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ABSTRACT 

The establishment and dissemination of cancers is dependent not only on the 

dysregulation of cell autonomous processes, but also on the ability of tumor cells to 

establish an adequate blood supply in their host environment (neoangiogenesis) and 

escape local tissue constraints (metastasis).  The key proteins that mediate each of these 

processes are highly sought after as potential therapeutic targets.  Annexin AII (AII) is a 

cellular protein that plays a critical role in multiple cancer relevant processes such as 

metastasis, angiogenesis, and mitogenic signal transduction.  Studies have correlated 

elevated levels of AII with aggressive tumors.  However, the multiple roles of AII have 

made it difficult to define specific mechanisms by which the protein can contribute to a 

malignant phenotype.  Using a cell-based reporter assay, we have identified Withaferin A 

(WA) from Withania somnifera, a plant with medicinal uses that date back to over 3,000 

years in Ayurvedic medicine, as a small molecule natural product that interacts with the 

AII protein.  Work in our laboratory has shown that WA disrupts F-actin organization via 

a covalent interaction with AII that results in concentration-dependent cytotoxicity and 

marked anti-invasive activity in tumor cells.  We also determined the effects of WA on 

AII-dependent endothelial cell plasmin generation and network formation.  In vivo mouse 

xenograft models utilizing WA against Ewing’s sarcoma were performed to further 

characterize the anti-tumor activity of WA.  Our findings indicate that WA is a potent 

anti-tumor agent, resulting in decreased endothelial cell plasmin generation, tumor 

growth inhibition and reduced blood vessel formation both in vitro and in vivo.   

 



 15 

The potent anti-tumor activity of WA suggests that AII represents a previously 

unexploited target for therapeutic intervention by small molecule drugs. Our in vitro 

findings and animal studies indicate that WA therapy has potent anti-tumor effects and 

supports the notion of WA serving as lead for the synthesis of new compounds that target 

AII function.  Furthermore, as a small molecule modulator of AII function, WA provides 

a tool to study the complex cellular functions of AII.   
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I. INTRODUCTION 

Drug Discovery 

 
 Natural Product-Based Anticancer Agents 
 
Cancer is the second leading cause of death worldwide. There is thus great interest in 

discovering novel and effective treatment modalities that include chemotherapy, 

hormonal antagonists, surgery, radiation therapy, and complementary or alterative 

medicines, used alone or in combination.  Natural products have been the most 

significant source of drugs and drug leads in the history of modern and ancient medicine.  

Natural products have been a source of medicinal treatments for thousands of years and 

even today play a major role in the health care of greater than 80% of the world’s 

population (1).  Their dominant role in cancer chemotherapeutics is clear with 

approximately 74% of anticancer compounds being either natural products, or 

compounds derived from natural products.  Many of these agents can be classified into 

mechanistic classes e.g. alkylating agents, antioxidiants, DNA intercalators, antifolates, 

tubulin binders and topoisomerase inhibitors (2).   Nature has provided many effective 

anticancer agents that are currently in use, including drugs of microbial origin such as 

Doxorubicin, Dactinomycin, Bleomycin and a number of plant-derived drugs.  A great 

number of plant derived anticancer compounds have been approved by United States 

Food and Drug Administration (FDA) (3).  Examples of such drugs are Taxol® 

(Paclitaxel), Taxotere (Docetaxel), Vincristine, Navelbine, Etoposide, Teniposide, 

Topotecan and Irinotecan.  The search for novel bioactive compounds from natural 

sources continues with botanists, marine biologists and microbiologists teaming up with 
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chemists, pharmacologists, toxicologists and clinicians.  For over 50 years, the National 

Cancer Institute (NCI) has been engaged in providing services for the preclinical 

screening of compounds and materials, which includes extracts from natural sources.  

More than 400,000 chemicals, both synthetic and natural have been screened for 

anticancer activity, including over 180,000 microbial derived and 114,000 plant-derived 

extracts (4).  Between 1990 and 1996 alone, approximately twenty anticancer agents, 

which are either pure natural products or semi-synthetic modifications of a natural 

product, have been approved for marketing.  These include: Bicalutamide (1995), 

Bisantrene (1990), Cytarabine ocfosfate (1993), Docetaxel / Taxotere (1995), Formestane 

(1993), Fludarabine phosphate (1991), Gemcitabine (1995), Idarubicin (1990), Irinotecan 

(1994), Miltefosine (1993), Paclitaxel/Taxol (1993), Pegaspargase (1994), Pentostatin 

(1992), Porfimer sodium (1993), Raltitrexed (1996), Sobuzoxane (1994), Topotecan 

(1996), Zinostatin Stimalamer (1994).  Additionally, natural products currently 

undergoing clinical investigation include: Dolastatin, isolated from the sea hare, 

Dollabella auricularia, found in the Comoros Islands (phase I and II clinical trials); 

Ecteinascidin, isolated from a tunicate, Ecteinascidia turbinata, collected in the 

Caribbean, (phase I and II clinical trials in Europe); Bryostatin, isolated from the 

bryozoan, Bugula neritina, collected off the coast of California, (phase I and II clinical 

trials);  Halichondrin B, isolated from the sponge, Lissodendoryx species, found in New 

Zealand (preclinical development); Rebeccamycin analog (phase I and II clinical trials) 

for several types of cancer, including lymphomas and neuroblastoma; COL-3 (a 

tetracycline analog) in phase I and II clinical trials for advanced solid tumors; Bizelesin 
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(a CC1065 analog) in phase I clinical trials for patients with advanced cancers; UCN-01 

(a staurosporine analog) in phase I clinical trials for hematologic cancers and advanced 

solid tumors;  KRN5500 (a spicamycin analog) is in phase I clinical trials for solid 

tumors; and 17-AAG (17 Allylamino-17-desmethoxy-geldanamycin) is in phase I and II 

clinical trials (4).  This list is by no means complete, but provides an example of the 

success associated with the discovery and characterization of natural product based 

anticancer agents.   

 

In the identification and development of new small molecule natural products, several 

issues need to be addressed, including improved and sustained anti-tumor efficacy, 

reduction of toxicities, and prevention of drug resistance caused by the inherent genomic 

instability of tumors.  Advances in molecular biology now allow us to identify genes that 

go awry in cancer, and offer the opportunity to dissect the molecular mechanisms 

underlying the disease.  Alterations in the function of proto-oncogenes such as EGFR, 

src, abl, ras, myc, myb, mos, and raf are known to promote tumorigenesis and tumor 

growth. The key is to ascertain which pathways to target in the areas of signal 

transduction, cell cycle regulation, apoptosis, telomere biology, cytoskeletal dynamics, 

migration, invasion and/or angiogenesis.  The proto-oncogenes mentioned above often 

highlight the choice of targets for novel anticancer strategies, although the potential for 

undiscovered cellular targets remains a viable and exciting avenue for drug discovery. 

 

The biodiversity of nature provides a resource of unlimited structural variety for the 
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identification of new therapeutic agents by drug discovery programs.  However, many 

sources of natural products remain largely untapped. Technology is gradually 

overcoming the traditional difficulties encountered in natural products research by 

improving access to biodiverse resources, and making possible the evaluation of samples 

by high throughput procedures.  Although predicting the activity of compounds from 

such a huge variety of organisms remains challenging, plant, animal and microbial 

species may be selected on the basis of potentially useful phytochemical composition by 

consulting ethnopharmacological, chemosystematic, and ecological information. Their 

rich structural and stereochemical characteristics make natural products a valuable 

template for exploring novel molecular diversity with the aim of synthesizing lead 

generation libraries with greater biological relevance. By tapping into the the plethora of 

natural products produced in the world, we can ensure an ample variety of starting 

materials for screening against the multitude of potentially "druggable" targets uncovered 

by genomic technologies. 

 

 Screening for Novel Natural Product Anticancer Agents 

 

Plant-based medicines have often found important roles in the treatment of cancer. The 

mechanisms of interaction between many phytochemicals and cancer cells are being 

studied extensively (5).  Advances in molecular biology have allowed for the 

development of mechanism-based receptor screens to probe interactions between 

macromolecular structures (proteins, DNA and membrane structures) and find small 
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natural product molecules as potential drug candidates in cancer chemotherapy.   

Bioactive small molecules that are permeable to cellular membranes and bind to cognate 

target proteins can exert phenotypic changes in the treated cells/organisms.  Functional 

target proteins of these small molecules can then be successfully identified by affinity-, 

genetics- and genomics-based techniques.  The specific molecular interactions of small 

molecules with target proteins can be defined to decipher the mode of actions of small 

molecules and develop better drugs based on their structure-activity relationships.  Based 

on these concepts, our laboratory has applied bioassay-guided fractionation to identify 

new small molecules and protein targets that play a role in or modulate the heat shock 

response, with the goal of identifying both new targets and compounds with which to 

modulate them in the treatment of cancer. 

 

The heat shock response is a complex and multilayered process that occurs in cells 

exposed to a variety of proteotoxic insults.  In their role as molecular chaperones, heat 

shock proteins are recruited to promote survival and maintain homeostasis within the 

stressed cell.  Heat shock proteins also play a critical role in the normal physiology of the 

cell, guiding the folding, assembly, disposition and turnover of structural and regulatory 

proteins (reviewed in (6)). The heat shock response represents a conserved evolutionary 

adaptation that restores a normal protein folding environment and enhances cell survival 

in tissues under stress, whether the stress is environmental hyperthermia, ischemia in a 

poorly perfused organ such as the brain or heart, or the acidotic, nutrient-deprived 

conditions within a tumor (7).  Within a tumor, heat shock protein function is 
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significantly increased in response to poor physiological conditions.   Because heat shock 

proteins play an important role in the pathophysiology of many diseases, pharmacologic 

modulation of the heat shock response has therapeutic implications that are just beginning 

to be studied.   

 

Several novel small molecule natural products that induce the heat shock response have 

been identified in our laboratory using a bioassay-guided approach to identify novel and 

potent anticancer agents from a collection of plants from the deserts of Negev, Israel and 

the Sonoran Desert of the Southwestern United States.  This bioassay exploits the 

processes involved in the heat shock response and has been utilized to identify small 

molecule natural products with potent anticancer activity as described previously (8, 9).  

Using this assay, we are able to phenotypically monitor the cellular heat shock response 

via a moderate throughput screening method.  This procedure utilizes a plasmid vector 

encoding enhanced green fluorescent protein (EGFP) under the control of a minimal heat 

shock response element derived from the promoter region of the human Hsp70B gene 

(pY9, gift of T. Tsang, University of Arizona) stably expressed in NIH/3T3 mouse 

fibroblasts.  These reporter cells produce a robust and readily detectable response to 

agents that modulate the heat shock response.  In the course of this screening program, 

we encountered a class of steroidal lactones known as withanolides, including Withaferin 

A (WA).  These compounds produced a profound cellular heat shock response at low 

micromolar concentrations.  Such activity was intriguing, because the use of extracts 

from plants that elaborate withanolides dates back over 3,000 years in the Ayurvedic 
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medical tradition of India where they have been used as a tonic with purported anti-stress, 

adaptogenic and anticancer properties (10).  In addition to the robust heat shock response 

induced by WA, potent cytoxicity and marked morphologic changes were also induced 

by WA exposure.  Numerous withanolides have been identified over the years, primarily 

on the basis of cytotoxicity, but their mechanism(s) of action have remained elusive 

despite extensive biological characterization (11).  Given the potent activity of the 

withanolides in our screening program, I sought to identify directly the cellular target(s) 

of WA and characterize its anticancer activity. 

 

 Medicinal History of Withaferin A 

 

Withaferin A (WA) is a small molecule natural product that is part of a larger group of 

compounds known as withanolides.  Withanolides comprise a group of C28 steroidal 

lactones elaborated by a variety of solanaceous plants, especially Withania somnifera 

(12).  The use of extracts from this plant date back to over 3,000 years in the Ayurvedic 

medicinal tradition, where preparations of dried root powder are called ashwagandha.  

The plant grows readily in poor soils and semi-arid habitats throughout the world.  The 

primary bioactive components of ashwagandha include tetracyclic terpenoids, alkaloids, 

and the withanolides.  Ecologically, withanolides appear to function as feeding deterrents 

and insecticides.  Interestingly, plants that express these withanolides also have extensive 

use as folk remedies, traditionally being utilized as a general tonic to increase energy, 

reduce stress, improve overall health and longevity and prevent disease in the elderly.  In 
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modern times, cell culture and animal model experiments have shown that preparations 

from Withania somnifera possess antimicrobial (13), anti-inflammatory (14), 

immunomodulatory (15, 16), cardioprotective (17), antioxidant (16, 18), anti-angiogenic 

(18-20), cholinergic (21, 22) and anti-tumor activities (23-26).  Much of this information 

has been summarized in recent reviews (10, 11).  No human clinical trials involving the 

use of preparations from Withania somnifera or its constituents have been documented, 

although several small studies using human subjects have been reported (27-29).  

Although no pharmacokinetic data are available, Ashwangandha appears to have a 

relatively low toxicity profile based on a small human study (30) and a variety of 

toxicology studies in mice (31-36).  Ashwangandha is currently regulated in the U.S. and 

Europe as a dietary supplement with recommended indications for arthritis, anxiety, 

insomnia and stress (37).   

  

 Anticancer Activity of Withaferin A 

 

The anticancer activity of WA has been studied for over 40 years, since Kupchan first 

reported the tumor inhibitory activity of the compound in 1965 (38, 39).  Work by 

Shohat, et. al. confirmed the significant anti-tumor activity of WA against several 

transplantable mouse tumors grown either as ascites or subcutaneous xenografts (40-42).  

These studies also found that WA rendered cured mice refractory to re-challenge with the 

same tumor possibly due to induction of an anti-tumor immune response.  Studies have 

also found that the anti-tumor activity of WA can be greatly enhanced in combination 
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with radiation therapy (43-45).  In tissue culture experiments, exposure to WA has been 

shown to induce a metaphase arrest in several human and mouse cell lines by an 

unknown mechanism (46-48).  More recent characterization by the NCI’s Developmental 

Therapeutics Program has reported a mean 50% Growth Inhibitory Concentration (GI50) 

of 0.62 µM for WA (NSC 101088) against a panel of 60 human cancer cell lines.   Also, 

potent anti-angiogenic activity for WA has been recently reported (20, 49).  Yokoto, et. 

al. have confirmed our earlier findings and shown that a biotinylated derivative of WA 

retained biological activity and interacted with several potential protein targets (49).  In 

addition, several close structural analogs of WA have been shown to modulate NF-κB 

activity (50).  The implications of known structure-activity relationships are discussed in 

Chapter V.   Preparations from the plant Withania somnifera have been used extensively 

as a folk remedy and decades of laboratory research have been dedicated to isolating, 

identifying and characterizing the active components.  Despite the large amounts of 

published data on the anticancer activity of WA, its mechanism(s) of action has remained 

obscure.  In this dissertation, I show that WA bestows an aberrant gain of function onto 

the cellular protein Annexin II (AII), resulting in hyper-bundling of F-actin and 

cytotoxicity.  My findings indicate that WA can modulate many of the functions and 

cellular processes attributed to AII, including actin microfilament bundling and plasmin 

generation and that modulation of AII function with WA can have inhibitory effects on 

tumor cell motility, viability and growth.         
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Annexin II: A Multi-functional Adaptor Protein 

 

 Overview of Annexins  

 

Annexins are a family of widely distributed, phospholipid-binding peripheral membrane 

proteins.  To date, approximately 20 annexins have been characterized at the molecular 

level.  Twelve of these are distinct gene products in vertebrate systems (51, 52).  The rest 

are found in the other eukaryotes including Drosophila melanogaster, Xenopus laevis, 

Dictyostelium discoideum, Hydra vulgaris, Caenorhabditis elegans, and Giardia lamblia, 

and in many plants.  Many members of the annexin family of proteins possess similarities 

in structure, subcellular localization, and biochemical properties, suggesting that they 

may possess partially redundant functions and explain the subtle phenotypes observed in 

some recent knockout models (53-56).  Annexins are characterized by a canonical core 

domain which is responsible for the calcium-dependent binding of the annexins to 

membranes.  The annexin core domain consists of four so-called annexin repeats (8 in the 

case of Annexin VI), each of which is 70 residues in length.  The annexin repeats are 

highly α-helical and result in the formation of a convex surface which accommodates the 

membrane and Ca2+ binding sites and a concave side that faces away from the membrane 

and is available for other interactions.   Preceding the core domain of all annexins is the 

N-terminal region.  This region is highly variable in sequence and length, and appears to 

be involved in regulating membrane and protein-protein interactions.  The annexins have 

been implicated in a multitude of intra-cellular and extracellular processes, including 
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Ca2+-regulated membrane-membrane and membrane-cytoskeletal linkers, exocytotic and 

endocytotic events, RNA-binding, choline binding, transmembrane ion transport, and cell 

signaling events (53, 57-65).  To date, no human diseases have been described in which a 

mutation in an annexin gene was the primary cause.  However, mounting evidence 

suggests that through changes in localization, expression, or biochemical properties, 

annexins may contribute to the pathophysiology of several disease phenotypes (66-70).  

For example, dysregulation of annexins has been shown to contribute to the pathology of 

heart diseases, coagulopathies, autoimmune diseases, clotting disorders and cancer (71).  

Because of their wide tissue distribution and multifunctional potential, many questions 

about the annexins still remain unanswered.  

 

 Structure and Function of AII  

 

The human AII gene is located on the long arm of chromosome 15 (15q21), spans 40 kb, 

and contains 13 exons (72).  The 5' untranslated leader sequence contains a canonical 

TATA box, three putative binding sites for the transcription factor SP-1, and a consensus 

sequence for the binding of transcription factor AP-1.  The protein consists of a short tail 

domain (Ser2-Asn32) and a hydrophilic core domain (Phe33-Asp339) (73).  The core 

domain exhibits 39-61% amino acid sequence identity with other members of the annexin 

family which are expressed in humans (I-VIII, XI, XIII) while the tail domain displays 

only 3-25% identity.  The core domain possesses two annexin fold regions and non-

annexin type calcium binding sites defined by loops connecting helices D and E (74).  
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The differences in the tail domain are thought to confer distinctive functions upon each 

annexin.  The tail domain of AII bears phosphorylation sites for protein kinase C (Ser 25) 

(75, 76), pp60v-src kinase (Tyr 23) (77) and the PDGF receptor (Tyr 23) (78).  Other post-

translation modifications, such as acetylation, appear to have little effect on AII function 

and/or have not been well studied (79).  The protein structure of AII is nearly completely 

α-helical and is organized as four compact domains which consist of five α-helical 

domains (Figure 1) (74).  These α-helical domains surround a hydrophobic core which is 

believed to be the site of AII interaction with various non-lipid and lipid ligands.  

  

 Diverse Cellular Roles of AII  

 

Some global observations concerning AII may provide clues to its function.  Its 

expression is developmentally regulated (80, 81) and has been studied in the development 

of the avian limb and heart (82), in the rat and human fetal brain (83) and in osteoclast 

differentiation (84).  AII is abundantly expressed in the adult cardiovascular system, 

respiratory system, renal system, small intestine, bone marrow, endothelial cells and 

other organ systems (73, 85).  An x-ray crystallographic study of the AII tail peptide and 

its regulatory binding partner, p11, indicates that AII exists as a heterotetramer with p11 

(a.k.a. annexin light chain) in a tight hydrophobic complex (74, 86).  The p11 protein, 

also know as S100A10, is a member of the S100 family of Ca2+-binding proteins and is 

often found as a dimeric complex composed of two 11 kDa subunits. Typically, S100A10 

is found in most cells bound to AII in a heterotetrameric (S100A10)2(AII)2 complex 
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Figure 1.  Ribbon plot of AII.   
 
Cysteines 133-262 are indicated by yellow spheres. The calcium ions are indicated as red 

spheres and marked by Ca4, Ca2, Ca5 and Ca3 from right to left. Figure adapted from 

(74). 
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 annexin II tetramer (AIIt) (73).  Some crystallographic interpretations postulate that the 

complex could even exist as a hetero-octamer which may potentially act as a membrane 

ion channel (74).   

 

The functional versatility of AII is consistent with its presence in various locations both 

intra- and extracellularly.  Biochemically, AIIt is best known as a soluble, hydrophilic 

protein that binds to negatively charged phospholipids in a Ca2+-dependent manner, 

resulting in the aggregation of phospholipid-containing liposomes (87-89).  This binding 

is reversible, and removal of Ca2+ by Ca2+-chelating agents leads to  liberation of AII 

from the phospholipid matrix.  The interaction of AIIt with negatively charged 

phospholipids observed in vitro is thought to reflect in a more physiological scenario the 

binding to cellular membranes, in particular, the cytosolic leaflets of the plasma 

membrane and various organelle membranes.  This canonical annexin property is retained 

within the annexin cores of AII, with the conserved annexin domains most likely 

representing building blocks designed for peripheral membrane association.  Although 

Ca2+-dependent phospholipid binding is shared by all annexins, AII interacts with 

phospholipid headgroups at physiologic Ca2+ levels, while many other annexins do not.   

There is strong evidence to support a role for AII in membrane interactions, both in the 

secretory pathway (57, 90-93) and endocytic pathway, where it has been shown to 

associate with early endosomes (94-97).  AII has also been found on phagosomes (98) 

and actin-propelled pinosomes (99) via an interaction with phosphatidylinositol 

4,5,bisphosphate (53, 100).  Disruption of AIIt function, either by expression of a 
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dominant-negative mutant or by RNA interference, leads to perturbations in endocytic 

and secretory pathways (93, 101, 102).  Intracellular AIIt has also been implicated in the 

secretory pathway of adrenal chromaffin cells where it is found closely associated with 

chromaffin granules as they attach to the plasma membranes (73).  The co-localization of 

AII and caveolae (103) suggests that AII may participate in important signaling cascades 

as well as aid in endo- and exocytic processes; this mechanism may relate to its 

translocation to the cell surface (see below).   

 

Intracellular AIIt has also been shown to play an important role in filamentous actin 

cytoskeletal remodeling (79, 104-109).  The actin cytoskeleton is responsible for forming 

many of the dynamic cellular structures that are required for cell motility, contractility, 

intracellular transport and maintenance of morphology (105, 110).  However, actin 

cannot perform these various functions without the assistance of accessory proteins (111).  

Numerous actin-binding proteins control actin filament polymerization, filament 

bundling, cross-linking of actin filaments to one another, and the cross-linking of actin 

filaments to other cellular components.  The majority of cellular actin filaments are 

present as higher order cross-linked structures.  One class of actin filament cross-linkers, 

known as gel-forming proteins, creates a loose three-dimensional filament meshwork, 

whereas another class, called bundling proteins, arranges filaments into tightly packed 

parallel arrays.  Several bundling proteins have been described including α-actinin, villin, 

fimbrin and AIIt (111, 112).  Numerous studies have shown that several members of the 

annexin family have the ability to bind F-actin in a Ca2+-dependent manner, but only the 
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AIIt can induce significant actin filament bundling in vitro (53).  Extensive in vitro 

studies have shown that AIIt has the necessary biochemical properties to be involved in 

modulating the actin cytoskeleton (105).  For instance, AIIt has been shown to be 

associated with and necessary for the formation of actin-rich tight junctions (113), and 

has been proposed to regulate cell–cell contacts through formation of complexes with 

Rac1/p21-associated kinase and cadherin (114).Also, in whole cells, AIIt appears to 

associate with actin bundles in stress-fibers and microvilli (3, 115).  The ability of AIIt to 

bind and bundle polymerized actin in the presence of physiologically relevant levels of 

calcium in vitro is well established, and an F-actin-binding domain has been assigned to 

its C-terminus (105, 106).    Interestingly, other annexins with this conserved C-terminus 

do not exhibit actin-bundling activity, suggesting other factors may be involved in the 

ability of AIIt to interact with F-actin.   

 

AIIt is frequently associated with dynamic membrane-cytoskeletal structures.  Indeed, 

one of the most studied and well understood sites of AIIt-actin interactions is at the inner 

leaflet of the plasma membrane.  For example, in smooth muscle cell membranes, the 

organization of raft (referring to glycosphingolipid- and cholesterol-rich membrane areas 

resistant to extraction with Triton X-100 in the cold) and non-raft (glycerophospholipid-

rich) microdomains is regulated by AIIt.  AIIt associates with rafts and appears to 

mediate interactions with the cytoskeleton (116, 117).  Other structures providing 

examples of recruitment of AIIt to actin-associated membrane areas are: endothelial 

adherens junctions, which recruit AIIt, together with the Shp2 tyrosine phosphatase, in a 
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cholesterol-dependent manner; epithelial adherens junctions, at which AIIt associates 

with Rac1-containing complexes; and the adhesion molecule carcinoembryonic antigen 

cell adhesion molecule-1 (CEACAM-1) (114, 118, 119).  In polarizing epithelial cells, 

AIIt is targeted to actin-rich apical junctions, where it functions in a complex with the 

large actin-binding protein desmoyokin in organizing the cortical actin cytoskeleton 

during polarization (120).  Moreover, AIIt localizes to highly dynamic membrane 

domains that serve as F-actin assembly platforms.  These include attachment sites for 

noninvasive enteropathogenic Escherichia coli (EPEC), which manipulate the host cell 

cytoskeleton to form actin-rich pedestals underneath the adherent bacteria, and the 

membrane-F-actin interfaces of motile pinosomes, which assemble actin comet tails for 

intracellular movement (99, 121, 122).  In the latter case, expression of a dominant-

negative AII mutant abolishes the formation of motile pinosomes, providing strong 

evidence for a role of AII in mediating actin assembly at certain membrane sites (99). 

 

Intracellular AII has been implicated in controlling or regulating cellular proliferation and 

differentiation.  These processes may be linked to the ability of AII to be phosphorylated 

by a variety of key cellular kinases including protein kinase C and pp60v-src kinase.  Its 

tyrosine phosphorylation has been shown to follow activation of the insulin receptor, 

epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor 

(PDGFR) (61, 123, 124).  However, the role of the post-translational modifications 

remains unclear. 
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The role of extracellular AIIt function has also been investigated.  Although it lacks a 

classical signal peptide, AII is constitutively translocated to the cell surface within 16 

hours of its biosynthesis where it appears to constitute ~5% of the total cellular pool of 

the protein (125).  AII has been found on the surface of many cell types including 

endothelial cells (125), lymphoma cells (126), several epithelial tumors (71), and cell 

lines derived from macrophages (127).  In addition, AII has been shown to bind to the 

extracellular matrix proteins tenascin-C and collagen I (128-131).  The interaction of AII 

with these extracellular matrix components suggests AII may aid in initiating migration 

through the extracellular matrix.  

 

Extracellular AII has also been shown to interact with several proteases.  For example, 

Mai et. al., have demonstrated that procathepsin B interacts with the annexin II 

heterotetramer (AIIt) on the surface of tumor cells (126, 132).  In addition, AIIt has been 

reported to serve as a profibrinolytic co-receptor for both plasminogen and tissue 

plasminogen activator (tPA) on the surface of various cells types and facilitates the 

generation of plasmin (133).  Tissue plasminogen activator (t-PA) and plasminogen bind 

to the extracellular AIIt “receptor,” thereby stimulating plasminogen autoproteolysis and 

providing a highly localized transient pulse of plasmin activity at the cell surface (134, 

135).    Although the exact mechanism of AIIt function in the profibrinolytic pathway 

remains controversial, it appears that both components of the heterotetramer (AII and 

p11) are necessary for plasminogen activation (55, 136).  Plasmin plays an important role 

in vascular thrombolysis as well as other biological processes that require migration such 
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as angiogenesis, inflammatory reactions, tissue remodeling, and tumor progression (55, 

136, 137).  In addition to its role in thrombolysis and extracellular matrix (ECM) 

degradation, plasmin has a regulatory function in the activation of other ECM-degrading 

proteases and, in particular, the matrix metalloproteases (MMPs), a family of Zn2+-

dependent endopeptidases. Plasmin proteolytically activates the precursor forms of 

collagenase (MMP-1), stromelysin (MMP-3), and gelatinase B (MMP-9).  Plasmin-

mediated proteolytic activation of metalloproteinases is thought to be a critical step in the 

process of angiogenesis and metastasis (138).  Given the many interactions of AII with 

the extracellular matrix and several proteases it appears that AII may facilitate the 

activation of precursor forms of proteases and initiate proteolytic cascades (such as the 

fibrinolytic cascade) as well as contribute to the selective degradation of extracellular 

matrix proteins for cellular migration and invasion. 

 

 The Role of AII in Malignant Progression 

 

Defining characteristics of malignancy include the ability to escape the constraints 

imposed by neighboring cells, invade the surrounding tissue and metastasize to distant 

sites (139-141).  Tumor progression (including both metstastasis and angiogenesis) 

requires destruction of the extracellular matrix during local invasion (142).  These 

processes are mediated by multiple degradative activities in an enzymatic cascade (143) 

as well as expression and modification of specialized cytoskeletal structures and adhesion 

molecules which aid in cellular movement (144, 145).  Members of all five classes of 
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endopeptidases (matrix metalloproteinases, serine proteases, aspartic proteases, threonine 

proteases, and cysteine proteases) have been implicated in the progression of animal and 

human tumors (146-152).  These enzymes can act directly by degrading extracellular 

matrix or indirectly by activating other proteases which will then degrade the 

extracellular matrix.  Local proteolysis is primarily facilitated by proteases outside the 

tumor cell, some of which are bound to the cell surface.  These include urokinase 

plasminogen activator (uPA) bound to its receptor (uPAR) (153), tissue-type 

plasminogen activator (tPA) and plasminogen also bound to cell surface receptors (154), 

MT-MMPs, the transmembrane matrix metalloproteinases (155), and other cysteine 

proteases such as the cathepsin family (132, 152).  Latent precursor forms of membrane-

associated proteases can be activated by soluble proteases, such as proteolytic activation 

of MT-MMP type 1 by human plasmin (156) and secreted precursors can be activated by 

membrane-associated proteases, such as activation of receptor bound pro-urokinase by 

membrane assosociated cathepsin B (157).  Evidence has accumulated indicating that a 

variety of proteases on the tumor cell surface play critical roles in malignant progression, 

yet exactly how extracellular proteolysis is regulated remains in question.   

 

In addition to the actions of proteases, growing evidence connects specialized subcellular 

structures, invadopodia, to cancer invasion and metastasis (158).  Invadopodia, or 

invasive foot processes, are actin-rich protrusions that localize matrix-degrading activity 

to cell-substratum contact points and represent sites where cell signaling, proteolytic, 

adhesive, cytoskeletal, and membrane trafficking pathways physically converge.  
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Understanding how invadopodia form and function should aid in the identification of 

novel targets for anti-invasive therapy. 

 

Studies characterizing the activity of AII show that it is linked to tumorigenicity and may 

play a key role in many of the processes described above.  AII is a growth-regulated gene 

in mammalian cells (159).  AII overexpression has been described in many primary 

cancer cells (160-168).  Overexpression of AII mRNA and protein has been observed in 

human pancreatic cancer and pancreatic cancer-derived cell lines, multi-drug-resistant 

small cell lung cancer, high grade gliomas, human hepatocellular carcinoma, renal cell 

carcinoma, breast carcinoma and lymphoma cell lines.  Reeves et al. reported that AII 

expression is readily detectable in glioblastoma multiforme tumors, although it is not 

expressed in normal adult central nervous systems (CNS) (83).  Due to a high amount of 

AII found in glioma cells correlating with increasing malignancy, AII was proposed to 

serve as a histological marker for high-grade glial tumors (166).  More recent studies 

with glial tumors indicate a role for AII in migration and invasion.  Tatenhorst et. al., 

showed that silencing endogenous AII with RNA interference (RNAi) reduced the 

migration, adhesion and proliferation of the human glioma cell lines U87MG and 

U373MG (169).   In gastric cancer samples, its overexpression correlates with poor 

prognosis (162).  Similarly, AII has also been shown to be highly abundant in human 

hepatocellular carcinoma, yet not in normal human liver, human fetal tissue or 

regenerating rat liver after injury (170).   
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The serine proteinase plasmin is one of the key proteinases that participate in the 

pericellular proteolysis associated with the invasive program of tumor cells.  The 

assembly of plasminogen and tissue plasminogen activator at the endothelial cell surface 

indicates that plasmin is also required for endothelial cell migration and angiogenesis.   

Indeed, studies by Bajou et. al. demonstrated that plasminogen gene-deficient mice 

(PLG−/−) display inhibition of tumor invasion, lymph node metastasis, and angiogenesis 

(171).  This report provides strong evidence that plasmin plays a critical role in 

angiogenesis, tumor growth, and metastasis.  The AIIt binds tPA and plasminogen 

resulting in the stimulation of tPA-dependent plasmin production.  Plasmin binding to the 

AIIt stimulates plasminogen autoproteolysis thereby providing a highly localized 

transient pulse of plasmin activity at the cell surface.  The binding of tPA and plasmin to 

AIIt protects against the activity of physiological inhibitors of plasmin generation, such 

as PAI-1 and α2-antiplasmin (134).  AIIt also co-localizes plasminogen with the uPA-

uPAR complex thereby localizing and stimulating uPA-dependent plasmin formation to 

the surface of cancer cells (134).  Furthermore, knockout studies of AII in mice resulted 

in a substantial decrease in plasmin generation as well as a marked reduction of 

neovascularization (55).  Previous studies have also found that blocking expression of the 

AII light chain (S100A10) in cancer cells results in a significant loss of plasmin 

generation (172).  In addition, AII light chain knock-down cells demonstrated a dramatic 

loss in extracellular matrix degradation and invasiveness as well as reduced metastasis 

(172).  The presence of AII on the surface of cell types including monocytic cell lines, 

endothelial cells and different cancer cells may contribute to their invasive potential 
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through extracellular matrix either by generation of plasmin or, by plasmin-mediated 

proteolytic activation of other metalloproteinases (134, 135).  This dissolution of 

extracellular matrix may also cause the release of potent matrix-bound angiogenic factors 

such as VEGF and FGF.  Extracellular AII has also been reported to mediate tumor cell 

interaction with hepatic sinusoidal endothelial cells (73), as well as endothelial and tumor 

cell adhesion to the extracellular matrix by binding to tenascin-C and collagen I (128, 

129, 173).  Ultimately, it appears that elevated levels of AIIt on the cell surface may 

facilitate tumor cell and endothelial cell contact with the extracellular matrix as a well as 

play a critical role in extracellular matrix degradation.   

 

Intracellular AII levels also appear to be linked to tumorigenicity.  In addition to its role 

in plasmin generation, extracellular matrix interactions and cell signaling, AIIt is thought 

to bridge, or “annex,” critical cellular components including membranes and actin 

microfilaments (74, 86).  Among the biochemical properties of annexins, the ability to 

bind F-actin in a Ca2+-dependent manner has been reported for several family members, 

but only the AII heterotetramer (AIIt) can induce significant actin filament bundling in 

vitro (53).  AIIt has been shown to play an important role in filamentous actin 

cytoskeletal remodeling and may be involved in regulating cell motility, contractility, 

intracellular transport and maintenance of morphology (105, 110, 111, 174).  Such 

processes are critical for tumor and endothelial cell migration.  Invadopodia are 

subcellular structures that are found selectively in invasive as compared to non-invasive 

cancer cells and carry out a pivotal process in cancer invasion: degradation of 
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extracellular matrix (158).  Invadopodia rely on src kinase signaling, branched and 

bundled actin assembly, as well as common molecular components, including focal 

adhesion proteins, integrins, and proteases (175-178).  The recent detection of AII 

localization in the invadopodia of invasive glioma cells (179) as well as the ability of AIIt 

to interact with the actin cytoskeleton (51, 53, 56) suggest AIIt may be a key regulator  of 

tumor invasion processes.  Although the role of AIIt in tumor and endothelial cell 

migration is just beginning to be elucidated (130, 180, 181), its ability to interact with the 

actin cytoskeleton, src kinase, proteases and various ECM proteins clearly implicates it as 

an important mediator of these processes. 

 

Recent studies have shown AIIt stimulates cell proliferation (182), angiogenesis (55), 

cancer invasion (180) and metastasis (183).  Ultimately, the potential mechanisms 

whereby AII might contribute to malignancy appear to be the following: first, AII may 

provide a survival advantage by potentiating growth signaling pathways (61, 123, 124); 

second, AII may play a role in the secretion of survival factors which could act in an 

autocrine, paracrine and/or endocrine fashion (103); third, AII may enhance metastatic 

(134) and angiogenic (184) potential by modulating cytoskeletal architecture, by 

increasing the proteolysis through the extracellular matrix and by adhering to molecules 

which may assist in cellular passage through the basement membrane and extracellular 

matrix barriers (Figure 2) (126).   
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Figure 2. The role of AII in malignant transformation.   

Malignant transformation is a complex multistep process involving tumor initiation, 

promotion, uncontrolled proliferation, angiogenesis, invasion, intravasation and 

extravasation, and colony formation at a secondary site. For a tumor to become 

metastatic, cells must complete all of the steps involved in this cascade of events.  AII has 

been shown to play a critical role in many of the steps required for tumorigenesis, 

including tumor associated angiogenesis and metastasis, as indicated by the red astricks 

(*).  Figure adapted from (141). 
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 The Role of AII in Tumor-associated Angiogenesis  

 

Angiogenesis, which is the growth of new capillary blood vessels from pre-existing 

vasculature, has long been appreciated for its role in normal growth and development and 

now is widely recognized for its role in tumor progression and metastasis (185, 186).  

Angiogenesis is required for the growth and metastasis of malignant tumors, and high 

vascular density has been correlated with aggressive tumor growth in many types of 

cancer (187).  The nature of the angiogenic balance in tumors appears to be quite 

complex and is influenced by the cellular composition of the tumor.  A complex cascade 

of cellular events is required to form new blood vessels that include degradation of 

basement membrane, endothelial cell migration and invasion of the extracellular matrix, 

endothelial cell proliferation, capillary lumen formation, and stabilization of the newly 

formed microvasculature. Each event is controlled by the balance of humoral stimulators, 

inhibitors, and their corresponding signal transduction systems (187).  Clearly, 

angiogenesis is a tightly controlled and normally self-limited physiologic process (188).  

Within a given microenvironment, the angiogenic response is governed by the net 

balance between pro- and anti-angiogenic regulators released or expressed by activated 

endothelial cells, monocytes, smooth muscle cells, platelets, and the surrounding stroma. 

The principle growth factors involved in the angiogenic process include vascular 

endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and hepatocyte 

growth factor.  The potent angiogenic stimulator VEGF is secreted by many tumor cells. 

VEGF has also been detected in primary tumors by immunohistochemistry, and high 
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levels of expression of this angiogenesis stimulator correlate with advanced-stage 

disease.  Other factors that positively regulate angiogenesis are angiotropin, angiogenin, 

epidermal growth factor (EGF), granulocyte colony stimulating factor, interleukin (IL-1), 

IL-6, IL-8, platelet derived growth factor (PDGF), tumor necrosis factor- α (TNF-α), and 

matrix proteins such as collagen and tensacin-C (189).  Several proteolytic enzymes are 

also critical for angiogenesis and include cathepsins, urokinase- and tissue-type 

plasminogen activators, gelatinases, matrix metalloproteases, and stromelysin (190-193).   

 

Vascular quiescence is observed in most normal tissues because inhibitory influences 

predominate.  In contrast, most malignant cells are potently angiogenic as a result of 

decreased production of inhibitors and increased secretion of stimulators.  Devoid of 

blood vessels that provide nutrients and remove waste products from their interior 

regions, avascular tumors generally cease to grow beyond 1-2 mm in diameter (187).  

The new vessels provide the oxygen and nutrients needed for primary tumor growth, and 

increase the opportunity for tumor cells to enter the circulation and metastasize. These 

observations led to the hypothesis 30 years ago that the intensity of intra-tumor 

angiogenesis may correlate with tumor grade and aggressiveness (194).  In the past 10 

years, an overwhelming majority of published reports have supported this hypothesis, and 

have shown a significant correlation between the density of intratumoral microvessels in 

various types of adult cancers and patient survival.  

 

AII has been shown to play an important role in several steps of the angiogenic process. 
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The process of tumor associated angiogenesis is regulated by the local balance of 

stimulatory and inhibitory molecules produced by tumor cells, stromal cells, and the 

organ-specific environment.  The overexpression of AII in tumors and activated 

endothelial cells may play a critical role in tipping the balance through aberrant signaling 

as well as increased synthesis of proteases by both tumor and endothelial cells, allowing 

for penetration and migration through the basement membrane.  Tumor cells produce 

angiogenesis factors that induce blood vessel growth.  Functional studies have 

demonstrated that conditioned medium collected from many cultured cancer cell lines 

induces angiogenesis in vivo in the chick embryo chorioallantoic membrane assay (195).  

AII may potentiate the secretion of factors which act in autocrine, paracrine and 

endocrine fashions to stimulate angiogenesis (55).  AIIt has been found on the surface of 

many cell types including endothelial (125), macrophage derived (127), and tumor cells 

(71, 126, 180).  Extracellular AIIt may provide a structural linkage to extracellular matrix 

proteins to facilitate extracellular matrix turnover and modification and may serve as a 

discrete site for localization and activation of proteases.  The role of extracellular AIIt 

involves the binding of tPA and plasminogen resulting in the stimulation of tPA-

dependent plasmin production as decribed previously.  Plasminogen binding to the AIIt 

stimulates plasminogen autoproteolysis thereby providing a highly localized transient 

pulse of plasmin activity at the cell surface (134, 135).  In addition, AII may protect tPA 

and plasminogen against the activity of physiological inhibitors of plasmin generation, 

such as plasminogen activator inhibitor 1 (PAI-1) and α2-antiplasmin (134).  The serine 

proteinase plasmin is one of the key proteinases that participate in the pericellular 
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proteolysis associated with the invasive program of tumor cells.  The assembly of 

plasminogen and tPA at the endothelial cell surface via AIIt indicates that plasmin 

activation may be a necessary step in endothelial cell migration and angiogenesis (138).  

Upon AII-dependent proteolytic activation of plasminogen to plasmin, plasmin can 

mediate activation of metalloproteinases.  This step is thought to be critical in the process 

of angiogenesis (196).  Furthermore, the dissolution of extracellular matrix caused by the 

activation of MMPs may cause the release of potent matrix-bound angiogenic factors 

such as VEGF and FGF.     

 

In addition to its role in the activation of plasmin, recent studies have shown that 

angiostatin, an endogenous anti-angiogenic peptide and internal fragment of 

plasminogen, binds to cell surface AII and inhibits the ability of AII to interact with 

plasmin/plasminogen (197).  Indeed, the anti-metastasic and anti-angiogenic activities 

associated with angiostatin therapy may be due to blocking of annexin-II-dependent 

plasmin generation.  Thus, AII has been shown to play a role in modulating the activity of 

both positive and negative regulators of angiogenesis. 

 

A spectrum of angiogenic stimulators appear to contribute to the growth of clinically 

aggressive undifferentiated tumors, and numerous angiogenic inhibitors also appear to be 

important for maintaining the net inhibitory phenotype in certain less aggressive tumors 

(187).  Preclinical and clinical studies suggest that anti-angiogenic strategies may be 

effective in the treatment of many tumors (198, 199).  Furthermore, novel anticancer 
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strategies targeting the proteolytic cascades associated with AII function are exciting and 

potential prospects for novel therapies (200, 201).  Studies characterizing the activity of 

AIIt show that it is linked to tumorigenicity and plays an active role in angiogenesis.  

Further studies focused on understanding the complex regulation of angiogenesis will 

lead to the development of new therapies where inhibitors of angiogenesis may be used in 

concert in order to improve the outcome of patients with highly vascular, clinically 

aggressive tumors. 

 
 The Role of AII in Tumor-associated Metastasis 

 

A typical solid tumor is a heterogeneous mass of cells with sub-populations differing 

from each other in their growth characteristics, response to cytokine stimulation, 

immunogenic potential, sensitivity to anti-neoplastic agents and invasive capability (140).  

Such diversity is a result of the inherent genetic instability which is characteristic of 

malignancy.  Although tumors release a large number of cells into the circulation, only a 

small portion have metastatic potential.  The vast majority die rapidly.  Only 0.01% of 

tumor cells entering the bloodstream are estimated to be capable of developing into 

metastatic deposits (202).  Metastasis is the growth of a secondary tumor focus at a site 

that is distant from the location of the primary tumor lesion (203).  Those cells which 

have metastatic potential are a specialized sub-population of the primary tumor.  

Unfortunately, patients develop metastases despite negative screening studies for tumor 

spread, emphasizing the limited sensitivity of current staging techniques.  The major 

cause of cancer morbidity and mortality is typically not due to the primary tumor itself, 
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but is the result of metastatic lesions that have diseminated from the initial tumor site.  

Patients with metastatic disease have a much higher mortality than patients treated for a 

non-invasive tumor (202).  The vast majority of cancer patients who die will do so as a 

result of tumor metastases, which may have been present at the time of diagnosis.  These 

metastatic lesions are either undetected by conventional staging techniques or resistant to 

treatment.  As might be expected, the treatment and removal of a tumor that has spread to 

a distant site in the body is much more difficult when compared to the resection and 

treatment of a non-metastatic lesion.   

 

Numerous steps are involved in the metastatic process and include vascularization of the 

primary tumor, local invasion of cancer cells within the primary tumor, intravasation into 

the circulatory system (via blood vessels and/or lymphatics), transport and survival with 

the circulatory system, extravasation from the vessel, invasion of the tissue at a distant 

site, and establishment of new growth. Tumor cell-intrinsic alterations include the loss of 

cell polarity and alterations in cell-cell and cell-matrix adhesion as well as deregulated 

receptor kinase signaling, which together support detachment, migration and invasion of 

tumor cells.  In addition, the tumor stroma, consisting of specific extra-cellular matrix 

(ECM) components, fibroblasts, adipocytes, vascular cells, smooth muscle cells and cells 

of the haematopoietic system, is engaged in active molecular crosstalk with the cancer 

cells within the tumor microenvironment (204).  This crosstalk is mainly mediated by 

direct cell-cell contact or paracrine cytokine and growth factor signaling.  These signaling 

factors are involved in increasing cell motility and likely result in increased metastatic 
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capacity.  Subsequent activation of blood vessel and lymph vessel angiogenesis together 

with inflammatory and immune-suppressive responses further promotes cancer cell 

migration and invasion, as well as initiation of the metastatic process.   The ability of AII 

to interact with the actin cytoskeleton, its interactions with tyrosine kinases such as src, as 

well as its potential to bind invasion-associated proteases and extracellular matrix 

proteins, suggests that it could participate in invasion-associated processes in human 

cancers. 

 

The first step in tumor metastasis may be mediated in part, by proteolysis of the basement 

membrane.  Several proteolytic enzymes are critical for invasion and metastasis and 

include cathepsin, urokinase- and tissue-type plasminogen activators, gelatinases, matrix 

metalloproteases, and stromelysin.  Indeed, the degradation of the ECM by proteases is 

an important rate limiting step during metastasis that permits tumor cells to locally invade 

and access blood vessels, exit the vasculature, and establish themselves in a distant organ 

(139, 141).  In addition, the synthesis of these proteases by endothelial cells is essential 

during angiogenesis (205).  Among proteases that play an active role in the degradation 

of ECM during angiogenesis are the serine proteases of the plasminogen- PA-plasmin 

system (181).  As previously described, AII plays a critical role in the generation of 

plasmin.  Plasmin is generated from plasminogen by two activators: (a) tPA, a protease 

predominantly present in plasma and involved in thrombolysis; and (b) uPA, a protease 

expressed by a large variety of cells and present in tissues (206).  Plasmin plays a key 

role in extracellular matrix degredation and cleaves glycoproteins such as laminin and 
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fibronectin and also type IV collagen. In addition to its role in thrombolysis and ECM 

degradation, plasmin has a regulatory function in the activation of other ECM-degrading 

proteases. Proteolysis of the ECM also results in the formation of peptidic fragments that 

possess both pro- and anti-angiogenic activity (207, 208).  The activity of serine 

proteases in the extracellular space is controlled at two levels.  A group of specific 

inhibitors, members of the serpin family designated PAI-1, PAI-2, and protease nexin-1, 

provide a first level of control on plasmin activity.  These inhibitors form 1:1 

stoichiometric enzyme: inhibitor complexes with tPA and uPA and therefore prevent the 

activation of plasminogen (209).  A second level of control is provided by the existence 

of a specific receptor, AIIt, for uPA, tPA and plasminogen/plasmin, that confine plasmin-

mediated proteolysis to the pericellular space (133, 210).  Under normal conditions, AIIt 

surface expression is tightly regulated.  However, the increased level of AIIt on the 

surface of certain cell types including monocytic cell lines, endothelial cells and different 

cancer cells may contribute to their invasive potential through extracellular matrix either 

by generation of plasmin, by plasmin-mediated proteolytic activation of other 

metalloproteinases, or by inhibiting the activity of proteins that block plasmin generation 

(134, 135).     

 

Once a tumor cell successfully degrades the extracellular matrix it must move from its 

primary location through the extracellular matrix, to the circulation.  To do this, cells 

must first detach and move from their initial location.  Detachment and movement of 

cells from the primary tumor site involves alterations in several different adhesion 
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molecules, including integrins.  Integrins are involved in mediating cell-matrix contacts 

and form stable adhesions, producing an actin-based force that is capable of pulling the 

cell forward. Interestingly, AII has been localized to caveolae isolated from endothelial 

cells (211) and to plasma membrane vesicles from ‘ectocytosis’ triggered by stress-

relaxation of fibroblasts in collagen matrices. β1 integrin is also found on these plasma 

membrane vesicles and localizes with AII (3).  It is possible that AIIt forms a complex 

with caveolin and β1 integrin on the cell surface to participate in migration and signaling.  

Furthermore, the previously described role of AII interactions with tenascin C, collagen I 

and the actin cytoskeletal further implicate a role for AII in cancer cell detachment and 

movement through the extracellular matrix. 

 

Once tumor cells gain access to the circulation (intravasation), they form attachments to 

the vessel lumen, form invadopodia, mediate focal degradation of the basement 

membrane and extend through the endothelial tight junctions (extravasation).  Once 

again, these processes involve proteases, adhesion molecules, secretion of different ECM 

proteins and significant alterations of actin cytoskeletal dynamics. All of these processes 

are mediate by AII as described previously.   

 

In summary, growing evidence implicates AII as key cellular component in cancer 

metastasis and invasion. AIIt on the cell surface has been shown to serve as a 

receptor/binding protein for both proteases (cathepsin B, plasminogen and tPA) and 

extracellular matrix proteins (collagen and tenascin-C) and may provoke an intracellular 
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signalling response (129).   Thus, AIIt provides structural linkages not only between the 

cell and the extracellular matrix, but also between proteases and matrix molecules.  

Localization of proteases and matrix components at the cell surface through AIIt may 

facilitate extracellular matrix remodeling in physiological and pathological processes.  In 

addition to these properties, the involvement of AII in src kinase signaling, cytoskeletal 

modulation and membrane trafficking link AII to cancer cell migration and invasion.  Of 

special interest with respect to cell migration is the potential of AII to bind to the actin 

cytoskeleton. Dynamic actin structures associated with cellular membranes during 

migration contain AII (53, 56, 92), and recent proteomic investigations of pseudopodia 

extensions of highly migratory U87MG glioma cells reported an increased amount of AII 

(179).  The role of AII in structures such as invadopodia have yet to be characterized, but 

mounting evidence suggests AII may play a critical role in such processes.  Ultimately, a 

full understanding of the mechanisms of metastasis at the molecular level is a key to 

developing new strategies for anticancer therapy.  The role AII in the processes of 

metastasis and angiogenesis suggests targeting AII function represents a feasible strategy 

for the treatment of cancer. 
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Statement of the Problem 

 

Approximately five decades of systemic drug discovery and development have 

established a respectable arsenal of useful chemotherapeutic agents, as well as a number 

of important successes in the treatment and management of human cancer.  

Unfortunately, many of the most common human tumors are resistant to available anti-

neoplastic drugs, and the majority of these agents have only limited activity against 

advanced/metastatic tumors.   Indeed, there is a great need for new anticancer drugs that 

possess more effective anti-neoplastic properties and incorporate novel mechanisms of 

action.   

 

Throughout medical history, natural products from plants have been shown to be valuable 

sources of novel anticancer drugs.  Examples are the Vinca alkaloids, the taxanes, and the 

camptothecins, derived from the Madagascan periwinkle plant Catharantus roseus, the 

Pacific yew Taxus brevifolia, and the Chinese tree Camptotheca
 
acuminata, respectively.   

Withaferin A (WA), a natural product steroidal lactone with potent anti-neoplastic 

activity, was first identified in our laboratory using a bioassay-guided approach to 

identify novel and potent anticancer agents from a collection of plants and their 

associated microorgansisms from the Negev Desert of Israel and the Sonoran Desert of 

the Southwestern United States.  The bioassay used exploits the processes involved in the 

heat shock response and has been utilized to identify other small molecule natural 

products with anticancer activity (8, 9).  This method produces a robust and readily 
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detectable response to agents that modulate the heat shock response.  In the course of this 

screening program, we encountered a class of steroidal lactones known as withanolides, 

including WA, that produced a robust cellular heat shock response.  Such activity was 

intriguing, because the use of extracts from plants that elaborate withanolides date back 

to over 3,000 years in the Ayurvedic medical tradition of India where they have been 

used as a tonic with purported anti-stress, adaptogenic and anticancer properties (10, 11).  

Despite the extensive medicinal history of plant extracts containing withanolides, their 

mechanism(s) of action has remained elusive.  Given the potent activity of WA in our 

screening program, we sought to identify directly the cellular target(s) of WA and 

characterize its anticancer activity.  My findings indicated that the potent biological 

activity of WA was attributed to a covalent interaction with the enigmatic adaptor protein 

Annexin II (AII).  AII is overexpressed in a variety of human tumors and its involvement 

in mitogenic signaling, adhesion, intracellular transport, actin bundling and extracellular 

matrix degredation suggested an important role for this protein in mediating malignant 

progression (160, 163-166, 168, 173).  The potent biological activities attributed to WA 

are consistent with its ability to modulate AII function.  For instance, WA alters 

cytoskeletal architecture in a dramatic fashion involving AII-dependent aggregation of 

actin microfilaments resulting mark anti-invasive activity of tumor cells.  In addition, my 

findings indicate that WA is a potent anti-tumor agent, resulting in decreased AII-

dependent plasmin generation, tumor growth inhibition and reduced blood vessel 

formation both in vitro and in vivo.  Based on these antitumor effects, it appears that AII 

could provide a unique and exciting target for novel anticancer small molecule 



 53 

therapeutics.  More importantly, WA and second generation semi-synthetic analogs with 

better pharmacological properties may prove to be effective in eradicating and/or 

controlling advanced/metastatic cancers.   
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II. EXPERIMENTAL PROCEDURES 

 

Cells and Reagents 

  

 Chapter III 

 

WI-38 human fibroblast, MCF-10A human breast epithelial, HepG2 human 

hepatocellular carcinoma, CHP-100 Ewing’s sarcoma and PC3M human prostate cancer 

cells were obtained from the American Type Culture Collection (Manassas, VA).  HepG2 

cells were culture at 37°C under 6% CO2 using MEM (Invitrogen) containing 10% fetal 

bovine serum (Irvine Scientific, Santa Ana, CA). All other cell lines used were cultured at 

37°C under 6% CO2 using RPMI (Invitrogen) containing 10% fetal bovine serum (Irvine 

Scientific, Santa Ana, CA).  Cells were re-fed twice weekly and passaged 1:5 once 

weekly.  All cell lines tested negative for Mycoplasma by ELISA.  Biochemical reagents 

were from Sigma unless otherwise specified (Sigma Aldrich, St. Louis, MO).  WA and 

WD were purchased from ChromaDex (Santa Ana, CA).  Stock solutions were 

formulated in DMSO and maintained at -70°C in the dark before use within 1 month.   

  

 Chapters IV and V 

 

CHP-100 human Ewing’s sarcoma and HT-1080 human fibroscarcoma cells were 
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obtained from the American Type Culture Collection (Manassas, VA).  Cells were 

cultured at 37°C under 6% CO2 using RPMI (Invitrogen, Carlsbad, CA) containing 10% 

fetal bovine serum (Irvine Scientific, Santa Ana, CA).  Cells were re-fed twice weekly 

and passaged 1:5 once weekly.  Human Umbilical Vein Endothelial Cells (HUVEC-2) 

were obtained from BD Biosciences (Bedford, MA).  HUVEC-2 cells were cultured at 

37°C under 6% CO2 using Endothelial Growth Medium containing BulletKit and 

SingleQuot supplements (Cambrex, Walkersville, MD).  3T3-Y9-B12 cells were grown 

in DMEM and contained 10% fetal bovine serum.  All cell lines tested negative for 

Mycoplasma by ELISA.  Biochemical reagents were from Sigma unless otherwise 

specified (Sigma Aldrich, St. Louis, MO).  WA, 12-deoxywithastramonolide (12dWS) 

and withanolide D (WD) were purchased from ChromaDex (Santa Ana, CA).  

Withanolide E (WE) was obtained from the NCI (Drug Sythnesis and Chemistry Branch, 

Developmental Therapuetics Program, Division of Cancer Treatment and Therapeutics, 

Bethesda, MD).  Stock solutions were formulated in dimethylsulfoxide (DMSO) and 

maintained at -70°C in the dark before use within 1 month.   

 

Scanning Electron Microscopy 

 

MCF-10A cells cultures were established using 1 x 105 cells/well in 24 well dishes 

containing 12 mm glass coverslips (Fisher, Pittsburgh, PA).  Cells were allowed to adhere 

for 48 hours.  After incubation with WA (4 µM) or an equal volume of DMSO for 2 

hours in complete medium, cells were rinsed briefly with Phophate Buffer Saline (PBS; 



 56 

Invitrogen) and fixed with 3% glutaraldehyde in 0.1 M cacodylate buffer for 1 hour at 

room temperature.  After treatment with 1% tannic acid in 0.15 M cacodylate buffer, the 

samples were post-fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 hour at 

room temperature.  The samples were then dehydrated in a graded series of ethanol (70, 

80, 90%--1 x 10 minutes each; 100%--3 x 10 minutes).  Samples were then immersed in 

hexamethyldisilazane (HMDS) for 3 minutes.  Excess HMDS was removed and the 

samples were allowed to air dry overnight.  After drying, the samples were mounted on 

stubs and sputter coated with 20 nm of gold.  Samples were examined with an FEI XL30 

scanning EM at l0 KV. 

 

Synthesis of the Biotinylated Derivative of WA 

 

Withaferin A (20.0 mg; Chromadex, Santa Ana, CA) in anhydrous dimethyl formamide 

(DMF; 0.2 mL) was added to a stirred solution of pentafluorophenyl biotin (PFP-Biotin; 

44.7 mg; Pierce Biotechnology, Rockford, IL) in DMF (0.2 mL) at room temperature 

(27oC) followed by 4-pyrrolidinopyridine (4-PP; 7.5 mg).  The reaction mixture was 

heated to 50oC and maintained at this temperature for 6 hours (TLC control), after which 

it was poured into brine and exhaustively extracted with ethyl acetate (EtOAc).  The 

EtOAc extract was washed with brine and dried over anhydrous sodium sulfate (Na2SO4) 

and evaporated to obtain the crude product. Purification by preparative TLC on silica gel 

and elution with 12% methanol in dichloromethane afforded biotinylwithaferin A as a 

white amorphous solid (22.8 mg; 77.0 % yield); TLC (CH2Cl2:MeOH, 9:2 v/v): Rf = 
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0.30; [α]D
25 = 83.7 (c, 2.0 in CHCl3); 

1H-NMR (500 MHz, CDCl3): δ 6.91 (dd, J = 10.0 

and 6.0 Hz, 1H), 6.18 (d, J = 10 Hz, 1H), 5.27 (s, 1H), 4.97 (br s, 1H), 4.89 (d, J = 12.0 

Hz, 1H), 4.83 (d, J = 12.0 Hz, 1H), 4.58 (br s, 1H), 4.50 (m, 1H), 4.39 (m, 1H), 4.31 (m, 

1H), 3.75 (d, J = 6.0 Hz, 1H), 3.22 (br s, 1H), 3.13 (m, 1H), 2.91 (dd, J = 13.0 and 5.0 

Hz, 1H), 2.71 (d, J = 13, 1H), 2.50 (m, 2H), 2.32 (m, 2H), 2.06 (s, 3H), 1.40 (s, 3H), 0.98 

(d, J = 7.0 Hz, 3H), 0.69 (s, 3H); 13C-NMR (125 Mz, CDCl3): δ 202.3, 173.5, 165.3, 

163.3, 157.1, 142.0, 132.3, 121.8, 78.3, 70.5, 69.9, 63.9, 62.5, 61.8, 60.1, 58.0, 56.1, 55.3, 

55.2, 52.0, 47.7, 44.1, 42.6, 40.5, 39.4, 38.8, 33.7, 31.2, 29.8, 27.3, 24.7, 24.3, 22.7, 22.1, 

20.6, 17.4, 13.3, 11.6; IR (KBr): 3371, 3277, 2934, 2866, 1705  cm-1; UV/Vis: λmax 210 

nm; HRMS (m/z): [M]+ calcd for C38H52N2O8S, 697.3523; found, 697.3549. 

 

Solid Phase Precipitation 

 

To identify the protein target of WA, PC-3M human prostate cancer cells were harvested 

by scraping into the nonionic detergent buffer TNEK (50 mM Tris, pH 7.4; NP-40 1%; 

EDTA 2 mM; KCl 200 mM) supplemented with protease and phosphatase inhibitors as 

described previously (212).  Lysates were clarified by centrifugation at 14,000 x g for 30 

minutes at 4°C.  Supernatants were collected, and equal amounts of protein [as 

determined by bicinchoninic acid assay (Pierce)] were aliquoted into Eppendorf tubes.  

Lysates were subsequently pre-cleared with a 25 µl packed NeutrAvidin bead resin to 

reduce non-specific binding.  Solid phase immobilized WA (WA beads) was prepared by 

incubating 100 µM of the biotinylated WA derivative in TNEK with 100 µl packed 
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NeutrAvidin bead resin (Pierce, Rockford, IL) in 300 µL total volume.  Beads were 

incubated with the drug containing buffer for one hour at 4ºC with gentle agitation so as 

to saturate all biotin-binding sites.  After several washes with cold TNEK, WA beads 

were added to the aliquots of pre-cleared cell lysate prepared in TNEK (1 mg protein/0.5 

mL) for 2 hours at 4ºC with constant agitation.  Binding specificity was assessed by 

incubating unmodified WA (40 µM) or an equal volume of DMSO solvent to each 

aliquot of cell lysate prior to the addition of WA beads for one hour at 4ºC with gentle 

agitation.  After incubating cell lysate with WA beads, the resin was washed 4 times in 

TNEK buffer.  Bound proteins were then eluted by boiling in 2X Laemli sample buffer.  

Proteins were size fractioned by SDS-PAGE and stained with Sypro Ruby Red (per 

manufacturer’s protocol) or transferred to nitrocellulose by electroblotting.  Sypro Ruby 

stained gels were examined under UV light and bands of interest were excised and 

submitted to Southwest Environmental Health Sciences Center (SWEHSC) Proteomics 

Core for analysis.  Nitrocellulose membranes were blocked with 3% casein and blotted 

for the detection of B-WA.  Detection was achieved using peroxidase-conjugated 

streptavidin (Jackson ImmunoLabs; 1:10,000) followed by incubation in 

chemiluminescent substrate (Pierce) and exposure to Kodak XAR-5 X-ray film.   

 

Western Blotting 

 

 Chapter III 
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All cell lysates, recombinant proteins, and pure protein extracts were resolved by SDS-

PAGE using 10% gels.  Proteins were electroblotted to nitrocellulose membranes, which 

were subsequently stained with Ponceau S to confirm that equal amounts of protein were 

loaded and transferred.  Membranes were then blocked with 3% milk and blotted for the 

protein of interest.  For immunodetection of AII, the monoclonal antibody ZO14 was 

used at 1:1000 for immunoblotting (Zymed, San Francisco, CA).  Species-appropriate 

horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoLabs; 

1:100,000) and chemilluminescent substrate followed by exposure to film were used for 

detection.  Multiple exposure times were evaluated for each blot to ensure that the band 

intensities were within the dynamic response range of the film.  

  

 Chapter IV 

 

Cell lysates were resolved by SDS-PAGE using 10% gels.  Proteins were electroblotted 

to nitrocellulose membranes, which were subsequently stained with Ponceau S to confirm 

that equal amounts of protein were loaded and transferred.  Membranes were then 

blocked with 3% milk and blotted for the protein of interest.  For immunodetection of 

Hsp72, the monoclonal antibody SPA810 was used at 1:1000 for immunoblotting 

(Stressgen, San Diego, CA). For immunodetection of AII, the monoclonal antibody ZO14 

was used at 1:1000 for immunoblotting (Zymed, San Francisco, CA).  Species-

appropriate horseradish peroxidase-conjugated secondary antibodies (Jackson 

ImmunoLabs, West Grove, PA; 1:100,000) and chemiluminescent substrate followed by 
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exposure to film were used for detection.  Multiple exposure times were evaluated for 

each blot to ensure that the band intensities were within the dynamic response range of 

the film.  

 

Liquid Chromatography-Mass Spectrometry/Mass Spectrometry Analysis 

 

LC-MS/MS analyses of the in-gel digested (213) 36kDa band were carried out using a 

quadrupole ion trap LCQ Classic mass spectrometer from ThermoFinnigan (San Jose, 

CA).  The LCQ Classic was equipped with a Michrom (Auburn, CA) MAGIC 2002 

HPLC and a nano-electrospray ionization source (University of Washington, Seattle, 

WA).  Peptides were eluted from a 15 cm pulled tip capillary column (100 um I.D. x 360 

um O.D; 3-5 um tip opening) packed with 8-9 cm Vydac (Hesperia, CA) C18 material (5 

micron, 300Å pore size), using a gradient of 0-65% solvent B (98% methanol/ 2% water/ 

0.5% formic acid/ 0.01% triflouroacetic acid) over a 60 minute period at a flow rate of 

200-300 nl/min.  The sequence of individual peptides were identified using the Turbo 

SEQUEST algorithm (214) to search and correlate the MS/MS spectra with amino acid 

sequences in the non-redundant protein database.  Modifications to several amino acid 

residues due to WA adduct formation were considered during the database search for the 

purpose of mapping the modification. 

 

Molecular Modeling and Interactive Docking 
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Crystal structure coordinates for human AII were obtained from R. Huber and 

coordinates for annexin V bound to a benzodiazepine analog were downloaded from the 

protein databank (pdb:1HAK).  The structures were superimposed in Internal Coordinate 

Mechanics (ICM) 3.0 to identify a potential drug binding pocket in the vicinity of Cys-

133 of AII.  WA was then superimposed onto the benzodiazepine which placed the 

reactive epoxide and double bond close to Cys-133 where covalent interactions were 

made with Cys-133.  The structures were then energy minimized in Sybyl (6.9) with 5000 

cycles of refinement.  These structures were then superimposed on the unbound AII to 

identify any major backbone conformational changes.  The amino acid residues 

interacting with bound WA in the two modes with AII were identified.  Subsequently, 

WA in the two binding modes was docked onto AII utilizing FlexX (Sybyl 6.9) to obtain 

binding energies. 

 

Lipsome Co-sedimentation and Aggregation Assays 

 

Liposomes containing a 1:1:1 ratio of phosphotidylethenolamine, phosphotidylserine and 

cholesterol were prepared as described previously (215).  Briefly, lipid stocks in 

chloroform were mixed and dried in a N2 stream and hydrated in Buffer A (50 mM KCl, 

1.0 mM MgCl2, 0.4 mM CaCl2, 0.2 mM EGTA, 2.0 mM Tris-HCl pH 7.5, 0.5 µM ATP, 

0.4 µM Bovine Serum Albumin).  The mixture was sonicated (20 X 10 second bursts at 

15 W with a Fisher Scientific 60 Sonic Dismembrator) and stored at room temperature 

prior to use.  Bovine lung AIIt (BioDesign, Saco, ME) was incubated with 40 µM WA, 1 
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mM NEM, or an equal volume of DMSO for 30 minutes at 23ºC.  Lipid aggregation was 

measured on an SLT Spectra plate reader at 23ºC.  The A450 of the reaction mixture was 

determined prior to AIIt addition, and a final reading was taken at 15 minutes.  

Immediately following lipid aggregation, AII-lipid binding was analyzed by 

sedimentation of the liposome mixture at 14,000 x g for 10 minutes at 23ºC.  The pellet 

was resuspended in 1X Laemli sample buffer and boiled for 5 minutes.  Proteins were 

separated by 10% SDS-PAGE and visualized with Coomassie Brilliant Blue. 

 

Actin Bundling and Co-sedimentation Assays 

 

Actin binding and bundling assays were performed as previously described (106).  

Briefly, F-actin was generated utilizing an Actin Polymerization Kit (Cytoskeleton, 

Denver, CO).  AIIt from bovine lung (1.77 µM) was incubated with WA (17.7 µM) or an 

equal volume of DMSO for 1 hour.  At t=0, the bundling reaction was initiated with the 

addition of drug treated AIIt to 9.3 µM F-actin solution in a total volume of 125 µl.  

Reaction mixtures were assayed for actin bundling by measuring light scattering using an 

L-style Cary Eclipse Fluorometer over a period of 300 seconds.  Co-sedimentation of F-

actin bundles and AIIt was performed by low speed (14,000 x g) centrifugation of 

samples that had reacted for 10 minutes.  Supernatants were removed and pellets were 

dissolved in 1X Laemli sample buffer, boiled for 5 minutes, and analyzed on 10% SDS-

PAGE.  Proteins were visualized using Coomassie Blue.  The amount of actin present in 

each Coomassie Blue stained band was measured by quantitative densitometry using 
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Scion Image 4.02 (Scion Corporation, Frederick MD). 

 

Actin Filament Staining 

 

 Chapter III 

 

Fluorescent staining of F-actin was performed on cultures of WI-38 cells.  Cultures were 

established using 2 x 104 cells/well in 8-well chamber slides and allowed to adhere for 48 

hours (Nalge Nunc International).  After incubation with WA (4 µM) or an equal volume 

of DMSO for 2 hours in complete medium, cells were fixed in 4% freshly prepared 

paraformaldehyde for 10 minutes and permeabilized with 0.5% Triton X-100 in PBS for 

15 minutes.  Slides were then blocked for 20 minutes in PBS containing 1% BSA. 

Phalloidin conjugated to Alexa-Fluor 488 (Molecular Probes, Eugene, OR) was applied in 

PBS containing 1% BSA, and incubation was carried out for 30 minutes at 23°C.  Cells 

were then incubated with DAPI (1 µg/ml) in PBS for 15 minutes followed by extensive 

washing with PBS.  Cells were visualized using a BioRad Confocal Microscope. 

  

 Chapter IV 

 

Fluorescent staining of F-actin was performed on cultures of CHP-100, HT-1080 and 

HUVEC-2 cells.  Cultures were established using 2 x 104 cells/well in 8-well chamber 

slides and allowed to adhere for 48 hours (Nalge Nunc International, Rochester, NY).  



 64 

After incubation with WA (4 µM) or an equal volume of DMSO for 2 hours in complete 

medium, cells were fixed in 4% freshly prepared paraformaldehyde for 10 minutes and 

permeabilized with 0.5% Triton X-100 in PBS for 15 minutes.  Slides were then blocked 

for 20 minutes in PBS containing 1% BSA. Phalloidin conjugated to Alexa-Fluor 488 

(Molecular Probes, Eugene, OR) was applied in PBS containing 1% BSA, and incubation 

was carried out for 30 minutes at 23°C.  Cells were then incubated with DAPI (1 µg/ml) 

in PBS for 15 minutes followed by extensive washing with PBS.  Cells were visualized 

using a BioRad Confocal Microscope using a 100X oil objective. 

 

Transmission Electron Microscopy 

 

WI-38 cell cultures were established using 2.5 x 105 cells/dish in 35 mm dishes 

containing complete RPMI.  Cells were allowed to adhere for 48 hours.  After incubation 

with WA (4 µM) or an equal volume of DMSO for 2 hours in complete medium, cells in 

culture dishes were rinsed briefly with PBS.  Cells were then fixed in 3% glutaraldehyde 

in 0.1 M cacodylate buffer for l5 minutes, scraped off the culture dishes, and allowed to 

fix for an additional 45 minutes.  Cells were pelleted, washed in 0.1 M cacodylate buffer 

(3 x 10 minutes) and post-fixed in 2% osmium tetroxide in 0.1 M cacodylate buffer for 

one hour.  Samples were dehydrated in a graded series of ethanol (30, 50, 70, 90, 95%--1 

x 5 minutes each; 100% -- 3 x 10 minutes).  Samples were embedded in Spurr low 

viscosity resin.  Thin sections were cut on a Reichert Ultracut E ultramicrotome, stained 

with uranyl acetate and lead citrate and examined on a Philips CM20 transmission EM at 
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80 KV.  

 

Plasmid Transfection 

 

HepG2 cells were seeded into 6-well plates at a density of 5 x 105 cells/well. The 

following day, wells were transfected with 1 µg of AII-CFP plasmid and 1 µg of p11-

YFP plasmid or 2 µg pcDNA3.1 using LipofectAMINE Plus reagent (Invitrogen) 

according the manufacturer’s instructions (expression plasmids were a kind gift of V. 

Gerke).  72 hours post-transfection, cells were treated with WA (4 µM) or an equal 

volume of DMSO for 2 hours.  Following drug exposure, cells were fixed and stained 

with phalloidin conjugated to Alexa-Fluor 488 as previously described. 

 

Cell Proliferation/Survival Assay 

 

 Chapter III 

 

For Cytochalasin B (CB) experiments, WI-38 cells were plated in 96-well flat-bottom 

plates (2,500 cells/well) and allowed to adhere for 24 hours.  Cells were incubated in the 

presence of DMSO vehicle control, 0.5 µM, or 1 µM CB for one hour.  Following CB 

pre-treatment, cells were then treated with increasing concentrations of WA in the 

continued presence of cytochalasin B for 16 hours followed by addition of MTT [ 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] for an additional 1.5 hours.  The 
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supernatant was aspirated and the formazan crystals were solubilized in 

dimethylsulfoxide, followed by determination of optical densities at 560 nm and 690 nm 

as an indicator of relative viable cell number. To compare the activity of WA, WD and B-

WA, CHP-100 cells were plated in 96-well flat-bottom plates (7,500 cells/well) and 

allowed to adhere for 24 hours.  Cells were then exposed to increasing concentrations of 

drug for 16 hours followed by addition of MTT and measurement of optical densities as 

described above. 

 

 Chapters IV and V 

 

For Cytochalasin B (CB) experiments, 3T3-Y9-B12 cells were plated in 96-well flat-

bottom plates (20,000 cells/well) and allowed to adhere for 24 hours.  Cells were 

incubated in the presence of DMSO vehicle control or 1 µM CB for one hour.  Following 

CB pre-treatment, cells were treated with increasing concentrations of WA in the 

continued presence of cytochalasin B for 16 hours followed by addition of MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] for an additional 1.5 hours.  The 

supernatant was aspirated and the formazan crystals were solubilized in DMSO, followed 

by determination of optical densities at 560 nm and 690 nm as an indicator of relative 

viable cell number. To compare the activity of WA against CHP-100 and HT-1080 cell 

lines, cells were plated in 96-well flat-bottom plates (7,500 cells/well) and allowed to 

adhere for 24 hours.  Cells were then exposed to increasing concentrations of drug for 72 

hours continuously or four hours followed by a washout of the drug containing medium 
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and replenishment with complete medium without drug for an additional 68 hours.  This 

treatment was followed by the addition of MTT and measurement of optical densities as 

above.  HUVEC-2 survival assays were performed as above using 10,000 cells/well with 

16 hours continuous WA or DMSO exposure.  

 

Cell Invasion Assay 

 

Cell culture insert membranes (Transwell Chambers; Becton Dickinson, Franklin Lakes, 

NJ) were coated with 5 µg MatrigelTM (BD Biosciences, Bedford, MA) on each side and 

air-dried.  PC-3M and CHP-100 cells were seeded into Matrigel-coated transwells 

(100,000/well) that had been previously rehydrated for 30 minutes.  Cells were allowed 

to adhere for 1.5 hours in serum-free medium.  The medium was aspirated and replaced 

with serum-free medium containing increasing concentrations of WA or vehicle control.  

500 µl of serum-containing medium was added to the lower portion of the chamber as a 

chemo-attractant.  Increasing concentrations of WA were also added to the lower portion 

the chambers.  Cells were incubated in presence of drug for 24 hours.   The upper surface 

of the membrane was scraped to remove non-migratory cells and relative invading cell 

number was measured using MTT as described above.  MTT assays were also performed 

in 24-well format (100,000 cells/well) without cell culture inserts present to assess drug 

effects on overall cell proliferation/survival. 

 

Heat Shock Induction Assay 
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Heat shock induction at the transcriptional level was measured in mouse fibroblasts (3T3-

Y9-B12 cells) that had been stably transfected with a plasmid encoding enhanced green 

fluorescent protein under the transcriptional control of a minimal consensus heat shock 

response element derived from the human HSP70B gene as described previously (216).  

Serial dilutions of WA, WE, 12dWS or WD were applied in triplicate to 3T3-Y9-B12 

reporter cell monolayers (20,000 cells/well) established in 96 well plates and incubated 

overnight.  Control wells were treated with an equal volume of DMSO.  After rinsing 

with PBS, fluorescence intensity was quantified using a Fluoroskan Ascent plate reader 

(Lab Systems, Milford, MA) with excitation/emission filters set at 485 and 525 nm 

respectively.   For Cytochalasin B (CB) experiments, 3T3-Y9-B12 cells were plated in 

96-well flat-bottom plates (20,000 cells/well) and allowed to adhere for 24 hours.  Cells 

were incubated in the presence of DMSO vehicle control or 1 µM CB for one hour.  

Following CB pre-treatment, cells were treated with increasing concentrations of WA in 

the continued presence of cytochalasin B for 16 hours. 

 

Plasmin Generation Assay 

 

To assess the ability of WA to modulate endothelial cell plasmin generation, 35 µL 

thawed Matrigel (BD Biosciences, Bedford, MA) was added to each well of a cooled 96-

well plate.  The Matrigel was allowed to polymerize for 30 minutes at 37°C.  Cultures 

were established by adding 15,000 HUVEC-2 cells/well to the top of the polymerized 
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Matrigel.  Cells were allowed to adhere for 1 hour in complete medium.  The medium 

was aspirated and replaced with complete medium containing increasing concentrations 

of WA or vehicle control for one hour.  The medium was again aspirated and replaced 

with 200 µl serum-free, phenol red-free medium containing increasing concentrations of 

WA or DMSO and 0.5 µM human Glu-plasminogen (American Diagnostica Inc., 

Stamford, CT).  Cells were incubated in the presence of drug and plasminogen for 4 

hours.  150 µl of medium was collected from each well and centrifuged for 5 minutes at 

1500 RPM.  The supernatant was retained and cell debris was disposed.  500 µM 

Spectrozyme PL (American Diagnostica Inc., Stamford, CT) was added to the 

supernatant.  Plasmin enzymatic activity was determined by measuring the increase in 

absorbance of the free chromophore (p-nitinoanalide [pNA]) generated at A405 nm. 

Plasmin was measured on an SLT Spectra plate reader at 23ºC.  The A405 of the reaction 

mixture was determined prior to Spectrozyme PL addition, and a final reading was taken 

at 10 minutes.    

 

Endothelial Network Formation Assay 

 

The effects of WA on endothelial cell network formation were determined by seeding 

10,000 HUVEC-2 cells into Matrigel coated wells (96 well plate).   Cells were allowed to 

adhere for 1 hour in complete medium.  The medium was aspirated and replaced with 

complete medium containing increasing concentrations of WA or vehicle control.  After a 

16 hour incubation in the presence of drug, cells were washed 3X in warm PBS and fixed 
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in 4% freshly prepared paraformaldehyde for 10 minutes.  The fixed cells were washed 

2X in PBS and photographed at 60X magnification.  

 

In vivo Studies 

 

To examine the anti-tumor activity of WA against Ewing’s sarcoma, CHP-100 cells (1 x 

107) suspended in 100 µl of PBS were injected into the inguinal region of SCID mice 

(Arizona Cancer Center breeding colony; C.B.-17/IcrACCscid). Five days after cell 

inoculation, mice with palpable tumors were randomized (n = 8/group) to receive 

intraperitoneal (i.p.) injections of WA (7.5 mg/kg for 2 days and 3.5 mg/kg for 8 days) or 

an equal volume of DMSO vehicle 1X daily. To assess drug effects on tumor 

progression, serial caliper measurements were performed twice weekly (8 mice/group), 

and tumor volume was calculated using the equation: length x width2/2. 24 hours after the 

final WA injection (day 15), mice were sacrificed, and tumors were removed.  Tumors 

that were resected from WA- or control vehicle-treated mice were evaluated for their 

relative mean vascular density (MVD) in collaboration with Dr. William Bellamy 

(University of Arizona, Department of Pathology) as previously described (217).  MVD 

was measured using formalin-fixed, paraffin-embedded material sectioned at four to five 

microns-thick. Samples were stained with antibody to CD-34 (Ventana Medical Systems, 

Tucson, AZ) to highlight vascular endothelium. All reactions were carried out using an 

automated immunostainer (ES, Ventana Medical Systems, Tucson, AZ). Detection of 

bound antibody was assessed through the use of indirect avidin-biotin peroxidase 



 71 

methodology with diaminobenzidine serving as the color substrate. An isotype-matched 

irrelevant antibody in the same diluent used for the CD-34 antibody was used as a 

negative control and human placental tissue stained with CD-34 as a positive control. 

Endogenous peroxidase was inhibited with methyl alcohol containing 0.01% H2O2. 

Nuclei were counter-stained with hematoxylin and sections evaluated by light 

microscopy. Representative photomicrographs of immunostained tumor sections from 

WA- and DMSO-treated groups were obtained at 40X magnification.  Vascular density 

was assessed by light microscopy based on the criteria set forth by Weidner et. al. (217).  

Vascular areas were identified in CD-34 stained tissues by systematically scanning the 

sample at low power (40X).  Vessels were identified based on the combination of 

positive CD-34 staining and morphology. Branched structures were counted as one 

vessel.  When an area was identified, individual microvessels were then counted at 200X 

(each field representing an area of 0.74 mm2).  Three areas were counted per sample and 

the mean number of vessels per unit area determined.  All samples were coded to 

eliminate potential observer bias in counting.  The Student’s t test was used for statistical 

analysis of in vivo studies. A P value of 0.01 was considered statistically significant in all 

cases.  All in vivo experiments were performed under protocols approved by the 

University of Arizona Institutional Animal Care and Use Committee (protocol #04-076).  
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III. ACTIN MICROFILAMENT AGGREGATION INDUCED BY 

WITHAFERIN A IS MEDIATED BY ANNEXIN II 

 

Introduction 

 

The actin cytoskeleton forms many of the dynamic cellular structures that are required for 

cell motility, contractility, intracellular transport and maintenance of morphology (174, 

218).  However, actin cannot perform these various functions without the assistance of 

numerous accessory proteins (111).  These actin-binding proteins control actin filament 

polymerization, bundling and cross-linking of actin filaments to one another, and cross-

linking of actin filaments to other cellular components.  The majority of cellular actin 

filaments are present as higher order cross-linked structures.  One class of actin filament 

cross-linkers, known as gel-forming proteins, creates a loose three-dimensional filament 

meshwork, whereas another class, called bundling proteins, arranges filaments into 

tightly packed parallel arrays.  Several bundling proteins have been described including 

α-actinin, villin, fimbrin and annexin II (AII) (111, 112).  Although many of these 

proteins have well described functions in vitro, much less is known as to how these 

accessory proteins modulate actin filament organization in vivo.   

 

The annexins are a large family of proteins that share the ability to bind anionic 

phospholipids in a Ca2+-dependent manner (52).  Many members of the annexin family 
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share similarities in structure, subcellular localization, and biochemical activities, 

suggesting that sufficient redundancy may exist within the family to explain the relatively 

subtle phenotypes observed in recent knockout mouse models (53-56).  Among the 

biochemical properties annexins possess, the ability to bind F-actin in a Ca2+-dependent 

manner has been reported for several family members, but only the AII heterotetramer 

(AIIt) can induce significant actin filament bundling in vitro (53).  This heterotetramer 

consists of two copies of AII monomer bound to a dimer of p11, a member of the S-100 

family of Ca2+-binding proteins (53).  Extensive in vitro studies have shown that AIIt has 

the necessary biochemical properties to be involved in modulating the actin cytoskeleton 

and interact with membrane structures (105).  However, it has proven difficult to define 

an important role for AII in organizing actin filaments in whole cells using conventional 

knock-down and overexpression techniques.  To address this problem, we now report the 

identification of a small molecule natural product, Withaferin A (WA), as a compound 

that modulates actin cytoskeleton architecture by covalently interacting with AII and 

dramatically enhancing its actin bundling activity. 

 

WA is a member of the family of C28 steroidal lactone natural products known as 

withanolides that are elaborated by many solanaceous plants, especially Withania 

somnifera (Figure 3) (11).  Use of preparations from this plant date back over 3,000 years 

in the Ayurvedic medicinal tradition where they have been employed as a tonic for 

several ailments including cognitive and neurological disorders, inflammation, insomnia 

and cancer (10).  We encountered WA in the course of multidisciplinary screening 
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program designed to identify anticancer agents in extracts of desert plants and their 

associated microorganisms.  We were intrigued by the potent cytoxicity and marked 

morphologic changes induced by WA exposure, especially the unusual pattern of 

cytoplasmic projections seen in association with overall loss of substrate adhesion 

(Figure 4).  Numerous withanolides have been identified over the years, primarily on the 

basis of cytotoxicity, but their mechanism(s) of action has remained elusive despite 

extensive biological characterization (11).  Therefore, we sought to identify directly the 

cellular target(s) of WA by affinity precipitation using a solid phase immobilized 

derivative of the compound.  Here, I show that the steroidal lactone, Withaferin A (WA), 

is the first small molecule natural product found to covalently bind the enigmatic adapter 

protein AII and alter its function both in vitro and in whole cells (104). 
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Figure 3.  Chemical structures of Withaferin A (1), Withanolide E (2), Withanolide D (3) 

and 12-Deoxywithastamonolide (4).  
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Results 

 

WA modifies cell morphology and inhibits cell survival  

 

While screening desert plants and their associated microorganisms for anticancer agents 

with novel mechanisms of action, we encountered WA, a member of the withanolide 

family of C28 steroidal lactones elaborated by many solanaceous plants, especially 

Withania somnifera (Figure 3) (11).  Intrigued by the unusual pattern of cytoplasmic 

projections (Figure 4) and rapid loss of substrate adhesion induced by WA, I sought to 

identify the cellular target(s) responsible for this activity using an affinity precipitation 

approach.  

 

WA binds specifically to a 36 kDa protein identified as Annexin II 

 

WA was modified at the C27 position with pentafluorophenyl-biotin to yield biotinyl-

WA (B-WA, 2) since available structure-activity relationship data suggested that this 

position was non-critical (Figure 5) (49, 50).  As expected, quantitative cytotoxicity 

testing of B-WA confirmed preservation of its bioactivity (Figure 4).  B-WA was 

immobilized on streptavidin-coated agarose beads under saturating conditions and 

incubated with cell extracts that had been pre-incubated with WA or DMSO vehicle. 

Beads were washed under low stringency conditions to retain both tight and loosely 

bound proteins which were subsequently eluted, size fractionated by SDS-PAGE under  
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Figure 4. Effect of WA on cell morphology and survival.   
 
Upper Panel: MCF-10A breast epithelial cells growing on glass coverslips were treated 

with DMSO vehicle or WA (4 µM) for 2 hours then fixed and processed for scanning 

electron microscopy (SEM).  Scale bar: 10 µm.  Lower Panel:  CHP-100 cells in triplicate 

wells were incubated with increasing concentrations of WA, B-WA and WD.  Relative 

viable cell number was quantified by MTT assay.  Results are presented as mean 

percentage relative to wells exposed to DMSO alone. Error bars: s.d.  
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Figure 5.  Preparation of B-WA for solid phase immobilization.   

Synthetic scheme for preparation of the biotinylated WA derivative. 
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reducing conditions, stained with Sypro Ruby and visualized under ultraviolet 

illumination to identify both covalent and non-covalent targets of WA (Figure 6).  

Although multiple proteins were found to bind non-specifically, only a single prominent 

36 kDa band was effectively competed away by prior addition of unmodified WA.  This 

band was excised, trypsin digested and peptide sequences obtained by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS).  Ten non-continuous peptide 

fragments covering 42.1% (by amino acid content) of a protein identified as human AII 

were detected (Table 1).   

 

Affinity precipitated proteins were also electrophoresed and blotted with streptavidin-

peroxidase to identify targets that bound covalently to B-WA (Figure 7, upper panel). 

The only signal to be efficiently competed away by prior incubation with unmodified 

WA was a 36 kDa band. As further confirmation of AII as a WA target, affinity 

precipitations from whole cell lysate were also found to react with antibody to AII by 

immunoblotting (Figure 7, lower panel).  In cells, most AII exists in a heterotetrameric 

complex consisting of two AII monomers bound to a dimer of the S-100 family protein 

S100A10 (53).  At physiologically relevant Ca2+ concentrations, only this AII 

heterotetramer (AIIt) possesses the core biochemical activities reported for AII in vitro, 

namely the bridging of phospholipid vesicles (219, 220) and the bundling of F-actin 

(105). To determine whether WA could bind native AIIt purified from bovine lung, we 

incubated the complex with B-WA and blotted the reaction mixture with streptavidin-

peroxidase. Stable and competable binding of the drug was observed (Figure 8).   
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Figure 6.  Stable binding of WA to a 36 kDa protein. 

B-WA was captured on streptavidin beads and incubated with pre-cleared whole cell 

extract that had been previously supplemented with WA (40 µM) or an equal volume of 

DMSO.  After low stringency washes, proteins were eluted, size-fractioned by SDS-

PAGE, stained and visualized. The arrowhead indicates the position of a 36 kDa band 

effectively competed away by WA.  Pre-clear lane: Proteins that bound non-specifically 

to beads alone (no immobilized WA present).  
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PositionPositionPositionPosition    SequenceSequenceSequenceSequence    

11-28 
29-47 
48-63 
50-63 
105-115 
136-145 
153-168 
153-169 
179-196 
180-196 
234-245 
314-324  
330-340 

 
LSLEGDHSTPPSAYGSVK 
AYTNFDAERDALNIETAIK 
TKGVDEVTIVLILTNR 
GVDEVTIVLILTNR 
TPAQYDASELK 
TNQELQEINR 
TDLEKDIISDTSGDFR 
TDLEKDIISDTSGDFRK  
RAEDGSVIDYELIDQDAR 
AEDGSVIDYELIDQDAR 
SYSSPYDMLESIR 
SLYYYIQQDTK  
ALLYLCGGDDL 

 

 

 

 

 

 

 

 

Table 1.  AII-derived peptides identified by B-WA affinity precipitation. 

Incubation of whole cell lysate with solid phase-immobilized B-WA led to pull-down of 

a prominent 36 kDa protein that could be competed away by the prior addition of 

unmodified WA. This band was excised from Sypro Ruby stained gels, trypsin digested 

and peptide sequences obtained by LC-MS/MS.  Ten non-continuous peptide fragments 

covering 42.1% (by amino acid content) of a protein identified as human AII were 

detected.  



 82 

 

 

Figure 7.  Stable and specific binding of AII from whole tumor cell lysate by WA. 

B-WA was captured on beads and incubated with whole cell extract.  Bound proteins 

were eluted, size-fractioned and transferred to nitrocellulose for blotting with 

streptavidin-conjugated horseradish peroxidase (S.A. HRP) and chemiluminescent 

detection (upper panel).  Samples were also blotted with anti-AII antibody and 

peroxidase-conjugated secondary antibody (lower panel).  An aliquot of total cell extract 

(Lysate lane) and a sample eluted from beads without immobilized WA that had been 

incubated with whole cell extract (DMSO lane) were run as controls.  
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Figure 8.  Stable and specific binding of WA to purified bovine AIIt. 

B-WA (4 µM) was incubated with purified bovine AIIt (0.4 µM) in Buffer A (50 mM 

KCl, 1.0 mM MgCl2, 0.4 mM CaCl2, 0.2 mM EGTA, 2.0 mM Tris-HCl pH 7.5, 0.5 µM 

ATP, 0.4 µM BSA) that had been previously supplemented with varying concentrations 

of WA, WD (3) or DMSO.  DMSO incubated in Buffer A alone, B-WA incubated in 

Buffer A alone, and AIIt incubated with DMSO were run as controls (three left-most 

lanes respectively). Samples were blotted using streptavidin-conjugated horseradish 

peroxidase and chemiluminescent detection. 

 



 84 

Pre-incubation with unmodified WA effectively blocked B-WA binding using both whole 

cell lysate (Figure 7) as well as purified AIIt (Figur 8).  In contrast, withanolide D (WD, 

3, Figure 3), a close structural analog of WA found to be non-cytotoxic (Figure 4), failed 

to block B-WA binding to AIIt even at a ten-fold molar excess (Figure 8), right-most 

lane). B-WA was also incubated with other purified proteins including Bovine Serum 

Albumin (BSA) and several annexin family members. No binding was detected, thereby 

demonstrating the relative selectivity of the AIIt-WA interaction (Figure 9). 

 

WA interacts covalently with Annexin II at amino acid residue Cys 133 

 

We exploited the covalent nature of the AII-WA interaction demonstrated in Figures 6-9 

to map the site of adduct formation using LC/MS-MS.  Reaction of WA with AII was 

evident by a 470 Da shift (identical to the mass of WA) in the m/z ratio of sequence ions 

generated from an AII-derived tryptic peptide containing the amino acid residue Cys 133 

(Figure 10). Mutation of this cysteine residue to serine has been reported to structurally 

destabilize the protein resulting in marked loss of its activity and demonstrating the 

critical role of this region in modulating the function of the protein (221). A previously 

reported co-crystal structure of annexin V with a benzodiazepine analog demonstrated 

that the compound located to a pocket in a similar position and orientation to Cys-133 of 

AII when the crystal structure of AII  was superimposed on this annexin V-

benzodiazepine complex (74, 222).  Subsequently, WA was superimposed on the annexin 

V-benzodiazepine binding pocket and adapted to define the AII-WA drug binding pocket  
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Figure 9A.  WA binds to AIIt but not other Annexin family members.   

B-WA (1 µM or 10 µM) was incubated with purified Annexin I, IIt, IV, V, and VI (0.4 

µM) in Buffer A that had been previously supplemented with WA (10 µM) or an equal 

volume of DMSO.  Samples were size fractioned by SDS-PAGE and transferred to a 

membrane for Ponceau staining of total proteins (upper panels) and blotting with 

streptavidin-conjugated horseradish peroxidase and chemiluminescent detection (lower 

panels).   
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Figure 9B.  WA binds to AIIt but not other Annexin family members.   

B-WA (1 µM or 10 µM) was incubated with purified Annexin I, IIt, IV, V, and VI (0.4 

µM) in Buffer A that had been previously supplemented with WA (10 µM) or an equal 

volume of DMSO.  Samples were size fractioned by SDS-PAGE and transferred to a 

membrane for Ponceau staining of total proteins (upper panels) and blotting with 

streptavidin-conjugated horseradish peroxidase and chemiluminescent detection (lower 

panels).   
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Figure 10.  Mass spectroscopy identification of WA adduct site in AII.   

WA (40 µM) or an equal volume of DMSO was incubated with 4 µM purified AIIt for 1 

hr at room temperature.  Samples were resolved on SDS-PAGE and stained with 

Coomassie Blue (Inset, upper right).  Bands were excised and analyzed individually by 

LC-MS/MS.  AIIt incubation with WA resulted in a shift in the m/z ratio of the sequence 

ions derived from the peptide fragment indicated in the upper left corner that contained 

the Cys-133 residue (asterick) of AII.  WA adduct formation was evident by the MS/MS 

spectrum of the peptide ions containing the Cys-133 residue. 
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(Figure 11).  A covalent bond was modeled between WA (C(3)) (Figure 11, upper left 

panel) or WA (C(5)) (Figure 11, upper right panel) with Cys-133 of AII. The two energy 

minimized structures demonstrated a differential binding mode that favored WA (C(3)) 

binding to Cys-133.  Models of WA bound to Cys-133 indicated that WA resided in the 

concave portion of AII, which has been described as its actin binding region (Figure 11, 

lower left panel) (73).  The root mean square deviation (0.58 Å) for the Cα atoms of WA-

bound and unbound AII indicated that a conformational change occurred only at the 

binding pocket of AII, while the rest of the structure was unperturbed (Figure 11, lower 

right panel).  

 

Annexin II-dependent liposome aggregation is not altered by WA 

 

To examine the effect of WA on the core biochemical functions of AIIt in vitro, purified 

heterotetramer was incubated in the presence of vehicle control, the sulfhydryl reagent N-

ethylmaleimide (NEM) or WA followed by addition to suspensions of 

phosphotidylserine-containing liposomes. Liposome aggregation was assessed by 

changes in light scattering while the extent of liposome-protein interaction was 

determined by co-sedimentation following centrifugation.  NEM inhibited both AIIt 

liposome binding and aggregation as previously reported (223), whereas WA had no 

significant effect (Figure 12). 
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Figure 11.  Molecular modeling of the WA binding site in human AII.   

A covalent bond between Cys-133 of AII and C(3) or C(5) of WA was formed and the 

structures were energy minimized in Sybyl6.9 and viewed in Internal Coordinate 

Mechanics (ICM) 3.0 for potential drug-protein interactions.  Interactive docking favored 

(a) WA C(3)-AII interaction(-14.2 kJ/mol) over (b) WA C(5)-AII interaction (-13.5 

kJ/mol).  The amino-acid residues interacting with WA for mode (A) are Lys234 with 

O(5) (1.7 Å), Arg263 with O(6) (3.1 Å) and Arg147 with O(1) (2.6 Å) and O(2) (2.9 Å). 

The only interaction for mode (B) binding is Lys234 with O(5) (3.4 Å).  (c) Depiction of 

the actin (yellow) and phospholipid (orange) binding regions of AII with WA (green) 

occupying the actin binding region.  (d) The conformational changes in the Cα backbone 

predicted to occur upon WA binding to AII in mode (A) (yellow: unbound state, blue: 

drug bound state).  Such changes are largely restricted to the binding pocket while the 
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rest of the molecule remains unperturbed.   
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Figure 12.  Effect of WA on AIIt-dependent liposome aggregation.   

Upper panel: Liposomes were incubated in Buffer A containing 0.5 µM purified AIIt that 

had been previously reacted with DMSO vehicle, NEM or WA.  After 15 mins at room 

temperature, liposomes were sedimented by centrifugation and the relative amounts of 

liposome-associated AIIt were monitored by SDS-PAGE and Coomassie Blue stain.  

Lower panel: The effect of WA on AIIt-dependent liposome aggregation was assessed by 

monitoring changes in light absorbance at 540 nm over 15 minutes.  Results are 

representative of two independent experiments (performed with duplicate sample sets).  
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WA enhances Annexin II-dependent F-actin bundling in vitro and in intact cells 

 

Drug effects on AII-mediated F-actin bundling were assessed by light scattering (106).  

Incubation of F-actin with AIIt resulted in a time-dependent increase in scattering, 

reflecting the progressive bundling of F-actin as expected (Figure 13, upper panel). WA 

pre-treatment of AIIt not only increased the extent of F-actin aggregation, but also 

enhanced the rate at which it occurred.  Addition of WA alone to F-actin resulted in no 

change in light scattering.  Consistent with these findings, centrifugation of reaction 

mixtures at 14,000 X g which sediments only bundled F-actin filaments yielded more AII 

and actin in the pellet fraction following WA pre-treatment of AIIt as compared to 

vehicle control (Figure 13, lower panel) (106).  Incubation of WA alone with F-actin did 

not increase its ability to be pelleted over background levels.  In conjunction with the 

structural modeling studies presented in Figure 11, these biochemical findings indicate 

that WA modifies the interactions of AII with F-actin while having no apparent effect on 

AII-lipid interactions in vitro. 

 

Because WA enhanced AII-mediated cross-linking of F-actin in vitro, we investigated the 

ability of WA to alter cytoskeletal organization in intact cells.  Fibroblasts were treated 

with WA or DMSO, then fixed and stained with fluorescently labeled phalloidin to 

visualize F-actin distribution by microscopy.  As expected, a well-developed network of 

actin filaments was readily apparent in the control cells.  After a 2 hour drug exposure,  
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Figure 13.  Effect of WA on AIIt-dependent F-actin bundling.   

Upper panel: The effect of WA on AIIt-dependent F-actin bundling was measured by 

light scattering.  AIIt was incubated with a ten-fold molar excess of WA or an equal 

volume of DMSO in Buffer A for 1 hour.  Reaction mixtures were then diluted into F-

actin solution in Buffer A and changes in perpendicular light scattering were monitored 

over the time interval indicated (‘s’ = seconds). The effects of DMSO and WA on F-actin 

bundling in the absence of AII were also assessed as controls.   Lower Panel: Bundling 
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reactions were centrifuged at 14,000 x g.  Pelleted material was analyzed by SDS-PAGE 

and Coomassie Blue staining to assess relative amounts of F-actin bundling and bundle-

associated AII (Inset, lane 1: DMSO alone; lane 2: WA alone; lane 3: DMSO + AIIt; lane 

4: WA + AIIt).  The migration positions of actin and AII are indicated. Densitometric 

measurements of relative actin band intensities are presented as a bar graph.  The results 

are representative of three independent experiments. 
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however, cells displayed massive disruption of their actin cytoskeleton, with the 

formation of numerous punctate areas of F-actin aggregation (Figure 14, left panels).  

Higher resolution examination of these cells by transmission electron microscopy (TEM) 

revealed disruption of the cortical filament network as well as the formation of large 

areas of tangled, aggregated microfilaments (Figure 14, indicated by arrows in right 

panels).   

 

Enforced expression of Annexin II sensitizes cell to the cytoskeletal perturbations and 

cytotoxic effects of WA 

 

To provide evidence that actin aggregation was mediated by drug interaction with AII in 

cells, I attempted AII knockdown using several different siRNA sequences.  Presumably 

due to the relative abundance and stability of the protein, however, I was unable to 

achieve more than 50% reduction in cellular AII levels which had no obvious effect on 

WA activity.  As an alternative, several other strategies were used to examine the effect 

of cellular AII levels on the ability of WA to induce F-actin aggregation.  First, I 

transiently increased cellular AIIt levels using purified heterotetramer and a commercial 

protein transduction reagent.  Transduction of AIIt sensitized cells to WA-induced 

cytoskeletal perturbations compared to transduction of the control protein BSA (Figure 

15).  Transduction of AIIt or BSA alone had no apparent effect.  In another approach, 

HepG2 cells which express little or no endogenous AII were transiently transfected with 

plasmids encoding fluorescently tagged AII (AII-CFP) and S100A10 (p11-YFP) (224)    
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Figure 14.  WA disrupts the actin cytoskeleton in an AII-dependent manner.   

WI-38 fibroblasts were incubated with DMSO or WA (4 µM) for 2 hours at 37ºC then 

fixed and stained with fluorescently labeled phalloidin for examination by confocal laser 

scanning microscopy.  All images of phalloidin-stained cells were acquired at the same 

magnification using a 100X oil immersion objective.  Alternatively, DMSO- and WA-

treated cells were fixed and processed for transmission electron microscopy (TEM).  

Arrows indicate the location of actin microfilaments.  Scale bars: 1 µm. 
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Figure 15.  Dependence of WA biological activity on cellular AIIt levels.  

WI-38 cells were transduced for 3 hours with either AIIt (0.5 µM) or the control protein 

BSA (0.5 µM).  Immediately following the transduction interval, cells were incubated 

with DMSO or WA (4 µM) for 1.5 hours at 37°C.  Cells were then fixed and stained with 

fluorescent phalloidin to visualize changes in F-actin organization by confocal 

microscopy.  All images of phalloidin-stained cells were acquired at the same 

magnification using a 100X oil immersion objective. 
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(Figure 16).  Phalloidin staining of these epithelioid cells does not demonstrate the 

extensive stress fiber network characteristic of fibroblasts (Figure 14), but a well 

developed subcortical network is apparent which was relatively resistant to the disruptive 

activity of WA, as expected due to their very low level of AII (Figure 17, left panels). 

After confirming expression of recombinant AII-CFP by immunoblotting (Figure 16), we 

compared the effect of WA on recombinant AIIt-expressing cells (AII-CFP/YFP-S100) 

versus cells transfected with a control vector (pcDNA). Co-transfection of AII and 

S100A10 plasmids had little effect on basal F-actin organization, but it markedly 

sensitized cells to WA-induced cytoskeletal perturbation (Figure 17, right panels). 

Finally, we generated HepG2 cells that were stably transfected with AII-CFP fusion 

construct and sorted by flow cytometry to yield a more homogenous population of over-

expressing cells. For stable transfection, AII-CFP construct alone was used because 

enforced expression of AII has been reported to up-regulate levels of S-100A10 protein 

in HepG2 cells by a post-translational mechanism (225).  In stable transfectants, we were 

able to directly visualize WA-induced changes in the distribution of AII-CFP fusion 

protein by fluorescence microscopy.  Rather than the diffuse cytoplasmic/membrane 

signal seen in control-treated cells as previously reported (224), the accumulation of 

numerous cytoplasmic aggregates was observed in WA-treated cells (Figure 18).  

Consistent with the cytoskeletal effects seen in Figure 17, HepG2 cells expressing AII-

CFP fusion protein demonstrated much greater sensitivity to WA in terms of rapid shape 

change/rounding up (Figure 19) and subsequent cytotoxicity (Figure 20).    
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Figure 16.  Enforced expression of AIIt in HepG2 cells.   

Cells were transiently transfected with empty vector control (pcDNA3.1) or pAII-CFP 

and pYFP-S100 plasmids. Seventy two hrs post transfection, cells were lysed in non-

ionic detergent buffer and proteins size-fractioned by SDS-PAGE.  Proteins were 

subsequently transferred to a nitrocellulose membrane for Ponceau staining of total 

protein (left panel) and blotting with anti-AII antibody and peroxidase-conjugated 

secondary antibody (right panel).  Non-transfected HepG2 and CHP-100 (expressing 

abundant endogenous AII) were examined as controls. 
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Figure 17.  Co-transfection of AII and S100A10 plasmids sensitizes cells to WA-induced 

cytoskeletal perturbations.  

HepG2 cells were transfected with AII-CFP and YFP-S100 expression plasmids to 

increase functional AIIt expression or the empty control vector pcDNA3.1. Post-

transfection, cells were incubated with DMSO or WA (4 µM) for 2 hours at 37°C.  Cells 

were then fixed and stained with fluorescently labeled phalloidin to visualize changes in 

F-actin organization by confocal microscopy. All images of phalloidin-stained cells were 

acquired at the same magnification using a 100X oil immersion objective.  



 101 

 

 

 

Figure 18. Stable transfection of HepG2 cells with an AII-CFP plasmid results in WA-

induced aggregation of AII-CFP.  

HepG2 cells stably expressing AII-CFP fusion protein were grown for 2 days in coverslip 

chamber slides and then treated with WA (4 µM) or an equal volume of DMSO for 2 hrs. 

Drug-induced aggregation of fusion protein in live cells was visualized by fluorescence 

microscopy. Scale bar: 10 µm.    
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Figure 19.  Effects of WA on morphology of HepG2 cells stably transfected with AII-

CFP.  

HepG2 cells were stably transfected with an AII-CFP expression plasmid (Annexin II-

CFP) or empty control vector (pcDNA3). Two days after plating, cells were incubated 

with DMSO or WA (4 µM) for 2 hours at 37°C and then visualized at identical 

magnification by phase contrast microscopy to detect changes in morphology.  
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Figure 20.  Effect of WA on the survival of HepG2 cells stably transfected with AII-

CFP.  

HepG2 cells that had been stably transfected with an AII-CFP expression plasmid or 

control plasmid (pcDNA) were plated one day prior to addition of serial dilutions of WA. 

After 48 hr drug exposure, relative viable cell number was measured by MTT assay.  

Results are presented as mean of triplicate wells. Error bars; s.d.  The same experimental 

design was repeated 3 times with similar results. 
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Pharmacological depletion of F-actin antagonizes the cytotoxic effects of WA 

 

As a pharmacological approach to verify that WA exerts its biological effects including 

cell death via aberrant F-actin aggregation, we decreased cellular microfilament levels 

with cytochalasin B (CB), a membrane permeable inhibitor of actin polymerization.  

Instead of increasing cell death, exposure of cells to depolymerizing concentrations of 

CB antagonized the cytotoxicity of overnight WA exposure (Figure 21). 

 

Inhibition of tumor cell migration, invasion and survival by WA 

 

Lastly, because the actin cytoskeletal plays a critical role in cell migration and invasion 

(218), we treated two highly invasive cancer cell lines with increasing concentrations of 

WA for 24 hours and monitored cell invasion across membranes coated with extracellular 

matrix (MatrigelTM, Becton Dickinson).  The number of cells that traversed the Matrigel-

coated membrane was greatly reduced in the presence of WA, even at sub-lethal drug 

concentrations (Figure 22).  Overall, the data presented in this study demonstrate that 

WA disrupts F-actin organization via an interaction with AIIt that results in 

concentration-dependent cytotoxicity and marked anti-invasive activity in tumor cells.  
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Figure 21.  Disruption of F-actin organization with Cytochalasin B antagonizes WA-

dependent cytotoxicity.  

WI-38 cells in triplicate wells were incubated with sub-lethal concentrations of CB (0.5 

µM and 1 µM) or DMSO for 1 hour and subsequently exposed to WA at varying 

concentrations for 16 hours.  Relative viable cell number was quantified by MTT assay.  

Results are presented as % relative to wells exposed to DMSO alone or relevant 

concentrations of CB alone. Error bars; s.d. Results shown are representative of two 

independent experiments. 
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Figure 22.  Effect of WA on the migration and invasion of tumor cells. 

Highly metastatic PC-3M and CHP-100 tumor cells were seeded into Matrigel-coated 

invasion chambers and exposed to increasing concentrations of WA or DMSO for 24 

hours.  Relative viable cell number and invasion were determined by MTT assay.  Results 

are presented as % compared to wells exposed to DMSO alone.  Results shown are 

representative of three independent experiments. 
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Discussion 

 

The actin cytoskeleton is a key regulator of cell architecture and plays a major role in 

critical cellular processes such as phagocytosis, orientated growth, adhesion and 

migration (226).  These processes are regulated by actin binding proteins that modulate 

actin organization and behavior according to stimuli in the environment.  However, due 

to the complex and dynamic nature of the actin cytoskeleton and its accessory proteins, 

these cellular components have been difficult to study using conventional methods.  We 

describe for the first time a small molecule natural product, Withaferin A (WA), that 

dramatically alters cytoskeletal architecture in a rapid and highly unusual fashion 

involving the aggregation of actin microfilaments.  This activity appears to result from 

WA binding to the actin-bundling protein AII in a specific and competable fashion 

through covalent adduct formation at residue Cys-133 of the protein.  Rather than acting 

as an inhibitor, WA induces profound AIIt-dependent aggregation of filamentous actin at 

low micromolar concentrations both in vitro and in whole cells. 

 

In closing, the work described above has resulted from an extensive interdisciplinary 

effort to define the molecular mechanisms of compounds isolated from ethnobotanically 

significant desert plants and their associated microorganisms. Our surprising discovery of 

withaferin A as a potent activator of the adapter protein Annexin II highlights the 

potential of this rich, relatively unexploited bio-resource to provide useful chemical 

biological probes with which to dissect complex cellular processes. It also serves as proof 
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of principle that cell-based, phenotypic screening approaches, such as that utilized to 

identify WA, have the ability to uncover novel, completely unanticipated targets for drug 

action that would never come to light in more conventional mechanism-based discovery 

paradigms. While it is possible that WA interacts with other protein targets, the data 

provide strong evidence that drug-induced alterations in AII function constitute a major 

mechanism for the novel actin phenotype and biological activities we have demonstrated 

for this compound.  We have just begun to examine the impact of WA on medically 

relevant processes reported to involve AII such as tumor cell migration (132), 

angiogenesis (184), clotting (227, 228) and membrane-associated signaling events (73, 

110).  The rich history of medicinal uses for plant preparations containing high levels of 

WA suggests that AII will provide a useful, previously unexploited target for therapeutic 

intervention. 
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IV. PHARMACOLOGICAL MODULATION OF ANNEXIN II FUNCTION AS A 

NOVEL ANTICANCER STRATEGY 

 

Introduction 

 

The annexins are a family of proteins that are well characterized for their ability to bind 

anionic phospholipids in a Ca2+-dependent manner (52).  Annexin AII heterotetramer 

(AIIt), a multifunctional Ca2+-binding protein complex, consists of two copies of annexin 

AII monomer (AII) bound to a dimer of p11, which is a member of the S-100 family of 

Ca2+-binding proteins (53).  Studies characterizing the expression of AIIt show that it is 

linked to tumorigenicity and plays an important role in both metastasis and angiogenesis.   

 

Defining characteristics of malignancy include the ability to escape the constraints 

imposed by neighboring cells, invade the surrounding tissue and metastasize to distant 

sites (139, 141).  Angiogenesis is required for the growth and metastasis of malignant 

tumors, and high vascular density has been correlated with aggressive tumor growth in 

many types of cancer (187).  Recent studies have shown AIIt stimulates cell proliferation 

(182), angiogenesis (55), cancer invasion (180) and metastasis (183).  Furthermore, AIIt 

is overexpressed in a variety of human tumors and its involvement in mitogenic 

signaling, adhesion, intracellular transport and plasmin generation suggest a role in 

malignant progession (160-166, 168).   
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The role of AIIt in plasmin generation has been examined by several groups (55, 229, 

230).  Tissue plasminogen activator (t-PA) and plasminogen bind to the extracellular AIIt 

“receptor” on the cell surface of endothelial and tumor cells, thereby stimulating 

plasminogen autoproteolysis and providing a highly localized transient pulse of plasmin 

activity at the cell surface (134, 135).  Although the exact mechanism of AIIt function in 

the profibrinolytic pathway remains controversial, it appears that both components of the  

heterotetramer (AII and p11) are necessary for plasminogen activation (55, 136).  

Plasmin plays an important role in vascular thrombolysis as well as other biological 

processes that require migration such as angiogenesis, inflammatory reactions, tissue 

remodeling, and tumor progression (55, 136, 137).  In addition to its role in thrombolysis 

and extracellular matrix (ECM) degradation, plasmin has a regulatory function in the 

activation of other ECM-degrading proteases and, in particular, the matrix 

metalloproteases (MMPs), a family of Zn2+-dependent endopeptidases. Plasmin 

proteolytically activates the precursor forms of collagenase (MMP-1), stromelysin 

(MMP-3), and gelatinase B (MMP-9) Plasmin-mediated proteolytic activation of 

metalloproteinases is thought to be a critical step in the process of angiogenesis and 

metastasis (138).   

 

In addition to its role in plasmin generation, AIIt is thought to bridge, or “annex,” critical 

cellular components including membranes and actin microfilaments (74, 86).  Among the 

biochemical properties annexins possess, the ability to bind F-actin in a Ca2+-dependent 

manner has been reported for several family members, but only the AII heterotetramer 
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(AIIt) can induce significant actin filament bundling in vitro (53).  The actin cytoskeleton 

is responsible for forming many of the dynamic cellular structures that are required for 

cell motility, contractility, intracellular transport and maintenance of morphology (174).  

Such processes are critical for tumor and endothelial cell migration.  However, actin 

cannot perform these various functions without the assistance of several accessory 

proteins, including AIIt (111).  Although the role of AIIt in tumor and endothelial cell 

migration is just beginning to be elucidated (130, 180, 181), its ability to interact with the 

actin cytoskeleton is consistent with an important functional role in these processes.  

 

The role of AIIt in cytoskeletal dynamics, as well as its role in regulating such diverse 

events as exocytosis, endocytosis, cell adhesion, proteolysis, cell migration and mitogenic 

signal transduction make it an intriguing, but daunting target to investigate (73).  More 

importantly, it appears that AIIt expression may be required for endothelial cell migration 

and neo-angiogenesis (55) and may play a critical role in the migration and invasion of 

several tumor types (130, 180, 181).  Mounting evidence strongly suggests that AIIt 

functions within the tumor environment and tumor-associated stroma to promote 

neoangiogenesis and tumor metastasis.  Therefore, altering AIIt function has the potential 

to greatly impact both angiogenesis and metastasis simultaneously and represents a 

unique strategy for the development of anticancer therapies.   

 

Due to the complex and dynamic nature of AIIt interactions, this cellular protein has been 

difficult to study using conventional methods.  A recent AII knock-out mouse model 
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demonstrated a surprisingly subtle phenotype, although a marked decrease in t-PA 

dependent plasmin generation and diminished neoangiogenesis were noted (55).  Such 

results suggest that modulation of AII function could provide therapeutic benefits with 

limited toxicity.  Perhaps more significantly, because of the potential role for AIIt in 

malignant progression, AIIt represents a previously unexploited anticancer target for 

therapeutic intervention by small molecule drugs. To this end, I have been able to show 

that the steroidal lactone, Withaferin A (WA), is the first small molecule natural product 

found to covalently bind the enigmatic adapter protein AII and alter its function both in 

vitro and in whole cells (104).  WA was first identified in our laboratory using a 

bioassay-guided fractionation approach to isolate novel anticancer agents from plants and 

their associated microorganisms collected from the deserts of Negev, Israel and the 

Sonoran Desert of the Southwestern United States.   In the course of this screening 

program, we encountered the class of steroidal lactones known as withanolides (Figure 

3), including WA, which produced a profound cellular heat shock response at low 

micromolar concentrations.  Such activity was intriguing, because the use of extracts 

from plants that elaborate withanolides date back to over 3,000 years in the Ayurvedic 

medical tradition of India where they have been used as a tonic with purported anti-stress, 

adaptogenic and anticancer properties (10).   

 

Previous strategies for exploiting tumor angiogenesis and migration for novel cancer drug 

discovery have included: (i) inhibition of proteolytic enzymes that breakdown the 

extracellular matrix surrounding tumors and capillaries (ii) inhibition of endothelial and 
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cancer cell migration (iii) inhibition of endothelial and cancer cell proliferation.  AII has 

been shown to play a critical role in all these processes and WA, which targets AII and 

modulates its function, has been shown to effect many of these steps (11, 20, 49).  My 

findings indicate that much of the potent biological activity of WA can be attributed to 

modulation of AIIt activity.  WA has already proven a useful tool with which to examine 

the effects of disrupting AIIt function.  As previously reported, WA alters cytoskeletal 

architecture in a dramatic fashion involving the aggregation of actin microfilaments.  

This unusual activity results from WA binding to AII in a specific and competable 

fashion through covalent adduct formation at residue Cys-133. As might be expected, 

drug induced alterations of the actin cytoskeleton dramatically limited the migration and 

invasion of tumor cells (104). 

 

In the present study I describe the potent anti-tumor activity resulting from modulation of 

AII function by WA as well as the screening process utilized to identify WA.  The robust 

heat shock response induced by WA appears to be related to AIIt-dependent cytoskeletal 

perturbations.  Because of the AIIt-dependent biological activity of WA, I further 

examined the effects of WA on cancer cell survival and cancer cell cytoskeletal 

dynamics.  I also investigated the effects of WA on AIIt dependent endothelial cell 

plasmin generation and network formation.  WA markedly inhibited tumor cell growth in 

vitro and dramatically disrupted the actin cytoskeleton in both tumor and endothelial 

cells.  Endothelial cell network formation and plasmin generation were also significantly 

inhibited by WA.  In vivo studies utilizing WA against the Ewing’s Sarcoma cell line 
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CHP-100 further supported our findings that WA is an active anti-tumor agent, showing 

both tumor growth inhibition and reduced microvascular density within the tumor.  

Given, the extensive ethnobotanical history of WA-containing plant preparations in the 

treatment of inflammatory diseases,  neurological disorders and cancer (11), we suggest 

that AII provides a novel target for therapeutic intervention by small molecule drugs.  
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Results 

 

WA induces a heat shock response that is dependent on an intact actin cytoskeleton 

 

WA was first identified as natural product of interest during a multidisciplinary screening 

program designed to identify compounds with the ability to induce a heat shock response 

at the transcriptional level.  3T3-Y9-B12 reporter cells were treated with increasing 

concentrations of various withanolides (Figure 3) for 16 hours.  The resulting increase in 

green fluorescent protein as measured by relative fluorescence units indicated a 

transcriptional heat shock response. When compared to other withanolides, WA induced 

an extremely robust cellular heat shock response (up to 25 fold above vehicle treated 

cells) at low micromolar concentrations (Figure 23 upper panel).  WE showed a similar 

response, but at a concentration approximately 10 fold higher than WA.  The other 

withanolides tested, 12dWS and WD, demonstrated no induction activity and likewise no 

cytotoxicity (data not shown), even at their maximum aqueous solubilities.  Given the 

potency of WA in our screening assay, subsequent experiments utilized only WA.  To 

confirm that the activity measured by the reporter assay resulted in increased cellular heat 

shock protein levels, lysates were prepared from control of WA-treated 3T3-Y9-B12 

reporter cells and immunoblotted for the highly inducible Hsp70 isoform Hsp72, which is 

expressed at very low levels under basal conditions.  As evident in Figure 23 (lower 

panel), a marked increase in Hsp72 levels was observed when reporter cells were exposed 

to low micromolar concentrations of WA for 16 hours.   
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Figure 23. WA activates a transcriptional heat shock response.    

Upper panel: Cell-based heat shock induction assay. 3T3-Y9-B12 reporter cells stably 

transfected with enhanced green fluorescent protein under the control of a minimal 

consensus heat shock response element were treated for 16 h with increasing 

concentrations of various withanolides: WA (♦), WE (■), WD (●) and 12dWS (▲). 

Fluorescent units were quantified using a microplate reader. Points, mean of triplicate 

determinations, expressed as percent of the solvent vehicle control (DMSO); error bars, 

s.d.  Lower panel: Immunoblot demonstrating increased expression of Hsp 72 in 3T3-Y9-

B12 reported cells after exposure to indicated concentrations of WA.  Cells were treated 

for 16 h, harvested and lysed in non-ionic detergent buffer and proteins were size 

fractioned by SDS-PAGE.  Protein was subsequently transferred to a nitrocellulose 

membrane for Ponceau staining of total protein and blotted with anti-Hsp 72 antibody 
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and peroxidase-conjugated secondary antibody.  Untreated and vehicle only (DMSO) 

were run as controls. 
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Conventional chemotherapeutic agents such as cisplatin and doxorubicin do not induce a 

heat shock response, suggesting a novel mechanism of action for WA (216).  Recent 

work by our laboratory has shown that WA exerts its biological effects by covalently 

interacting with the cellular protein AII and inducing aberrant F-actin aggregation.  To 

determine if the recently reported effects of WA on AII-dependent cytoskeletal 

modulation played a role in the ability of WA to induce a heat shock response, we 

decreased cellular microfilament levels in 3T3-Y9-B12 reporter cells with cytochalasin 

B, a membrane permeable inhibitor of actin polymerization.  Consistent with a 

requirement for intact filaments, exposure of cells to sub-lethal concentrations of 

cytochalasin B limited WA-induced heat shock induction and markedly antagonized the 

cytotoxicity of overnight WA exposure (Figure 24).   

 

Inhibition of tumor cell proliferation and modulation of the actin cytoskeleton by WA  

 

The growth inhibition of CHP-100 Ewing’s sarcoma (Figure 25, upper panel) and HT-

1080 human fibrosarcoma (Figure 25, lower panel) cells by WA was measured by MTT 

assay.  WA treatment for 72 hours continuous exposure or four hour exposure with 

removal of the drug resulted in a concentration-dependent decline in viable tumor cell 

number (Figure 25).  Because WA exerts its biological effects including cell death via  
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Figure 24. Pharmacological depletion of F-actin antagonizes WA-induced heat shock 

transcriptional activation.  

3T3-Y9-B12 cells in triplicate wells were incubated with a sublethal concentration of 

cytochalasin B (CB; 1µM; □) or DMSO (▲) for 1 h and subsequently exposed to WA at 

varying concentrations for 16 h.  Relative growth inhibition was quantified by MTT and 

relative fluorescent units were ascertained using a microplate reader as described above 

(see B).  Results are presented as a percent relative to wells exposed alone or relevant 

concentrations of CB alone.  Results shown are representative of three independent 

experiments. 
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Figure 25.  Concentration-dependent inhibition of tumor cell growth in vitro by WA.  

CHP-100 Ewing’s sarcoma (upper panel) and HT-1080 human fibrosarcoma cells (lower 

panel) in triplicate wells were treated with increasing concentrations of WA for 72 hours 

continuous drug exposure (■) or 4 hour drug exposure with a subsequent washout of 

drug-containing medium and replacement with fresh medium for a total of 72 hours (♦). 

Relative viable cell number was quantified by MTT assay. Results are presented as a 

O 

O 
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percentage compared to wells exposed to DMSO alone. Points: mean of triplicate 

determinations; Error bars: s.d. Results shown are representative of three independent 

experiments.  
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AII-dependent F-actin aggregation, we investigated the ability of WA to alter cytoskeletal 

organization in intact tumor and endothelial cells.  CHP-100 (Figure 26, upper panels), 

HT-1080 (Figure 26, middle panels) and Human Umbilical Vein Endothelial Cells 

(HUVEC-2, Figure 26, lower panels) were treated with WA or DMSO, then fixed and 

stained with fluorescently labeled phalloidin to visualize F-actin distribution by confocal 

laser microscopy.  As expected, a well-developed network of actin filaments was readily 

apparent in the control cells (Figure 26, left panels).  After two hours of WA treatment, 

however, cells displayed a massive disruption of their actin cytoskeleton, with the 

formation of numerous punctate areas of F-actin aggregation (Figure 26, right panels).  

These cytoskeletal perturbations not only resulted in cell death, but also inhibited cell 

migration and invasion at sublethal concentrations (104).   

 

WA inhibits endothelial cell plasmin generation, network formation and proliferation  

   

AII plays a critical role in the generation of plasmin.  AII has been shown to accelerate 

the tPA-dependent conversion of plasminogen to plasmin by acting as an extracellular 

receptor for the enzyme/substrate complex.  I hypothesized that WA could interfere with 

AII-dependent plasmin generation in viable endothelial cells, in part leading to the 

inhibition of neo-angiogenic vessels within a tumor.  To test this hypothesis, I measured 

the ability of HUVEC-2 cells to generate plasmin when exposed to increasing  
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Figure 26.  WA disrupts the actin cytoskeleton in tumor and endothelial cells.  

CHP-100, HT-1080 and Human Umbilical Vein Endothelial Cells (HUVEC-2) were 

incubated with DMSO or WA for 2 h at 37°C.  Cells were then fixed and stained with 

fluorescently labeled phalloidin for examination by confocal laser scanning microscopy.  

All images were acquired at the same magnification using a 100X oil immersion 

objective.  Results are representative of three independent experiments. 
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concentrations of WA (Figure 27).  HUVEC-2 cells were seeded onto a basement 

membrane matrix and briefly exposed to WA (or vehicle control) to alter AII function.  

Human Glu-plasminogen was then added in the continued presence of WA or vehicle 

control for four hours.  The medium was then removed from the cells and assayed for the 

amidolytic activity of plasmin.  Enzyme activity was determined by measuring the 

increase in absorbance (A405) of the free chromphore (pNA) generated from enzymatic 

cleavage of Spectrozyme PL plasmin substrate.  As shown in Figure 27, when endothelial 

cells were treated with DMSO alone, plasmin was readily generated.  Interestingly, WA 

effectively inhibited endothelial cell plasmin generation at nanomolar concentrations.  At 

the highest concentration tested (2 µM), WA reduced plasmin generation more than 23 

fold when compared to the vehicle control, although marked inhibition was noted at 250 

nM.   

 

We next assessed the ability of WA to interfere with capillary-like endothelial cell 

network formation.  Network formation is a multi-step process involving cell adhesion, 

migration, invasion, differentiation and growth.  The role of AII in many of these 

processes is critical and presents as a relevant target to modulate endothelial cell network 

formation. Endothelial cells in solution were placed on top of a thin layer of Matrigel, 

allowing the cells to align and form tube like structures.  Cells were the exposed to 

increasing concentrations of WA or vehicle control for 16 hours, fixed and observed 

under an inverted microscope (Figure 28).  WA clearly showed potent anti-angiogenic 

activity at low concentrations, as demonstrated by the inhibition of endothelial cell  
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Figure 27.  Effect of WA on endothelial cell plasminogen activation.   

WA inhibits endothelial cell plasmin generation at sublethal concentrations. Human 

umbilical vein endothelial cells (HUVEC-2) in complete medium were seeded into 

basement membrane matrix (Matrigel) coated wells.  Cells were allowed to adhere for 1 h 

and subsequently exposed to increasing concentrations of DMSO or WA for 1 h.  WA 

and DMSO containing complete media were removed and wells were gently washed 

several times with PBS.   The cells were then incubated in serum free, phenol red free 

medium containing the same concentrations of WA or DMSO plus human Glu-

plasminogen (Glu-PL) for 4 h.  The media were collected from each well and centrifuged 

for 5 minutes at 1,500 RPM to remove cell debris.  Spectrozyme PL, a synthetic plasmin 

substrate that generates a free chromphore (pNA) when enzymatically cleaved, was 

added to the media for 10 minutes and A405 was determined to ascertain plasmin activity.  

Results are representative of three separate experiments performed with duplicate sample 

sets.  Error bars: s.d. 

WA (µM) 
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Figure 28. WA inhibits endothelial cell network formation at low concentrations.   

HUVEC-2 cells were seeded into Matrigel-coated wells and allowed to adhere for 1 h.  

Adherent cells were exposed to increasing concentrations of WA or DMSO for 16 h.  

Cells were washed 1X in PBS and fixed to visualize network formation by light 

microscopy.  All images in panels above were obtained at the same magnification using a 

60X objective. 
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network formation.  Network formation was completely disrupted at 1 µM, but 

irregularities could be noted even at 0.25-0.5 µM.  MTT survival assays indicated that 

endothelial cells were sensitive to the cytotoxic effects of WA, but anti-angiogenic 

activity occurred at sublethal lethal concentrations (Figure 29). 

 

In vivo anti-tumor and anti-angiogenic activity of WA 

 

Given the potent anti-proliferative and anti-angiogenic activity demonstrated by WA in 

vitro, I pursued a small study utilizing the CHP-100 Ewing’s sarcoma cell line to 

examine the activity of WA therapy in vivo (Figure 30).  CHP-100 cells (107) were 

suspended in 100 µl Phosphate Buffered Saline (PBS) and injected SQ into the inguinal 

region of 16 SCID mice (athymic female nude mice).  When tumors were palpable (day 

five post tumor inoculation), the mice were randomly divided into the following two 

treatment groups (n = 8 per group): DMSO at 50 µl i.p. once daily for 10 days; WA at 7.5 

mg/kg in 50 µl i.p. once daily for two days and 3.5 mg/kg in 50 µl i.p. for 8 days.  The 

mice were followed by serial caliper measurements twice weekly to track tumor 

progression during the treatment interval.  Tumor volume was calculated using the 

equation: length x width2/2.  As indicated in Figure 30, tumor growth was inhibited by 

more than 66% in the WA-treated group when compared to the vehicle control-treated 

group (p < 0.01) when measured on the final day of WA treatment (day 14).  On day 15, 

(24 hours after the last treatment) all mice were sacrificed. Tumors were resected, fixed 

in formalin and submitted for histological evaluation of microvessel density (MVD). 
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Figure 29.  Concentration-dependent inhibition of endothelial cell growth in vitro by 

WA.   

Relative viable cell number of HUVEC-2 cells treated with increasing concentrations of 

WA or DMSO for 16 h was determined by MTT. Points: mean of triplicate 

determinations; Error bars: s.d. Results shown are representative of three independent 

experiments. 
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Figure 30.  WA inhibits the growth of CHP-100 Ewing’s sarcoma tumor xenografts.   

SCID mice bearing CHP-100 tumor xenografts (n = 8 for each group) were treated with 

i.p. injections of DMSO (50 µl for 10 days) or WA (7.5 mg/kg for 2 days and 3.5 mg/kg 

for 8 days) after tumor establishment.  Mean tumor volumes for each treatment group as 

determined by serial caliper measurements over a 14 day period are depicted.  On day 14 

(*) P  value <0.01.  Error bars: s.d.  Results representative of two independent 

experiments. 
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 MVD was measured by Dr. William Bellamy using formalin-fixed, paraffin embedded 

tumor tissue resected from 6 control- (DMSO) and 6 WA-treated mice. Samples were 

stained with antibody to CD34 to highlight vascular endothelium. Vessels were identified 

based on the combination of positive CD34 staining and morphology. Individual 

microvessels were counted at 200X (each field representing an area of 0.74mm2). Three 

areas were counted per tumor sample and the mean number of vessels per unit area was 

determined (Figure 31, lower panel).  Treatment with WA resulted in a statistically 

significant (39%) decrease in MVD when compared to vehicle control treated mice (p < 

0.01).  Representative photomicrographs of immunostained tumor sections from WA- 

and DMSO-treated groups show the profound inhibition of microvessel development in 

WA-treated tumors (Figure 31, upper panel). 
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Figure 31.  Effect of WA on tumor associated angiogenesis in vivo.  

Upper panel: Microvessel density (MVD) of excised CHP-100 tumors from each 

treatment group (DMSO, left panel; WA, right panel) was measured using formalin-

fixed, paraffin-embedded material sectioned at four to five microns-thick. Samples were 

stained with antibody to CD34 and reactivity was detected through the use of indirect 

avidin-biotin-peroxidase methodology.  Nuclei were counter-stained with hematoxylin 

and sections were evaluated by light microscopy.  Lower panel: Vascular density was 

determined by light microscopy based on the methods of the Weidner research group (36) 

(**P value <0.01). Unpaired Student’s t-test used to calculate P values.  Error bars: s.d. 
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Discussion 

 

A critical property which distinguishes malignant tumor cells from non-cancerous cells is 

their ability to migrate from their original site of proliferation, via the blood and 

lymphatic vessels, to a foreign site which they colonize prior to proliferation. The role of 

AII in malignant transformation has become more apparent as studies characterizing the 

biological properties of this enigmatic protein accumulate.  Disrupting AIIt function has 

the potential to greatly impact both angiogenesis and metastasis simultaneously and 

represents a unique strategy for the development of anticancer therapies.  Novel targets 

such as AII may prove useful in developing anticancer therapies that limit the local 

progression of tumors and/or prevent tumor metastasis altogether with tolerable systemic 

toxicities.   

 

Numerous studies characterizing the activity of AII show that it is linked to 

tumorigenicity.  AII overexpression has been described in many primary cancer cells 

(160-166, 168).  Overexpression of AII mRNA and protein has been observed in human 

pancreatic cancer and pancreatic cancer-derived cell lines, multi-drug-resistant small cell 

lung cancer, high grade gliomas, human hepatocellular carcinoma, renal cell carcinoma 

and lymphoma cell lines.  Reeves et al. reported that AII expression is readily detectable 

in glioblastoma multiforme tumors, although it is not expressed in normal adult CNS 

(83).  In gastric cancer tissues, its overexpression correlates with poor prognosis (162).  

Similarly, AII has also been shown to be highly abundant in human hepatocellular 
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carcinoma, yet not in normal human liver, human fetal tissue or regenerating rat liver 

after injury (170).    

 

Potential mechanisms whereby AII may contribute to a malignant phenotype appear to be 

the following: first, AII may provide a survival advantage by potentiating growth 

signaling pathways (61, 123, 124); second, AII may play a role in the secretion of 

survival factors which could act in an autocrine, paracrine and/or endocrine fashion 

(103); third, AII may impart metastatic (134) and angiogenic (184) potential by 

modulating cytoskeletal architecture, by increasing the proteolysis through the 

extracellular matrix and by adhering to molecules which may assist in cellular passage 

through the endothelial barrier (126).   

 

The functional versatility of AII is marked by its presence in various locations both intra- 

and extracellularly.  Intracellular AII has been implicated in cellular proliferation and 

differentiation because it can be phosphorylated by a variety of key cellular kinases, 

including protein kinase C and pp60v-src kinase (124).  Its tyrosine phosphorylation has 

been shown to follow activation of the insulin, EGFR and PDGF receptors (61).   

However, the implications of these post-translational modifications are poorly 

understood.  The co-localization of AII and caveolae (103) suggests that intracellular AII 

may participate in important signaling cascades as well as aid in endo- and exocytic 

processes; this mechanism may relate to its translocation to the cell surface (see below).   

Intracellular AII has also been shown to play an important role in filamentous actin 
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cytoskeletal remodeling and may be involved in regulating cell motility, contractility, 

intracellular transport and maintenance of morphology (105, 110). 

 

On endothelial and many tumor cells, AIIt is expressed as a peripheral membrane protein. 

Although it lacks a classical signal peptide, AIIt is constitutively translocated to the cell 

surface within 16 hours of its biosynthesis (125).  AIIt has been found on the surface of 

many cell types including endothelial (125), macrophage derived (127), and tumor cells 

(71, 126, 180).  Roles for extracellular AIIt include the binding of tPA and plasminogen 

resulting in the stimulation of tPA-dependent plasmin production.  Plasminogen binding 

to the AIIt stimulates plasminogen autoproteolysis thereby providing a highly localized 

transient pulse of plasmin activity at the cell surface. The binding of tPA and 

plasminogen to AIIt also protects against the activity of physiological inhibitors of 

plasmin generation, such as Plasminogen Activator Inhibitor 1 (PAI-1) and α2-

antiplasmin (134). The serine proteinase plasmin is one of the key proteinases that 

participate in the pericellular proteolysis associated with the invasive program of tumor 

cells.  The assembly of plasminogen and tPA at the endothelial cell surface via AIIt 

indicates that plasmin is also required for endothelial cell migration and angiogenesis.    

 

Our emerging understanding of the roles of AII in malignant progression suggests that it 

could provide a previously unexploited target for therapeutic intervention.  Modulators of 

AII function have been sought after for many years (180).  Small peptides and antibodies 

designed to modify AII function have shown some success, but have restricted utility due 
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to the limitations associated with these reagents (167, 180, 231, 232).  Previous studies 

have found that blocking expression of the AII light chain (S100A10) in cancer cells 

results in a significant decrease in plasmin generation (172), reduced extracellular matrix 

degradation and invasiveness and reduced metastasis (172). Furthermore, knockouts of 

AII in mice resulted in a substantial decrease in plasmin generation as well as a marked 

reduction of neovascularization as described above (see Introduction) (55).  The abundant 

presence of AIIt on the surface of a variety of cell types including monocytic cell lines, 

endothelial cells and various cancer cells may contribute to their invasive potential 

through the extracellular matrix either by generation of plasmin or by plasmin-mediated 

proteolytic activation of other metalloproteinases (134, 135). 

 

The identification of WA as a potent modulator of the adapter protein AII highlights the 

potential of desert plants and their associated microorganisms as a rich bioresource 

capable of providing useful chemical biological probes with which to dissect complex 

cellular processes.  It also serves as proof of principle that cell-based, phenotypic 

screening approaches, such as that utilized to identify WA, have the ability to uncover 

novel, completely unanticipated targets for drug action.  WA represents the first small 

molecule to covalently interact with AII and modify its function both in vitro and in 

living cells.  The potent biological activities attributed to WA are consistent with its 

ability to modulate AII function.  We have demonstrated that WA disrupts F-actin 

organization via a covalent interaction with AII resulting in concentration dependent 

cytotoxicity and mark anti-invasive activity in tumor cells.  However, we have just begun 
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to examine the impact of drug-mediated alterations in AII function on such basic 

processes as tumor cell migration (132), angiogenesis (184), clotting (227, 228) and 

signaling events coordinated by AII (73, 110).   

 

The work in this chapter demonstrates that WA induces a robust cellular heat shock 

response that is dependent on the cytoskeletal alterations caused by the compound.  

Cellular stress response pathways, including the heat shock response, afford the cell 

multiple and overlapping systems for responding to changes in the chemical, physical and 

physiologic environment.  In particular, heat shock gene transcription is activated in 

response to conditions that induce denaturation and aggregation of proteins (233).  

Treatment with WA results in a marked disruption of the cellular actin cytoskeleton, with 

the formation of numerous punctate areas of F-actin aggregation.  Such aggregation 

appears to be responsible for the heat shock response induced by WA.  Because the heat 

shock response plays an important role in the pathophysiology of many human diseases 

including cancer, pharmacologic modulation of the heat shock response has therapeutic 

implications that are just beginning to be studied (6).  Furthermore, the ability of WA to 

induce such a profound heat stress response presents the possibility of utilizing Hsp72 

expression as a biomarker for AII targeted therapy.  This line of work is being actively 

pursued in our laboratory.  In addition, we have found that WA can interfere with AII-

dependent cytoskeletal organization and plasmin generation by viable endothelial cells 

and tumor cells, leading to the inhibition of neo-angiogenic vessel formation and 

eventually cell death.  This work lends further credence to a role for AIIt in both the 
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modulation of actin cytoskeletal dynamics as well as the generation of plasmin.  Our 

findings also suggest that targeting AII function may have potential usefulness in treating 

clotting disorders such as the aberrant plasminogen activation and bleeding diathesis seen  

in acute promyelocytic leukaemia, where the leukemic blasts have been reported to 

overexpress AIIt on their surface (71).  The medicinal properties of extracts from 

Withania somnifera, especially extracts containing WA, have been well documented (10, 

11).  More specifically, both the anti-tumor and anti-angiogenic effects of WA have been 

reported, but a mechanism of action has remained elusive (20, 23-26).  This study 

provides the first evidence that the purported anticancer and anti-angiogenic properties of 

WA are related to the compound’s ability to modulate AII function.  Lastly, this work 

shows that WA can significantly delay the growth of human tumor xenografts and limit 

angiogenesis both in vitro and in vivo suggesting that AII provides a feasible target for 

novel anticancer therapeutics.   

 

Although WA has proven a useful tool with which to modulate AII function, the 

development of more specific and less toxic analogs merits consideration.  Our in vitro 

findings and animal studies indicate that WA has potent anti-tumor effects and supports 

the notion of WA serving as a lead for the synthesis of new compounds that target AII 

function.  Our laboratory is currently working to synthesize WA analogs which target the 

AII protein, but possess better solubility, metabolism and toxicity profiles.  Although the 

exact mechanisms by which AII regulates angiogenesis, metastasis and tumor 

progression remain unclear, our findings to date suggest that AII represents an exciting 
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target for small molecule drugs.  In conclusion, our discovery of WA as a highly potent 

and selective modulator of AII function highlights the potential of targeting this protein 

for further mechanism-based efforts to develop better anticancer drugs. 
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V. ANTITUMOR ACTIVITY AND STRUCTURE-ACTIVITY 

RELATIONSHIPS OF WITHAFERIN A AND SEMI-SYNTHETIC 

DERIVATIVES 

 

Introduction 

 

The medicinal plant Withania somnifera Dunal has been widely investigated for its anti-

inflammatory, cardioactive and central nervous system effects.  W. somnifera is a 

commonly used herb belonging to the family Solanaceae that is distributed throughout 

India and other semiarid regions of the world.  In Ayurveda, a traditional Indian medicine 

system, extracts from W. somnifera are employed for the treatment of arthritis and 

menstrual disorders. For thousands of years, the leaves and roots of W. somnifera were 

prescribed to cure inflammation-related disorders (10).  Numerous steroidal lactones 

called withanolides have been isolated from W. somnifera collected in various regions of 

the world (10, 25, 50).  Pharmacologic studies conducted on these withanolides indicate 

they are likely the most biologically active constituents of W. somnifera extracts.  

Withanolides have been reported to inhibit metastasis (234), quinone reductase activity 

(235) and angiogenesis (20).  Some withanolides have been shown to preferentially affect 

events in the cholinergic signal transduction cascade of the cortical and basal forebrain, 

indicating their promise for the treatment of neurological disease (236, 237).  Withaferin 

A (WA), (4β 27-dihydroxy-1-oxo-5β,6β,epoxywitha-2-24-dienolide) a major withanolide  

found in the leaves and roots of W. somnifera, has demonstrated potent antitumor activity 
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in mouse Ehrlich ascites carcinoma in vivo, and has exhibited growth inhibitory and 

radiosensitizing effects against several other tumor types in vitro (38-42, 238).   

 

In the previous chapter, we examined the antitumor and anti-angiogenic action of WA in 

a cellular line derived from Ewing’s sarcoma (CHP-100) and human umbilical vein 

endothelial cells (HUVEC-2). In the current study we explore the effects of structural 

modifications on the antiproliferative and anti-angiogenic activity of several analogs 

synthesized by laboratory.  Although the new semisynthetic WA derivatives do not 

demonstrate superior antiproliferative activity when compared to the parental compound, 

these modifications provide important insights into the structure-activity relationships 

(SAR) of the withanolides.   
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Figure 32:  Structure of semi-synthetic WA analogs. 

Arrows indicate modifications made to generate the semi-synthetic analogs. 
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Results 

 

WA analogs induce a heat shock response 

 

WA was first identified as a natural product of interest in our laboratory during a large 

scale screening effort to identify compounds with the ability to induce a heat shock 

response at the transcriptional level.  To determine the effects of modifying WA chemical 

structure and ascertain if any of the newly synthesized compounds retained biological 

activity, 3T3-Y9-B12 reporter cells were treated with increasing concentrations of the 

various derivatives (Figure 32) for 16 hours (Figure 33).  The resulting increase in green 

fluorescent protein as measured by relative fluorescence units indicated a transcriptional 

heat shock response. When compared to the other analogs, WA (1) and compound 6 

induced an extremely robust cellular heat shock response (up to 25 fold above vehicle 

treated cells) at low micromolar concentrations (Figure 33).  Compound 2 retained some 

activity, but at a concentration approximately 10 fold higher than WA.  The other WA 

analogs tested, compounds 3, 4 and 5, demonstrated no induction activity or cytotoxicity 

(data not shown).  Given the activity of compounds 1, 2 and 6 in our screening assay, all 

subsequent experiments focused on these compounds. 
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Figure 33. WA analogs activate a transcriptional heat shock response.    

Cell-based heat shock induction assay. 3T3-Y9-B12 reporter cells stably transfected with 

enhanced green fluorescent protein under the control of a minimal consensus heat shock 

response element were treated for 16 h with increasing concentrations of various WA 

analogs.  Fluorescent units were quantified using a microplate reader. Points, mean of 

triplicate determinations, expressed as percent of the solvent vehicle control (DMSO); 

error bars, s.d. 
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Inhibition of tumor and endothelial cell proliferation by WA analogs 

 

The growth inhibition of CHP-100 Ewing’s sarcoma (Figure 34A) and HT-1080 human 

fibrosarcoma (Figure 34B) cells by WA analogs was measured by MTT assay.  Drug 

treatment for 72 hours continuous exposure or four hour exposure with subsequent wash-

out resulted in a concentration-dependent decline in viable tumor cell number.  The 

activity of compound 2 matched fairly well with its ability to induce a heat shock 

response and displayed cytoxicity at a concentration approximately 10 fold higher than 

WA. Interestingly, compound 6 displayed slightly reduced cytotoxicity when compared 

to WA, but retained the capacity to induce a heat shock response equivalent to the WA 

(1).  Given the activity of compound 6 in these assays, I utilized this analog for all further 

studies. 

 

Inhibition of endothelial network formation by WA analogs  

 

I next assessed the ability of the biologically active WA analog compound 6 to interfere 

with capillary-like endothelial cell network formation.  Network formation is a multi-step 

process involving cell adhesion, migration, invasion, differentiation and growth.  

Endothelial cells in suspension were placed on top of a thin layer of Matrigel, allowing 

the cells to align and form tube like structures.  Cells were then exposed to increasing 

concentrations of compound 6 or vehicle control for 16 hours, fixed and observed using  
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Figure 34A.  Concentration-dependent inhibition of tumor cell growth in vitro by WA 

and WA analogs.   

CHP-100 Ewing’s sarcoma cells in triplicate wells were treated with increasing 

concentrations of WA or WA analogs for 4 hour drug exposure with subsequent washout 

of drug-containing medium and replacement with fresh medium for a total of 72 hours 
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(top panel) or 72 hours continuous drug exposure (bottom panel). Relative viable cell 

number was quantified by MTT assay. Results are presented as a percentage compared to 

wells exposed to DMSO alone. Points: mean of triplicate determinations; Error bars: s.d. 

Results shown are representative of three independent experiments.
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Figure 34B.  Concentration-dependent inhibition of tumor cell growth in vitro by WA 

and WA analogs.   

HT-1080 human fibrosarcoma cells in triplicate wells were treated with increasing 

concentrations of WA or WA analogs for 4 hour drug exposure with subsequent washout 

of drug-containing medium and replacement with fresh medium for a total of 72 hours 
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(top panel) or 72 hours continuous drug exposure (bottom panel). Relative viable cell 

number was quantified by MTT assay. Results are presented as a percentage compared to 

wells exposed to DMSO alone. Points: mean of triplicate determinations; Error bars: s.d. 

Results shown are representative of three independent experiments.  
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an inverted microscope (Figure 35).  Compound 6 clearly showed potent anti-angiogenic 

activity at low concentrations, as demonstrated by the inhibition of endothelial cell 

network formation.  Network formation was completely disrupted at 2 µM, but 

irregularities could be noted at 0.5-1.0 µM.  The MTT proliferative/survival assay 

indicated that endothelial cells were sensitive to the cytotoxic effects of compound 6, but 

anti-angiogenic activity occurred at sublethal concentrations (Figure 36).   
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Figure 35.  A WA analog (compound 6) inhibits endothelial cell network formation at 

sublethal concentrations.   

HUVEC-2 cells were seeded into Matrigel-coated wells and allowed to adhere for 1 h.  

Adherent cells were exposed to increasing concentrations of compound 6 or DMSO for 

16 h.  Cells were washed 1X in PBS and fixed to visualize network formation by light 

microscopy.  All images in the panels above were obtained at the same magnification 

using a 60X objective. 
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Figure 36. Concentration-dependent inhibition of endothelial cell growth in vitro by a 

WA analog (compound 6).   

Relative viable cell number of HUVEC-2 cells treated with increasing concentrations of 

compound 6 or DMSO for 16 h was determined by MTT. Points: mean of triplicate 

determinations; Error bars (not visible behind points): s.d. Results shown are 

representative of three independent experiments. 
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Discussion 

 

The plant W. somnifera has been reported to contain over 200 withanolides (239).  In 

addition, at least 3 chemotypes of this plant with varying withanolide patterns are known 

(240).  The majority of withanolides have been shown to be concentrated in the roots, the 

part of the plant used in Ayurvedic medicine (10).  Our findings indicated that 

withanolides with a 4β,14α–dihydroxy-5,6-epoxy-2(3)-en-1-one sub-structure exhibit 

enhanced biological activity in human cell systems. 

 

Previous structure–activity studies have identified the relevant pharmacophores of WA, 

and highlight the importance of the 4β-hydroxy-5 β,6β-epoxy-2-en-1-one moiety and 

unsaturated lactone side chain for biological activity (Figure 37) (49).  In addition, the 

unsaturated A-ring is known to react with thiol-nucleophiles and undergoes Michael 

addition.  The unsaturated lactone can also be alkylated by model biological nucleophiles 

that mimic proteins (241).   Recent studies have reported the requirement of A-ring 

unsaturation for the endothelial sprouting inhibitory activity of WA, as conversion of WA 

to 3-methoxy-2,3-dihydrowithaferin A abrogates this action (50).  Our results further 

confirm these findings, as compounds 3, 4, and 5 displayed virtually no biological 

activity, while compounds 2 and 6, which possessed the unsaturated A ring, retained 

biological activity.  On the other hand, the C-27 hydroxyl of WA is known to be 

dispensable for biological activity (241).  Indeed, in previous work performed in our 

laboratory, WA was modified at the C-27 position with pentafluorophenyl-biotin to yield 
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Figure 37: Structure-activity relationships (SARs) for WA.   

SARs for the biological activity of WA based on published literature of known 

withanolides and our experimental findings. 
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biotinyl-WA (B-WA) since available structure-activity relationship data suggested that 

this position was non-critical.  Recent work by Ichikawa et al. has provided further 

information on the SARs of WA (50).  Theses studies indicated that blocking of the 4-OH 

has no effect on the biological activity of WA.  Interestingly, although their findings 

indicate the importance of an unsaturated ring A moiety, biological activity was retained 

by the addition of a hydroxyl group at the 3-position. In the analogs where the 2,3-double 

bond was replaced with 3-OH, it is likely that in the biological culture media utilized for 

thoe studies, dehydration of 3-OH analogs took place to produce the 2,3-double bond 

(which is thermodynamically favored).  Furthermore, blocking the 27-OH group had no 

effect on biological activity but the addition of a bulky group (glucose) did reduce 

activity.  Previous studies performed in our laboratory with WA, withanolide E, 

withanolide D and 12-deoxywithastramonalide (Figure 3), predict that introduction of 

hydroxyl groups at C-14 and C-17 to WA could enhance its biological activity (Figure 

37).  It has been reported that microbial biotransformation of WA by Cunninghamella 

elegans (NRRL 1393) produces 14α-hydroxy-withaferin A in 37% yield (242-244).  

Thus, it should be possible to obtain 14α-hydroxy-withanolides to be evaluated in our 

reporter construct and other biological assays.  Finally, our laboratory is working to 

synthesize a di-acetyl derivative of WA (addition of acetyl groups on 4-OH and 27-OH), 

as well as modify such an analog with the addition of an amine or carboxy group to 

increase the aqueous solubility and potentially modify the disposition and metabolism of 

WA.   
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The efficacy of promising antitumor agents may be potentially enhanced through 

derivatization of the drug of interest to improve its pharmacological properties.  

Exploration of the effects of structural modifications on the antiproliferative activity and 

toxicity of WA was performed using several semisythetic analogs.  Although these 

compounds do not demonstrate superior antitumor activity in vitro, these modifications 

have provided additional structure-activity relationship information for the withanolides 

and may assist in the development of novel analogs that posess more potent activity 

and/or a better therapeutic index in vivo.  

 

 



 156 

VI. CONCLUDING STATEMENTS 

 
 

The insidious property which distinguishes metastatic tumor cells from non-cancerous 

cells is their ability to migrate from their original site of proliferation, via the blood and 

lymphatic vessels, to a foreign site where they invade and continue to proliferate. Indeed, 

it has become apparent that tumor growth and metastasis are dependent on angiogenesis 

(245).  Conversely, many of the processes that are required for the establishment of new 

blood vessel formation are also essential to the processes of metastasis.  Inhibition of 

tumor-associated angiogenesis may restrict tumor proliferation, inhibit metastasis, and 

potentially cause tumor regression.  In addition to targeting the tumor itself, endothelial 

cells that support tumor growth are attractive targets for an anticancer strategy because 

they are normal, genetically stable cells that are unlikely to develop drug resistance (246).   

The roles of AII in malignant progression have become more apparent as studies 

characterizing the biological properties of this enigmatic protein accumulate.  Most 

importantly, it appears that AIIt expression may be required for endothelial cell migration 

and neo-angiogenesis (55) and may play a critical role in the migration and invasion of 

several tumor types (130, 180, 181).  Mounting evidence strongly suggests that AIIt 

functions within the tumor environment and tumor associated stroma to promote 

neoangiogenesis and tumor metastasis.  Therefore, disrupting AIIt function has the 

potential to greatly impact both angiogenesis and metastasis simultaneously and 

represents a unique strategy for the development of anticancer therapies.   
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Novel targets such as AII may prove useful in developing anticancer drugs that limit the 

progression of tumors or eradicate tumor cells altogether with tolerable systemic 

toxicities.  Strategies for exploiting tumor angiogenesis and migration for novel cancer 

drug discovery include: (i) inhibition of proteolytic enzymes that breakdown the 

extracellular matrix surrounding tumors and capillaries (ii) inhibition of endothelial and 

cancer cell migration (iii) inhibition of endothelial and cancer cell proliferation.  AII has 

been shown to play a critical role in all these processes and WA, which targets AII and 

modulates its function, has been shown to affect these mechanisms of tumor progression 

as well (20).    

 

Laboratory investigations of the anticancer activity of WA date back to 1965, when 

Kupchan and colleagues reported the isolation, structural elucidation and tumor 

inhibitory activity of the compound (39).  WA is a member of the family of C28 steroidal 

lactone natural products known as withanolides that are elaborated by many solanaceous 

plants, especially Withania somnifera (11).  Preparations of this plant have been utilized 

for nearly 3,000 years in the Ayurvedic medicinal tradition where they have been 

employed as a tonic for several ailments including cognitive and neurological disorders, 

inflammation, insomnia and cancer (10).  In modern times, cell culture and animal model 

experiments have shown that preparations from Withania somnifera possess 

antimicrobial (13), anti-inflammatory (14), immunomodulatory (15, 16), cardioprotective 

(17), antioxidant (16, 18), anti-angiogenic (19, 20), cholinergic (21, 22) and anti-tumor 

activities (23-26).  We encountered WA in the course of an extensive screening program 
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designed to identify anticancer agents in extracts of desert plants and their associated 

microorganisms.  We were intrigued by the potent cytoxicity, robust heat shock response 

and marked morphologic changes induced by WA exposure, especially the unusual 

pattern of cytoplasmic projections seen in association with overall loss of substrate 

adhesion.  Numerous withanolides have been identified over the years, primarily on the 

basis of cytotoxicity, but their mechanism(s) of action have remained elusive despite 

extensive biological characterization (11).  Therefore, I worked to identify the molecular 

target(s) of WA by affinity precipitation using a solid phase immobilized derivative of 

the compound.  My findings established that the intriguing biological activities of WA 

are consistent with its binding to the enigmatic adapter protein AII in a specific and 

competable fashion.  Our molecular modeling predicts this drug binding pocket to be 

located in the concave portion of the protein previously described as its actin binding 

region. Rather than acting as an inhibitor, WA induced marked AIIt-dependent 

aggregation of filamentous actin both in vitro and in whole cells. As might be expected, I 

found that such aggregation dramatically limited the migration and invasion of tumor 

cells at non-cytotoxic concentrations. These findings have important implications for the 

much debated roles of AII in modulating such disease-related processes as cancer 

metastasis, angiogenesis, clotting and mitogenic signal transduction.   

 

Because my findings showed that WA disrupted F-actin organization via a covalent 

interaction with AII that resulted in a concentration-dependent cytotoxicity and marked 

anti-invasive activity in tumor cells, we next examined the effects of WA on cancer cell 
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survival and cancer cell cytoskeletal organization. I also determined the effects of WA on 

AII-dependent endothelial cell plasmin generation and network formation.  In vivo mouse 

xenograft models utilizing WA against Ewing’s sarcoma were performed to further 

characterize the anti-tumor activity of WA.  My findings indicate that WA is an 

intriguing antitumor agent that can decrease endothelial cell plasmin generation, inhibit 

tumor growth inhibition and reduced blood vessel formation both in vitro and in vivo.   

 

Although WA has proven a useful tool with which to modulate AII function, more 

specific and less toxic alternatives merit development.  My in vitro findings and our 

animal studies indicate that WA therapy has significant antitumor effects and supports the 

notion of WA serving as a lead for the synthesis of new compounds that target AII 

function.  The success of new AII modulators will require compounds that are well 

tolerated, have a low toxicity profile and are easy to administer.  Our laboratory is 

currently working to develop novel therapeutics which target the AII protein and fit these 

criteria.   Although the new semi-synthetic WA agents prepared in our laboratory to date 

do not demonstrate superior antitumor activity in vitro when compared to unmodified 

WA, these alterations have provided important SAR information for the withanolides and 

may prove valuable in the development of more effective and less toxic derivatives.    

The extensive ethnobotanical history of using WA-containing plant preparations in 

treating cancer, inflammatory and neurological disorders also suggests that AII function 

provides a feasible, previously unexploited target for therapeutic intervention by small 

molecule drugs.  
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