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Abstract  

 The semaphorin proteins were originally identified as axonal guidance factors 

expressed during neuronal development. In addition to this function, several semaphorins 

are now known to play diverse roles outside of the nervous system. Semaphorin 4D 

(Sema4D/CD100), a transmembrane molecule that shares structural homology with the 

scatter factors, exerts important biological effects on a variety of cells, including neural, 

epithelial and immune cells. Interaction between Sema4D and its receptor, Plexin-B1, has 

proven to be important in many facets of tumor progression such as tumor angiogenesis, 

regulation of tumor-associated macrophages and control of invasive growth. 

 Invasion and metastasis are key components of cancer progression. A distinct and 

largely forgotten path for tumor spread is perineural invasion (PNI), defined as the 

presence of cancer cells in the perineural space. PNI is frequently used by many human 

carcinomas, in particular by pancreatic, prostate, and oral squamous cell carcinoma 

(OSCC), and is associated with tumor recurrence and pain in patients with advanced 

disease. The work presented in this thesis shows that Sema4D and Plexin-B1 are involved 

in PNI in tumors and identifies Sema4D as a new player in the complex interaction 

between tumor cells, nerve cells and the tumor microenvironment. 



	  
	  

 We have previously found that Sema4D is able to promote angiogenesis in several in 

vitro assays and tumor growth and vascularity of head and neck squamous cell carcinoma 

xenografts in vivo, but the intracellular signaling pathways engaged and the mechanisms 

of regulation of this pro-angiogenic function remained unclear. Results presented in the 

second part of this thesis demonstrate that ligation of Plexin-B1 by Sema4D activates a 

RhoA-dependent pro-angiogenic phenotype in endothelial cells that signals through 

phosphatidylinositol 4-phosphate 5-kinase (PI(4)P5K) and generates lipid second 

messengers. We also discuss the essential role of hypoxia inducible factor (HIF) in 

endothelial cell migration and tumor vascularity.  

In conclusion, deciphering the regulatory and signaling mechanisms of Sema4D 

could lead to the identification of new therapeutic targets for anti-angiogenic and anti-

metastatic cancer therapy.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

 



	  
	  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A novel role for Semaphorin 4D in tumor metastasis 
 

by  
Nada O. Binmadi 

 

 

 

 

 

 

Dissertation submitted to the Faculty of the Graduate School of the  

University of Maryland Baltimore in partial fulfillment  

of the requirements for the degree of  

Doctor of Philosophy  

2011 

 



	  
	  

 

 

 

 

 

 

 

©Copyright 2012 by Nada O. Binmadi  

All rights Reserved 

 

 

 

 

 

 

 

 



	  
	  

Dedication 

 

 

 

 

 

 

“In the Name of Allah, the Most Gracious, the Most Merciful” 

I dedicated this work to my God, who provides me with energy, good health, freedom 

and an education, and to my encouraging parents. 

 

 

 

 

 

 

 

 

 



iii	  
	  

Acknowledgements 

I would like to thank my mentor Dr. John Basile expressing my deepest gratitude 

and appreciation for the many opportunities given to me as a graduate student as I gained 

experience in the scientific field. His guidance that maintained my focus and his support 

from the beginning was of great importance to me and helped raise my individual 

abilities. 

Special gratitude is due to my committee members, my program directors Dr. 

Bernard Levy and Dr. Mark Scheper, as well as Dr. Silvia Montaner, Dr.Li Mao and Dr. 

John Papadimitriou for their encouragement, teaching and assistance. 

 I would also like to thank the faculty in the Department of Oncology and 

Diagnostic Sciences for their dedication and for providing an excellent scientific 

foundation on which to build upon. 

I would like to express my gratitude to Dr Mieller, Dr. Scheper, and Dr.Garber for 

their invaluable knowledge, guidance and monitoring in Oral Medicine. 

I take this opportunity to extend my most sincere gratitude to all the postdoctoral 

fellows in the lab (Qiangming Sun, Hua Zhou, Patrizia Poria, Yinghua Yang) for their 

patience, expertise and advice, and to (Jiadi Hu, Tao Ma, Xin Wang, Aditi Gupta, Dong 

Wei and Ming Zhang) for their help, support and give an advice for any situation. 

I would like to thank my current and former residents Risa, Bruno, Rania, 

Hussain, Chaidan, and Amr for their friendship and good times. 



iv	  
	  

Thanks are also given to all the people in the Department of Oncology and 

Diagnostic Sciences especially Jacqueline Kelley, Shirl Harbin, Jody Van Order, Arnold 

Ferrera and Reggie Marble, for their support.  

I would like to acknowledge King Abdulaziz Univsersity in Jeddah, Saudi Arabia, 

for their generous financial support.  

Finally, I would like to thank my parents and my brothers and sister who have 

been there for me all along. I am especially grateful to my parents for teaching me so 

much and for their love, trust, inspiration and understanding.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v	  
	  

Table of Contents 

Chapter                      Page 

Acknowledgements...................................................................................................... iii 

Table of Contents………….........................................................................................  v 

List of Figures ……..................................................................................................... vii  

List of Abbreviations.................................................................................................... xi 

Chapter  1: Introduction  

A. Cancer metastasis…………………………………………………………………..1 

1.      Perineural invasion in cancer…………………………………………...1 

1.1 Mechanism and histopathological assessment of PNI……………..2 

1.2 The prognostic significance of PNI in Oral Squamous Cell  

Carcinoma (OSCC).………………………………………….….....4 

  1.3. Nerve and cancer cell interactions……………...………………....6 

2. Angiogenesis…………………………………………………………...7 

3.  Hypoxia………………………………………………………………...8 

B. Semaphorins and Plexins…………………………………….………………….......9 

C. The Semaphorin 4D/Plexin-B1 signaling pathway………………………………...11 

1. Phosphatidylinositol 4-phosphate 5-kinase (PIP5K) and lipid second 

messengers……………………………………………….………….........13    

 



vi	  
	  

Chapter 2: Plexin-B1 and Semaphorin 4D cooperate to promote perineural  

invasion in a RhoA/ROK dependent manner 

A. Introduction...............................................................................................................16 

B. Material and Methods .........................................................................................….18 

C. Results ...............................................................................................…. ……….....23 

D. Discussion ............................................................................................………........39 

Chapter 3: Rho-mediated activation of PI(4)P5K and lipid second messengers  

is necessary for promotion of angiogenesis by Semaphorin 4D 

A. Introduction...............................................................................................................43 

B. Material and Methods ..............................................................................................46 

C. Results ......................................................................................……………………51 

D. Discussion ................................................................................................................60 

Chapter 4: Hypoxia inducible factor-1-mediated regulation of  Semaphorin- 
   4D  affects  tumor growth and vascularity 

A. Introduction...............................................................................................................64 

B. Material and Methods .......................................................................................…...66 

C. Results ........................................................................................……………..........71 

D. Discussion ..............................................................................................................,.86 

Chapter 5: Conclusion and Future Direction 

1. Perineural invasion; a forgotten metastatic pathway………………………….….90 



vii	  
	  

2. Elucidation of the signaling cascade of Sema4D/Plexin-B1 induced  

angiogenesis …………………………………………………………………...….….92 

3. Hypoxia a potential regulator of Sema4D………………………………..…....……..93 

4. Other Semaphorin family members……………………………………………….….94 

References..........................................................................................................................96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii	  
	  

List of Figures          Page 

1.1 - Perineural invasion in OSCC…………………………………………..4 

1.2 - Classification and structure of the semaphorins and plexins………….11 

1.3 - Sema4D/Plexin-B1 signaling………………………………………….13 

1.4 - PIP5Kα signaling pathway…………………………………………….15 

2.1 - Plexin-B1 and Sema4D are highly expressed in neurotropic tumor  

and nerve cell lines……………………………………………………..25 

2.2 - Plexin-B1 is expressed in neurotropic tumors and nerves express  

Sema4D……………………………………………………………..…26 

2.3 - Sema4D/ Plexin-B1-mediated attraction of neurotropic tumor  

cells towards nerves are dependent upon activation of RhoA…..………29 

2.4 - Neurotropic tumor cells expressing Plexin-B1 are attracted to 

nerves in vivo…………………………………………………………....31 

2.5 - Neurotropic tumors express Sema4D……………………………….....34 

2.6 - Sema4D production by neurotropic malignancies is important 

in mediating nerve cell chemotaxis and neurite outgrowth………....35-37 

2.7 - Neurotropic tumor tissues exhibit enhanced nerve density……………38 



ix	  
	  

3.1 - Plexin-B1 activates RhoA……………………………………………..52 

3.2 - PI(4)P5Ka is activated by Sema4D/Plexin-B1 in a  

Rho-dependent manner and co-localizes with Plexin-B1………..….…53  

3.3 - PIP(4,5)2 formation is necessary for Sema4D/Plexin-B1/ 

RhoA-mediated polymerization of stress fibers, activation of  

PLC and generation of intracellular calcium………………………..55-56 

3.4 - Calcium generation, PLC activation and PI(4)P5Ka activity are 

   necessary for the Sema4D/Plexin-B1-mediated proangiogenic  

phenotype in endothelial cells………………………………….……57-59 

3.5 - A model for Sema4D/Plexin-B1-mediated proangiogenic signaling 

in endothelial cells. ……………………………………………………..63 

4.1 - HNSCC cells exhibit high levels of HIF-1α protein and  

HIF-1 transcriptional activity……………………………………….…..72 

4.2 - Expression of Sema4D protein and mRNA are elevated in  

HNSCC cells and strongly induced in hypoxia………………...…..........75 

4.3 - Sema4D protein levels increase in hypoxia in a HIF-1-dependent  

manner……………………………………………………………….....78 



x	  
	  

4.4 - HIF-1 stabilization results in up-regulation of Sema4D and  

promotion of endothelial cell chemotaxis in vitro…………………......80 

4.5 - Sema4D knockdown reduces HIF-1α-induced tumor growth 

and vascularity……………………………………………………......83-84 

4.6 - Immunofluorescence and immunohistochemistry for Glut-1,  

Sema4D, and HIF-1α in HNSCC………………………………………86 

5.1 - A model of mouse with a skin fold chamber……………………….….92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi	  
	  

List of Abbreviations 

ACC  - adenoid cystic carcinoma 

BME  - basement membrane extract  

BSA  - bovine serum albumin 

ChIP  - chromatin immunoprecipitation 

DAG  - diacylglycerol 

DIgA  - Drosophila disc large tumor suppressor 

DRG  - dorsal root ganglia  

ERBB2 - the epidermal growth factor receptor -2 

ERK  - extracellular signal-regulated kinase 

FAK  - focal adhesion kinase 

FBS  - Fetal bovine Serum 

FGF  - fibroblast growth factor  

GAP  - GTPase activating protein  

GAPDH - glyceraldehyde 3-phosphate dehydrogenase 

GEF  - guanine nucleotide-exchange factor 

HIF-1  - hypoxia-inducible factor-1 

HNSCC - head and neck squamous cell carcinoma 

HRE  - hypoxia response element 

HUVEC - human umbilical vein endothelial cells 

IP3  - inositol trisphosphate  

LARG  - leukemia-associated Rho GEF 

LDL  - low-density lipoprotein  

MAPK  - mitogen-activated protein kinase 

MHC  - major histocompatibility complex	  

MLC  - myosin light chain 	  

mODD  - oxygen-dependent degradation domain mutant 



xii	  
	  

MRS  - MET-related sequence  

NGF  - nerve growth factor  

OSCC  - oral squamous cell carcinoma  

PAK  - p21-activated kinase  

PB1  - Plexin-B1 

PBS  - phosphate-buffered saline 

PDGF  - platlet derived growth factor  

PDZ  - postsynaptic density disc-large / zo-1 

PHD  - prolyl hydroxylase domain proteins 

PI3K  - phosphatidylinositol 3-kinase  

PI(4,5)P2 - phosphatidylinositol 4,5-bisphosphate  

PI(4)P5K - Phosphatidylinositol 4-phosphate 5-kinase  

PKC  - protein kinase C  

PLC  - phospholipase C  

PLGA  - polymorphous low-grade adenocarcinoma 

PNI  - perineural invasion  

PRG  - PDZ-Rho GEF 

PSI  - plexin, semaphorin and integrin domain  

RNAsi  - RNAsmall interfering RNA. 

ROK  - Rho Kinase  

Sema4D - semaphorin 4D 

shRNA - short hairpin  

TGF-β  - transforming growth factor- β  

TrkA  - receptor tyrosine kinase A  

VEGF  - vascular endothelial growth factor  

VHL  - von Hippel-Lindau tumor suppressor protein 
 



1	  
	  

Chapter 1. Introduction 

 

A. Cancer metastasis 

Cancer accounts for one in four deaths in the USA, corresponding to over 500,000 

deaths in 2009 with more than 1,400,000 new cases diagnosed over the same time period 

in the USA alone [1]. The leading cause of cancer deaths is metastasis, an intricate 

process involving many important tumor and stromal proteins that have yet to be fully 

defined. There are critical components necessary for the metastatic cascade, including 

hypoxia, inflammation, angiogenesis, invasiveness, and the tumor microenvironment [2]. 

Some members of Semaphorin family are linked to cancer progression and invasion 

through the control of cell proliferative capacity, cell cycle arrest, apoptosis, invasion, 

and angiogenesis [3]. While these functions may not apply to all semaphorin classes and 

in all cell types, it is worthwhile to examine the consequences of each of these protein 

and pathway alterations in the development and progression of cancer. Here we explore 

the role of Sema4D in tumor-induced angiogenesis and metastasis. 

 

1. Perineural invasion in cancer 

Perineural invasion (PNI) is a tropism of tumor cells for nerve bundles in the 

surrounding tissues. PNI is a form of metastatic tumor spread similar to but distinct from 

vascular or lymphatic invasion that hinders the ability to establish local control of a 

malignancy because neoplastic cells can travel along nerve tracts far from the primary 

lesion and are often missed during surgery [4]. As a result, these tumors can exhibit pain 

and persistent growth with a prolonged clinical course and late onset of metastases, a 
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pattern that has been observed in neurotropic tumor types such as melanoma, prostate and 

pancreatic cancer [5] and the salivary gland malignancies adenoid cystic carcinoma and 

polymorphous low-grade adenocarcinoma [6,7]. Among the various parameters used to 

predict the outcome of malignant disease, PNI is widely used as an indicator of 

aggressive behavior [8]. Interestingly, PNI is not well studied due to the lack of 

experimental models or even an accurate definition for PNI that has hindered progress 

towards understanding the mechanisms of this phenomenon. 

  

1.1 Mechanism and histopathological assessment of PNI 

 Cruveilheir was the first to recognize PNI in head and neck cancer in 1835 [9].  

Despite the fact that it has been identified for more than 150 years, the mechanism of PNI 

is still poorly understood and, to date, no treatments have been developed to target this 

pathologic entity. Different theories have been proposed to explain the exact nature of 

PNI. Previously, it was considered to be a mechanical extension of cancer cells along 

planes of least resistance, for example by proliferation through the loose connective 

tissue sheath of the perineurium or via the lymphatics of the epineurium [10]. These 

theories were discarded with the emergence of ultra-structural scans of the nerve sheath 

which revealed that the perineurium is actually a relatively tight and highly selective 

barrier separating nerves from surrounding tissue [11]. Tumor cells don’t passively grow 

along nerves but instead penetrate the perineurium in a direct and continuous manner, 

becoming intimately associated with schwann cells and axons in the endoneurium [12]. 

Further studies also have shown that the perineurium and endoneurium are devoid of 

lymphatic channels [13]. There are complex biological interactions between cancer cells 
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and nerves that need to be considered when discussing PNI. The perineural space 

provides a suitable microenvironment for the growth of cells from neurotropic 

malignancies, probably due to cellular factors and their respective receptors that attract 

the cancer cells and stimulate their growth along the nerves. cDNA microarrays used to 

profile differential gene expression in adenoid cystic carcinomas with and without PNI 

have identified dysregulation of genes associated with cell cycle, the cytoskeleton and 

cell-extracellular matrix interaction that influence the production of neurotropic factors 

and adhesion molecules contributing to PNI [14]. It is clear that a better understanding of 

the molecular and biological mechanisms involved will be necessary if we are to target 

PNI as part of advanced therapies for cancer. 

Neural extension of cancer can be demonstrated through a thorough histologic 

examination of biopsied tissue. However, the accuracy of PNI reporting is controversial 

and open to subjectivity. While the College of American Pathologists recommends that 

the presence of PNI should be noted [15], there is a marked variation in the frequency of 

PNI reporting, which appears to be higher when biopsies are specifically reviewed to 

detect it or when certain neural stains are used [16]. In addition, there exists no one 

accepted or standardized definition of PNI among pathologists. Dunn et al. define PNI as 

the presence of malignant cells in the perineural space with total or near-total 

circumferential involvement of the nerve in tangential histopathological sections [17]. 

Liebig et al. has proposed the most widely accepted and referenced description of PNI: 1) 

Tumors in close proximity to a nerve that involve one-third of its circumference, and; 2) 

The presence of tumor cells within any of the 3 layers of the nerve sheath [9] (Figure 

1.1). Other concerns in the detection of neural invasion in tissue examination are biopsy 
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technique, slide preparation, and the number of histological sections taken and examined. 

Accordingly, the accuracy and prognostic significance of PNI in many studies could be 

compromised due to errors of underreporting. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1 Perineural invasion in OSCC. A, Malignant cells exhibiting total 
circumferential involvement of a nerve in tangential histopathological sections 
(hematoxylin and eosin stain; original magnification 20x). B, Tumor cells involving one-
third of nerve circumference (hematoxylin and eosin stain; original magnification 20x). 
C, The presence of tumor cells within the nerve sheath (hematoxylin and eosin stain; 
original magnification 20x). D, Tumor cells inside the nerve (Pan-cytokeratin stain; 
original magnification 20x).  
 

1.2.The prognostic significance of PNI in Oral Squamous Cell Carcinoma (OSCC) 

Included among the neurotropic malignancies is Oral Squamous Cell Carcinoma 

(OSCC), the sixth most common malignancy worldwide. Despite advances in surgery, 

radiation, and chemotherapy, the 5-year survival rate for patients with OSCC has 

A B 

C D 
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remained steady at approximately 50 percent for the last 50 years [18]. Such a poor 

prognosis is mostly due to the fact that patients eventually succumb to regional or distant 

metastatic spread of their disease [19] Prognosis and therefore treatment decisions in 

OSCC are currently based on TNM staging, as determined by clinical exam and 

histopathological features observed in the biopsy that are believed to be risk factors 

affecting patient outcomes. These factors, which include the pattern of invasion of the 

tumor, the presence of PNI, and the quality of the lymphocytic response, are shown to be 

statistically significant independent predictors of both local recurrence and overall 

survival, regardless of the status of the tumor margins [20]. While at least one study 

failed to find significant differences in 5-year local control and overall survival rates 

between OSCC patients exhibiting PNI compared to those without [21], most 

investigations have shown that PNI is in fact associated with disease recurrence, an 

increased probability of regional and distant metastasis and an overall decrease in 5-year 

survival rate [22-27]. It is therefore now a widely accepted prognostic factor in OSCC. 

Indeed, due to its anatomical location, OSCC exhibiting PNI presents a unique challenge 

for the surgeon. Some OSCC have been shown to extend along nerves for several 

centimeters out from the primary lesion [28]. As a result, they can demonstrate 

intracranial spread and subsequent invasion of the central nervous system, thereby 

severely limiting treatment options [29]. 

A study in 2007 by Wallwork and co-workers could detect no statistically significant 

association between PNI (or tumor differentiation) and the presence of lymph node 

metastases in OSCC of the floor of the mouth [30]. However, the preponderance of 

evidence in the literature suggests that PNI is a significant prognostic indicator of the 
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ability of OSCC to spread to cervical lymph nodes and therefore should be heavily 

weighed when considering neck dissection or the use of adjunctive treatment [23-

25,31,32]. Tumor grade and PNI were shown to be independent predictors of recurrence 

and nodal involvement [33]. Ross, et al. have demonstrated that tumor thickness, a 

noncohesive invasion front, and perineural and bone invasion were all strong histological 

predictors for cervical lymph node metastases and should be used to avoid 

underestimation of the presence of occult nodal metastases that can occur in routine 

clinical and pathological staging [34]. Finally, PNI is correlated with late stage disease. 

There is a strong tendency toward neural invasion in late stage carcinoma but no 

association is seen with early stage SCC of the tongue [35,36].	  	  

	  

1.3. Nerve and cancer cell interactions	  

In the last few years many hypotheses have emphasized the importance of the 

microenvironment for providing the biological and physical parameters necessary to 

promote PNI. Cancer cell migration towards nerves and then along the nerve trunk within 

the perineural space likely requires activation of numerous signaling pathways involving 

trophic factors, extracellular matrix adhesion proteins and regulators of chemotaxis. For 

example, tumor cell expression of CD74, a cell surface protein associated with MHC 

class II, may be one way tumors are attracted to nerves, particularly for pancreatic 

carcinomas [37]. In OSCC, Kolokythas et al. have shown that the expression by tumor 

cells of nerve growth factor (NGF), a member of the neurotrophin family that is 

associated with survival and signaling in many neural cell types, and its receptor, receptor 

tyrosine kinase A (TrkA), are correlated with the development of PNI [38]. Our research 
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provides evidence that the plexins and semaphorins, proteins originally shown to be 

important in nerve cell adhesion, axon migration and proper central nervous system 

development, are strongly expressed in both axons and many carcinomas, and may play a 

role in PNI in prostate cancer and OSCC [39]. 

 

2. Angiogenesis 

Angiogenesis, another critical step in metastasis, is defined as the formation of new 

blood vessels from a pre-existing vascular network for the purpose of providing nutrients 

to the growing tumor, as well as an escape route for cancer cells to travel to distant sites 

in the body. It is a complex, multistep process in which endothelial cells of preexisting 

blood vessels, challenged by appropriate biochemical and physical cues, dynamically 

remodel their cell-to-cell and cell-to- matrix adhesions and reorganize themselves into a 

mature, hierarchical system of hollow endothelial tubes that are eventually stabilized by 

interaction with pericytes [40]. 

There is a great similarity between the branching patterns of blood vessels and nerves, 

with both types of cells and tissues often following each other during growth and 

development. Biological and genetic confirmation of these anatomical findings has 

emerged more recently with the findings that certain molecules that control axonal 

growth and directional guidance in the developing nervous system such as the 

semaphorins are regulators of blood vessel development as well [41,42]. In a previous 

study, we demonstrated that the absence of Sema4D in head and neck squamous cell 

carcinoma cell lines in vivo greatly impaired the development of angiogenesis [43].  

Another study employing breast cancer cell lines in Sema4D knockout mice proposed 
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that Sema4D in the tumor microenvironment is important for tumor vessel maturation 

[44]. 

 

3. Hypoxia 

A critical feature of solid tumors is hypoxia, a deficiency in tumor cell oxygen that is 

paradoxically associated with tumor progression and a poor clinical prognosis. Similar to 

normal cells, cancer cells need oxygen and nutrients from blood vessels to generate 

energy and serve as substrates for many fundamental cellular processes. Protection from 

hypoxia is achieved through induction of the hypoxia-inducible factor (HIF) family of 

transcription factors. This family consists of three members, HIF-1, -2, and -3, which act 

to regulate cellular processes including glucose metabolism, angiogenesis, cell 

proliferation, and tissue remodeling in response to low oxygen levels [45]. The hypoxia-

inducible factor-1 (HIF-1) transcriptional complex is the master regulator of 

vascularization and vascular remodeling by controlling the expression of several 

proangiogenic factors. HIF-1 is composed of two polypeptides: O2-regulated HIF-1α and 

a constitutively expressed subunit HIF-1β [46]. When hydroxylated, HIF α members 

interact with the von Hippel-Lindau (VHL) tumor suppressor protein that functions as an 

E3 ubiquitin ligase, targeting HIF-1α to the proteasome for degradation [47].  Under 

hypoxic conditions, HIF-1α proteins escape degradation, dimerize with HIF-1β and binds 

to hypoxia response elements (HRE) in the promoters of a broad range of genes that 

mediate the adaptive responses to decreased oxygen concentration, such as enhanced 

glucose uptake and the formation of new blood vessels via proliferation and migration of 

endothelial cells toward the developing tumor [48]. This latter response is influenced by 
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increased production of pro-angiogenic proteins such as vascular endothelial growth 

factor (VEGF), angiopoietin 2 (Ang-2), platelet derived growth factor (PDGF), and 

fibroblast growth factor (FGF). HIF-2α is very similar to HIF-1α and also dimerizes with 

HIF-1β to activate the transcription of target genes that overlap with, but are slightly 

distinct from, those regulated by HIF-1α [49]. 

There is a great deal of evidence in literature that supports the role of Sema4D in 

tumor-induced angiogenesis. There is a robust expression of Sema4D in invading cells of 

OSCC, prostate cancer, adenocarcinomas of the colon, and breast and lung cancers, as 

well as in some soft tissue sarcomas, that can bind to plexin-B1, which is highly 

expressed in endothelial cells [43,50]. These findings suggest that along with VEGF and 

other factors, the class IV semaphorins may be part of the hypoxia adaptive response, 

which is dysregulated in cancer. 

	  

B. Semaphorins and Plexins 

The semaphorins are a large family of phylogenetically conserved membrane bound 

and secreted molecules originally identified as factors that are responsible for the 

guidance of migrating axons to their targets during the development of the central 

nervous system [51]. Early studies also identified them on red blood cells [52] and 

lymphocytes [53]. Semaphorins and their receptors, the plexins and neuropilins, now 

have been implicated in a host of motility responses in different cell types and tissues in 

both health and disease and have been shown to regulate tumor development and 

progression [54]. There are more than 30 semaphorins identified to date, all of which 

share a conserved N-terminal domain called the ‘sema’ domain, a segment of 

approximately 400–500 amino acids that contains highly conserved cysteine residues. 
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The structure of the sema domain was recently solved and determined to be a seven-blade 

β-propeller fold structure similar to the β-propeller domains of the α integrins and low-

density lipoprotein (LDL) receptors [55]. C-terminal to the sema domain is the plexin, 

semaphorin and integrin domain (PSI, also called the MET-related sequence (MRS)), and 

depending on the class of semaphorin, an immunoglobulin (IG)-like domain, several 

thrombospondin domain repeats, and a basic motif [51,56]. Based on sequence and 

structure similarity and their species of origin, the semaphorins have been grouped into 8 

classes: class 1 and 2 are found in invertebrates, 3–7 in vertebrates, and class V in viruses 

[57,58]. Class 1, 4, 5 and 6 semaphorins span the cell membrane, class 7 semaphorins are 

bound directly to the cell membrane via a glycosylphosphatidylinositol (GPI) anchor, and 

class 2, 3 and V are secreted (Figure 1.2). 

An intense search for molecules mediating the biological responses to semaphorins 

led to the discovery of a highly conserved family of single pass transmembrane receptors 

known as plexins, which are essential components of the semaphorin receptor complex.  

When the plexins were first identified they were shown to function in neuronal cell 

adhesion and nerve bundle fasciculation but have since been identified in other tissues 

[59-62]. There are 11 known plexins, nine of which are present in vertebrate animals, 

which have been grouped into four families based on their sequence similarities. Like the 

semaphorins, plexins contain a cysteine rich sema domain followed by PSI domains and 

immunoglobulin (IG)-like domains, all located extracellularly (Figure 1.2) [51].  

Intracellularly, plexins contain the Sex–Plex domain, a stretch of amino acids conserved 

between the different plexins and across species that exhibits some homology to the 

GTPase activating protein (GAP) domain of p120 RasGAP [63,64].  
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Figure 1.2. Classification and structure of the semaphorins and plexins. Class 1 and 2 
semaphorins are found in invertebrates and 3–7 in vertebrates. Class V represents a class 
of semaphorins found in some DNA viruses. Class 1, 4, 5 and 6 semaphorins span the 
cell membrane and class 7 semaphorins are bound directly to the cell membrane via a 
GPI linkage. Semaphorins belonging to class 2, 3 and V are synthesized in soluble form 
[65]. 
 

C. The Semaphorin 4D/Plexin-B1 signaling pathway 

Sema4D, a 150 kDa transmembrane protein, is a class IV semaphorin. Both human 

and mouse Sema4D are proteolytically cleaved and released from the membrane in a 

soluble form [66-68]. Sema4D utilizes two receptors, CD72 and Plexin-B1, which are 

preferentially expressed in lymphoid and non-lymphoid tissues, respectively. 
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Additionally, Plexin-B1 forms a functional receptor complex with Met in epithelial cells 

[59]. Met also contains a Sema domain and is structurally similar to the plexins and 

semaphorins. Several intracellular molecules have been shown to be activated by Plexin-

B1. Plexin-B1 contains a GTPase binding domain that serves as a docking site for small  

GTPases such as Racl, Rndl and R-Ras. It was found that the binding of Rndl activates 

the GAP function of Plexin-B1 resulting in the inactivation of the small GTPase R-Ras, 

inhibition of integrin function and cell detachment [63,69]. Plexin-B1 also binds the Rho 

specific GEFs (guanine nucleotide-exchange factors) LARG (leukemia-associated Rho 

GEF) and PRG (PDZ-Rho GEF) at a C-terminal PDZ-binding motif to mediate activation 

of RhoA and Rho Kinase (ROK) and influence reorganization of the actin cytoskeleton 

[70,71]. The small GTPase Rac can be activated by Plexin-B1 and interact with p21-

activated kinase (PAK) to control actin polymerization. Intracellular kinases activated by 

Sema4D include Pyk2, ERK, and Src, which in turn control migration of endothelial 

cells. Phosphorylation of the intracellular Sex-Plex (SP) domain of Plexin-B1 also 

promotes the activation of the phosphatidylinositol 3-kinase (PI3K)-Akt pathway (Figure 

1.3). Finally, phosphorylation of components of the MAPK pathway has been observed 

following Plexin-B1 activation in some cells [72]. This mechanism showed that the 

engagement of integrins lead to cytoskeletal reorganization in endothelial cells and 

affected their adhesion and migration [70].  Phosphatidylinositol 4-phosphate 5-kinase 

(PIP5K) and its substrate phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2) play a 

critical role in angiognesis and cancer progression by regulating the actin cytoskeleton 

and focal-adhesion dynamics [73,75]. Since ROK, the downstream effector of the Rho, 
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activates PIP5K [75] we decided to focus on decphering this complex signaling network 

and determine how it contributes to tumor-induced angiogenesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3. Sema4D/Plexin-B1 signalling. Binding of Sema4D to Plexin-B1 directly 
activates the receptor. The plexin GAP activity requires Rnd1 binding and favors R-Ras-
GTP exchange to R-Ras•GDP. Without bound semaphorin, active Rac promotes the 
activation of p21-activated kinase (PAK). Binding of Sema4D sequesters active Rac, 
suppressing PAK activity. Leukemia-associated Rho-GEF (LARG) is stimulated upon 
Sema4D binding, leading to an increase in Rho-GTP and activation of Rho Kinase. ERK/ 
MAPK stimulation also results from the Sema4D–Plexin-B1 interaction [51]. 
 
 
1. Phosphatidylinositol 4-phosphate 5-kinase (PIP5K) and lipid second messengers 

PIP5Ks are a group of kinases that catalyze the production PI(4,5)P2, which is a 

substrate for the enzymes phospholipase C (PLC) and phosphatidylinositol 3-kinase 

(PI3K). PI(4,5)P2 acts as a second messenger that influences a variety of cellular 
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processes. Recent studies have suggested that RhoA, acting through its downstream 

effector Rho Kinase (ROK), exerts its influence, at least in part, through phosphoinositide 

lipid second messengers [74,76] . 

PI(4,5)P2 can be generated in several different ways but is predominantly synthesized 

in mammalian cells through the activity of phosphatidylinositol 4-phosphate 5-kinase 

(PI(4)P5K), a type I lipid kinase that phosphorylates phosphatidylinositol 4-phosphate 

(PI(4)P) at the D-5 position of the inositol ring [77,78]. As a second messenger, PI(4,5)P2 

affects cell migration and adhesion by influencing actin-fiber polymerization and the 

formation and turnover of focal contacts [74]. The hydrolysis of PI(4,5)P2 by PLC 

generates two second messengers, inositol trisphosphate (IP3) and diacylglycerol (DAG). 

DAG mediates the activation of a lipid activator of protein kinase C (PKC), and IP3 

triggers the release of calcium from intracellular stores, both of which are involved at 

different critical phases in the regulation of angiogenesis [77[79]]. PI(4,5)P2 also 

participates in phosphatidylinositol 3-kinase (PI3K)-mediated pathways, which result in 

Akt activation and promotion of cell survival and migration. Levels of PI(4,5)P2 can be 

temporally regulated by PIP5K, which itself is controlled by phosphorylation/ 

dephosphorylation events and regulation of its subcellular localization (Figure 1.4). 

 Molecules and intracellular signaling mechanisms linking Plexin-B1 to Rho GTPase 

activity are unknown and likely vary by cell type. The studies presented here are directed 

at filling a gap in the understanding of Sema4D/ Plexin-B1 signaling machinery and how 

it contributes to perineural invasion and tumor-induced angiogenesis. 
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Figure 1.4. PIP5Kα signaling pathway. Small GTPases can regulate PIP5K activity 
through Rock, resulting in effects on the actin cytoskeleton. The resulting PI(4,5)P2 that 
is produced serves as a substrate for PI3K for the activation of Akt and for PLC for the 
production of DAG and IP3. This results in activation of PKC and an increase in 
intracellular Ca2+, respectively. 
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Chapter 2 Plexin-B1 and Semaphorin 4D Cooperate to Promote Perineural 

Invasion in a RhoA/ROK Dependent Manner 

 

A. Introduction 

Many carcinomas display perineural invasion (PNI), a tropism of tumor cells for 

surrounding nerve bundles. PNI promotes cancer cell survival and severely limits the 

ability to establish local control of disease. As a result, these tumors can exhibit pain and 

persistent growth with a long clinical course and late onset of metastases [80], a pattern 

that has been observed in neurotropic tumor types such as prostate and pancreatic cancer 

[5], head and neck squamous cell carcinoma (HNSCC), and the salivary gland 

malignancies adenoid cystic carcinoma (ACC) and polymorphous low-grade 

adenocarcinoma (PLGA). PNI is an independent predictor of poor outcome in 

neurotropic malignancies [6,7,81].  

The semaphorins are a large family of proteins characterized by cysteine-rich 

semaphorin domains originally identified based on their ability to provide attractive and 

repulsive axon guidance cues during development. There are more than 30 known 

semaphorins grouped into eight classes: classes 1 and 2 are invertebrate semaphorins, 

classes 3 to 7 are found in vertebrates, and an eighth class, class V, has been identified in 

some non-neurotropic DNA viruses [56]. More recently, semaphorins have been 

identified in a variety of adult and embryonic tissues where they are known to regulate 

development of the lungs [82], the heart and vasculature [83], branching morphogenesis 

in epithelium [54], angiogenesis [84,85], and proliferation and activation of lymphocytes 

in the immune response [86,87], suggesting that they are important proteins that comprise 
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a system controlling migratory events in numerous tissues and cell types. The main 

functional receptors for semaphorins are a family of proteins known as the plexins 

[60,61]. There are 9 plexins in vertebrates that have been grouped into 4 families, A 

through D, based on their sequence similarities. The nature of the signals generated by 

semaphorin/ plexin binding is still being deciphered but there is a great deal of evidence 

that it impinges upon the cytoskeleton and affects cell adhesion and motility by acting 

through G-protein signaling pathways [84,88-92].  

Here we demonstrate that cell lines and tissues derived from neurotropic tumors 

express high levels of Plexin-B1 compared to non-transformed controls, while nerves 

express its ligand, Semaphorin 4D (Sema4D). The prostate cancer cell line PC3 migrates 

toward nerve cell lines expressing Sema4D, a response abrogated when Plexin-B1 or 

Sema4D is knocked down through RNA interference (RNAi) or where signaling of 

RhoA/ its downstream effector Rho Kinase (ROK) are inhibited. Prostate cell lines also 

exhibit a robust response in an invasion assay towards dorsal root ganglia (DRG) when 

employing wild-type, but not Sema4D knockout nerve tissue, as the chemoattractant. 

Finally, in an in vivo tumor xenograft model, we noted greater PNI by malignant cells 

with functional Plexin-B1, compared to that seen in cells where Plexin-B1 was silenced 

through RNAi. 

Emerging models of PNI strongly suggest that interactions between tumor cells and 

nerves not only induce tumor cell migration but also stimulate nerve growth or 

axonogenesis. Here we show that nerves express Plexin-B1 while neurotropic tumors 

express Sema4D, and nerve cell lines migrate towards PC3 cells and exhibit nerve 

processes in a Sema4D/Plexin-B1-dependent manner, a response also blocked by 
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Rho/ROK inhibition. We observed neurite outgrowth in a co-culture model of PC3 cells 

with wild-type DRG, but not from DRG harvested from Plexin-B1 knockout mice or 

where Sema4D was silenced in the PC3 cells. Confirming these findings, we noted 

greater nerve density in biopsies of HNSCC xenografts expressing Sema4D compared to 

tumors from cells where Sema4D was silenced, and higher nerve densities in neurotropic 

tumors in general compared to controls, indicating that the process of PNI involves 

enhanced nerve growth. Taken together, these results show that the plexins and 

semaphorins, which are strongly expressed in both axons and many carcinomas, play a 

significant role in PNI. 

 

B. Materials and methods 

Cell culture 

All cell lines were grown in DMEM supplemented with 10% fetal bovine serum and 100 

units/ml penicillin/ streptomycin/ amphotericin B (Sigma, St. Louis, MO) with the 

following exceptions: Immortalized normal oral keratinocytes (INOK) were cultured in 

defined keratinocyte media (GIBCO, Invitrogen, Carlsbad, CA); The prostate cancer 

epithelial cell lines PC3 and Du145 and the adenoid cystic carcinoma cell line SACC-83 

were cultured in RPMI-1640 media (Cellgro, Manassas, VA); The non-transformed 

human pancreatic cell line hTERT-HPNE was cultured in 75% DMEM and 25% Medium 

M3 Base (Incell Corp, San Antonio, TX) supplemented with 5% fetal bovine serum, 

10ng/ml human recombinant EGF, 5.5 mM D-glucose, and 750 ng/ml puromycin; 

Human pancreatic carcinoma cells (HPAC) were cultured in a 1:1 mixture of DMEM and 

Ham’s F12 medium (ATCC, Manassas, VA) supplemented with 5% fetal bovine serum, 
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0.002 mg/ml insulin, 0.005 mg/ml transferrin, 40 ng/ml hydrocortisone and 10 ng/ml 

epidermal growth factor; Capan1 cells were cultured in Iscove’s Modified Dulbecco’s 

Medium (ATCC) supplemented with 20% fetal bovine serum and 100 units/ml penicillin/ 

streptomycin/ amphotericin B (Sigma).  

 

Immunoblot analysis 

Cells were lysed in buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP 40) 

supplemented with protease inhibitors (0.5 mM phenylmethylsulfonyl fluoride, 1 µl/ml 

aprotinin and leupeptin, Sigma) and phosphatase inhibitors (2 mM NaF and 0.5 mM 

sodium orthovanadate, Sigma) for 15 minutes at 4°C. After centrifugation, protein 

concentrations were measured using the Bio-Rad assay (Bio-Rad, Hercules, CA). 100 µg 

of protein from each sample was subjected to SDS-polyacrylamide gel electrophoresis 

and transferred onto a PVDF membrane (Immobilon P, Millipore, Billerica, MA). The 

membranes were then incubated with the following antibodies: Sema4D (BD 

Transduction Labs, BD Biosciences, Palo Alto, CA); Plexin-B1 (Santa Cruz A8); 

GAPDH (Sigma). Proteins were detected using the ECL chemiluminescence system 

(Pierce, Thermo Fisher Scientific, Rockford, IL). 

 

Immunohistochemistry 

Slides were hydrated through graded alcohols and incubated in 3% hydrogen peroxide for 

10 minutes to quench the endogenous peroxidase.  The sections were then incubated in 

blocking solution (2% bovine serum albumin) for 1 h at room temperature followed by 

treatment with anti-Sema4D antibody (BD Transduction Labs, 1:50 dilution), anti-Plexin-
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B1 antibody (Santa Cruz A8, 1:100 dilution), or neurofilament protein (Cell Signaling, 

1:100 dilution), where indicated, overnight at 4°C. After washing with PBS, the slides 

were incubated with the biotinylated secondary antibody (1:400 dilution, Vector 

Laboratories, Burlingame, CA) for 1 h, followed by the ABC complex (Vector Stain 

Elite, ABC kit, Vector Laboratories) for 30 min. or with streptavidin peroxidase 

(LSAB+HRP kit; DAKO) at room temperature.  The slides were developed in 3,3-

diaminobenzidine (DAB Substrate kit for peroxidase, Vector Laboratories) and 

counterstained with hematoxylin.  Images were taken using an Aperio Scanscope (Aperio 

Technologies, Vista, CA). To confirm staining, lymphocytes, which are known to express 

high levels of Sema4D, were used as internal controls for this protein, while nerves were 

used as internal controls for expression of Plexin-B1. For measuring protein expression, a 

scale of 0 to 3 was used to assess the number of positively stained cells and staining 

intensity. These two scores were added together to yield the ranges shown in the pie 

charts in Figures 2.2 and 2.5. 

 

Short hairpin (sh) RNA and lentivirus infections 

The shRNA sequences for human Sema4D and Plexin-B1 were obtained from Cold 

Spring Harbor Laboratory's RNAi library (RNAi Codex, 

http://katahdin.cshl.org:9331/homepage/ portal/scripts/main2.pl) [93,94]. The sequences 

used as PCR templates for Sema4D shRNA have been previously reported [43]. The 

sequence used for Plexin-B1 shRNA was 5'- TGC TGT TGA CAG TGA GCG CGC 

CCA GTA TGT GGC CAA GAA CTA GTG AAG CCA CAG ATG TAG TTC TTG 

GCC ACA TAC TGG GCA TGC CTA CTG CCT CGG A -3'. Oligos were synthesized 
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(Invitrogen) and cloned into pWPI GW, a Gateway compatible CSCG based lentiviral 

destination vector, as previously described [43,95,96]. Viral stocks were prepared and 

infections performed as previously reported [43,97]. 

 

Migration assays 

Serum free media containing the indicated cell type or chemoattractant was placed in the 

bottom well of a Boyden chamber while serum free media containing the migrating cells, 

with or without 10 µ of the ROK inhibitor fasudil (Calbiochem, Darmstadt, Germany) 

was added to the top chamber. The two chambers were separated by a 

polyvinylpyrrolidone membrane (8 µ pore size, Osmonics; GE Water Technologies, 

Trevose, PA) and the migration assay performed as described [84]. Cell migration was 

expressed as membrane staining intensity relative to the negative control wells. Each 

experiment was performed in triplicate and average and standard deviation calculated.  

 

Invasion assays 

DRG from the cervical, thoracic, and lumbar areas of 4-7 week-old control and Sema4D 

knockout mice were dissected from donor animals as previously reported [98]. 100 µl of 

Cultrex basement membrane material (Trevigen, Gaithersburg, MD) was placed into the 

upper chamber of 24 well transwell inserts (Millipore) and allowed to polymerize. DRGs 

were placed in the lower chamber and one million PC3 and Du-145 cells in DMEM 

containing 1% FBS was added to the coated insert and incubated for 6 h at 37°C in a 

humidified atmosphere of 5% CO2. Inserts were stained and processed for cell content 

according to manufacturer’s instructions.  
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Neurite outgrowth assay 

DRG were isolated from wild-type and Plexin-B1 knockout mice as previously reported 

[98], placed on a coverslip under sterile conditions in 20 µl of Cultrex (Trevigen) [99] 

and co-cultured with control infected PC3 cells or PC3 infected with lentivirus coding for 

Sema4D shRNA. DRG and PC3 cells were maintained at 37°C in a humidified 

atmosphere of 5% CO2. The number of neurites was counted along the entire DRG 

circumference and images captured using a digital SPOT camera attached to an inverted 

Nikon phase contrast microscope on days 1, 3, 5, 7, 9, and 11. All experiments were 

performed in triplicate. 

 

Tumor tissues	  

Prostate cancer tissue arrays containing carcinoma samples and normal controls were 

obtained from Biomax (Rockville, MD). Individual paraffin blocks of formalin-fixed 

tissues from mucoceles, adenoid cystic carcinomas, polymorphous low-grade 

adenocarcinomas, acanthosis and squamous cell carcinoma of the oral cavity were 

obtained from the University of Maryland Department of Oncology and Diagnostic 

Sciences. 

 

In vivo perineural invasion and nerve density assays 

2 × 106 PC3 or HNSCC cells infected ex vivo with control virus and virus coding for 

Plexin-B1 shRNA or Sema4D shRNA, respectively, were resuspended in 250 µl of 

serum-free DMEM with an equal volume of Cultrex basement membrane extract 
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(Trevigen) and injected subcutaneously into the flanks of nude mice [100]. The mice 

were sacrificed and the tumor masses were removed, fixed with formalin and processed 

for immunohistochemistry for neurofilament protein (Cell Signaling, Danvers, MA). 

 

Immunoflouresence of neurite outgrowth on sNF96.2 cells 

sNF96.2 cells (ATCC) transfected with TrkA-PB1, TrkA-PB1∆PDZ, and TrkA-PB1 

RasGAP mutant were seeded at 40% confluence on fibronectin (Santa Cruz 

Biotechnology) coated cover slips. Cells were grown overnight in DMEM supplemented 

with 5% FBS and 100 µg/ml NGF. At the conclusion of the growth period, cells were 

stained for immunoflouresence. Neurons were fixed in 4% paraformaldehyde, 

permeabilized with 0.25% Triton X-100, blocked with 2% (w/v) BSA and incubated 

overnight at 4°C with anti-neurofilament antibody (Cell Signaling, Danvers, MA) diluted 

1:100 in 1% BSA. For the secondary antibody, cells were incubated for 1 h at room 

temperature with FITC conjugated donkey anti-rabbit antibody (Jackson 

ImmunoResearch Laboratories, Inc., Baltimore, MD), diluted 1:200 in PBS with 1% BSA 

and 10 µg/ml Hoechst 33342 (Sigma). Image acquisition was performed on a Nikon 

Eclipse E800 Microscope (Nikon, Melville, NY) using a 40x objective lens. Image 

analysis was performed using Neuron J module of Image J (NIH), measuring the number 

of cells exhibiting neurites and summing the total neurite length in pixels. 

	  

C. Results 

Neurotropic tumor and nerve cell lines and tissues express Plexin-B1 and Sema4D 

Immunoblots of cell lines derived from different neurotropic malignancies revealed 

high levels of expression of Plexin-B1 and Sema4D in the head and neck squamous cell 
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carcinoma (HNSCC) lines HN12 (isolated from a lymph node metastasis) and HN13 

(from a base of tongue cancer), the adenoid cystic carcinoma (ACC) line SACC-83, the 

transformed prostate cell lines Du-145 (derived from a brain metastatic deposit) and PC3 

(a bone metastasis from a grade IV prostatic adenocarcinoma), and the pancreatic cell 

lines HPAC (a primary pancreatic adenocarcinoma epithelial cell line) and Capan-1 

(derived from transformed pancreatic duct cells), but much less so in their corresponding 

non-transformed control lines immortalized normal oral keratinocytes (INOK), the 

normal salivary gland cell line Hs 917.T, HPR-1 (a prostate cell line immortalized from 

normal human prostate epithelial cells), BPH-1 (a benign prostatic hypertrophy cell line), 

and HPNE (a non-transformed human pancreatic cell immortalized with h-TERT), 

respectively (Figure 2.1A). The nerve cell lines HCN-1A and sNF96.2 also express 

Sema4D and Plexin-B1 (Figure 2.1B). We found Plexin-B1 was expressed in the 

majority of tissues we studied from neurotropic tumors, including prostate carcinoma, 

HNSCC, ACC, and polymorphous low-grade adenocarcinoma (PLGA), another salivary 

gland tumor that exhibits PNI (Figure 2.2A, bottom row), but not in their corresponding 

normal control tissues, including benign prostatic hypertrophy (Figure 2.2A, top row). 

Nerves express Sema4D, as expected (Figure 2.2B). Quantification of tumor tissue 

staining, determined by the number of positive cells and staining intensity is shown in 

Figure 2.2C and demonstrates that a majority of tissues exhibit moderate to strong 

staining for all sections examined. 
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Figure 2.1.  Plexin-B1 and Sema4D are highly expressed in neurotropic tumor and 
nerve cell lines. A, SDS PAGE immunoblot shows Plexin-B1 (top panel) and Sema4D 
(middle panel) expression in the head and neck squamous cell carcinoma (HNSCC) lines 
HN12 and HN13; the adenoid cystic carcinoma (ACC) line SACC-83; the transformed 
prostate cell lines Du-145 and PC3; and the pancreatic cancer cell lines HPAC and 
Capan-1, but not in their corresponding non-transformed control lines immortalized 
normal oral keratinocytes (INOK); Hs 917.T; the benign prostatic hypertrophy line BPH-
1; HPR-1; or HPNE, respectively. GAPDH was used as a loading control (lower panel). 
B, SDS PAGE immunoblot shows Plexin-B1 (top panel) and Sema4D (middle panel) 
expression in the nerve cell lines HCN-1A and sNF96.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 
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Figure 2.2.  Plexin-B1 is expressed in neurotropic tumors and nerves express 
Sema4D. A, HNSCC, ACC, PLGA and prostate cancers, and their corresponding control 
tissues were processed for immunohistochemical analysis of Plexin-B1. Normal tissues 
and benign prostatic hypertrophy (BPH) (top row) exhibit minimal Plexin-B1 expression 
whereas tumor tissues (bottom row) demonstrate abundant Plexin-B1 staining (original 
magnification 20X). B, Cross section of a nerve showing expression of Sema4D (original 
magnification 20X). C, A scale of 0 to 3 was used to assess the number of positively 
stained cells and the staining intensity for Plexin-B1. These two scores were added 
together to yield the ranges shown in the pie charts 
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Sema4D/ Plexin-B1-mediated attraction of neurotropic tumor cells towards nerves 

is dependent upon activation of RhoA 

To determine the effects of expression of Sema4D and Plexin-B1 on tumor cell 

migration towards nerves, we examined chemotaxis of PC3, infected with control 

lentivirus or lentivirus expressing Plexin-B1 short hairpin (sh) RNA, toward the nerve 

cell line sNF96.2, infected with control lentivirus or lentivirus expressing Sema4D 

shRNA, in a Boyden chamber migration assay. PC3 cells infected with Plexin-B1 shRNA 

expressing lentivirus exhibited reduced levels of Plexin-B1 protein, while sNF96.2 

infected with Sema4D shRNA expressing lentivirus exhibited knockdown of this protein 

in an immunoblot, when compared to control infected cells (Figure 2.3A). PC3 migrated 

towards sNF96.2 cells except when they were expressing lower levels of Plexin-B1 or 

when the sNF96.2 cells failed to express Sema4D, or both (Figure 2.3B). Plexin-B1 is 

known to act as a GTP-ase activating protein (GAP), inactivating R-Ras, while 

simultaneously binding the Rho GTP/GDP exchange factors (GEF) PDZ RhoGEF and 

leukemia-associated Rho GEF (LARG) and activating RhoA and its downstream effector 

ROK [91,101]. We have previously shown that activation of Rho by Plexin-B1 was 

necessary for chemotaxis of endothelial cells toward Sema4D. To determine which of 

these properties of Plexin-B1 was necessary for migration of neurotropic tumor cells 

towards nerves, we transfected PC3 cells with myc-tagged chimeric receptors consisting 

of the extracellular portion of the nerve growth factor (NGF) receptor Trk-A fused to the 

transmembrane and intracellular portion of Plexin-B1 [84], both wild-type and mutated to 

inactivate the RasGAP function [70], and then examined their migration in the presence 

of NGF with or without the ROK inhibitor fasudil. PC3 cells expressed both Trk-A 



28	  
	  

receptors, those fused to wild-type Plexin-B1 and the RasGAP mutant, in an immunoblot 

for myc (Figure 2.3C, left panel). PC3 cells migrated towards NGF when expressing the 

wild-type or RasGAP mutant Plexin-B1 segment, compared to negative control 

populations, but failed to do so in the presence of fasudil (Figure 2.3C, right panel). To 

further examine the biological significance as it relates to PNI, we examined chemotaxis 

of PC3 toward the nerve cell line sNF96.2 in a migration assay, in the presence or 

absence of fasudil. PC3 cells migrated towards sNF96.2 cells except when treated with 

fasudil (Figure 2.3D). These results indicate that Sema4D/ Plexin-B1-mediated cell 

migration is dependent upon the ability of Plexin-B1 to activate RhoA and ROK and not 

on its ability to inactivate R-Ras. 

To determine the effects of expression of Sema4D and Plexin-B1 on the ability of 

neurotropic tumor cells to invade the extracellular matrix in an attempt to reach nearby 

nerves, we cultured dorsal root ganglia (DRG) from C57BL/6 control or Sema4D 

knockout mice [67] in reconstituted basement membrane extract (BME) and examined 

the prostate cell lines PC3 and Du-145 in an invasion assay. The transformed cell lines, 

which express high levels of Plexin-B1 (Figure 2.1A) exhibited an approximately two-

fold greater invasion through the BME towards DRG harvested from wild-type mice 

compared to DRG from Sema4D knockouts, which exhibited invasion rates similar to 

that of the negative control (Figure 2.3E). Taken together, these results suggest that 

Sema4D expression by nerves is important as a chemotactic compound for cells from 

neurotropic tumors expressing Plexin-B1, and that these cells migrate in a RhoA and 

ROK-dependent manner. 
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Figure 2.3.  Sema4D/ Plexin-B1-mediated attraction of neurotropic tumor cells 
towards nerves is dependent upon activation of RhoA. A, Immunoblot analysis for 
Plexin-B1 and Sema4D on lysates from PC3 and sNF96.2, respectively, infected with 
empty vector control lentivirus (C) or virus coding for the appropriate shRNA (sh). 
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GAPDH was used as a loading control (lower panels). B, 0.1% BSA (negative control), 
10% FBS (positive control) and sNF96.2 cells were used as the chemoattractants for PC3 
in a migration assay. PC3 and sNF96.2 cells were infected with control lentivirus or 
lentivirus coding for Sema4D shRNA or Plexin-B1 shRNA, where indicated. C, 0.1% 
BSA (negative control), 10% FBS (positive control) and either wild-type (wt) or Sema4D 
knockout (KO) dorsal root ganglia (DRG) were used as the chemoattractants for PC3 
cells (left panel) and Du-145 cells (right panel) in an invasion assay (*, p <0.05). D, PC3 
cells were transfected with the myc tagged chimeric constructs Trk-A/ Plexin-B1 wild-
type (TrkA-PB1) and Trk-A/ Plexin-B1 RasGAP mutant (TrkA-PB1 RasGAP mut) and 
expression checked in an immunoblot (left panel). E, 0.1% BSA (negative control) and 
NGF, with and without the ROK inhibitor fasudil, were used as the chemoattractants for 
PC3 cells expressing Trk-A/ wild-type Plexin-B1 chimeric receptors, or chimeras where 
the RasGAP function was lost due to mutation, in a migration assay (right panel; *, p 
<0.05). F, 0.1% BSA (negative control) and sNF96.2 cells were used as the 
chemoattractants for PC3 cells, control treated or treated with fasudil, in a migration 
assay (**, p<0.01).  
 

Neurotropic tumor cells expressing Plexin-B1 are attracted to nerves in vivo 

To study the contribution of Plexin-B1 in tumor cells to perineural invasion in vivo, 

we injected PC3 cells infected with control lentivirus or lentivirus expressing Plexin-B1 

shRNA into nude mice. After 4 weeks, all tumors were removed and processed into slides 

to look for invasion into nerves. We observed frequent examples of PNI by control 

infected tumor cells (Figure 2.4A, left panel) but less instances of this phenotype in PC3 

with silenced Plexin-B1 (Figure 2.4A, right panel). Quantification of these results is 

shown in Figure 2.4B, and suggests that Plexin-B1 expression is necessary for the ability 

of tumor cells to exhibit PNI in the stroma.	   
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Figure 2.4. Neurotropic tumor cells expressing Plexin-B1 are attracted to nerves in 
vivo. A, Tumors derived from PC3 cells infected with a control lentivirus (C, left) and 
tumors from Plexin B1 shRNA-infected cells (right) are shown in hematoxylin stained 
sections (nerves are highlighted by neurofilament stain). Perineural invasion is seen in 
tumors derived from control PC3 cells compared with tumors derived from Plexin B1 
shRNA-infected cells (original magnification 40X). B, The number of nerves exhibiting 
PNI per total nerves counted in neurofilament stained xenografts derived from control 
and Plexin B1 shRNA-infected PC3 cells (*, p <0.05). 
 

Tumors producing Sema4D induce axonogenesis through Plexin-B1 

Emerging models of PNI strongly suggest that interactions between tumor cells and 

nerves not only induce tumor cell migration but also stimulate nerve growth or 

axonogenesis. We hypothesized that if Sema4D produced by nerves could act as a 

chemoattractant for tumor cells expressing Plexin-B1, then production of Sema4D by 

tumor cells might attract nerves expressing Plexin-B1. All of the neurotropic tumor cell 

lines we tested express Sema4D in an immunoblot (Figure 2.1A). Tissues from 

neurotropic tumors also show high levels of Sema4D expression (Figure 2.5B, bottom 

row) when compared to their non-transformed counterparts (Figure 2.5A, top row) while 

nerve cell lines (Figure 2.1B) and nerves in tissues (Figure 2.5B) express Plexin-B1. 

Quantification of Sema4D expression in neurotropic tumors is shown in Figure 2.5C and 
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demonstrates that the majority of prostate cancers, HNSCC, ACC and PLGAs studied 

exhibited moderate to strong Sema4D expression. To determine the role Sema4D and 

Plexin-B1 play in the ability of neurotropic tumor cells to induce axonogenesis, we 

examined chemotaxis of sNF96.2, infected with control lentivirus or lentivirus expressing 

Plexin-B1 shRNA, toward soluble Sema4D and PC3 cells infected with control lentivirus 

or lentivirus expressing Sema4D shRNA, in a Boyden chamber assay. sNF96.2 cells 

infected with Plexin-B1 shRNA expressing lentivirus exhibited reduced levels of Plexin-

B1 protein, while PC3 infected with Sema4D shRNA expressing lentivirus exhibited 

knockdown of this protein in an immunoblot, when compared to control infected cells 

(Figure 2.6 A). sNF96.2 migrated towards soluble Sema4D and PC3 cells in an in vitro 

migration assay except when they were expressing lower levels of Plexin-B1 or when the 

PC3 failed to express Sema4D, or both (Figure 2.6B). To determine if Plexin-B1-

mediated RhoA activation or R-Ras inactivation or was necessary for nerve cell 

differentiation and formation of dendrites and axonal processes, we examined sNF96.2 

cells, transfected with the chimeric receptors coding for Trk-A fused to wild-type Plexin-

B1 (TrkA-PB1), Trk-A/ Plexin-B1 lacking the PDZ binding motif (TrkA-PB1ΔPDZ) and 

the chimera coding for the RasGAP mutant (TrkA-PB1 RasGAP mut), and treated with 

NGF while recording the subsequent morphological changes and measuring the nerve 

processes (Figure 2.6C). Under these conditions, cells expressing the wild-type construct 

exhibited formation of elongated neural processes (Figure 2.6C, left panel, top) as did 

cells expressing the RasGAP mutant (left panel, bottom). Cells expressing the ΔPDZ 

mutant, which is incapable of recruiting PDZ RhoGEF or LARG and signaling to RhoA, 

did not show this morphology (Figure 2.6C, left panel, middle). The number of cells 
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exhibiting nerve extensions and total length of those extensions are shown in the bar 

graphs (Figure 2.6C, center panel and right panel, respectively). These results suggest 

that formation of nerve processes is dependent upon the ability of Plexin-B1 to activate 

RhoA/ ROK and not on its ability to inactivate R-Ras. 

To further establish biological significance, we cultured DRG from control or Plexin-

B1 knockout mice [102] in BME along with PC3 cells; control infected or infected with 

lentivirus expressing Sema4D shRNA, and looked for outgrowth of neurites. DRG 

harvested from wild-type mice exhibited neurite outgrowth when co-cultured with control 

infected PC3 cells, a response greatly attenuated in DRG from Plexin-B1 knockout mice 

or when using PC3 where Sema4D levels were reduced by shRNA (Figure 2.6D). These 

results are shown graphically in Figure 2.6E and strongly suggest that Sema4D produced 

by tumor cells attracts nerves in the tumor stroma in vivo.  
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Figure 2.5.  Neurotropic tumors express Sema4D. A, HNSCC, ACC, PLGA and 
prostate cancer and their corresponding control tissues normal epithelium, normal 
salivary gland, normal prostate and BPH were processed for analysis of Sema4D. Control 
tissues (top row) exhibit minimal Sema4D expression whereas tumor tissues (bottom 
row) demonstrate abundant Sema4D staining (original magnification 20X). B, Cross 
section of a nerve showing expression of Plexin-B1 (original magnification 20X). C, A 
scale of 0 to 3 was used to assess the number of positively stained cells and the staining 
intensity for Sema4D. These two scores were added together to yield the ranges shown in 
the pie charts. 
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Figure 2.6.  Sema4D production by neurotropic malignancies is important in 
mediating nerve cell chemotaxis and neurite outgrowth. A, Immunoblot analysis for 
Sema4D and Plexin-B1 in lysates from PC3 and sNF96.2, respectively, infected with 
empty vector control lentivirus (C) or virus coding for the appropriate shRNA (sh). 
GAPDH was used as a loading control (lower panels). B, 0.1% BSA (negative control), 
10% FBS (positive control), soluble Sema4D and PC3 cells were used as the 
chemoattractants for sNF96.2 cells in a migration assay. sNF96.2 and PC3 cells were 
infected with control lentivirus or lentivirus coding for Plexin-B1 shRNA or Sema4D 
shRNA, where indicated. C, sNF96.2 cells were transfected with the chimeric receptors 
Trk-A/ Plexin-B1 wild-type (TrkA-PB1), Trk-A/ Plexin-B1 lacking the PDZ binding 
motif (TrkA-PB1ΔPDZ) and the chimera coding for the RasGAP mutant (TrkA-PB1 
RasGAP mut), treated with NGF and examined for dendritic extension (neurofilament 
staining, left panel). The number of cells exhibiting nerve extensions and total length of 
extensions are shown in the bar graphs (center panel and right panel, respectively;*, p 
<0.05). D, DRG from control or Plexin-B1 knockout mice were cultured in BME along 
with PC3 cells, control infected or infected with lentivirus expressing Sema4D shRNA. 
The white arrowheads indicate neurite outgrowth at day 3. Quantification of neurite 
outgrowth out to day 11 is shown in E (*, p <0.05). 
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Figure 2.6 Continued.  
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Figure 2.6 Continued.  
 

 

 

 

 

 

 

 

 
 
 

Sema4D producing tumors exhibit enhanced nerve density 

If Sema4D produced by neurotropic tumor cells enhances axonogenesis, then it might 

be expected that increased nerve density would be observed in the stroma surrounding 

these tumors compared to tumors not expressing Sema4D. We not only observed more 

PNI in control HNSCC xenografts versus those with silenced Sema4D (Figure 2.7A), but 

we also saw more nerves in the tumor stroma of control tumors in general (Figure 2.7B). 

We then analyzed nerve density of different areas of HNSCC, ACC, PLGA and prostate 

cancer biopsies, compared to control tissues by staining biopsies of these tumors for the 

nerve marker neurofilament. We observed increased nerve density in and around tumor 

masses when compared to an analysis of corresponding reactive (not neoplastic) tissues 

(Figure 2.7C), confirming previous findings [39]. These results are quantified in Figure 

2.7D. Taken together, these results indicate that Sema4D produced by neurotropic tumor 
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cells acts through Plexin-B1 on nerves to mediate neurite outgrowth, which plays a role 

in promoting perineural invasion. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7.  Neurotropic tumor tissues exhibit enhanced nerve density. A, Analysis of 
neurofilament stained sections of tumor xenografts comprised of control infected cells 
(ctrl) or those infected with Sema4D shRNA-expressing lentivirus (Sema4D shRNA). 
Sema4D shRNA tumors exhibit less perineural invasion and fewer nerves (**, p <0.01).  
B, Table showing total number of samples and tumor area measured for control and 
Sema4D shRNA tumor xenografts, along with the number of nerves counted and nerves 
per mm2. C, Analysis of neurofilament stained sections of ACC, PLGA, and HNSCC 
tumor tissues compared to the corresponding non-neoplastic controls mucocele and 
acanthosis, respectively. Representative photos of ACC (left panel) and normal salivary 
gland (right panel) are shown (original magnification 20X). D, Quantification of the 
results demonstrates higher nerve density in the neoplastic tissues ACC and PLGA and 
HNSCC compared to the controls mucocele and acanthosis, respectively. 
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D. Discussion 

PNI is a tropism of malignant tumor cells for nerve bundles in the surrounding 

tissues, defined as the presence of malignant cells in the perineural space with total or 

near-total circumferential involvement of the nerve in tangential histopathological 

sections [17]. PNI is a form of tumor spread similar to but distinct from vascular or 

lymphatic invasion that hinders the ability to establish local control of a malignancy 

because neoplastic cells can spread along nerve tracts far from the primary lesion and are 

often missed during surgery. As a result, PNI is an independent prognostic factor for 

many human carcinomas such as prostate [99], pancreatic [103], colorectal [104], 

salivary gland [7], and HNSCC [8]. cDNA microarrays used to profile differential gene 

expression in ACC with and without PNI have identified dysregulation of numerous 

genes associated with cell cycle, the cytoskeleton and extracellular matrix binding that 

influence the production of neurotropic factors and adhesion molecules that could 

contribute to PNI [14]. 

We have previously shown that production of Sema4D by some tumors attracts 

Plexin-B1 expressing endothelial cells in a RhoA and ROK-dependent manner, a process 

co-opted by malignancies to induce blood vessel growth into a tumor [43]. Therefore, we 

postulated that since some malignancies also express high levels of Plexin-B1, perhaps 

the tumor cells might be attracted to nerves, which are known sources of Sema4D. 

Indeed, prostate tumors, which invade along local peripheral nerves, have demonstrated 

overexpression of Plexin-B1 in cancer development and progression [105]. Here we show 

that PNI is influenced by expression of Sema4D and its receptor, Plexin-B1, in nerves 

and neurotropic tumor cells. We observed that Plexin-B1 is overexpressed in neurotropic 
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malignancies and Sema4D is expressed in nerves and through the use of RNAi 

demonstrated the importance of these proteins in directing migration and invasion of cell 

lines from these malignancies both in vivo and in vitro.  

Though semaphorins and plexins have been mostly associated with axonal guidance 

as repulsive signals, some semaphorin/plexin interactions enhance nerve growth. We 

observed that nerve cells migrated to PC3 cells in a Sema4D/ Plexin-B1 dependent 

manner. In addition, nerve cells expressing chimeras coding for the wild-type 

intracellular signaling portion of Plexin-B1 or a mutant incapable of inactivating Ras both 

formed elongated neurite outgrowth upon Plexin-B1 activation, a phenotype not observed 

in cells expressing the ΔPDZ mutant that cannot activate Rho. These results suggest that 

formation of nerve extensions is dependent upon the ability of Plexin-B1 to activate 

RhoA/ ROK and not on its ability to inactivate R-Ras. DRG growing in media 

conditioned by PC3 cells exhibited neurite outgrowth, except where the DRG were 

harvested from Plexin-B1 knockout mice or where Sema4D was knocked down in PC3 

cells through RNAi. We also observed more PNI in control HNSCC xenografts compared 

to those with silenced Sema4D, but more significantly measured a lower nerve density in 

tumors where Sema4D was silenced compared to controls. In vivo nerve density was 

higher in the tumor stroma of the neurotropic malignancies HNSCC, ACC and PLGA 

compared to reactive/ benign control tissues, suggesting that Sema4D production may 

serve as stimulators of axonogenesis and/or neurogenesis in cancer, though it is also 

likely that other factors may contribute to this observation.  

There is evidence in the literature for semaphorin induction of nerve growth. Prostate 

cancers have been shown to exhibit increased nerve density as a result of production of 
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Semaphorin 4F by the tumors [39]. There are also reports that depending upon the 

context, Sema4D can act as an attractive signal for neurite and axon growth [106,107]. In 

one study focusing on how Sema4D and Plexin-B1 modulate axonal trajectories and 

dendritic morphology in neurons over time, the authors show that Sema4D increases the 

complexity and arborization of developing neurites in hippocampal neurons by activating 

Plexin-B1. Such a phenomenon may be at work in our system as this effect required 

activation of the RhoA/ ROK pathway, which we demonstrated here, as well as the 

RTK/PI3K kinase pathway [108], identical to the Plexin-B1 signaling we have previously 

observed in endothelial cells exhibiting a pro-angiogenic phenotype in the presence of 

Sema4D [68,100].  

Sema4D is expressed on the surface of cells as a homodimer, but it has also been 

shown to be shed into the surrounding environment through proteolytic cleavage, 

allowing it to work at a distance [43,66]. This is important not only in availability of 

Sema4D but also for its function, as membrane-bound and cleaved forms of different 

semaphorins have been shown to exhibit opposing effects on their target tissues. For 

example, invertebrate transmembrane sema1a is a chemoattractant in axon pathfinding in 

vivo while its soluble form acts as a repulsive factor [109]. Sema4D also has been shown 

to exhibit a dual role. The transmembrane form is known to repel growing axons [110] 

but the soluble, extracellular portion promotes neurite outgrowth in PC12 cells and axon 

outgrowth in DRG [111]. In general, bifunctionality of the semaphorins is not unusual, 

with Sema3A, E and C attracting or repelling axons and dendrites depending upon the 

experimental system or cell type used [106,111,112]. 
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These results and other studies in the literature suggest that PNI is a more involved 

process than just tumor cell chemotaxis towards surrounding nerves. PNI likely involves 

a complex interaction between nerve and cancer cells, similar to the signals exchanged 

between nerves, stromal cells, and epithelial cells during development and regeneration 

in response to injury, with the semaphorins, plexins and other factors, both membrane 

bound and secreted, essentially creating a microenvironment where tumor and nerve cells 

grow towards each other [99].  Combined with the role they play in tumor-induced 

angiogenesis, it could explain why upregulation of Sema4D and Plexin-B1 in prostate 

cancer [105], breast cancer [113] and some sarcomas [50] contributes to such a poor 

prognosis. Deciphering the mechanisms of PNI will lend insight into the biology of 

tumor-stroma interactions and have wide-ranging effects on the ability to control cancers 

such as prostate and pancreatic cancer, head and neck squamous cell carcinoma and 

salivary gland tumors, helping to alleviate the pain and significant morbidity associated 

with these neurotropic malignancies. 
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Chapter 3 Rho-mediated activation of PI(4)P5K and lipid second messengers is 

necessary for promotion of angiogenesis by Semaphorin 4D 

 

A. Introduction 

Synthesis of the membrane phospholipid phosphatidylinositol 4,5-bisphosphate 

(PI(4,5)P2), is an important step in the transduction of intracellular signals. PI(4,5)P2 is a 

substrate for phospholipase C (PLC), serving as a precursor for the formation of the 

second messengers inositol trisphosphate (IP3), which regulates intracellular calcium 

levels, and diacylglycerol (DAG), a lipid activator of protein kinase C (PKC) [76]. 

PI(4,5)P2 also participates in phosphatidylinositol 3-kinase (PI3K)-mediated pathways, 

which result in Akt activation and promotion of cell survival and migration. PI(4,5)P2 

can be generated in several different ways but is predominantly synthesized in 

mammalian cells through the activity of phosphatidylinositol 4-phosphate 5-kinase 

(PI(4)P5K), a type I lipid kinase that phosphorylates phosphatidylinositol 4-phosphate 

(PI(4)P) at the D-5 position of the inositol ring [77,78]. Control over the activity of 

PI(4)P5K is achieved by phosphorylation/ dephosphorylation events and regulation of its 

subcellular localization. PI(4)P5K shuttles between the nucleus and different regions of 

the plasma membrane where it is active at focal adhesions promoting actin cytoskeleton 

polymerization and endocytosis at clathrin coated pits [74]. 

The small GTPases of the Rho family strongly influence cytoskeletal architecture 

[75]. Recent studies have suggested that RhoA, acting through its downstream effector 

Rho Kinase (ROK), exerts its influence, at least in part, through phosphoinositide lipid 

second messengers [74,76]. It has been observed that RhoA and ROK positively regulate 
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all isoforms of PI(4)P5K, inducing translocation to the membrane where newly formed 

PI(4,5)P2 directly interacts with actin-associated proteins to stimulate reorganization of 

the actin cytoskeleton and trigger stress fiber polymerization, a characteristic of Rho 

activity [76,114,115]. 

The semaphorins are a large family of phylogenetically conserved proteins 

characterized by cysteine-rich semaphorin domains originally identified based on their 

ability to provide attractive and repulsive axon guidance cues during development 

[116,117]. There are 27 known semaphorins grouped into eight classes: classes 1 and 2 

are invertebrate semaphorins, classes 3–7 are found in vertebrates, and an eighth class, 

class V, has been identified in some non-neurotropic DNA viruses [61]. The main 

functional receptors for semaphorins are a family of single pass transmembrane proteins 

known as plexins [62]. There are 9 plexins in vertebrates that have been grouped into 4 

families, A through D, based on their sequence similarities. When the plexins were first 

identified they were shown to function in neuronal cell adhesion and nerve bundle 

fasciculation but have since been identified as regulators of proliferation, adhesion and 

migration in many different cell types [118]. The nature of the signals generated by 

semaphorin/plexin binding is still being deciphered but there is a great deal of evidence 

that it proceeds through the Rho GTP-ases [48]. 

The B-family plexins mediate many of the effect of the class 4 semaphorins. We have 

observed that ligation of Plexin-B1 on endothelial cells by Semaphorin 4D (Sema4D) 

results in a pro-angiogenic phenotype characterized by endothelial cell migration and 

tube formation in vitro and enhanced blood vessel growth in vivo [71,88,90,92,119]. 

Regulation of Rho activity is necessary for the Plexin- B1-mediated pro-angiogenic 
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phenotype. There is a postsynaptic density protein (PSD95), Drosophila disc large tumor 

suppressor (DlgA), zonula occuldens-1 protein (PDZ) binding motif at the C-terminus of 

Plexin-B1 that associates with PDZ–Rho guanine nucleotide exchange factors (GEF) and 

leukemia-associated RhoGEF (LARG), proteins that positively regulate Rho [70]. 

Binding of Sema4D to Plexin-B1 results in Rho phosphorylating and activating ROK, 

which in turn results in the phosphorylation of myosin light chain (MLC) and actomyosin 

stress fiber formation and contraction [73,115,120]. 

Rho/ROK signaling through PI(4)P5K leads to PI(4,5)P2-mediated stress fiber 

polymerization [71], similar to the response we have observed in Sema4D-treated cells 

[121]. Therefore, we wanted to determine if Plexin-B1 acts through PI(4)P5K as well, 

and if this step is necessary for the pro-angiogenic phenotype we observe in endothelial 

cells. Here we show using a system of chimeric receptors, inhibitors, and soluble, 

purified Sema4D that Plexin-B1 activation results in a RhoA-dependent stimulation of 

PI(4)P5K, activation of the downstream effector PLC and an increase in intracellular 

calcium levels. Generation of PI(4,5)P2 is essential in this process because synaptojanin, 

an inositol polyphosphate 5-phosphatase that reduces PI(4,5)P2 levels by hydrolyzing a 

phosphate group [119], prevents stress fiber polymerization, while endothelial cell 

migration and tube formation can be blocked by the PLC inhibitor U-73122 and 

prevention of calcium release or uptake. These results indicate a critical role for 

RhoA/ROK-controlled activation of PI(4)P5K and the creation and usage of lipid second 

messengers in promotion of angiogenesis by Sema4D. 

 

 



46	  
	  

B. Materials and methods 

Cell culture 

Immortalized human umbilical vein endothelial cells (HUVEC) and 293T cells were 

cultured in DMEM (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum 

and 100 units/ml penicillin/streptomycin/amphotericin B (Sigma). 

 

Trk/Plexin-B1 fusion proteins 

Trk-A/Plexin-B1 fusion proteins were made as previously described [71]. Briefly, the 

intracellular portion of Plexin-B1 with and without its PDZ-binding motif was cut out of 

the plasmid pCEFL EGFP Plexin-B1 with NheI/NotI and cloned in frame with the 

extracellular and transmembrane portion of the NGF receptor Trk-A in the vector 

pCEFL-myc. The constructs were then transfected into cells using Superfect (Qiagen, 

Valencia, CA). 

 

Production of soluble Sema4D 

Sema4D was produced and purified as described previously [100]. Briefly, the 

extracellular portion of Sema4D was subjected to PCR and the resulting product cloned 

into the plasmid pSecTag2B (Invitrogen, Carlsbad, CA). This construct was transfected 

into 293T cells growing in serum free media. Media containing soluble Sema4D was 

collected 65 h post-transfection and purified with TALON metal affinity resin (Clontech 

Laboratories, Palo Alto, CA) according to manufacturer’s instructions. Concentration and 

purity of the TALON eluates was determined by SDS PAGE analysis followed by silver 

staining (Amersham Life Science, Piscataway, NJ) and the Bio-Rad protein assay (Bio-
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Rad, Hercules, CA). In all cases, media collected from cells transfected with the empty 

pSecTag2B vector were used as control. 

 

Immunoblot analysis 

Cells were transfected with the indicated constructs, treated with 400 ng/ml Sema4D (see 

above) with or without 25 lM fasudil (Calbiochem, San Diego, CA) or transfected with 

PI(4)P5Ka oligos where indicated. Cells were then lysed in lysis buffer (50 mM Tris–

HCl, 150 mM NaCl, 1% NP 40) supplemented with protease inhibitors (0.5 mM 

phenylmethylsulfonyl fluoride, 1 ll/ml aprotinin and leupeptin, Sigma) and phosphatase 

inhibitors (2 mM NaF and 0.5 mM sodium orthovanadate, Sigma) for 15 min at 4_C. 

After centrifugation, protein concentrations were measured using the Bio-Rad protein 

assay (Bio-Rad). 100 lg of protein from each sample was subjected to SDS–

polyacrylamide gel electrophoresis and transferred onto a PVDF membrane (Immobilon 

P, Millipore Corp., Billerica, MA). The membranes were then incubated with the 

appropriate antibodies. The antibodies used were as follows: myc (C-33, Santa Cruz); 

GAPDH (Sigma); Phospho- PLCc (Cell Signaling Technologies, Danvers, MA); total 

PLCc (Santa Cruz, Santa Cruz, CA); PI(4)P5Ka (Cell Signaling Technologies); GFP 

(Cell Signaling Technologies). Proteins were detected using the ECL chemiluminescence 

system (Pierce, Rockford, IL). 

 

Rho pull-down assay 

293T cells expressing TrkA/full length Plexin-B1 or the DPDZ mutant chimeric receptor 

(see above) maintained in DMEM supplemented with 10% fetal bovine serum were 
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washed in PBS and returned to serum free DMEM for 36 h. The cells were then washed 

in PBS and treated with 100 ng/ml NGF (Upstate, Lake Placid, NY) for the indicated 

periods of time. Cells were washed with PBS and lysed in lysis buffer (see above). Rho 

activity was assessed using purified GST-rhotekin-RBD previously bound to Glutathione 

Sepharose 4B (Amersham Pharmacia, Sweden) to affinity precipitate GTP-bound RhoA. 

Western blot analysis of total and active Rho was performed using a monoclonal 

antibody against RhoA (Santa Cruz Biotechnology; 26C4). Immuno-complexes were 

visualized by enhanced chemiluminescence detection (Amersham Life Science) using 

goat anti-rabbit coupled to horseradish peroxidase as a secondary antibody (Santa Cruz). 

 

PI(4,5)P2 Assay 

A PI(4,5)P2 mass ELISA assay (Echelon Biosciences, Salt Lake City, UT) was 

performed according to manufacturer’s instructions. Briefly, 293T cells expressing Trk-

A/PB1 full length or DPDZ chimeric receptors, with and without 25 lM fasudil 

(Calbiochem) were treated with 100 ng/ml NGF for the times indicated, sonicated, and 

PIP extracted from cell lysates. Samples were incubated with a PIP detector protein, then 

added to a PIP coated plate for competitive binding. A peroxidase-linked secondary 

detection reagent and colorimetric substrate was used to detect PIP detector protein 

binding to the plate, with results determined in a plate reader. PIP2 levels are shown 

relative to untreated cells. 
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Immunofluorescence 

293T cells expressing myc tagged Trk-A/PB1 full-length and HA tagged PI(4)P5Ka (the 

generous gift of Dr. Ralph Isberg) were grown on sterile glass coverslips in 35-mm six-

well plates and treated with 100 ng/ml NGF for 3 min. The cells were washed in PBS, 

fixed in 3% paraformaldehyde for 15 min, and permeabilized in 0.5% Triton X-100 for 5 

min. The cells were then incubated with anti-myc antibody (Santa Cruz) and anti-HA 

antibody (Covance, Princeton, New Jersey) diluted 1/100 in serum-free Dulbecco’s 

modified Eagle’s medium at 4_C for 1 h. After three more washings with PBS, coverslips 

were placed in a humidity chamber for 1 h and covered with FITC-conjugated anti-rabbit 

(Sigma, 1:160 dilution in PBS with 3% fetal bovine serum) and TRITC-conjugated anti-

mouse (Jackson Immuno-Research, West Grove, PA, 1:300 dilution in PBS with 3% fetal 

bovine serum) secondary antibodies. Coverslips were inverted and mounted onto glass 

slides with Vectashield containing 4',6-diamidino-2- phenylindole (DAPI, Vector 

Laboratories, Burlingame, CA) and viewed using a confocal microscope. 

 

Stress fiber assay 

HUVEC cells, control transfected or transfected with GFP-tagged synaptojanin (the 

generous gift of Dr. Pietro DeCamilli) using the electroporation system from Amaxa 

Biosystems (Gaithersburg, MD) were grown on sterile glass coverslips in 35-mm, 6-well 

plates and treated for 8 h with Sema4D, where indicated. Coverslips were placed in a 

humidity chamber for 1 h and treated with phalloidin, (AlexaFluor-conjugated phalloidin, 

Invitrogen, Molecular Probes, Eugene, OR) diluted at 1:400 in PBS with 3% FBS. 

Coverslips were then inverted and mounted onto glass slides with Vectashield containing 
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DAPI (Vector Laboratories) and viewed with fluorescence microscopy. Images were 

taken using a SPOT digital camera attached to a Zeiss Axiophot microscope (Carl Zeiss). 

The number of cells (n[300) exhibiting stress fiber polymerization was counted and the 

results expressed as a percentage of the total number of cells counted. 

 

Ca2+ assay 

HUVEC cells were treated with Sema4D for the times indicated and incubated with PBS, 

25 lM fasudil (Calbiochem) or 10 lM of the PLC inhibitor U-73122 (Sigma). Changes in 

intracellular Ca2+ levels were measured using Fluo-4 NW calcium indicators (Invitrogen), 

following the manufacturer’s instructions. 

 

Migration assay 

Media containing 10% FBS (positive control), and serum free media containing 0.5% 

BSA (negative control), 50 ng/ml of VEGF (R&D Systems, Minneapolis, MN) or 400 

ng/ml of purified Sema4D along with the indicated inhibitors (500 nM verapamil 

(Sigma), 25 lM BAPTA-AM (Sigma), 25 lM fasudil (Sigma) and 10 lM U-73122 

(Sigma)) were placed in the bottom well of a Boyden chamber and served as the 

chemoattractants. Serum starved HUVEC cells were added to the top chamber. The two 

chambers were separated by a PVPF membrane (Osmonics, GE Water Technologies, 

Trevose, PA, 8 lm pore size) coated with 10 lg/ml fibronectin (GIBCO, Carlsbad, CA). 

The migration assay was then performed as described [71,100,119]. Briefly, after 7 h, the 

chamber was disassembled and the membrane stained with Diff-Quick Stain (Diff-Quick, 

Dade Behring, Deerfield, Illinois), placed on a glass slide and scanned. Densitometric 
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quantitation was performed with NIH image software and cell migration expressed as 

pixel intensity. Each experiment was performed in triplicate and average and standard 

deviation calculated. 

 

Tubulogenesis assay 

HUVEC cells were grown on 35 mm plates coated with 150 ll of Cultrex basement 

membrane extract (Trevigen, Gaithersburg, MD) and incubated overnight in serum free 

DMEM with 50 ng/ml of VEGF or in Sema4D conditioned media, with or without 

inhibitors (see above). Cells were then fixed in 0.5% glutaraldehyde and photographed. 

Media containing 10% FBS or 0.1% BSA served as the positive and negative controls, 

respectively, where indicated. Quantification of results was determined using NIH Image, 

measuring and summing the length of all tubular structures observed in 10 random fields 

for three independent experiments. 

 

C. Results 

Plexin-B1 signaling proceeds through RhoA in a chimeric receptor system 

In order to specifically isolate and study Plexin-B1 signaling, we utilized chimeric 

receptors consisting of a myc tagged extracellular portion of the rat nerve growth factor 

receptor Trk-A fused to the transmembrane and intracellular segment of human Plexin-

B1, with or without the PDZ binding domain necessary for recruitment of the adapter 

proteins that activate Rho. These receptors have been previously described and used to 

study Plexin-B1 signaling in a variety of cells [122]. We successfully expressed these 

receptors in 293T cells (Figure 3.1A) and show in a Rho activity assay that when 
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stimulated with NGF, these cells can activate Rho but only when expressing full length 

intracellular Plexin-B1 containing the intact PDZ binding motif and not the DPDZ mutant 

(Figure 3.1B). These results confirm that full length Plexin-B1 activates Rho and 

presumably its downstream effectors. 

 

 

 

 

 
 
Figure 3.1 Plexin-B1 activates RhoA. A, Trk-A/full length Plexin-B1 (wt) and a 
chimeric construct lacking the PDZ binding motif (DPDZ) were transfected into 293T 
cells. Expression was confirmed with an immunoblot for the myc tag (top panel). 
GAPDH was used as a loading control (lower panel). B, 293T cells expressing the 
chimeric receptors were treated with 100 ng/ml NGF for the indicated times and 
subjected to a pulldown assay, looking for active, GTP-bound RhoA. Only the full length 
receptor (Trk-A/PB1) could bind active Rho in the pulldown, and not the truncated 
mutant (Trk-A/PB1 DPDZ) lacking the PDZ binding motif 
 

PI(4)P5Ka is activated by Plexin-B1 in a Rho-dependent manner 

To investigate if the Rho downstream target PI(4)P5K is activated in Plexin-B1 

signaling, we measured PIP(4,5)2 levels as an indicator of PI(4)P5K activity in 293T 

cells expressing the wild-type or DPDZ binding domain mutant receptors, growing in 

NGF with or without the ROK inhibitor fasudil (Figure 3.2A). PIP(4,5)2 levels increased 

in cells expressing the wild-type full length receptor, but not the DPDZ binding domain 

mutant or in cells expressing the wild-type receptor but co-treated with fasudil, both of 

which are incapable of activating Rho-mediated pathways (Figure 3.2A). To determine if 

PI(4)P5Ka co-localized with Plexin-B1, tagged forms of the Trk-A/PB1 wt chimeric 

receptor and PI(4)P5Ka were transfected into 293T cells and immunofluorescence 

A B 
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performed in the presence or absence of NGF. While Plexin-B1 localized to the 

membrane, as expected (Figure 3.2B, green), PI(4)P5Ka remained mainly peri-nuclear in 

untreated cells (Figure 3.2B, red). Upon treatment however, the merged image shows that 

these proteins co-localize (Figure 3.2B, right panels). Taken together, these results 

indicate that activation of Plexin-B1 results in the recruitment of PI(4)P5Ka into a Rho 

and ROK-dependent signaling complex that generates the lipid second messenger 

PIP(4,5) 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.2. PI(4)P5Ka is activated by Sema4D/Plexin-B1 in a Rho-dependent 
manner and co-localizes with Plexin-B1. A, A PIP2 assay was performed on 293T cells 
expressing the Trk-A/ fulllength wild-type Plexin-B1 chimera (Trk-A/PB1 wt, blue bars), 
Trk-A/full length Plexin-B1 in the presence of fasudil (Trk-A/PB1 wt, fasudil, dark red 
bars) and the construct lacking the PDZ binding motif (Trk-A/PB1DPDZ, green bars), 
treated with 100 ng/ml NGF for the times indicated. Levels of PIP2 relative to untreated 
cells are shown on the Y-axis. B, Immunofluorescence for tagged forms of Trk-A/PB1 wt 

A 

	  

B	  
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(green, left column) and PI(4)P5Ka (red, center column) was performed on transfected 
293T cells, in the absence (top row) or presence (bottom row) of NGF. The merged 
images (right coulmn) show migration of PI(4)P5Ka to the membrane upon activation of 
Plexin-B1 and co-localization of these proteins. 
 

PIP(4,5)2 formation is necessary for Sema4D/Plexin-B1/RhoA-mediated 

polymerization of stress fibers, activation of the PI(4)P5Ka effector PLC and 

generation of intracellular calcium 

To determine the biological significance of the activation of PI(4)P5Ka and the 

generation of PIP(4,5)2 in Sema4D/Plexin-B1-mediated angiogenesis, we performed a 

stress fiber polymerization assay on endothelial cells expressing GFP-tagged 

synaptojanin, an inositol polyphosphate 5-phosphatase that dephosphorylates PI(4,5)P2 

(and PI(3,4,5)P3) at the 5' position of the inositol ring [122].Green cells, and hence those 

expressing synaptojanin, exhibited a loss of stress fiber polymerization in response to 

Sema4D compared to neighboring untransfected control cells (Figure 3.3A). The results 

of stress fiber inhibition are shown graphically (Figure 3.3A, bottom panel). PI(4,5)P2 is 

a substrate for PLC, an important downstream effector of PI(4)P5K that utilizes PI(4,5)P2 

for the generation of the lipid second messengers IP3 and DAG. Therefore, to further 

investigate the pathways involved, we treated cells with Sema4D with and without the 

ROK inhibitor fasudil and looked for phosphorylation and activation of PLCc1 in an 

immunoblot of cell lysates. We observed that cells incubated with Sema4D exhibited 

phosphorylation and hence activation of PLCc1 but not when incubated with fasudil 

(Figure 3.3B), suggesting that PLCc1 and PI(4)P5K are activated by Sema4D ligation of 

Plexin-B1 in a RhoA and ROK-dependent manner. Calcium ion release within the cell is 

a consequence of PLCc1 activity, so we performed an assay to detect calcium levels in 

Sema4D treated cells growing in fasudil or the PLCc inhibitor U-73122. At 



55	  
	  

approximately 45 sec. calcium levels rose dramatically in Sema4D treated cells, but not 

in those growing in fasudil or U 73122 (Figure 3.3C). We have previously demonstrated 

that activation of Plexin-B1 also leads to phosphorylation of the regulatory subunit of 

PI3K, another enzyme that utilizes PI(4,5)P2 as a substrate, but in this case to activate 

Akt [100]. Taken together, these results indicate a critical role for RhoA/ROK-mediated 

activation of PI(4)P5Ka and generation of PIP(4,5)2 for stress fiber formation, activation 

of PLC and elevation of intracellular calcium level. 

Figure 3.3 PIP(4,5)2 formation is necessary for Sema4D/Plexin-B1/RhoA-mediated 
polymerization of stress fibers, activation of PLC and generation of intracellular 
calcium. A, HUVEC expressing GFP-tagged synaptojanin (middle panel) were treated 
with Sema4D and analyzed using phalloidin staining for stress fiber formation (right 
panel). Cells expressing synaptojanin (white arrow), exhibited a loss of stress fiber 
polymerization compared to neighboring untransfected control cells (white arrowhead). 
DAPI was used as a nuclear stain (left panel). The results of stress fiber inhibition are 
shown graphically in the bottom panel (*P\0.05). B, An immunoblot of HUVEC treated 
with Sema4D with or without the ROK inhibitor fasudil for the phosphorylated form of 
PLCc1 (upper panel). Total PLCc1 was used as a loading control (lower panel). C. A 
calcium assay was performed on HUVEC treated with Sema4D and fasudil or the PLCc 
inhibitor U-73122, measured at the times indicated. Intracellular calcium levels rose 
dramatically in Sema4D treated cells, but not in those growing in fasudil or U-73122 
(*P<0.05) 
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Figure 3.3 Continued.  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

 

Activation of PI(4)P5Ka and PLC and generation of intracellular calcium are 

necessary for the Sema4D/ Plexin-B1-mediated proangiogenic phenotype in 

endothelial cells 

To determine the biological significance of PLC activation and calcium influx on 

endothelial cell migration and promotion of angiogenesis, we studied HUVEC cells in a 

Boyden chamber migration assay with Sema4D as the chemoattractant, with or without 

verapamil (an inhibitor of extracellular calcium influx), BAPTA-AM (a divalent ion 

chelator with a high affinity for calcium), the ROK inhibitor fasudil and the PLC 

inhibitor U-73122. We observed robust HUVEC migration towards Sema4D (and the 

VEGF positive control) but not towards Sema4D when co-treated with verapamil, 

BAPTA-AM, fasudil or U-73122 (Figure 3.4A). To further explore the pro-angiogenic 

phenotype and determine the biological significance of PI(4)P5Ka activity and PIP(4,5)2 

C 

B 
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in this process, we looked for tube formation in HUVEC cells growing on reconstituted 

basement membrane material. We transfected HUVEC with si PI(4)P5Ka oligos and 

GFP-tagged synaptojanin. Immunoblots show loss of PI(4)P5Ka in oligo transfected cells 

(Figure 3.4B, left panels) and higher levels of synpatojanin in transfeceted HUVEC 

compared to controls (Figure 3.4B, right panels). As expected, we observed formation of 

capillary tubules in Sema4D treated cells, but not when these cells lost expression of 

PI(4)P5Ka or were overexpressing synaptojanin (Figure 3.4C, upper panels). These 

results were quantified (Figure 4C, lower panels). Capillary formation was also lost in 

cells growing in Sema4D and co-treated with verapamil, BAPTA-AM, fasudil or U-

73122 (Figure 4D, quantified in the lower panel). Taken together, these results suggest 

that the pro-angiogenic phenotype elicited by Sema4D in endothelial cells is dependent 

upon PI(4)P5Ka, PIP(4,5)2 and RhoA and ROK-mediated activation of PLC and 

elevation of intracellular calcium levels. 

 
Figure 3.4 Calcium generation, PLC activation and PI(4)P5Ka activity are 
necessary for the Sema4D/Plexin-B1-mediated proangiogenic phenotype in 
endothelial cells. A, A Boyden chamber migration assay was performed on HUVEC 
cells with Sema4D as the chemoattractant, with or without verapamil, BAPTA- AM, the 
ROK inhibitor fasudil and the PLC inhibitor U-73122. Migration (pixel intensity of 
stained cells, Y-axis) was inhibited towards Sema4D when co-treated with verapamil, 
BAPTA-AM or U-73122. Positive control was migration towards 10% FBS. Negative 
control was migration towards 0.1% BSA (*P<0.05).B, HUVEC were transfected with si 
oligos for PI(4)P5Ka (left panels) or with synaptojanin (right panels) and protein levels 
measured in an immunoblot. C, HUVEC transfected with si oligos for PI(4)P5Ka or with 
synaptojanin were grown on reconstituted basement membrane material and evaluated for 
tube formation in the presence of Sema4D (upper panel). Tube formation is decreased in 
cells no longer expressing PI(4)P5Ka or over expressing synaptojanin (positive control is 
HUVECs growing in 10% FBS, negative control in 1% BSA). The results are quantified 
in the graph (lower panel, *P<0.05). D, HUVEC were grown on reconstituted basement 
membrane material (upper panels) and evaluated for tube formation in the presence of 
Sema4D with or without verapamil, BAPTA-AM, fasudil and the PLC inhibitor U-73122 
(positive control is VEGF and negative control 1% BSA). The results are quantified in 
the graph (lower panel, *P<0.05). 
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Figure 3.4 Continued.  
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Figure 3.4 Continued.  
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D. Discussion 

Recent investigations into the signaling mechanisms of the plexins have shown these 

proteins to be versatile receptors. Similar to the A-family plexins, within the intracellular 

portion of Plexin-B1 is a split GTPase-activating protein (GAP)-like motif that 

downregulates R-Ras activity and reduces extracellular matrix-mediated integrin 

activation when bound by Sema4D, thus affecting cell adhesion and motility. There are 

also regions that interact with the Rho family GTPases Rnd, Rac and Rho [63,64,69,119]. 

Therefore, it is likely that for most semaphorin/plexin pairs, binding of the receptor by 

the respective semaphorin ligand initiates a G-protein signaling cascade, the common 

downstream target of which is the cytoskeleton. This is consistent with a model where the 

B-plexins regulate actin and microtubule dynamics upon activation by the semaphorins to 

exert control over cell motility [51,123]. In addition to the G-proteins, tyrosine kinase 

activity plays a vital role in plexin signaling. Phosphorylation of MAPK and Akt 

downstream effectors has been observed following Plexin-B1 activation in some cells 

[72,123]. The plexins themselves are devoid of any intrinsic kinase activity, so this 

function is provided by kinases recruited to the signaling complex. For example, it has 

been observed that upon Sema4D ligation Plexin-B1 interacts with c-MET [54], Pyk2 

[100], or the epidermal growth factor receptor ERBB2 [124,125], depending upon the 

cell type and the context, which then phosphorylate Plexin-B1 in a step required for 

signaling. Much of the research into the different plexin families indicates that these two 

features-tyrosine phosphorylation and G-protein signaling and subsequent cytoskeletal 

alterations- likely govern signaling for most if not all of the plexins [123]. Indeed, our 

group has observed phosphorylation and activation of Plexin-B1 in Sema4D treated 



61	  
	  

endothelial cells that results in Rho-mediated stress fiber polymerization, cell migration 

and a proangiogenic phenotype [71,100]. PI(4)P5K isoforms have been shown to 

function downstream of RhoA and ROK in actin organization [73,120] and play an 

essential role in neurite remodeling, yielding a phenotype identical to that seen in cells 

treated with Sema4D [126,127]. Therefore, we wanted to explore if Plexin-B1 exerted 

control over the cytoskeleton in endothelial cells at least partially by regulation of 

PI(4)P5Ka activity and PI(4,5)P2 synthesis. We isolated Plexin-B1 signaling and 

demonstrated Rho/ROK-dependent generation of PI(4,5)P2 upon treatment with 

Sema4D, as well as translocation of PI(4)P5Ka to the cellmembrane and co-localization 

of these proteins upon Plexin-B1 activation. Formation of PI(4,5)P2 was necessary for 

cytoskeletal polymerization, a readout for Rho activation and indicator of cell adhesion 

and potential for mobility, because expression of the phosphatase synaptojanin blocked 

this effect. Using RNA interference, we demonstrated the importance of PI(4)P5Ka in 

endothelial cell migration and tube formation, as siRNA oligos directed against this 

enzyme prevented a proangiogenic response in immortalized HUVEC cells. 

We also noted that Rho and ROK-mediated activation of PLCc was important in 

endothelial cell migration since the PLCc inhibitor U-73122 could block this effect. 

Swiercz et al. have recently shown a novel nonenzymatic function of PLCc linking 

tyrosine phosphorylation of Plexin-B1 to the regulation of PDZRhoGEF recruitment and 

downstream RhoA activation. In this context, PLCc was biologically significant in 

mediating in growth cone collapse [128]. Similar to their findings, we noted 

phosphorylation and activation of PLCc upon treatment of HUVECs with Sema4D. 

However, it appears that in the lipase activity of PLCc was important for the pro-
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angiogenic phenotype, as we observed an increase in cellular calcium that was necessary 

for cell migration and tube formation on reconstituted basement membrane material. We 

don’t know yet the mechanism of PLC activation, only that it is dependent upon Rho and 

ROK. Further investigation is warranted. Taken together, these results suggest that in 

addition to altering the cytoskeleton through R-Ras inhibition and RhoA 

activation,Plexin-B1promotes angiogenesis in endothelial cells by signaling through 

PI(4)P5Ka and generating lipid second messengers. With these new findings we propose 

the model for Plexin-B1 pro-angiogenic signaling in endothelial cells shown in Figure 

3.5. Upon binding Sema4D, Plexin-B1 recruits PDZ-RhoGEF and LARG in addition to 

acting as a Ras GAP and activating a MAPkinase cascade. Rho activation proceeds 

through ROK to activate PI(4)P5Ka, creating a pool of PI(4,5)P2. Rho andROK-

dependent phosphorylation and activation of PLCc and PI(3)K follows (Figure 3.5). 

PLCc in turn generates IP3 which causes an increase in intracellular calcium, a 

phenomenon we observed in Sema4D treated endothelial cells that was necessary for cell 

migration and capillary tube formation in vitro. An accumulation of calcium and 

activation of the downstream effectors such as PKC and Akt leads to actin fiber 

polymerization, contraction and cell movement. Further analysis of downstream targets, 

their effectors, and the mechanisms of actin polymerization remains to be studied. 
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Figure 3.5. A model for Sema4D/Plexin-B1-mediated proangiogenic signaling in 
endothelial cells. Upon ligation with Sema4D, Plexin- B1 recruits PDZ RhoGEF and 
LARG, activating RhoA and the downstream Rho effector ROK. ROK in turn activates 
PI(4)P5Ka which generates the PIP(4,5)2 that serves as a substrate for PI3K and PLC, 
which also are activated in a RhoA/ROK-dependent manner. Akt and PLC activation and 
the subsequent increase in intracellular calcium are necessary for stress fiber 
polymerization and contraction and the pro-angiogenic, motile phenotype observed in 
Sema4D treated endothelial cells 
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Chapter 4 Hypoxia inducible factor-1-mediated regulation of Semaphorin 4D 

affects tumor growth and vascularity 

 
 
A. Introduction 

The semaphorins and plexins comprise a family of proteins shown to control 

proliferation and survival in many different cells and tissues, including the nervous 

system, the immune system [86], and the vasculature [83]. Such diversity of function 

likely arises as a result of homology with the scatter factor family of proteins, which are 

known to participate in branching morphogenesis and normal and aberrant motility in 

numerous cell types [129]. Currently, more than 30 semaphorins have been identified that 

are grouped into eight classes [57]. Plexins, which are receptors for the semaphorins, 

share homology in their extracellular segment with the scatter factor receptors c-Met and 

RON. In humans, at least nine plexins have been identified and grouped into four 

families, A through D, most of which have been shown to mediate neuronal cell adhesion 

and axon guidance [130]. We have demonstrated that Semaphorin 4D (Sema4D) is 

overexpressed by many different aggressive carcinomas, including head and neck 

squamous cell carcinoma (HNSCC), and that its activity on endothelial cells, which 

express its receptor Plexin-B1, promotes enhanced growth and vascularity of tumor 

xenografts in vivo [43]. Why Sema4D is overexpressed in so many different tumor types 

remains unknown, but like other pro-angiogenic factors, plexins and semaphorins may be 

regulated by changes in oxygen tension [131]. 

The hypoxia-inducible factor-1 (HIF-1) transcriptional complex is the ‘master control 

switch’ for hypoxia. Initially identified by Semenza and colleagues in the early 1990s, 
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HIF-1 is composed of two polypeptides: HIF-1α and HIF-1β (the aryl hydrocarbon 

receptor nuclear translocator or ARNT) [46]. HIF-1β is expressed constitutively but HIF 

activity is regulated at the post-transcriptional level by oxygen-dependent hydroxylation 

of specific proline residues on the α subunit by the prolyl hydroxylase domain proteins 

(PHD). When hydroxylated, HIF α members are targeted for proteasome degradation by 

complexing with the von Hippel-Lindau (VHL) tumor suppressor protein, a component 

of an E3 ubiquitin ligase complex [47]. In rapidly growing tumors or following a series of 

genetic mutations, VHL-mediated degradation of HIF-1α can be lost. HIF-1 will then 

bind to hypoxia response elements (HRE) in the promoter and activate expression of a 

broad range of genes that mediate the adaptive responses to decreased oxygen 

concentration, such as enhanced glucose uptake and the formation of new blood vessels 

via proliferation and migration of endothelial cells toward the developing tumor [48]. 

This latter response is influenced by increased production of pro-angiogenic proteins 

such as vascular endothelial growth factor (VEGF).  

Here we show that HNSCC cell lines exhibit an enhanced hypoxic response 

compared with control epithelial cell lines, as evidenced by high levels of HIF-1α protein 

and transcriptional activity, and a corresponding HIF-1-dependent increase in Sema4D 

mRNA and protein. We identify HRE upstream of the Sema4D gene in a potential 

promoter region that bind HIF-1. Expression of the HIF-1α oxygen-dependent 

degradation domain mutant (HIF-1α mODD) in cells resulted in elevated Sema4D levels 

and an increased ability to induce endothelial cell migration in vitro and enhanced growth 

and vascularity of tumor xenografts in vivo, while knockdown of Sema4D with short 

hairpin (sh) RNA significantly attenuated these responses. We also show that Sema4D 
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expression in HNSCC correlates with areas of tumor that exhibit enhanced HIF-1α 

activity. Taken together, these findings suggest that along with VEGF and other factors, 

the class IV semaphorins may be part of the hypoxia adaptive response, which is 

dysregulated in HNSCC.  

 

B. Material and Method: 

Cell Culture 

HNSCC lines 12 and 13 and HaCaT and HeLa cells were grown in Dulbecco's modified 

Eagle's medium (Sigma) supplemented with 10% fetal bovine serum and 100 units/ml 

penicillin, 100 µg/ml streptomycin, and 250 ng/ml amphotericin B. The HNSCC cells 

have been previously described [132]. Human umbilical vein endothelial cells (HUVEC) 

were cultured in Endothelial Cell Basal Media (EBM, Clonetics, Walkersville, MD).  

 

Immunoblot Analysis 

Cells were lysed, and 100 µg of protein subjected to SDS-polyacrylamide gel 

electrophoresis as previously described [100]. Following gel electrophoresis, a transfer 

was done onto a polyvinylidene difluoride membrane (Immobilon P, Millipore, Bedford, 

MA), which was incubated with the appropriate antibodies: Sema4D, HIF-1α, and HIF-

1β (1:100 dilution, BD Pharmingen, San Jose, CA); Glut-1 (1:100 dilution, Abcam, 

Cambridge, MA); anti-tubulin (1:100 dilution, Santa Cruz Biotechnology, Santa Cruz, 

CA). Band intensities were determined from scanned blots using Image J (NIH), with 

fold increases noted relative to the appropriate controls, normalized to tubulin.  
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Luciferase Assay 

The indicated cell lines were transfected with control DNA or a luciferase reporter 

plasmid containing the wild-type or mutated VEGF promoter using Lipofectamine Plus 

(Invitrogen, Carlsbad, CA) or electroporated in a Nucleofector machine (Amaxa) and 

subjected to a luciferase assay (Dual-Luciferase Reporter Assay System, Promega, 

Madison, WI) in normoxia and hypoxia, as previously described [133]. Hypoxic 

conditions were generated by either growing cells in a 37 °C incubator in a sealed 

chamber containing a mixture of gases with 1% oxygen or by culturing cells in 100 µm 

cobalt chloride (Sigma).  

 

RNA Isolation and PCR Analysis 

RNA was extracted from whole cell lysates and converted into cDNA using the AMV 

reverse-transcriptional system (Promega) in the presence of random hexamers 

(Invitrogen). The cDNA was used for conventional PCR or quantitative real-time PCR 

(RT-qPCR) with specific gene primers as follows: Semaphorin 4D (BC054500) forward: 

5′-GTCTTCAAAGAAGGGCAACAGG-3′, reverse: 5′-

GAGCATTTCAGTTCCGCTGTG-3′; and 18S forward: 5′-

TTGACGGAAGGGCACCACCAG-3′, reverse: 5′-GCACCACCACCCACGGAATCG-

3′. An MYIQ real-time PCR detection system and SYBR green PCR mix (Bio-Rad) were 

used to carry out the real-time PCR. The relative abundance of Sema4D transcript was 

quantified using the comparative Ct method with 18S as an internal control. All data were 

analyzed from three independent experiments and statistical significance validated by 

Student's t test.  



68	  
	  

Chromatin Immunoprecipitation (ChIP) 

HN12 cells serum starved for 16 h were subjected to hypoxia for 24 h, cross-linked with 

0.8% formaldehyde, and then briefly sonicated to fragment the chromatin. Lysates were 

centrifuged at 13,000 rpm for 10 min at 4 °C. The supernatant was collected and diluted 

in a ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 2 mm EDTA, 167 mm NaCl, 

16.7 mm Tris-HCl, pH 8.1) containing protease inhibitors, precleared with salmon sperm 

DNA-coated protein A-agarose beads, and immunoprecipitated with 5 µg of anti-HIF-1α 

antibody or rabbit IgG (as the negative control) overnight at 4 °C. Antibody complexes 

were collected with protein A-agarose beads, washed in ChIP dilution buffer, and reverse 

cross-linked by incubation at 65 °C for 4 h. The samples were then treated with 

proteinase K for 2 h at 42 °C and the precipitated DNA amplified by PCR using the 

following primers: Sema4D HRE1,2 forward: 5′-TTATATAGGCTGGTGGGTGCG-3′; 

reverse: 5′-TGAAATCTGCAGGCTCCAGTC-3′; Sema4D HRE3 forward: 5′-

ATTGAGCCGTCTCTGGAAGATC-3′; reverse: 5′-

GCAGGTGGACAGTGTTGCTATG-3′; Sema4D HRE4 forward: 5′-

CATAGCAACACTGTCCACCTGC-3′; reverse 5′-ACGGATGGAAGGGAATTACTT-

3′. For a positive control, ChIP was performed on the VEGF promoter at a known site for 

HIF-1 binding, using the following primers: forward: 5′-

ACAGACGTTCCTTAGTGCTGG-3′; reverse: 5′-AGCTGAGAACGGGAAGCTGTG-

3′.  
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Migration Assays 

	  

Serum-free medium containing the indicated cell type or chemoattractant was placed in 

the bottom well of a Boyden chamber while serum-free EBM containing HUVEC was 

added to the top chamber. The assay was performed and quantified as previously 

described [71].  

 

RNA Interference and Generation of Lentivirus 

The short hairpin (sh) RNA sequences for human Sema4D and HIF-1β were acquired 

from Cold Spring Harbor Laboratory's RNAi library (RNAi Codex). Oligonucleotides 

(Invitrogen) based on the following sequence worked best to knock down Sema4D and 

HIF-1β protein levels, respectively: 5′-GGCCTGAGGACCTTGCAGAAGA-3′; 5′-

CCAGCCAATATACAACTGTAA-3′. The oligonucleotides generated were cloned into 

lentiviral expression vectors as previously described [43], as was HIF-1α mODD cDNA 

(the gift of Dr. Abraham Schneider). HIF-1α siRNA oligos were obtained from Santa 

Cruz Biotechnology and transfected into cells using Oligofectamine (Invitrogen).  

 

In Vivo Tumorigenesis Assay 

2 × 106 HN6 cells infected ex vivo with control lentiviruses, control virus and virus 

coding for HIF-1α mODD, or viruses coding for HIF-1α mODD and Sema4D shRNA, 

were resuspended in 250 µl of serum-free Dulbecco's modified Eagle's medium with an 

equal volume of Cultrex basement membrane extract (Trevigen, Rockville, MD) and 

injected subcutaneously into nude mice. After tumor growth had been recorded, animals 
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were sacrificed, and tumors were removed, photographed, and processed for microscopy 

as described [132]. 

 

Immunohistochemistry 

Paraffin-embedded tissues were deparaffinized, hydrated, rinsed with PBS, and processed 

as previously described [132]. Primary antibodies were diluted in 2% BSA in PBS/0.1% 

Tween 20 and incubated overnight at 4 °C. The antibodies used were as follows: HIF-1α 

(Cell Signaling Technology, Danvers MA; 1:50 dilution); Sema4D (BD Transduction 

Laboratories; 1:50 dilution). The slides were washed in PBS, incubated with biotinylated 

secondary antibody (1:400 dilution; Vector Laboratories, Burlingame, CA) for 1 h, and 

treated with ABC complex (Vector Stain Elite; Vector Laboratories) for 30 min at room 

temperature. The slides were developed in 3,3-diaminobenzidine (FASTDAB tablets; 

Sigma), counterstained with dilute Mayer's hematoxylin, dehydrated, and mounted. 

Images were taken with a SPOT digital camera attached to an Axiophot microscope 

(Zeiss).  

 

Immunofluorescence 

OCT-embedded frozen tissues were cut onto silanated glass slides, air-dried, and stored at 

−80 °C. Cryosections were thawed, hydrated, and washed in PBS. For Glut-1 and 

Sema4D co-immunofluorescence, sections were incubated in blocking solution (3% fetal 

bovine serum in 0.1% Triton X-100 PBS) for 1 h followed by incubation with the first 

primary antibody diluted 1:100 in blocking solution at 4 °C overnight. After washing, 

slides were sequentially incubated with the biotinylated secondary antibody (Vector 
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Laboratories, 1:300) for 1 h, followed by the fluorophore-labeled avidin antibody (Vector 

Stain Elite, ABC kit, Vector Laboratories) for 30 min at room temperature. The slides 

were washed and incubated in avidin/biotin blocking kit (Vector Laboratories) before 

repeating the staining process with the second primary antibody. The following 

antibodies were used: Glut-1 (1:200 dilution in PBS with 3% fetal bovine serum; 

Abcam); Sema4D (BD Transduction Laboratories; 1:50 dilution). For CD31, anti-CD31 

primary antibody was used (anti-PECAM; BD Pharmingen; 1:100 dilution) and tissues 

mounted in Vectashield mounting medium with 4′,6-diamidino-2-phenylindole (Vector 

Laboratories).  

 

Statistical Analysis 

Student's paired t tests were performed on means, and p values calculated: *, p ≤ 0.05; **, 

p ≤ 0.01; ***, p ≤ 0.001.  

 

C. Results: 

HIF-1α Is Elevated in HNSCC Cells and Strongly Induced in Hypoxia 

We and others have noted that the HNSCC cell lines HN12 and HN13 grow well as 

tumor xenografts in immunocompromised mice, while HeLa and HaCaT xenografts are 

not similarly tumorigenic. To characterize the hypoxic responses in HNSCC, we 

electroporated HN12 and 13 cells along with HaCaT and HeLa cells with control DNA, a 

luciferase reporter plasmid containing the wild-type VEGF promoter, which is known to 

be activated in hypoxia, or the plasmid containing a mutated VEGF promoter [133] and 

subjected the cells to a luciferase assay under normoxic and hypoxic conditions 
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overnight. HNSCC cells expressing the wild-type construct exhibited an enhanced 

luciferase response under baseline normoxic conditions and an increase in fluorescence in 

hypoxia compared with HaCaT and HeLa controls (Figure 4.1A). The results of this 

luciferase assay correlated well with the levels of HIF-1α protein observed in an 

immunoblot of lysates of these cells, which showed constitutively high levels of HIF-1α 

even under normoxic conditions in HNSCC cell lines, but not in HaCaT or HeLa cells, 

and a robust increase when the HNSCC cells were subjected to hypoxic conditions 

(Figure 4.1B). Taken together, these results demonstrate that HNSCC cells have an 

enhanced hypoxic response compared with the epithelial cell lines HaCaT and HeLa.  

 

 

 

 

 

 

 
 
Figure 4.1. HNSCC cells exhibit high levels of HIF-1α protein and HIF-1 
transcriptional activity. A, HaCaT, HeLa, HN12, and HN13 cells were electroporated 
with a luciferase reporter plasmid containing a mutated (−) or wild-type (+) VEGF 
promoter, or control DNA (C) and subjected to a luciferase assay measuring fluorescence 
(arbitrary units, AU, normalized with Renilla) following exposure to normal tissue culture 
conditions (normoxia- N) or an atmosphere of 1% oxygen overnight (hypoxia- H). 
Student's t tests were performed comparing HN12 and HN13 expressing the wild-type 
luciferase reporter in normoxia and hypoxia with HaCaT and HeLa under identical 
conditions, and p values calculated (**, p ≤ 0.01). B, immunoblot for HIF-1α (upper 
panel) in the indicated HNSCC cell lines, HaCaT (Ha) and HeLa (He) cells, in normoxia 
or hypoxia. Protein levels are quantified below the immunoblot as a fold-increase relative 
to HaCaT cells in normoxia. Tubulin is used as the loading control (lower panel).  
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Expression of Sema4D Protein and mRNA Are Elevated in HNSCC Cells and 

Strongly Induced in Hypoxia 

We noted that protein levels of Sema4D increased in HNSCC cells along with HIF-1α 

following treatment with CoCl2 (Figure 4.2A), a chemical that mimics conditions of 

hypoxia by blocking VHL-mediated HIF-1α degradation. To see if this was a 

transcriptional effect, we looked at Sema4D mRNA levels in HNSCC when compared 

with the response in HaCaT cells, an immortalized but non-transformed epithelial cell 

line. Similar to the luciferase and immunoblot findings, the level of Sema4D message 

was significantly higher in HN12 cells in normoxia compared with HaCaT cells in both 

RT-PCR (Figure 4.2B, upper panel) and quantitative real-time PCR (RT-qPCR) (Figure 

4.2B, lower panel). There was a greater than 2-fold increase in Sema4D mRNA levels in 

HN12 cells compared with only a slight elevation in HaCaT cells following exposure to 

hypoxic conditions for 24 h.  

 
To determine if Sema4D transcription is regulated by HIF-1α, we wanted to study the 

promoter. The gene for Sema4D is located at 9q22.2-q31, and corresponds to open 

reading frame 164 on the minus (reverse) strand, according to information acquired from 

the Ensembl data base, but the promoter and transcription start site (TSS) have yet to be 

characterized. Available through Ensembl is Eponine, a program that uses “a 

probabilistic method” to predict TSS in mammalian genomic sequences based upon 

recognition of several key elements, including areas of CpG enrichment flanking TATA 

box elements [134]. Using Eponine, a CpG-rich island was identified upstream of 

Sema4D that conforms well to a predicted promoter region (Figure. 4.2C). This region 

contains five potential TSS and four HRE, two of which conform to the entire 10-bp 
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sequence 5′-BRCGTGVBBB-3′ (where B is C, G, or T, R is G or A, and V is A, C, or G) 

(Figure 4.2C, indicated by the red lines labeled 1 and 2) and two that exhibit the 5-bp 

core sequence 5′-RCGTG-3′ (Figure 4.2C, blue lines 3 and 4) [135]. Sema4D is likely 

regulated by numerous factors, and we also discovered one complete AP-1 site following 

the sequence 5′-TGASTCA-3′ (where S is G or C) (Figure 4.2C, purple line). A search 

for other hypoxia and stress related transcription factor sites, such as NF-κB, p53, and 

Egr-1, yielded no results. We then investigated HIF-1α binding to this region by means of 

ChIP analysis. A band was observed in the immunoprecipitated fragments from the first 

two HRE in cells exposed to hypoxic conditions, as well as from the VEGF promoter, 

which was used as the positive control (Figure 4.2D). Taken together, these results show 

that Sema4D expression is regulated by hypoxia in a response that is enhanced in HN12 

cells and occurs at the level of transcription.  
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Figure 4.2. Expression of Sema4D protein and mRNA are elevated in HNSCC cells 
and strongly induced in hypoxia. A, HN12 cells exhibit increasing levels of Sema4D 
(S4D, middle panel) when exposed to the hypoxia-mimetic CoCl2, a response correlated 
with increasing levels of HIF-1α (upper panel). Protein levels are quantified below each 
blot as a fold-increase relative to untreated cells. Tubulin is used as the loading control 
(lower panels).  B, HaCaT cells (left panel) and HN12 (right panel) were cultured under 
normal conditions or hypoxia for 24 h, and total RNA was extracted to detect steady-state 
Sema4D transcripts in a quantitative conventional PCR analysis. Band intensities are 
quantified below each image as a fold-increase relative to untreated HaCaT cells. 
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Housekeeping 18S mRNA was used as a control. The bar graph represents the ratio of 
Sema4D mRNA to 18S mRNA for real time PCR from three independent experiments. 
Student's t tests were performed for HaCaT and HN12 in hypoxia, compared with 
normoxia, and p values calculated (*, p ≤ 0.05; **, p ≤ 0.01).  
C, potential Sema4D promoter region. Predicted TSS within a region of CpG islands are 
indicated by the green lines. The first two HRE present, which conform to the expanded 
sequence 5′-BRCGTGVBBB-3′ (where B is C, G, or T, R is G or A, and V is A, C, or G) 
are numbered 1 and 2 (red lines). Two other HRE, which contain the core sequence 5′-
RCGTG-3′, are numbered 3 and 4 (blue lines). An AP-1 site conforming to the sequence 
5′-TGASTCA-3′ (where S is G or C) is shown in purple. The scale bar at the bottom 
shows the nucleotide number on the reverse strand of chromosome 9. D, ChIP assay. 
Chromatin lysates from HN12 cells exposed to hypoxic conditions were 
immunoprecipitated with anti-HIF-1α antibodies. Purified, fragmented DNA was 
subjected to PCR with a set of primers to HRE 1 and 2 (done together due to their close 
proximity), HRE 3 and HRE 4, as indicated in C, or for the VEGF promoter as a positive 
control (right panel) followed by gel electrophoresis. HIF-1 binding to HRE 1 and 2 is 
observed in HN12 cells exposed to hypoxic conditions. Input represents the PCR 
products from purified DNA fragments alone. Rabbit IgG was used as the negative 
control for HIF-1α immunoprecipitation (IgG). Size markers are shown on the left.  
 

Induction of Sema4D is controlled by HIF-1 

To further determine if elevated levels of Sema4D in normoxia and its induction in 

hypoxia in HNSCC is due to HIF-mediated activation of Sema4D transcription, we 

targeted HIF-1β, the binding partner for all forms of HIF k[136], for knockdown. We 

generated HIF-1β short hairpin (sh) RNA oligonucleotides from sequences acquired from 

Cold Spring Harbor Laboratory RNAi library (RNAi Codex) and confirmed that they 

worked by demonstrating that HNSCC cells infected with lentiviruses manufactured to 

express HIF-1β shRNA exhibited reduced levels of HIF-1β protein in an immunoblot 

(Figure  4.3A, inset). Cells expressing empty vector or a luciferase reporter plasmid with 

a mutated VEGF promoter (as controls) or the wild-type VEGF promoter were control 

infected or infected with lentivirus expressing the functional HIF-1β shRNA construct 

and subjected to a luciferase assay. HIF-1β shRNA successfully eliminated HIF-1 

activity in cells growing in cobalt chloride that were expressing the reporter plasmid with 
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the wild-type VEGF promoter (Figure 4.3A). When HN12 cells infected with lentivirus 

expressing HIF-1β shRNA or controls were exposed to hypoxic conditions (1% oxygen 

in a hypoxia chamber), we observed increases in protein levels of Glut-1, a known HIF-1 

target [137] and Sema4D only in control-infected cells and not in cells expressing HIF-1β 

shRNA (Figure 4.3B). To rule out the contribution of other hypoxia-inducible 

transcription factors and their pathways, such as HIF-2α for example, we transfected 

HN12 cells with a control or HIF-1α siRNA oligos and treated with CoCl2. We observed 

an induction of HIF-1α and Sema4D protein levels in control cells growing in CoCl2 but 

an attenuation of this response and even a slight reduction in Sema4D levels in cells 

transfected with HIF-1α siRNA oligos (Figure 4.3C). These results show that Sema4D 

protein levels are under the control of the HIF-1 transcriptional complex.  
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Figure 4.3. Sema4D protein levels increase in hypoxia in a HIF-1-dependent 
manner. A, HN12 exhibit reduced levels of HIF-1β protein when infected with lentivirus 
coding for shRNA against HIF-1β (inset). Cells expressing control shRNA (HIF-1β 
shRNA: −) or HIF-1β shRNA (HIF-1β shRNA: +) and either control DNA (DNA: C) or 
luciferase reporter plasmids containing the wild-type (DNA: wt) or mutated (DNA: mut) 
VEGF promoter were subjected to growth conditions with (CoCl2: +) or without (CoCl2: 
−) cobalt chloride for 2 h. A luciferase assay was performed with fluorescence (arbitrary 
units, AU) normalized by Renilla. Fluorescence was seen in cells expressing the wild-
type luciferase construct and control shRNA lentivirus growing in CoCl2 but this was 
abolished by functional HIF-1β shRNA. Student's t tests were performed comparing cells 
expressing control or functional HIF-1β shRNA and wild-type reporter in normoxia or 
hypoxia, as shown, and p values calculated (**, p ≤ 0.01; ***, p ≤ 0.001). B, HIF-1β 
shRNA lentivirus-infected HN12 cells and control cells (C) were subjected to hypoxia 
(1% oxygen) for the times indicated and immunoblotted for Sema4D (upper panel) and 
Glut-1 (middle panel). Sema4D and Glut-1 protein levels increase in control cells 
growing in hypoxia, but these responses were lost in cells infected with HIF-1β shRNA-
expressing lentivirus. C, increases in HIF-1α and Sema4D (upper and middle panel, 
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respectively) observed in CoCl2-treated HN12 cells are lost in cells expressing HIF-1α 
siRNA oligos (HIF-1α siRNA) compared with controls (ctrl siRNA). Protein levels are 
quantified below each blot as a fold-increase relative to untreated controls (A) or 
untreated shRNA-expressing cells (B). Tubulin is used as a loading control in all 
immunoblots (lower panels). 
 
 
HIF-1 Stabilization Results in Up-regulation of Sema4D and Promotion of 
Endothelial Cell Chemotaxis in Vitro 
 

To confirm that HIF-1α is responsible for Sema4D induction, we utilized the HIF-1α 

mODD construct [47]. HIF-1α mODD is resistant to VHL-mediated ubiquitination and 

degradation because it lacks the prolyl residues that are targeted for hydroxylation by the 

PHD. When expressed in cells it results in a stable HIF-1 transcriptional complex even in 

normoxia. We expressed a plasmid coding for this mutant and a control plasmid in the 

epithelial cell lines HaCaT and HeLa, which normally demonstrate little to no detectable 

levels of Sema4D protein and do not exhibit a strong hypoxic response. As shown in 

Figure 4.4A, when HIF-1α levels increased due to the effects of the degradation-resistant 

mutant (upper panel), these cells also began expressing high levels of Sema4D protein 

(middle panel). To establish the biological significance of this effect, we looked for the 

ability of the HaCaT cells to serve as chemoattractants for human umbilical vein 

endothelial cells (HUVEC) in a Boyden chamber migration assay. As earlier, we 

observed an increase in Sema4D protein levels in cell lysates as a result of HIF-1α 

mODD expression, but we blocked this increase by infection with lentiviruses expressing 

the Sema4D shRNA construct (Figure 4.4B). When used as chemoattractants in a 

migration assay, we found that cells expressing HIF-1α mODD could now attract 

endothelial cells. However, this effect was partly blocked by infection with Sema4D 
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shRNA-expressing lentivirus (Figure 4.4C). These results establish that HIF-1-mediated 

increases in Sema4D are important for endothelial cell chemotaxis.  

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure  4.4. HIF-1 stabilization results in up-regulation of Sema4D and promotion 
of endothelial cell chemotaxis in vitro. A, HaCaT (Ha) and HeLa (He) cells transfected 
with EGFP or HIF-1α mODD were immunoblotted for Sema4D protein. Cells expressing 
high levels of HIF-1 under normoxic conditions (top panel, HIF-1α) exhibit high levels 
of Sema4D protein in cell lysates (middle panel). Tubulin was used as a loading control 
(lower panel). B, HaCaT cells expressing control DNA (HIF-1α mODD: −) or HIF-1α 
mODD (+) and infected with control lentivirus (Sema4D shRNA: −) or lentivirus coding 
for Sema4D shRNA (+) were immunoblotted for HIF-1α and Sema4D. Cells 
overexpressing HIF-1α (top panel), and hence exhibiting enhanced HIF-1 transcriptional 
activity, show high levels of Sema4D protein in cell lysates (middle panel). This response 
was abrogated in cells infected with Sema4D shRNA-expressing lentivirus. Tubulin was 
used as a loading control (lower panel). C, these cells were used as chemoattractants for 
endothelial cells in a Boyden chamber migration assay. Enhanced endothelial cell 
migration (as determined by pixel intensity of stained cells, PI, y-axis, bottom panel) is 
induced by HIF-1α mODD-expressing HaCaT (HIF-1α mODD), an effect reduced in 
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cells infected with Sema4D shRNA-expressing lentivirus (S4D shRNA, HIF-1α mODD). 
Positive control (pos ctrl) represents migration toward 10% fetal bovine serum. Negative 
control (neg ctrl) is toward 0.1% BSA. Migration toward untransfected HeLa cells 
(untrans) is shown. Student's t tests were performed comparing HIF-1α mODD-
expressing HaCaT with untransfected controls and those also expressing Sema4D 
shRNA, as shown, and p values calculated (**, p ≤ 0.01; ***, p ≤ 0.001). The migration 
assay membrane is shown (top panel).  
 
 
HIF-1-induced Up-regulation of Sema4D Is Responsible for Enhanced Tumor 

Growth and Vascularity in Vivo 

HN6 cells express low levels of Sema4D when compared with other HNSCC lines 

[43] and grow slowly as xenografts in immunocompromised nude mice. Coincidentally, 

they also exhibit attenuated HIF-1α induction in hypoxia compared with HN12 cells 

(Figure 4.5A). To determine whether HIF-1-induced up-regulation of Sema4D has 

biological significance on tumorigenicity in vivo, we engineered HIF-1α mODD and 

Sema4D shRNA lentiviral expression vectors for stable gene transfer into HN6 cells. The 

high infection efficiency of this system [138] enabled us to use mass cultures of infected 

cells, thus avoiding the need to isolate cell clones. While control infected HN6 cells 

exhibit low baseline levels of HIF-1α, and therefore an attenuated hypoxic response, 

infection with the HIF-1α mODD-expressing lentivirus induced increased HIF-1α and 

Sema4D protein levels (Figure 4.5B). Co-infection with Sema4D shRNA-expressing 

lentivirus reduced the levels of Sema4D in these cells, as expected (Figure 4.5B, middle 

panel). Serum-free medium conditioned by these cell populations were used as the 

chemoattractants for HUVEC cells in an in vitro migration assay. Compared with 

migration toward serum-free medium containing 0.1% BSA (negative control), medium 

conditioned by control virus-infected HN6 cells exhibited some chemotactic effects on 

endothelial cells, inducing migration by ~50% probably as a result of production of any 
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number of pro-chemotactic factors. Endothelial cell migration increased when these cells 

were expressing HIF-1α mODD, which would enhance expression and production of 

Sema4D as well as VEGF and other hypoxia-inducible products. However, when co-

infected with lentivirus coding for Sema4D shRNA, migration was reduced to a level 

only slightly higher than controls (Figure 4.5C), stressing the importance of the 

contribution of HIF-1α-induced production of soluble Sema4D by these tumor cells to the 

angiogenic response. When used as xenografts in nude mice, tumors composed of cells 

infected with HIF-1α mODD lentivirus grew much larger and more rapidly than tumors 

from control infected cells (many of which failed to grow at all), but growth was 

attenuated when the HN6 cells were co-infected with the lentivirus coding for Sema4D 

shRNA (Figure 4.5D). The results of tumor volume measurements are shown graphically 

in Figure 4.5E. Immunohistochemical analysis revealed enhanced vascularity in tumors 

composed of cells infected with HIF-1α mODD-expressing lentivirus when compared 

with control tumors or tumors co-infected with HIF-1α mODD and Sema4D shRNA, as 

demonstrated by anti-CD31 staining (Figure 4.5F, left panels). These results, quantified 

in the bar graph (Figure 4.5F, right panel), indicate that HIF-1-mediated up-regulation of 

Sema4D is important for enhanced tumor growth and vascularity.  

 

Figure 4.5. Sema4D knockdown reduces HIF-1α-induced tumor growth and 
vascularity. A, immunoblot shows greater levels of HIF-1α in normoxia and an increase 
in hypoxia in HN12 compared with HN6 (upper panel). Tubulin was used as a loading 
control (bottom panel). B, immunoblot analysis for HIF-1α (top panel) and Sema4D 
(middle panel) in HN6 cells co-infected with control lentiviruses (HIF-1α mODD: −; 
Sema4D shRNA: −), lentivirus coding for HIF-1α mODD (+) and control lentivirus 
(Sema4D shRNA: −), or lentivirus coding for Sema4D shRNA (+) and HIF-1α mODD 
(+). Tubulin was used as a loading control (bottom). C, medium conditioned by HN6 cell 
populations infected with control lentiviruses (HN6), HIF-1α mODD-expressing and 
control lentivirus (HN6, HIF-1α mODD), or Sema4D shRNA and HIF-1α mODD virus 
(HN6, HIF-1α mODD, S4D shRNA) were used as chemoattractants for HUVEC cells in 
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an in vitro migration assay. Migration was scored relative to that seen in negative control 
wells (0.1% BSA, neg ctrl). Student's t tests were performed comparing migration seen in 
medium conditioned by HN6 expressing HIF-1α mODD with control HN6 and those co-
expressing Sema4D shRNA, as shown, and p values calculated (**, p ≤ 0.01).  
D, representative tumors derived from HN6 cells infected with control lentiviruses or 
lentiviruses expressing the HIF-1α mODD construct with or without co-infection with 
virus expressing Sema4D shRNA, shown at the time of harvesting. E, quantification of 
tumor volume results from C from day 7–15 post-engraftment of the three populations of 
cells. Student's t tests were performed, post day 9, comparing growth of HIF-1α mODD-
expressing tumors with those co-expressing Sema4D shRNA, as shown, and p values 
calculated (**, p ≤ 0.01; ***, p ≤ 0.001). F, CD31 stain of frozen sections of tumors 
derived from HNSCC cells infected with control lentiviruses (left panel), HIF-1α mODD-
expressing lentivirus (middle panel), and HIF-1α mODD and Sema4D shRNA 
lentiviruses (HIF-1α mODD, S4D shRNA, right panel). Quantification of the number of 
vessels per 10 high-power fields in CD31-stained xenografts is shown in the bar graph 
(right). Student's t tests were performed, comparing the number of blood vessels from 
tumors expressing HIF-1α mODD to numbers seen in those co-expressing Sema4D 
shRNA, and p values calculated (**, p ≤ 0.01; ***, p ≤ 0.001).  
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Figure 4.5. Continued 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Sema4D and HIF-1 Are Up-regulated in HNSCC and Expressed in the Same Areas 

of Tumor 

If Sema4D is a HIF-1α-inducible gene product, it follows that its expression should 

occur in the same cells and regions of tumor where HIF-1α is stabilized and where HIF-1 

transcriptional activity is elevated. We looked for this phenomenon in vivo by performing 

co-immunofluorescence in HNSCC tumor samples. We co-stained for Glut-1 in order to 

identify areas of hypoxia [137]. We observed Glut-1 expression, and hence stable HIF-1α 

and HIF transcriptional complex activity, scattered throughout the tumor (Figure 4.6A, 

left panel, in red). As expected, we also observed expression of Sema4D (Figure 4.6A, 
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middle panel, in green). The distribution of both proteins correlated well, both in their 

presence (Figure 4.6A, right panel, merged image in yellow) and absence (right panel, 

unstained area indicated by white arrows). Isotype-matched control stains were 

performed and showed that nonspecific staining was not present (Figure 4.6B). Next, we 

performed immunohistochemistry for HIF-1α directly, followed by an analysis of 

Sema4D in serial sections. We observed a correlation between HIF-1 in the nucleus 

(Figure 4.6C, left column) and expression of Sema4D at the cell surface (Figure 4.6C, 

right column). Using this method, we examined large clusters and areas of abundant HIF-

1α expression, such as those indicated in Figure 4.6C, in 50 high power fields (hpf) 

among 5 different HNSCC for co-expression of Sema4D and found a strong correlation 

(Figure 4.6D). These results demonstrate that Sema4D expression occurs in areas of HIF-

1 activity in tumors.  

 
Figure 4.6. Immunofluorescence and immunohistochemistry for Glut-1, Sema4D, 
and HIF-1α in HNSCC. A, Glut-1 expression (Glut-1, red, left column) and Sema4D 
expression (S4D, green, middle panel) occur in the same cells and in the same areas of 
tumor (merge, in yellow, right panel). In areas lacking Glut-1 expression, Sema4D is also 
not expressed (merge, right panel, indicated by white arrows). B, co-
immunofluorescence in HNSCC biopsy specimens for Glut-1 (left) and Sema4D (right). 
Fluorescence in samples processed with the primary antibodies (top row) indicates 
specificity when compared with isotype control antibodies (bottom row). C, 
immunohistochemistry in serial sections of HNSCC biopsy specimens for HIF-1α (left 
column) and Sema4D (right column) demonstrate expression in the same cells and in the 
same areas of tumor. D, 50 hpf from 5 HNSCC exhibiting expression of nuclear HIF-1α 
in immunohistochemistry were examined in serial sections for co-expression of Sema4D. 
34 cases demonstrated very strong Sema4D co-expression (+++) and 11 showed strong 
expression (++). 3 areas weakly expressed Sema4D (+) while 2 areas showing HIF-1α 
had little to no corresponding Sema4D (−). 
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Figure 4.6. Continued 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
D. Disscussion: 
 

A primary effector for adaptation to hypoxia in mammalian cells is the HIF family of 

transcription regulators. These proteins activate the expression of a broad range of genes 
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that alter cell physiology in conditions of low oxygen concentration for the purpose of 

promoting survival. This response, essential for normal development, is usurped by tumor 

cells to stimulate neo-vascularization to meet the metabolic demands of a growing tumor. 

Recent studies suggest that activation of the HIFs is a common consequence of a wide 

variety of mutations underlying human cancer [47]. Indeed, the HNSCC cell lines we 

studied here exhibited high levels of HIF-1α protein, even at baseline, and an enhanced 

activation of a hypoxia response in immunoblots and luciferase assays.  

There are striking similarities between the process of blood vessel branching and 

nerve growth during development [130]. It is now known that proteins involved in 

transmitting axonal guidance cues, such as the plexins and semaphorins, can also play a 

critical role in the regulation of blood vessel growth and development. Sema4D has been 

shown not only to promote angiogenesis, but also to enhance invasive growth in 

malignancies [139] and protect cancer cells against apoptosis [140]. Recent work has 

revealed a correlation between high levels of Sema4D expression in some sarcomas and a 

higher mitotic count, cellularity, Ki-67 labeling index and poorer overall patient 

prognosis [50]. Data suggest that like other pro-angiogenic factors, plexins and 

semaphorins are influenced by changes in oxygen tension [131]. Therefore, we attempted 

to look for a link between hypoxia and Sema4D expression in HNSCC.  

We noted increases in Sema4D protein and message in hypoxia. Using available 

databases and ChIP analysis, we identified potential TSS and the presence of HRE 

upstream of the Sema4D gene that exhibited HIF-1 binding, though a more thorough 

promoter analysis using other techniques such as RACE (rapid amplification of cDNA 

ends) and an informatics approach will be required in the future. We demonstrated that 



88	  
	  

the observed increases in Sema4D levels in hypoxia were dependent upon HIF-1 and 

were biologically significant, as expression of the HIF-1α mODD degradation-resistant 

mutant lead to overexpression of Sema4D even in cells that normally express very little 

protein, and an enhanced ability of cells to act as chemoattractants for endothelial cells in 

a migration assay. When Sema4D levels were reduced with shRNA-expressing 

lentiviruses, this pro-angiogenic phenotype was greatly attenuated, though it should be 

noted not totally blocked. This could be due to functional redundancy for 

Sema4D/Plexin-B1-mediated angiogenesis, which has been observed in a knock-out 

study [141], and the fact that HIF-1α-overexpressing cells still produce other proteins that 

are components of the hypoxia response and could promote angiogenesis, such as VEGF.  

HN6 cells do not express high levels of HIF-1α or Sema4D, induce only a slight pro-

angiogenic response in HUVEC cells in vitro, and do not grow well as subcutaneous 

xenografts in nude mice in vivo. However, we could induce a more pro-angiogenic 

phenotype in HN6 cells by overexpressing the HIF-1α mODD degradation-resistant 

mutant. We show that hypoxia-driven expression of Sema4D is important in endothelial 

cell chemotaxis and tumor development, as this phenotype was attenuated by introduction 

of Sema4D shRNA. Once again, these responses were not totally eliminated. HN6 cells 

expressing both HIF-1α mODD and Sema4D shRNA exhibited an ‘intermediate’ 

phenotype for induction of HUVEC migration, probably due to the continued production 

of VEGF and other pro-angiogenic, pro-survival factors that are part of the HIF-1-

mediated hypoxia response.  

Production of soluble Sema4D from the surface of HNSCC cells, which we have 

previously shown to be induced by cell surface proteases [68], is likely not hindered by 
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hypoxic growth conditions, since we observed HUVEC migration toward medium 

conditioned by HN6 cells and other cell types expressing HIF-1α mODD. In fact, we 

believe soluble Sema4D production may actually be enhanced since many proteases are 

themselves often induced by hypoxia [68], though such a conclusion will warrant further 

studies. Finally, immunofluorescence for Glut-1 and Sema4D in HNSCC tumor biopsy 

specimens demonstrated a strong correlation for these proteins. Immunohistochemical 

analysis of areas of HNSCC showing nuclear HIF-1α, and hence active HIF-1 

transcriptional activity, revealed a correlation with cell surface expression of Sema4D.  

We have previously demonstrated that Sema4D is a critical endothelial 

chemoattractant under normoxic conditions. Here we show that Sema4D is elevated in 

hypoxia and influences tumor growth and vascularity. These results show that the class 

IV semaphorins may be part of the hypoxia adaptive response, which is dysregulated in 

transformed cells and thus could present a new target for anti-angiogenic therapy in the 

treatment of oral cancer.  
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Chapter 5 Conclusion and Perspective Studies 

	  

Semaphorin- plexin interactions recently have been studied in cancer progression. We 

present our data demonstrating the molecular basis for Sema4D and Plexin-B1 in 

promotion of PNI and their role in the regulation of tumor-induced angiogenesis. Our 

findings suggest diverse activities for the semaphorins in different cell and tissue types, 

so further studies will be required to clarify the role of semaphorins in cancer.  

 

1. Perineural invasion; a forgotten metastatic pathway 

Clinical observations have suggested that PNI exhibited by many carcinomas is 

associated with a poor outcome and aggressive behavior [8]. Moreover, it represents a 

distinct third mode of tumor metastasis, along with lymphatic and blood vessel invasion. 

This has raised the question as to why the biological mechanisms of this phenomenon are 

still unknown, and why more researchers aren’t interested in this metastatic pathway. 

Herein we highlighted several reasons: 1) diverse theories have been proposed to explain 

the exact nature of PNI; 2) under reporting errors may occur due to problems with the 

biopsy or other technical issues; 3) no standardized definition of PNI exists among 

pathologists; 4) there are variations in the prognostic significance of PNI clinically; and 

5) a lack of in vitro and in vivo experimental models. While in vitro studies suggests a 

complex signaling interaction between nerve, tumors and stromal cells, the biological 

aspects of PNI need to be further studied [5,39,142]. 

Sema4D and its receptor have been demonstrated to play an important role in 

development of the nervous system as an axon guidance cues. Recently, the key role of 

this protein in tumor progression and metastasis has suggested its involvement in PNI. In 



91	  
	  

our study we show that PNI is a more involved process than just tumor cell chemotaxis 

towards surrounding nerves. PNI likely involves a complex interaction between nerve 

and cancer cells, similar to the signals exchanged between nerves, stromal cells, and 

epithelial cells during development and regeneration in response to injury. The 

semaphorins, plexins and other factors can control the attraction between tumor and 

nerve cells, suggesting the possibility of bidirectional signaling. Further investigations 

into the mechanisms of PNI will lend insight into the biology of tumor-stroma 

interactions and have wide-ranging effects on the ability to control cancers, helping to 

alleviate the pain and significant morbidity associated with neurotropic malignancies. 

This, in turn, will provide a unique opportunity to expose novel targets for cancer 

therapy. 

To better understand the neurotropism of malignant cells and the clinical 

significance of PNI, we will modify a mouse model using a skin-fold chamber, which 

was first developed in 1924 by Sandison [145], to study cancer invasion toward the nerve 

and monitor the process by intravital microscopy [144] (Figure 5.1). This model has been 

widely used in vivo in cancer research for drug testing, angiogenesis, and tumor invasion 

studies. This strategy allows repeated imaging of tumor growth and invasion toward an 

implanted nerve or dorsal root ganglion and visualization of new nerve formation. Using 

this modified model, we will be able to address the mechanism of PNI, neurogenesis and 

related experimental therapies, which will help to design an innovative strategy for the 

control of tumor dissemination and pain in cancer patients possibly through the use of 

neutralizing antibodies or small molecule inhibitors.  
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Figure 5.1. A model of mouse with attached skin-fold chamber. 

 

Other research area we will focus on is the availability of Sema4D. Sema4D is known 

to be expressed on the surface of cells as a homodimer, but it has also been shown to be 

released into the surrounding enviroment through proteolytic cleavage. These forms of 

different semaphorins have been shown to exhibit opposing effects on their target tissues. 

For example, invertebrate transmembrane sema1a is a chemoattractant in axon 

pathfinding in vivo while its soluble form acts as a repulsive factor [109]. Sema4D also 

has been shown to exhibit a dual role. The transmembrane form is known to repel 

growing axons [110] but the soluble, extracellular portion promotes neurite outgrowth in 

PC12 cells and axon outgrowth in DRG [111]. Further investigation is needed to 

understand whether there exist specific receptors for each bound and secreted semaphorin 

and to identify the partners that confer specific responses to each of them. 

 

2. Elucidation of the signaling cascade of Sema4D/Plexin-B1 induced angiogenesis: 

There are many levels of control over Sema4D/Plexin-B1 mediated angiogenesis that 

require further investigation and could serve as prime targets for blocking tumor growth 

and metastasis. Current work has thus far focused on unraveling the complex signaling 

networks regulated by the Plexin-B1 receptor, which initiates a Rho-dependent 
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intracellular tyrosine kinase cascade involving the FAK family kinase Pyk2 [100] and 

PIP5K, as shown in this study. The recent advances outlined here emphasize the crucial 

role of phospholipid signaling and lipid metabolism in the control cell motility and 

migration. PIP5Ks are interesting molecular targets that regulate the concentration of 

PI(4,5)P2, a phospholipid that sits at the heart of the two signaling pathways mediated by 

PI3K and PLC. In the studies presented here, we isolated Plexin-B1 signaling and 

demonstrated Rho/ROK-dependent generation of PI(4,5)P2 upon treatment with 

Sema4D, as well as translocation of PI(4)P5Kα to the cell membrane and co-localization 

of these proteins upon Plexin-B1 activation. Formation of PI(4,5)P2 was necessary for 

cytoskeletal polymerization. Therefore, further understanding of the regulation of PIP5K, 

its interacting partners, and how is translated into changes in PI(4,5)P2 will likely yield 

new and more specific targets for cancer therapy. Interestingly, evidence suggests a 

critical role of other second messengers like calcium [79] and PKC [146] in the control of 

angiogenesis and tumor progression. 

Finally, examination of the role of all these intracellular molecules and signaling 

events of Sema4D will further reveal key signaling pathways critical for endothelial cell 

proliferation, migration, and survival.  

 

3. Hypoxia a potential regulator of Sema4D 

Recent studies suggest hypoxia as an important driving force and master regulator of 

metastasis. The link between hypoxia and the regulation of angiogenesis is an area of 

intense research. We have demonstrated that Sema4D contributed significantly to tumor 

vascularity and growth as part of the HIF-1-mediated adaptive hypoxic response and thus 
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would present a new specific therapeutic target in the treatment of aggressive tumors. In 

our previous studies, we found that Sema4D is released into a soluble form in HNSCC 

cells to induce endothelial cell chemotaxis in vitro and tumor-induced angiogenesis in 

vivo. Of interest, upregulation of membrane type 1- matrix metalloporotinase (MT1-

MMP, also called MMP14), a member of a sub-group of membrane-bound MMPs, was 

seen in HNSCC cells. We demonstrated that Sema4D is a novel target for MT1-MMP, 

which releases soluble Sema4D from these cancer cells to induce endothelial cell 

migration and tumor-induced angiogenesis [68]. Thus, we plan on determining the 

importance of hypoxia-mediated induction of MT1-MMP on the ability of Sema4D to 

induce angiogenesis, since MT1-MMP is necessary for release of Sema4D from the 

tumor cell surface. 

 

4. Other Semaphorin family members 

 We have focused in this dissertation on the current advances concerning a class 4 

semaphorin; however, several other semaphorins appear to function outside the nervous 

system. Further studies are needed to clearly address the roles of the semaphorin family 

members in PNI and tumor-induced angiogenesis. Particularly, Sema4A, which is 

crucially involved in in vitro and in vivo in T cell activation through interactions with 

Tim-2 [147], which has an anti-angiogenic phenotype acting through Plexin-D1 [148]. 

Additionally, many semaphorins that are either produced by tumor cells, in an autocrine 

manner, or by cells in the tumor microenvironment, through a paracrine manner, might 

promote tumor-cell survival, invasion and metastasis, and their expression might be up-

regulated to sustain tumor progression. Therefore, the cellular consequences of 
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semaphorin expression in tumor invasiveness will be studied to create a comprehensive 

body of knowledge of cancer biology known to be influenced by this interesting family of 

proteins, which may be promising targets of cancer therapies. 
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