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ABSTRACT 

Loss of E-cadherin is considered a hallmark of epithelial carcinogenesis and has 

been well-studied to date.  Likewise, increases in N-cadherin are known to lead to tumor 

progression and metastasis in various cancers.  A lesser studied cadherin in cancer, 

cadherin-11, has also been associated with migratory potential and invasion throughout 

development and tumorigenesis.  Cadherin-11, which bears multiple similarities to N-

cadherin, is a type II mesenchymal cadherin known to be up-regulated in certain 

epithelial cancers, including basal-like breast carcinoma and advanced prostate cancer, 

and invasive cell lines, yet is absent in normal epithelium.  Our lab previously reported 

that cadherin-11 is expressed only in invasive breast cancer cell lines, and addition of 

exogenous cadherin-11 to non-metastatic SKBR3 cells significantly increases their ability 

to migrate.  We now show that stable reduction of cadherin-11, via RNAi interference, in 

aggressive MDA-MB-231 breast cancer cells and PC-3 prostate cancer cells results in 

dramatic and significant decreases in proliferation, migration, and invasion potentials.  

Furthermore, cadherin-11 depletion in these metastatic cells prevents tumor growth in 

mice and alters the expression of genes associated with poor prognosis malignancies.  A 

novel small molecule inhibitor designed to target its unique adhesive interface 
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significantly and specifically inhibits the growth and migration of cadherin-11 positive 

cells.  These results suggest that cadherin-11 is essential for malignant progression of 

MDA-MB-231 breast and PC-3 prostate cancer cells, and potentially other aggressive 

cancers as well.  Furthermore, the data collectively imply that cadherin-11 may serve as 

both a marker for more aggressive tumors as well as a viable therapeutic target for breast 

carcinomas that express its protein.  Although cadherin-11 expressing basal-like breast 

carcinomas constitutes only 10-15% of known breast cancers they are those with 

clinically poor prognosis and few treatment options.  This study shows that blockade of 

cadherin-11, either by knockdown or using a new drug-like small molecule inhibitor, 

inhibits malignant progression of MDA-MB-231 basal-type cells and indicates that 

cadherin-11 may be a therapeutic target for poor prognosis carcinomas. 
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INTRODUCTION 

The American Cancer Society defines cancer as a group of diseases characterized 

by uncontrolled growth and spread of abnormal cells.  So what makes a cell abnormal 

and then further proliferate and spread?  Cancer research and oncology medicine has 

spent more than a century attempting to solve that enigma.  We begin by comparing what 

is seen as normal to that possessing a mutation, deletion or gain of function and/or 

expression, hoping to uncover the magic bullet that will eradicate malignancy.  Sadly, 

this moment of eureka will not likely come to fruition for some Nobel-seeking idealist, as 

cancer is a multifaceted disease that presents differently for each patient.  However, new 

treatment strategies continuously emerge, offering promise for viable management of 

morbidity and mortality in countless cancer victims. 

Hormone refractory breast and prostate cancers are among the most commonly 

acquired poor prognosis diseases.  Breast cancer is predicted to claim the lives of over 

40,000 women this year, and prostate cancer will likely deliver more than 28,000 deaths 

to U.S. males as well (NCI website).  Interestingly, both malignancies primarily 

metastasize to bone in their advanced stages.  Stephen Paget proposed the hypothesis that 

certain cancer cells disseminate like “seeds” looking for a fertile “soil” to anchor and 

grow, and the bone provides this nutrient-rich environment for breast and prostate 

carcinomas.  Most breast cancer metastases occur as osteolytic lesions, whereas prostate 

cancer metastases tend to present as scleroses, both of which produce symptomatic 

complications for patients with advanced disease.  Metastatic lesions are characterized by 
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excessive decrease or increase in bone mass and density, thereby leading to severe bone 

pain, pathologic fractures, potentially-fatal hypercalcemia and spinal column 

compression in afflicted men and women 1,2.  Treatment options for advanced, hormone 

refractory breast and prostate cancers are limited, and many aim at reducing skeletal-

related-events to improve morbidity and overall quality of life in these patients. 

Bisphosphonates offer some relief by targeting activated osteoclasts, the bone resorbing 

cells of the skeleton, but they fail to restore balance in the bone remodeling cycle thus 

preventing complete regression of the cancerous disease.  This indicates that osteoblasts, 

the bone forming cells of the skeleton, must be targeted in addition to osteoclasts for 

effective treatment of bone metastasis.  Uncovering the factors and mechanisms involved 

in breast and prostate cancer bone metastases, specifically the role of osteoblasts, is of 

critical importance in the fight against these diseases. 

 Advanced epithelial cancers, such as those of the breast and prostate, tend to 

exhibit morphologic changes that render their appearance more closely related to 

mesenchymal tissue.  The Byers lab has previously shown that expression of certain 

epithelial markers is associated with the differentiation state and degree of aggression in a 

series of breast cancer cell lines.  Molecular markers of epithelial differentiation, namely 

E-cadherin, were expressed in normal breast epithelial cells and well-differentiated breast 

cancer cells, yet expression was reduced or absent in poorly differentiated, highly-

invasive cells 3,4.  It was further noted that invasive cells expressed a separate cadherin 

upon the down-regulation of E-cadherin.  This novel adhesion molecule later proved to 
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be mesenchymal adhesion molecule, cadherin-11.  This data led to the hypothesis that 

breast cancer progression to an invasive metastatic state represents a form of epithelial-

mesenchymal transition (EMT), a process of profound importance during embryogenesis.  

EMT denotes an essential morphogenetic process allowing epithelial cells to become 

separate migratory cells during development, a phenomenon thought to occur when 

epithelial tumors, including breast and prostate, develop distant metastases. 

 The work highlighted in this dissertation focuses on characterizing the role of 

cadherin-11 in aggressive cancers, primarily hormone refractory breast and prostate 

carcinomas.  I found that stable reduction of cadherin-11 in metastatic breast and prostate 

cancer cells significantly reduces their ability to proliferate, migrate and invade an 

extracellular-like matrix, as well as eliminates their ability to form subcutaneous tumors 

in nude mice.  Furthermore, I display evidence that high cadherin-11 expression 

significantly reduces overall survival and disease relapse in clinical patient data from 

multiple poor prognosis tumors, and cadherin-11 regulated genes correlate with a variety 

of disease pathways.  As such, cadherin-11 may prove to be a viable drug target for 

various cancers and connective tissue disease.  To that end, this body of work also 

examines two types of potential therapeutic intervention, one of which maintains high 

potency and specificity in blocking cadherin-11 function in growth and invasion.  

Collectively, this project provides data revealing cadherin-11 function in certain hormone 

refractory cancers, genetic regulation of important tumorigenic and disease pathways, 
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correlation to clinical disease relapse and survival, and a possible therapeutic method of 

targeting these actions. 
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I.A. CADHERIN-11 ADHESION MOLECULE 

Cadherin-11, also known as osteoblast cadherin (OB-cadherin), is an adhesion 

molecule reported to be expressed by newly-made mesenchymal cells following 

epithelial-mesenchymal transition.  Cadherin-11 was originally identified in mouse 

osteoblasts, bone forming cells, and is most commonly expressed through early stages of 

osteoblast differentiation in adult humans 5,6.  Cadherin-11 is critical to the establishment 

of mesenchymal tissues derived from the neural crest during vertebrate development, and 

it retains some function in maintaining tissue integrity and signaling in certain adult 

tissues as well.  While primarily found in osteoblast cells, cadherin-11 expression is 

observed in chondrocytes and fibroblast-like synoviocytes of cartilage, along with 

stroma, brain, lung, kidney and heart tissues 4,7.  Cadherin-11 expression is predominant 

in mesenchymal stem cells (MSC) prior to their commitment to adipose or muscle tissue 

lineages, and progressively increases through early differentiation into both chondrocytes 

and osteoblasts to form and maintain cartilage and bone, respectively.  Cadherin-11 

deficient mice display skeletal abnormalities including reduced bone density in some 

parts of the skeleton, specifically calvaria and long bone metaphyses in the skull and 

femur 5. Not surprisingly, cadherin-11 is associated with skeletal disease states, including 

rheumatoid arthritis and skeletal malignancy and metastases from specific cancers 8,9.   

Cadherin-11 belongs to the Type II subset of calcium dependent cell-cell adhesion 

molecules known as classical cadherins. Classic cadherins are transmembrane 

glycoproteins that structurally exhibit an extracellular domain with five immunoglobulin 
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(Ig)-like cadherin repeats (EC1-EC5), separated by calcium binding sites, along with a 

transmembrane region and a highly conserved cytoplasmic domain.  The cytoplasmic tail 

anchors the cadherin to the actin cytoskeleton via intracellular catenin binding proteins 

(Mol Bio Cell).  Cadherins confer tight cell-cell contact by forming adherens junctions, 

typically through homophilic binding to like cadherins on adjacent cells, primarily 

through their distinct EC1 extracellular domains.  Type II cadherins, such as cadherin-11, 

possess a QAV (gln-ala-val) cell adhesion recognition sequence setting them apart from 

Type I classical cadherins, such as E-cadherin or N-cadherin, which contain an HAV 

(his-ala-val) recognition sequence 10.   

Cadherin-11 is unique among the cadherin superfamily in that it exists together in 

tissues as both an intact as well as a variant isoform, which differ only in their 

intracellular domains (Figure 1).  The intact, or wild type (wt), isoform of cadherin-11 is 

membrane bound and provides strong homotypic cell-cell adhesion by anchoring to the 

actin cytoskeleton in the cytoplasm via the cadherin-catenin complex.  It is this isoform 

that will be focused on throughout this thesis and referred to simply as cadherin-11.  

Conversely, the variant isoform is secreted into the surrounding extracellular matrix 

(ECM), and its truncated intracellular domain renders the protein unable to associate with 

anchoring proteins such as β-catenin or p120ctn (3,4).  The variant isoform contains an 

extracellular domain identical to the intact isoform, however it has an alternative splice 

site at amino acid 632 in the transmembrane domain.  A frameshift allows for inclusion 

of 179bp of unique intronic sequence between exons 11 and 12 ultimately resulting in a 
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truncated transmembrane domain.  Secreted cadherin-11 variant protein residing in the 

ECM may result in cell-ECM interaction by providing an alternate binding site for cells 

expressing cadherin-11 wild type.  In this manner, cadherin-11 may promote tumor 

invasion by allowing cancer cells to navigate through the surrounding matrix. 

The crystal structure of cadherin-11 has been recently solved, helping us to 

determine exactly how functional binding occurs in this molecule (Figure 1).  The EC1 

domain, the outermost cadherin repeat, of cadherin-11 was the region shown to confer its 

binding specificity and function alike.  Adjacent cells expressing cadherin-11 bind to one 

another and form adhesive dimmers via exchange of N-terminal beta strands between 

EC1 domains.  Specifically, two conserved tryptophan (Trp) side chains (2 & 4) become 

inserted into large hydrophobic pockets (P1 and P2), unique to Type II cadherins, firmly 

anchoring the swapped β-strands.  In this way, cadherin-11 expression by breast and 

prostate cancer cells could allow for strong cell-cell adhesion to cadherin-11-expressing 

osteoblasts in the bone microenvironment, further allowing tumor progression in the 

skeleton.  Understanding this dynamic structural binding has further allowed us to 

identify small molecule inhibitors that are able to functionally block cadherin-11 

adhesion and may prove to be a viable therapeutic for treating such diseases as cancer 

and inflammatory arthritis. 
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I.A. FIGURE LEGEND AND FIGURE 

FIGURE 1. SCHEMATIC DIAGRAM OF CADHERIN-11 WILD TYPE AND VARIANT ISOFORMS, 

AND CADHERIN-11 CRYSTAL STRUCTURE.  

A: Cadherin-11 isoforms including intracellular binding partners, as well as EC1 

homophilic binding region B: Computer-simulated figure of Type II cadherin EC1 

binding domain containing hydrophobic tryptophan binding pockets (P1 and P2)    
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FIGURE 1. SCHEMATIC DIAGRAM OF CADHERIN-11 WILD TYPE AND VARIANT ISOFORMS, 

AND CADHERIN-11 CRYSTAL STRUCTURE. 
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I.B. CADHERIN-11 AND DISEASE 

 Cadherin-11 regulates invasion of neural crest and mesodermal cells during 

embryonic development, and ample evidence exists that it mediates this phenotype, at 

least in part, in various diseases including cancer and arthritis.  Breast and prostate 

malignancy, as well as inflammatory arthritis, can be characterized by uncontrolled cell 

proliferation and anchorage independent growth, coupled with inappropriate invasion and 

migration, ultimately leading to destruction of connective tissue and spread of disease 

8,9,11.  In addition, both cancer and arthritis express similar growth and inflammation 

factors,   reflecting disruption of normal cellular processes including mesenchymal stem 

cell differentiation and epithelial to mesenchymal transition. 

 

I.B.I. Cadherin-11 and Bone Metastasis 

The Byers lab has observed that normal breast epithelium lacks cadherin-11 

expression, however it is increasingly found in advanced primary breast tumors 

correlating to progression in stage and severity through lymph node and bone metastases, 

where it cadherin-11 is seen in great abundance (unpublished data).  This same 

phenomenon has been reported in prostate cancer as well 9.  In addition, MDA-MB-231 

breast cancer and PC-3 prostate cancer cells preferentially metastasize to bone following 

intracardiac injection in nude mice, and depletion of cadherin-11 in PC-3 cells results in a 

greatly reduced ability to adhere to cadherin-11 in vitro and form skeletal metastases in 

vivo 9,12.  As mentioned previously, bone metastases can present as osteolytic lesions, 
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osteosclerotic growth, or a combination of the two.  Skeletal metastasis is caused by an 

overall disturbance of the normal bone remodeling cycle that perpetuates throughout life 

(Figure 2).  Approximately 10-15% of the skeleton is remodeling at a given time.  Bone 

remodeling is a finely balanced process that begins with bone resorption via osteoclasts 

that break down bone mineral and matrix, a process taking approximately three to four 

weeks time.  The resorption stage is then followed by a period of reversal, lasting 40-60 

days, wherein mononuclear cells prepare the bone cavity for new osteoid to be laid by 

osteoblasts throughout the bone formation stage.  The duration of bone formation is 

considerably longer than resorption, persisting three to four months.  Bone formation is a 

two-step process beginning with the laying of organic matrix followed by mineralization 

of the osteoid, all prior to a resting phase for the newly synthesized bone. 

Normal bone remodeling is both coupled and balanced, indicating that osteoclasts 

and osteoblasts are functioning together in the same location at a normal rate of turnover.  

Bone diseases (including osteoporosis, arthritis, and cancer metastasis) propagate through 

disruption of coupling and/or balance in normal bone remodeling 13.  An imbalance of 

bone turnover rate together with normal, coupled activity in the same locus generally 

results in a net gain of osteolytic lesions in that region, which could be expected as 

resorption requires 25-33% less time to complete than formation (Figure 3).  This 

phenomenon is most commonly seen in breast cancer bone metastases, although many 

metastases also show signs of sclerotic lesions.  In contrast, altered coupling, osteoblasts 

and osteoclasts working in different locations, combined with a balanced rate of bone 
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turnover yields a net retention of bone mass, with a mix of osteolytic pits and sclerotic 

lesions in the skeleton.  Finally, imbalance of bone turnover together with uncoupled 

activity gives rise to areas of resorptive cavities along with large areas of newly laid 

osteoid atop established bone matrix.  Sclerotic lesions most often display these features 

and are a hallmark of prostatic bone metastasis.  Although skeletal metastases are 

discussed as distinct entities, patients usually display both osteolytic and osteoblastic 

lesions simultaneously, independent of their predominant presentation.  

Bone metastases, in whichever form they present, have been characterized by a 

“vicious cycle” of initiating events.  While the exact molecular mechanisms of breast and 

prostate metastasis in bone remain to be discovered, research has identified key events in 

the process (Figure 4).  Tumor cells work in conjunction with osteoblasts, osteoclasts and 

immune cells to shift the balance of bone remodeling on bone matrix 14.  It was once 

thought that tumor cells could initiate bone metastasis directly, however it is now well 

accepted that cancer cells act on the normal bone cells, probably through bone marrow 

stromal cells, to control excess resorption or formation 15.  Bone matrix contains a wealth 

of growth factors secreted by osteoblasts as osteoid is laid and further mineralized, 

including insulin, fibroblast and platelet derived growth factors (IGFs, FGFs, and 

PDGFs), along with transforming growth factor alpha and beta (TGFα and β).  These 

growth factors are released into the bone marrow upon bone matrix resorption, reach 

considerably high concentrations and subsequently can attract tumor cells to the skeleton.  
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Tumor cells, in turn, act back upon bone cells to perpetuate matrix turnover, and thus 

lesions form from the cyclic chaos.   

In addition to the properties of bone matrix, bone marrow also provides a “fertile 

soil” for cancer cells to grow once they become stuck there.  Bone marrow consists of 

hematopoietic stem cells and stromal cells that can differentiate in osteoclasts or 

osteoblasts respectively (Figure 5).  Hematopoietic stem cells are able to differentiate, 

through support of the stromal cells, into any type of blood cell or immune cell as well.  

Bone marrow stromal cells, or mesenchymal stem cells (MSC), are multipotent and can 

differentiate into myocytes, adipocytes, chondrocytes or osteoblasts.  Although expressed 

by all MSC’s prior to differentiation, cadherin-11 is predominantly found in chrondocytes 

and osteoblasts throughout their early development.  Interestingly, it has been recently 

found that mammary tumors recruit MSC’s, which incorporate into the tumor stroma and 

can induce metastasis in non-invasive breast cancer cells partly through the up-regulation 

of prometastatic chemokines 16.  Of particular interest, mammary tumor stroma 

significantly overexpresses cadherin-11 in comparison to normal mammary stroma from 

matched patients 17.  It is possible that the increase in cadherin-11 expression seen in 

breast tumor stroma is a result of recruited MSC present, and may further contribute to 

driving a metastatic phenotype, even in the cancer cells that may not express it. 
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I.B.I. FIGURE LEGENDS AND FIGURES 

FIGURE 2. SCHEMATIC REPRESENTATION OF NORMAL BONE REMODELING (TAKEN FROM 

FRED SAAD, MEDSCAPE).  Cycle of normal bone remodeling from bone resorption, 

reversal time to prepare bone surface, bone formation, and finally a skeletal resting phase. 

 

FIGURE 3. REPRESENTATION OF VARIOUS TYPES OF BONE METASTASIS (ADAPTED FROM 

FRED SAAD, MEDSCAPE).  Model of osteolytic, osteosclerotic and mixed bone lesions 

based upon osteoblasts and osteoclast balance and coupling of function. 

 

FIGURE 4. SCHEMATIC OF “VICIOUS CYCLE” OF BONE METASTASIS IN THE BONE 

MICROENVIRONMENT.  Model showing the cycle of how stromal cells in the bone 

marrow, that can become osteoblasts, act upon immature osteoclast cells, lead to eventual 

bone resorption, thereby releasing stored growth factors that stimulate both metastatic 

growth as well as stromal cells in the marrow such that normal bone remodeling is 

disrupted and metastatic lesions form. 

 

FIGURE 5. SCHEMATIC OF BONE MARROW STROMAL CELLS AND THEIR DIFFERENTIATION 

PATTERNS.  Model of stem cells residing in the bone marrow, including hematopoietic 

and mesenchymal stem cells, and the potential differentiation pathways they can follow. 
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FIGURE 2.  SCHEMATIC REPRESENTATION OF NORMAL BONE REMODELING (TAKEN FROM 

FRED SAAD, MEDSCAPE) 
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FIGURE 3. REPRESENTATION OF VARIOUS TYPES OF BONE METASTASIS (ADAPTED FROM 

FRED SAAD, MEDSCAPE) 
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FIGURE 4. SCHEMATIC OF “VICIOUS CYCLE” OF BONE METASTASIS (REPRINTED FROM 

AKHTARI (2008), CANCER BIOL THER 7(1):3-9) 
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FIGURE 5. SCHEMATIC OF BONE MARROW STROMAL CELLS AND THEIR DIFFERENTIATION 

PATTERNS (TAKEN FROM NIH WEBSITE). 
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I.B.CADHERIN-11 IN DISEASE (CONTINUED) 

I.B.II. Cadherin-11 and Rheumatoid Arthritis 

Similar to bone metastasis, fibroblast-like synoviocytes of rheumatoid arthritis 

patients display a similar pattern of unbalanced, cyclic cartilage destruction in their joints 

7,8.  Cartilage and bone have a similar connective tissue make-up, and cartilage undergoes 

a remodeling process of damage and repair in joints akin to that seen in the skeleton.  

Diarthrodial joints, the most common of articular joints, join two opposing bone surfaces 

covered in low-friction hyaline cartilage.  The cavity of these joints is lined with a 

synovium, a membrane responsible for providing lubricating fluid for the joint to move 

with ease.  The synovium balances cartilage remodeling in diarthrodial joints, and 

consists of a lining composed of macrophage-like cells and fibroblast-like synoviocytes, 

which covers a layer of loose connective tissue 7,8. Cadherin-11 is highly expressed in 

fibroblast-like synoviocytes (FLS), particularly throughout inflammation such as that 

seen in rheumatoid arthritis (RA).  In RA joints, the synovium undergoes excessive 

hyperplasia and underlying connective tissue becomes inundated with leukocytes 7.  

Mesenchymal synovial cells, primarily FLS, then become activated and accumulate, 

condensing into a “pannus” that secretes matrix-degrading metalloproteinases, 

inflammatory cytokines and lipid mediators of inflammation.  The pannus then extends 

into the joint cavity and binds to cartilage, causing permanent damage and further eroding 

adjacent bone (Figure 6).  This well-organized series of events and structures is thought 

to be cadherin-11 driven, as cadherin-11-null mouse models of arthritis show chaotic 
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structure in synovial joints.  In addition, the pathological pannus, which destroys the 

joint’s connective tissue in wild type mice, fails to cause joint damage due to inability to 

reach and/or bind adjacent cartilage and bone 8.  Furthermore, a monoclonal antibody 

directed against cadherin-11 in arthritic mouse models prevents inflammation in disease-

free animals and moderately attenuates inflammatory arthritis in mice with established 

disease.   

A potent pro-inflammatory cytokine, tumor necrosis factor alpha (TNFα), has 

been shown to induce significant up-regulation of cadherin-11 in FLS.  High-dose oral 

prednisone or TNF blocker can attenuate this response in various types of inflammatory 

arthritis, including RA and nonpsoriatic spondylarthritis 18.  Cadherin-11 is expressed in 

normal synovial tissue and thought to maintain its integrity and function, however 

inflammation (particularly by TNFα) induces a significant increase in cadherin-11 

concentration, along with pathologic response in joints.  This data suggests that certain 

tissues may have a threshold level of cadherin-11 expression that can be maintained for 

normal function, and overexpression may lead to a diseased state. 

The data shown herein confirms compelling evidence that cadherin-11 plays an 

integral role in connective tissue disease related to inflammation, invasion and migration, 

including malignant progression and metastasis and arthritis.  While exact regulation and 

signaling pathways of cadherin-11 remain to be discovered, it is clear that serious 

pathology results from alteration of its normal function in adult tissues.  It is possible that 

additional examination of affected cadherin-11 pathways, throughout development and in 
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conjunction with its normal function in adult tissue, may lead to further understanding of 

how its disruption begets aggressive and potentially fatal disease. 

 

 

I.B.II. FIGURE LEGEND AND FIGURE 

FIGURE 6. CADHERIN-11 EFFECT ON DIARTHRODIAL JOINTS IN RHEUMATOID ARTHRITIS.  

The normal synovium contains a lining layer that consists of macrophages and fibroblast-

like synoviocytes (Panel A). In the absence of cadherin-11, the lining layer is 

disorganized, and the extracellular matrix is scant and ill-formed (Panel B). Arthritogenic 

antibodies induce a number of changes in the normal joint, including an increase in the 

number of cells in the synovial-lining layer, infiltration of the synovium with 

inflammatory cells, the development of bone erosions, and the establishment of pannus 

(granulation) tissue that grows over the cartilage and damages it (Panel C). In the absence 

of cadherin-11, the synovium remains disorganized, pannus tissue does not form, and 

cartilage damage is prevented, although bone erosions still develop (Panel D). 
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FIGURE 6. CADHERIN-11 EFFECT ON DIARTHRODIAL JOINTS IN RHEUMATOID ARTHRITIS 

(REPRINTED FROM LIPSKY, NEJM (2007), 356 (23):2419-2420) 
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I.C. CADHERIN-11 IN TUMOR MICROENVIRONMENT OF POOR PROGNOSIS CANCERS 

 Cadherin-11 expression in human disease stems from a misrepresentation of its 

normal role in development.  As previously mentioned, cadherin-11 is found in migrating 

neural crest cells during vertebrate development and helps give rise to various 

mesodermal tissues.   Cadherins mediate cell segregation, migration, differentiation, 

proliferation and survival during embryonic development 19.  Cadherin-11, specifically, is 

solely associated with mesenchymal phenotypes in the developing mammalian embryo 

including lung and kidney branching, formation of the sclera, meninges and invading 

mesenchyme of the outflow tract in the heart, segmentation or compartmentalization of 

the brain, and throughout chondrogenesis and osteogenesis 20,21. Cadherin-11 is also 

highly expressed during epithelial to mesenchymal transition, as observed by sclerotome 

formation 22.  

 Epithelial to mesenchymal transition (EMT) is characterized by down-regulation 

of epithelial markers, most notably epithelial cadherin (E-cadherin), partly through up-

regulation of E-cadherin repressors including Slug, Snail, and SIP1 23.  In addition to 

epithelial repression, EMT induces up-regulation of mesenchymal factors including 

vimentin and cadherins such as N-cadherin and cadherin-11.  This “cadherin-switch” 

normally seen in vertebrate development has also been documented in breast and prostate 

cancers 24.  Cadherin-11 switching in association with EMT yields not only a shift in 

cellular gene expression, but also a morphological and phenotypic functional change in 

the cells.  Most notably, cells appear more spindle-like and elongated, and gain increased 
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ability to migrate and invade 4,25.  These morphological differences are often observed in 

poor prognosis cancers thought to display signs of EMT-induced tumor progression.  

Specifically, up-regulation of EMT-associated proteins (including cadherin-11) and 

proteins mediating extracellular matrix remodeling and invasion, together with reduction 

of characteristic epithelial markers (E-cadherin and cytokeratins), preferentially occurs in 

breast tumors with a “basal-like phenotype” 26.  Basal tumors make up approximately 10-

15% of all breast cancers, specifically those currently maintaining the worst prognoses.  

These malignancies tend to be triple negative cancers (lacking ERα, PR and HER2/neu 

expression) showing highly aggressive and lethal behavior with no viable method of 

treatment.  Cadherin-11 exclusively aligns with basal-type breast cancer cell lines, 

particularly basal B, mimicking the basal phenotype seen in patient tumors 27.  

Furthermore, gene expression profiling of prostate cancer indicated that cadherin-11 

expression significantly aligned with high grade tumors expressed in the most aggressive, 

worst prognosis subtype III 28.  Taken together, cadherin-11 may function as a marker for 

both EMT and aggressive potentially-metastatic tumors, and further provide a therapeutic 

target in certain untreatable cancers. 

It is thought that tumor microenvironment controls EMT, particularly at the 

invasion front, and new studies are focusing on the importance of stroma in tumor and 

disease progression.  Tumor stroma is essential for structural integrity and is also 

believed to initiate and drive tissue invasion by cancer cells, as well as certain fibrotic 

diseases including rheumatoid arthritis 29.  Interestingly, cadherin-11 displays this same 
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functional duality in tissues that normally and/or pathologically express it.  Cadherin-11 

is expressed in the stroma of all prostatic tumors and in the epithelial cells of high-grade 

prostate cancers 30.  In addition, breast tumor stroma contains cadherin-11 expressing 

mesenchymal stem cells (MSC) that may help to propagate metastatic tumor spreading 

and bone homing of cancer cells 31.  Cadherin-11 in pluripotent mesenchymal stem cells, 

also known as bone-marrow derived stem cells, of the tumor microenvironment likely 

contributes to EMT, along with progression and metastatic establishment of osteotropic 

cancers.  

  Bone marrow-derived stem cells and growth factors in the stroma vitally 

contribute to tumor progression of poor prognosis cancers, particularly in those with high 

cadherin-11 expression.  Vascular endothelial growth factor (VEGF) is now known to 

play a critical role within bone and bone marrow influencing hematopoietic cell growth 

and bone formation via interaction with osteoblasts 32, the main cadherin-11 expressing 

cell in adult humans.  Cadherin-11 mediates breast cancer binding to bone marrow 

stromal cells 33, and it is the only known regulator of VEGFD expression, as seen 

experimentally in fibroblasts 34.  VEGFD is a potent angiogenic factor, having been 

reported as the strongest inducer of angiogenesis and lymphangiogenesis of the VEGF 

family members when delivered into skeletal muscle 35.  VEGFD induces lymphatic 

formation in tumors and leads to their metastasis in lymph nodes, while also promoting 

angiogenesis and subsequent tumor growth in mice 36.  Comparable in humans, 

widespread expression of VEGFD has also been shown in prostate cancer specimens and 
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correlates with lymphatic invasion and lymph node metastasis through its receptor, 

VEGFR-3 37.  Certain poor prognosis cancers of mesodermal origin may be susceptible to 

cadherin-11 propagation through homophilic binding with bone marrow stromal cells, 

further allowing for up-regulation of angiogenic and lymphangiogenic factor VEGFD in 

tumors. 

 

I.D. STATEMENT OF PURPOSE  

Cadherin-11 is normally expressed in cells and tissues of mesenchymal origin, yet 

is found in various carcinomas and tumor cell lines derived from epithelial tissue, 

including that of breast and prostate (both of which predominantly metastasize to the 

skeleton).  In particular, we have found cadherin-11 expression in lymph node and bone 

metastases from breast tumors and others have found corresponding data in prostate 

cancer.  Our lab has further shown that in a panel of various breast cancer cell lines, 

cadherin-11 is exclusively expressed in poorly-differentiated, highly-aggressive breast 

cancer cell lines (specifically those of subtype basal B), most notably in metastatic MDA-

MB-231 breast cancer cells.  Our preliminary studies found that exogenous expression of 

cadherin-11 wt causes cadherin-null, non-metastatic SKBR3 breast cancer cells to exhibit 

a slight increase in proliferation, and exogenous expression of both cadherin-11 isoforms 

together confers a dramatic increase in invasion through Matrigel 3.  As our data suggests 

cadherin-11 expression is sufficient to induce invasion in breast cancer, my thesis project 

was designed to further investigate its role in tumor progression and bone metastasis 
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through examination of endogenous cadherin-11 using MDA-MB-231 breast and PC-3 

prostate cancer cells.  These cancer cells are very aggressive and known to metastasize to 

bone, which can be readily demonstrated in animal models 9,11.   

 The first aim of the project sought to stably deplete endogenous cadherin-11 in 

aggressive MDA-MB-231 breast and PC-3 prostate cancer cells.  As such, I employed a 

lentiviral system to infect cancer cells with shRNA-targeted vectors and selected for 

virus-expressing cells with puromycin.  Single cell cloning was used to grow multiple 

colonies, which were selected for further testing based upon level of cadherin-11 protein 

expression.  In addition to this lentiviral system, stable cell lines previously created in the 

lab by Dr. Constanze Hampel using siRNA-targeted vectors in MDA-MB-231 breast 

cancer cells, were characterized as well.  These cell lines were pooled stables that 

provided an excellent control for results seen with the lentiviral system.  All stable cell 

lines were examined in classic tumorigenic assays for affects in proliferation, anchorage 

independent growth, migration and invasion of a 3-dimensional matrix to identify roles 

for cadherin-11 in tumor progression. 

 The second goal of this thesis work was to understand and visualize cadherin-11 

effects on tumor progression and metastatic growth in vivo.  To this end, stable cell lines 

created in the first part of the project were injected subcutaneously into nude mice.  

Furthermore, the initial cells tested were labeled using iron oxide nanoparticles 

containing Dragon Green fluorophore to test potential imaging techniques, including 

fluorescence microscopy and magnetic resonance imaging (MRI).  Results dramatically 
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indicated that cadherin-11-depleted MDA-MB-231 breast cancer cells are incapable of 

subcutaneous growth in nude mice.  The animal experiments were highly repeatable in 

breast cancer cell lines, and it was quickly determined that metastasis studies would be 

totally unnecessary in these cells. 

 Although new data is emerging, little is known about the mechanisms of action or 

regulation of cadherin-11 in tumorigenesis.  Alternate projects in the Byers’ lab are 

addressing regulatory mechanisms involved with cadherin-11 in cancer, however, this 

thesis project did include examination of genes altered upon depletion of cadherin-11 in 

MDA-MB-231 breast cancer cells via microarray.  In addition, in silico experiments were 

performed to examine cadherin-11 and its relationship to relapse and survival in poor 

prognosis cancers, including breast, prostate and renal cell carcinomas, multiple 

myeloma, and the highly lethal glioblastoma multiforme.  In silico results further 

revealed a number of genes potentially regulated by cadherin-11 in breast cancer cells 

that may also have significant roles in examined poor prognosis cancers and cell lines.  

Future studies will be able to characterize the role of these genes in these malignancies 

and help to define mechanisms of cadherin-11 regulation and pathways affected in 

disease.  

The overall implication that cadherin-11 may mediate the interaction between 

malignant breast cells and other cadherin-11 expressing cells, such as stromal cells, 

osteoblasts or the surrounding extracellular matrix, thus facilitating tumor cell invasion 

and metastasis requires ongoing study, however also indicates that cadherin-11 targeted 
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inhibitors may serve as vital therapeutics in certain maladies, to include cancer and 

arthritis.  We found that cadherin-11 is expressed in cell lines characterized as Basal B, as 

well as various poor prognosis malignancies for which no current viable treatment exists. 

These associations suggest that cadherin-11 is most often expressed in tumors of a highly 

aggressive nature and excessive resistance to treatment.  Interestingly, an addendum to 

my main thesis project, outlined previously, has included side projects testing potential 

cadherin-11 small molecule inhibitors.  Herein, I identify a novel small molecule 

inhibitor that shows potent and specific blockade of cadherin-11 function in proliferation, 

anchorage independent growth, and invasion.  Furthermore, this potential therapeutic 

compound shows viability at low nanomolar concentrations.  Specific targeting of 

cadherin-11 in breast and prostate tumors may provide a feasible therapy that is unlikely 

to disrupt normal tissue functioning, as it is not normally expressed in mammary or 

prostate epithelium.  Overall, this project aimed to characterize cadherin-11 function in 

aggressive epithelial cancers, and I will describe how this has been successfully 

accomplished with additional and unexpected bonuses of in significant in silico and 

therapeutic discoveries. 
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CHAPTER II: CADHERIN-11 MEDIATES TUMOR GROWTH AND 

PROGRESSION IN AGGRESSIVE CANCER CELLS 
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THE WORK PRESENTED IN CHAPTER II WILL BE PUBLISHED AS FOLLOWS: 

JAIME M. GUIDRY AUVIL
1, SIVANESAN DAKSANAMURTHY

1, CONSTANZE HAMPEL, MILTON 

BROWN, XIN LI, HABTOM W. RESSOM, AND STEPHEN W. BYERS.  CADHERIN-11 

REGULATES TUMOR GROWTH AND PROGRESSION IN POOR PROGNOSIS CANCERS. CANCER 

CELL. SUBMITTED/IN REVIEW. 
 
 

II.A. SUMMARY 

 Cadherin-11 expression is associated with tumor progression and metastasis in 

various cancers, including basal-like breast carcinoma and advanced prostate cancer, and 

invasive cell lines, yet is absent in normal epithelium.  We now show that cadherin-11 

attenuation in aggressive breast and prostate cancer cells results in marked decreases in 

proliferation, migration, and invasion.  Cadherin-11 depletion in MDA-MB-231 cells 

prevents tumor growth in mice and alters the expression of genes associated with poor 

prognosis malignancies.      

  

II.B. SIGNIFICANCE 

 Although cadherin-11 expressing basal-like breast carcinomas constitutes only 10-

15% of known breast cancers they are those with clinically poor prognosis and few 

treatment options.  This study shows that blockade of cadherin-11, either by knockdown 

or using a new drug-like small molecule inhibitor, inhibits malignant progression of 

MDA-MB-231 basal-type cells and indicates that cadherin-11 may be a therapeutic target 

for poor prognosis carcinomas. 
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II.C. INTRODUCTION  

 Advanced epithelial cancers such as those of the prostate and breast often exhibit 

morphologic and molecular changes characteristic of mesenchymal tissue.  Breast cancer 

progression to an invasive metastatic state is hypothesized to represent a form of 

epithelial-mesenchymal transition (EMT), a process of profound importance during 

embryogenesis. A phenomenon referred to as “cadherin-switching”, an increased 

expression of mesenchymal cadherins (often N-cadherin and/or cadherin-11) in 

conjunction with down-regulation of epithelial markers (E-cadherin), has been associated 

with both EMT and tumor progression 24,26. A recent study suggests that expression of 

EMT markers, including cadherin-11, together with cadherin-switching can be found 

predominantly in tumors with a basal-like phenotype 26.  Breast cancer can be 

characterized by at least six distinct subtypes including luminal A, luminal B, normal-

like, human epidermal growth factor 2 (HER2)-enriched, claudin-low and basal-like, 

each with distinct genotypes and clinical prognoses 38-40.  Of these subtypes, basal-like 

carcinomas comprise only 10-15% of known breast cancers, notably those that tend to be 

‘triple negative’ (lacking ERα, PR and HER2 expression), denoting clinically poor 

prognosis and few treatment options.  Breast cancer cell lines can be divided into similar 

subtypes that parallel clinical response, including distinct groupings of luminal and basal 

cells, which can be further separated into basal A and basal B clusters 41.  Cell lines of the 

basal B lineage are less differentiated and mesenchymal in morphology and are 

frequently highly aggressive, invasive cells.  We have previously shown cadherin-11 to 
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be associated with the differentiation state in a series of breast cancer cell lines, being 

expressed only in poorly differentiated, highly-invasive cells and absent in normal breast 

epithelial cells and well-differentiated breast cancer cells 4. Exogenous expression of 

cadherin-11 and its variant isoform together significantly increases invasive capability of 

non-metastatic SKBR3 breast cancer cells 3. Furthermore, almost all cadherin-11 positive 

cell lines are in the basal B subset of clinically poor prognosis breast cancer cells as 

defined by Neve et al 42.     

  Cadherin-11 is found in prostate cancer lymph node and bone metastases, although 

not normally expressed in prostate epithelium, and its expression directly correlates with 

disease progression.  Depletion of cadherin-11 from metastatic PC-3 prostate cancer cells 

significantly hinders their ability to form skeletal metastases in nude mice following 

intracardiac injection, pointing to a role in migration or invasion 43. Additionally, 

cadherin-11 has been implicated as a potential therapeutic target in rheumatoid arthritis; 

another bone disease with properties often compared with cancer due to excess 

inflammation and increased cellular proliferation  8.  In rheumatoid arthritis expression of 

cadherin-11 by fibroblast-like synoviocytes is required for their proliferation and 

migration to sites of joint inflammation. 

 The purpose of our study was to examine the role of cadherin-11 in poorly 

differentiated, highly aggressive basal-like breast and prostate cancer cells.  Our data 

indicate that cadherin-11 is necessary for the subcutaneous tumor growth in nude mice of 

MDA-MB-231 cells, and regulates proliferation, colony formation, migration and 
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invasion in epithelial cancer cells that express it.  Cadherin-11 is specifically expressed in 

aggressive basal B breast cancer cell lines, as well as poor prognosis basal-like 

carcinomas (Table 1).  Additional examination of published data sets via Oncomine 

revealed that cadherin-11 is also highly expressed and significantly associates with 

survival and relapse outcome for patients with aggressive cancers other than breast and 

prostate, including papillary renal cell carcinoma, multiple myeloma, and glioblastoma 

multiforme 44-49(Figure 7, Figure 14, Table 1). Thus, it appears that cadherin-11 may 

serve as a novel target for untreatable cancers that express it.  
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II.D. RESULTS 

II.D.I. CADHERIN-11 EXPRESSION IS INVERSELY RELATED TO RELAPSE AND SURVIVAL IN 

SEVERAL CANCERS 

We compared published expression array data sets examining basal-like cancer 

phenotype in breast cancer cells, breast cancer relapse, androgen-independent prostate 

cancer survival, glioblastoma multiforme tumor expression and survival, multiple 

myeloma relapse and survival, and papillary renal cell carcinoma 44-46,49-51.  Kaplan-Meier 

curves were generated and showed that high cadherin-11 expression was significantly 

associated with poor outcome in breast, prostate, and papillary renal cell carcinomas, as 

well as multiple myeloma and glioblastoma (Figure 7, Figure 14, Table 1). In breast 

cancer cell lines, cadherin-11 expression was almost completely restricted to basal-B type 

cells 52. 

 

II.D.I. FIGURE LEGEND AND FIGURE 

FIGURE 7. CADHERIN-11 REGULATES KEY GENES IN CANCER AND ITS EXPRESSION 

CORRELATES WITH CLINICAL OUTCOME IN POOR PROGNOSIS CANCERS 

 A-C: Kaplan-Meier survival curves show that low cadherin-11 expression significantly 

improves survival in breast (A) (Wang et al), prostate (B) (Best et al) and glioblastoma 

(C) (Nutt et al) patients (log-rank test p<0.05). 
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FIGURE 7. CADHERIN-11 REGULATES KEY GENES IN CANCER AND ITS EXPRESSION 

CORRELATES WITH CLINICAL OUTCOME IN POOR PROGNOSIS CANCERS (PREPARED AS 

FIGURE 1. IN ORIGINAL MANUSCRIPT). 

 
Breast Cancer Relapse

Years to Relapse

0 2 4 6 8 10 12 14 16

R
e
la

p
s
e
 F

re
e
 S

u
rv

iv
a
l

0.0

0.2

0.4

0.6

0.8

1.0

p=0.047

Low CDH11
(n=70)

**

High CDH11
(n=70)

A
Prostate Survival Analysis

Survival (years)

0 1 2 3 4 5 6
A

n
d

ro
g

e
n

-I
n

d
e

p
e

n
d

e
n

t 
S

u
rv

iv
a

l

0.0

0.2

0.4

0.6

0.8

1.0

p=0.007

*Low CDH11
(n=8)

High 
CDH11
(n=8)

Glioblastoma Survival Analysis

Survival (years)

0 1 2 3 4 5

O
v
e
ra

ll
 S

u
rv

iv
a
l

0.0

0.2

0.4

0.6

0.8

1.0

p=0.04

*Low CDH11
(n=10)

High 
CDH11
(n=15)

C

B

 



38 

 

II.D. RESULTS (CONTINUED) 

II.D.II. CADHERIN-11 REGULATES PROLIFERATION AND ANCHORAGE-INDEPENDENT 

GROWTH OF BREAST AND PROSTATE CANCER CELLS 

Cadherin-11 is expressed in various cancers including osteosarcomas, oral 

squamous cell, renal cell, colon, gastric, prostate, and breast carcinomas, as well as 

multiple myeloma and glioblastoma multiforme. Although these analyses show that 

cadherin-11 is significantly increased in several poor prognosis malignancies, and may 

serve as a novel marker for diagnosis, these data do not demonstrate a causal relationship.  

To address this we knocked down endogenous cadherin-11 expression in MDA-MB-231 

breast cancer cells and PC-3 prostate cancer cells by stable transfection of siRNA or 

infection of shRNA (see Materials and Methods for sequences and details).  For pooled 

stable cell lines (RNAi 1B, 4A and 6A) the siRNA target sequence was designed using a 

database, placed into a commercial vector and further transfected into MDA-MB-231 

cells.  Transient expression of the siRNA was determined by Western blot of cadherin-11 

protein for ample knockdown (data not shown).  Upon confirmation, the siRNA vector 

was cotransfected with a second vector, allowing for stable selection of RNAi-containing 

cells, and MDA-MB-231 breast cancer cells.  Selected clones were pooled, and the entire 

process was repeated three times to obtain more homogenous pools of stable cells.  For 

shRNA stable cell lines, lentiviral particles containing two separate shRNA sequences 

targeting the same region of cadherin-11 were used to infect MDA-MB-231 cells, as well 

as PC-3 prostate cancer cells for validation in alternate cancers.  Upon stable selection, 

single-cell cloning was employed to obtain a more pure population of testable cells.  
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Cadherin-11 expression was determined in the resulting stable cell lines by quantitative 

RT-PCR (data not shown) and Western blot (Fig. 8A).  Two MDA-MB-231 lines, chosen 

from among the pooled siRNA-targeted stables tested, and one clonal cell line from each 

of the two shRNA sequence-targeted stables created (54333 and 54334), were selected 

for use in these experiments.  In addition, the 54333 and 54334 shRNA viral supernatant 

were used along with an empty vector control to create stable cadherin-11-targeted PC-3 

prostate cancer cells (Figure 8A). In PC-3 cells, 54333 shRNA infection did not result in 

significant cadherin-11 knockdown, and was therefore used as a control in some 

subsequent experiments.       

Cadherin-11 localization in MDA-MB-231 cells was also determined for each cell 

line using immunofluorescence microscopy (Figure 9A). Cadherin-11 expression was 

significantly reduced in knockdown lines. Surprisingly β-catenin expression remained 

relatively constant among all cell lines, and its location was retained at the cell membrane 

in the absence of cadherin-11. Morphology of the cadherin-11 knockdown cell lines was 

similar to that of parental MDA-MB-231 cells.   

 Cell adhesion is known to affect cellular proliferation throughout development 

and in tumorigenesis, and depletion of endogenous cadherin-11 in smooth muscle cells 

significantly inhibits their proliferation 53.  Cadherin-11 knockdown significantly 

decreased the proliferation of MDA-MB-231 on plastic, as measured by crystal violet 

(Figure 8B) and a fluorescent growth reagent respectively (Figure 9B). Anchorage-

independent growth of basal B type MDA-MB-231 breast cancer cells and PC-3 prostate 
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cancer cells was also significantly reduced following cadherin-11 knockdown, as 

measured with Omnicon colony counter and visualized by stereoscope (Figure 8C), and a 

fluorescent growth reagent respectively (Figure 9C).   

 

II.D.II. FIGURE LEGENDS AND FIGURES 

FIGURE 8. CADHERIN-11 REGULATES COLONY GROWTH AND PROLIFERATION IN MDA-

MB-231 BREAST CANCER CELLS AND PC-3 PROSTATE CANCER CELLS   

A: Western blot analysis of cadherin-11 in MDA-MB-231 breast cancer cells stably 

expressing shRNA (33 or 34 clonal cells) or siRNA (4A or 6A pooled cell lines) directed 

against cadherin-11 protein (CDH11), and PC-3 prostate cancer cells containing the same 

shRNA, along with empty vector (EV or 1B, respectively) or scrambled (Luc) controls. 

GAPDH was used as a loading control. 

B and C: Cadherin-11 mediates cell growth in breast and prostate cancer cell lines.  B: 

CDH11 depletion significantly inhibits proliferation of various stable cell lines as 

measured using crystal violet staining after 5d. C: Reduction of CDH11 decreases 

anchorage-independent colony formation of stable cells in soft agar as quantitated using 

Omnicon software. Phase image of colony formation in soft agar using a 4x objective on 

a Zeiss inverted microscope.   

Columns and bars show the mean and SEM, respectively. 

All statistics were calculated using a Student’s T-test. 
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FIGURE 8. CADHERIN-11 REGULATES COLONY GROWTH AND PROLIFERATION IN MDA-

MB-231 BREAST CANCER CELLS AND PC-3 PROSTATE CANCER CELLS (PREPARED AS 

FIGURE 2. IN ORIGINAL MANUSCRIPT) 
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FIGURE 9. CADHERIN-11 KNOCKDOWN LOCALIZATION AND GROWTH VALIDATION 

A: Immunofluorescence shows that CDH11 is significantly reduced in stable knockdown 

cell lines. Cover slips were probed with either CDH11 or beta-catenin antibody and 

viewed with a 20x objective on a Nikon E600 microscope. 

B and C: Cadherin-11 mediates cell growth in breast and prostate cancer cell lines.  B: 

CDH11 depletion significantly inhibits proliferation (B) and decreases anchorage-

independent colony growth (C) of various stable cell lines as measured using Cell Titre-

Glo luminescence reagent after 5d.   

Columns and bars show the mean and SEM, respectively. 

All statistics were calculated using a Student’s T-test.
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FIGURE 9. CADHERIN-11 KNOCKDOWN LOCALIZATION AND GROWTH VALIDATION 

(PREPARED AS FIGURE S1. IN ORIGINAL MANUSCRIPT). 
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II.D. RESULTS (CONTINUED) 

II.D.III. CADHERIN-11 ALTERS MIGRATORY AND INVASIVE POTENTIAL OF BREAST AND 

PROSTATE CANCER CELLS  

Throughout development various cadherins are expressed to direct cell specific 

differentiation.  Cadherin expression in a given tissue dictates its fate, a phenomenon 

dually observed in cancer.  Cadherins specifically regulate migration of developing cells, 

and knocking down cadherin-11 in mature smooth muscle cells or cranial neural crest 

cells inhibits their migratory ability (Monahan, Kuijpers).  It is thought that malignant 

cells enhance or repress expression of certain cadherins as to promote tumorigenicity as 

well as metastatic potential of the tumor, for which invasive ability is essential.  Upon 

addition of exogenous cadherin-11, non-metastatic SKBR3 breast cancer cells 

demonstrate a significant increase in migratory potential and invasion 3.  To further 

characterize the stable cell lines, wound healing assays were performed to observe 

migration propensity of MDA-MB-231 breast cancer cells and PC-3 prostate cancer cells 

with depleted cadherin-11 expression.  Concomitant with the findings of Feltes et al., 

reduction of cadherin-11 in highly metastatic MDA-MB-231 breast cancer and PC-3 

prostate cancer cells significantly decreased their migration activity (Figure 10A).  

Interestingly, stable knockdown cells containing some detectable cadherin-11, albeit 

marginal (pooled RNAi 4A), displayed better migratory ability than those with minimal 

to no traceable expression, further implicating cadherin-11 responsibility for the observed 
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phenotype.  Altogether, these data suggest that cadherin-11 aids in the cancer cell’s 

ability to migrate, however, it is insufficient to block migration when absent or reduced. 

We also examined the effects of cadherin-11 knockdown on the phenotype of the 

cells in a 3-dimensional matrix. MDA-MB-231 breast cancer cells and PC-3 prostate 

cancer cells form branched networks within one week when cultured on a Matrigel 

basement membrane-like matrix.  We observed that control cells containing either empty 

vector or scrambled target sequence also formed networks throughout the Matrigel within 

7 days. Control cells containing either empty vector or scrambled target sequence, grew 

as expected in branched networks throughout the Matrigel mimicking their parental cell 

line (Figure 10B). Unlike controls, cells in which cadherin-11 was knocked down failed 

to form networks during the first week in culture.  However, over the ensuing week, the 

cadherin-11 knockdown cells formed networks that were indistinguishable from controls. 

Prostate cancer cells displayed a similar delayed network formation phenomenon (Figure 

10B). This data suggests that cadherin-11 is not absolutely necessary for network 

formation. Perhaps the delay is a combination of reduced growth and migration rather 

than an effect on invasion or network formation per se.  
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II.D.III. FIGURE LEGEND AND FIGURE  

FIGURE 10. CADHERIN-11 KNOCKDOWN SIGNIFICANTLY INHIBITS MIGRATION AND 

MEDIATES INVASION OF MDA-MB-231 BREAST AND PC-3 PROSTATE CANCER CELLS   

A: Depletion of CDH11 reduced ability of stable cells to migrate into wounds on plastic 

as measured from three separate fields in each well from triplicates, 16hr after scraping. 

Columns and bars show the mean and SEM, respectively 

B: CDH11 knockdown delayed formation of branched networks on Matrigel as captured 

using a Vanox inverted microscope with a 4x objective.   

All statistics were calculated using a Student’s T-test.   
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FIGURE 10. CADHERIN-11 KNOCKDOWN SIGNIFICANTLY INHIBITS MIGRATION AND 

MEDIATES INVASION OF MDA-MB-231 BREAST AND PC-3 PROSTATE CANCER CELLS 

(PREPARED AS FIGURE 3. IN ORIGINAL MANUSCRIPT)  
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II.D. RESULTS (CONTINUED) 

II.D.IV. CADHERIN-11 IS REQUIRED FOR SUBCUTANEOUS TUMOR GROWTH I� VIVO   

MDA-MB-231 breast cancer cells and PC-3 prostate cancer cells are an 

aggressive line and readily form tumors in nude mice 54. After observing significant 

growth differences among stable cell lines in various assays in vitro, it was important to 

investigate the translational continuity of these observations in xenografts.  To that end, 

stable cells were subcutaneously injected into athymic nude mice at four ventral sites 

such that each mouse contained at least one control cell line and two knockdowns in each 

representative position (Figure 12A). Tumor growth was assessed twice weekly with 

calipers for a minimum period of 6 weeks.  The pooled stable cells containing the siRNA 

target sequence against cadherin-11 completely failed to form tumors in nude mice, 

whereas the empty vector controls formed subcutaneous tumors as expected (Figure 11A 

and C).  Tumors were visualized using iron oxide nanoparticles containing a Dragon 

Green fluorophore that could be detected by both fluorescence microscopy as well as 

magnetic resonance imaging (MRI)( Figure 12B and C).  This experiment was repeated 

several times (out of a total of 20 cadherin-11 knockdown cell injections, not one resulted 

in a significant tumor) and was sustainable for more than four months.  Likewise, stable 

cell lines containing shRNA target sequences displayed a significant delay to onset of 

tumor growth as compared to empty vector or scrambled sequence controls.  However, 

after about one month, subcutaneous tumors began to form from injections of one 

lentivirally-infected shRNA stable cell line (Figure 11B and D).  Once palpable, these 
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tumors progressed at a similar rate seen in empty vector and scramble sequence controls. 

However, at this time, and in the absence of selection media, these cells had begun to re-

express cadherin-11 in vitro as measured by Western Blot (data not shown). These data, 

along with the functional assays in vitro, strongly suggest that cadherin-11 is necessary 

for tumor growth in MDA-MB-231 breast cancer cells. They further imply that cadherin-

11 may provide a viable therapeutic target in epithelial cancers with increased cadherin-

11 expression. 

 

II.D.IV. FIGURE LEGENDS AND FIGURES 

FIGURE 11. CADHERIN-11 MEDIATES TUMORIGENICITY OF MDA-MB-231 BREAST 

CANCER CELLS   

A and B: Athymic nude mice were subcutaneously injected with 1-2x106 MDA-MB-231 

cells stably expressing either siRNA (A) or shRNA (B) against cadherin-11 or controls 

into one of four mammary fat pads on the ventral side of the animal, such that all cell 

lines were represented in a minimum of 10 total injections each, including a minimum of 

twice at each specific locus.  Caliper measurements were taken 2x per week for 6+ 

weeks. A: CDH11 depleted pooled cells fail to form subcutaneous tumors B: Lentiviral 

shRNA cells fail to form tumors for at least 30d. Note that 34 clonal cells form tumors 

after 30d, however this was also seen in vitro without selection media.  
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C and D: Kaplan-Meier curves show that depletion of CDH11 results in significant 

improvement in time to tumor formation compared with vector controls (log-rank test 

p<0.001).  

Experiments were repeated three times with both siRNA and shRNA-targeted 

knockdown stable cell lines with similar results. Animal protocols were reviewed and 

approved by the Georgetown University Animal Care and Use Committee (07-074).  

 

FIGURE 12. ANIMAL STUDY DESIGN AND IMAGING 

A: Schematic of nude mouse studies  

B: Iron-oxide nanoparticles with Dragon Green fluorophore were taken up by stable cells 

prior to injection into nude mice for tracking. Nude mice were imaged using a 2x 

objective on a Zeiss inverted microscope  

C: Magnetic Resonance Imaging (MRI) performed on nude mouse from subcutaneous 

tumor growth studies shown in (B). 
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FIGURE 11. CADHERIN-11 MEDIATES TUMORIGENICITY OF MDA-MB-231 BREAST 

CANCER CELLS (PREPARED AS FIGURE 4. IN ORIGINAL MANUSCRIPT). 
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FIGURE 12.  ANIMAL STUDY DESIGN AND IMAGING (PANELS A & B PREPARED AS FIGURE 

S2. IN ORIGINAL MANUSCRIPT). 
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II.D. RESULTS (CONTINUED) 

II.D.V. CADHERIN-11 KNOCKDOWN ALTERS THE EXPRESSION OF GENES ASSOCIATED WITH 

POOR PROGNOSIS MALIGNANCIES      

Microarray analysis has become a tool for determining potential genetic 

signatures of various disease profiles.  In cancer, microarray has been used to analyze 

genetic differences regarding hormone status, cellular subtype, metastasis and recurrence, 

patient prognosis, and treatment response among a multitude of malignancies, tumor cells 

and cellular manipulations.  Much of this data is publically available for further analysis 

and interpretation, leading to additional opportunity for significant scientific conclusions 

from the same data sets.  

Microarray analysis was performed using Affymetrix U133-A arrays to determine 

genes significantly altered upon depletion of cadherin-11 in aggressive breast cancer cells 

(see Experimental procedures). Our analyses of differential gene expression in CDH11-

depleted stable cell lines are provided in Table S2.  The data files can be found and 

accessed in NCBI’s Gene Expression Omnibus 55 through GEO Series accession number 

GSE 14943(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14943). Empty vector control 

cell lines (RNAi 1B) were compared with two different stable knock down cell lines 

(RNAi 4A and 6A) on three separate occasions. An inter-sample comparison among the 

three controls and among the four CDH11-depleted samples respectively, was carried out 

and all genes differing greater than 1.5 fold among the respective groups were designated 

as outliers and not included in further analyses (Figure 13A). 187 genes were found to be 
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differentially expressed when p<0.01 was set as a significance minimum, comprising 

gene ontology classes including cell adhesion, signaling and movement, as well as 

cancer, connective tissue and inflammatory diseases (Table 2, Figure 13B).  

Differentially-expressed genes generated from that analysis were further compared with 

published data examining breast cancer relapse (Figure 13C, Table 1)56.  24 genes were 

common to the Wang data set and many of these were also associated with other poor 

prognosis cancers and with the stromal cell signature predictive of bad outcome breast in 

breast cancer 57(Table 1). Multiple genes associated with cell-cell or cell-matrix adhesion 

(COL5A1, ICAM2, ITGB3, and THBS1 58 are affected upon alteration of cadherin-11 

expression in breast cancer. Of note, various known markers of epithelial to 

mesenchymal transition are decreased when cadherin-11 is depleted, including SMAD6 

and S�AI2, as well as metalloproteinase family genes MMP1, ADAM8, and TIMP3, 

which are associated with aggressive cancers and metastasis 59,60. Conversely, when 

cadherin-11 is reduced, putative tumor suppressor genes �OL7, PRSS3 and T�FAIP3 are 

significantly increased 61. Taken together these data indicate that cadherin-11 regulates 

the expression of genes important in basal B breast cancer cells, along with poor 

prognosis malignancies of the breast, prostate, brain, plasma cell and kidney.   
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II.D.V. FIGURE LEGENDS AND FIGURES 

FIGURE 13. CADHERIN-11 REGULATES KEY GENES IN POOR PROGNOSIS BREAST CANCER  

A-C: Flowchart depicts results from microarray analysis of pooled cell lines (3=1B 

controls, 2 each of 4A and 6A knockdown cells) in which analysis was done with a 

maximum significance level set at p<0.01 (See Experimental procedures).  Inter-sample 

processing between controls and knockdown arrays to eliminate outliers >1.5 fold change 

(A). Hierarchical cluster analysis run between control and knockdown probes, resulting 

in 194 cadherin-11 regulated genes (B).Subset of 24 cadherin-11 regulated genes selected 

for their significant association with clinical outcome in human breast cancer relapse (C) 

(Wang et al). 

 

FIGURE 14. CADHERIN-11 CORRELATES WITH PATIENT SURVIVAL AND RELAPSE IN POOR 

PROGNOSIS CANCERS. Kaplan-Meier survival curves show that low cadherin-11 

expression significantly improves relapse in breast (A) (Wang et al) and multiple 

myeloma(B) (Carrasco), as well as survival in androgen-independent prostate cancer 

(C)(Best et al), multiple myeloma (D)(Carrasco), papillary renal cell carcinoma 

(E)(Yang) and glioblastoma multiforme (F)(Nutt et al) patients (log-rank test p<0.05).  
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FIGURE 13. CADHERIN-11 REGULATES KEY GENES IN POOR PROGNOSIS BREAST CANCER 

(PREPARED AS FIGURE 5. IN ORIGINAL MANUSCRIPT). 
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FIGURE 14. CADHERIN-11 CORRELATES WITH PATIENT SURVIVAL AND RELAPSE IN POOR 

PROGNOSIS CANCERS (PREPARED AS FIGURE S3 IN ORIGINAL MANUSCRIPT).  
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TABLE 1. CADHERIN-11 REGULATED GENES IN VARIOUS POOR PROGNOSIS CANCERS AND 

CELL LINES (PREPARED AS TABLE S1. IN ORIGINAL MANUSCRIPT).  

X=non-significant association of genes in the same direction of those from the Wang et al. data set 

Gene 
Symbol Gene Description 

Wang 
et al. 

(Breast 
Cancer 

Relapse) 

Neve et al. 

(Basal B 
Breast 
Cancer 

Cell Lines) 

Finak et al. 

(Breast 
Tumor 
Stroma 

Expression) 

Nutt et al. 

(Glio-
blastoma 
Survival) 

Sun et al. 

(Glio-
blastoma 

Expression) 

Carrasco et al. 

(Multiple 
Myeloma 
Relapse/ 
Survival) 

Yang et al. 

(Papillary 
Renal Cell 
Carcinoma 
Survival) 

Best et al. 
(Androgen 

Independent 
Prostate 
Cancer 
Survival) 

Up-regulated Genes (p-values) 
  

 
     

ADAM8 
A disintegrin & a metallo-

proteinase domain 8 
0.02 0.033 0.001 X 0.00095 X X 0.027 

CDH11 Cadherin-11 0.047 0.008 X 0.035 7.70E-20 0.0018/ 0.001 0.034 0.007 

CHFR 
Checkpoint with forkhead 
and ring finger domains 

0.009 0.042  
 

8.00E-05 X 
 

X 

COL5A1 Collagen V, alpha 1 0.017 0.004  
 

5.50E-05 
 

0.002 X 

COPA 
Coatomer protein 

complex, subunit alpha 
0.006 

 
2E-6 

 
9.90E-08 X X X 

ITGB3 Integrin, beta 3 0.031 0.051 X 
 

4.40E-05 
   

KIAA1199 Hypothetical protein 0.00035 X 3.5E-5 X 0.05 X X 
 

NUAK1 
NUAK family SNF1-like 

kinase 1 
0.009 0.034  X 

 
X X X 

PLXNA1 Plexin A1 0.028 0.052  
 

3.20E-06 X X X 

SMAD6 
Mothers against de-

capentaplegic homolog 6 
0.008 

 
 

 
0.016 X X 

 

SNAI2 Snail 2/Slug 0.015 6.80E-05 X 
 

1.80E-11 X X 
 

TAGLN2 Transgelin 2 0.086 
 

0.003 0.025 4.8E-25 0.058/ 0.011 
  

THBS1 Thrombospondin 1 0.047 X X 
 

5.90E-04 X 0.051 X 

TIMP3 
Tissue inhibitor of 

metalloproteinase 3 
0.03 

 
0.011 

 
1.00E-16 

 
X X 

UBAP2L 
Ubiquitin associated 

protein 2-like 
0.00046 

 
 X 4.10E-07 0.007 X 

 

Down-regulated Genes (p-values) 
  

 
     

AOX1 Aldehyde oxidase 1 0.035 0.031 X 
 

0.016 
 

0.002 
 

BST2 Bone stromal antigen 2 0.01 0.001 0.00018 
  

X 0.008 
 

G0S2 G0/G1 switch 2 0.062 0.01  
  

X 
 

X 

IL8 Interleukin 8 0.024 0.002  
    

X 

NFU1 
Iron-sulfur cluster scaffold 

homolog 
0.035 

 
X 

 
0.003 X 

 
   X 

NMI 
N-myc (and STAT) 

interactor 
0.044 

 
 

  
X 

 
X 

NOL7 Nucleolar protein 7 0.006 
 

1E-6 0.003 
 

X 
 

X 

PRSS3 Protease, serine, 3 0.026 0.05 0.009 0.019 1.8E-16 X 
  

RPL36AL 
Ribosomal protein L36a-

like 
0.032 0.011 0.031 X 0.087 X 

 
X 

TNFAIP3 
Tumor necrosis factor, α-

induced protein 3 
0.035 0.003 X 

  
X X X 

TRIM16 
Tripartite motif-containing 

16 
0.032 

 
 X 

 
X 

 
X 
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TABLE 2. DIFFERENTIALLY EXPRESSED GENES AT P<0.01 UPON CADHERIN-11 DEPLETION 

(PREPARED AS TABLE S2. IN ORIGINAL MANUSCRIPT). 

Gene Symbol Entrez Gene Name Fold 

Change 

Location Type 

ACAD8 acyl-Coenzyme A dehydrogenase family, member 8 1.667 Cytoplasm Enzyme 

ACAT1 acetyl-Coenzyme A acetyltransferase 1 2.500 Cytoplasm Enzyme 

ADAM8 ADAM metallopeptidase domain 8 -2.000 Plasma 

Membrane 

Peptidase 

AGR2 anterior gradient homolog 2 (Xenopus laevis) 1.667 Extracellular 

Space 

Other 

ALG5 asparagine-linked glycosylation 5, dolichyl-phosphate 

beta-glucosyltransferase homolog (S. cerevisiae) 

2.000 Cytoplasm Enzyme 

ANXA3 annexin A3 2.000 Cytoplasm Enzyme 

AOX1 aldehyde oxidase 1 3.333 Cytoplasm Enzyme 

API5 apoptosis inhibitor 5 2.000 Cytoplasm Other 

ATP5L ATP synthase, H+ transporting, mitochondrial F0 

complex, subunit G 

2.500 Cytoplasm Transporter 

BAZ1A bromodomain adjacent to zinc finger domain, 1A 2.500 Nucleus Other 

BIRC3 baculoviral IAP repeat-containing 3 2.500 Cytoplasm Enzyme 

BSG basigin (Ok blood group) -1.700 Plasma 

Membrane 

Other 

BST2 bone marrow stromal cell antigen 2 5.000 Plasma 

Membrane 

Other 

C11ORF61 chromosome 11 open reading frame 61 1.667 Unknown Other 

C14ORF109 chromosome 14 open reading frame 109 2.000 Unknown Other 

C14ORF156 chromosome 14 open reading frame 156 1.667 Cytoplasm Other 

C14ORF166 chromosome 14 open reading frame 166 1.667 Nucleus Other 

C19ORF21 chromosome 19 open reading frame 21 -2.100 Unknown Other 

C21ORF45 chromosome 21 open reading frame 45 1.667 Unknown Other 

C3ORF14 chromosome 3 open reading frame 14 2.000 Unknown Other 

C6ORF130 chromosome 6 open reading frame 130 2.000 Unknown Other 

C6ORF66 chromosome 6 open reading frame 66 2.000 Unknown Other 

CASP4 caspase 4, apoptosis-related cysteine peptidase 2.000 Cytoplasm Peptidase 

CCDC90B coiled-coil domain containing 90B 2.500 Unknown Other 

CCL2 chemokine (C-C motif) ligand 2 -8.000 Extracellular 

Space 

Cytokine 

CD58 CD58 molecule 3.333 Plasma 

Membrane 

Other 

CDH11 cadherin 11, type 2, OB-cadherin (osteoblast) -17.500 Plasma 

Membrane 

Other 

CDKN3 cyclin-dependent kinase inhibitor 3 2.000 Nucleus Phosphatase 

CETN2 centrin, EF-hand protein, 2 1.667 Nucleus Enzyme 

CHFR checkpoint with forkhead and ring finger domains -2.200 Nucleus Enzyme 
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COL5A1 collagen, type V, alpha 1 -1.800 Extracellular 

Space 

Other 

COPA coatomer protein complex, subunit alpha -3.500 Cytoplasm Transporter 

CXCL2 chemokine (C-X-C motif) ligand 2 2.500 Extracellular 

Space 

Cytokine 

DARS aspartyl-tRNA synthetase 1.667 Cytoplasm Enzyme 

DDX10 DEAD (Asp-Glu-Ala-Asp) box polypeptide 10 2.500 Nucleus Enzyme 

DDX18 DEAD (Asp-Glu-Ala-Asp) box polypeptide 18 2.000 Nucleus Enzyme 

DENND5A DENN/MADD domain containing 5A 2.000 Unknown Other 

DNAJB1 DnaJ (Hsp40) homolog, subfamily B, member 1 -1.600 Nucleus Other 

DNAJC24 DnaJ (Hsp40) homolog, subfamily C, member 24 2.500 Unknown Other 

EAPP E2F-associated phosphoprotein 1.667 Cytoplasm Other 

EFEMP1 EGF-containing fibulin-like extracellular matrix protein 

1 

-2.100 Extracellular 

Space 

Other 

EFHD1 EF-hand domain family, member D1 -1.800 Unknown Other 

EIF3M eukaryotic translation initiation factor 3, subunit M 2.000 Unknown Other 

EPAS1 endothelial PAS domain protein 1 -2.000 Nucleus transcription 

regulator 

EXOSC8 exosome component 8 1.667 Nucleus Enzyme 

F11R F11 receptor -1.900 Plasma 

Membrane 

Other 

FDX1 ferredoxin 1 2.000 Cytoplasm Transporter 

FGFR1OP FGFR1 oncogene partner 2.000 Cytoplasm Other 

FKBP3 FK506 binding protein 3, 25kDa 2.000 Nucleus Enzyme 

FOXG1 forkhead box G1 -3.000 Nucleus transcription 

regulator 

FUCA1 fucosidase, alpha-L- 1, tissue -2.000 Cytoplasm Enzyme 

FZR1 fizzy/cell division cycle 20 related 1 (Drosophila) -1.800 Nucleus Other 

G0S2 G0/G1switch 2 2.000 Unknown Other 

GADD45A growth arrest and DNA-damage-inducible, alpha 2.000 Nucleus Other 

GALNT10 UDP-N-acetyl-alpha-D-galactosamine:polypeptide 

N-acetylgalactosaminyltransferase 10 (GalNAc-T10) 

-2.000 Cytoplasm Enzyme 

GAS2L1 growth arrest-specific 2 like 1 -2.000 Cytoplasm Other 

GAS6 growth arrest-specific 6 -1.900 Extracellular 

Space 

growth factor 

GGH gamma-glutamyl hydrolase (conjugase, 

folylpolygammaglutamyl hydrolase) 

2.500 Cytoplasm Peptidase 

GLIPR1 GLI pathogenesis-related 1 1.667 Extracellular 

Space 

Other 

GLUL glutamate-ammonia ligase (glutamine synthetase) -2.000 Cytoplasm Enzyme 

GMNN geminin, DNA replication inhibitor 1.667 Nucleus Other 

GNB1 guanine nucleotide binding protein (G protein), beta 

polypeptide 1 

-2.500 Plasma 

Membrane 

Enzyme 

GTF2H5 general transcription factor IIH, polypeptide 5 2.500 Nucleus Other 

GTPBP8 GTP-binding protein 8 (putative) 2.000 Unknown Other 

H2AFY H2A histone family, member Y -2.100 Nucleus Other 
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HDAC9 histone deacetylase 9 2.500 Nucleus transcription 

regulator 

HMBS hydroxymethylbilane synthase 1.667 Cytoplasm Enzyme 

HNRPDL heterogeneous nuclear ribonucleoprotein D-like 1.667 Nucleus Other 

HSPB11 heat shock protein family B (small), member 11 2.000 Unknown Other 

HTATIP2 HIV-1 Tat interactive protein 2, 30kDa 2.000 Nucleus transcription 

regulator 

ICAM2 intercellular adhesion molecule 2 -3.200 Plasma 

Membrane 

Other 

IGFBP4 insulin-like growth factor binding protein 4 -2.000 Extracellular 

Space 

Other 

IL18 interleukin 18 (interferon-gamma-inducing factor) 2.000 Extracellular 

Space 

Cytokine 

IL8 interleukin 8 5.000 Extracellular 

Space 

Cytokine 

INHBB inhibin, beta B -2.800 Extracellular 

Space 

growth factor 

ITGB3 integrin, beta 3 (platelet glycoprotein IIIa, antigen 

CD61) 

-1.600 Plasma 

Membrane 

transmembrane 

receptor 

JUP junction plakoglobin -2.300 Plasma 

Membrane 

Other 

KIAA1199 KIAA1199 -2.800 Unknown Other 

KIF5B kinesin family member 5B 2.500 Cytoplasm Other 

KRT19 keratin 19 -2.500 Cytoplasm Other 

KRT81 keratin 81 -1.700 Cytoplasm Other 

KTN1 kinectin 1 (kinesin receptor) 1.667 Cytoplasm Other 

KYNU kynureninase (L-kynurenine hydrolase) 3.333 Cytoplasm Enzyme 

LDLR low density lipoprotein receptor -2.400 Plasma 

Membrane 

Transporter 

LDOC1 leucine zipper, down-regulated in cancer 1 -2.400 Nucleus Other 

LGALS3BP lectin, galactoside-binding, soluble, 3 binding protein -1.900 Plasma 

Membrane 

transmembrane 

receptor 

LGALS8 lectin, galactoside-binding, soluble, 8 -1.800 Extracellular 

Space 

Other 

LPXN leupaxin 1.667 Cytoplasm Other 

LSM1 LSM1 homolog, U6 small nuclear RNA associated 

(S. cerevisiae) 

2.000 Nucleus Other 

LSM3 LSM3 homolog, U6 small nuclear RNA associated 

(S. cerevisiae) 

1.667 Nucleus Other 

LSM5 LSM5 homolog, U6 small nuclear RNA associated 

(S. cerevisiae) 

2.000 Cytoplasm Other 

LY96 lymphocyte antigen 96 5.000 Plasma 

Membrane 

Other 

MAGEB2 melanoma antigen family B, 2 -19.500 Unknown Other 

MCM3AP minichromosome maintenance complex component 

3 associated protein 

-2.100 Nucleus Other 

METTL5 methyltransferase like 5 2.000 Unknown Enzyme 

MMP1 matrix metallopeptidase 1 (interstitial collagenase) 2.500 Extracellular 

Space 

Peptidase 
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MNAT1 menage a trois homolog 1, cyclin H assembly factor 

(Xenopus laevis) 

2.000 Nucleus Other 

MPPE1 metallophosphoesterase 1 2.000 Unknown Enzyme 

NDC80 NDC80 homolog, kinetochore complex component 

(S. cerevisiae) 

3.333 Nucleus Other 

NFU1 NFU1 iron-sulfur cluster scaffold homolog (S. 

cerevisiae) 

2.000 Unknown Other 

NMI N-myc (and STAT) interactor 2.000 Cytoplasm transcription 

regulator 

NOL7 nucleolar protein 7, 27kDa 1.667 Nucleus Other 

NR2F6 nuclear receptor subfamily 2, group F, member 6 -1.900 Nucleus ligand-dependent 

nuclear receptor 

NRG1 neuregulin 1 2.500 Extracellular 

Space 

growth factor 

NUAK1 NUAK family, SNF1-like kinase, 1 -1.900 Unknown Kinase 

NUCB2 nucleobindin 2 2.500 Nucleus Other 

NUP160 nucleoporin 160kDa 2.500 Nucleus Transporter 

PDE4B phosphodiesterase 4B, cAMP-specific 

(phosphodiesterase E4 dunce homolog, Drosophila) 

-1.800 Cytoplasm Enzyme 

PIGF phosphatidylinositol glycan anchor biosynthesis, 

class F 

2.000 Cytoplasm Enzyme 

PIR pirin (iron-binding nuclear protein) 2.000 Nucleus transcription 

regulator 

PLXNA1 plexin A1 -1.800 Plasma 

Membrane 

transmembrane 

receptor 

POMP proteasome maturation protein 1.667 Nucleus Other 

PRR4 proline rich 4 (lacrimal) -2.200 Extracellular 

Space 

Other 

PRSS3 protease, serine, 3 2.000 Extracellular 

Space 

Peptidase 

PRUNE prune homolog (Drosophila) -1.600 Nucleus Enzyme 

PSMA2 proteasome (prosome, macropain) subunit, alpha 

type, 2 

2.000 Cytoplasm Peptidase 

PSMA4 proteasome (prosome, macropain) subunit, alpha 

type, 4 

2.000 Cytoplasm Peptidase 

PSMG2 proteasome (prosome, macropain) assembly 

chaperone 2 

1.667 Nucleus Other 

PTPLA protein tyrosine phosphatase-like (proline instead of 

catalytic arginine), member A 

2.000 Unknown Phosphatase 

PTPN2 protein tyrosine phosphatase, non-receptor type 2 2.000 Cytoplasm Phosphatase 

PTS 6-pyruvoyltetrahydropterin synthase 2.000 Cytoplasm Enzyme 

RAB9A RAB9A, member RAS oncogene family 1.667 Cytoplasm Enzyme 

RAD23B RAD23 homolog B (S. cerevisiae) 1.667 Nucleus Other 

RBPMS RNA binding protein with multiple splicing 1.667 Unknown Other 

RCN1 reticulocalbin 1, EF-hand calcium binding domain 1.667 Cytoplasm Other 

REXO2 REX2, RNA exonuclease 2 homolog (S. cerevisiae) 2.000 Cytoplasm Enzyme 

RGS20 regulator of G-protein signaling 20 2.000 Cytoplasm Other 

RHOB ras homolog gene family, member B -2.300 Cytoplasm Enzyme 
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RPL36AL ribosomal protein L36a-like 2.000 Cytoplasm Other 

RPL7 ribosomal protein L7 1.667 Cytoplasm transcription 

regulator 

RPL7 ribosomal protein L7 2.000 Cytoplasm transcription 

regulator 

RPP40 ribonuclease P/MRP 40kDa subunit 1.667 Nucleus Enzyme 

RRAS2 related RAS viral (r-ras) oncogene homolog 2 2.000 Plasma 

Membrane 

Enzyme 

RWDD1 RWD domain containing 1 2.000 Unknown Other 

S100A4 S100 calcium binding protein A4 -4.000 Cytoplasm Other 

SCD stearoyl-CoA desaturase (delta-9-desaturase) -2.300 Cytoplasm Enzyme 

SDHD succinate dehydrogenase complex, subunit D, 

integral membrane protein 

2.000 Cytoplasm Enzyme 

SEC62 SEC62 homolog (S. cerevisiae) 3.333 Cytoplasm Transporter 

SHC1 SHC (Src homology 2 domain containing) 

transforming protein 1 

-2.000 Cytoplasm Other 

SIP1 survival of motor neuron protein interacting protein 1 2.500 Nucleus Other 

SLC24A1 solute carrier family 24 (sodium/potassium/calcium 

exchanger), member 1 

1.667 Plasma 

Membrane 

Transporter 

SMAD6 SMAD family member 6 -1.900 Nucleus transcription 

regulator 

SNAI2 snail homolog 2 (Drosophila) -1.800 Nucleus Other 

SNAPC5 small nuclear RNA activating complex, polypeptide 5, 

19kDa 

2.000 Nucleus transcription 

regulator 

SPA17 sperm autoantigenic protein 17 2.000 Plasma 

Membrane 

Other 

SPAG16 sperm associated antigen 16 2.000 Cytoplasm Other 

SPC25 SPC25, NDC80 kinetochore complex component, 

homolog (S. cerevisiae) 

1.667 Unknown Other 

SPRY1 sprouty homolog 1, antagonist of FGF signaling 

(Drosophila) 

-1.900 Plasma 

Membrane 

Other 

ST3GAL6 ST3 beta-galactoside alpha-2,3-sialyltransferase 6 2.000 Cytoplasm Enzyme 

ST6GALNAC5 ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-

1,3)-N-acetylgalactosaminide alpha-2,6-

sialyltransferase 5 

3.333 Cytoplasm Enzyme 

STC1 stanniocalcin 1 2.500 Extracellular 

Space 

Kinase 

SUMO1 SMT3 suppressor of mif two 3 homolog 1 (S. 

cerevisiae) 

2.000 Nucleus Enzyme 

TAF9 TAF9 RNA polymerase II, TATA box binding protein 

(TBP)-associated factor, 32kDa 

2.500 Nucleus transcription 

regulator 

TAGLN2 transgelin 2 -1.900 Cytoplasm Other 

TBC1D2 TBC1 domain family, member 2 -1.800 Unknown Other 

TCEB1 transcription elongation factor B (SIII), polypeptide 1 

(15kDa, elongin C) 

2.000 Nucleus transcription 

regulator 

TFAP2C transcription factor AP-2 gamma (activating 

enhancer binding protein 2 gamma) 

-2.100 Nucleus transcription 

regulator 

TFPI tissue factor pathway inhibitor (lipoprotein-associated 

coagulation inhibitor) 

2.000 Extracellular 

Space 

Other 
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TGFBR3 transforming growth factor, beta receptor III -1.700 Plasma 

Membrane 

Kinase 

THBS1 thrombospondin 1 -2.700 Extracellular 

Space 

Other 

THOC5 THO complex 5 -1.600 Cytoplasm Other 

THOC7 THO complex 7 homolog (Drosophila) 2.500 Nucleus Other 

TIMP3 TIMP metallopeptidase inhibitor 3 -7.500 Extracellular 

Space 

Other 

TIPIN TIMELESS interacting protein 2.500 Nucleus Other 

TM2D1 TM2 domain containing 1 2.500 Plasma 

Membrane 

G-protein coupled 

receptor 

TMEM126B transmembrane protein 126B 3.333 Unknown Other 

TMEM45A transmembrane protein 45A 2.000 Unknown Other 

TNFAIP3 tumor necrosis factor, alpha-induced protein 3 1.667 Nucleus Other 

TNFRSF21 tumor necrosis factor receptor superfamily, member 

21 

-2.200 Plasma 

Membrane 

Other 

TPP1 tripeptidyl peptidase I 1.667 Cytoplasm Peptidase 

TRAPPC4 trafficking protein particle complex 4 1.667 Cytoplasm Other 

TRIB2 tribbles homolog 2 (Drosophila) -2.000 Plasma 

Membrane 

Kinase 

TRIM44 tripartite motif-containing 44 1.667 Cytoplasm Other 

TUBB6 tubulin, beta 6 2.000 Cytoplasm Other 

UBAP2L ubiquitin associated protein 2-like -1.600 Unknown Other 

UCHL3 ubiquitin carboxyl-terminal esterase L3 (ubiquitin 

thiolesterase) 

2.000 Cytoplasm Peptidase 

UPF1 UPF1 regulator of nonsense transcripts homolog 

(yeast) 

-1.900 Nucleus Enzyme 

VIPR1 vasoactive intestinal peptide receptor 1 -1.700 Plasma 

Membrane 

G-protein coupled 

receptor 

WASF3 WAS protein family, member 3 1.667 Cytoplasm Other 

WDR73 WD repeat domain 73 1.667 Extracellular 

Space 

Other 

WNT5A wingless-type MMTV integration site family, member 

5A 

-2.100 Extracellular 

Space 

Other 

ZCCHC24 zinc finger, CCHC domain containing 24 -1.800 Unknown Other 

ZFAND6 zinc finger, AN1-type domain 6 1.667 Unknown Other 
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II.E. DISCUSSION 

The data presented here strongly indicates that cadherin-11 is important for tumor 

progression in poor prognosis cancers that express it. Cadherin-11 is over-expressed in 

various malignancies of epithelial origin, including breast and prostate cancers known to 

preferentially metastasize to the bone. Bone metastases significantly increase morbidity 

and mortality in patients with primary breast and prostate tumors, making identification 

of therapeutic factors vital. Cadherin-11 may facilitate breast and prostate cancer bone 

metastasis by both allowing navigation and migration of cancer cells through stromal 

tissue and enabling their colonization of the skeleton via direct interaction with 

osteoblasts. Breast tumor stroma contains mesenchymal stem cells that express factors 

vital for malignant progression 16. Cadherin-11 is expressed by mesenchymal stem cells 

prior to their differentiation into adipose or muscle tissues, and continues through their 

differentiation into chondrocytes and osteoblasts that produce cartilage and bone tissues 

respectively 6. Thus, in addition to being expressed in the 10-15% of aggressive basal-

like tumors that make up the worst breast and prostate carcinomas, it is possible that 

stromal cadherin-11 may also influence cadherin-11 negative tumors. 

 

II.E.I. CADHERIN-11 IN BASAL-LIKE BREAST AND PROSTATE CANCERS 

Epithelial-to-mesenchymal transition (EMT) is hypothesized to occur in 

malignant transformation and progression 62,63.  Aggressive cancer cell lines of epithelial 

origin often appear morphologically similar to mesenchymal cells and generally express 
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various mesenchymal markers. It is possible that cadherin-11 expression in breast and 

prostate cancers is a component of the EMT that the cells utilize to progress and 

metastasize.  Cadherin switching occurs in various epithelial malignancies and up-

regulation of EMT markers including N-cadherin and cadherin-11, together with 

reduction of characteristic epithelial markers (E-cadherin and cytokeratins), preferentially 

occurs in breast tumors with the “basal-like phenotype”, along with overexpression of 

proteins involved in extracellular matrix remodeling and invasion 24,26,64,65. We found that 

cadherin-11 is expressed in cell lines characterized as Basal B, as well as poor prognosis 

malignancies including glioblastoma multiforme for which no current viable treatment 

exists.   These associations suggest that cadherin-11 is most often expressed in tumors of 

a highly aggressive nature and excessive resistance to treatment. Specific targeting of 

cadherin-11 in these tumors may provide a novel therapeutic option. 

MDA-MB-231 breast cancer and PC-3 prostate cancer cells preferentially 

metastasize to the skeleton following intracardiac injection in nude mice 66-68. Depletion 

of cadherin-11 in PC-3 prostate cancer cells results in a greatly reduced ability to adhere 

to cadherin-11 in vitro and form skeletal metastases in vivo 69. However these studies did 

not distinguish any possible growth effects of cadherin-11 from its potential anti-

metastatic properties. That is if the cells do not grow well they will not form metastatic 

deposits.  We found that cell proliferation and tumor growth could be inhibited upon 

depletion of cadherin-11 in MDA-MB-231 breast cancer cells suggesting that some of the 

“metastatic” potential may be a result, in part, of alterations in cell proliferation. The 
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current work demonstrates the critical role that cadherin-11 plays in tumorigenesis of 

aggressive, basal or mesenchymal-like cancers that express it, including breast and 

prostate.  It is possible that cancer cells respond unfavorably to the reduction of cadherin-

11 because it is essential for their growth and progression once the cells have lost 

epithelial cadherins. This data, along with the observation that cadherin-11 is required for 

proliferation and migration of fibroblast-like synoviocytes (also mesenchymal) in 

rheumatoid arthritis strongly indicates that interference with cadherin-11 adhesion in 

certain “mesenchymal” cell types may impair their ability to both proliferate and migrate.   

      

II.E.II. CADHERIN-11 AND CADHERIN-11 REGULATED GENES IN POOR PROGNOSIS 

MALIGNANCIES  

In our analysis of published expression array datasets for cancer relapse and 

survival we discovered that high levels of cadherin-11 are significantly associated with 

poor outcome in multiple myeloma, glioblastoma multiforme and papillary renal cell 

carcinomas in addition to breast and prostate cancers. Each of these malignancies is 

difficult to treat and results in high patient mortality. Cadherin-11 is expressed in 

hormone refractory cancers of the breast and prostate, which comprise the worst 

prognoses of those respective diseases. Cadherin-11 is also found exclusively in the basal 

subset of cancer cells lines, specifically Basal B, which are predicted to include the most 

aggressive, untreatable triple negative breast cancers 70. Cadherin-11 is also expressed 

with high significance in glioblastoma multiforme (Table 2)71, among the most lethal of 
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malignancies, statistically correlating with patients showing median survival of less than 

one year (Figure 7B, Figure 14F)46. Cadherin-11 is known to be involved in brain 

development specifically of the neural crest, limbic system, and various blood vessels in 

the cortex and meninges 21,72,73. Additionally, gliomas actively recruit bone marrow 

stromal cells through secretion of vascular endothelial growth factor (VEGF) and various 

angiogenic cytokines, including interleukin 8 (IL8), which we show is regulated by 

cadherin-11 in MDA-MB-231 breast cancer cells (Table 1). 

Cadherin-11 expression correlates with relapse and survival in multiple myeloma, 

a cancer of plasma cells (Figure 14B and D)49. Angiogenic factors, including members of 

the VEGF family, are up-regulated in multiple myeloma, particularly upon binding with 

bone marrow stromal cells 74. Cadherin-11 is known to mediate breast cancer binding to 

bone marrow stromal cells 33 and to regulate VEGFD expression in fibroblasts 75. We 

also found that cadherin-11 expression significantly aligned with shorter median survival 

in patients with papillary renal cell carcinoma, the largest subset of non clear cell renal 

cancers (Figure 14E)76. Cadherin-11 is strongly and specifically expressed in metanephric 

mesenchyme of the kidney and may serve as a renal progenitor cell marker 77. 

Interestingly, VEGFD expression is found to be up-regulated in papillary renal cell 

carcinomas and correlates with lymph node metastasis and poor prognosis in patients 78. 

Collectively, these findings imply that cadherin-11 plays a critical role in certain poor 

prognosis cancers possibly through its expression in mesenchymal precursor cells, which 

allow it to regulate homophilic binding of bone marrow stromal cells to certain cadherin-
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11 expressing cancer cells, further allowing for up-regulation of angiogenic and 

lymphangiogenic factors including VEGFD. 

 Cadherin-11 regulates several genes expressed throughout development and 

tumorigenesis in breast cancer cells. Along with cell adhesion molecules, cytoskeletal 

components, such as KRT19 and KRTHB1, and key microtubule factors, including 

KIF5C, KT�1 and TUBB3 are altered upon depletion of cadherin-11 in breast cancer. 

Although cadherins are generally associated with the actin cytoskeleton, there is a 

growing body of evidence linking cadherins with microtubule function in cells 79. For 

example, TUBB3 is overexpressed in certain poor prognosis cancers and is considered a 

marker of paclitaxel drug resistance 8. 

Classic markers of metastasis including EMT factors, SMAD6 and S�AI2, along 

with metalloproteinase family genes are regulated by cadherin-11 in breast cancer cells, 

and interestingly, so are certain genes traditionally grouped with angiogenesis including 

FGFR1OP and interleukins IL8 and IL18 
61. Cadherin-11 expression is found in certain 

blood vessels of the developing brain, and its overexpression in smooth muscle cells of 

the human coronary artery mediates their migration and proliferation 72,80. Angiogenesis, 

and thereby tumor progression and metastasis, is enhanced by induction of VEGF, of 

which one family member (VEGFD) is known to be regulated by cadherin-11. We show 

here that cadherin-11 also regulates EPAS1 in breast cancer cells, a transcriptional 

promoter of VEGF particularly in aggressive, untreatable cancers to include pancreatic 
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carcinoma 81. Another incurable cancer with extensive mortality is glioblastoma 

multiforme. We have discovered high cadherin-11 expression in gliomas and further 

significant association with survival outcome in glioblastoma patients from public 

datasets 71. Cadherin-11 significantly regulates multiple genes associated with 

neurogenesis including FOXG1A, �RG1 and TPP1 
61. Of note, glioma tumor suppressor 

GLIPR1 is significantly up-regulated upon cadherin-11 depletion further confirming its 

role in clinical outcome. 

Although previous data characterize cadherin-11 as a migration or invasion factor, 

we now show depletion of cadherin-11 significantly reduces proliferation of aggressive 

breast and prostate cancer cells. Microarray analysis confirms that a multitude of 

proliferative factors are regulated by cadherin-11 in breast cancer cells, including BST2, 

CDK�3, GAS6, HDAC9, IGFBP4, and SHC1 
58. Finally, cadherin-11 regulates various 

genes associated with inflammation and proliferative joint disease, including rheumatoid 

arthritis (RA), in addition to those characterized in malignancy. Tumor necrosis factor 

alpha (TNFα) is a key regulator of inflammation and is known to drive cadherin-11 

expression, particularly in fibroblast-like synoviocytes of patients with rheumatoid 

arthritis 8. Inflammatory chemokines, including CCL2 and CXCL2, are regulated by 

cadherin-11 in breast cancer cells, along with TNFα factors T�FAIP3, T�FRSF2, and 

T�FSF5IP1.  Patients with rheumatoid arthritis experience high morbidity and mortality 

due to myocardial infarction and atherosclerosis, also thought to stem from an increase of 

pro-inflammatory cytokines and TNFα produced by RA joints 82. Of note, cadherin-11 
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further regulates F11R, a junction adhesion molecule known to up-regulated 

inflammatory thrombosis and atherosclerosis 83. Many of the genes regulated by 

cadherin-11 in breast cancer cells play vital roles in multiple pathways and disease 

mentioned herein. Therapeutic targeting of cadherin-11 in poor prognosis malignancy 

and inflammatory joint diseases, including rheumatoid arthritis, will potentially alter 

genes and disease pathways associated with cellular proliferation, adhesion, angiogenesis, 

EMT and inflammation, thereby implicating multifaceted approaches to decrease 

morbidity and mortality in a variety of patients.           
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II.F. MATERIALS AND METHODS 

II.F.I. Cell Culture and Generation of Stable Cell Lines 

Parental MDA-MB-231 breast (originating from NIH) and PC-3 prostate cancer cell 

lines, acquired from the Lombardi Comprehensive Cancer Center Tissue Culture Shared 

Resource (Georgetown University), and all generated stable cell lines, were maintained in 

DMEM (Invitrogen) supplemented with 5% fetal bovine serum (FBS) as previously 

described 4. 

siRNA vectors were synthesized using the SilencerTM siRNA Construction Kit 

(Ambion) and co-transfected with hygromycin B-resistant vector or vector alone into 

MDA-MB-231 using Fugene (Roche Diagnostics) according to the manufacturer’s 

protocol. Stable cell clones were selected using 1mg/mL hygromycin B and maintained 

using 0.5 mg/mL. The entire transfection process was repeated 3x consecutively. 

Following final selection, 5 clones were selected at random and pooled to create stable 

cell lines. siRNA stable lines were created using templates with T7 promoter sequences at 

3’ end and an AA 5’ overhang (Integrated DNA Technologies, Inc.), using anti-sense (5’-

AACAGCGTGGATGTCGATGACCCTGTCTC-3’) and sense sequences (5’-

AAGTCATCGACATCCACGCTGCCTGTCTC-3’) to target CDH11 wt. 

shRNA stables were created using MISSION® shRNA lentiviral transduction 

particles (Sigma-Aldrich) directed against human CDH11 according to manufacturer’s 

instructions. Single cell clones targeting two separate shRNA sequences of the same 

CDH11 region were used to infect MDA-MB-231 breast and PC-3 prostate cancer cells. 
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Clones were selected in 15µg/mL puromycin and maintained in 10µg/mL. All stable cell 

lines used in further studies were selected based upon CDH11 protein expression as 

measured by Western blot analysis.  

 

II.F.II. Western Blot Assay 

Confluent cells from 6-cm tissue culture dishes were isolated via scraping in RIPA lysis 

buffer solution (RIPA, NaF, 0.1M NaV, 1x Protease Inhibitor) on ice.  Lysates were 

homogenized using a 25-gauge needle, rotated for 15 min at 4°C, and then centrifuged at 

15,000 rpm for 15 min to remove insoluble material.  Protein in the supernatant was 

quantified using a Bio-Rad DC protein assay according to supplied protocol.  Protein 

samples were prepared in 1x LDS sample buffer and 1x DTT reducing agent and then 

boiled for 10 min. 30µg protein was separated on a 3-8% Tris-Acetate NuPage gel 

(Novex), transferred to nitrocellulose (Millipore), and blocked for 1 h at room 

temperature in PBS-Tween supplemented with 5% milk.  The blots were probed with 

monoclonal antibodies recognizing cadherin-11 wt (5B2H5: Zymed) and GAPDH 

(Research Diagnostics) as a loading control.  A secondary peroxidase-labelled antibody 

(Kirkegard and Perry) was used on the blots, and the resulting bands were visualized 

using ECL (Amersham). 
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II.F.III. Immunofluorescence 

Cells were grown on 18-mm coverslips, fixed and permeabilized using cold methanol at -

20°C for 15 min, and blocked in 6% goat serum for 1 h at room temperature.  Coverslips 

were incubated with primary antibody (5B2H5: cadherin-11 monoconal antibody, and 

SHB7: beta-catenin polyclonal antibody, a gift from Dr. Rimm, or a pan-p120ctn 

monoclonal antibody, from Transduction Laboratories) overnight at 4°C.  Coverslips 

were washed and incubated with Fluorescein (Kirkegard and Perry) or Texas Red-

conjugated (Jackson ImmunoResearch) secondary antibody for 1 h at room temperature.  

Coverslips were washed and mounted using Vectashield fluorescence mounting medium 

and visualized with a Nikon 6000 fluorescent microscope. 

 

II.F.IV. Proliferation Assays 

For crystal violet assays, cells were plated in triplicate in 96-well tissue culture dishes at 

4 separate densities.  Cells were grown in DMEM supplemented with 5% fetal bovine 

serum for a period of 5 days.  Dishes representing growth were stained with crystal violet 

on Days 1, 3 and 5 after plating, by removing growth medium, staining with 50µL of 

crystal violet stain for 10 min, then gently washing in dH2O and allowing to dry 

overnight.  Stained cells were solubilized in 100µL 50/50 (v/v) 0.1M sodium citrate and 

ethanol for 15 min, and absorbance was read at 630λ using a BioRad Ultramark 

Microplate Imaging System with Microplate Manager 5.1 software . 
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 For luminescence, cells were plated in triplicate in 24-well white-walled tissue 

culture dishes (Wallac) and grown in DMEM supplemented with 5% fetal bovine serum 

for 5 days.  On the fifth day, cells were resuspended in an equal volume of Cell-Titer-Glo 

Luminescence Reagent (Promega), which measures ATP, and incubated for 20 min at 

room temperature.  Assay was measured using a Wallac Victor 2, 1420 Multilabel 

counter.   

 

II.F.V. Soft Agar Assays   

6-well tissue culture dishes were coated with 1.2mL 0.6% Bacto-agar (Difco) in DMEM 

supplemented with 5% fetal bovine serum.  Once set, cells were plated in triplicate in 

0.3% agar (15,000/1mL in each well) and layered gently on top of the coated agar.  Plates 

were incubated for 10 d to 2 wk prior to reading using a colony counter (Omnicon) and 

visualized using a SMZ-1500 stereoscope (Nikon). 

 For luminescence, cells (and a blank condition) were plated in triplicate in 24-

well white-walled tissue culture dishes (Wallac) as described above.  On the final day, 

cells were resuspended in an equal volume of Cell-Titer-Glo Luminescence Reagent 

(Promega), which measures ATP, and incubated for 20 min at room temperature.  Assay 

was measured using a Wallac Victor 2, 1420 Multilabel counter. 
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II.F.VI. Wound Healing Assays and Time-lapse Imaging   

Cells were plated in triplicate in 24-well tissue culture dishes and grown to confluency in 

DMEM supplemented with 5% fetal bovine serum.  Cells were washed with 1x PBS, 

vertical wounds were made in each well by scraping using a 10µL pipette tip, then 

growth medium was replaced.  Images were recorded immediately following scraping 

using a Nikon Eclipse TE-300 inverted microscope equipped with motorized stage and 

CO2-regulated environmental chamber. Phase contrast images were taken every 1 h 

overnight using a 10x objective. Time lapse imaging was controlled by the 

Multidimensional Analysis tool of Metamorph Image Acquisitions software. The 

migration distances were calculated by manual scaling of the wound width using the 

tracking module of Metamorph. 

 

II.F.VII. Matrigel Outgrowth Assays   

Cells were plated in duplicate in a 12-well glass-bottom dish (MatTek, Ashland, MA) 

coated with 150µL of Matrigel Basement Membrane Matrix (BD Biosciences, San Jose, 

CA). Cells (5,000 cells/100 µl medium) were gently plated on top of the Matrigel layer 

directly and incubated 30 min at 37°C. Growth medium (1mL) was gently added to each 

well, and growth was visualized using a 5x objective on an AH2 Vanox inverted 

microscope (Olympus). 
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II.F.VIII. Animal Studies  

Female athymic mice were purchased from Charles River Laboratories, used prior to 20 

wks old, and maintained at the animal facility (Dept. of Comparative Medicine) of 

GUMC. Experiments were performed in a laminar flow hood for nude mice. For 

xenografts, 1-2 x106 stable cells were injected s.c. into 1 of 4 ventral side mammary fat 

pads such that each animal possessed control and RNAi-expressing cells. Tumors were 

detected by palpation and measured 2x/week with calipers. Tumor volume was found 

using formula D1xD2xD3 (D1=length, D2=width, D3=depth of tumor). Experiments 

were repeated 3x for all cell lines (total 26 nude mice across all studies). Animal 

protocols were reviewed and approved by the Georgetown University Animal Care and 

Use Committee (07-074). 

 

II.F.IX.a Microarray Analysis   

Total RNA was prepared from siRNA pooled stable samples (3 preparations of 1B 

controls, 2 separate preparations each of 4A and 6A knockdown cell lines) using Trizol 

reagent (GIBCO BRL Life Technologies) and purified using RNeasy Mini Kit (Qiagen). 

Preparation of in vitro transcription (IVT) products, oligonucleotide array hybridization 

and scanning were performed according to Affymetrix recommended protocols 

(Affymetrix, Inc., Santa Clara, CA).  The integrity and quality of the cRNA produced met 

the recommended specifications for use with Human Genome U133-A arrays. 
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II.F.IX.b Data Processing 

Details of the methods used for analysis of microarray data are presented in the 

supplementary methods. Briefly, total RNA was isolated from knockdown and control 

cells (3=1B controls, 2=4A and 2=6A knockdown) using Trizol reagent (GIBCO BRL 

Life Technologies) and purified using RNeasy Mini Kit (Qiagen). Preparation of in vitro 

transcription (IVT) products, oligonucleotide array hybridization and scanning were 

performed according to Affymetrix recommended protocols (Affymetrix, Inc., Santa 

Clara, CA). The integrity and quality of the cRNA produced met the recommended 

specifications for use with Human Genome U133-A arrays. Probe set based gene 

expression measurements were generated from quantified Affymetrix image files (.CEL) 

using the RMA algorithm 84 from the BioConductor (http://www.bioconductor.org/) tools 

suite, in BRB-ArrayTools (NCI, Bethesda, MD). 7 CEL files were analyzed 

simultaneously, creating a data matrix of probe sets by sample (each value is the 

calculated log abundance of each probe set gene for each sample). Probe sets were 

annotated with Unigene, resulting in 21,597 annotated probe sets representing 12,682 

unique unigenes. Gene expression values were centered by subtracting the mean value of 

each probe set across the samples from each measured value, and data was organized 

using hierarchical clustering for similarity/difference in gene expression across samples. 

Analyses were restricted to the set of genes differentially expressed in pair-wise 

comparisons between treated and untreated samples (p<0.01), resulting in 236 probe sets 

corresponding to 187 unigenes. Agglomerative clustering 85 with complete linkage was 
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applied to probe sets and samples using (uncentered Pearson’s correlation), and clusters 

visualized using Java TreeView 86. All expression data are available through the NCBI 

Gene Expression Omibus (GEO) public database via accession number GSE14943 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14943). 

 

II.F.x. Statistical Methods 

Student’s t-test was performed to test statistical significance for in vitro comparisons. 

Survival, relapse and tumor latency analyses were plotted using Kaplan-Meier methods 

and compared using log-rank test.  For all statistical analyses, p<0.05 was considered to 

be significant.  Figure columns and bars represent mean comparisons and SEM, 

respectively. 
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CHAPTER III: THERAPEUTIC TARGETING OF CADHERIN-11 USING 

SMALL MOLECULE INHIBITORS 
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SMALL MOLECULE INHIBITOR WORK PRESENTED IN CHAPTER III WILL BE PUBLISHED, 

ALONG WITH WORK PRESENTED IN CHAPTER II, AS FOLLOWS: 

 
JAIME M. GUIDRY AUVIL

1, SIVANESAN DAKSANAMURTHY
1, CONSTANZE HAMPEL, MILTON 

BROWN, XIN LI, HABTOM W. RESSOM, AND STEPHEN W. BYERS.  CADHERIN-11 

REGULATES TUMOR GROWTH AND PROGRESSION IN POOR PROGNOSIS CANCERS. CANCER 

CELL. SUBMITTED/IN REVIEW. 
 

III.A. SIGNIFICANCE 

 Cadherin-11 expression is associated with tumor progression and metastasis in 

various cancers, including basal-like breast carcinoma and advanced prostate cancer, and 

invasive cell lines, yet is absent in normal epithelium.  The second chapter outlined how 

cadherin-11 attenuation in aggressive breast and prostate cancer cells results in marked 

decreases in proliferation, migration, invasion, and subcutaneous tumor growth.  

Although cadherin-11 expressing basal-like breast carcinomas constitutes only 10-15% of 

known breast cancers they are those with clinically poor prognosis and few treatment 

options.  This section shows that blockade of cadherin-11 binding using new drug-like 

small molecule inhibitor, inhibits malignant progression of MDA-MB-231 basal-type 

cells and indicates that cadherin-11 may be a therapeutic target for poor prognosis 

carcinomas.  A novel small molecule inhibitor designed to target its unique adhesive 

interface significantly and specifically inhibits the growth and migration of cadherin-11 

positive cells.   
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III.B. INTRODUCTION  

The vascular endothelial growth factor, VEGFD, plays critical roles in 

angiogenesis and lymphangiogenesis. Studies found expression of VEGFD to be induced 

by cadherin-11 mediated cell interaction in fibroblasts, as well as multiple poor prognosis 

cancers 75.  Additionally, we show that depletion of cadherin-11 in hormone refractory 

breast and prostate cancer significantly reduces proliferation, anchorage independent 

growth, migration and invasion.  Depletion of cadherin-11 not only reduces incidence of 

prostatic bone metastasis in nude mice 69, but I found that cadherin-11 knockdown in 

MDA-MB-231 breast cancer cells prevents their subcutaneous growth in nude mice.  

This indicates that cadherin-11 targeted therapeutics may alleviate bone metastasis, yet 

may further potentially reduce neoplastic growth in primary tumors.  As it appears that 

cadherin-11 may serve as a potential novel target for untreatable cancers that express it, 

as well as other bone diseases including rheumatoid arthritis discussed previously, we 

herein identify potential therapeutic strategies to target removal of cadherin-11 

expression and/or block its function in malignant cells.  I previously mentioned that 

cadherin-11 is unique among cadherins because it can be expressed in two distinct 

isoforms, one of which is secreted in the ECM possibly allowing both cell-cell and cell-

matrix binding 3.  Cadherin-11 contains a binding site in its extracellular cadherin 

domain, EC1, resembling the matrix-interacting site of integrins (Figure 15A).  We set 

out to accomplish cadherin-11 functional blockade initially by targeting a potential 

extracellular membrane (ECM) binding residue in the cadherin-11 EC1 domain via a 
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peptide created by Adherex Technologies, Inc. (N-Ac-IFVIDDKSG-NH2). In addition, 

cadherin-11 binds homophilically to adjacent molecules by inserting N-terminal β-strands 

of the EC1 into tryptophan binding pockets (Figure 15B). A second therapeutic strategy 

examined inhibitors targeting the cadherin-11 tryptophan-containing binding pocket for 

successful blockade of function. 

Small molecule cadherin-11 inhibitors were tested for their potential to inhibit 

invasion of cadherin-11 expressing MDA-MB-231 cells in vitro (Figure 15C).  Boyden 

chamber and Matrigel outgrowth assays were performed on peptides obtained from 

Adherex Technologies Inc, a company targeting cell adhesion in cancer, to test their 

ability to block function.  In addition, localization studies were carried out using 

immunofluorescence to visualize the presence of β-catenin, an intracellular binding 

partner of cadherin-11.  In addition, we used computer modeling in house (all performed 

by Sivanesan Dakshanamurthy) to screen potential compounds from the NCI database 

that would fit into the unique EC1 domain binding pockets of cadherin-11 and block its 

function.  In a number of in vitro assays, we show that cadherin-11 functions of 

proliferation, anchorage independent growth and invasion can be significantly impaired 

in a specific and non-toxic fashion in aggressive MDA-MB-231 breast cancer cells at 

submicromolar concentrations. 
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III.B.II. FIGURE LEGEND/FIGURE 

FIGURE 15. A-C: Cadherin-11 Therapeutic Targeting Strategy. A: Schematic of Cadherin-

11 EC1 domain binding with the extracellular matrix via unique binding sites (adapted 

from drawing by Stephen W. Byers). Red circles represent contact points on the EC1 

domain interface. B: EC1 homodimer of cadherin-11 with P1 and P2 binding pockets 

(created by Sivanesan Dakshanamurthy). One monomer is represented by the Van der 

Waals molecular surface (green) and the other by a ribbon. The hydrophobic residues of 

P1 and P2 are represented as green stick structures.  C: Structure based approach to 

therapeutic targeting and testing of cadherin-11 inhibitors (drawn by Stephen W. Byers). 
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FIGURE 15. CADHERIN-11 THERAPEUTIC TARGETING STRATEGY. 

A.                                                                       B.  
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III.C. RESULTS 

III.C.I. PEPTIDES TARGETING CADHERIN-11 DDK-CONTAINING RESIDUE SHOW SOME 

PROMISE AS A POTENTIAL THERAPEUTIC 

Adherex Technologies Inc. has been developing cadherin drugs and currently 

have Phase I and Phase II clinical trials being conducted on an N-cadherin inhibitor that 

is directed against the unique HAV recognition sequence in the extracellular EC1 domain 

of the protein.  Type II cadherins, including cadherin-11, possess a QAV binding 

sequence in place of an HAV sequence, however preliminary experiments using peptides 

targeting this region were found to be ineffective.  Cadherin-11 possesses a unique DDK-

containing domain similar to the matrix-interacting region of integrins, the adhesion 

molecules responsible for cell-ECM binding, which has the potential to bind ECM 

components (Figure 15A).  This is consistent with earlier findings from the Byers lab 3,4 

showing that cadherin-11 is present at cell-ECM binding sites.  A number of anti-

cadherin-11 peptides targeting these interactions were tested using cell migration and 

invasion assays for their effect on invasive potential of MDA-MB-231 breast cancer 

cells.  It was found previously by our lab that Adherex peptides ADH114 and ADH92 

showed inhibition of cell invasion through a Matrigel-coated filter, when compared with 

their controls of ADH113 and ADH93 respectively in a Boyden chamber microwell assay 

(unpublished data by Constanze Hampel).  Subsequent batches of these peptides were 

tested several times, however no changes in invasion were observed.  Adherex sent 

multiple vials with varying proprietary formulations of the functional peptides.  The 
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peptides were examined again in a Boyden chamber invasion assay, as well as 

immunofluorescence staining for detection of β-catenin, a common cadherin-11 

intracellular binding partner (Figure 16). One particular vial of peptide ADH114 

(ADH114B) showed viable cadherin-11 blocking function (Figure 16), however 

subsequent vials were inactive in Boyden chamber invasion assays.  In addition, the 

“active” ADH114 compound displayed altered localization of β-catenin such staining was 

evident in the cytoplasm rather than at the cell membrane of the cell, indicating that 

cadherin-11 binding is blocked.  Subsequently, Adherex sent a new batch of peptides to 

be tested, and Boyden chamber invasion assays were attempted multiple times with 

varying results (Figure 17A and B).  Results from the two most consistent Boyden assays 

were analyzed using Metamorph software for overall cell count in a given area.  Actual 

assay filters have been scanned to visually portray the results of migration.  Scanned 

images of the Boyden filters more accurately depict the overall conclusion being that 

very little migration differences can be determined in this assay.  There does seem to be 

minimal reduction in migration with peptides ADH 901, ADH906, ADH909, ADH910 

and ADH912.  These results were repeatable in varying degrees, however differences 

compared to positive controls were difficult to decipher.  As a result, we decided to 

utilize a 3-dimensional invasion assay to better examine the effects of the Adherex 

peptides. 

We also examined the effects of cadherin-11 knockdown on the phenotype of the 

cells in a 3-dimensional matrix.  Matrigel outgrowth invasion assays displayed more 
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promising results than the Boyden Chamber assays (Figure 17C).  Parental MDA-MB-

231 breast cancer cells grew as expected in branched networks throughout the Matrigel.  

Some of the compounds tested failed to inhibit invasion, possibly even enhancing the 

invasive phenotype in the MDA-MB-231 cells, including Adherex compounds ADH902, 

ADH903, ADH904 and ADH905.  However, the other peptides screened displayed 

varying degrees of reduction in progressive invasion.  Specifically, Adherex peptides 

ADH901, ADH906 and ADH908 showed the most viable loss of invasive capability in 

Matrigel.  In addition, inhibitors ADH909 and ADH910 displayed some moderate 

reduction in invasive potential although those results vary slightly across multiple 

experiments.  The MDA-MB-231 breast cancer cells treated with ADH912 did show 

significant reduction in invasion in both Boyden chamber and Matrigel outgrowth assays, 

however the phenotype visualized in the Matrigel seemed to indicate that the cells were 

growing abnormally.  While the compound did not seem to be toxic to the cells, growth 

patterns varied consisting of some preliminary network formation that fell apart with 

continued treatment and other areas that didn’t seem to grow after a certain point.  

Clearly the mechanism of action and/or other proteins in the cell are being affected 

differently with this peptide than with the others.  The scientists at Adherex may want to 

examine this difference more closely.  The overall results were repeatable across multiple 

assays, and suggest that time to invasive progression is slowed in MDA-MB-231 cells 

when treated with peptides ADH901 and ADH906-912.  It should be noted that, just as 

with cadherin-11 stable knockdown cell lines discussed in Chapter II, the invasive 
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phenotype itself fails to be reversed but simply delayed when cadherin-11 interactions 

with ECM are inhibited. 

 Two additional Adherex peptides were examined, and one (ADH911) is toxic to 

the cells (data not shown).  It failed to work at all in the Boyden chamber assays, in that 

no cells adhered to either side of the membrane, let alone migrated through it.  This was 

confirmed in Matrigel assays, which exhibited all dead cells within 24 hours as observed 

under the microscope.  In addition, Adherex peptide ADH900 interfered with the Boyden 

Chamber assays in the same manner, however Matrigel assays failed to confirm toxicity 

(data not shown).  It appears as though compound ADH900 is simply insoluble in 

DMSO.  This was repeatable and observed across 4 separate vials of the compound. 

 

 

III.C.I. FIGURE LEGENDS AND FIGURES 

FIGURE 16. ADHEREX PEPTIDE ADH114 BLOCKS CADHERIN-11 INVASIVE FUNCTION AND 

ALTERS BETA-CATENIN LOCALIZATION. 

A-C: Active Adherex peptide ADH114 significantly blocks cadherin-11 invasion across a 

Matrigel-coated filter in Boyden chamber assays. A: Images captured on Nikon E600 

microscope with a 2x and 10x objective. B: Quantification of cells migrated in images 

shown at 10x in panel (A) using Metamorph Imaging Analysis software. Columns show 

the mean of microwell triplicates. C: Scanned images of mounted Boyden chamber 

filters.  
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D: Immunofluorescence shows that β-catenin is localized to the cytoplasm of the cell in 

MDA-MB-231 cancer cells treated with “active” ADH114.  Cover slips were probed with 

β-catenin antibody and viewed with a 20x objective on a Nikon E600 microscope. 

 

FIGURE 17. VARIOUS ADHEREX PEPTIDES SHOW SOME EFFICACY IN BLOCKING CADHERIN-

11 FUNCTION IN INVASION OF MDA-MB-231 BREAST CANCER CELLS   

A-B: Active Adherex peptide ADH114 significantly blocks cadherin-11 invasion across a 

Matrigel-coated filter in Boyden chamber assays. A: Quantification of cells migrated 

using Metamorph Imaging Analysis software. Columns and bars show the mean and 

SEM, respectively.  All statistics were calculated using a Student’s T-test. 

B: Scanned images of mounted Boyden chamber filters. 

C: CDH11 knockdown delayed formation of branched networks on Matrigel as captured 

using a Vanox inverted microscope with a 4x objective.   
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FIGURE  16. ADHEREX PEPTIDE ADH114 BLOCKS CADHERIN-11 FUNCTION. 
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FIGURE  17. VARIOUS ADHEREX PEPTIDES SHOW SOME EFFICACY IN BLOCKING 

CADHERIN-11. 
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III.C.RESULTS (CONTINUED) 

III.C.II. SMALL MOLECULE CADHERIN-11 INHIBITORS TARGETING EC1 TRYPTOPHAN-

CONTAINING BINDING POCKETS SPECIFICALLY IMPEDE CADHERIN-11 FUNCTION I� VITRO   

The association of high cadherin-11 with poor prognosis cancers, and its 

requirement for basal-type breast cancer proliferation in vitro and tumorigenesis in mice, 

indicates that blockade of cadherin-11 function might be a viable therapeutic option for 

these malignancies. Remarkably, cadherin-11 knockout or antibody inhibition both 

inhibit synoviocyte proliferation and prevent arthritic changes in a mouse model of 

rheumatoid arthritis without significant side-effects 8.  However, no small molecule drug-

like inhibitors of cadherin-11 function have been developed.  The crystal structure of 

cadherin-11 (Patel et al.; PDB:2A4C) was recently solved and revealed two potential 

sites for interference of cell-cell adhesion (Figure 19A).  These unique cadherin-11 

binding pockets provide a potential site for small molecule interference.  Dr. 

Dakshanamurthy used a computer-based method of structural modeling to predict 

conformations capable of binding to specific hydrophobic pockets in the cadherin-11 

extracellular domain, EC1.  The ecto (EC1) domain1 dimer adhesive interface is formed 

by exchange of N-terminal β strands between two cadherin-11 molecules (PDB:2A4C).  

The dimer interface has a large hydrophobic region (unique to type II cadherins) that 

includes two conserved tryptophan residues (Figure 19B).  We reasoned that a small 

molecule that blocks the cadherin-11 EC1 dimer formation will potentially inhibit 

cadherin-11 function.  We used this structure as a basis for molecular simulations and the 
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production of pharmacophores designed to block one or both of the two adjacent regions 

(P1 and P2) predicted to be necessary for cadherin-11 function in cell-cell adhesion.  

Three in-silico strategies were implemented: 1) generation of flexible receptor 

conformations, 2) receptor based dynamic pharmacophore screening and 3) small 

molecule docking simulations (Figure 18). For the generation of flexible receptor 

conformations, molecular dynamics (MD) simulations were carried out at one 

nanosecond intervals, and several instantaneous low and high energy conformations were 

selected.  These conformations were then clustered, out of which five representative 

conformations were selected.  In the pharmacophore strategy, several models were 

developed within the tryptophan binding site of the cadherin-11 EC1 domain.  The 

representative structures obtained from the ensembles were used to develop dynamic 

pharmacophore models, in which the relative positions of the donor, acceptor, 

hydrophobic, and negative/positive centers of the residues were defined with various 

macro, spatial and distance constraints features with excluded volume spheres.  A total of 

7,073 compounds were obtained upon screening of five pharmacophore models with our 

in-house database of over 30 million compounds (collected from more than 150 chemical 

companies, and literature resources).  Subsequently, 16 subsets of compounds were 

selected using Physical Chemical Filtering by Rule of Five 87, drug likeness and 

commercial availability.   
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For the small molecule docking simulations, some 157,217 pre-selected 

compounds (filtered for drug-likeness and commercial availability) were screened against 

five representative flexible conformations, including the rigid x-ray structure, and a large 

window of 4,546 compounds were selected based on ranking with an arbitrary energy 

cut-off of 25kcal/mol.  In certain cases, compounds were returned possessing a large 

binding free energy that would not necessarily be expected to be active.  Therefore to 

avoid this computational artifact, and also to reduce the large dataset, our Optimal 

Reference Interaction (ORI) method (unpublished) was implemented.  The principle idea 

of the ORI maintains that ligands that interact with the same binding site residues as the 

reference molecule (in this case the tryptophan-containing pocket amino acids) are more 

likely to be active.  The nature of the interactions and their interacting residue motifs 

were given as input to the ORI algorithms, and yielded 138 compounds that perfectly 

matched the criteria.  Of the 154 compounds filtered from both strategies, the 29 most 

promising candidates were subjected to free energy simulations at 100 picosecond 

intervals, taking into consideration the induced fit effect, which accounts for 

conformation flexibility both before and after binding/docking simulations.  In the ORI 

method, as well as for pharmacophore generation, all critical interactions between 

tryptophan (Figure 18B) and the cadherin-11 EC1 domain were included, except E87 and 

D27 as they showed high flexibility when exposed to solvent. These 29 compounds were 

purchased commercially and tested in Matrigel outgrowth assays (Figure 19; Table 3).   
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Upon initial cell screening, many of the compounds inhibited cadherin-11 

function in the 10 µM range attesting to the efficiency of the in silico screen (Figure 20A 

and B), however three compounds (sd-133, sd-037, and sd-073) were effective in the 

nanomolar range (Figure 19C, Figure 20A, Figure 21). Pharmacophore sd-133 

significantly inhibited MDA-MB-231 cell proliferation, colony growth and invasion at 

100nM (Figure 20).  The inhibitor is specific for cadherin-11 expressing cells, as it fails 

to alter proliferation and invasion in MDA-MB-435 melanoma cells (express N-cadherin) 

(Figure 20A, Figure 21) or MCF7 breast cancer cells (express E and P-cadherin) (Figure 

21) at 1µM and 10µM concentrations.   

The potency of sd-133 likely stems from its shape and moderate structural 

flexibility, which enables it to accommodate to and bind tightly within the tryptophan 

binding pocket (Figure 19C, D and E).  Though this binding pocket is largely 

hydrophobic, a network of hydrogen bonds between sd-133 and R23, H25, P88, S90 

confers specificity and rigid binding (Figure 19E).  Hydrophobic interaction of sd-133 

with F7, L24, S26, Y37, A75, A77, E87, S90, and F92 may also contribute to its action 

(Figure 19E).  Furthermore, the mobility of the water molecule located near S90 

(PDB:2A4C) make it possible to adjust its position to form hydrogen bonds with the 

inhibitors.  Two other potent inhibitors, sd-037 and sd-073, have similar interactions with 

the tryptophan pocket (Figure 19F and G).  This water mediated H-bond is observed with 

all three inhibitors (Figure 19C-G) after 500 picosecond MD simulations run to include 

induced fit effects.  All three inhibitors compete for tryptophan binding and interact with 
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the same residues including the water molecule formed by the two tryptophans (Figure 

19B, D-G).  Upon superimposition of sd-133, sd-037 and sd-073 within the tryptophan 

pocket, it is clear that the hydrophobic moieties of these three inhibitors occupy the same 

space as that of hydrophobic tryptophans (Figure 19H).  We directly tested several 

tryptophan mimics including diindolylmethane (DIM) analogs of the peptide motif 

‘SGWVW’ that contains two tryptophans, but we could not attain the potency conferred 

by sd-133.  Structural modeling and MD simulations indicate that excessively flexible 

nature of the mimics impedes the formation of stable interactions in the absence of the 

rest of the polypeptide backbone. 

 

III.C.II. FIGURE LEGENDS AND FIGURES. 

FIGURE 18. WORKFLOW OF SMALL MOLECULE INHIBITORS SCREENING STRATEGY. 

The three in-silico small molecule inhibitor screening strategy is represented graphically 

to depict how final compounds tested were chosen. 
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FIGURE 18. WORKFLOW OF SMALL MOLECULE INHIBITORS SCREENING STRATEGY. 

(PREPARED AS SUPPLEMENTARY DATA FIGURE S4 IN ORIGINAL MANUSCRIPT) 
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III.C.II. FIGURE LEGENDS AND FIGURES (CONTINUED) 

FIGURE 19. MOLECULAR MODELING OF CADHERIN-11 SMALL MOLECULE INHIBITORS 

A: EC1 domain homodimer interface of CDH11 (PDB: 2A4C) with one monomer 

represented by the Van der Waals molecular surface (green) and the other monomer by 

ribbon representation. The hydrophobic residues of P1 and P2 pockets colored Green, 

with view directly into the P1 and P2 binding pocket. P1 pocket is a largely hydrophobic, 

concave surface where the alternate EC1 monomer’s two tryptophans bind it, and P2 is 

the very small pocket is defined by the EC1 domain itself. Virtual screening is carried out 

with the residues lined on P1 and P2 binding pockets.  

B: The adhesive EC1 dimer interface of CDH11 with the A strand motif ‘SGWVW’ from 

the partner EC1 domain monomer (carbon atoms=green) that contains two tryptophans. 

The residues (carbon atoms=white) that are interacting with the ‘SGWVW’ motif are 

highlighted. Only residues (black) that make favorable hydrophobic, van der Waals and 

hydrogen bond contact with the motif (red) are highlighted. The hydrogen bonds formed 

motif indicated by dashed lines. Amino acids are named with their corresponding single 

letter code. One EC1 monomer is represented ribbon diagram and the partner EC1 

monomer with A strand motif represented by ball and stick diagram.  

C: 2-D sketch of the active compound structures.  

D: Likely binding model of Sd-133 (Ball & stick model; carbon atoms=green) with the 

EC1 domain of CDH11. Tryptophan binding pocket residues are highlighted (carbon 

atoms=white) and hydrogen bonds are indicated by dotted lines (red). Only residues those 
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within 4.5 Angstroms distance from Sd-133 are shown.  Sd-133 forms network of 

hydrogen bonds with the P88, S90, H25, R23, and water molecule.  The interaction 

between backbone carbonyl and Sd-133 is a weak C-H…O hydrogen bond. The residues 

F7, L24, S26, Y37, A75, A77, E87, S90, and F92 contribute hydrophobic interaction in 

addition to water mediated interaction with Sd-133. Note that the hydrophobic and 

hydrogen bond interaction between Sd-133 and the CDH11 is similar to that formed by 

two tryptophans as seen in (B).  

E: Molecular surface diagram of EC1 domain of Type II CDH11 with concave surface of 

the tryptophan binding pocket regions are focused in. Tryptophan binding pocket residues 

are highlighted (carbon atoms=white) and hydrogen bonds are indicated by dotted lines 

(red). Only residues those within 4.5 Angstroms distance from Sd-133 are shown. Note it 

is clear that Sd-133 is locked into the deep hydrophobic surface concave cavity with the 

hydrogen bond networks are lined on the outside of the concave surface.  

F: Likely binding model of sd-037 (Ball & stick model; carbon atoms=green) with the 

EC1 domain of CDH11. Tryptophan binding pocket residues are highlighted (carbon 

atoms=white) and hydrogen bonds are indicated by dotted lines (red). Only residues those 

within 4.5 Angstroms distance from Sd-037 are shown. The hydrogen bond network and 

hydrophobic interaction formed by Sd-037 is similar to Sd-133.  

G: Likely binding model of Sd-073 (Ball & stick model; carbon atoms=green) with the 

EC1 domain of CDH11. Tryptophan binding pocket residues are highlighted (carbon 

atoms=white) and hydrogen bonds are indicated by dotted lines (red). Only residues those 
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within 4.5 Angstroms distance from Sd-037 are shown. The hydrogen bond network and 

hydrophobic interaction formed by Sd-073 is similar to Sd-133 and Sd-037, except the 

hydrogen bond formed with P88 is a weak C-H…O interaction.  

H: Superimposition of CDH11 inhibitors Sd-133, Sd-037 and Sd-073 (carbon 

atoms=white) with the tryptophan part of the partner EC1 monomer motif (carbon 

atoms=green). Note the similarity in the binding location between the inhibitors and 

tryptophan.  
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FIGURE 19. MOLECULAR MODELING OF CADHERIN-11 SMALL MOLECULE INHIBITORS 

(PREPARED AS FIGURE 6. IN ORIGINAL MANUSCRIPT). 
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III.C.II. FIGURE LEGENDS AND FIGURES (CONTINUED) 

FIGURE 20. INITIAL SCREENING OF SMALL MOLECULE INHIBITORS TARGETING CADHERIN-

11 EC1 DOMAIN SHOW SOME FUNCTIONAL BLOCKING OF INVASION. 

A-C: Small molecule inhibitors are able to block invasion of MDA-MB-231 breast cancer 

cells in Matrigel at varying concentrations.  A: Initial screening experiment of small 

molecule inhibitors, identifying Sd-037 (1923) and Sd-073 (4298) as potential inhibitors 

working in nanomolar range. B: Group of inhibitors screened in which all compounds 

blocked invasion at 10µM concentration, but failed to function in nanomolar range. C: 

Some compounds screened failed to inhibit invasion at all. 

 

TABLE 3. SMALL MOLECULE INHIBITORS SCREENED FOR EFFICACY IN BLOCKING 

CADHERIN-11 FUNCTION. 

Table summarizes screening of 37 compounds screened overall for efficacious blocking 

of cadherin-11 function using Matrigel outgrowth invasion assay.  Table highlights the 

solubility of each potential inhibitor tested, as well as the lowest concentration at which 

cadherin-11 invasive function was altered. 

 

FIGURE 21. CADHERIN-11 FUNCTION IS SIGNIFICANTLY BLOCKED BY POTENT SMALL 

MOLECULE INHIBITOR SD-133   

A-C: Sd-133 inhibits cell growth in CDH11-expressing MDA-MB-231 breast cancer cell 

lines at various doses.  A: Blocking CDH11 significantly reduces proliferation of various 
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stable cell lines as measured using crystal violet staining or Cell Titre-Glo luminescence 

reagent (B) after 5d. C: Sd-133 does not inhibit cell growth in CDH11-null MDA-MB-

435 melanoma nor MCF7 breast cancer cell lines, thereby showing specificity  

C-D: Sd-133 prevents invasion in MDA-MB-231 breast cancer cells A: Blocking CDH11 

with Sd-037 and Sd-133 strongly inhibited formation of branched networks on Matrigel 

as captured using a Vanox inverted microscope set at 4x magnification. Note that Sd-133 

is more potent than Sd-037.  Sd-133 fails to alter invasion in CDH11-null MDA-MB-435 

or MCF7 cells. 

E-G: Sd-133 decreases anchorage-independent colony formation of CDH11 expressing 

MDA-MB-231 cells E: Blocking CDH11 inhibits colony growth in soft agar as 

quantitated using Omnicon software. F: 3-dimensional bar graphs depict colony growth at 

various sizes when MDA-MB-231 cells treated with Sd-133 G: Colony formation is 

unaltered by Sd-133 in MDA-MB-435 and MCF7 cancer cell. Phase image of colony 

formation in soft agar using a 4x objective on a Zeiss inverted microscope.   

Columns and bars show the mean and SEM, respectively.  All statistics were calculated 

using a Student’s T-test. 
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FIGURE 20. INITIAL SCREENING OF SMALL MOLECULE INHIBITORS TARGETING CADHERIN-

11 EC1 DOMAIN SHOW SOME FUNCTIONAL BLOCKING OF INVASION. 
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TABLE 3. SMALL MOLECULE INHIBITORS SCREENED FOR EFFICACY IN BLOCKING 

CADHERIN-11 FUNCTION. 

Table 3. Screening of Small Molecule Inhibitors targeting Cadherin-11  

Sample Soluble Blocks CDH11 Lowest Effective Concentration Batch Tested 

1923 (Sd-037) S Y 100nM 1 

4298 (Sd-073) S Y 100nM 1 

12492 S Y 10uM 1 

31838 S N 100uM 1 

114995 S Y 10uM 1 

Sd-P75-051 NS Y 10uM 2 

Sd-P75-053 S Y 10uM 2 

Sd-P75-056 S Y 10uM 2 

Sd-P75-057 S Y 10uM 2 

Sd-P75-058 S Y 10uM 2 

AB016 S Y 10uM 3 

AB130 S Y 10uM 3 

AI942 S Y 10uM 3 

Sig 13137 S Y 10uM 3 

Sd-CAD11-0012 S N 1uM 4 

Sd-CAD11-0014 S N 1uM 4 

Sd-CAD11-0015 S N 1uM 4 

Sd-CAD11-0016 S N 1uM 4 

Sd-CAD11-0017 S N 1uM 4 

Sd-CAD11-0018 S N 1uM 4 

Sd-CAD11-0019 S N 1uM 4 

Sd-CAD11-0022 S N 1uM 4 

Sd-CAD11-0023 S N 1uM 4 

Sd-CAD11-0024 S N 1uM 4 

Sd-030 S N 1uM 5 

Sd-041 S N 1uM 5 

Sd-046 S N 1uM 5 

Sd-047 S N 1uM 5 

Sd-048 S N 1uM 5 

Sd-049 S N 1uM 5 

Sd-050 S N 1uM 5 

Sd-052 SI N 1uM 5 

Sd-053 S N 1uM 5 

Sd-CDH11-013 S Y 800nM 6 

Sd-CDH11-020 NS N 1uM 6 

Sd-CDH11-021 NS N 1uM 6 

Sd-900 (Sd-133) Y Y 100nM 6 

NS=Not Soluble                   *Compounds in red were the most efficacious (bold=most potent)  
SI=Slightly Insoluble              Current IDs are in parentheses 
S=Soluble 
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FIGURE 21. CADHERIN-11 FUNCTION IS SIGNIFICANTLY BLOCKED BY POTENT SMALL 

MOLECULE INHIBITOR SD-133 (PREPARED AS FIGURE 7. IN ORIGINAL MANUSCRIPT)  
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III.D. DISCUSSION 

BLOCKING CADHERIN-11 FUNCTION MAY PROVIDE A VIABLE THERAPEUTIC TOOL IN POOR 

PROGNOSIS MALIGNANCIES 

Cadherin-11 inhibitors targeting the EC1 domain DDK-containing integrin-like 

matrix interaction sequence, distinctive for Type II cadherin-11, were examined for their 

efficacy in blocking invasion of metastatic breast cancer cells.  Viable peptides were 

effective in blocking cadherin-11 function to significant levels, however these results 

may be slightly inflated due to method of analysis.  To maintain a level of consistency 

and control, each Boyden well is measured after centering the wells in the microscopy 

view using a 2x magnification lens, then images are taken using a 10x microscope lens so 

that individual cells can be identified with the Metamorph analysis software.  This higher 

magnification of presumably the exact center of each well fails to accurately represent the 

well in its entirety, as cells migrate into different areas of each well.  Many migrated cells 

on the edges of the well are overlooked by the analysis utilized.  This flawed system was 

the most accurate available to us at that time, but it may portray misleading results in this 

instance.  It should also be noted that MDA-MB-231 breast cancer cells are highly 

invasive and cross a Matrigel-coated filter with ease in these microwell assays.  We 

hypothesized that the relatively thin layer of Matrigel maintained on the filter may be 

insufficient to truly examine invasion in these cells.  Therefore, I decided to employ a 3-

dimensional Matrigel outgrowth assay to better visualize the invasive phenotype of 

peptide-treated MDA-MB-231 breast cancer cells.  Viable inhibition of invasion was 
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repeatedly observed in Adherex peptides ADH 901, ADH906, and ADH908, and should 

be examined further by Adherex.   In addition, cadherin-11 and β-catenin localization 

were clearly affected when MDA-MB-231 breast cancer cells were treated with viable 

Adherex peptide, ADH114.  Unfortunately, inhibitor lots are not consistently active at 

this time, and therefore more work needs to be completed on formulation and/or chemical 

creation of these therapeutics to ensure consistent and potent cadherin-11 blocking 

activity. 

To identify cadherin-11-specific EC1 domain inhibitors, we compared the EC1 

domain of cadherin-11 (a type II cadherin) and N-cadherin (a type I cadherin).  Cadherin-

11 has a larger hydrophobic cleft than N-cadherin (Figure 19A and B), and has two Trp 

residues, rather than one in N-cadherin, which anchor the EC1 homodimer interface.  

Generally the cadherin-11 accessible surface area is also larger than that of N-cadherin, 

indicating that there may be more opportunity for targeting than in the type I cadherins.  

The lead compound (sd-133) is readily soluble surpassing the hurdle of hydrophobicity, 

and it is exceptionally potent at nanomolar concentrations, which may indicate solid 

potential for a targeted therapy that displays inherently low toxicity. At a concentration of 

100nM sd-133 inhibits the proliferation and anchorage independent growth of cadherin-

11-expressing cells in much the same way as cadherin-11 depletion. Remarkably at doses 

as high as 10µM it is without effect on cells which do not express cadherin-11. There 

remain few viable treatment options for aggressive, basal-like cancers and/or distant 

metastasis in breast or prostate cancer.  Our studies indicate that inhibitors of cadherin-11 
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function may provide a treatment option for such cancers, as well as inflammatory 

cancers shown to be driven by cadherin-11.   

 

III.E. MATERIALS AND METHODS 

III.E.I. Cell Lines   

All breast, melanoma and prostate cancer cell lines, which were acquired from Lombardi 

Comprehensive Cancer Center Tissue Culture Shared Resource Core (Georgetown 

University), were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

(Invitrogen) supplemented with 5% fetal bovine serum and housed at 37° C in a 5% CO2 

incubator. 

 

III.E.II. Adherex Peptides  

All peptide compounds tested (proprietary formulation targeted against CDH11-ECM 

binding residue, N-Ac-IFVIDDKSG-NH2) were sent lyophilized and then reconstituted 

in DMSO to a working concentration of 1µg/ml.  Vials of peptide were aliquotted to be 

used fresh for each experiment and stored at 4°C.  

 

III.E.III. Boyden Chamber Assays 

Filter membranes, 8µm (Millipore), were coated overnight at 4°C with Matrigel 

Basement Membrane Matrix (BD BioSciences, Bedford, MA) diluted in ddH2O to a final 
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concentration of 20µg/ml.  Peptide solutions were made up to appropriate concentrations 

in serum-free DMEM and combined with serum-starved MDA-MB-231 breast cancer 

cells such that each microwell of the Boyden chamber apparatus would contain 5x103 

cells.  The bottom wells of the apparatus were loaded with 27µl of DMEM supplemented 

with 15% fetal bovine serum. The dry, coated membrane was placed over the 

chemoattracting wells, and the top portion of the chamber apparatus was loaded with 

50µl of the peptide-treated MDA-MB-231 cells.  The apparatus was placed in a 5% 37°C 

incubator for 16 hours.   

 Following the incubation time, 10ml of DiffQuik fixative were aliquotted into a 

10cm diameter tissue culture plate. The Boyden apparatus was carefully disassembled so 

that the membrane would remain attached to the inverted top chamber. Using two forceps 

the membrane was moved from the inverted top chamber into the fixative solution. The 

membrane was incubated in fixative for 5 minutes at room temperature. After incubation 

the initially bottom-side up membrane was inverted. The fixative was subsequently 

decanted, and the membrane was then incubated in 10ml of cytoplasm staining solution 

(DiffQuik) for 5 minutes at room temperature.  After removal of dye the membrane was 

submerged in nuclei staining solution (DiffQuik) for 5 minutes at room temperature. 

Finally, the membrane was washed twice in ddH2O. The membrane was kept submerged 

in ddH2O while cells were carefully wiped of the top-side of the membrane (non-

migrating cells) using a cotton-tipped swab. The membrane was air-dried using the 

appropriate clamps as before. Meanwhile the apparatus was rinsed with distilled water.   



112 

 

The air-dried membrane was desiccated in xylenes for at least 90 minutes before being 

mounted on a glass slide using Cytoseal 60. The membrane was covered with coverslips 

and left to dry. 

 For analysis, pictures of each cell invasion spot were taken using an Olympus 

Vanox microscope at 2.5x magnification.  A focusing reticle served to determine the 

centre of each cell invasion spot.  The pictures of the cells were further analyzed using 

the Metamorph analysis program to determine the number of stained nuclei, hence 

number of cells, within each picture.  Tools within the Metamorph program were 

employed to ensure discrimination between pores and nuclei. 

 

III.E.IV. Small Molecule Inhibitors (All work done by Sivanesan Dakshanamurthy)   

Our newly developed Common Reference Binding Mode (CRBM) strategy was used to 

select cadherin-11 inhibitors (Grant ref 5, 6) and generate receptor-based pharmacophore 

models.  Briefly, tryptophan binding pockets of the first extracellular (EC1) domain of 

cadherin-11 (type 2) and N-cadherin (type 1) were compared and our CRBM in-silico 

screening approach was utilized to include flexibility in the EC1 structure homo- and 

hetero dimer interface.  Ensembles of structures, and subsequently, molecular dynamics 

(MD) snapshots were generated and used for docking simulations to explore 

conformational flexibility of the protein to a greater extent.  The “best fit” compounds 



113 

 

were selected based on the scoring functions followed by our CRBM approach and 

functionally tested in subsequent assays. 

  

III.E.V. Computational Methods (All work Done by Sivanesan Dakshanamurthy)   

The energy minimized x-ray crystal structure of the EC1 domain of CDH11 dimer (PDB: 

2A4C) was used for all the computational modeling. Flexible receptor structures were 

generated by Molecular dynamics (MD) simulations, performed with a distant-dependent 

dielectric constant using the Sander module of AMBER 9.0 88 with the PARM98 force-

field parameter (all other parameters set to default). Docking simulations were done with 

FlexX module of Sybyl 8.0 (Tripos Inc., St. Louis, USA), with parameters set to default 

(number of ligand conformations was set to 90) to provide a large window of flexibility 

to select the best fit ligand in the ORI method. 3D-pharmacophore models were 

developed using the UNITY module of Sybyl 8.0 (Tripos Inc., St. Louis, USA). Induced 

fit effect and virtual binding affinity was predicted from the 250 picosecond free energy 

simulations. MM-PBSA free energy method was used to predict the absolute binding 

affinities. 3 separate simulations were carried out for ligand alone, receptor alone and the 

complex. In MM-PBSA method, the average total free energy of the system (∆G) is 

evaluated as follows:  

∆Gbind  = <∆Gcomplex> - <∆Gprotein> - <∆Gligand>;     ∆Gbind  = <∆EMM> + <∆GPB> + 

<∆GSA> - <T∆S> 
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where ∆GPB = polar solvation energy in continuum solvent computed using a finite-

difference Poisson-Boltzmann (PB) model and ∆GSA = nonpolar solvation energy, 

obtained from the solvent-accessible surface area (SASA). The non-polar contribution to 

the solvation free energy was approximated with the SASA model, where surface tension 

coefficient = 0.00202 kcal/mol Å2 and ß = 0.92 kcal/mol. The SASA was estimated with 

a 1.4 Å solvent-probe radius as implemented in Sander Module of AMBER9.0 89. ∆EMM 

denotes the sum of molecular mechanical (MM) energies of the molecules from internal, 

electrostatic, and van der Waals energies. The last term in equation is the solute entropy 

i.e. conformational free energy and can be estimated by normal-mode analysis. 

 

III.E.VI. Proliferation Assays 

For crystal violet assays, cells were plated in triplicate in 96-well tissue culture dishes at 

4 separate densities.  Cells were grown in DMEM supplemented with 5% fetal bovine 

serum for a period of 5 days.  Dishes representing growth were stained with crystal violet 

on Days 1, 3 and 5 after plating, by removing growth medium, staining with 50µL of 

crystal violet stain for 10 min, then gently washing in dH2O and allowing to dry 

overnight.  Stained cells were solubilized in 100µL 50/50 (v/v) 0.1M sodium citrate and 

ethanol for 15 min, and absorbance was read at 630λ using a BioRad Ultramark 

Microplate Imaging System with Microplate Manager 5.1 software . 
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 For luminescence, cells were plated in triplicate in 24-well white-walled tissue 

culture dishes (Wallac) and grown in DMEM supplemented with 5% fetal bovine serum 

for 5 days.  On the fifth day, cells were resuspended in an equal volume of Cell-Titer-Glo 

Luminescence Reagent (Promega), which measures ATP, and incubated for 20 min at 

room temperature.  Assay was measured using a Wallac Victor 2, 1420 Multilabel 

counter.   

 

III.E.VII. Soft Agar Assays   

6-well tissue culture dishes were coated with 1.2mL 0.6% Bacto-agar (Difco) in DMEM 

supplemented with 5% fetal bovine serum.  Once set, cells were plated in triplicate in 

0.3% agar (15,000/1mL in each well) and layered gently on top of the coated agar.  Plates 

were incubated for 10 d to 2 wk prior to reading using a colony counter (Omnicon) and 

visualized using a SMZ-1500 stereoscope (Nikon). 

 For luminescence, cells (and a blank condition) were plated in triplicate in 24-

well white-walled tissue culture dishes (Wallac) as described above.  On the final day, 

cells were resuspended in an equal volume of Cell-Titer-Glo Luminescence Reagent 

(Promega), which measures ATP, and incubated for 20 min at room temperature.  Assay 

was measured using a Wallac Victor 2, 1420 Multilabel counter. 
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III.E.VIII. MATRIGEL OUTGROWTH ASSAYS   

Cells were plated in duplicate in a 12-well glass-bottom dish (MatTek, Ashland, MA) 

coated with 150µL of Matrigel (BD Biosciences, San Jose, CA). Cells (5,000 cells/100 µl 

medium) were gently plated on top of the Matrigel layer directly and incubated 30 min at 

37°C. Growth medium (1mL) was gently added to each well, and growth was visualized 

using a 5x objective on an AH2 Vanox inverted microscope (Olympus). 
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DISCUSSION AND CONCLUSIONS 

 This thesis project was designed to better define the role of adhesion molecule 

cadherin-11 in poor prognosis breast cancer.  After refining the goals and aims of the 

studies presented within, the body of work resulted in characterization of cadherin-11 in 

hormone refractory breast and prostate cancers, and further implicates a vital role for 

cadherin-11 in lethal malignancy of the brain, kidney and plasma cells as well.  Cadherin-

11 is expressed exclusively in the most invasive breast cancer cells, particularly those of 

basal B subtype.  I have shown that cadherin-11 depletion significantly reduces 

proliferation, anchorage independent growth, migration and invasion in hormone 

refractory breast and prostate cancer cells, in addition to preventing growth of metastatic 

MDA-MB-231 breast cancer cells in vivo.  Furthermore, I have examined genes regulated 

by cadherin-11 in MDA-MB-231 breast cancer cells via microarray to determine 

potential pathways affected by its expression.  The data collected throughout this project 

and discussed herein signifies that cadherin-11 facilitates tumor growth, invasion, 

lymphangiogenesis and/or distant metastasis.  Therefore examination of the mechanism 

by which cadherin-11 promotes cancer progression, along with the relationship of 

cadherin-11 to VEGFD and cell invasion, is essential.  Additionally, the dramatic effects 

observed when correlating cadherin-11 expression with relapse and survival in multiple 

poor prognosis cancers, along with inflammatory arthritis data, warrants identification of 

therapeutics targeting this adhesion molecule.  I discovered, through screening of 

multiple compounds obtained from both Adherex and the NCI small molecule database, a 
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novel potent and specific small molecule inhibitor that blocks cadherin-11 functions of 

proliferation, anchorage independent growth, and invasion in MDA-MB-231 breast 

cancer cells.  This dissertation encompasses a complete, well-rounded body of work that 

defines cadherin-11 as a viable target of multiple cancers, characterizes phenotypes 

affected by its expression in hormone refractory carcinomas, identifies genes it may 

directly or indirectly regulate in aggressive breast cancer, further correlates those genes in 

alternate poor prognosis neoplasias, and finally describes a small molecule inhibitor that 

my prove to be a volatile therapeutic for cancer and arthritis alike. 

 As with all research, data generally begets additional questions more so than 

abundance of answers.  Among those questions to be addressed include 1) what regulates 

cadherin-11 and how, 2) what exactly are the mechanisms or signaling pathways of 

cadherin-11 expression in cancer and other connective tissue diseases, 3) what 

phenotypes are affected by cadherin-11 expression in poor prognosis cancers including 

renal cell carcinoma, multiple myeloma, and the highly lethal glioblastoma multiforme, 

and finally 4) can our novel small molecule inhibitor targeting cadherin-11 resolve any of 

these diseases in vivo?  This project has opened a virtual “Pandora’s box” of research 

possibility, among adding to the overall base of knowledge in tumor and cell biology, and 

identifying a potential mechanism of tumor progression in certain cancers.  I am 

confident that this research will lead to additional areas of study that will positively 

impact patient outcomes in various diseases. 
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IV.A. REGULATION OF CADHERIN-11 

 Up to this point, not much is known about cadherin-11 regulation specifically in 

disease. Our lab has reported that density, GSK-3β inhibition, and TGFβ1 treatment 

effect changes in cadherin-11 expression in breast and prostate cancer cells 90.  Gonadal 

steroids including progesterone and estrogen have been shown to affect cadherin-11 

regulation in endometrial stroma 91, and may correlate to its expression levels in 

traditionally hormone-driven breast and prostate cancers.  Furthermore, chemokine 

receptor CXCR7, a receptor for stromal derived factor (SDF-1), regulates cadherin-11 

expression in prostate cancer cells 92, and master regulator of breast cancer metastasis, 

nuclear protein SATB1, has been shown to up-regulate cadherin-11 expression in breast 

cancer cells 93.  Interestingly, dietary phytochemicals diindolylmethane (DIM), an anti-

estrogen found in cruciferous vegetables, and curcumin, an anti-inflammatory component 

of turmeric shown to have anti-cancer properties, have also demonstrated regulatory 

capability of the cadherin-11 adhesion molecule in MDA-MB-231 breast cancer cells 94.  

Cadherin-11 is regulated by various cytokines, including inflammatory mediator TNFα 18 

as well as EGF-like cytokine transforming growth factor alpha (TGFα) in the synovium 

and high grade astrocytomas 95 respectively.  Transcription factors Twist and HIF-1α 

have displayed cadherin-11 regulatory capability in differentiation of chondrocytes 96, 

and Twist1 regulates cadherin-11 in heart valve development as well 97.  Dexamethasone, 

which induces osteoblast differentiation, has been shown to down-regulate cadherin-11 

expression in normal human trabecular bone osteoblasts 98.  Taken together, these results 
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suggest that cadherin-11 is involved in multiple cellular signaling pathways of a variety 

of diseases and development, and therefore various types of molecules are able to 

regulate its expression.  Clearly more work needs to be done identifying regulatory 

mechanisms of cadherin-11 in order to create a more complete understanding of its 

function 1) throughout development and in adult tissue homeostasis, and 2) in diseased 

states.  Information obtained will be critical for proper utilization of future therapeutic 

techniques, as well as better characterization of those currently being tested. 

Regulation of cadherin-mediated adhesion is key to multiple morphogenetic 

processes (including cell sorting, rearrangements and movements) both during 

development and throughout controlled growth of adult tissue and its turnover 99.  

Intracellular catenins stabilize cadherins at adherens junctions by anchoring them to the 

actin cytoskeleton, however adhesion is a dynamic process requiring metabolic turnover. 

As with many membrane proteins, newly-synthesized cadherins are packaged in the 

Golgi apparatus, transported to the cell surface where they provide functions in adhesion 

and signaling, and eventually they are internalized and degraded via lysosomes 100.  A 

number of factors can affect cadherin internalization, such as growth factors or alternate 

receptor stimulation, and can be regulated by both negative and positive mechanisms.  A 

majority of mechanistic study in cadherins has been completed on Type I classical 

cadherins, primarily E-cadherin and N-cadherin, although Type II VE-cadherin 

regulation is also well-documented.  We can begin to use information gathered about 

these cadherins to guide future studies of cadherin-11 regulation as well.   
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Generally, cadherin expression at the membrane is regulated in cells by 

monoubiquitylation and endocytosis, however much is still unknown about specific 

mechanisms involved and/or alternate molecules and pathways that may regulate various 

cadherins in distinct tissues.  Cadherin endocytosis is thought to be primarily clathrin-

mediated, but certain clathrin-independent pathways of endocytosis have been identified 

as well, including macropinocytosis in EGF-stimulated internalization of E-cadherin 100.  

Clathrin-mediated endocytosis entails formation of clathrin-coated pits in the plasma 

membrane that invaginate and pinch off into vesicles, associate with early endosomes to 

be further sorted for recycling back to the membrane or degradation via lysosomes or 

proteosomes 101. 

Cadherin trafficking is integral in maintaining tissue structure and homeostasis.  

The cues for cadherin internalization are thought to primarily stem from 

monoubiquitination of the juxtamembrane domain, which results in removal from the 

membrane.  The intracellular catenin p120 is a key regulator of cadherin internalization 

and membrane trafficking.  It functions primarily through stabilization via binding of the 

cytoplasmic tail and subsequent prevention of clathrin adaptor binding and entry into 

clathrin-coated vesicles 101,102.  Along with retention at the membrane, p120 has also been 

shown to regulate rapid recycling of cadherins back to the membrane upon entry into the 

cytoplasm. As with other cadherins, p120 binds to the cytoplasmic juxtamembrane 

domain of cadherin-11, a region shown to affect cellular rearrangement and motility 

rather than adhesive strength for which β-catenin binding appears to play a greater role103. 
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Additionally, p120 has been shown to significantly increase invasiveness in MDA-MB-

231 breast cancer cells, but this seems to be isoform and possibly tissue specific 104.  

Further analysis of p120 interactions with cadherin-11, as well as a potential mechanism 

of invasion regulation, would benefit both cancer and arthritis research. 

  

IV.B. CADHERIN-11 INVOLVEMENT IN MULTIPLE DISEASE PATHWAYS 

The work presented herein strongly suggests that cadherin-11 may act as a major 

player in multiple poor prognosis cancers, as well as other documented disease including 

rheumatoid arthritis.  My project primarily focused on hormone refractory breast and 

prostate cancer, however additional in silico work completed showed further reaching 

effects of this mesenchymal adhesion molecule.  In addition to epithelial breast and 

prostate cancers, high cadherin-11 and VEGFD expression can be functionally detected 

in alternate poor prognosis malignancy including multiple myeloma, papillary renal cell 

carcinoma, and glioblastoma multiforme.  These lethal cancers are expected to kill more 

than 36,000 Americans collectively this year (10,000+ myeloma; 13,000+ renal and 

nervous system each) (NCI website).  Herein I show via in silico data that cadherin-11 

expression significantly aligns with shorter median survival in patients with papillary 

renal cell carcinoma, the largest subset of non clear cell renal cancers 105.  Interestingly, 

VEGFD expression (primarily regulated by cadherin-11) is found to be up-regulated in 

papillary renal cell carcinomas, and correlates with lymph node metastasis and poor 
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prognosis in patients 78.  Angiogenic factors, including members of the VEGF family, are 

also up-regulated in multiple myeloma, particularly upon binding with cadherin-11 

expressing bone marrow stromal cells 106.  Clinical data analyzed in silico shows high 

cadherin-11 expression also significantly correlates with relapse and survival of multiple 

myeloma, a cancer of plasma cells, predicting poor outcome within one year 49.  Finally, 

gliomas, a remarkably volatile and lethal malignancy with significantly high cadherin-11 

expression 71,107, have been shown to actively recruit bone marrow stromal cells through 

secretion of VEGF.  Again, cadherin-11 is also a significant predictor of patient survival 

in glioblastoma, as analyzed through clinical data from the NIH 71, indicating that 

patients with excess cadherin-11 present with the worst outcomes.  Cadherin-11 

expression is clinically devastating to patients who develop these particular malignancies.  

Certain poor prognosis cancers of mesodermal origin may be susceptible to cadherin-11 

propagation through homophilic binding with bone marrow stromal cells, further 

allowing for up-regulation of angiogenic and lymphangiogenic factor VEGFD in tumors. 

 The previously described associations warrant further investigation in the 

laboratory.  Unlike larger questions of cadherin-11 regulation, characterization of 

cadherin-11 effects in poor prognosis cancers can be answered more immediately.  

Various in vitro assays and animal experiments can be performed using cadherin-11 

depletion and/or overexpression in alternate types of cancers to begin to characterize 

phenotypes affected.  It is important to understand how cadherin-11 affects proliferation, 

migration and invasion in various tissue types, both normal and diseased.  Furthermore, 
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certain studies have indicated that cadherin-11 may play a protective role against certain 

neoplastic states, indicating that there may be a threshold of cadherin-11 expression that 

is beneficial for maintaining cellular adhesion versus progression into uncontrolled 

growth and invasion.  It would be beneficial to investigate cadherin-11 expression in a 

dose-dependent fashion across multiple tumor types, and potentially carry out array 

analyses to indicate what factors may play a role in that mechanism of control.   

Cadherin-11 association with VEGFD may have critical impact on many disease 

states, both positively and negatively.  Further analysis of cadherin-11 interactions with 

VEGFD in poor prognosis cancers, and lymphangiogenesis specifically, need to be 

examined in some detail.  The Byers laboratory is embarking on such studies examining 

cadherin-11 regulation of VEGFD expression using in vitro invasion assays, in vivo 

observation of lymph vessel density and lymphangiogenesis, and correlating factor in 

clinical tissue samples from breast cancer patients.  It is likely results will lead to further 

analysis in alternate malignancy.  Additionally, examination of cadherin-11 regulatory 

mechanism of VEGFD expression across these diseases, as well as in normal tissue 

homeostasis, will add to the overall knowledge of cadherin-11 signaling pathways in 

adult tissues.   
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IV.C. MESENCHYMAL STEM CELLS IN CANCER: CHICKEN OR EGG?  

This thesis project has yielded many conclusions about the prominent role of 

cadherin-11 in certain poor prognosis cancers and the need to better understand 

regulatory pathways involved with cadherin-11 disease progression and normal adult 

tissue homeostasis.  In silico analyses and literature searches relating cadherin-11 

expression and poor prognosis malignancy have further added to these by elucidating the 

role of tissue and tumor stroma, as well as adult stem cells (cadherin-11 expressing MSC, 

for example), in cancer initiation and progression.  It is generally well-accepted that 

cancer initiates in normal differentiated cells, primarily of epithelial origin (most cancers 

occur in epithelium) but also meso- or endothelial cells, however evidence is mounting 

that the surrounding tissue or tumor stroma, cancer-associated fibroblasts, and/or cancer 

“stem cells” may play a more prominent role than once believed.  I have been intrigued 

by the thought that certain cancers, possibly those with a worse prognosis and/or 

tendency to metastasize, may actually initiate in the stroma as a result of misregulation in 

mesenchymal stem cells endogenously found in and recruited to the area, rather than a 

product of mutation in an epithelial or other well-differentiated cell.  This is unfortunately 

not a completely original idea, as various current research studies suggest the very same 

paradigm, but I feel more data will be forthcoming to prove the validity of the theory. 

Cancer stem cells are a controversial and complex topic among cancer biologists.  

They were first hypothesized to be responsible for malignancy more than a century ago 

when Julius Cohnheim (a student of Johannes Muller) suggested that cancer originates in 
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“embryonal cell rests”, or embryonic cells remaining in adult tissue 108.  Experiments 

done by Dr. G.B. Pierce in mouse teratocarcinomas show that tumor cells implanted into 

mice go on to form normal differentiated progeny, indicating that the tumor cells, in total 

or in part, maintain a pluripotent capability, thereby concluding cancer cells arise from 

stem cells.  Subsequently, scientists have examined embryonic stem cells as potential 

candidates for the elusive cancer stem cell, yet accumulating data indicates that cells with 

stem cell-like properties in tumors probably evolve from a mesenchymal origin 108.  As 

previously discussed, adult bone marrow-derived stromal cells are highly plastic and can 

generate both pluripotent hematopoietic and mesenchymal stem cells.  Furthermore, 

circulating bone marrow-derived cells have been shown to differentiate into cells of 

multiple tissue lineage including endo-, meso- and ectoderm depending upon the 

microenvironment of engraftment 108,109.  These cells are normally found both in 

circulation as well as the stroma of organs, and their differentiation potential makes them 

an interesting focus for cancer initiation. 

Bone marrow-derived cells have the potential to be significantly involved at every 

step of the malignant cascade from tumor initiation, growth, angiogenesis and eventual 

metastasis.  We know that cancer initiates from damage and additive mutation in normal 

cells, however the precise cells of origin have yet to be conclusively identified.  

Furthermore, most solid tumor masses contain a largely heterogenous mixture of cells 

including their levels of differentiation.  It is possible that bone marrow-derived cells are 

indeed putative “cancer stem cells” in which these initial mutations occur.  Bone marrow 
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stromal cells readily produce countless oncogenic growth factors allowing for tumor 

proliferation in a given tissue, and they have the ability to recruit and incorporate into 

tumor vasculature during angiogenesis 110,111.  Bone marrow stromal cells express 

multiple adhesion molecules, which could benefit intravasation and extravasation through 

vessels, as well as lymph nodes.  Cadherin-11 expressing BMSC may specifically have 

an increased ability to induce lymphangiogenesis through regulation of VEGFD.  Stroma 

makes up 60-90% of tumor mass, much of which is comprised by bone marrow stromal 

cells.  Given their pluripotency, it would be feasible that BMSC can easily navigate tissue 

stroma in a separate locus and further establish new malignant growth in the form of 

distant metastases.  Given these factors, it is logical to me that bone marrow stromal cells, 

and possibly mesenchymal stem cells specifically, are central regulators and possibly 

initiators of aggressive metastatic cancers.  That is not to say that malignancy cannot 

arise in differentiated cells because I believe that cancer can initiate in any growing cell, 

however my inclination at this time is that the most aggressive cancers either originate 

and/or are driven by bone marrow-derived cells in the stroma.  Much research is being 

done to characterize stem cells in normal adult tissue turnover as well as malignancy, and 

I believe it would be beneficial to characterize bone marrow-derived cells and cadherin-

11 specifically in that context as well. 

Bone marrow stromal cells spawn cadherin-11 expressing mesenchymal stem 

cells.  Cadherin-11 is significantly expressed in poor prognosis tumor masses, either in 

the cancer cells and/or their surrounding stroma 112.  Cadherin-11 is a known marker of 
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EMT, may induce lymphangiogenesis through control of VEGFD, and can influence 

tumor vasculature.  Cadherin-11 has been linked with breast and prostate specific bone 

metastases, and is highly expressed in poor prognosis cancers confirmed to possess tumor 

cells with stem cell phenotypes, including breast and prostate carcinomas, gliomas and 

osteosarcoma 108.  As an overall conclusion drawn from my project, including both 

laboratory results and in silico information obtained, it is my opinion that certain 

cadherin-11 expressing cancers represent those arising from mutation in mesenchymal 

stem cells.  It will be critical to test this theory through 1) isolation of cadherin-11 

expressing cancer cells and/or tumor stroma, then subsequent introduction of these cells 

into mice to see if they form normal progeny, and/or 2) harvest and purification of 

mesenchymal stem cells from various normal tissue and stroma, further induction of 

transformation, followed by subsequent testing for cadherin-11 up-regulation.  These 

types of studies may begin to uncover potential correlation of cadherin-11 with a cancer 

stem cell phenotype, and results would then dictate further characterization in vitro and in 

animal studies.  As with most things, positive confirmation of my concluding hypothesis 

would be bitter sweet, as cadherin overexpression is thought to be beneficial for tissue 

regeneration in certain degenerative diseases, and mesenchymal stem cells have been 

proposed to be possible therapeutic vehicles for such treatments.  Additional investigation 

into mechanisms of both cadherin-11 regulation and mesenchymal stem cell function in 

adult tissues will help to elucidate specific ways in which these normal components of 

biological development can be targeted to benefit patient outcome in various disease.  By 
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understanding cadherin-11 functions and thresholds in various normal and diseased 

tissue, we as a medical community may be able to readily treat various developmentally-

based illnesses appropriately. 
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