joint, being careful 
not to snap any of the bones. 

d. Use Kimwipes to clean off remaining muscular tissue and place bones in 
ice-cold PBS. 

3. Harvest bone marrow. This step should be done in the primary tissue culture 
hood. 

a. Place 10 mL RPMI solution in 100mm dish/mouse. Flush out bone 
marrow into this dish using the needle and syringe filled with the same 
media. 

i. For the tibia, trim the distal end of the bone where there is no 
bone marrow (white bone). Inject needle and syringe at the 
proximal joint and flush out marrow. A nice, intact string of marrow 
may be released.  

ii. For femur, inject syringe at the distal joint to flush out the bone 
marrow. The medium will flush out from the site of injection. It is 
important to avoid cutting into the bone, for it will decrease yield 
however this may aid in gaining access to the marrow. 

iii. For “fan-shape” hip bone, inject needle and syringe at the wide 
end. Move needle side to side for a complete flush out. The 
medium will flush out from the site of injection. 

b. Spin down and lyse red blood cells  
i. Use 500 µL of RBC lysis buffer/mouse 
ii. Resuspend well with 1 mL pipette for effective lysis 
iii. Lyse cells for approximately 1-2 minutes. 
iv. Stop lysis by adding 5 mL RPMI solution (10 fold of lysis buffer’s 

volume) 
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v. Spin down, and resuspend cells in 15mL of Differentiating 
Medium. 

c. Plate cells in 6-7 petri dishes and place in humidified incubator for 7-10 
days. 

d. To harvest BMDM, rinse cells once in dPBS, add 5 mL desired medium, 
and use a plastic scraper to dislodge cells (not trypsin or EDTA). 

 

A.1.4  Notes 

1. L-cell media contains M-CSF which will differentiate bone marrow into resting 
macrophages and cause them to adhere to the plate. 

2. IMPORTANT: culture cells in 10cm Petri-dish (non-tissue treated) if replating of 
macrophage is desired. Otherwise, macrophages adhere very tightly to tissue 
culture treated plates.  

3. Differentiation will take 7 days. Add 5mL of L-cell medium on day 3. Change into 
appropriate MCSF-containing medium on day 6 or 7 as needed.  

4. Observations during differentiation, based on 11/26/07harvest, C57B/6 male 10 
weeks (ML notes) 

a. Day 0 = all cells floating 
b. Day 1 = several attached cells, mostly floating  
c. Day 2 = similar to day 1, attached cells have a spectrum of phenotype (i.e 

fibroblastic, tear shape, and different sizes). Also notice some cell-debris. 
d. Day 3 = marked increase of floating cells. Possibly due to increase 

proliferation. Also increase in adherent cells with visible vacuoles. 
Phenotype is still heterogenous.  

e. Day 4 = marked increased in adherent cell #. Could be due to increase 
proliferation of previously attached cells, or floating cells beginning to 
attach to plates.  

f. Day 5 = plates becoming confluent, and cells are more “spread,” making 
contact to neighboring cells. There is evidence of many floating dead 
cells, which might be phagocytosed by the adherent cells. This probably 
contributes to the intracellular vacuole. 

g. Day 6 = all plates are becoming confluent. Change to fresh medium if 
needed 
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A.2 Staining for CCR2 Surface Expression for use in Flow Cytometry  
Adapted from Catherina Salanga, Tracy Handel Lab, UCSD 

 
A.2.1  Materials 

• Cells of interest 
• dPBS 
• Hemocytometer 
• FACS Buffer: 0.5% BSA in PBS 
• 96 well plate v-bottom plate (Greiner Bio-One # 651201, Monroe, NC or E&K 

Scientific #EK-21201, Santa Clara, CA) or Eppendorf tubes 
• mouse IgG2B-PE isotype control (R&D Systems #IC0041P, Minneapolis, MN)  
• rat anti-mCCR2-PE (R&D Systems #FAB5538P, Minneapolis, MN) 
• mouse anti-hCCR2-PE (R&D Systems #FAB151P, Minneapolis, MN) 
• small flow cytometry tubes (Titertube, BioRad #223-9391, Hercules, California) 

   

A.2.2 Procedure 

1. Harvest cells 
a. Lift cells with 5mM EDTA in dPBS, 37 °C for 5-10 min until lifted or scrape 

cells in dPBS (trypsinization will affect surface receptor detection) 
b. Count cells with hemocytometer 
c. Spin cells 3 min, 1500xg, 4°C  
d. Resuspend cells to 5x10^6 cells/mL in FACS buffer 

2. Stain cells 
a. Transfer 100ul (500K cells) into 96 well plate or Eppendorf tubes for 

isotype controls and unstained cell control 
b. Transfer 50ul (250K cells) into 96 well plate for each CCR2 stain 
c. Add 10 uL stock antibody to cells except the unstained control cells  
d. Incubate on ice, covered for 20-30min 
e. Wash cells 3x with 1 mL of FACS buffer, spin 5 min, 250xg, 4°C 
f. Resuspend cells in 400 uL of FACS buffer 
g. Transfer cell suspension to small flow cytometry tubes, keep on ice 

3. Analyze by flow cytometry 
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A.3 Boyden Chamber Migration Assay using Bone Marrow-Derived 
Macrophages (BMDM) 

A.3.1 Materials 

• BMDM differentiated in culture for 10 days (see associated protocol) 
• dPBS 
• Plastic cell scraper 
• BMDM (low serum) media 
• Hemocytometer 
• 8.0 µm tissue culture treated polycarbonate membrane Transwell inserts and 

polystyrene 24-well plates (Corning Incorporated #3422, Corning, NY) 
• Attractant media 
• 4% Paraformaldehyde (PFA) 
• MilliQ water 
• 0.1% Crystal violet stain (J.T. Baker #F906-03, Phillipsburg, NJ) 
• Cotton-tipped wooden applicators (Fisher Scientific #19-063-487, Pittsburgh, PA) 
• Glass slides 
• Inverted microscope with camera attachment 
• Image J software 

A.3.2 Recipes 

BMDM (low serum) Media 
RPMI 1640 media 
0.5% Heat inactivated FBS (Gemini or Hyclone) 
20 ng/mL M-CSF (Shenandoah Biotech #0507-200-08) 
1% Pen/strep (10,000 U/mL) 
 
Heat inactivated FBS 
Place FBS at 65ºC for 30 min.  
Store at 4ºC. 

A.3.3  Procedure 

1. Prepare BMDM 
a. Rinse BMDM once in dPBS, add 2.5 mL BMDM (low serum) medium per 

10 cm petri dish, and use a plastic cell scraper to dislodge cells (not 
trypsin or EDTA). 

b. Resuspend cells well and count using a hemocytometer.  
c. Seed cells in the Transwell inserts at 200K cells/100 µL media. Incubate 

at 37°C incubator for 2 hours to allow cells to attach.  
2. Near the end of the 2 hr incubation, prepare attractant media: in the wells of a 

new 24-well plate, add 600 µL of attractant media. 
3. Let BMDM migrate. 

a. After BMDM have attached, transfer the Transwell inserts to the 24 well 
plates containing attractant media of interest.  

b. Return to incubator and let BMDM migrate between 2-24 hr. 
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4. Fix and stain migrated cells 
a. To a new 24-well plate, add 600 µL of 4% PFA. 
b. Transfer Transwells to the plate containing 4% PFA.  
c. Add more 4% PFA to the top chambers and fix for 30 min at RT. 
d. Rinse and aspirate Transwells 1 time with MilliQ water. 
e. Stain Transwells with 0.1% crystal violet stain for 10 min, RT. 
f. Rinse and aspirate Transwells 1 time with water. 
g. Fill wells with water again and gently and completely swab the top of the 

filters (unmigrated cells) with a cotton-tipped applicator. It is important not 
to press too hard on the filter, because the filter can be dislodged and 
stretched, making photography more difficult.  

h. Rinse and aspirate Transwells 2 times with water, completely removing 
dark purple residue and water drops. 

i. Let Transwells dry completely with the cover removed – a warm room, a 
hair dryer (be careful not to blow Transwells away), or over night at RT 
work well.   

j. Place dry Transwells, migrated cell-side down, on a glass slide to enable 
observation on an inverted microscope. Photograph 12-15 fields of 
migrated cells at high magnification (20-32x objective x 2.5x mag scope = 
50-80x). Count and calculate an average number of migrated cells/field 
for each experimental group. Image J software “Point Selection” tool is 
helpful for marking and counting cells. 

 

A.3.4 Notes 

1. Transwell filters are not coated with any kind of additional matrix; they are pre-
seeded for 2 hours with BMDM over no media before the migration assay begins. 
Both of these modifications have been carefully tested to give a very low 
migratory background.  

2. Use heparin (10 ug/mL final, Calbiochem # 375095) in conditioned media to 
facilitate cytokine release from cell membranes. Use BSA (0.3 mg/mL final) in 
conditioned media to prevent cytokine loss to plastic surfaces.  

3. Prevent and remove any air bubbles present on the Transwell inserts during all of 
the incubation steps, otherwise you may notice circular sections of the 
membrane with no cells or uneven staining. 

4. For most steps, use 100 µL on the top of the insert and 600 µL on the bottom 
chamber. For washes, fill the top and bottom wells completely. 

5. Label the tops of the Transwell inserts and the 24 well plate cover to distinguish 
one group from another and to avoid problems associated with inevitable 
dropping of Transwells.  

6. Do not press too hard on the filter especially while cleaning the tops of the 
Transwell; the filter can become dislodged or stretched, making photography 
more difficult. 

7. Be careful to not disturb the migrated cell layer! This can happen if you leave the 
Transwells in their chambers and pressing too hard while cleaning the top of the 
filter with a cotton swab, or if the filter is not completely dry during photography.   

8. If the wooden end of the cotton-tipped applicator is flat and smooth, it is easier to 
use this end to reach the edges of the Transwell insert.
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A.4 Quantitative Chicken Chorioallantoic Membrane (CAM) Assay with 
Collagen Onplants to Measure Angiogenesis 

Adapted from Elena Deryugina, Quigley Lab, The Scripps Research Institute. 
Refer to this publication for images and additional information: Deryugina EI, 
Quigley JP, Chapter 2: Chick embryo chorioallantoic membrane models to 
quantify angiogenesis induced by inflammatory and tumor cells or purified 
effector molecules. Methods in Enzymology, 2008; 444: 21-41. 

A.4.1 Materials 

• Fertilized chicken eggs and associated cardboard egg cartons (McIntyre Farms, 
Lakeside, CA or Charles River Laboratories International, Inc., Wilmington, MA) 

• Humidified rotating egg incubator, 38ºC or warm room and plastic storage bins 
such that the internal temperature is 38ºC. 

• Humidified wine refrigerator, 7-10°C, optional (Se ars, Kenmore 25 bottle capacity 
wine cellar) 

• Rotary power tool with cutoff wheel attachment (Dremel, Mount Prospect, IL) 
• Large clamp and ring stand to hold rotary power tool horizontally 
• Eye goggles and hood space 
• 70% Ethanol 
• Plastic weigh boats (Fisher Scientific #08-732-113, Pittsburgh, PA) 
• Square disposable petri dishes with grid (Fisher Scientific #08-757-11A, 

Pittsburgh, PA) 
• Humidified tissue culture incubator, 38°C, no CO 2 
• Kimwipes 
• Parafilm 
• Paper cutter 
• Small surgical scissors 
• Forceps 
• Nylon lab pak mesh opening 180 µm 12”x12”(Sefar America #CMP-LP180044-

06, Depew, NY)  
• Glass/autoclavable petri dishes with lids or other storage container 
• Rat tail collagen, type 1 (BD Biosciences #354236, Franklin Lakes, NJ) 
• 10x EMEM (Lonza/Biowhittaker#12-684) 
• 10 N NaOH 
• Molecular grade water 
• 1 M HEPES 
• Cell culture media 
• dPBS 
• Cells, media, or pro-angiogenic stimulus of interest 
• Dissection microscope 
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A.4.2 Procedure 

1. Preparation 
a. Sterilize plastic weigh boats with 70% ethanol and allow to dry 1-2 hrs in 

tissue culture hood with UV light irradiation. Place the top or the bottom of 
a square petri dish on the weigh boat as a lid. Store in a clean box until 
ready to crack eggs. 

b. Cut nylon mesh with paper cutter and surgical scissors into approximately 
2x2 mm and 3x3 mm squares. Place all small nylon squares in separate 
glass petri dishes from all large nylon squares. Autoclave both sets of 
nylon squares. 

c. Mount Dremel tool horizontally on a ring stand using the large clamp. 
Place the mounted drill in the hood where egg cracking will take place. 
Adjust the height of the drill to align with where your hands will be when 
your elbows are resting on the table of the hood. Your elbows will form 
the base of a triangle with your hands at the top point.  

d. Give the incubators and wine refrigerator several days to come to 
temperature.  

e. Order enough embryos to have 6/test group plus at least 25% overage for 
embryo death. Discard any embryos that have died or have a fungal 
infection (immediately). Embryos may be frozen in their weigh boats at -
20ºC and discarded as solid biohazardous waste (double red bags).  

2. Day 0: Eggs arrive. Place eggs on their sides in rotating incubator or in 
cardboard cartons in storage bins in warm room. 

a. If using storage bins, rotate eggs by hand 1-2 times a day. This prevents 
the membranes from sticking to the inside of the shell, which will become 
apparent on Day 3 during cracking. 

b. Optional: Because egg date delivery varies, eggs may be placed in wine 
refrigerator up to 1 week to delay embryo development to convenient 
days. 

3. Day 3: Crack eggs into pre-sterilized weigh boats. This step may require practice 
or a demonstration for best results. If you can heat the room, it is likely to 
contribute to higher embryo survival. 

a. If using rotating incubator, allow eggs to stand stationary on their sides for 
a few minutes to allow the embryo to float to the top of the egg. Keep the 
egg in this orientation for the rest of the cracking so the embryo remains 
upright and free of injury. 

b. Dip bottom half of egg into 70% ethanol and dry with paper towel to clean 
off feathers or residue.  

c. Holding the egg gently between your thumb, forefinger and middle finger 
of both hands, score the underside of the shell in several places using the 
rotary power tool. The drill bit should be mounted on the ring stand at the 
height of your hands when your elbows are resting on the table such that 
your elbows form the base of a triangle with the egg/your hands at the top 
point.  

d. After scoring with the cutoff wheel, keep your hands and the egg in the 
same orientation and move over to a clean weigh boat. Press down 
gently with the same 6 fingers on the 2 halves of the shell such that the 
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scored bottom part of the shell makes contact with the weigh boat and 
eventually forces the shell to crack the rest of the egg. As this happens, 
move your hands and the 2 shell halves apart and away from the weigh 
boat. Discard shells.  

i. It is best to avoid sticking your fingers into the cracks to aid in 
separating the shell halves as this could introduce contamination 
or may rupture the yolk sac.  

ii. A clean break is desired such that shell fragments are not left 
behind in the weigh boat. 

iii. It is this step where you may notice that the CAM will stick to the 
inside of the shell or form a large bubble if the eggs were not 
rotated during the first 3 days. This is unsalvageable, but luckily 
doesn’t happen in all embryos.  

iv. You should notice the small chicken embryo laying on its left side 
in the center of a circular, vascular membrane, or the CAM, about 
2 cm in diameter. The embryo’s heart should be visibly beating on 
the outside of its body. A small number of eggs are not fertilized 
(<5%).  

e. Cover weigh boat with the top or bottom of a square petri dish and gently 
transfer embryo to tissue culture incubator for 7 more days. During this 
time, a fair number of embryos may die and this is to be expected. 
Consistent temperature, humidity, and cracking quality may affect 
survival. Based on preliminary experiments, plan number of eggs 
accordingly. 

4. Day 10: Preparation and placement of onplants 
a. Meshes – can be done in advance and left under UV light for several 

days 
i. Line the bottom half of a square petri dish with Parafilm. Parafilm 

prevents collagen from adhering to the dish and makes the 
onplants easier to remove later. 

ii. Spray with 70% ethanol and wipe both the lids and dish bottoms 
with Kimwipes. Ethanol with help maintain sterility, remove static 
electricity from the plastic, and help nylon mesh stay in place. 

iii. With forceps place large nylon meshes (3x3 mm) in each of 36 
squares formed by the grid on the petri dish. 

iv. Place small nylon meshes (2x2 mm) on top of each large nylon 
mesh. 

b. If using cells, lift with trypsin and count cells. Keep the cell pellet on ice. 
c. Collagen neutralization 

i. Industrial processing of collagen results in an acidic solution that 
must be neutralized to be used with biological applications and to 
allow gelation. Lonza’s 10x EMEM is added as a buffer and to add 
phenol red color to the collagen to estimate pH and a solution of 
NaOH brings the pH to neutral. Collagen concentration varies 
from batch to batch so new calculations must be performed before 
each experiment. Keep collagen solutions on ice to prevent 
solidification. We make the solution in a 50 mL conical tube and 
swirl gently after each addition to ensure complete mixing with no 
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introduction of air bubbles. Air bubbles are thought to cause 
problems in later steps of the assay. 

ii. Sample calculations assuming 2 test groups, ie HMLE and HMLE 
Twist1 cells 

 
Generally, we calculate for 40-thirty microliter onplants per 
group, but only pipette out 36. For 2 groups this is 2.4 mL. 
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          �� 2.4 �� 
�
	�  
 

Assume the collagen concentration is 3.65 mg/mL, 2 
mg/mL final concentration desired. After adding 1x EMEM 
and neutralization with NaOH, only 80% of the 2 mg/mL 
solution will be collagen, therefore this is a 1.46 fold 
solution. 
 

�3.65 ��
��� �0.8!

�2.0 ��
���

� 1.46" ���
��� 

 
For each group, assume 1 mL will be neutralized collagen 
plus other additives (and 0.2 mL will be cells or test 
reagents). We will need to make 1.64 mL of neutralized 
collagen.  

 

�1 ��! �2.4��
1.46"� � 1.64 �� 

������� ���
�	��#�� $���	��� ������ ������ 
 

To account for pipetting error and because 1.64 mL is 
awkward to measure, we will make 2 mL neutralized 
collagen by adding 1.6 mL stock collagen, 0.2 mL 10x 
EMEM, and 2N NaOH in small volumes until the solution 
changes from yellow to “tomato” red. Fill the rest of the 
volume with water.  
 
�2 �� ���
�	��#�� $���	���!�0.8! � %. & '( )*++,-./ 

�2 �� ���
�	��#�� $���	���!�0.1! � 0. 1 '( %02 3434 
�2 �� ���
�	��#�� $���	���!�0.1! � 0. 1 '( 5,67 ,/8 9,:.; 
 
We add 1 M HEPES, final 25 mM as an additional buffer. To 
calculate how much HEPES to add, we must first calculate the 
theoretical volume of the final solution if we were to use all 2 
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mL of the neutralized collagen. This would be 2.92 mL. 
Therefore the added HEPES is 0.073 mL. 
 

�2 ��! �3.65 ��
��� �0.8!

2 ��
��

� 2.92 �� 

 
�1=!> � �25 �=!�2.92 ��! 

  
> � 0. 0?@ '( %4 73A3B 

 
Of the total 1.2 mL for each test group, 1 mL or 83.3% is 
neutralized collagen plus additives (and 0.2 mL or 16.7% is 
cells or test reagents). Neutralized collagen is therefore 2.43 
mL of the theoretical 2.92 mL volume. The remaining volume 
of 0.357 mL will be filled with plain cell culture media. 
 

1 ��
1.2 �� �  0.833 

 
 

�2.92 ��!�0.833! � 2.43 �� 
 

2.43 �� C 2 �� ���
�	��#�� $���	��� C 0.073 �� EFGFH
� 0. @I? '( '.8JK' 

 
d. Add 1 mL neutralized collagen plus additives (HEPES and media) to a 

chilled Eppendorf tube. 
e. Add 0.2 mL cells at desired concentration to above. 

i. Example calculations 
For each group, we planned forty-30 µL onplants or 1.2 mL 
of material. Of that volume, 0.2 mL will be cells or test 
reagents (and 1 mL be neutralized collagen plus other 
additives). To get 75K cells/ 30 µL onplant, cells will be 
resuspended to 15K cells/µL.  
 

�75L $���
����	�
 � �40 ����	�
!

� 3000 L $��� ������ �� 0.2 ��   
 

�� 15L$���
��  

   
ii. Resuspension must be exact for proper cell number per onplant. 

1. Because the volumes we are using are small and the cells 
are very concentrated, we must account for the physical 
space that the cells take up when we resuspend them.  

2. Example: Assume you have a pellet of 15,000K. 
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a. To get 15K cells/µL you would need 15,000K cells 
in 1 mL total volume.  

b. Assume the volume of the pellet is ~0.5 mL.  
c. If you simply add 1 mL of media to the pellet, your 

cell concentration will be closer to 10K/µL. 
d. To make the final resuspension volume exactly 1 

mL, set pipetman to 1 mL and place 1 mL media in 
a clean Eppendorf tube. Draw up ~0.4 mL of media 
into the pipette tip. Resuspend cells well with the 
~0.4 mL media. Draw up all cells and media into tip 
and hold solution in tip with no air bubbles at the 
opening. Draw up the remaining ~0.1 mL with 
media from the Eppendorf tube. The solution 
should now be exactly 1 mL with cells and media. 

f. Mix collagen-cell solution well and pipette 30 µL onto each set of the 36 
double layered nylon meshes, being careful not in inject air bubbles. 

g. Place these “onplants” into the 38ºC incubator for 30 min to allow 
gelation. 

h. Using forceps, transfer 6 gelated onplants onto the chicken CAM. Avoid 
placing over the embryo itself, over very large blood vessels, over the 
bottom end of the CAM where the 2 ends of the membrane meet up 
again, or too close to the edge of the dish (Fig. A.4.1). Over time, the 
CAM will continue to expand and onplants will shift. Replace square petri 
dish lid and put embryos back into the incubator for 3-4 days. Label the 
lids with test group name. Cover name with lab tape if you prefer to count 
groups blind. 

5. Day 13 or 14 – Quantify angiogenesis under dissection microscope, preferably in 
a heated room. 

a. Remove lids and observe individual onplants under high magnification. 
b. Count and record the number of vessel positive squares versus total 

number of squares per onplant. Changing the plane of focus will help 
distinguish new from pre-existing blood vessels.  

c. After quantification, embryos may be replaced in the incubator and 
counted again at a different time point, if desired.   

d. Onplants may be harvested with forceps and surgical scissors for other 
downstream applications including tissue processing, RNA, or protein.  
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Figure A.1 Placement of Collagen-Mesh Onplants on the 10 Day Chick Embryo 

White squares indicate preferred locations for onplant placement. X indicates places that 
should avoided: over the embryo over large blood vessels, over the bottom end of the 
CAM, or too close to the edge of the dish.  

Image adapted from 
chickscope.beckman.uiuc.edu/resources/egg_to_chick/development.html
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