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ABSTRACT 

 

Title of Dissertation: Cancer Stem Cell-Induced Vascularization of Skin Cancer Tumors  

is Driven by Novel Signaling Mechanism Specific to VEGF-A/NRP-1 Interaction 

 

Daniel J.B. Grun, Doctor of Philosophy, 2017 

 

Dissertation Directed by: Richard L. Eckert, Ph.D., John F.B. Weaver Distinguished  

Professor and Chair of Biochemistry and Molecular Biology Department 

 

Epidermal squamous cell carcinoma is among the most common cancers. These tumors 

are comprised of phenotypically diverse populations of cells that display varying 

potential for proliferation and differentiation. An important goal is identifying cells from 

this population that drive tumor formation, in order to therapeutically target and eliminate 

this population of cells. To enrich for tumor-forming cells, cancer cells were grown as 

spheroids in non-attached conditions. Detailed analysis reveals that spheroid-selected 

cultures are highly enriched for expression of epidermal stem cell and embryonic stem 

cell markers, including ALDH1, keratin 15, CD200, and keratin 19. This limited 

subpopulation of epidermal cancer stem cells (ECS cells), in squamous cell carcinoma, 

form rapidly growing, invasive and highly vascularized tumors, as compared with non-

stem cancer cells. We show that ECS cell-produced vascular endothelial growth factor 

(VEGF)-A is required for the maintenance of this phenotype, as knockdown of VEGF-A 

gene expression or treatment with VEGF-A inactivating antibody reduces these 

responses. Surprisingly, the classical mechanism of VEGF-A action via interaction with 



 
 

VEGF receptors does not mediate these events, as these cells lack VEGFR1 and 

VEGFR2. Instead, VEGF-A acts via the Neuropilin-1 (NRP-1) co-receptor to trigger 

intracellular events leading to ECS cell survival and formation of aggressive, invasive 

and highly vascularized tumors. We further identify a novel signaling cascade 

downstream of this VEGF-A/NRP-1 interaction that shows NRP-1 forms a complex with 

GIPC1 and α6/4-integrin to activate FAK/Src signaling which leads to stabilization of a 

YAP1/∆Np63α to enhance ECS cell survival, invasion and angiogenesis.
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CHAPTER I 

INTRODUCTION 

Focus of the Thesis 

 

My studies have focused on epidermal squamous cell carcinoma, one of the most 

common cancers diagnosed. We propose that epidermal cancer stem cells play a major role in 

both the disease initiation and recurrence of epidermal squamous cell carcinoma, making them 

an important health concern and potential therapeutic target. Understanding epidermal stem cell 

biology is likely to lead to important therapies for treating skin diseases and cancer. The studies 

to elucidate the roles and biology of epidermal stem cells will also contriubte to our 

understanding of stem cells found in other biological systems. This thesis describes the 

epidermal cancer stem (ECS) cell production of VEGF-A leads to the formation of a Neuropilin-

1/GIPC1/α6/4-integrin complex which drives downstream changes in FAK, Src, and LATS1 to 

facilitate the YAP1/Np63 complex stabilization. This novel pathway through VEGF-A 

signaling drives the regulation of the Hippo pathway to enhance ECS cell survival and tumor 

formation potential.  

It is believed that slow cycling, self-renewing ECS cells are responsible for SCC tumor 

formation. However, ECS cells have not been extensively studied. Major reasons for this have 

been the lack of suitable in vitro cell culture systems for epidermal cancer stem cells, as well as 

difficulty in the categorization of a true stem population. These cancer stem cells have previously 

been selected by cell sorting or growth as spheroids and have intrinsic qualities of enhanced 
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tumor forming potential. As cancer stem cells often express characteristic sets of markers that 

will vary in a tumor type-specific manner, but will typically include proteins that mark stem cells 

of the parent tissue, we characterized these cells for expression of either canonical stem cell 

markers such as ALDH1 or marks associated with stem cells of the bulge region of the hair 

follicle including CD200, and K15. We find a dramatic increase for stem-associated markers in 

spheroid-derived cells, suggesting an enriched population of epidermal stem-like cells. In 

Chapter 2, ECS cells are selected from bulk monolayer cultures as spheroids, and found to form 

more aggressive and highly vascularized tumors in multiple cell lines compared to monolayer 

non-stem counterparts. However, the elucidation of a mechanism for the enhanced 

tumorigenicity is not well understood. Developement of a xenograft model for ECS cell tumors 

compared to non-stem cell tumors showed a drastic increase in vascularization in ECS cell 

tumors. Initial data suggests angiogenic factors such as vascular endothelial growth factor A 

(VEGF-A) are higher expressed in ECS cells in vitro compared to nonstem counterparts. We 

observe that downregulation of VEGF-A is sufficient for decreased stem cell maintenaince and 

proliferation, suggesting that VEGF-A is required.   

Chapter 3 discusses a novel mechanism we have identified in epidermal squamous cell 

carcinoma cancer stem cells, whereby VEGFR1 and VEGFR2 are not present in our cell types, 

and therefore, do not mediate VEGF-A action in our system. Rather, this VEGF-A pathway is 

controlled through the co-receptor Neuropilin-1 (NRP-1). Disruption of the receptor NRP-1, 

shows similar impact on ECS cell maintanence. The VEGFA/NRP-1 interaction and signaling 

independent of canonical VEGFR-mediated signaling is not well understood and has not been 

fully elucidated or explored to sufficient detail.  

Treatment with Bevacizumab (anti-VEGF) or EG00229 (NRP-1 inhibitor) as therapeutic 
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approaches, can be used to affect cell survival and stem cell maintenaince in vitro and in vivo. 

We hypothesized that ECS cells have a unique ability to upregulate VEGF-A which may be an 

angiogenic switch enabling ECS cell tumors to drive growth of aggressive and highly 

vascularized tumors. The elucidation of a mechanism for the enhanced tumorigenicity of ECS 

cells was not known and in Chapter 4 we find the Hippo signaling pathway, an essential growth 

control pathway that has been shown to play a role in regulating organ size during development, 

as well as stem cell function, regeneration and tumour suppression, is downstream of VEGF-

A/NRP-1/GIPC1 (GAIP-interacting protein) interaction that stimulates α6/4-

integrin/YAP1/∆Np63α signaling (Fig. 17). 

Before the study of this novel signaling pathway can be appreciated, a thorough overview 

of the background information will be presented with a review of the relevant literature on the 

individual components studied within this thesis. This review will include relevant discussion on 

cancer stem cells, VEGF-A, Neuropilin-1, Hippo signaling pathway, and GIPC1 to provide 

context and support of the foundation for the following work. 

 

Squamous Cell Carcinoma 

 

Skin cancers are the most common form of cancer diagnosed. There is an estimated 5.4 

million nonmelanoma skin cancers diagnosed each year, and the incidence is increasing [1]. The 

most common nonmelanoma skin cancers are basal and squamous cell carcinomas. While basal 

cell carcinoma (BCC) account for nearly 80% of NMSCs, Squamous Cell Carcinoma (SCC) has 

a greater capacity for invasion and metastasis [2]. Although in early disease the skin cancer 

lesion can be removed by surgical excision, the recurrence and metastatic rate still approaches 
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10%, with nonmelanoma skin cancer related deaths reaching an estimated 2,500 annually [1-3]. 

A strong risk factor for cancer development is cumulative UV exposure, with 80% of SCCs 

occurring on the head and neck and upper extremities, indicating SCC distribution strongly 

correlates with sun-exposed skin [2,3].The mechanism leading to genomic instability in 

keratinocytes likely results from UVB-induced inactivation of p53, as nearly 58% of cSCCs 

harbor UVB signature mutations [4]. The majority of cells within the epidermis will cease cell 

division and differentiate; therefore, a mutagenic event in this cell will have a low effect since 

the cells are destined to die.  The dangerous mutations are those that target stem cells, which are 

normally well-protected within the basal layer. Unfortunately, UVB irradiation can penetrate 

these protective layers and produce mutations in stem cells, leading to abnormal proliferation and 

differentiation pathways of the skin, and ultimately cancer [2,3].   

 

Biochemistry of Epidermal Cancer Stem Cells 

 

Normal stem cells in different tissues have the ability to self-renew, to divide and form 

additional stem cells, as well as give rise to continuously proliferative non-stem daughter cells 

that can differentiate into the mature cells of the organ in which they reside [5,6]. Epidermal 

stem cells, despite representing a small fraction of cells, play an important role in the complex 

regulation of skin. Epidermal homeostasis depends on a balance between proliferation and 

differentiation/apoptosis of keratinocytes [7,8]. The stem cells are the driving force that will push 

cells towards the surface where they undergo differentiation to produce the effective barrier to 

environmental stresses, water loss, and pathogens [8]. There are 3 pools of epidermal stem cells: 

The interfollicular (IF) stem cells of the basal layer, the hair follicle (HF) stem cells of the bulge, 
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and the sebaceous gland (SG) stem cells that are located above the bulge and below the hair shaft 

orifice [7]. The regeneration of the epidermis relies primarily on the subpopulation of basal 

keratinocytes, or IF stem cells. Markers to enrich for this population of stem cells has been high 

expression of 6-integrin and low expression of CD71 [7-9]. Subsequent markers to enrich for 

the HF population of stem cells include CD200, CD34, and Keratin15 [7,8,10,11].  

Human SCC is thought to arise from IF stem cells as SCC generally occurs at the sun 

exposed sites and basal IF epidermis is accessible to UV irradiation.  However, most of the 

tumors arise from stem cells located in the HF bulge region in the two stage carcinogenesis 

model of DMBA and TPA treatment [12]. Therefore, UV radiation can cause dysregulation in 

the IF, and HF epidermal stem cells, leading to abnormal proliferation and differentiation 

pathways of the skin, and ultimately SCC cancer [8,12]. These tumors are made up of a 

heterogenous population of cells in terms of proliferative ability and capacity to differentiate [5]. 

Furthermore, It has been suggested that only a small percentage of cells within this diverse 

population are capable of tumor initiation, defined as epidermal cancer stem (ECS) cells. These 

cancer cells have previously been selected by cell sorting or growth as non-attached multicellular 

spheroids and have intrinsic qualities of enhanced tumor forming potential [13-15]. Limiting-

dilution assays are the gold standard to demonstrate tumorigenic potential with proposed ECS 

populations forming tumors when injected at fewer than one hundred ECS cells compared to tens 

of thousands of non stems [5,6].  

Cancer stem cell theory suggests that tumor stem cells are a distinct subpopulation of 

cells that are self-renewing, slow cycling cells that give rise to continuously proliferative non-

stem daughter cells that comprise the bulk of the tumor. Moreover, it has been proposed that 

these ‘slow cycling’ cells are not impacted by anticancer agents that kill rapidly growing tumor 
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cells and can eventually lead to reoccurrence or metastasis. Conventional therapy targets rapidly 

dividing cells, therefore, these cancer stem cells can evade certain anti-cancer agents. Therefore, 

eliminating stem cells is necessary to halt tumor formation or lead to tumor regression, and 

understanding the inherent differences in protein expression and signaling pathways between 

stem and non-stem cancer cells is essential to elucidate better therapy targets.  

 

Tumor Vascularization 

 

Cancer stem cells displayed enhanced migratory and invasiveness potential, while 

forming more aggressive and highly vascularized tumors. Angiogenesis, the growth and 

expansion of vasculature, is a critical process to the growth, maintainence, and metastasis of 

many cancers [16]. For growth beyond a certain size, 1-2 mm, a tumor must induce vasculature 

to be recruited to the tumor in order to supply nutrients beyond the limits of diffusion to maintain 

growth and offer a route for tumor cells to disseminate to secondary sites [16,17]. Therefore, 

Angiogenesis typically occurs as a response to a stimulus such as tissue hypoxia to result in 

improved perfusion to increase oxygen delivery [17]. Tumor cells alter the balance of pro- and 

anti-angiogenic factors being produced and subsequently released into the tumor 

microenvironment. This “angiogenic switch” allows capillary sprouting and new vessel 

formation through recruitment, proliferation, and migration of endothelial cells to the tumor [16]. 

The most potent inducer of vasculogenesis and angiogenesis is VEGF-A which functions as a 

survival factor and mitogen for endothelial cell [17,18].   
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Structure and Role of VEGF 

 

VEGFs (Vascular Endothelial Growth Factors) denote a family of five related growth 

factors: VEGFA VEGFB, VEGFC, VEGFD, PlGF (placental frowth factor) [18]. The VEGFs 

are homodimeric polypeptides, and complex regulation of VEGFs includes splicing and 

processing to selectively bind various VEGFRs and NRP-1. For example, VEGF-A most readily 

is alternatively spliced into VEGFA121, VEGFA145, VEGFA165, VEGFA189, and 

VEGFA206, with other additional splice variants that are much less common [19]. The different 

isoforms are the result on the inclusion or exclusion of exon 6 and exon 7 that pertain to either 

heparin sulfate proteoglycans (HSPGs-) or NRP1- binding domains. The variants VEGFA165 

and 121 are the most predominant forms in most cancers, with VEGFA165 having the most 

activity and specificity, and therefore VEGFA165 is used interchangeably with VEGF-A [17]. 

Traditionally, VEGF-A has been studied for its ability to stimulate angiogenesis through a 

paracrine signaling mechanism. Paracrine signaling is the secretion of stimuli to induce 

neighboring cells, such as tumor produced VEGF-A acting on endothelial cells, whereas, 

autocrine signaling is defined as molecules acting on the same cells that produced them. In 

addition to enhancing angiogenesis, increased VEGF-A promotes skin carcinogenesis by altering 

the survival, proliferation, and stemness of keratinocytes and tumor cells in an autocrine manner, 

[20-22]. As Angiogenesis is important for organ development, as well as physiological processes 

like wound closure and exercise training, VEGF-A is expressed by many different tissues. 

Although, the ratio of VEGF-A isoforms expressed may vary greatly depending on the needs of 

the specific tissue [17]. 
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It is known that VEGF-A is expressed in epidermal keratinocytes and is upregulated in 

wound healing, psoriasis and increased by UV irradiation [23,24]. Keratinocytes express several 

isoforms; however, the most abundant form is VEGFA165, which is capable of binding VEGFR-

1, VEGFR-2, and cell surface non-tyrosine kinase receptor neurophilin-1 (NRP-1) [23,24]. 

VEGFR-1 has shown to have a higher affinity for VEGF-A; however, VEGFR-2 shows a 

stronger VEGFA-dependent tyrosine phosphorylation [23]. Binding of VEGF-A occurs on the 

N-terminal part of the extracellular domain of the receptor. This binding can occur in cis, 

through freely diffusible VEGF-A, or in trans, through presentation of VEGF-A to its receptor 

by presentation of a co-receptor [19].  Binding of VEGF-A to VEGFR1/VEGFR2 results in 

receptor homodimerization or heterodimerization, leading to conformational changes, kinase 

activation, and auto- or trans-phosphorylation of tyrosine residues to activate downstream signal 

transducers [19]. VEGF receptors (VEGFR1, 2 and 3) are expressed in keratinocytes although 

the data on VEGFR2 is controversial [25-27]. We find a larger role for the VEGF-A co-receptor 

Neuropilin-1 in mediating signaling in ECS cells. 

  

Structure and Function of Neuropilins 

 

NRP-1 is overexpressed in several types of cancer including melanoma, breast, 

pancreatic, prostate, colon, and kidney cancers, and this overexpression correlates with tumor 

aggressiveness, disease progression, and poor prognosis [28]. NRP-1 is a single pass 

transmembrane glycoprotein of 923 amino acids [29]. This signaling protein contains a small 

cytoplasmic domain of 44 amino acids. The C-terminal three amino acids, SEA, present in NRP-

1 form a consensus PDZ binding-domain motif [29]. Its extracellular domains contain two -
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subunits (1/2) and two CUB -subunits (1/2). Neuropilin-2 (NRP-2) is a paralog to NRP-1 

that contains the common domain architecture, including the C-terminal PDZ-binding site. 

Despite their similarities, NRP-1 interacts primarily with VEGF-A and Sem3A, while NRP2 is 

more associated and involved with lymphangiogenesis and is a co-receptor for VEGFR3 and its 

ligands VEGF-C and VEGF-D [18,19].  

Only VEGFA165 and VEGFA121 readily bind NRP-1, with VEGFA165 being more 

abundant in most systems and with a much higher specificity [30]. Neuropilins, specifically 

NRP-1, are classically defined as co-receptors for class 3 semaphorins, VEGF-A, TGF, PDGF, 

and HGF [31]. In the context of VEGFs, NRP-1 facilitates the formation of the NRP-1-VEGFA-

VEGFR2 complex to increase avidity of VEGFR2. There are several alternative splice variants 

of NRP-1. NRP-1(exon16) lacks 51 nucleotides corresponding to exon 16, but does not differ 

from full-length NRP-1 in binding of VEGF-A of dimerization of VEGFR2 [32]. Two soluble 

NRP-1 (sNRP-1) isoforms have been shown to be expressed in protein form [29]. These soluble 

isoforms occur in both normal and cancerous human tissues while binding to VEGF-A and 

Sem3A, but function to negatively regulate the mediated signaling of these cytokines [29]. The 

lack of kinase activity and short cytoplasmic C-terminal region of NRP-1 means less is known 

about how it is activates intracellular signaling independent of classical VEGF-receptors. One 

possible mediator is GIPC1 [33, 34].  GIPC1 contains an N-terminal dimerization domain and a 

centrally located PDZ domain.  Studies in a limited number of models suggest that NRP-1 

interacts with GIPC1 [33-36].  Our present study provides evidence for assembly of an NRP-

1/GIPC1 complex in ECS cells (Figure 15).   
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GIPC1 Structure and Function 

 

GIPC1/GIPC (GAIP/RGS19-interacting protein), GIPC2, and GIPC3 are PDZ domain 

proteins that are members of the GIPC family [33]. GIPC1, also known as synectin or NIP 

(neuropilin 1 –interacting protein), is upregulated in many human cancers, including breast, 

ovarian, and pancreatic cancer [39,40]. Somatic mutations of GIPC family genes have been 

identified in head and neck squamous cell carcinoma as a F319L missense mutation, and D125N 

and E288K missense mutations of GIPC2 occur in malignant melanoma [40]. The N-terminal 

GH1 region of GIPC1 is associated with the homodimerization, necessary for its recycling, 

signaling, or trafficking functions. The C-terminal GH2 region will interact with Myosin, 

retrograde motor proteins, to function as an adaptor molecule to load and move PDZ-target 

cargoes [34].  GIPC1 contains a PDZ domain in the middle region of the protein which is 

involved in binding interactions with proteins possessing PDZ binding domains. GIPC1 has been 

show to interact with alpha-integrins which contain PDZ binding-domains and are bound to beta-

intgrins for downstream signaling [35-37].  

PSD-95/Dlg1/ZO-1 (PDZ) domains are the most abundant protein-protein interaction 

module encoded by the human genome with approximately 440 PDZ domains contained in 

approximately 214 different proteins [41]. Often multiple PDZ domains are present in one 

protein, where they interact with other proteins that harbor a PDZ binding domain to act as a 

scaffold and facilitate the assembly and localization of macromolecular complexes associated 

with signal transduction [34,41,42]. Organization around a PDZ-based scaffold allows the stable 

localization of interacting proteins and enhances the rate and fidelity of signal transduction 

within the complex. PDZ domains are small protein-protein interaction domains approximately 
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90 amino acids in length that share a similar folding into a compact globular structure that 

includes 2 alpha helices and six-stranded beta-barrel [42,43]. PDZ domains typically bind in a 

sequence-specific fashion to short extreme C-terminal, 5-10 peptides, or short internal peptide 

fragments of their interaction partner by folding in a β-finger. The specificity of the interaction 

generally comes from the side chain interactions between the ligand and the PDZ domain [43].  

We find a required role for the YAP1 PDZ binding domain for GIPC1 interaction and for 

rescue of NRP1-null ECS cell maintenance. To assess the biological role of NRP-1 and GIPC1, 

we treated ECS cells with GIPC1-siRNA and monitored the effect on ECS cell spheroid 

formation and matrigel invasion. We find that GIPC1 knockdown reduces spheroid formation 

and matrigel invasion. A required role for GIPC1 within our model system is further supported 

by biochemical data showing that GIPC1 knockdown alters downstream signaling to reduce 4-

integrin level and FAK/Src activity, increase LATS1 (Hippo) activity, reduce YAP1/increase 

YAP1-P, and reduce ∆Np63α level (Fig. 15F).    

 

Hippo Signaling Pathway 

 

The Hippo signaling pathway is an essential growth control pathway that has been shown 

to play a role in regulating organ size during development, as well as stem cell function, 

regeneration and tumour suppression [44]. When an organ reaches a proper size, cell–cell contact 

activates Hippo signaling to halt cell growth [45]. This property is typically lost in cancerous 

cells, allowing them to proliferate in an uncontrolled manner.  

The protein kinase Hippo (MST1/2 in mammals) mechanism to halt proliferation 

involves activation of LATS1 kinase. A phosphorylated and activated LATS1/2 in turn 
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phosphorylates YAP1 and TAZ, targeting them for inhibition through the mechanisms of nuclear 

exclusion, sequestration in the cytoplasm, and proteasomal degradation [46]. Yes-associated 

protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ), the main 

downstream mediators and major effectors of the Hippo cascade, are transcriptional adaptor 

proteins that interact with nuclear factors, like TEAD1-TEAD4, to regulate target gene 

expression, drive cell proliferation and survival [45]. YAP and TAZ are also hyperactivated in 

many human malignancies. 

This overall pathway is deregulated in many cancers, such as liver cancer, breast cancer, 

and colorectal cancer. LATS1 activity is reduced in many tumor types, leading to nuclear YAP1 

accumulation to drive tumor formation which suggests that altered Hippo signaling is tightly 

linked to tumor initiation and/or progression [45]. A recent study indicates that PDK1 can inhibit 

Hippo signaling by direct inhibition of LATS1 function [46]. Furthermore, Integrin/FAK/Src 

signaling has been reported to enhance PI3K/PDK1 signaling to also inhibit LATS1 activity and 

enhance cell proliferation [47].  

Our lab has revealed this cascade can be regulated through the 6/4-integrins to 

increase FAK/Src signaling which leads to PI3K/PDK1 activation, and that PDK1, in turn, 

suppresses LATS1 signaling, leading to enhanced nuclear accumulation of YAP1, which forms a 

complex with and stabilizes Np63, a stem cell survival factor, to enhance ECS cell survival 

[48]. Np63 is a key regulator of epithelial cancer stem cell survival [49,50]. Previous studies 

shows that Np63 level is elevated in ECS cells and is required for maintenance of ECS cell 

survival, spheroid formation, invasion, and migration [47]. YAP1 has been suggested to maintain 

Np63 level [51-55]. YAP1, and Np63 are elevated in ECS cells as compared to non-stem 

cancer cells and several models describe YAP1/Np63 complex formation [51-53], which 
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involves binding of the YAP1 WW-domain to the PPPPY motif of p63a [53]. Some studies 

report that complex formation is increased by Np63 phosphorylation [52]. Our studies further 

suggest that YAP1 controlsNp63 level. YAP1 appears to be a key mediator, as YAP1 

knockdown reduces Np63 level. This finding is consistent with a previous studies showing 

that YAP1 can regulate Np63 stability [56].  

We now identify a novel signaling cascade that is triggered by VEGF-A/NRP-1 which 

regulates Hippo signaling.  We show that NRP-1 forms a complex with GIPC1 and α6/4-

integrin to activate FAK/Src signaling which leads to stabilization of a YAP1/∆Np63α to 

enhance ECS cell survival, invasion and angiogenesis.  Loss of NRP-1, GIPC1, α6/β4-integrins, 

YAP1 or ∆Np63α reduces these responses.  Based on our studies, we propose that formation of 

NRP-1/GIPC1/α6/4-integrin complex drives downstream changes in FAK, Src, and LATS1 to 

facilitate the YAP1/Np63 complex to enhance ECS cell survival.   
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CHAPTER II 

Identification of a Population of Epidermal Squamous Cell Carcinoma Cells with Enhanced 

Potential for Tumor Formation 

 

ABSTRACT 

Epidermal squamous cell carcinoma is among the most common cancers in humans. 

These tumors are comprised of phenotypically diverse populations of cells that display varying 

potential for proliferation and differentiation. An important goal is identifying cells from this 

population that drive tumor formation. To enrich for tumor-forming cells, cancer cells were 

grown as spheroids in non-attached conditions. We show that spheroid-selected cells form faster 

growing and larger tumors in immune-compromised mice as compared to non-selected cells.  

Moreover, spheroid-selected cells gave rise to tumors following injection of as few as one 

hundred cells, suggesting these cells have enhanced tumor-forming potential. Cells isolated from 

spheroid-selected tumors retain an enhanced ability to grow as spheroids when grown in non-

attached culture conditions. Thus, these tumor-forming cells retain their phenotype following in 

vivo passage as tumors. Detailed analysis reveals that spheroid-selected cultures are highly 

enriched for expression of epidermal stem cell and embryonic stem cell markers, including 

aldehyde dehydrogenase 1, keratin 15, CD200, keratin 19, Oct4, Bmi-1, Ezh2 and trimethylated 

histone H3. These studies indicate that a subpopulation of cells that possess stem cell-like 

properties and express stem cell markers can be derived from human epidermal cancer cells and 

that these cells display enhanced ability to drive tumor formation. 
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INTRODUCTION 

 

Epidermal squamous cell carcinoma ranks among the most common forms of human 

cancer. Moreover, due to environmental irritants and exposure to UV irradiation, the incidence is 

increasing [56]. Thus, skin cancer is an important health concern. In early disease, the cancerous 

lesion can be removed by surgical excision. However, the high frequency of skin cancer means 

that treatment is expensive and advanced disease is life-threatening and disfiguring. 

It is widely appreciated that large numbers of tumor cells (millions) must be injected into 

immune-suppressed mice to produce palpable tumors. It has been suggested that may be because 

only a small percentage of cells, within the larger population, is capable of forming tumors. 

Recent evidence in several systems suggest that tumors contain a small subpopulation of cells, 

called cancer stem cells (CSC), which exhibit self-renewal capacity, proliferate infrequently, and 

are responsible for tumor maintenance and metastasis [7]. Moreover, it has been proposed that 

these “slow cycling” cells are not impacted by anti-cancer agents that kill rapidly growing tumor 

cells [5]. Since the cancer stem cells are thought to give rise to other cells in the tumor, 

eliminating the stem cell population may be necessary to halt tumor formation [5]. 

Substantial progress has been made in identifying human cancer stem cell markers. In 

breast cancer, the stem cell population is CD44+/CD24- [6], and CD133 marks cancer stem cells 

in brain tumors, colorectal carcinoma, and pancreatic carcinoma [57-60]. In head and neck  

squamous cell carcinoma, a CD44+ population of cells possesses the properties of CSC [61], 

and aldehyde dehydrogenase 1 (ALDH1) activity has also been reported to identify cancer stem 

cells in a host of cancer types [62-65]. The human epidermis contains multiple stem cell 

populations [7], including the CD200+/K15+/K19+ hair bulge stem cells [66] and the 
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α6+/β1+/CD71- interfollicular stem cells [9,67]. CD133 has also been reported to identify human 

skin cancer stem cells [8,68,69].  

Cancer cells with enhanced tumor forming potential can be selected by cell sorting [6] or 

by growth as spheroids [70,71]. In the present study, we utilize human epidermal stem cell 

markers and non-attached growth conditions to isolate and characterize epidermal squamous cell 

carcinoma cells with enhanced potential to form tumors. These cells were enriched by selection 

in non-attached culture conditions. The selected cells form fast growing tumors in immune-

compromised mice at lower densities as compared to non-selected cells, and express many 

proteins that mark epidermal stem cells. These cells may represent a population of squamous cell 

carcinoma cancer stem cells. 

 

MATERIALS AND METHODS 

 

Chemicals and Reagents 

DMEM (11960-077), sodium pyruvate, (11360-070), LGlutamine (25030-164), 

penicillin-streptomycin solution (15140-122), 0.25% trypsin-EDTA (25200-056) were purchased 

from Gibco (Grand Island, NY). Heat-inactivated fetal calf serum (FCS, F4135) was obtained 

from Sigma. Antibodies for Ezh2 (612667) and Oct4 (611203) were obtained from BD 

transduction laboratories (San Jose, CA). Anti-H3K27me3 (07-449) was from EMD Millipore 

(Bedford, MA). Antibodies of Sox2 (ab15830-100), CD200 (ab23552), Bmi-1 (ab14389) and 

ALDH1 (ab23375) were obtained from Abcam. Anti-α6-integrin (SC-0374057) was from Santa 

Cruz Biotechnology (Santa Cruz, CA). Anti-K15 (10137-1-AP) was obtained from ProteinTech 

(Chicago, IL), and anti-K19 (MMS-158S) was from Covance (Dedham, MA). β-Actin (A5441) 
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antibody was purchased from Sigma (St. Louis, MO). Anti-mouse IgM magnetic microbeads 

(#130-047-301) and anti-CD71 (transferrin receptor) (#130-046-201) magnetic microbeads were 

obtained from Miltenyi Biotech (Cambridge, MA). Alexa Fluor 594 goat anti-rat IgG (A11007), 

Alexa Fluor488 goat anti-mouse IgG (A21121) and Alexa Fluor 594 goat anti-rabbit IgG 

(A11012) secondary antibodies were obtained from Invitrogen and used at 1:500 dilution. 

Peroxidase-conjugated anti-mouse IgG (NXA931) and anti-rabbit IgG (NA934V) were obtained 

from GE Healthcare (Buckinghamshire, UK) and used at a 1:5000 dilution. Statistical 

comparisons were made using the t-test. 

 

Cell Spheroid Selection Conditions 

SCC-13 and A431 cells were obtained from Dr. James Rheinwald [109] and American 

Type Culture Collection, respectively. These cells were maintained in growth medium (DMEM, 

Invitrogen, Frederick, MD, supplemented with 4.5 mg/ml D-glucose, 2 mM L-glutamine, 1 mM 

sodium pyruvate, 100 U/ml penicillin, 100 U/ml streptomycin and 5% fetal calf serum). For 

spheroid formation assay, 80% confluent cultures were harvested with trypsin and gently 

pipetted to form a single cell suspension. Trypsin was inactivated by addition of serum-

containing medium and the cells were collected by centrifugation at 2,000 rpm for 5 min. The 

cells were resuspended in spheroid medium which is DMEM/F12 (1:1) (DMT-10-090-CV, 

Mediatech Inc (Manassa, VA) containing 2% B27 serum-free supplement (17504-044, 

Invitrogen, Frederick, MD), 20 ng/ml EGF (E4269, Sigma, St. Louis), 0.4% bovine serum 

albumin (B4287, Sigma) and 4 μg/ml insulin (Sigma, St. Louis, MO, #19278) and plated at 

40,000 cells per 9.5 cm2 well in six well ultra-low attachment cluster dishes (#3471, Corning, 
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Tewksbury, MA) or 1.2% poly-HEMA coated dishes. Poly- HEMA was prepared by suspending 

1.2 g poly-HEMA (P3932, Sigma, 2-hydroxyethyl methacrylate) per 100 ml 95% ethanol and 

heating at 65 °C with mixing. Dishes were coated by addition of 2.5 ml of poly-HEMA stock per 

9.5 cm2 dish in a sterile hood. The ethanol was permitted to evaporate overnight and the dishes 

were sterilized by 1 h UV irradiation. Parallel control cultures were plated in spheroid medium 

and grown as attached monolayers on conventional plastic dishes. At the time of plating the 

suspension contained 100% single cells. The number of passages wherein the cells were grown 

as spheroids is indicated by passage number, P1, P2, etc. 

 

Immunoblot Analysis 

For immunoblot analysis, equivalent amounts of protein were electrophoresed on 

denaturing and reducing 8% polyacrylamide gels and transferred to nitrocellulose membrane. 

The membrane was blocked by 5% nonfat dry milk and then incubated with the appropriate 

primary (1:1000) and secondary antibody (1:5000). Secondary antibody binding was visualized 

using chemiluminescence detection technology. 

 

Immunostaining 

SCC-13 cells were grown as monolayer or non-attached (spheroid) cell cultures. For 

immunostaining, cells were harvested, suspended in spheroid medium, and plated in 35 mm glass 

bottom wells (MatTek Corporation, P35G-1.0-14-C). This permits the cells to attach to a 

substrate for the purposes of immunostaining. After 16 h, the cells were fixed with 4% 

paraformaldehyde at room temperature for 15 min, washed three times with 1 x phosphate-
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buffered saline (PBS), incubated with 0.2% Triton X-100 for 10 min, washed three times with 

PBS, and blocked for 1 h with PBS containing 7.5% fetal calf serum. Primary antibodies were 

added and the slides incubated overnight at 4 °C. Cells were then washed three times with PBS, 

and incubated 1 h with appropriate Alexa Flour fluorescence probe-conjugated secondary 

antibody. After additional washing, the cells were stained with DAPI for 10 min. Confocal 

images were obtained using an Olympus IX81 spinning disk confocal microscope. For staining 

of microbeadseparated cells, the cells were suspended in spheroid medium and permitted to 

attach to 35 mm glass bottom dishes from MatTek (P35G-1.0-14-C) for 16 h prior to fixation and 

processing. 

 

Tumor Xenograft Growth Assays 

Monolayer or spheroid-derived cancer cells were prepared as a single cell suspension by 

trypsin treatment, resuspended in phosphate buffered saline containing 30% Matrigel and 100 μl 

containing 100 to 100,000 cells was injected subcutaneously at four sites in the ventral flanks of 

NOD scid IL2 receptor gamma chain knockout mice (NSG mice) using a 26.5 gauge needle. 

Three to ten mice were used per data point (two or four tumors per mouse), depending upon the 

number of cells/site that were injected. Tumor growth was monitored by measuring tumor 

diameter and calculating tumor volume using the formula, volume = 4/3π x (diameter/2)3 [110]. 

Mice were euthanized by injection of 250 μl of a 2.5% stock of Avertin per mouse followed by 

cervical dislocation of the neck. Tumor samples were harvested to prepare extracts for 

immunoblot and sections for immunostaining. These experiments were reviewed and approved 

by the University of Maryland- Baltimore Institutional Animal Care and Use Committee. 
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RESULTS 

 

Characterization of skin cancer stem cells 

 

Growth as non-attached multicellular spheroids can be used to select cancer cells with 

enhanced tumor forming potential [13,14]. We applied this method to determine whether tumor 

forming cells can be isolated by growing human epidermisderived SCC-13 cells as spheroids. 

Fig. 1A compares the growth of SCC-13 cells in non-attached and monolayer conditions. Forty-

thousand cells were seeded and colony expansion was monitored for 7 days. Monolayer growth 

produces colonies that expand with a typical cobblestone appearance. In contrast, the cells in 

non-attached culture form multicellular spheroids that grow in size until they plateau as colonies 

with a 150 - 160 μm diameter (Fig. 1B). Counting of the number of spheroids formed from these 

cultures indicate that seeding forty-thousand cells results in formation of sixty spheroids (Fig. 

1C). This indicates that only 0.15% of the cells in these cultures are able to grow as spheroids. 

To assess whether this was a selection process, we plated single SCC-13 cells into 96 well low-

attachment plates and monitored cell survival. This clonal survival assay confirmed that 0.15% 

of the cells survive this process. Figure 1D shows examples of these two cell fates as monitored 

at the indicated times after cell plating. The fact cell death occurs within hours after plating, 

strongly suggests the culture conditions provide selection pressure to derive spheroid-forming 

cells. Thus, these finding are consistent with a small population of cells giving rise to these 

structures [13]. 

Cancer stem cells express a characteristic set of stem cell markers that vary in a tumor 

type-specific manner, but typically include proteins that mark stem cells from the parent tissue.  
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Figure 1 
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Figure 1.  A subpopulation of SCC-13 cells grow as spheroids.  A SCC-13 monolayer 

cultures, maintained in growth medium, were harvested and plated at 40,000 cells per 9.5 cm
2
 in 

poly-HEMA coated dishes or in standard tissue culture plates and grown in spheroid medium. 

Monolayer and P1 spheroid cultures were monitored for growth. The bars = 50 μm. B SCC-13 

spheroid growth rate. SCC-13 cells were plated on poly-HEMA coated dishes and the diameter 

of P1 spheroids was monitored for 0 - 9 d. The values are mean + SEM, n = 3. C Spheroids are 

formed from a subset of SCC-13 cells. SCC-13 cells (40,000 single cells) were plated on poly-

HEMA coated dishes and the total number of P1 spheroids was monitored for 0 - 10 d. Care was 

taken to assure that spheroid formation was not due to cell aggregation. A small percentage of 

cells (0.15%) are able to form spheroids. The values are mean + SEM, n = 4. The asterisks 

indicate a significant increase in spheroid number as compared to the day 2 data point (p < 0.05). 

D Selection of spheroid-forming cells. SCC-13 monolayer cultures were dissociated and plated 

into 96 well non-attachment plates at one cell per well. At the indicated times after plating, the 

cells were photographed. The upper panel shows on of the 0.15% of cells that survived and 

formed a spheroid. The bottom panel shows one of the non-surviving cells undergoing cell death. 
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We used this property to characterize the spheroid cells. The human epidermis includes the 

CD200+/K15+/K19+ hair bulge stem cells [66] and the α6+/β1+/CD71- interfollicular stem cells 

[7,9,67]. To characterize the SCC-13 cell spheroids, we stained to detect CD200 and K15, and 

compared expression in monolayer versus spheroid cultures. Fig. 2A shows that the spheroids 

are enriched for CD200 and K15 expression as compared to monolayer cultures. Cell extracts 

were obtained for immunoblot detection of additional makers. Fig. 2B shows that spheroid 

cultures are also enriched for expression of Sox 2, Oct 4, Bmi-1 and Ezh2. Ezh2 is a histone 

methyltransferase that trimethylates histone H3 on lysine 27 (H3K27me3) [72–74]. Moreover, 

the spheroid cell-associated increase in Ezh2 level is associated with enhanced Ezh2 activity, as 

evidenced by increased H3K27me3 formation (Fig. 2B). These studies indicate that spheroid 

cultures derived from SCC-13 cells express markers that are characteristic of stem cells. 

Stem cells are frequently positive for aldehyde dehydrogenase 1 (ALDH1) [62,75–77]. 

Immunostaining of spheroid cultures with anti-ALDH1 shows a specific increase in ALDH1-

positive cells (Fig. 2A). In addition, we harvested monolayer and first passage (P1) spheroids 

and sorted for ALDH1+ cells. This analysis reveals that 0.6% of the cells in monolayer culture 

versus 14% of spheroid-derived cells are ALDH1+ (Fig. 2C). We further assessed whether 

ALDH1-positive phenotype is associated with enhanced ability to form spheroids. For this 

purpose, P1 spheroid cultures were sorted to isolate ALDH1- and ALDH1+ cells, and the cells 

were replated at equal density on cell non-adherent dishes and monitored for spheroid formation. 

Spheroid formation is 60-fold more efficient for ALDH1+ as compared to ALDH1- cells (Fig. 

2D). 

As mentioned above, normal interfollicular epidermal stem cells are α6-integrin-positive 

and CD71-negative [9]. We hypothesized that cancer cells may express these stem cell markers.  
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Figure 2.  SCC-13 spheroid cultures express stem cell-related marker proteins.  SCC-13 

cells, maintained in growth medium, were harvested and grown as P1 spheroids on non-attached 

(spheroid) or attached (monolayer) conditions. A Spheroid cultures express stem cell marker 

proteins. After 10 d, P1 spheroids and monolayer cultures were harvested, and the cells were 

permitted to attach on glass coverslips and stained with anti-ALDH1, anti-CD200 or anti-K5. No 

signal was observed in absence of primary antibody (not shown). B Spheroid cultures express 

stem cell marker proteins. Ten day spheroid and monolayer cultures were harvested for 

preparation of total extract, and the indicated epitopes were detected by immunoblot. C P1 

spheroids are enriched in ALDH+ cells. P1 monolayer and spheroid cultures were grown for 10 

d, harvested as single cell suspensions, incubated with ALDH1 substrate, and ALDH1 positive 

and negative cells were quantified by flow cytometry. The boxes indicate the sorting windows 

for cells considered ALDH+ and ALDH-. D ALDH1+ cells form spheroids. ALDH1(+) and 

ALDH1(-) cells, isolated from 10 d P1 spheroid cultures by cell sorting, were plated as a single 

cell suspension at 40,000 cells per 9.5 cm
2
 well on non-attachment dishes for a 10 d spheroid 

formation assay. At 10 d the number of spheroids were counted. The values are mean + SEM, n 

= 3. The asterisk indicates that spheroid formation by ALDH1(+) cells is significant greater as 

compared to ALDH1(-) cells (p < 0.05).  
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To test this, we used magnetic bead-conjugated antibodies to purify α6+/CD71- cells from SCC-

13 monolayer and spheroid cultures and then assayed for expression of other stem cell markers 

(Fig. 3A) [78]. The selected cells displayed elevated levels of CD200, K15, Sox 2 and Oct 4 

(Fig. 3B). Taken together, these findings suggest that growth in non-attached conditions selects 

for a population of SCC-13 cells that are enriched in expression of stem cell markers [7]. 

 

Spheroid-derived cells display enhanced ability to form tumors 

 

The cancer stem cell model predicts that a small population of stem cells is responsible 

for tumor formation and that enriched populations of such cells will preferentially initiate tumor 

formation [6,8,68,79]. We therefore assessed whether the spheroid-derived cells display 

enhanced tumor formation compared to cells derived from monolayer culture. One hundred 

thousand monolayer or spheroid-derived cells were injected subcutaneously in NSG mice, and 

tumor growth was monitored over a period of four weeks. These studies show that spheroid cell-

derived tumors grow much larger than tumors derived from monolayer cells (Fig. 4A). 

Moreover, visual inspection reveals that the spheroid cell-derived tumors are better vascularized 

than the monolayer cell-derived tumors (Fig. 4B).  

We next assessed the impact of a reduced injection density on tumor formation. Although 

it is difficult to demonstrate in practice, in theory, a single stem cell should be able to give rise to 

a tumor [6]. To assess the potential to form tumors at reduced injection density, spheroid- and 

monolayer-derived SCC-13 cells were injected into NSG mice at 10 to 100,000 cells per site, and 

tumor formation was monitored over a period of eight weeks (Figure 5). The first observation is 

that time to onset of tumor formation is reduced with reduced cell injection density. This is best  
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Figure 3.  Stem cell marker expression in SCC-13 α6-integrin+/CD71- cells.  A Isolation of 

α6-integrin+/CD71- cells. Dissociated cells from 10 d spheroids were incubated with anti-α6 

integrin beads to select for anti-α6 integrin positive cells which were then incubated with anti-

CD71 beads to remove CD71+ cells to yield the α6-integrin+/CD71- cells. B Spheroid-derived 

α6-integrin+/CD71cells express epidermis-relevant stem cell markers. α6-integrin+/CD71- cells 

were isolated using anti-α6-integrin and anti-CD71 beads as outlined above. These cells were 

then stained with anti-CD200 (green), anti-K15 (red), anti-K19 (green), anti-Sox2 (red), anti-

Oct4 (green) and anti-ALDH1 (red) and visualized by confocal microscopy. Similar results were 

observed in each of three experiments. 

  



27 
 

 

Figure 4.  SCC-13 spheroid-selected cells display enhanced tumor formation.  A SCC-13 

spheroid- or monolayer-derived cells were injected at 100,000 cells per site in NSG mice and 

tumor growth was monitored. Tumors volume was calculated as 4/3π x (diameter/2)3 [64]. The 

values are mean + SEM for 8 individual tumors. Asterisks indicate significant differences in 

tumor size between the spheroid and the monolayer groups at each time point (p < 0.005, n = 8). 

B Representative spheroid- and monolayer-derived tumors were harvested on week four and 

photographed. The spheroidderived tumors are larger and red (vascularized) in appearance. 
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appreciated by noting the week at which tumors reached a size of 200 cubic millimeters. This 

time increases from three weeks following injection of 100,000 spheroid-derived cells to seven 

weeks following injection of 100spheroid-derived cells. The second observation is that spheroid 

cell-derived tumors expand much more efficiently, compared to monolayer cell-derived tumors, 

at all cell injection levels. This difference is particularly evident when only 100 cells are injected 

(Fig. 5). We show that only 0.15% of SCC-13 cells derived from monolayer culture are able to 

form spheroids (Fig. 1C). If these cells correspond to the tumor forming cells, it is not surprising 

that tumor formation is minimal when 100 monolayer culture-derived cells are assayed for tumor 

formation, and no tumors are formed following injection of ten monolayer-derived cells. In 

contrast, injection of 100 spheroid-derived cells formed large tumors that reach a size of 500 

cubic millimeters in eight weeks. These findings suggest that spheroid-derived cells more 

efficiently form tumors. 

 

Spheroid cell-derived tumors retain phenotype 

 

Tumor cells differ in growth rate, ability to invade surrounding tissue and ability to 

support neovascularization, and selection of increasingly invasive and malignant tumor cells is a 

process that occurs during cancer progression. The above studies indicate that spheroid growth 

conditions select epidermal SCC cells with enhanced ability to form tumors. A key question is 

whether these cells retain spheroid formation ability after growth as tumors. To assess this, one 

hundred thousand spheroid-derived and monolayer-derived cells were injected for tumor 

formation. Four week tumors (Fig. 6A) were enzymatically dissociated and single cell 

suspensions were assayed for ability to form spheroids. The plot in Figure 6B shows that 
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Figure 5.  Spheroid-selected cells form tumors at lower injection densities.  SCC-13 

spheroid- and monolayer-derived cells were injected at 100 to 100,000 cells per each of two or 

four sites in NSG mice (three to ten mice injected per cell number). Tumor formation was 

monitored by palpation and tumor size values are in cubic millimeters. The values are mean + 

SEM. Asterisks indicate significant differences in tumor size between the spheroid group and the 

monolayer group at each time point (p < 0.005). 
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Figure 6.  Spheroid-selected skin tumor cells retain properties during in vivo growth.  A 

Morphology of tumors derived following injection of 100,000 spheroid-selected and non-

selected (monolayer) cells after growth for four weeks. B/C Cells derived from spheroid-selected 

and non-selected tumors were dissociated and ability to form spheroids in culture was monitored. 

Spheroid formation is significantly greater for tumors formed from spheroid-selected cells. The 

values are mean + SEM, n = 4 independent tumors per group (p < 0.005). The bars = 100 μm. 

The photographs were taken after 10 d of spheroid growth. D Spheroid growth rate is identical 

for tumor cells derived from spheroid-selected and monolayer cells. Forty thousand cells, 

harvested from the tumors derived from spheroid-selected and non-selected cells, were plated in 

spheroid selection medium to monitor the rate of spheroid growth. Values are the mean + SEM 

(n = 4 independent tumors per group). No significant difference is observed in spheroid growth 

rate for cells derived from monolayer and spheroid tumors.  
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spheroid tumor-derived cells form four-fold more spheroids than monolayer tumor-derived cells. 

This suggests that the spheroid cells maintain the spheroid formation phenotype during in vivo 

passage. Figure 6C shows that the spheroids are morphologically identical to those before 

passage. We also compared the spheroid growth rate of cells derived from monolayer and 

spheroid tumors. This analysis shows that spheroids derived from both tumor types grow at an 

identical rate (Figure 6D). These findings suggest that spheroid-forming cells are present in both 

cell populations, but are enriched in spheroid-selected cultures. 

 

Spheroid enrichment identifies A431 tumor-forming cells 

 

The above studies focused on SCC-13 cells. To confirm these findings, we assessed 

whether a population of spheroidforming cells could be derived from the A431 epidermal 

squamous cell carcinoma cell line. Monolayer-derived A431 cells were harvested and 40,000 

cells were seeded in nonattachment plates and maintained under spheroid-growth conditions 

identical to that used for the SCC-13 cells. A431 spheroids, display a typical morphology, and 

expanded in size to reach a plateau diameter of 120 μm at ten weeks (Fig. 7A). Plating of 40,000 

cells results in formation of twelve spheroids (Fig. 7B), indicating that only 0.03% of A431 cells 

are ability to grow as spheroids. To characterize the A431 cellspheroids, we prepared extracts 

and stained to detect a selected set of stem cell markers. Figure 7C shows that A431 spheroid-

derived cells are enriched for expression of Ezh2, H3K27me3, Bmi-1 and Sox2. These studies 

indicate that spheroid cultures derived from A431 cells express markers that are characteristic of 

stem cells. We also assessed the ability of monolayer and spheroid culture-derived cells to 

produce tumors in mice. In these experiments, 0.5 million cells were injected and tumor  
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Figure 7.  A431 skin cancer cells contain a population of stem cell marker-positive cells 

with enhanced ability to form tumors.  A A431 cells form spheroids. A431 cells were plated at 

40,000 cells per 9.5 cm
2
 well in spheroid-selection medium and the rate of spheroid formation 

and morphology were recorded. The bottom panel is an image of P1 spheroids after 10 d of 

growth. B A subpopulation of A431 cells form spheroids. A431 cells (40,000) were plated in 

spheroid growth conditions and spheroid number was monitored on days 1 and 10. Among the 

40,000 cells plated in this assay, only 0.03% survive and form spheroids. The asterisk indicates a 

statistically significant increase in spheroid number at day 10 compared to day 1 (p < 0.005, n = 

3) C Spheroid-selected A431 cells express stem cell markers. Ten day spheroid and monolayer 

A431 cultures were harvested and extracts were assayed for expression of the indicated stem cell 

markers by immunoblot. 

  



33 
 

formation was monitored as a function of time. Fig. 8A shows that spheroid-derived A431 cells 

form larger tumors than monolayer-derived cells. Fig. 8B shows that these tumors are also highly 

vascularized as compared as compared to monolayer-derived cultures. Taken together, these 

studies indicate that A431 cells contain a tumor-forming cell subpopulation that is similar to that 

observed in SCC-13 cells. 
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Figure 8.  Spheroid-selected A431 cells display enhanced tumor formation.  A Spheroid- or 

monolayer-derived A431 cells were injected at 500,000 cells per site into each of the four sites in 

NSG mice and tumor growth was monitored. Tumor volume was calculated as 4/3π x 

(diameter/2)3 [64]. The values are mean + SEM for six individual tumors. Asterisks indicate 

significant differences in tumor size between the spheroid and the monolayer groups at each time 

point (p < 0.005, n = 8). B Spheroid- and monolayer-derived A431 cell tumors were harvested on 

week four and photographed. The spheroid-derived tumors are larger and appear vascularized 

(red). 
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DISCUSSION 

 

In this report we describe a highly tumorigenic subpopulation of cells derived from 

cultures of epidermal squamous cell carcinoma cells. To our knowledge this is the first 

characterization of tumor forming cells derived from human cancer cells lines derived from 

epidermis. We identified a subpopulation (0. 15%) of cells that survive when selected for growth 

as spheroids. These cells self-renew and can be carried for multiple passages in spheroid-

selection conditions, a characteristic of cancer stem cells [80]. Marker analysis reveals that these 

cells are highly enriched for markers that identify stem cells in normal human epidermis in vivo. 

 

Tumor-forming cells express epidermal and embryonic stem cell markers 

 

Human epidermis contains multiple stem cell populations [7]. Major populations 

responsible for keratinocytes renewal include the CD200+/K15+/K19+ hair bulge stem cells [66] 

and the α6+/β1+/CD71- interfollicular stem cells [9,67]. CD133 also identifies human skin 

cancer stem cells [8,68,69]. We anticipated that tumor-forming cells derived from a skin cancer 

cell population would selectively express a subset of markers which may signify a single 

subpopulation of epidermal stem cells, either hair bulge or interfollicular, as the source of the 

cells. However, analysis reveals that the cells are positive for both bulge (CD100, K15 and K19) 

and interfollicular epidermal stem cell markers (α6 integrin). To confirm this finding, we used 

magnetic beads to select α6+/CD71- cells and then assayed for expression of markers of hair 

bulge stem cells. The selected cells were positive for CD200 and K19, which mark hair follicle 

cells. Thus, our studies suggest that cancer forming cells express markers from multiple 
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epidermal stem cell populations. The prevailing idea, derived from mouse studies, is that the 

cells that accumulate carcinogen and give rise to tumors reside in the hair bulge [81]. However, 

the precise relationship among stem cell populations in epidermis is not well understood, and 

recent studies suggest that the stem cells which give reside in the interfollicular epidermis and 

hair follicle may be related. Thus, it may not a surprising that squamous cell carcinoma stem 

cells express markers characteristic of stem cells derived from multiple niches.  

In addition, these cells express elevated levels of embryonic stem cell markers, including 

Sox2, Oct4 and the polycomb group proteins (Ezh2, Bmi-1). All of these proteins are important 

in maintenance of stem cell survival. Oct4 and Sox2 are overexpressed in some cancer stem cell 

types [82]. Examples include human oral, prostate and breast carcinoma [82–85] and are 

sometime selectively elevated in advanced cancer [82,84,86]. The observation that SCC-13 cell 

derived spheroids are enriched in Oct4 and Sox2 suggest that they share properties with 

embryonic stem cells and may reflect the fact that they are transformed [82,87].  

Polycomb group (PcG) proteins repress gene expression by modifying chromatin 

structure [88,89]. PcG proteins function as two complexes. The PRC2 complex includes Ezh2, 

Suz12, eed, and RBAP48. The catalytic subunit is Ezh2, a methyltransferase that trimethylates 

lysine 27 of histone H3 (H3K27me3) [89]. The other subunits are required for optimal Ezh2 

activity [90]. The PRC1 complex includes Ring1B, Bmi-1, PH1 and CBX [89]. The catalytic 

subunit, Ring1B, ubiquitinates H2A-K119 and is optimally active in association with Bmi-1 

[91]. An important role of the CBX protein is interaction with H3K27me3 to anchor the PRC1 

complex to chromatin [72]. Once positioned in chromatin, Ring1B ubiquitinylates H2AK119 

which leads to a closed chromatin state. PcG protein expression is increased in cancer cells and 

tumors and this is linked to reduced tumor suppressor expression and increased cancer cell 
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proliferation and survival [72,88]. We have recently showed that Ezh2 level is increased in 

epidermal squamous cell carcinoma and is required for skin cancer cell survival [92–96], a 

finding that is consistent with results in other tumor cell systems [97–101]. Our present studies 

extend these findings and show that Ezh2 and Bmi-1 levels are substantially enriched in SCC 

tumor forming stem cells as compared to non-stem cells. Moreover, Ezh2 expression is 

associated with increased H3K27me3 formation. H3K27me3 formation is a chromatin mark that 

is associated with silencing of tumor suppressor gene expression [102]. These findings have 

fundamental implications for the development of new cancer therapeutics. Tumor response is 

typically defined by tumor shrinkage. However, cancer stem cells may be inherently resistant to 

traditional therapeutic agents that target proliferating cancer cells. This may be why tumor 

regression often does not translate to a significant increase in patient survival [103]. To achieve a 

significant clinical outcome, it may be necessary to develop specific therapeutics that target 

cancer stem cells. It is interesting to speculate that some of the stem cell survival proteins we 

have localized in skin cancer stem cells, including Oct4, Sox2, Ezh2 and Bmi-1, may provide 

such targets. For example, Ezh2 inhibitors are already in development [104,105]. 

 

 

Spheroid-selected cells display enhanced tumor formation 

 

 The tumor stem cell hypothesis predicts that only a small subset of tumor cells is able to 

efficiently drive tumor formation [80,82]. In solid tumors, it is known that a large number of 

cells must be injected to achieve tumor formation [6]. This is thought to be because only a 

specific subpopulation of cells has the ability to form a tumor, and that these are present as a 
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small fraction of the total cell number. This implies that enrichment of these cells will lead to 

enhanced tumor formation. Indeed, we observe that the population of cells that is enriched by 

growth in spheroid conditions has enhanced ability to form tumors. In fact, xenograft tumor 

formation studies, using spheroid selected SCC-13 cells, indicate that injection of as few as 100 

cells results in robust formation of tumors that grow to a size of 500 mm3. It is interesting that 

these cells are highly enriched for expression of stem cell markers. This compares to formation 

of relatively few small (10 - 30 mm3) tumors for non-selected cells that lack stem cell marker 

expression.  

In addition, visual analysis indicates that spheroid-enriched cells give rise to blood 

vessel-enriched tumors that are multi-lobed and highly integrated into the surrounding tissue. 

This suggests that individual cells give rise to various lobes of each tumor. This is in contrast to 

the small, less vascularized and compact tumors observed for non-selected cell populations. The 

enhanced vascularization is an interesting property. Recent studies indicate that keratinocytes 

express the VEGF receptor and produce VEGF, and that VEGF production is enriched in skin 

cancer stem cells [15,21]. Thus, it may not be surprising that stem cell-derived tumors display 

enhanced angiogenesis. These tumor-forming cells may produce and release VEGF and other 

pro-vascularization agents that stimulate tumor stem cell survival and also cause endothelial cells 

to migrate to the tumor. An additional interesting feature is that the spheroid-selected cells are 

able to form spheroids after passage (as tumors) in vivo. This suggests that passage through the 

animal tumor environment does not “erase” the spheroid-formation phenotype, and suggests that 

these cells retain stem cell-like properties. 

Finally, we assessed whether another skin cancer cell line, A431 cells, displays similar 

properties. We show that a small subpopulation (0.03%) of these cells survive in culture to form 
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spheroids. This compares favorably to the 0.15% value observed in SCC-13 cells. Moreover, 

spheroid-selected A431 cells express increased levels of stem cell markers, including Bmi-1, 

Sox2, Ezh2 and H3K27me3, and spheroid-selected A431 cells are highly efficient tumor forming 

cells. Moreover, the tumors are highly vascularized as compared to non-selected A431 cells. 

These finding suggest that we have identified an important subpopulation of cells in SCC-13 and 

A431 cells that possess the ability to form tumors. Several recent reports also describe a 

subpopulation of A431 cells that from spheroids and have enhanced tumor formation potential. 

These studies demonstrate, among other features, that these cells are able to undergo epithelial-

mesenchymal transition [106–108]. These studies are consistent with an enhanced ability of 

these A431-derived stem cells to form tumors [107,108]. 
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CHAPTER III 

 

VEGF-A acts via Neuropilin-1 to Enhance Epidermal Cancer Stem Cell Survival and Formation 

of Aggressive and Highly Vascularized Tumors 

 

ABSTRACT 

 

We identify a limited subpopulation of epidermal cancer stem cells (ECS cells), in 

squamous cell carcinoma, that form rapidly growing, invasive and highly vascularized tumors, as 

compared with non-stem cancer cells. These ECS cells grow as non-attached spheroids, and 

display enhanced migration and invasion. We show that ECS cell-produced vascular endothelial 

growth factor (VEGF)-A is required for the maintenance of this phenotype, as knockdown of 

VEGF-A gene expression or treatment with VEGF-A inactivating antibody reduces these 

responses. In addition, treatment with bevacizumab reduces tumor vascularity and growth. 

Surprisingly, the classical mechanism of VEGF-A action via interaction with VEGF receptors 

does not mediate these events, as these cells lack VEGFR1 and VEGFR2. Instead, VEGF-A acts 

via the neuropilin-1 (NRP-1) co-receptor. Knockdown of NRP-1 inhibits ECS cell spheroid 

formation, invasion and migration, and attenuates tumor formation. These studies suggest that 

VEGF-A acts via interaction with NRP-1 to trigger intracellular events leading to ECS cell 

survival and formation of aggressive, invasive and highly vascularized tumors. 
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INTRODUCTION 

 

Non-melanoma skin cancer is the most commonly diagnosed cancer in the United States 

with over two million patients being treated each year [1,111,112]. This disease is associated 

with exposure to ultraviolet light, chemicals, chronic wounding and viral infection [1,113]. 

Squamous cell carcinoma tumors are aggressive, have a high risk of metastasis, and comprise 

16% of these cancers [112]. Tumors cannot grow beyond 1–2mm in diameter in the absence of a 

vascular network and so tumor survival requires that these cells trigger angiogenesis [15,114]. 

Vascular endothelial growth factor (VEGF) is a well-characterized inducer of angiogenesis that 

stimulates endothelial cell survival and proliferation, and blood vessel formation [18,115]. VEGF 

has an important role in skin cancer development [15,116]. Transgenic and knockout mouse 

studies indicate that VEGF is required for tumor formation, and that VEGF directly modulates 

cancer cell behavior [15,19-21,117,118]. VEGF receptors (VEGFR1, 2 and 3) are expressed in 

keratinocytes although the data on VEGFR2 is controversial [15,19,21,23,25,26]. VEGF has 

been shown to be important in cancer stem cell survival in several systems, and VEGF stimulates 

endothelial cell-mediated construction of vasculature around the stem cell niche [15,21,119-123]. 

Limited information is available regarding the role of VEGF-A signaling and angiogenesis in 

epidermal cancer stem (ECS) cells [21]. We recently identified a limited subpopulation (0.15%) 

of highly aggressive cells in squamous cell carcinoma [124]. These cells express stem cell 

markers and display characteristics of ECS cells, including growth as spheroids in non-attached 

conditions, and enhanced migration and invasion. Enriched populations of these cells form 

highly vascularized and aggressive tumors as compared with non-stem cancer cells. Aggressive 

tumor formation can be observed following injection of as few as 100 cells in 
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immunocompromised mice [124]. In the present study we show that ECS cells produce enhanced 

levels of angiogenic factors that maintain ECS cell survival and also induce vessel formation in a 

human umbilical vein endothelial cells (HUVEC) cell tube-formation assay and drive formation 

of highly aggressive and highly vascularized tumors. In ECS cell culture models, reducing 

VEGF-A level by treatment with small interfering RNA (siRNA) or anti-VEGF-A, reduces ECS 

cell spheroid formation, proliferation, migration and invasion. In addition, treatment with 

bevacizumab, a clinically used anti-VEGF therapy, markedly reduces xenograft tumor size and 

vascularization. These findings suggest that ECS cell-derived angiogenic factors act in an 

autocrine/paracrine manner to maintain ECS cell function, and also stimulate endothelial cell-

mediated vascularization. Surprisingly, ECS cells lack VEGFR1 and VEGFR2 and so the VEGF-

A action is not mediated via these receptors. Instead, our studies suggest a novel mechanism 

whereby VEGF-A acts via neuropilin-1 (NRP-1) to stimulate ECS cell survival. 

 

MATERIALS AND METHODS 

 

Chemicals and reagents 

Trypsin and Dulbecco’s modified Eagle’s medium were purchased from Invitrogen 

(Frederick, MD, USA). β-actin antibody (A5441) was obtained from Sigma (St Louis, MO, 

USA). Anti-H3K27me3 (07-449) was purchased from Millipore (Bedford, MA, USA). Ezh2 

(612667) antibody was obtained from BD Transduction Labs (San Jose, CA, USA). Mouse 

monoclonal antibody to VEGF-A (MAB293) was purchased from R&D Systems (Minneapolis, 

MN, USA). Antibodies to CD31 (ab28364), Bmi-1 (ab14389), NRP-1 (ab81321), VEGFR2 

(ab2349) were from Abcam (Cambridge, MA, USA). Human recombinant VEGF-A (ab9571) 
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was from Abcam. Anti-VEGFR1 (2893) was from Cell Signaling (Danvers, MA, USA). Anti-

keratin 5 (AF 138) was obtained from Covance. Horseradish peroxidase-conjugated sheep anti-

mouse immunoglobulin (NXA931) and donkey anti-rabbit immunoglobulin (NA934V) were 

obtained from GE Healthcare (Buckinghamshire, UK) and used at a 1:5000 dilution. Mouse 

monoclonal anti-human nuclear antibody (MAB1281, clone 235-1) was from Milllipore. Avastin 

(Roche, 4 ml at 25 mg  bevacizumab per ml, CAS216974-75-3) was purchased from the 

University of Maryland Cancer Center Pharmacy. 

 

Cell culture 

Monolayer cultures of SCC-13 squamous cell carcinoma cells were maintained in a 

Dulbecco’s modified Eagle’s medium containing 5% fetal bovine serum, 2 mM L-glutamine and 

1 mM sodium pyruvate and appropriate antibiotics [124]. ECS cell spheroids were grown by 

plating 40 000 cells/well in ultra-low attachment six-well cluster dishes and growing for 0–10 

days in spheroid medium (DMEM/F12 (1:1) (DMT-10-090-CV, Mediatech Inc, Manassa, VA, 

USA) containing 2% B27 serum-free supplement (17504-044, Invitrogen), 20 ng/ml EGF 

(E4269, Sigma), 0.4% bovine serum albumin (B4287, Sigma) and 4 μg/ml insulin (#19278, 

Sigma Chemical) [124]. 

 

Electroporation 

For electroporation, 1 × 106 cells were electroporated with 3 μg of control- (sc-37007, 

Santa Cruz), VEGF-A- (sc-29520, Santa Cruz), or HIF-1α- (THEHC--00001, Dharmacon) 

siRNA using the Amaxa electroporator and the VPD-1002 nucleofection kit (Germany). The 
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cells were plated, permitted to recover overnight and then harvested, and the electroporation was 

repeated using the same siRNA [148]. After a 24-h recovery, the cells were utilized for 

experiments. Reduced level of the siRNA targeted protein was confirmed by immunoblot.  

 

Bevacizumab treatment 

Patient-grade bevacizumab was purchased as 100 mg Bevacizumab in 4-ml sterile 

phosphate buffer (NDC50242-060-01, Genentech, Inc, San Francisco, CA, USA). The solution 

was diluted in sterile phosphate buffer to 1 mg/ml for intraperitoneal injection of 0.2 ml three 

times per week (M, W, F) for a final level of 10 mg/kg body weight. Control mice were injected 

with phosphate buffer. 

 

EG00229 treatment 

EG00229 is a small molecular inhibitor of VEGF-A interaction with NRP-1 [127-129]. 

For cell culture studies, EG00229 (R&D Systems, #4931) was dissolved in DMSO to produce a 

100 mM (50 mg/ml) stock. For in vivo studies, EG00229 was diluted to 2 mM (1 mg/ml) in 20% 

captisol, a nontoxic delivery vehicle [150]. In brief, 40% captisol (RC-0C7-020, CyDex 

Pharmaceuticals, Lawrence, KS, USA) was prepared in sterile water by stirring overnight at 

25°C followed by filter sterilization. The 40% captisol solution (50 ml) was diluted 1:1 with 

sterile water and supplemented with 0.5 ml of 1N acetic acid to create 20% captisol solution. The 

50 mg/ml EG00229 stock was diluted 1:50 into 20% captisol solution and 0.2 ml was injected 

intraperitoneally three times per week (M, W, F) to achieve a final level of 10 mg/kg body 

weight. 



45 
 

Immunoblot analysis 

Tumor tissue was pulverized in liquid nitrogen and placed in lysis buffer (20 mM Tris-

HCl pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium 

pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin) [124,133]. The 

resulting lysates were sonicated, centrifuged and supernatants were collected. Equivalent 

amounts of protein were electrophoresed on denaturing and reducing 12% polyacrylamide gels 

and transferred to nitrocellulose. The membrane was blocked by 5% non-fat dry milk and then 

incubated with appropriate primary (1:1000) and secondary antibody (1:5000). Secondary 

antibody binding was visualized using chemiluminescence detection technology [124]. For co-

precipitation, ECS cells (10-day spheroids) were collected and extracts were prepared in lysis 

buffer. Human VEGF-A (100 ng, ab9571) was added to 200 μg of cell lystate followed by 

addition of mouse immunoglobulin or mouse anti-VEGF-A (1 μg, MAB293, R&D Systems) or 

rabbit anti-NRP-1 (1 μg, ab81321) followed by incubation overnight at 4°C. Protein A agarose 

beads (20 μl of 50% slurry, pre-washed in lysis buffer) was added to 200 μg of lysate and 

incubated for 3 h at 4°C with shaking followed by two washes with lysis buffer and resuspension 

in 40 μl of Laemmli loading buffer with reducing agent. Lysates were electrophoresed on 

denaturing and reducing 10% polyacrylamide gels and transferred to nitrocellulose for 

subsequent immunoblot analysis. Immunoprecipitations were run adjacent a lane containing 25 

μg of total extract. For immunoblot primary antibodies were diluted 1:1000 and secondary 

antibodies 1:5000, and antibody binding was visualized by chemiluminescence. 
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HUVEC cell angiogenesis assay 

Twenty-four well cluster dishes were coated with a 10 mg/ml solution of BD Matrigel 

(354234, BD Biosciences) and incubated at 37°C for 30 min. Early passage HUVEC cells (1.2 × 

105 cells) (Lonza, CC-2519) are plated in endothelial basal medium basal medium (Lonza, CC-

3121) supplemented with human epidermal growth factor, hydrocortisone, bovine brain extract, 

ascorbic acid, fetal bovine serum and gentamicin/amphotericin-B (Lonza, CC-4133). For tube-

formation assay, this medium was supplemented with 0 or 300 μg of tumor extract. The plates 

were the incubated for 18 h at 37°C and microscopic images were collected for analysis of 

junction, segment and node formation using ImageJ angiogenesis analyzer software 

(http://imagej.nih.gov/ij/macros/toolsets/) [119]. 

 

Quantitative reverse transcriptase PCR 

RNA was isolated according to the Illustra RNAspin Mini RNA Isolation Kit protocol 

and 1 μg of RNA was used for complementary DNA synthesis. PCR was performed on the 

Roche 480 Lightcycler. Primers included: VEGF-A (forward 5′-

CCTGGTGGACATCTTCCAGGAGTACC, reverse 5′-GAAGC 

TCATCTCTCCTATGTGCTGGC), VEGFR1 (forward 5′-

CTAGGATCCGTGACTTATTTTTTCTCAACAAGG, reverse 5′-

CTCGAATTCAGATCTTCCATAGTGATGGGC TC), VEGFR2 (forward 5′-

CTGGCATGGTCTTCTGTGAAGCA, reverse 5′- AATACCAGTGGATGTGATGCGG), NRP-

1 (forward 5′-AGGACAGAGACTGCAAGTATGAC, reverse 5′-

AACATTCAGGACCTCTCTTGA), and HIF-1α (forward 5′-

CCTGAGCCTAATAGTCCCAGTG, reverse 5′-GGTGACAACTGATCGAAGGAACG). 
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RESULTS 

 

ECS cells form large and highly vascularized tumors 

 

Our recent studies demonstrate that human epidermal squamous cell carcinoma tumors 

contain a small subpopulation (0.15%) of cells that that are highly efficient at migration, invasion 

and tumor formation [124]. These cells can be enriched to comprise ~12% of the culture when 

grown as non-adherent spheroids as shown in Fig. 9a [124]. These ECS cells produce enhanced 

levels of a cadre of key stem cell marker proteins, including Suz12, Bmi-1 and Ezh2 (Fig. 9b). 

Moreover, we observe enhanced formation of H3K27me3, a marker of Ezh2 action. An 

important finding is that the ECS cells form large, aggressive and highly vascularized tumors as 

compared with the non-stem cancer cells (Fig. 9c). To quantify the increase in vascularization, 

we measured CD31 (PECAM-1), an endothelial cell marker, specifically associated with 

vascular structures [119]. SCC-13 monolayer and spheroid tumors were grown in NSG mice for 

4 week and then harvested and stained with anti-CD31. Fig. 9d shows hematoxylin/eosin, 

antiCD31 and anti-K5 staining. K5 is a keratin that is specifically expressed in epithelial cells 

[8]. This staining reveals highly elevated anti-CD31 staining in the ECS cell-derived (spheroid) 

tumors, which is localized in vascular structures as shown by the arrows (Fig. 9e). These 

vascular features are surrounded by mesenchymal tissue, whereas the adjacent tumor cells are K5 

positive. The graph summarizes a semi-quantitative image analysis of the CD31 staining using 

ImageJ software. Analysis reveals a threefold increase in CD31 immunoreactivity in the ECS 

cell-derived tumors. This was further confirmed by detection of increased CD31 levels by 

immunoblot (Fig. 9f). An antibody that detects human nuclear antigen, a specific marker of  
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Figure 9 
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Figure 9. Epidermal cancer stem (ECS) cells form large and highly vascularized tumors. A 

Images of SCC-13 cells grown as monolayer (attached) or spheroid (unattached) cultures. B 

Stem marker expression in monolayer cells versus spheroids. Cells were grown for 10 days and 

total extracts were prepared for immunoblot detection of the indicated proteins. Similar results 

were observed in each of three independent experiments. C/D Tumor morphology and histology. 

Non-stem cancer cells and ECS cells (0.1 million/injection site) were injected in each front flank 

in NSG mice. After 4 weeks, the tumors were harvested and photographed. Primary tumors were 

paraffinembedded, sectioned and stained with H&E, or antibodies detecting CD31 (endothelial 

cells) and K5 (epithelial cells). The arrows indicates blood vessels, and the bars=125 m. E 

ImageJ quantification of CD31 distribution. CD31 distribution was quantified using ImageJ and 

expressed as a percentage of the total area. The values are mean 7 s.e.m., n=6, and the asterisks 

indicate a significant difference, p < 0.05. The arrows indicate CD31 staining. F CD31 level. 

Tumor extracts from non-stem cancer (monolayer) and ECS cell (spheroid)-derived tumors were 

electrophoresed for immunoblot detection of CD31. G K5 and human nuclear antigen (HNA) 

distribution. The arrow shows HNA- and K5-positive human epithelial tumor cells. Note that the 

mesenchymal cells, which include the blood vessels, are K5 and HNA negative. 
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human cells, stains the K5-positive tumor cells, but does not stain the surrounding mesenchymal 

tissue (Fig. 9g), indicating that the tumor localized mesenchymal tissue and vasculature is 

derived from the host tissue. The arrow shows the location of corresponding human nuclear 

antigen and K5 identical epithelial cells. 

 

Evidence for enhanced angiogenic activity in ECS cell-derived tumors 

 

A major goal of the present study is to identify factors that drive development of the 

vascularized phenotype. Biological evidence for enhanced angiogenic activity in ECS cell-

derived tumors was obtained by incubating tumor extracts with HUVEC cells and monitoring 

ability of these extracts to stimulate HUVEC cell tube (vessel) formation [119]. Fig. 10a shows 

tube-formation (left panels) and ImageJ analysis of tube formation, which is typically 

characterized by counting junctions, segments and nodes that are the elements of the vessel 

network (right panels). Formation of these structures was not detected in cells treated with no 

extract (not shown). Fig. 10b plots the increase in formation of junctions, segments and nodes in 

cells treated with ECS cell tumor-derived extract as compared with non-stem cancer cell tumor 

extract and no extract. These findings indicate that extracts derived from ECS cell tumors are 

enriched in agents that stimulate angiogenesis. VEGF-A is an important cancer-related 

angiogenesis factor [18,21,125]. Fig. 10c shows that junction, segment and node formation is 

reduced by treating the ECS cell-derived extracts with anti-VEGF-A, suggesting that VEGF-A is 

a key angiogenic factor in ECS cell-derived tumors. In the classical model of VEGF-A signaling, 

VEGF-A interacts with VEGFR2 to stimulate angiogenesis and expression of angiogenesis-

related target genes [18,21,125]. Hypoxia inducible factor (HIF-1α) transcription factor is known  
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Figure 10 
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Figure 10. VEGF-A angiogenic activity in ECS cell-derived tumors. A ECS cell tumor 

extracts stimulate vessel formation. Extracts were prepared from non-stem cancer cell- or ECS 

cell-derived tumors and 300 μg of lysate was incubated with HUVEC cultures for 18 h. Images 

were collected (left panels) and analyzed for detection of junction, segment and node formation 

(right panels). B Plot showing frequency of junctions, segments and nodes detected by ImageJ 

analysis of images in panel A. C Anti-VEGF-A inhibits vessel formation. ECS cell tumor lysate 

(300 μg) was treated with 0 or 10 μg/ml anti-VEGF-A and then tested in a HUVEC assay for 

ability to stimulate vessel formation. The values are mean 7 s.e.m., n=3, and the asterisk 

indicates a significant difference, p < 0.05. D VEGF signaling protein expression in tumors. 

Tumor extracts were prepared for immunoblot detection of the indicated proteins. E Level of 

mRNA-encoding VEGF signaling protein in tumors. RNA was isolated from non-stem cancer- 

and ECS cell-derived tumors for qRT-PCR measurement of mRNA-encoding angiogenic 

signaling proteins. The values are mean 7 s.e.m., n=3, and the asterisks indicate a significant 

difference, Po0.05. F/G Bevacizumab suppresses tumor formation. ECS cells (0.1 million) were 

injected into the two front flanks of NSG mice, treatment was initiated with 0 or 10 mg/kg 

bevacizumab and tumor size and morphology was monitored. The values are mean 7 s.e.m., n=6, 

and the asterisks indicate a significant difference, p < 0.05. The tumor images are from 4 week 

tumors. H Immunoblot detection of CD31 in ECS cell tumors. ECS cells (0.1 million) were 

injected into each front flank of NSG mice, and treatment was with bevacizumab delivered by 

intraperitoneal injection three times per week at a level of 10 mg/kg body weight. After 4 weeks 

the tumors were harvested and extracts were prepared for detection of CD31.  
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to increase VEGF-A level and is a marker of angiogenesis [126]. We therefore monitored the 

level of VEGF-A, VEGFR2 and HIF-1α in tumor extracts. Fig. 10d shows that VEGF-A and 

HIF-1α levels are elevated in extracts prepared from ECS cell-derived tumors. However, 

VEGFR2 is not detected in these tumors, which suggests that the classical VEGF-A/VEGFR2 

signaling pathway is not active. In addition, we show that VEGFR1 is also absent. VEGFR1 also 

interacts with VEGF-A, but demonstrates much weaker VEGF-dependent tyrosine 

phosphorylation upon VEGF-A binding [127]. However, NRP-1, a VEGFR2 co-factor that 

enhances VEGF-A/ VEGFR2 interaction and activation is elevated in ECS cell-derived tumors 

[127]. The lower panel in Fig. 10d uses HUVEC cell extract as a positive control to assure that 

the antibodies to VEGFR1, VEGFR2 and NRP-1 are working [25]. Moreover, Fig. 10e confirms 

that VEGF-A, NRP-1 and HIF-1α mRNA levels are elevated in ECS cell-derived tumors, but 

VEGFR1 and VEGFR2 are expressed at vanishingly low levels. We next examined the impact of 

inhibiting VEGF-A action on growth and vascularization of ECS cell-derived tumors. At 2 days 

after subcutaneous injection of 100,000 ECS cells, NSG mice were treated by intraperitoneal 

injection of bevacizumab, an inhibitor antibody that binds VEGF-A, at 10mg/kg body weight on 

3 alternate days each week. Figure 10f shows that bevacizumab treatment substantially reduces 

tumor growth and markedly reduces visible vascularization (Fig. 10g). This reduced 

vascularization is confirmed by showing reduced CD31 levels in the bevacizumab-treated tumors 

(Fig. 10h). 
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VEGF-A and NRP-1 have an important role in cultured ECS cells 

 

These studies suggest that VEGF-A does not act via interaction with the traditional 

VEGF-A receptors, VEGFR2 or VEGFR1. To understand the mechanism of VEGF-A action, we 

examined VEGF-A action in cultured ECS cells. We have previously shown that spheroid 

formation, in non-attached culture conditions, is a measure of ECS cell survival [124]. Fig. 11a 

shows that spheroid formation is reduced in anti-VEGF-A-treated ECS cells, and this is 

associated with a shift in spheroid diameter toward smaller sizes (Fig. 11b). Moreover, anti-

VEGF-A treatment reduces ECS cell ability to migrate on plastic (Fig. 11c) and to invade 

matrigel (Fig. 11d). We next assessed the role of VEGFR1, VEGFR2 and NRP-1 as mediators of 

VEGF-A action. Fig. 11e is an immunoblot showing that VEGFR1 and VEGFR2 levels are not 

detectable in ECS cell spheroids, derived from SCC-13 cells, or from another surface epithelial 

cell lines (HaCaT). In contrast, NRP-1 is present in SCC-13 and HaCaT cell-derived ECS cells. 

HUVEC cells extracts were electrophoresed as a control, as these cells express VEGFR1, 

VEGFR2 and NRP-1 [25]. We next assessed the role of VEGF-A, VEGFR1, VEGFR2 and NRP-

1 in mediating biological responses. Figures 11f and g show that treatment with VEGF-A- or 

NRP-1siRNA attenuates ECS cell spheroid formation and migration, but that VEGFR1- or 

VEGFR2-siRNA have no impact. Fig. 11h confirms the extent of siRNA-dependent knockdown 

of VEGF-A and NRP-1. We typically see nearly complete knockdown of VEGF-A and a 50% 

reduction in NRP-1. 
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Figure 11 
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Figure 11. VEGF-A signaling proteins and control of ECS cell function. A/B Anti-VEGF-A 

impact on spheroid formation. SCC-13 cells were seeded at 40 000 cells/well in ultra-low 

attachment plates in spheroid medium containing 10 μg/ml anti-VEGF or control IgG. After 3 

days, spheroid number, and size distribution, were analyzed and expressed as mean 7 s.e.m., n=4, 

and the asterisks indicate a significant difference, p < 0.05. C/D Anti-VEGF-A treatment 

suppresses ECS cell migration and invasion. ECS cells were plated at confluent density on 

conventional culture plates and then scratched to create uniform wounds. Anti-VEGF-A (0 or 10 

μg/ml) was added at the time of wounding and wound width was monitored at 0, 8 and 18 h. 

ECS cells were seeded into a transwell chamber atop a matrigel layer in the presence of 0 or 

10μg/ml anti-VEGF-A and cell invasion was monitored at 18 h. The asterisks indicate a 

significant difference, n=3, p < 0.05. E VEGF-A signaling protein expression. Extracts were 

prepared from monolayer cultures of the indicated cell lines for immunoblot detection of the 

indicated proteins. F/G VEGF-A and NRP-1 are required for ECS cell spheroid formation and 

migration. SCC-13 monolayer cells were electroporated with 3 μg of control-, VEGF-A-, 

VEGFR1-, VEGFR2 or NRP-1-siRNA and plated in triplicate in ultra-low attachment dishes at 

40 000 cells per well and spheroids were photographed after 5 days. In parallel, the 

electroporated cells were seeded at confluence in conventional plates, permitted to attach and 

uniformly wounded using a 10 μl pipet tip. Spheroid medium was added and wound closure was 

monitored at 0, 16 and 24 h. H Immunoblot confirmation of VEGF-A and NRP-1 knockdown in 

siRNA-treated ECS cells used in panels f and g. We routinely achieve a near-complete reduction 

in VEGF-A level and a 50% reduction in NRP-1 level. 
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NRP-1 is required for tumor formation 

 

The cell culture studies suggest that NRP-1 is required for VEGF-A action in ECS cells, 

and so we next examined the impact of inhibiting NRP-1 on tumor growth and vascularization. 

For this purpose, we have used an inhibitor of NRP-1 called EG00229 [127-130]. We first 

assessed the impact of this agent on spheroid growth and ECS cell invasion through matrigel. To 

assess the impact on ECS cell spheroid formation, cells (40,000) were plated in ultra-low 

attachment plates in the presence of increasing concentrations of EG00229 and spheroid size was 

monitored after 3 days. Fig. 12a shows that treatment with EG00229 reduces spheroid size. We 

also assessed the ability of EG00229 to suppress ECS cell matrigel invasion. Fig. 12b shows that 

EG00229 reduces invasion by 25%. Having confirmed this agent is active in cultured cells; we 

assessed its impact on tumor formation. At 2 days after subcutaneous injection of 100000 ECS 

cells in each of the front flanks in NSG mice, treatment was initiated by intraperitoneal injection 

of EG00229 at 10mg/kg body weight on 3 alternate days each week. EG00229 treatment 

substantially reduces tumor growth (Fig. 12c), and dose–response studies indicate that the 

compound is active over a wide range of concentrations (Fig. 12d). EG00229 treatment reduces 

visible vascularization (Fig. 12e) and reduced vascularization was confirmed by showing a 

reduction in CD31 staining in EG00229-treated tumors (Fig. 12f) and a reduction in CD31 level 

as assessed by immunoblot (Fig. 12g). We also stained tumor sections to detect CD31 and K5. 

Fig. 12h shows that CD31 staining is reduced in EG00229-treated cultures. K5 staining confirms 

that the tumor cells are of epithelial origin. The unstained areas show mouse connective tissue 

and vasculature that is interpolated into the tumor. 
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Figure 12 
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Figure 12. EG00229 suppresses ECS cell function and tumor formation. A EG00229 impact 

on ECS cell spheroid formation. SCC-13 cells were seeded at 40 000 cells per well in ultra-low 

attachment plates in spheroid medium containing 0–100 μM EG00229. After 3 days, spheroid 

number was analyzed and expressed as mean 7 s.e.m., n=3, p < 0.05. B EG00229 impact on ECS 

cell matrigel invasion. ECS cells were seeded into a transwell chambers atop a matrigel layer in 

the presence of 0 or 100 μM EG00229 and invasion was monitored at 18 h. The values are mean 

7s.e.m. and the asterisk indicates a significant difference, n=3, p < 0.05. C/D/E/F/G/H EG00229 

suppresses tumor formation and vascularization. ECS cells were enriched by growth for 10 days 

as spheroids, and 0.1 million cells were injected into NSG mice in each front flank. The mice 

were treated with 0 or 10 mg EG00229/kg body weight for various times C or various doses of 

EG00229 for 4 week D given three times per week by IP injection. Tumor formation was 

monitored using calipers and tumors were photographed on week 4 at the time of harvest (E, 10 

mg/kg body weight). The values are mean 7 s.e.m., n=6, and the asterisks indicates a significant 

difference, p < 0.05. EG00229 treatment did not impact animal weight. Sections were stained 

with anti-CD31 and processed by ImageJ and staining intensity was expressed as % area F. The 

values are mean 7 s.e.m., n=6, and the asterisk indicates a significant difference, p < 0.05. The 

reduction in CD31 level was confirmed by immunoblot of tumor extracts G. Similar results were 

observed for each of three tumor comparisons. Tumor sections were prepared from tumors 

treated with 0 or 10 mg/kg body weight EG00229 and then stained to detect CD31 

(vascularization marker) and keratin 5 (K5, epithelial cell marker) H. The arrows indicate CD31-

positive blood vessels. The bar=125 μm. I Evidence for NRP-1/ VEGF-A interaction. Extracts 

were prepared from SCC-13-derived ECS cells in lysis buffer and 200 μg of extract was 

immunoprecipitated with anti-NRP-1 or anti-VEGF-A followed by immunoblot to detect the 

indicated epitopes. Total extract (25 μg) was electrophoresed as a control. Similar results were 

observed in three experiments. 
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VEGF-A and NRP-1 interaction 

 

The above studies suggest that VEGF-A and NRP-1 may physically interact. To test this, 

we prepared extracts from ECS cells for immunoprecipitation. Fig. 12i shows that VEGF-A co-

precipitates with NRP-1 (top panel) and NRP-1 co-precipitates with VEGF-A (bottom panel). 

The interactions are specific as no co-precipitation is observed when non-specific 

immunoglobulin is utilized. 

 

DISCUSSION 

  

Epidermal squamous cell carcinoma is among the most common cancers in humans, and 

so devising strategies that control this disease is an important goal [133]. Recent studies suggest 

that tumors contain a small subpopulation of cancer stem cells, which exhibit self-renewal 

capacity, proliferate infrequently and are responsible for tumor maintenance and metastasis [7]. 

Moreover, it has been proposed that these ‘slow cycling’ cells are not impacted by anticancer 

agents that kill rapidly growing tumor cells [5]. As the cancer stem cells display enhanced 

migratory potential, invasiveness, tumor-forming potential and resistance to therapeutic 

intervention, eliminating the stem cell population is an important goal to halt tumor formation 

[5]. We recently characterized a subpopulation of cells from squamous cell carcinoma that 

display properties of ECS cells.24 Detailed analysis reveals that ECS cell cultures are highly 

enriched for expression of epidermal and embryonic stem cell markers, including aldehyde 

dehydrogenase 1, K15, CD200, K19, Oct4, Bmi1, Ezh2 and trimethylated histone H3. These 

cells are important, as injection of as few as 100 cells in immunocompromised mice results in the 
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formation of large and rapidly growing highly invasive and aggressive tumors [124]. This is in 

contrast to tumors derived from non-stem cancer cells which form small, circumscribed and non-

vascularized tumors. It is accepted that tumors cannot exceed 1mm in size in an avascular state 

and so tumors must induce vascularization to remain viable [132]. In the course of our studies, 

we observed that ECS cell-derived tumors are hypervascularized compared with tumor formed 

by non-stem cancer cells (Fig. 9) [124,133]. As vascularization is key contributor to an 

aggressive tumor phenotype, it is important to understand why ECS cells drive angiogenesis 

more efficiently than non-stem cancer cells. 

 

VEGF-A regulation of tumor ECS cell survival and vasculature 

 

VEGF is a well characterized and important regulator of angiogenesis [115,120]. Cancer 

cells produce VEGF-A, which produces autocrine and paracrine effects on cancer cells and on 

the surrounding endothelial cells [127]. Our studies show that more VEGF-A is produced by 

ECS cell-derived tumors as compared with non-stem cancer cell-derived tumors. Consistent with 

a role for VEGF-A in maintaining the ECS cell phenotype, treatment with anti-VEGF-A reduces 

ECS cell spheroid formation and spheroid size, and also reduces ECS cell migration and 

invasion. We further show that treatment with VEGF-A-siRNA produces a similar change. Thus, 

VEGF-A directly interacts with ECS cells to maintain and enhance the stem cell phenotype (that 

is, enhance spheroid formation, migration and invasion) [124,133]. We further demonstrate that 

ECS cell tumor cell extracts stimulate HUVEC cell vessel formation more efficiently than non-

stem cancer cell tumor extract. Again, VEGF-A appears to be a key stimulator of this process, as 

treating the extracts with anti-VEGF-A reduces HUVEC cell vessel formation. We also 
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examined the role of VEGF-A in driving tumor formation. Treatment of mice with bevacizumab, 

a clinically used form of anti-VEGF-A, which sequesters and prevents VEGF-A action, reduces 

ECS cell xenograft tumor vascularization and growth. Loss of vascularization is evidenced by 

reduced redness of the tumors and reduced presence of the CD31 endothelial cell marker. 

 

NRP-1 mediates the action of VEGF-A 

 

The classical mechanism of VEGF-A action is via VEGF-A interaction with VEGFR2 to 

drive intracellular signal transduction [18,21,125]. However, this mechanism is not active in ECS 

cells, as these cells lack both VEGFR1 and VEGFR2. Thus, VEGFR1 and VEGFR2 do not 

mediate VEGF-A action in our system. These findings suggested that VEGF-A enhances ECS 

cell survival and angiogenesis via a novel mechanism. Therefore, we attempted to identify the 

molecular entity that mediates VEGF-A action in ECS cells. NRP-1 is a 922 amino-acid protein 

that includes a large (860 amino acid) extracellular glycoprotein domain, a 22 amino acid 

transmembrane segment and a 44 amino acid intracellular region that does not possess intrinsic 

enzymatic activity. VEGF-A interacts with NRP-1 and this leads to enhanced VEGF-A 

interaction with VEGFR, leading to enhanced angiogenesis [29,134,135]. Consistent with this 

role, NRP-1 overexpression increases blood vessel formation, and inactivation causes abnormal 

vasculature formation leading to embryonic lethality [136,137]. NRP-1 is expressed in various 

human tumors, including prostate cancer, breast cancer, melanoma and pancreatic 

adenocarcinoma [53,138-141]. In some model systems, NRP-1 expression increases 

angiogenesis and tumor formation; however, how NRP-1 regulates tumor formation is not well 

understood [142,143]. As noted above, the prevailing dogma has been that NRP-1 functions as a 
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co-receptor with VEGFR2 and other receptors. However, NRP-1 has been reported to mediate 

VEGF-A action, independent of VEGFR1 and VEGFR2, in a limited number of systems 

[129,144-146]. For example, Panc-1 pancreatic carcinoma cells express VEGF and NRP-1, but 

not VEGF receptors. In this cell type, VEGF-mediated stimulation of proliferation requires NRP-

1 [146]. In addition, restoration of NRP-1 in NRP-1-negative pancreatic cancer cells altered cell 

survival, and VEGF can operate via NRP-1 to stimulate malignant progression in metastatic 

renal cell carcinoma [27,144,147]. Our present studies suggest that VEGF-A interacts with NRP-

1, via a novel signaling pathway that does not require VEGF receptors, to activate cellular 

processes in ECS cells that enhance ECS cell survival and tumor formation. 
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CHAPTER IV 

 

NRP-1 Interacts with GIPC1 and 6/4-Integrins to Increase YAP1/Np63-Dependent 

Epidermal Cancer Stem Cell Survival 

 

ABSTRACT 

 

We have identified an epidermal cancer stem cell (ECS cell) population that drives 

formation of rapidly growing and highly invasive and vascularized tumors.  VEGF-A and 

neurophilin 1 (NRP-1) are markedly overexpressed in ECS cells and VEGF-A/NRP-1 interaction 

is required for ECS cell survival and tumor vascularization.  We now identify a novel signaling 

cascade that is triggered by VEGF-A/NRP-1.  We show that NRP-1 forms a complex with 

GIPC1 and α6/4-integrin to activate FAK/Src signaling which leads to stabilization of a 

YAP1/∆Np63α to enhance ECS cell survival, invasion and angiogenesis.  Loss of NRP-1, 

GIPC1, α6/β4-integrins, YAP1 or ∆Np63α reduces these responses.  Moreover, restoration of 

constituently-active YAP1 or ∆Np63α in NRP-1 null cells restores the ECS cell phenotype.  

Tumor xenograft experiments show that NRP-1 knockout cells form small tumors characterized 

by reduced vascularization.  These studies suggest that VEGF-A interacts with NRP-1 and 

GIPC1 to activate α6/β4-integrin, FAK, Src, PI3K/PDK1, LATS1 signaling to increase 

YAP1/∆Np63α accumulation to drive ECS cell survival, angiogenesis and tumor formation. 
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INTRODUCTION 

 

  Non-melanoma skin cancer, which develops in response to exposure to ultraviolet light, 

chemicals and chronic wounding [1,113], is among the most commonly diagnosed cancers 

[1,111,112].  Squamous cell carcinoma, which comprises sixteen percent of these cancers, is an 

aggressive cancer that has a high risk of metastasis [112].  Expansion of these tumors requires 

vascularization which requires vascular endothelial growth factor (VEGF) and a host of other 

proteins to stimulate blood vessel formation [15,17,114,115].  VEGF receptors (VEGFR1, 2 and 

3) are present in keratinocytes and knockout mouse studies indicate a role for VEGF in tumor 

formation [15,19,21,23,25,26,117,118].  VEGF also has a role in cancer stem cell survival  and 

regulates the stem cell niche [15,21,119-123].  Blocking VEGF signaling reduces the epidermal 

cancer stem cell function and number [21].  We described a subpopulation (0.15%) of highly 

aggressive stem cell marker-expressing cells in epidermal squamous cell carcinoma [124].  

These cells grow as spheroids in non-attached conditions, display enhanced invasion and 

migration, undergo epithelial to mesenchymal transition, and form highly vascularized and 

aggressive tumors following injection of as few as 100 cells in immunocompromised mice 

[47,124,149,150]. 

  VEGF-A is required for maintenance of this phenotype, as knockdown of VEGF-A gene 

expression or treatment with VEGF-A inactivating antibody, reduces these responses and tumor 

formation [151].  This study also demonstrated that ECS cell lack VEGFR1 and VEGFR2 and 

that VEGF-A acts to stimulate ECS cell survival via the neuropilin-1 (NRP-1) co-receptor [151].  

These studies show that VEGF-A acts via interaction with NRP-1 to trigger intracellular events 

leading to ECS cell survival and formation of aggressive, invasive and highly vascularized 
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tumors.  In addition, we recently demonstrated that a novel α6/β4-integrin, FAK, Src, 

PI3K/PDK1, Hippo signaling cascade regulates YAP1/∆Np63α to enhance ECS cell survival, 

spheroid formation, invasion, and migration [47]. 

  The mechanism whereby VEGF-A/NRP-1 regulates downstream signaling to enhance 

ECS cell survival is not well understood.  In the present study we show that NRP-1 interacts with 

GIPC1 (GAIP-interacting protein) to stimulate the α6/4-integrin/YAP1/∆Np63α signaling 

cascade and that NRP-1 stimulation of this cascade is required to maintain ECS cell survival, 

spheroid formation, invasion and migration.  In addition we show that NRP-1 knockdown 

reduces activity in this cascade in tumors and that this is associated with reduced tumor 

formation and tumor angiogenesis.  These studies describe a novel mechanism whereby VEGF-

A/NRP-1 stimulates YAP1/∆Np63α to enhance ECS cell survival. 

 

MATERIALS AND METHODS 

 

Chemicals and Reagents    

  Trypsin and Dulbecco’s Modified Eagle’s Medium (DMEM) were purchased from 

Invitrogen (Frederick, MD).  -actin antibody (A5441) was obtained from Sigma (St. Louis, 

MO, USA).  Antibodies to NRP-1 (ab81321), Src (ab47411), CD31 (ab28364) and Src-P 

(ab321012) were obtained from Abcam (Cambridge, MA, USA).  Antibodies to LATS1 (9153), 

LATS1-P (9157), FAK-P (3283), YAP1 (4912) and YAP1-P (13008) were obtained from Cell 

Signaling Technologies (Danvers, MA, USA).  Antibodies to GIPC1 (sc-9648), 4-integrin (sc-

9090), α6-integrin (sc-374057) and p63 (sc-8431) were obtained from Santa Cruz (Dallas, TX).  
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FAK (610087) antibody was purchased from BD Transduction Laboratories.  Horseradish 

peroxidase-conjugated sheep anti-mouse IgG (NXA931), donkey anti-goat IgG (sc-2033) and 

donkey anti-rabbit IgG (NA934V) were obtained from GE Healthcare (Buckinghamshire, UK) 

and used at a 1:5000 dilution.  Matrigel (354234) and BD Biocoat cell inserts (353097) were 

from BD Biosciences (Valencia, CA).  YAP1 mutant plasmids were kindly provided by John 

Lamar/Richard Hynes [152].  These include YAP(S127A) and YAP(S127A)(PDZ-BDm) [152].  

Plasmid encoding ∆Np63α was obtained from Dr. Berry Trink.  The ∆Np63α insert was cloned 

into pENTR/D-TOTO and then combined with pLenti-CMV-Puro-DEST plus LR clonase to 

produce pLenti-CMV-∆Np63α-FLAG-Puro expression vector (ThermoFisher, Waltham, MA). 

  

Cell Culture    

  SCC-13 and HaCaT cells were originally obtained from ATCC [109,155].  Monolayer 

cultures of SCC-13 squamous cell carcinoma cells, and cells derived from this line, were 

maintained in a DMEM containing 5% fetal calf serum, 2 mM L-glutamine and 1 mM sodium 

pyruvate and appropriate antibiotics [124].  HaCaT cells were maintained in the same medium.  

ECS cell spheroids were grown by plating 40,000 cells/well in ultra-low attachment six well 

cluster dishes and growing for 0 - 10 d in spheroid medium [DMEM/F12 (1:1) (DMT-10-090-

CV, Mediatech Inc, Manassa, VA) containing 2% B27 serum-free supplement (17504-044, 

Invitrogen, Frederick, MD), 20 ng/ml EGF (E4269, Sigma, St. Louis), 0.4% bovine serum 

albumin (B4287, Sigma) and 4 g/ml insulin (#19278, Sigma Chemical, St. Louis, MO] [124].   
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Electroporation    

  For electroporation, 1 x 10
6
 cells were electroporated with 3 g of siRNA delivered using 

the Amaxa electroporator and the VPD-1002 nucleofection kit (Morristown, New Jersey).  The 

cells were plated, permitted to recover overnight, and then harvested and the electroporation was 

repeated using the same siRNA [148].  After 48 h, the cells were utilized for experiments and a 

reduced level of the siRNA targeted protein was confirmed by immunoblot.  NRP-1 (sc-36038), 

α6-integrin (sc-43129), 4-integrin (sc-35678) and p63 (sc-36161) siRNA were from Santa Cruz 

(Dallas, TX).  Control- (D-001206-13-05) and GIPC1 (M-019997-02-005) siRNA were obtained 

from Dharmacon (Lafayette, CO).  YAP1-siRNA (S102662954) was from Qiagen (Valencia, 

CA). 

 

Invasion and migration assays    

  Matrigel (BD Biolabs) was diluted in 0.01 M Tris-HCl containing 0.7% NaCl, filter 

sterilized, and 0.15 ml was added per BioCoat cell insert (353097, 8 m pore size, BD 

Biosciences, San Jose, CA) well and permitted to solidify.  Cells were seeded at 20,000 per well 

in 100 l of growth media containing 1% FCS.  The lower chamber contained growth medium 

containing 10% FCS.  After 24 h at 37°C, residuals cells were removed from the top and the 

membrane was rinsed with phosphate-buffered saline, fixed with 4% paraformaldehyde for 

10 min, and stained with 1 g/ml DAPI for 10 min.  Cell number per 10 × magnification field 

was recorded using an inverted fluorescent microscope.  The migration (wound closure) assay 

was as previously described [153]. 
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Knockdown and knockout cell lines    

  NRP-1 shRNA-encoding lentivirus was produced using HEK-293T cells maintained in 

DMEM containing 10% fetal calf serum, 2 mM L-glutamine and 1 mM sodium pyruvate.  The 

cells were harvested and plated in 100 mm dishes at 50% confluence and then washed and 

transferred to serum-free medium.  The HEK-293T cells were transfected with 1 μg pCMV-

VSVG, 5 μg pCMV-dr8.91 and 5 μg of pLKO.1-NRP1-shRNA vector (SHCLNG-NM_003873) 

using Fugene 6 (Promega, WI) and plated.  The MISSION System Vectors were obtained from 

Sigma (St. Louis, MO).  At 3 h, 10% FCS was added, and at 72 h the virus-containing medium 

was collected, centrifuged for 15 min at 1,500 rpm, sterile filtered (22 micron), and stored as-80 

C in aliquots.  SCC-13 cells (4 x 10
6
) were treated with 1 ml of virus-containing medium in 

serum-free growth media containing 8 g/ml polybrene at 37 C for 5 h.  The media was then 

changed to growth media containing 5% fetal calf serum.  Cells were plated in 100 mm dishes 

and grown in the presence of 0.25 g/ml puromycin for 2 wk.  NRP-1 knockdown was 

confirmed by anti-NRP-1 immunoblot.  These cells are referred to as SCC13-NRP1-shRNA1.  A 

parallel line was generated using pLKO.1-Puro-NT-shRNA (SHC016-1EA, Sigma, St. Louis, 

MO) using the protocol described above and called SCC13-Control-shRNA.  SCC13-NRP1-

KOc8 are NRP-1 knockout cells created using CRISPR/Cas9 vectors purchased from Biocytogen 

(Worcester, MA). 
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RESULTS 

 

NRP-1 knockdown impacts YAP1/∆Np63α signaling 

 

  We have shown that VEGF-A and neuropilin 1 (NRP-1) are markedly overexpressed in 

ECS cells and that VEGF-A interacts with NRP-1 to stimulate ECS cell-associated tumor 

vascularization and growth [151].  However, the downstream signaling events in this process are 

not well understood.  In the present study, we identify factors that bind NRP-1 and study how 

these proteins couple NRP-1 to downstream signaling events.  To initiate these studies, we 

created NRP-1 knockdown cells and monitored the impact of NRP-1 loss on the ECS cell 

phenotype.  We first monitored spheroid formation as a measure of cancer stem cell status.  Fig. 

13A/B confirms NRP-1 knockdown and shows that NRP-1 loss reduces spheroid size.  Fig. 

13C/D shows that NRP-1 loss also reduces spheroid number and matrigel invasion.  We also 

examined the ability of extracts prepared from NRP-1 intact and knockdown cells to stimulate 

HUVEC cell tube formation as a measure of angiogenic potential.  Fig. 13E shows that cell 

extract from NRP-1-shRNA1 cells displays reduced activity to stimulate HUVEC cell tube 

formation as compared to wild-type cell extract.  These findings confirm that NRP-1 is involved 

in maintenance of the ECS cell phenotype and drives angiogenic potential. 

  We recently described a novel α6/4-integrin, FAK, Src, PI3K/PDK1, LATS1 (Hippo), 

YAP1 signaling cascade that increases ∆Np63α level to maintain the ECS cell phenotype [47].  

We therefore examined whether NRP-1 regulates activity of key kinases in this cascade.  Fig. 

13F shows that NRP-1 knockdown reduces α6-integrin level and integrin-regulated FAK and Src 

signaling, and that this is associated with increased LATS1 activity and YAP1 phosphorylation,  
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Figure 13
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Figure 13.  NRP-1 is required for ECS cell survival.   A/B/C Control and NRP-1 knockdown 

SCC-13 cells were seeded and grown as spheroids in ultra-low attachment plates.  Spheroid 

diameter and number was measured at 5 d and extracts were prepared to confirm NRP-1 

knockdown.  D Control or SCC13-NRP1-shRNA1 ECS cells were plated at 25,000 

cells/transwell chamber were seeded atop matrigel and cell migration to the lower chamber was 

monitored at 24 h.  E Cell lysates were prepared from 5 d spheroids and 300 g protein was 

tested for ability to enhanced HUVEC cells tube formation.  The plot shows the number of 

junctions, segments and nodes measured using ImageJ analysis (25).  F Spheroids were grown 

for 5 d and extracts were prepared for immunoblot detection of the indicated proteins.  

G/H/I/J/K Cells were electroporated with the indicated siRNA and spheroid formation and size 

were monitored at 5 d, and matrigel invasion at 24 h.  Immunoblots were prepared to from 5 d 

spheroid cultures to confirm knockdown of the siRNA targets. 
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and reduced ∆Np63α level.  LATS1 kinase is part of the Hippo signaling cascade and increased 

LATS1 activity is associated with increased YAP1 phosphorylation and degradation, and 

reduced YAP1 activity is associated with reduced ECS cell survival [44,47].  Fig. 13G/H 

confirms that loss of α6/β4-integrin or YAP1 reduces spheroid number and size, and Fig. 13I/J 

shows that loss of ∆Np63α reduces ECS cell spheroid number and matrigel invasion.  Fig. 13K 

confirms the siRNA-dependent knockdown of α6/4-integrin, YAP1 and ∆Np63α. 

 

YAP1 and ∆Np63α are required for NRP-1 action 

 

To assess the importance of the α6/4-integrin, Hippo, YAP1/∆Np63α signaling cascade 

in mediating NRP-1 action, we determined whether overexpression of the downstream targets, 

YAP1 and ∆Np63α, could restore the ECS cell phenotype in  NRP-1 knockdown cells.  Fig. 14A 

shows that NRP-1 loss reduces YAP1 level and increases YAP1-P, responses which are 

consistent with reduced YAP1 function.  This is also associated with loss of ∆Np63α.  It is of 

interest that overexpression of YAP(S127A) (constitutively-active YAP1) or ∆Np63α reduces 

YAP1-P and partially restores YAP1 level.  Fig. 14B/C/D examines biological responses and 

shows that expression of YAP(S127A) or ∆Np63α in NRP-1 knockdown cells restores spheroid 

formation, matrigel invasion and migration.  In addition to effects on these aspects of ECS cell 

function, NRP-1 also influences angiogenesis [27].  We therefore monitored the ability of 

extracts derived from control-, YAP1- or ∆Np63α-deficient ECS cells to stimulate tube 

formation in a HUVEC cell angiogenesis assay.  Fig. 14E shows that cell extracts prepared from 

YAP1 or ∆Np63α knockdown ECS cells are less able to stimulate HUVEC cell tube formation.  

In addition, expression of YAP1 or ∆Np63α in NRP-1 knockdown cells restores cell extract 



74 
 

Figure 14 
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Figure 14. YAP1 and ∆Np63α are required for NRP-1 action.   A/B YAP1 and ∆Np63α can 

restore the cancer stem cell phenotype in NRP-1 knockdown cells.  SCC13-Control-shRNA and 

SCC13-NRP1-shRNA1 cells were electroporated with 3 g of the indicated plasmids and plated 

for spheroid formation.  Spheroid numbers were determined at 5 d and extracts were prepared to 

monitor the levels of the indicated proteins.  EV = empty vector.  C/D Cells were electroporated 

with the indicated plasmids, and seeded for 24 h invasion assay and 0 - 18 h migration assay.  

E/F Cells were electroporated with siRNA or plasmid as indicated and grown as spheroids for 5 

d.  ECS cell lysates, derived from 5 d spheroids, were prepared and 300 g was used in a 

HUVEC cell tube formation angiogenesis assay.  All graphical values are mean + SEM and the 

asterisks indicate a significant change compared to control, n = 3, p < 0.005.  The number of 

junctions, segments and nodes was assessed using ImageJ (25).  
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stimulation of tube formation (Fig. 14F).  Thus, YAP1 and ∆Np63α are required for NRP-1 

regulation of ECS cell spheroid formation, invasion, migration and vessel formation. 

 

Role of the GIPC1 PDZ domain protein 

 

A key question is the mechanism whereby NRP-1 is linked to the α6/4-integrin, Hippo, 

YAP1/∆Np63α signaling cascade [47].  GIPC1 is a PDZ domain scaffold protein involved in 

receptor trafficking and stabilization that has been reported to interact with NRP-1 [32-35].  We 

therefore assessed the role GIPC1 may play in NRP-1 signaling in ECS cells.  An initial 

comparison of monolayer (non-stem cancer cells) versus spheroid (ECS cells) reveals a marked 

increase in GIPC1 level suggesting a potential role in maintaining the ECS cell phenotype (Fig. 

15A).  We therefore monitored for GIPC1 interaction with NRP-1.  As shown in Fig. 15B NRP-

1 and GIPC1 co-immunoprecipitate.  In addition, GIPC1 has been reported to interact with alpha 

integrins suggesting that it may interact with α6-integrin in ECS cells [36,37].  Indeed, Fig. 15C 

shows that immunoprecipitation of α6-integrin results in co-precipitation of NRP-1 and GIPC1, 

suggesting the presence of a NRP-1/GIPC1/α6-integrin regulatory complex. 

The above findings suggest that GIPC1 is part of the NRP-1-triggered signaling cascade 

that regulates YAP1/∆Np63α function to enhance ECS cell survival and ECS cell-dependent 

angiogenesis.  This model predicts that GIPC1 will be required for NRP-1 stimulation of ECS 

cell survival signaling.  To assess the biological role of GIPC1, we treated ECS cells with 

GIPC1-siRNA and monitored the effect on ECS cell spheroid formation and matrigel invasion.  

As shown in Fig. 15D/E, GIPC1 knockdown reduces spheroid formation and matrigel invasion.  

A required role for GIPC1 is supported by biochemical data showing that GIPC1 knockdown 
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Figure 15 
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Figure 15. GIPC1 is required for NRP-1 coupling to downstream signaling events.   A 

GIPC1 is elevated in ECS cells.  Extracts were prepared from SCC-13 non-stem cancer cells 

(monolayer) and ECS cells (5 d spheroids) for detection of GIPC1.  B/C NRP-1/α6-

integrin/GIPC1 interaction.  Extracts were prepared from SCC-13 derived ECS cells and 200 g 

of extract was immunoprecipitated with anti-GIPC1 or anti-α6-Integrin followed by immunoblot 

to detect the indicated epitopes.  D/E SCC-13 cells were treated with Control- or GIPC1-siRNA 

and then assayed for ability to form spheroids and migrate through matrigel.  F SCC-13 cells 

were electroporated with the indicated siRNA and grown as spheroids for 5 d before extracts 

were prepared for immunoblot detection of the indicated proteins.  G/H Evidence for GIPC1 and 

YAP1 interaction.  ECS cell (spheroid) extracts were prepared and 200 g of extract was 

immunoprecipitated with anti-YAP1 or anti-GIPC1 followed by immunoblot to detect the 

indicated epitopes.  I/J YAP1 PDZ binding domain is required for activity.  SCC13-Control-

shRNA or SCC13-NRP1-shRNA1 cells were electroporated with 3 g of constitutively active 

YAP(S127A), YAP(S127A)-PDZ-BDm or ∆Np63α and then assayed for ability to form 

spheroids (5 d) and migrate through matrigel. 
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alters downstream signaling to reduce 4-integrin level and FAK/Src activity, increase LATS1 

activity, reduce YAP1/increase YAP1-P, and reduce ∆Np63α level (Fig. 15F).  Thus, these 

findings suggest that a NRP-1, GIPC1, α6/4-integrin complex drives downstream changes in 

FAK, Src, LATS1, YAP1 and ∆Np63α to enhance ECS cell survival.  In addition, since both 

NRP-1 and YAP1 possess PDZ binding domains, it is possible that a NRP-1/GIPC1/YAP1 

complex exists.  Indeed, Fig. 15G provides evidence for YAP1/GIPC1 co-precipitation, 

suggesting that NRP-1 may directly regulate YAP1 function via formation of a NRP-

1/GIPC1/YAP1 complex.  YAP1 encodes a PDZ binding domain that interacts with PDZ 

domain-containing proteins [154].  To assess a role for the YAP1 PDZ binding domain in 

mediating interaction with GIPC1, we expressed YAP(S127A) or YAP(S127A)-PDZ-BDm in 

YAP1 knockout cells and performed pulldowns with anti-YAP1.  These studies show that 

YAP(S127A) interacts with GIPC1, but with the PDZ binding domain mutant (Fig. 15H), 

suggesting that the YAP1 PDZ binding domain mediates the interaction with GIPC1. 

 

The YAP1 PDZ binding domain 

 

To better understand the role of YAP1 in this signaling mechanism, we compared the 

ability of YAP(S127A), a constitutively-active form of YAP1, and YAP(S127A)-PDZ-BDm, in 

which the YAP1 PDZ binding domain is mutated and non-functional, to restore spheroid 

formation and matrigel invasion in NRP-1 knockdown cells.  We expressed YAP1(S127A) or 

YAP(S127A)-PDZ-BDm  in SCC13-NRP-1-shRNA1 cells.  SCC13-NRP-1-shRNA1 cells 

display reduced spheroid formation and matrigel invasion as compared to wild-type cells (Fig. 

11).  Fig. 15I/J shows that YAP(S127A), but not YAP(S127A)-PDZ-BDm, restores both 



80 
 

spheroid formation and matrigel invasion, confirming a role for YAP1 and showing the essential 

role of the YAP1 PDZ binding domain.  In addition, we show that expression of ∆Np63α, the 

signaling partner of YAP1, also restores spheroid formation and invasion. 

 

NRP-1 signaling in HaCaT cells 

 

To determine whether NRP-1 signaling is essential for ECS cell survival in other 

epidermis-derived cell lines, we studied NRP-1 signaling in HaCaT cells [155].  Fig. 16A/B 

shows that NRP-1 knockdown reduces spheroid number and size, and also cell migration.  As 

shown in Fig. 16C, NRP-1 loss is associated with reduced expression of α6-integrin, reduced 

FAK/Src signaling, increased YAP1-P and reduced ∆Np63α level.  Fig. 16D/E show that 

expression of YAP(S127A) restores spheroid formation and invasion in NRP-1 knockdown 

HaCaT cells, but that YAP(S127A)-PDZ-BDm does not restore these responses.  We also show 

that overexpression of ∆Np63α restores these responses.  We also assessed the role of GIPC1 in 

HaCaT cells.  Fig. 16F/G/H shows that GIPC1 level is elevated in ECS cells and that GIPC1 

knockdown reduces spheroid formation and matrigel invasion.  Fig. 16I shows that NRP-1 and 

GIPC1 co-precipitate with α6-integrin, suggesting the presence of a complex including these 

three proteins.  

Role of NRP-1 in tumor formation 

 

Since NRP-1 could be a therapy target in squamous cell carcinoma, it is important to 

determine whether compromising NRP-1 function reduces tumor formation.  To examine the 
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Figure 16 
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Figure 16. Role of NRP-1 and GIPC1 in HaCaT cells.   A/B HaCaT cells were electroporated 

with 3 g Control- or NRP1-siRNA and tested for spheroid formation and migration potential.  

C HaCaT cells were electroporated with 3 g of siRNA as indicated and grown as spheroids for 

3 d before extracts were prepared for immunoblot.  D/E/F/G HaCaT cells were electroporated 

with 3 g of siRNA and/or 3 g of expression plasmid as indicated (EV = empty vector) and 

spheroid formation and matrigel invasion potential was measured.  H Extracts were prepared 

from monolayer and spheroid grown HaCaT cells and GIPC1 level was monitored by 

immunoblot.  I Extracts prepared from HaCaT cell spheroids were immunoprecipitated with 

anti-integrin-α6 followed by immunoblot detection of GIPC1, NRP-1 and integrin-α6. 

  



83 
 

role of NRP-1, we created NRP-1 knockout cells using CRISPR/Cas9.  These cells lack NRP-1 

(Fig. 17A).  We then injected wild-type and NRP-1 null cells into NSG immune-compromised 

mice and show that tumor formation is markedly reduced in NRP-1 knockout cells as compared 

to wild-type cells (Fig. 17B).  In addition, consistent with a role for NRP-1 in driving 

vascularization, visual examination suggests that NRP-1 knockout tumors are less vascularized 

(Fig. 17C).  To quantitatively assess the impact of NRP-1 loss on vascularization, we monitored 

CD31 as a vascularization marker.  Fig. 17D/E shows that CD31 staining is reduced in tumors 

and that this is associated with reduced CD31 protein levels as measured by immunoblot of 

tumor extracts.  A key issue is the status of the α6/4-integrin/YAP1/∆Np63α signaling cascade.  

Tumor extracts were prepared for assay of proteins in this cascade.  Fig. 17F shows that NRP-1 

loss is associated with reduced FAK and Src activity, increased LATS1 activity and increased 

YAP1 phosphorylation, and that these changes are associated with reduced levels of YAP1 and 

∆Np63α.   

 These findings suggest that NRP-1 loss, in cultured cells and tumors, produces 

similar signaling changes.  However, the observation that NRP-1 is present in extracts from 

NRP-1 knockout cell-derived tumors was of concern.  This could be contamination from 

surrounding cell types or NRP-1 re-expression in the knockout tumor cells.  We therefore 

cultured cells from NRP-1 wild-type and NRP-1 knockout tumors and monitored NRP-1 level.  

We compared cells isolated from four tumors in each group.  Fig. 17G shows that cells from the 

knockout tumors do not express NRP-1.  Moreover, Fig. 17H/I show that these cells form fewer 

spheroids compared to the NRP-1 intact cells.  Taken together, these studies confirm the NRP-1 

knockdown in the tumors and that the biological changes (reduced ∆Np63α, etc.) is due to loss of 

NRP-1.  
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Figure 17. NRP-1 is required for optimal tumor formation.  A Immunoblot of spheroid-

derived ECS cells confirms NRP-1 knockout in SCC13-NRP1-KOc8 cells.  B/C/D/E Spheroid-

derived SCC-13 and SCC13-NRP1-KOc8 cells were injected (100,000 per each front flank) into 

NSG mice and tumor formation was monitored from 0 - 4 wk, and tumors were harvested at 4 

wk, photographed and assayed for CD31 by immunostain and immunoblot.  F Tumors were 

harvested at 4 wks and assayed for cell signaling proteins by immunoblot.  Similar results were 

observed in each of three experiments.  G/H/I/J NRP-1 knockout cells retain features after tumor 

growth.  SCC-13 and SCC13-NRP1-KOc8 tumors were harvested at 5 wks.  The cells were 

isolated and cultured, and NRP-1 level, spheroid formation and expression of signaling cascade 

proteins was monitored.  K Proposed VEGFA/NRP-1/GIPC1 signal transduction pathway.  The 

events in this cascade are described in the Discussion.  
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DISCUSSION 

 

 We recently characterized cells derived from squamous cell carcinoma that 

display properties of epidermal cancer stem cells (ECS cells) [124].  These cells are enriched for 

expression of epidermal and embryonic stem cell markers, and injection of as few as 100 ECS 

cells in immune-compromised mice yields large, rapidly growing and invasive tumors [124].  

We also observed that ECS cell-derived tumors are hypervascularized compared to tumors 

formed by non-stem cancer cells [124,133].  Because of the important positive correlation 

between tumor vascularization and tumor growth, we have examined the mechanism of 

vascularization in greater detail. 

 

Role of VEGF-A and NRP-1 in ECS cells 

 

VEGF is an important regulator of angiogenesis [115,120].  Cancer cells produce VEGF-

A which produces autocrine and paracrine effects on cancer cells and on the surrounding 

endothelial cells [127].  Our studies show that VEGF-A production is elevated in ECS cells and 

ECS cell-derived tumors and that it stimulates the ECS cell phenotype and tumor vascularization 

[151].  Moreover, treatment of mice with bevacizumab, which sequesters and prevents VEGF-A 

action, reduces ECS cell xenograft tumor vascularization and growth [151]. The classical 

mechanism of VEGF-A action is interaction with VEGF receptors;  however, the striking 

absence of VEGFR1 and VEGFR2 in ECS cells, suggested an alternate mechanism of VEGF-A 

action [151].  An absence of VEGFR in epidermis-derived cell lines has been reported, although 

others have identified VEGFR as being present [26,34]. 
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 NRP-1 is a 922 amino acid protein that includes a large (860 amino acid) 

extracellular glycoprotein domain, a 22 amino acid transmembrane segment, and a 40 amino acid 

intracellular region; however, NRP-1 does not have intrinsic enzymatic activity.  Instead, it has 

been reported that NRP-1 binds VEGF-A to facilitate its interaction with VEGFR leading to 

more efficient stimulation of angiogenesis [29,134,135].  However, in a limited number of 

systems, NRP-1 mediates VEGF-A action independent of VEGF receptors [34,129,144-

146,151].  For example, pancreatic carcinoma cells express VEGF and NRP-1, but not VEGF 

receptors, and VEGF action requires NRP-1 [145,146].  VEGF also acts via NRP-1 to stimulate 

malignant progression in renal cell carcinoma [27,147].  Our studies in ECS cells demonstrate 

that VEGF-A interacts with NRP-1 and that this interaction is required for cell survival, spheroid 

formation, invasion and migration [151]. 

 However, because NRP-1 lacks kinase activity, less is known about how it is 

activates intracellular signaling.  One possible mediator is GIPC1 [32].  GIPC1 contains an N-

terminal dimerization domain and a centrally located PDZ domain.  PDZ domains interact with 

other proteins that harbor a PDZ binding domain to facilitate assembly of protein complexes 

[32].  Studies in a limited number of models suggest that NRP-1 interacts with GIPC1 [32-35].  

Our present study provides evidence for assembly of an NRP-1/GIPC1 complex in ECS cells.  

We further show that α6-integrin is part of this complex.  The finding of integrin/GIPC1 

interaction is consistent with existing reports describing GIPC1 association with integrins, 

including α6-integrin [35-37].  Our studies suggest that GIPC1 mediates NRP-1 action by 

facilitating VEGF-A/NRP-1 interaction with α6/4 integrins. 
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Identifying downstream NRP-1-controlled signaling events 

 

We have previously shown that α6/4-integrin drives a signaling pathway that is required 

for ECS cell survival and tumor formation [47].  Triggering this cascade activates α6/4 integrin-

dependent FAK and Src signaling which activates PI3K/PDK1 signaling.  PDK1 then binds to 

and inhibits LATS1 kinase (Hippo signaling) activity leading to accumulation of nuclear YAP1 

which stabilizes ∆Np63α [47].  YAP1 and ∆Np63α then drive enhanced ECS cell survival and 

tumor formation.  The present study suggests that NRP-1 is linked to this α6/4-integrin driven 

cascade by GIPC1.  In NRP-1 competent cells, FAK and Src activity are high leading to reduced 

LATS1 and YAP1 phosphorylation, and that this is associated with increased levels of YAP1 

and ∆Np63α [47].  In contrast, knockdown of NRP-1 reduces activity in this cascade leading to 

increased levels of YAP1-P and reduced level of YAP1 and ∆Np63α, and this response is 

phenocopied by GIPC1 knockdown.  In addition, the reduction in spheroid formation, invasion 

and migration in NRP-1 knockdown cells is reversed by expression of ∆Np63α or constitutively-

active YAP1.  These studies suggest that the VEGF-A/NRP-1/GIPC1 complex triggers 

downstream changes in Hippo signaling to drive ∆Np63α-dependent ECS cell survival (Fig. 

17K).  Previous studies suggest that NRP-1/GIPC1 can activate Rho and RAS/ERK to enhance 

cancer cell survival, but our study is the first to suggest that FAK/Src, PI3K/PDK1, LATS1 

(Hippo), YAP1 and ∆Np63α are downstream targets [33,34].  ∆Np63α is a particularly 

interesting protein target, as it is a key regulatory of stem cell and cancer stem cell status in 

epidermis [48,49]. 
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Impact of NRP-1 on tumor formation 

 

We also examined the role of NRP-1 in tumor formation.  Tumor xenograft studies show 

that NRP-1 knockout cells form markedly smaller tumors that have reduced vascularity as 

evidenced by reduced levels of CD31.  A key issue is the impact of NRP-1 knockout on activity 

of the integrin/YAP1/∆Np63α signaling cascade.  This analysis shows that NRP-1 knockdown is 

associated with a reduced Src activity, increased LATS1 activity, increased YAP1 

phosphorylation and reduced levels of YAP1 and ∆Np63α.  Thus, the signaling changes 

observed in NRP-1 knockout tumors mimics the signaling changes observed NRP-1 deficient 

ECS cell spheroids in culture, suggesting that the cascade is operational in tumors in vivo. 

 

NRP-1/YAP1/∆Np63α signaling pathway 

 

  Based on the findings presented in this manuscript, we propose that VEGF-A binds to 

NRP-1 and that this complex is coupled to α6/4-integrin by a GIPC1 homodimer as indicated in 

Fig. 17G.  This complex is held together because the PDZ binding domains of NRP-1 and α6-

integrin interact with the PDZ domains of the GIPC1 homodimer.  This interaction activates 

integrin signaling (FAK, Src) which activates PI3K/PDK1.  PDK1 then binds to and inhibits 

LATS1 kinase (Hippo signaling pathway) which leads to accumulation of non-phosphorylated 

YAP1 which interacts with and stabilizes ∆Np63α to drive ECS cell survival, spheroid 

formation, invasion, migration and tumor formation.  TG2 (transglutaminase 2) is also a key 

activator of this pathway that binds to 4-integrin [47].  In addition, it is known that both NRP-1 

and YAP1 encode PDZ binding domains, and our immunoprecipitation studies provide evidence 
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of NRP-1/GIPC1/YAP1 complex formation in ECS cells (Fig. 14) [154,157].  This suggests that 

an NRP-1/GIPC1/YAP1 complex may serve to activate/stabilize YAP1 leading to enhanced ECS 

cell survival and tumor formation (Fig. 17H).  Further studies will be required to elucidate the 

full potential of these signaling relationships. 
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CHAPTER VI 

 

DISCUSSION AND FUTURE DIRECTIONS 

 

Summary of the Thesis 

 

It is known that VEGF-A is expressed in epidermal keratinocytes and is upregulated in 

wound healing, psoriasis, and increased by UV irradiation [23,24]. VEGF-A has also been 

shown to promote skin carcinogenesis by altering the survival, proliferation, and stemness of 

keratinocytes and tumor cells [20-22]. VEGF-A expression also correlates with poorly-

differentiated squamous cell carcinoma which presented with the deepest level of tissue 

infiltration [198-200]. We proposed that epidermal cancer stem cells (ECS cells) play a major 

role in both the disease initiation and recurrence of epidermal squamous cell carcinoma, making 

them an important health concern and potential therapeutic target. Understanding epidermal stem 

cell biology is likely to lead to important therapies for treating skin diseases and cancer. These 

studies further elucidated the roles and biology of ECS cells.  

To enrich for tumor-forming cells, cancer cells were grown as spheroids in non-attached 

conditions. Detailed analysis reveals that spheroid-selected cultures are highly enriched for 

expression of epidermal stem cell and embryonic stem cell markers, including ALDH1, keratin 

15, CD200, and keratin 19. However, analysis reveals that the cells are positive for both bulge 

(CD100, K15 and K19) and interfollicular epidermal stem cell markers (α6 integrin). Thus, the 

identification and characterization of the ECS cell subpopulation suggests that cancer forming 

cells express markers from multiple epidermal stem cell populations.  
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As vascularization is key contributor to an aggressive tumor phenotype, it was important 

to understand why ECS cells drive angiogenesis more efficiently than non-stem cancer cells. 

SCC-13 cells grown in unattached conditions produce higher levels of VEGF-A compared to 

monolayer counterparts [154]. As a significant goal was to determine the role ECS cells play in 

both tumor initiation and recurrence, we wanted to test these cells for their tumor formation 

potential in a xenograft model. The elucidation of a mechanism for the enhanced tumorigenicity 

of ECS cells was not well understood, prior to these studies. In the course of our studies, we 

utilized a xenograft model and observed that this limited subpopulation of ECS cells, in 

squamous cell carcinoma, form rapidly growing, invasive and hyper-vascularized tumors 

compared with tumors formed by non-stem cancer cells (Fig. 9). Initial data suggests angiogenic 

factors such as vascular endothelial growth factor A (VEGF-A) are higher expressed in ECS 

cells in vitro and in vivo compared to nonstem counterparts. This led us to the conclusion that 

increased VEGF-A produced by ECS cells is acting in two potential manners. The first is the 

production of VEGF-A stimulates an autocrine function to promote ECS cells growth, survival, 

invasion and migration; while in a paracrine manner VEGF-A is inducing the endothelial cell 

migration, angiogenesis and vessel formation we’ve shown in our xenograft model and HUVEC 

assays (Fig. 10).  

To study the role of VEGF-A in driving changes in epidermal cancer cells in disease 

initiation, we studied the impact of VEGF-A on SCC-13 epidermal squamous cell carcinoma 

cells. We find that VEGF-A is required, as knockdown of VEGF-A gene expression or treatment 

with VEGF-A inactivating antibody reduces ECS cell the proliferation, migration, and invasion, 

and bevacizumab (anti-VEGFA) treatment substantially reduces tumor growth and markedly 

reduces visible vascularization, suggesting that VEGF-A is required. This coincides with the role 
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of the receptor NRP-1 in mediating the responses to VEGF-A, as loss of the receptor was 

sufficient to negatively impact the proliferation, migration, and invasion, and tumorigenic 

potential of these cells. In ECS cells, VEGF-A interacts with NRP-1, and these cells lack 

VEGFRs [154]. We find a novel signaling cascade downstream of the interaction of VEGF-A 

and NRP-1 independent of canonical VEGFR-signaling.  

We have previously shown that α6/4-integrin drives a signaling pathway that is required 

for ECS cell survival and tumor formation.  Triggering this cascade activates α6/4 integrin-

dependent FAK and Src signaling which activates PI3K/PDK1 signaling. The present study 

suggests that NRP-1 is linked to this α6/4-integrin driven cascade by GIPC1. This interaction 

shows NRP-1 forms a complex with GIPC1 likely through the PDZ domain of GIPC1 and PDZ-

binding domain on the C-terminal cytoplasmic end of NRP-1 (SEA residues). NRP-1/GIPC1 will 

further interact with α6/4-integrins to activate FAK/Src signaling which leads to stabilization of 

a YAP1/∆Np63α. These studies suggest that the VEGF-A/NRP-1/GIPC1 complex triggers 

downstream changes in Hippo signaling to drive ∆Np63α-dependent ECS cell survival.  

Our studies are significant as they: 

a) To our knowledge, describe the first characterization of tumor forming cells derived from 

human cancer cells lines derived from epidermis. 

b) Establish the role of VEGF-A and NRP-1 as key regulators of ECS cell maintenance.  

c) Identify a novel link between VEGF-A/NRP-1 signaling independent of VEGFRs in ECS 

cells that regulates Hippo signaling pathways. 

d) Establish VEGF-A and NRP-1 as therapeutic targets in epidermal squamous cell 

carcinoma. 
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Future Directions 

 

Important questions still remain in terms of this project. A major question was identifying 

cells from this population that drive tumor formation, in order to therapeutically target and 

eliminate this population of cells. We found that treatment with anti-VEGFA treatment using 

Bevacizumab significantly reduced tumor burden, as well as the dangerous vascularization and 

invasive potential of these ECS cell induced tumors (Grun 2016). Furthermore, treatment with 

EG00229, an NRP-1 inhibitor, substantially reduces tumor growth and visible vascularization 

(Fig. 12c), and dose–response studies indicated that the compound is active over a wide range of 

concentrations. Although we found dramatic results in reducing tumor volume with treatments 

disrupting the role of VEGF-A in our system, we did not fully eliminate tumor formation. We 

therefore propose additional xenograft studies that will include combination therapies to limit the 

growth of vasculature produced by ECS cell tumors, through Bevacizumab or EG00229 

treatment, while selectively eliminating the cancer stem population. We have shown that SFN, an 

important diet-derived candidate cancer prevention agent, induces loss of expression of proteins 

associated with cancer stem cell survival, selectively killing ECS cells at much lower doses than 

bulk cancer cells tolerate [95,153]. These studies suggest that SFN may be a useful co-therapy in 

conjunction with agents that kill bulk tumor cells, which may improve skin cancer treatment and 

reduce cancer recurrence. Moreover, SFN has minimal side effects when administered to patients 

or mice, and is highly soluble and bioavailable in vivo. 

An additional strategy for a therapeutic approach to targeting the NRP-1 and downstream 

Hippo signaling pathways in ECS cells would be modulating the protein–protein interactions by 

specifically blocking PDZ domain-mediated interactions (PDMIs). In the case of PDMIs, the 
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existence of a conserved solvent-exposed ligand binding groove and a relatively stable tertiary 

fold has favored direct inhibition strategies [40].  Several strategies could be employed in order 

to selectively target the NRP-1/GIPC1 interaction responsible for VEGF-A signaling ECS cells 

including: small molecule based-inhibitors, domain-based inhibitors, and peptide-based 

inhibitors [40]. As PSD-95/Dlg1/ZO-1 (PDZ) domains are the most abundant protein-protein 

interaction module encoded by the human genome with approximately 440 PDZ domains 

contained in approximately 214 different proteins, with multiple PDZ domains often present in 

one protein, careful consideration to specificity and off-target effects would need to be taken into 

account. Current studies have shown low micromolar and promiscuous interactions, as a 

consequence, efficient inhibition of PDMIs relies more on the design of specific inhibitors than 

that of high affinity binders, suggesting better analogs still need to be developed [40].  

Future studies will also look into whether NRP-1 interacting with GIPC1 through its PDZ 

binding domain mediates the activation of the p38-MAPK or AKT pathways. We find 

phosphorylated and active forms of p38 and AKT are elevated in the spheroid condition 

compared to monolayer (unpublished). These responses are abrogated with knockdown of 

VEGF-A, NRP-1, or GIPC1, suggesting additional signaling mechanisms. Early indication could 

be through two additional proteins with PDZ-binding domains, shown to interact with NRP1 and 

GIPC1 complexes. These proteins are APPL1 and Syx. APPL1, an adapter protein containing PH 

domain, PTB domain, and leucine zipper motif; binds GIPC1 and assembles RTKs and APPL1 

for activation of PI3K-AKT [32]. The role of APPL1 in ECS cells must be further elucidated. 

Previous studies also suggest that NRP-1/GIPC1 can activate RhoA through Syx (PLEKHG5), 

(synectin-binding guanine exchange factor) [34]. Syx is a RhoGEF that stimulates RhoA activity 

and has been implicated in tumorigenesis [34]. This signal transduction pathway through VEGF-
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A/NRP-1 induces cancer cell proliferation by forming a GIPC1/Syx complex through the 

interaction of the PDZ domain and PDZ-binding domain, respectively [34]. Ultimately, we will 

determine a role for Syx to facilitate the transduction of VEGF-A and NRP-1 leading to the 

activation of the MAPK pathway and maintenance and proliferation of ECS cells.  
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