
i 

 

FOUR JOINTED BOX ONE, A NOVEL PRO-ANGIOGENIC PROTEIN IN 

COLORECTAL CARCINOMA. 

BY 

Nicole Theresa Al-Greene 

Dissertation 

Submitted to the Faculty of the 

Graduate School of Vanderbilt University 

in partial fulfillment of the requirements 

for the degree of 

DOCTOR OF PHILOSOPHY 

In Cell and Developmental Biology. 

December, 2013 

Nashville Tennessee 

Approved: 

R. Daniel Beauchamp 

Susan Wente 

James Goldenring 

Albert Reynolds 



ii  

 

DEDICATION 

To my parents, Karen and John, who have helped me in every way possible, 

every single day. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii  

 

ACKNOWLEDGMENTS. 

Funding for this work was supported by grants DK052334, CA069457, 

The GI Cancer SPORE, GM088822, the VICC, the Clinical and Translational 

Science Award (NCRR/NIH UL1RR024975), the DDRC (P30DK058404), and the 

Cooperative Human Tissue Network (UO1CA094664) and U01CA094664. 

 I was lucky enough to be allowed to perform research as an 

undergraduate in the lab of Ken Belanger.  I will be forever grateful for that 

opportunity that sparked my love of research.  Equally important was my time as 

a technician in Len Zonôs lab where I confirmed the fact that I needed to go 

graduate school and earn my degree.  During my time at Vanderbilt I have been 

helped by so many individuals, and the collaborative nature of everyone I have 

met with is truly an amazing aspect of the research community here.  I am 

especially thankful for all the technical help and insightful conversations I have 

had with Natasha Deane, Anna Means, Claudia Andl, Tanner Freeman, Connie 

Weaver, Keeli Lewis, Jalal Hamaamen, Jenny Zi, John Neff, Christian Kis, 

Andries Zjistra, Trennis Palmer, Joseph Roland, and Lynn LaPierre.  My 

committee of Jim Goldenring, Al Reynolds, Stacey Huppert, and Susan Wente 

were essential in both the development and testing of my training these past 

years.  Naturally this work would not have been possible without my mentor, Dan 

Beauchamp, a man who always inspires me with both his wisdom and his 

humility.  I will never forget our first meeting after I joined the lab when I boldly 

stated ñIôm ready, tell me what to doò.  He responded with a chuckle, saying that 

was entirely up to me.  His keen ability to gently guide while allowing me to 



iv 

 

stumble and learn was remarkable.  He was always encouraging, supportive, 

empathetic, and enthusiastic all at once, which made even the most frustrating of 

times bearable.   It was truly a gift to work with him and I am forever grateful.   

Finally I would like to thank my family.  My brother Shawn, and sister-in-

law Chrissy have blessed me with a niece and nephew who have provided much 

joy and comic relief over the past seven years.  My parents, Karen and John, 

who have gone above and beyond the call of duty ever since I could remember, 

and Iôm sure long before that.  You have always inspired me to do my best, 

cheered with me when I have succeeded, and consoled me when I failed.  Words 

cannot ever express my gratitude.   

 

 

 

 

 

 

 

 

 

 



v 

 

TABLE OF CONTENTS 

Page 

DEDICATIONééééééééééééééééééééééééééééé.ii 

ACKNOWLEDGMENTSééééééééé.éééééééééééé..éé..iii 

LIST OF TABLESéééééééééééééééééééééééééé...viii 

LIST OF FIGURESéééééééééééééééééééééééééé.x 

LIST OF ABBREVIATIONSéééééééééééééééééééé..ééxiii 

Chapter 

I. INTRODUCTIONéééééééééééééééé..éééééééé1 

Significance of colorectal cancerééééééééééééééé.éé..1 
Cyclooxygenases, angiogenesis, and colorectal canceréééééé...é4 
Summaryéééééééééééééééééééééééééé.é.11 
 

II. CHARACTERIZATION OF GENE EXPRESSION CHANGES IN 
RESPONSE TO CELECOXIB TREATMENT IN VIVO AND THE 
IDENTIFICATION OF FOUR JOINTED BOX 1éééééééé.éé...13 
 
Introductionééééééééééééééééééééééééé.é.13 
Materials and Methodsééééééééééééééééééééé..14 
Resultséééééééééééééééééééééééééééé.17 
Discussionééééééééééééééééééééééééééé24 
 

III. DEVELOPMENT OF FJX1 SPECIFIC VECTORS, ANTIBODIES AND 
CHARACTERIZATION OF RECOMBINANT FJX1 IN VITROéééé...26 
 
Introductionééééééééééééééééééééé..ééééé26 
Materials and Methodséééééééééééééééééé.ééé.30 
Resultsééééééééééééééééééééé.ééé...ééé.36 
Discussionééééééééééééééééééééééééééé55 
 

IV. FJX1 PROMOTES TUMORIGENESIS THROUGH INCREASED 
ANGIOGENESIS IN COLORECTAL CARCINOMA.ééééé...ééé.59 



vi 

 

Introductionééééééééééééééééééééééééé.é.59 
Materials and methodsééééééééé.éééé..éééé..ééé.60 
Resultséééééééééééééééééééééééééé.éé64 
Discussionéééééééé.éééééééééééééééé.é.é75 
 

V. FJX1 PROMOTES ANGIOGENESIS THROUGH REGULATION OF  
HIF1-Ŭéééééééééééééééééééééééé.éééé.77 
 
Introductionéééééééééééééééééééééééé.é.é77 
Materials and Methodsééééééééééééééééééé.éé.78 
Resultsééééééééééééééééééééééééééé.é84 
Discussionééééééééééééééééééééééééééé98 
 

VI. GENE EXPRESSION ANALYSIS OF SW480 CELL LINES AFTER 
ALTERED FJX1 AND HIF1A EXPRESSIONéééé..ééééééé102 
 
Introductionéééééééééééééééééééééééééé102 
Materials and Methodsééééééééééééééééééééé103 
Results...ééééééééééééééééééééééééééé104 
Discussionéééééééééééééééééééééééééé.115 
 

VII. SUMMARY AND FUTURE DIRECTIONSéééééééééééé..117 

REFERENCESééééééééééééééééééééééé..185 

 

 

 

 

 

 

 

 

 

 

 



vii  

 

LIST OF TABLES 

Table                                                                                                                Page 

1. Genes inhibited in human rectal tumor biopsies after celecoxib 

treatmentééééééééééééééééééééééééééé123 

 

2. Genes stimulated in human rectal tumor biopsies after celecoxib 

treatmentééééééééééééééééééééééééééé126 

 

3. The top network from Ingenuity Pathway Analysis of celecoxib     

regulated genes includes known inflammatory targets and FJX1éé..é20 

 

4. Patient sample demographics, pathology, and clinical follow up dataé...21 

 

5. Gene symbol, gene name, and literature citation for association with  

HIF1-Ŭ for the top 43 genes found in the leading edge subset of both 

VUMC and MCC datasets after GSEA analysisééé.ééééééé...87 

   

6. Summary of the number of genes altered between the indicated            

cell    lines after microarray analysisééééééééé...ééééé..107 

 

7. Probeset ID, gene symbol, refseq transcript ID and fold change            

from microarray analysis of SW480VEC versus SW480FJX1 colon        

cancer cellsééééééééééééééééééééé..ééé....129 

 

8. Probeset ID, gene symbol, refseq transcript ID and fold change            

from microarray analysis of SW480FJX1 treated with scramble siRNA       

(siSCR) versus SW480FJX1 treated with FJX1 specific siRNA          

(siFJX1) colon  cancer cellsééééééééé...éééééé..é..é144 

 

 

9. Probeset ID, gene symbol, refseq transcript ID and fold change             

from microarray analysis of SW480FJX1 treated with scramble            

siRNA (siSCR) versus SW480FJX1 treated with HIF1A specific           

siRNA (siHIF) colon   cancer cellsé.éééééééééééééé....180 

 

10. Genes found to be significantly altered in both SW480VEC vs       

SW480FJX1 and SW480FJX1 siSCR vs SW480FJX1 siFJX1 gene lists.é..113   

 



viii  

 

11. Genes found to be significantly altered in both SW480VEC vs        

SW480FJX1 and SW480FJX1 siSCR vs SW480FJX1 siHIF1A gene listsé..114   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

LIST OF FIGURES 

Figure                                                                                                              Page 

1. Diagram of known genetic mutations involved in CRC progression.éé..3  

 

2. The arachidonic acid signaling pathwayéééééé.ééééééé.é.6 

 

3. FJX1 mRNA expression is upregulated in CRC and is associated with 

poor patient prognosisééééééééééééééééééééé...22 

 

4. FJX1 protein expression is elevated in rectal tumors éééééééé..23 

 

5. Sequence alignment of human, mouse, and rat FJX1 with Drosophila 

fjééééééééééééééééééééééééééééééé.29 

 

6. Stably expressed recombinant MYC-tagged FJX1 increases FJX1 

protein..ééééééééééééééééééééééééééé....37  

 

7. FJX1 antibodies in immunoblottingééééééééééé..ééééé38 

 

8. FJX1 antibodies detect secreted recombinant FJX1 in ELISAééééé40  

 

9. FJX1 antibodies in immunofluorescenceééééééééééééé..41 

 

10. Recombinant FJX1 is glycosylated, phosphorylated, and localizes to       

the Golgi Apparatus in HEK293T cellséééé..éééééé.éé..é..44 

 

11. FJX1 ELISA detects recombinant human FJX1 and endogenous rat 

FJX1éééééééééééééééééé.ééééééééééé45 

 

12. Endogenous and recombinant expression of FJX1 in various cell 

lineséééééééééééééééééééééééééé..é.é..46 

 

13. Stably expressed recombinant MYC-tagged FJX1 increases FJX1   

protein in SW480 colon cancer cellsé.ééééééé.ééééééé.48 

 

14. Stably expressed recombinant MYC-tagged FJX1 increases FJX1    

protein in colon cancer cellsé.éééééééééé.ééééé..éé.49 

 



x 

 

15. Stably expressed recombinant MYC-tagged FJX1 does not affect    

cellular proliferation in vitroééééééééééééééééé.é.é.50 

 

16. FJX1 does not alter Dchs1 or Fat4 cadherin constructs mobility in 

immunoblottingéééééééééééééééé..éééééééé.53 

 

17. Expression of mutant FJX1 in various cell lineséééé...éééééé.54 

 

18. Overexpression of MYC-tagged FJX1 in SW480 colon cancer cells 

promotes tumor growth in vivoéééééééééééééééééééé65 

 

19. Overexpression of MYC-tagged FJX1 in SW480 colon cancer cells 

promotes tumor growth in vivoééééééééééééééééé.....67 

 

20. Overexpression of MYC-tagged FJX1 in KM12C colon cancer cells 

promotes tumor growth in vivoééééééééééééééééé....68 

 

21. FJX1 null mice have fewer polyps than wild-type littermates in a       

mouse model of tumorigenesisééééééééééé.éé..ééé.é70 

 

22. Autonomous and non-autonomous expression of FJX1 selectively 

enhances endothelial capillary tube formation in vitroéééééééé..73 

 

23. Conditioned media from SW480FJX1 cells enhances endothelial capillary 

tube formation in vitroééééééééééééééééééééééé.....74 

 

24. FJX1 mRNA expression in human colorectal cancers correlates with 

expression of known angiogenic factorsééééééééééé...é.....86 

     

25. FJX1 expression does not alter HIF1-Ŭ mRNA expression but increase 

HIF1-Ŭ proteinéééééééééééééééééééééééé.....89 

 

26. Increased HIF1-Ŭ contributes to FJX1-induced increase in endothelial    

tube formationééééééééééééééééééééééé...é..90 

 

27. Autonomous and non-autonomous expression of FJX1FLAG and 

FJX1DEFLAG enhances endothelial capillary tube formation in vitroé..é..92 

 

28. Increased HIF1-Ŭ expression is sufficient to promote endothelial tube 

formation in vitroééééééééééééééééé.....éééééé93 



xi 

 

29. FJX1 enhances HIF1-Ŭ protein stability by enhancing HIF1-Ŭ half-

lifeééééééééééééééééééééééééééééé.é.96 

 

30. Conditioned media from SW480FJX1 cells has increased levels of    

Annexin A1 as compared to SW480VEC cellséééééééééééé97 

 

31. Validation of siRNA in cells used for microarrayéééééééééé.108 

 

32. Top network after IPA analysis of the genes differentially expressed 

between SW480VEC and SW480FJX1 cellsééééééééééééé.109 

 

33. Top network after IPA analysis of the genes differentially expressed 
between SW480FJX1 cells treated with scrambled siRNA and       
SW480FJX1 cells treated with FJX1 specific siRNAééééééééé110  
  

34. Top network after IPA analysis of the genes differentially expressed 

between SW480FJX1 cells treated with scrambled siRNA and      

SW480FJX1 cells treated with HIF1A specific siRNAééééééé..é111 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii  

 

LIST OF ABBREVIATIONS 

 

15-PGDH  15-hydroxyprostaglandin dehydrogenase 

ACF  aberrant crypt foci  

AOM  azoxymethane  

APC  adenomatous polyposis coli 

CD24  cluster of differentiation 24  

COX   cyclooxygenase 

COX-1  cyclooxygenase 1  

COX-2  cyclooxygenase 2 

CRC  colorectal cancer 

CYR61   cysteine-rich angiogenic inducer 61  

DS  dachsous (Drosophila) 

DSCH1 dachsous 1 (Homo sapiens) 

DSS  dextran sodium sulfate 

EGF  epidermal growth factor 

EP1  prostaglandin E receptor 1 

EP2  prostaglandin E receptor 2 

EP3  prostaglandin E receptor 3 

EP4  prostaglandin E receptor 4 

ERK1/2 extracellular signal related kinase 1/2  

FAT4  FAT4 (Homo sapiens) 

FGF  fibroblast growth factor 

FIH  factor inhibiting HIF1 

FJ  four jointed (Drosophila) 



xiii  

 

FJX1  four jointed box one (Homo sapiens) 

FT  fat (Drosophila) 

GI  gastrointestinal 

HIF1-Ŭ hypoxia inducible factor 1 

hCG  human chorionic gonadotropin  

HRE  hypoxia response elements 

HUVEC human umbilical vein endothelial cells 

HMEC-1 human microvascular endothelial cells 

IL-1  interleukin 1  

LLC  Lewis lung carcinoma cell line 

LPS  lipopolysaccharide 

MAPK  ERK mitogen-activate protein kinase  

MCC  H. Lee Moffitt Cancer Center  

NFkß   nuclear factor kappa ß  

NSAIDs  non-steroidal anti-inflammatory drugs 

p38 MAPK mitogen associated protein kinase  

PCP  planar cell polarity  

PDGF  platelet derived growth factor 

PHD  prolyl hydroxylases  

PI3K  phosphatidylinositol 3-kinase  

PG   prostaglandin 

PGE2  prostaglandin E2 

PGE-M 11Ŭ-hydroxy-9,15-dioxo-2,3,4,5-tetranor-prostane-1,20-dioc acid 

PGD2  prostaglandin D2 

PGF2Ŭ  prostaglandin F2Ŭ 



xiv 

 

PGH2  prostaglandin H2 

PGI2  prostaglandin I2 

PNGaseF peptide N-glycosidase F  

ROS  reactive oxygen species  

TGFŬ  transforming growth factor Ŭ 

TNF-Ŭ  tumor necrosis factor Ŭ 

TxA2  thromboxane A2 

VEGF  vascular endothelial growth factor 

PHD   prolyl hydroxylase enzme 

VEGF  vascular endothelial growth factor 

VHL  von-Hippel Lindau 

VUMC  Vanderbilt Medical Center 

.  

 



1 

 

CHAPTER I. 

INTRODUCTION 

Significance of colorectal cancer 

Colorectal cancer (CRC) represents the third leading cause of cancer 

related deaths for both men and women in the United States [1].  In 2013 alone, 

it is estimated that 150,000 new cases will be diagnosed and 50,000 individuals 

will die from disease [1].  There are multiple factors involved in the development 

of CRC.  For example, there are known genetic mutations that occur during 

disease progression from normal colonic epithelium through aberrant crypt foci 

(ACF) formation, to eventual carcinoma development (Fig. 1)  [2].  Mutation of 

the adenomatous polyposis coli gene (APC) is a key initial event in the 

development of CRC, while Kristen rat sarcoma viral oncogene (KRAS), SMAD 

family member 4 (SMAD4), and tumor protein 53 (p53) mutations are involved in 

the later stages of disease.  In addition to genetic alterations, increased 

inflammation has also been linked to CRC development.  Cyclooxygenase 2 

(COX-2) is an inflammatory related gene whose expression is increased as early 

as the adenoma stage (~50%) with the majority of carcinomas expressing high 

levels (~90%).  Identification of these changes in gene expression has given 

insight into the biology of CRC and the derivation of targeted therapies.  However 

an incomplete understanding of the downstream regulatory components exists.  

Further, some therapies, including COX-2 targeted anti-inflammatory agents 

have undesirable side effects.  Ongoing research is aimed at trying to enhance 
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our knowledge of how such drugs work in vivo to provide rationale for the 

development of new reagents that potentially exhibit more specific disease 

treatment as well as less toxicity in patients. 
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Figure 1.  Diagram of known genetic mutations involved in CRC 

progression.  Modified version of known genetic mutations (adenomatous 

polyposis coli gene (APC), Kristen rat sarcoma viral oncogene (KRAS), SMAD 

family member 4 (SMAD4), and tumor protein 53 (p53)) that occur during disease 

progression from normal colonic epithelium through adenoma to carcinoma 

formation first proposed by Burt Vogelstein and colleagues [2].  
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Cyclooxygenases, angiogenesis, and colorectal cancer 

 Chronic inflammation has been linked to the development and 

progression of multiple cancers, including CRC.  One of the major pathways 

linked to inflammation involves the cyclooxygenase enzymes.  Targeting these 

enzymes has shown promise in CRC therapies but causes significant side 

effects. Cyclooxygenase enzymes 1 and 2 (COX-1, COX-2) represent the rate-

limiting step in the conversion of arachidonic acid to prostaglandins (Figure 2).  

COX-1 is found in normal colonic mucosa and thought to have a homeostatic role 

whereas COX-2 is expressed at low levels, but rapidly induced in response to 

inflammatory signals.  Arachidonic acid is first converted by COX-1 and COX-2 

into prostaglandin H2 (PGH2).  PGH2 is subsequently metabolized by 

prostaglandin synthases into prostanoids, including prostaglandin E2 (PGE2), 

prostaglandin D2 (PGD2), prostaglandin F2Ŭ (PGF2Ŭ), prostaglandin I2 (PGI2) or 

thromboxane A2 (TxA2).  An important physiological antagonist of prostaglandins 

is the prostaglandin degrading enzyme 15-hydroxyprostaglandin dehydrogenase 

(15-PGDH).  15-PGDH catalyzes the oxidization of a key hydroxyl group on the 

prostaglandins to a ketone which renders the prostaglandins biologically inactive 

[3].  Prostanoids have been implicated in tumor growth through modulation of 

survival factors, angiogenesis, and immune surveillance.  PGE2 is the 

predominant prostaglandin found in colonic tissue and has been shown to signal 

through at least four different prostaglandin receptors (prostaglandin E receptors 

1-4, EP1-4).   

Of the genes involved in the arachidonic acid pathway, much focus has 
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been placed on COX-2 and its regulation of PGE2 production in CRC.  Elevation 

of both COX-2 protein and PGE2 has been detected in CRC as compared to 

normal mucosa [4-8].  Although in vivo levels of PGE2 have been reported, data 

suggests that actual levels in patients are difficult to accurately assess.  Thus the 

urinary metabolite 11Ŭ-hydroxy-9,15-dioxo-2,3,4,5-tetranor-prostane-1,20-dioc 

acid (PGE-M) was identified as a more reliable biomarker for PGE2 production in 

vivo [9].  Increased levels of urinary PGE-M have been associated with larger 

polyps in CRC patients [10,11].  High expression of COX-2 in CRC patients has 

also been associated with poor patient prognosis leading to studies that targeted 

this enzyme in CRC. [12].   
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Figure 2.  The arachidonic acid signaling pathway.  Green symbols 

represent conversion enzymes, blue symbols represent substrates/products, 

orange symbols represent prostaglandin receptors, red symbols represent 

biological activities, and black symbols represent pharmacological or naturally 

occurring pathway antagonists.   
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Mouse models represent an important biological tool for understanding 

regulatory pathways in CRC and for preclinical studies targeting these pathways. 

Mouse models of CRC bear many similarities to human CRC.  As mentioned 

above, APC is one of the earliest and most frequent genetic mutations found in 

human CRC and several mouse models of intestinal tumorigenesis have shown 

that genetic deletion or truncation of murine Apc causes multiple intestinal 

polyps. Carcinogen induced CRC in mice can also be used to model human 

disease, including administration of the carcinogen azoxymethane (AOM).  When 

deletion of COX-2 expression is combined with an APC truncation, mice exhibit 

fewer, smaller polyps in a gene-dose dependent manner [13,14].  Similar results 

are observed when an EP2 deletion is added to the APC mutant mouse 

background, or when EP1 or EP4 KO mice are treated with AOM, suggesting 

that EP1, EP2, and EP4 are important mediators of PGE2 signaling in CRC [15-

17].  Conversely, the addition of PGE2 treatment to APC mutant mice, or mice 

treated with AOM, increases both the multiplicity and size of intestinal polyps 

[18,19].  As mentioned above, 15-PGDH is a known prostaglandin degrading 

enzyme whose expression is often diminished in CRC [20,21]  15-PGDH null 

mice have increased intestinal tumor burden compared to WT mice after AOM 

carcinogen treatment [22].  These murine studies have led to a greater 

appreciation of the pathways regulated by COX-2 expression and PGE2 

production in tumorigenesis. 

The most common COX inhibitors are nonsteroidal anti-inflammatory 

drugs (NSAIDs).  NSAIDs fall into two main classes; those that inhibit both COX-
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1 and COX-2 (ónon-specificô i.e. aspirin, Sulindac, Indomethacin, Piroxicam) and 

those that are specific for COX-2 (ócoxibsô i.e.  celecoxib, NS398).  NSAIDs have 

been shown to provide both a prophylactic and therapeutic benefit in both 

hereditary and sporadic human CRC [23-30].  Mouse models also support the 

role of NSAIDs in diminishing tumor burden.  For example, celecoxib treated 

mice show reduced tumor burden in AOM treated animals; an effect that is 

reversed in 15-PGDH null animals [31].  Piroxicam and sulindac treatment of 

APC min mice also decreased tumor burden, but these effects were reversed 

upon the addition of EP receptor agonists, supporting the importance of blocking 

COX-2 mediated PGE2 signaling [32] .  The therapeutic benefits of NSAIDs are 

dependent on both dose and duration of use [23]; however there are unwanted 

side effects to consider that also correlate with increased NSAID use.  Non-

specific NSAIDs (excluding aspirin) cause gastrointestinal (GI) harm including 

increased risk of ulceration, bleeding and related complications [23].  It was 

hypothesized that these effects were due to inhibition of COX-1 which is 

important to epithelial survival and functional integrity in the GI tract.  These 

observations factored into the rationale behind the development of COX-2 

specific drugs.  Unfortunately, despite having reduced GI side effects, use of 

COX-2 specific inhibitors was associated with a significantly increased risk of 

adverse cardiovascular events, such as stroke and heart attack [24,33].  

Therefore the identification of more selective therapeutic targets downstream of 

COX-2 signaling has become an important area of ongoing research.     

Targeting the blood vessels that feed tumors has also become a priority in 
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cancer therapy.  Angiogenesis is the process of recruiting and restructuring blood 

vessels from pre-existing vasculature, and is essential for tumor growth beyond 

1-2 mm in diameter.  Early in tumor development an óangiogenic switchô occurs 

tipping the balance in favor of pro-angiogenic factors in contrast to angiogenesis 

inhibitors [34].  In addition to being required for enlargement of the primary tumor, 

increased tumor vascularization also provides a metastatic path for dissemination 

to other areas of the body.   Metastatic disease is thus reliant on vascular routes, 

and increased tumor angiogenesis often correlates with poor patient outcomes in 

a variety of carcinomas.  Indeed studies have shown that microvessel counts 

from CRC patient tissues increased in concordance with tumor size, local 

invasion, and lymph node metastasis and is itself a prognostic factor [35,36]. 

Secreted angiogenic factors are often overexpressed by tumor cells and 

provide cues that affect endothelial cell proliferation, migration, and invasion.  

One of the most widely studied pro-angiogenic molecules is vascular endothelial 

growth factor (VEGF).  Increased expressed of VEGF has been observed in 

colorectal tumors as compared to normal tissue, and associated with increased 

tumor vessel density and poor patient prognosis [37,38] .  While VEGF may be 

the best studied regulator of angiogenesis, there are a number of other secreted 

molecules that also regulate this process, including transforming growth factor Ŭ 

(TGFŬ), epidermal growth factor (EGF), platelet derived growth factor (PDGF), 

and fibroblast growth factor (FGF) [39].  COX-2 has been linked to angiogenesis 

through production of some of these factors.  In vitro, expression of COX-2 in 

CACO-2 CRC cells induces autonomous production of both VEGF and FGF, and 
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non-autonomous increases in endothelial cell motility and invasion [40].  

Conversely, COX-2 null fibroblasts secrete less VEGF in culture as compared to 

wild-type cells [41].  In vivo, growth of Lewis lung carcinoma (LLC) cells as 

xenografts in COX-2 KO mice exhibit smaller tumor formation correlated with 

decreased tumor vascularization as compared to xenografts grown in wild-type 

mice [41].  Similarly, celecoxib treatment of LLC cells grown in wild-type mice 

also resulted in attenuated tumor formation [41].  Finally, celecoxib treatment in 

the rat corneal model of angiogenesis resulted in shorter, more interspersed 

capillary formation, indicating a block in angiogenesis [42,43].  Taken together, 

the blockage of COX-2 function, either genetically or pharmacologically, has 

been shown to reduce tumor formation, in part, due to a decrease in 

angiogenesis.     

Another important mediator of tumor biology that has been linked to COX-

2 and VEGF signaling is hypoxia inducible factor 1, alpha subunit (HIF1A). HIF1A 

is widely expressed across various cell types, and increased HIF1A expression 

has been observed in multiple cancers, including CRC [44].  HIF1-Ŭ is highly 

regulated by oxygen levels in the cell, and together with HIF1-ɓ serves to 

regulate genes containing hypoxia response elements (HREs). HIF1-Ŭ has been 

reported to regulate over 60 genes important to cellular processes including 

angiogenesis, glucose metabolism, survival factors, and invasion factors [45,46].  

Both VEGF and COX-2 are included in the list of HIF1-Ŭ gene targets [47,48].  

Forced expression of HIF1A in HCT116 colon cancer cells results in increased 

xenograft tumor formation that is associated with an increase in VEGF levels and 
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tumor vascularization [49].  Kaidi et al identified several HREs in the COX-2 

promoter, and demonstrated that COX-2 mRNA is increased during hypoxia 

through binding of HIF1-Ŭ to the COX-2 promoter in colorectal cancer cells in 

vitro [48].  Further studies have shown that there is reciprocal regulation between 

COX-2, PGE2, and HIF1-Ŭ.  In vitro, treating HCT116 cells with PGE2  increases 

HIF1-Ŭ protein and subsequent VEGF mRNA, which was blocked with inhibitors 

of EP1, MEK-ERK, and PI3K-AKT [50].  Thus in vitro data suggests a 

complicated signaling interaction among COX-2, HIF1-Ŭ and angiogenic factors 

like VEGF.     

Summary 

As the third leading cause of cancer related morbidity and deaths, there is 

a need to find better targeted therapies for CRC.  Although a great deal is known 

about the contribution of inflammation and genetic alterations to disease 

progression, a detailed understanding of key regulatory pathways is needed for 

clinical translation of this knowledge.  There are complex interactions between 

inflammation, cyclooxygenase enzymes, angiogenesis, and HIF1-Ŭ that play a 

vital role in tumor formation and advancement.  The benefit of anti-inflammatory 

drugs has proven to be extremely effective in both CRC prevention and 

treatment.  However, like most drugs, unwanted complications of extended use 

of such drugs exist.  Non-selective anti-inflammatory drugs burden the gastric 

and intestinal compartments, while more selective inhibitors can pose severe 

cardiovascular risk, especially in certain populations.  In this context, we sought 

to understand the biological responses of tumors in vivo to the selective COX-2 
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drug, celecoxib.  Herein we describe changes in gene expression in human rectal 

tumors that occur in response to celecoxib treatment and characterize one such 

identified novel target. Through this work, we have a clearer understanding of the 

COX/HIF1-Ŭ/angiogenesis pathway.  
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CHAPTER II. 

CHARACTERIZATION OF GENE EXPRESSION CHANGES IN 

RESPONSE TO CELECOXIB TREATMENT IN VIVO, AND THE 

IDENTIFICATION OF FOUR JOINTED BOX 1. 

Introduction 

A large body of data indicates the role of inflammation in cancer formation 

and progression, including CRC.  COX-2 is a well-described target of 

inflammation, whose expression is increased in CRC and is associated with poor 

patient prognosis [4,6,12].  Non-steroidal anti-inflammatory drugs (NSAIDs), 

including the coxib series that specifically inhibit COX-2 activity, are very efficient 

in preventing both tumor formation and disease progression.  However, the use 

of COX-2-specific NSAIDs been associated with adverse cardiovascular side 

effects, including heart attack and stroke.  Aside from the effects of coxibs on 

inhibition of COX-2 activity and associated effects in vitro, little is known about 

actual biological responses to therapies in vivo.  Understanding biological 

responses in tumors that might be different from responses in other tissues may 

identify better targets for the treatment of CRC.  With this goal in mind we sought 

to identify novel therapeutic targets that are altered in response to celecoxib 

treatment in primary human rectal tumors in vivo.  Through this screen we have 

identified gene expression changes previously undescribed in colorectal tumor 

biology.  Importantly, we found a novel potentially COX-2 regulated gene, Four 
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jointed box 1, that was down-regulated after celecoxib treatment, and that 

contributes to tumor angiogenesis.   

Materials and Methods 

Ethics statement 

Human tissues used for microarray analysis were collected and annotated 

according to established protocols and approved by the appropriate Institutional 

Review Boards (IRB) at the Moffitt Cancer Center (MCC) and Vanderbilt 

University (VUMC) (GSE17536 and GSE17537).  Written informed consent was 

obtained from all patients prior to inclusion in the studies. De-identified human 

rectal tumor tissue for immunohistochemistry was obtained with VUMC IRB 

approval.  All murine experiments were approved by the Vanderbilt Institutional 

Animal Care and Use Committee and performed in accordance with the 

standards of the Association of Assessment and Accreditation of Laboratory 

Care (AAALAC).   

Analysis of human-expression profiling  

Tissue preparation, quality control, RNA isolation, and hybridization were 

performed as previously described [51]. The raw .CEL files of platform Affy 133 

plus 2 from MCC and VUMC were combined and pre-processed using the robust 

multi-array average (RMA) expression measure with quantile normalization 

method. The Bioconductor package Affy 

(http://www.bioconductor.org/packages/release/bioc/html/affy.html) was 

employed.  Affyprobeset 219522_at was used to compare gene expression 

http://www.bioconductor.org/packages/release/bioc/html/affy.html
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levels of FJX1 between different stages of colon cancer with Wilcoxon rank-sum 

test. Kaplan-Meier estimates for disease free and overall survival from 191 stage 

I-III colon cancer patients were generated using R software (http://www.r-

project.org). Patients were classified as FJX1 high and low expression groups 

based on a median expression value cut-off using probeset 219522_at and the 

log rank test was applied to determine significance. 

Celecoxib sub-group statistical analysis 

The celecoxib treatment protocol was previously described [10].  Raw 

gene expression data (.CEL files, Affymetrix 133 plus 2 array platform) from 16 

patient biopsies taken pre- and post- celecoxib treatment (32 tissue samples 

total), were preprocessed and normalized, as above, and expressed in log2 

format. The bioconductor limma package was employed for array data analysis 

(http://www.bioconductor.org/packages/release/bioc/html/limma.html).  A 

moderated paired t-test was used to select one hundred fifty-nine probes based 

on a cutoff p-value <0.01 (un-adjusted).  The 159 probes were next imported into 

Ingenuity Pathway Analysis (IPA®, www.ingenuity.com) and analyzed for 

network enrichment by mapping to the IPA global molecular network by 

knowledge-based connectivity. 

 RNA extraction and qRT-PCR 

RNA was extracted using the Qiagen RNeasy Kit (Qiagen) per 

manufacturer's instructions.  qRT-PCR reactions analyzing FJX1 in human 

tumors were performed using superscript III reverse transcriptase (Invitrogen), 
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SYBR Green (SA Biosciences) and analyzed on an iCycler (Bio-Rad, Inc.).  

Primers used :  FJX1:  5ô-CGTGCTGGCACAGTAAAGAA-3ô and 5ô-

TTCAAAGTTCTGGGAGGACG-3ô or 5ô-AGCTGGTGGACCTAGTACAATGGA-3ô 

and 5ô-ACTGCAGGCTGAAGAGGTTGCTTA-3ô (Integrated DNA technologies 

(IDT)); 18S (SAbiosciences).  Relative fold change of expression was calculated 

by 2-ȹCt.   

Immunohistochemistry 

Eleven de-identified formalin fixed and paraffin embedded human 

colorectal tumor tissues were obtained from the Vanderbilt Ingram Cancer Center 

Tissue Acquisition and Pathology Core.  Slides were sectioned at 5ɛm thickness 

and processed as described [52] except slides were heated in 10 mM sodium 

citrate, pH6.0 instead of in 100 mM Tris. Partially purified anti-FJX1 antibody 

(rabbit polyclonal, 209) was applied at a dilution of 1:2000 and incubated 

overnight at 4°C. Slides were washed, incubated in 1:500 goat anti-rabbit 

antibody for 30 min., washed and incubated in avidin biotin complex (Vector Labs 

Elite ABC kit) for 30 min and washed. Color was developed in 3, 3ô 

diaminobenzidine (Vector Labs) and nuclei were stained with Gillôs #3 

hematoxylin (Sigma).  Images were taken on an Axioskop 40 upright light 

microscope (Carl Zeiss, Inc.).   
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Results 

Gene expression responses in human rectal tumors treated with celecoxib 

Inhibition of COX-2 activity in colon cancer patients by the selective 

inhibitor celecoxib showed early promise in prevention of disease progression 

until clinical trials were suspended in light of new evidence that use of the agent 

was associated with a high incidence of cardiac arrests [24,53].  We wanted to 

identify downstream therapeutic targets of COX-2 in CRC that might be used to 

bypass side effects associated with selective COX-2 inhibitors. To accomplish 

this, we extracted RNA from paired rectal tumor biopsies taken before and after 5 

day treatment with celecoxib (400mg taken twice daily; n=32 total biopsies; 16 

pre and 16 post-treatment) [10].  Efficacy of COX-2 inhibition was confirmed by 

demonstrating a significant decrease in patient urinary PGE-M levels post-

treatment [10].  Differential microarray analysis revealed 159 expression 

elements mapping to 136 human genes that were significantly altered after 

celecoxib treatment (Raw P value <0.01, Tables 1 and 2).  We conducted 

pathway enrichment analysis on the 136 known genes using a commercially 

available knowledge-based database. The collection of genes differentially 

expressed in the tumors before and after celecoxib treatment was significantly 

enriched in a network known to regulate hematological system development and 

function, cell death, and cellular growth and proliferation, (P < 0.005, Table 3).  

The analysis was supported by the presence of central nodes (defined as 

genes/complexes having at least four direct or indirect interactions with celecoxib 

regulated genes) within the network that are known regulators of inflammation 
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and cancer progression. These nodes included nuclear factor kappa B (NFkB), 

interleukin 1 (IL-1), and p38 mitogen-activated protein kinase (p38 MAPK).   

FJX1 mRNA and protein expression is increased in CRC and is associated with 

poor patient prognosis. 

One of the genes that exhibited decreased expression after celecoxib 

treatment and was present in the top network was four jointed box one (FJX1), a 

unique gene with no known function in tumor biology.   In silico analysis of FJX1 

mRNA expression in clinically annotated samples collected at Vanderbilt Medical 

Center (VUMC) and the H. Lee Moffitt Cancer Center (MCC) (Clinical 

information, Table 4) revealed that FJX1 mRNA is significantly increased across 

all stages of CRC as compared to normal colorectal tissue and colorectal 

adenomas (Figure 3A, stage 1, P < 0.02; stages 2, 3 and 4, P < 0.00001).  There 

was also a significant difference between FJX1 mRNA expression when stages 1 

and 2 were compared to stages 3 and 4 (P < 0.02), indicating that FJX1 

expression is further increased in more advanced stages of colon cancer.  

To validate our microarray findings, we conducted quantitative RT-PCR 

analysis for FJX1 mRNA and found FJX1 mRNA expression levels were between 

five- and seventy-fold higher in colon cancer tissues than in normal adjacent 

tissue from the same patient (Figure 3B, one-sided t-test P < 0.0004).  Next, we 

examined if FJX1 expression correlated with patient survival in a subset of stage 

I-III CRC patient samples from the VUMC and MCC colorectal cancer gene 

expression array datasets (n=191).  Samples were stratified into two groups 
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based on lower (n=95) and higher (n=96) than median expression of FJX1 and 

the relationship between sample FJX1 mRNA expression and patient survival 

was determined by Kaplan-Meier analysis.  In this retrospective analysis, patients 

with higher than median FJX1 mRNA expression had significantly worse disease-

free and overall survival as compared to those with lower FJX1 expression 

(Figure 3, C and D).  These data show that FJX1 mRNA expression is increased 

in human colorectal cancer and that higher expression in tumors is associated 

with worse patient outcomes.  

By immunohistochemical analysis of colorectal tumors and adjacent 

normal tissues, we found that FJX1 was expressed in eight of eleven tumors at 

moderate to high levels that varied across the tumor in most cases, while little to 

no FJX1 was detected in normal mucosa (Figure 4 and data not shown). In more 

differentiated tumors, FJX1 was primarily located in apical cytoplasm of the 

epithelial cells but was also found in basal cytoplasm in less well differentiated 

tumors and those with greater intensity of FJX1 immunoreactivity.  These data 

support that FJX1 protein levels are elevated in CRC tissue as compared to 

normal in concordance with elevated mRNA levels observed via microarray and 

qPCR data.     
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TABLE 3:  The top network from Ingenuity Pathway analysis of 

celecoxib regulated genes includes known inflammatory targets and FJX1.  

Gene symbol and name of the genes found in the top network after IPA analysis 

of celecoxib regulated genes.   * Indicates central nodes. 

Gene 
Symbol Gene Name 

BCL11A B-cell CLL/lymphoma 11A (zinc finger protein) 

COL24A1 collagen, type XXIV, alpha 1 

COL5A1 collagen, type V, alpha 1 

CSNK2A1 casein kinase 2, alpha 1 polypeptide 

CXCL6 chemokine (C-X-C motif) ligand 6 (granulocyte chemotactic protein 2) 

ENO1 enolase 1, (alpha) 

ENPP1 ectonucleotide pyrophosphatase/phosphodiesterase 1 

ERCC1 
excision repair cross-complementing rodent repair deficiency, 
complementation group 1 (includes overlapping antisense sequence) 

FJX1 four jointed box 1 (Drosophila) 

FKBP10 FK506 binding protein 10, 65 kDa 

FKBP1A FK506 binding protein 1A, 12kDa 

FRZB frizzled-related protein 

GJB2 gap junction protein, beta 2, 26kDa 

HYOU1 hypoxia up-regulated 1 

ITCH itchy E3 ubiquitin protein ligase homolog (mouse) 

JUN jun proto-oncogene 

MAP2K5 mitogen-activated protein kinase kinase 5 

OSBPL2 oxysterol binding protein-like 2 

PCBP2 poly(rC) binding protein 2 

PPME1 protein phosphatase methylesterase 1 

UNC5B unc-5 homolog B (C. elegans) 

WNT5A wingless-type MMTV integration site family, member 5A 

YPEL1 yippee-like 1 (Drosophila) 

CN* Calcineurin proteins 

hCG* Chorionic Gonadotropin 

IL1* Interleukin 1 

LDL* Beta Lipoprotein, Low density lipoprotein, Oxidised LDL 

NFkB* nuclear factor kappa beta 

P38 MAPK* P38 Mitogen-activated protein kinase 

PDGF BB* Platelet-Derived Growth Factor 
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Table 4.  Patient Sample Demographics, Pathology and Clinical Follow-up 

data.  The numbers of patient samples used in this study are broken down by 

demographic, pathologic and clinical follow up characteristics.  The celecoxib 

treatment cohort consists of 16 matched pairs of samples (pre-treatment and 

post-treatment) and was used to identify FJX1 as a celecoxib responsive gene 

element. VUMC and MCC are publicly available datasets of fresh tumor biopsies 

from newly diagnosed CRC cases which had received no prior treatment and 

were used for establishing the association between FJX1 expression and AJCC 

stage and clinical outcome.  Pre-treatment celecoxib samples were included in 

the VUMC dataset.   The proportion of patient samples correlated with each 

demographic, pathologic and clinical characteristic is given in parenthesis.  N/A = 

Not Applicable. 

 

 Celecoxib 
Treatment   VUMC + MCC 

Total number of 
patients  N=16    N=250  

Mean age  +/- SD   
 60.0 +/- 

10.00     65.0 +/- 13.26   

Male  8 (50.0%)   132 (52.8%)   

Stage I   4 (25.0%)    33 (13.2%)   

Stage II  4 (25.0%)   76 (30.4%)   

Stage III     8 (50.0%)    82 (32.8%)   

Stage IV  0 (0.0%)    59 (23.6%)   

Median follow-up 
(months)   N/A 42.7 

Deaths   N/A  84 (33.6%) 

Caucasian     14 (88.0%)   215 (86.0%) 

African-American   2 (12.0%)    15 (6.0%)   

Unknown/Other    0  20 (8.0%)   
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Figure 3.  FJX1 mRNA expression is upregulated in CRC and is associated with 

poor patient prognosis.  (A)  Normalized microarray-based signal intensity from FJX1- 

specific mRNA across 250 carcinoma and 16 normal CRC tissues.  Significance was 

determined by Wilcoxon rank sum test as compared to normal.  *P < 0.02; **P < 

0.00001.  N = normal; S1, S2, S3, and S4 = stage 1, 2, 3, and 4 respectively; all = 

stages 1-4.  (B)  Log2 fold change of FJX1 specific mRNA in tumor tissue as compared 

to matched normal adjacent tissue as determined by qPCR.  Datapoints represent the 

mean calculated values of four technical replicates/patient.  Significance was determined 

using a one sample t-test.  (C/D) Kaplan-Meier estimates relative to (C) disease free 

survival (c index 0.75) and to (D) overall survival (c index 0.57) for CRC patients (stages 

1-3, n=191) separated into lower than median (solid line, n=95) and higher than median 

(dashed line, n=96) FJX1 mRNA expression groups.  Significance was determined by 

Log-rank test. 
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Figure 4.  FJX1 protein expression is elevated in rectal tumors.  (A)  FJX1 

(brown) is detected at a high level in apical cytoplasm of a well-differentiated 

rectal tumor.  (B)  Nearby adjacent normal epithelium is negative for FJX1.  (C) A 

rectal tumor with low to moderate expression has FJX1 present mostly apically 

but occasionally basally.  (D)  In a rectal tumor showing loss of cellular polarity, 

FJX1 is located throughout the cytoplasm of most cells.  Nuclei are 

counterstained in blue.  Arrows indicate apical FJX1 localization; arrowheads 

indicate basal FJX1 localization.  Scale bar = 50 µm. 
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Discussion 

FJX1 expression is increased in CRC and associated with poor patient prognosis 

 NSAIDs, which inhibit COX activity, are one of the most widely used 

classes of drugs, and numerous studies have shown their efficacy in limiting both 

tumor formation and progression.  COX-2 selective NSAIDs were developed in 

the hopes of bypassing gastrointestinal side effects commonly associated with 

the extended use of non-selective NSAIDs.  However, the discovery that 

selective COX-2 inhibitors pose severe cardiovascular risk has driven the field to 

look for alternative solutions.  To address this problem we performed microarray 

analysis on human rectal tumors before and after treatment with the selective 

COX-2 inhibitor, celecoxib.  Pathway analysis of the genes altered after 

treatment revealed a network involved in regulation of hematological system 

development and function, cell death, and cellular growth and proliferation.  

Included in this network were genes that are known regulators of inflammation 

and cancer progression, including genes encoding nuclear factor kappa B 

(NFkB), interleukin 1 (IL-1), and p38 mitogen-activated protein kinase (p38 

MAPK).  To our knowledge, this is the first experiment analyzing the biological 

mechanism of COX-2 inhibition in actual human tumors in vivo.  These gene 

changes provide a basis for further exploration not only into relevant alternative 

therapeutic targets in vivo, but also to the alterations of genes potentially involved 

in cardiovascular homeostasis that are altered upon COX-2 inhibition.   
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Of those genes present in the top network was FJX1, a unique gene that 

was previously uncharacterized in cancer biology.  In a large CRC microarray 

dataset, we found FJX1 mRNA levels increased in concordance with the 

progression from normal tissue through later stages of cancer.  In freshly 

prepared samples we confirmed that FJX1 mRNA and protein was increased in 

tumor tissue compared to normal adjacent.  The association between high FJX1 

expression and poor patient prognosis supports the hypothesis that FJX1 is an 

oncogene in CRC.  Further, the identification of FJX1 as a putative COX-2 

regulated gene suggests it could be a relevant therapeutic target.   A biological 

basis for these observations will be further discussed in the next chapters. 
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CHAPTER III. 

DEVELOPMENT OF FJX1 SPECIFIC VECTORS, ANTIBODIES AND 

CHARACTERIZATION OF RECOMBINANT FJX1 IN VITRO.   

Introduction 

 We identified Four jointed box 1 (FJX1) as a candidate oncogene in CRC 

as it was inhibited in rectal tumors in response to celecoxib treatment, and its 

expression is increased in CRC compared to normal tissue.  FJX1 is the human 

ortholog of four jointed (fj) in Drosophila.  In the fly, fj is a Golgi-associated kinase 

that contributes to planar cell polarity (PCP), limb development, and wing 

development [54-58].  Wingless, Jak/Stat, Notch, and Fat signaling have been 

shown to influence fj expression, and fj in turn can regulate expression of notch 

ligands, wingless, and fat [54,58,59].  Phenotypes observed upon abnormal 

expression of fj have been largely attributed to the ability of fj to phosphorylate 

specific cadherin residues on two large atypical cadherins, dachsous (ds) and fat 

(ft) [57,60,61].  Initial experiments identified amino acids 490-492 (DNE) as being 

required for fj kinase activity, while later experiments demonstrated mutation of 

amino acid 490 (D) alone was sufficient to lose kinase function [57,61].  

Together, ft, ds, and fj influence growth through the Hippo-warts pathway, and  

PCP through a pathway which likely lies in parallel to frizzled/starry night 

signaling [62].   

Mammalian FJX1 has been far less studied that fj.  Murine FJX1 is highly 

expressed throughout the central nervous system and in several epithelial 
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structures during development, including the gut [63,64].  FJX1 knockout mice 

are viable and fertile. However, they display a neuronal defect characterized by 

an increase in dendrite length or a decrease in dendrite arborization [65].  One 

report has suggested that FJX1 is influenced by Notch signaling, citing the 

observation of increased FJX1 promoter activity after transfection with Notch1, 2, 

or 3 [63] but we have failed to reproduced these results in our laboratory (data 

not shown). 

As noted above, Drosophila fj is a kinase that phosphorylates specific 

cadherin residues on the large atypical cadherins ft and ds [57,61].  Sequence 

alignment of fj and various species, including mouse, rat, and human show 

complete conservation of all three residues (Figure 5).  Further, McNeill and 

colleagues have provided some data that the ft/ds/fj cassette may be conserved 

in mammals [66].  Sequence analysis of the mammalian ft and ds homologues 

show highest conservation between Fat4 and ft, and between Dachsous (Dchs1) 

and ds [66].   Upon genetic deletion of Fat4 various PCP defects are observed, 

as well as an increase in FJX1 mRNA [66] .  Further, the combined deletion of 

FJX1 and Fat4 has an additive cystic kidney phenotype that is more severe than 

defects observed in either single mutant animal [66].   

At the onset of these studies, there were no commercially available FJX1 

expression vectors or FJX1-specific antibodies.  Here we describe our 

recombinant versions of FJX1, Fat4, and Dchs1 and their transient or stable 

expression in various cell lines.  We also describe the generation of multiple 

FJX1 specific antibodies and their characterization in enzyme-linked 
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immunoassays (ELISA), immunoblotting, and immunofluorescence.    
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Human      309   LFSLQWDPRVMQRATSNLHRG-PGGALVFLDNEAGLVHGYRV   349 
Mouse         309   LFSLQWDPRVMHRATSNLHRG-PGGALVFLDNEAGLVHGYRV   349 
Rat              419   LFSLQWDPRVMHRATSNLHRG-PGGALVFLDNEAGLVHGYRV   459 
Drosophila  460    LYNFQWNADIMAAPAHNLARQSASQLLVFLDNESGLLHGYRL   501 

 

Figure 5.  Sequence alignment of human, mouse, and rat FJX1 with 

Drosophila fj.  Residues identified in Drosophila as being essential for kinase 

activity, which are conserved in mammals, are highlighted in yellow. 
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Materials and Methods 

Plasmid construction and generation of stable lines. 

Full length human FJX1 cDNA (hFJX1) was obtained from the Vanderbilt 

University Genome Science Shared Resource (clone id 5482332).  hFJX1 was 

MYC tagged (hFJX1MYC) at the C terminus using the primers 5ô-

GATCGAATTCGGGAGCATGGGCAGGAGGATG-3ô and 5ô-

CTAATGCAGATCCTCTTCTGAGATGAGTTTTTGTTCAGTCCCAGACCGGCGG

CCGTAC-3ô , cloned into the EcoRV site of pIRES-EGFP (Clontech), and 

subcloned into the EcoRI site of pcDNA3.1 zeo (Invitrogen).  HEK293T cells 

were transfected with pcDNA3.1 or pcDNA3.1 hFJX1MYC using Effectene 

(Qiagen) per manufacturerôs instructions and stable polyclonal populations 

HEK293TPC and HEK293TPCFJX1 were selected using 200 ug/mL zeocin 

(Invitrogen).  hFJX1 cDNA was FLAG tagged (hFJX1FLAG) at the C terminus by 

PCR amplification with the primers 5ô- 

GATCGAATTCGGGAGCATGGGCAGGAGGATG-3ô and 5ô-

GATCCTCGAGAGTCCCAGACCGGCGGCCGTAC-3ô and cloned into the 

EcoR1 and Xho1 sites of pCMV4a (Stratagene).  hFJX1 cDNA was also mutated 

at amino acids 338 (aspartate, D) and 340 (glutamate, E) to alanine and FLAG 

tagged at the C terminus (hFJX1DEFLAG).  Two separate PCR reactions were 

performed on hFJX1 cDNA using the primers: A) 5ô-TAT ACT CGA GAG TCC 

CAG ACC GGC GGC CG-3ô and 5'-CTG GTC TTT CTG GCC AAT GCG GCG 

GGC TTG GTG-3' or B) 5ô: 5ô-GAT CGA ATT CGG GAG CAT GGG CAG GAG 

GAT G-3 and 5'-CAC CAA GCC CGC CGC ATT GGC CAG AAA GAC CAG-3'.  
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The products of reactions A and B were then set up in another PCR reaction 

using primers 5ô-GAT CGA ATT CGG GAG CAT GGG CAG GAG GAT G-3ô and 

5ô-TAT ACT CGA GAG TCC CAG ACC GGC GGC CG-3ô to engineer  5ô EcoRI 

and 3ô XhoI sites.  Purified PCR products were cloned into the EcoRI and XhoI 

sites of pCMV4a.  hFJX1MYC, hFJX1FLAG, and hFJX1DEFLAG were 

subcloned into the EcoRI site, EcoR1/Sgf1 sites, and EcoR1/Sgf1 sites 

respectively of LZRS-MS-GFP (gift of Dr. Al Reynolds).  HEK293T Phoenix cells 

were transfected with LZRS-MS-GFP, LZRS-MS-GFP hFJX1MYC, LZRS-MS-

GFP hFJX1FLAG or LZRS-MS-GFP hFJX1DEFLAG using effectene.  At 48 and 

72hrs post transfection, viral supernatant containing 5 ug/mL hexadimethrine 

bromide (Sigma Aldrich) was filtered (0.45 micron) and added to target cells 

(LZRS-MS-GFP, LZRS-MS-GFP hFJX1MYC to CACO2, KM12C, SW480; LZRS-

MS-GFP, LZRS-MS-GFP hFJX1FLAG, or LZRS-MS-GFP hFJX1DEFLAG to 

SW480, HMEC-1 and HEK293T) for 4-8hrs.  Stable polyclonal populations were 

obtained via flow cytometry.  Nucleotides 1-1170 of Dachsous1 (represents 

cadherins 1-3, amino acids 1-390) were amplified from HEK293T RNA using the 

primer 5ô CGT ACT CGA GCT GGG CAC TTA TAC TGG CAG C 3ô, purified, 

then re-amplified with 5ô- GCA TGA ATT CAT GCA GAA GGA GCT GGG CAT 

TG -3ô and 5ô- CGT ACT CGA GCA CAG AGA TGC GAG CAA CGA GC- 3ô to 

engineer EcoR1 and XhoI sites at the 5ô and 3ô termini respectively.  The purified 

PCR product was cloned into the EcoR1 and XhoI sites of pCMV4a to create a C 

terminal FLAG tag, hDachsousFLAG.  Nucleotides 1-1075 of FAT4 (represents 

cadherins 1-3, amino acids 1-358) were amplified from HEK293T RNA using the 
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primer 5ô CGT ACT CGA GGG ACC GGG TAG AAG ACA GGG C-3ô, purified, 

then re-amplified with GCA TGA GCT CAT GGA CTT AGC ACC AGA CAG G-3ô 

and 5ô-CGT ACT CGA GGG AAG TAG CGG AAC TTC ACT ACC G-3ô to 

engineer SacI and XhoI sites at the 5ô and 3ô termini respectively.  The purified 

PCR product was cloned into the SalI site of pCMV4C to create a C terminal 

FLAG tag, hFAT4FLAG.   

Cell culture 

HEK293T, HEK293T Phoenix, HCT116, HCT8, CACO2, LS174T, HCA7 

and SW480 (ATCC) were cultured in RPMI 1640 (Gibco) with 10% FBS (Atlanta 

Biologicals), 100U/mL pen/strep (Gibco), and 100U/mL L-glutamine (Gibco) at 37 

oC with 5% CO2.  HMEC-1 cells (F. Candl, Center for Disease Control) were 

cultured in MCDB131 (Gibco), supplemented with 10% FBS, 10ng/mL epidermal 

growth factor (Becton-Dickson), 100U/mL L-glutamine (Gibco), and 1ɛm/mL 

hydrocortisone (Sigma Chemical). KM12C (Gift of Dr. Isiah Fidler) [67] were 

cultured in MEM (Gibco) with 10% FBS (Atlanta Biologicals), 100U/mL pen/strep 

(Gibco), 100U/mL L-glutamine (Gibco), sodium pyruvate (Gibco), non-essential 

amino acids (Gibco) and MEM vitamins (Gibco). YAMC cells (Gift of Bob 

Whitehead) were cultured in RPMI supplemented with 5% FBS (Atlanta 

Biologicals), 100U/mL pen/strep (Gibco), 100U/mL L-glutamine (Gibco), ITS 

(Gibco) and 5U/mL gamma interferon (Roche) at 33 oC with 5% CO2.   

Immunological detection methods and reagents 

Generation of FJX1-specific antibodies:  
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FJX1 peptide antibody (Covance, rabbit peptide).  The peptide sequence Ac-

CVFRERTARRVLE-amide (corresponding to amino acids 364-376) was used for 

immunization of 4 rabbits (156, 157, 158, 159), in collaboration with Covance.  

Antibody from 158 serum was affinity purified using an affinity purification column 

made from the immunization peptide (Thermo Scientific, 44999) 

FJX1 recombinant protein antibody (Covance rabbit polyclonal).  Nucleotides 

352-1314 of human FJX1 were amplified by PCR (5ô-

GATCGAATTCGTGCACGGGGGCGTCTTCTGG-3ô and 5ô-

GATCGTCGACCTCCCGGTGACACTAAGTCCCAGAC-3ô), cloned into the 

EcoRI and SalI sites of pET44A (Novagen) and transformed into BL21-codon 

plus (DE3)-RIL (Stratagene).  Transformed cells were treated with isopropyl ɓ-D-

1-thiogalactopyranoside to produce recombinant HIS tagged FJX1 protein.  

Recombinant HIS-FJX1 was purified using Ni-NTA beads (Invitrogen) under 

denaturing conditions, eluted with 2M pH = 3.0 glycine buffer, and dialyzed 

before immunization in rabbits (208, 209) in collaboration with Covance, Inc.   

208 and 209 sera have been effective in western blotting, ELISA and 

immunofluorescence.  Partial purification of 209 serum using G protein coupled 

column (Pierce) enabled its use in immunohistochemistry.    

ELISA:  Sub-confluent cell lines were cultured in serum-free conditioned media 

for 24 hours before collection (5mL/60cm2).  Conditioned media was spun at 300 

x g for five minutes to pellet debris, and then transferred to a fresh tube.  100uL 

of conditioned media/well of a 96 well plate (COSTAR 3590) was incubated 

overnight at 4oC.   Plates were washed four times with PBST (PBS+1.0% 
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TWEEN).  Plates were blocked with 5% milk-PBST for one hour at room 

temperature and FJX1 antibody (208 or 209) diluted 1:1000 ï 1:5000 in 5% milk 

was incubated overnight at 4oC.  Plates were washed four times with PBST.  

Anti-rabbit secondary (Jackson Immunoresearch) was diluted 1:2500 in 5% milk-

PBST and incubated for 30 minutes at room temperature.  Plates were washed 

four times with PBST.  Reagent A and B (R and D systems, DY999) were mixed 

1:1 and 100uL was added per well for 20 min at room temperature.  The reaction 

was terminated by adding 50uL of 2NH2SO4 and plates were read at 450 nm with 

the reference set at 562 nm.   

Immunoblotting:  Cells were lysed in radio-immunoprecipitation assay (RIPA) 

buffer (150Mm sodium chloride, 1% Igepal, 0.5% sodium deoxycholate, 1% 

sodium dodecyl sulfate, 50mM Tris-Cl) supplemented with aprotinin, leupeptin, 

sodium orthovanadate, sodium fluoride, and phenylmethylsulfonyl fluoride before 

resolution by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).  FJX1 

peptide antibody:  Affinity purified 159 was diluted 1:1000 in 5% milk-PBST 

overnight at 4oC.  FJX1 polyclonal antibodies:  Whole serum from 208 and 209 

was diluted 1:3000 in 5% milk-PBST overnight at 4oC.  Commercial antibodies:  

ɓ-actin (Sigma Chemical, 5% milk-PBST 1:10,000), MYC 9E10 (Vanderbilt 

Monoclonal Antibody Core, mouse monoclonal, 5% milk-PBST 1:1000); Abcam 

FJX1 (5% milk-PBST 1:1000); Sigma FJX1 (5% milk-PBST 1:1000).  Anti-rabbit 

HRP and Anti-mouse HRP were diluted 1:5000 in 5% milk-PBST and incubated 

for 30 minutes at room temperature.  For de-glycosylation and de-

phosphorylation reactions, cells were lysed in RIPA without additional inhibitors.   
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Peptide N-Glycosidase F and Antarctic phosphatase (New England Biolabs) 

were used according to manufacturerôs protocols.      

Immunofluorescence: Cells were fixed in 4% paraformaldehyde for 15 minutes, 

blocked with 3% BSA-PBS , and incubated with primary antibodies:  MYC 9E10 

(Vanderbilt Monoclonal Antibody Core, 1:100); GM130 (BD Biosciences, 1:300); 

FJX1 (Abcam, 1:200).  Secondary antibodies were: anti-rabbit DyLight 488 and 

anti-mouse DyLight 594 (Jackson ImmunoResearch Laboratories, 1:100).  Nuclei 

were stained with 4',6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich).  Images 

were captured on an Axioplan 2 upright fluorescent microscope (Carl Zeiss).   

Cell proliferation 

Cell proliferation was determined from at least 3 biological replicates 

performed in triplicate at each time point using the Quick Cell Proliferation Assay 

Kit (Biovision) per the manufacturerôs instructions.  
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Results 

Characterization of FJX1 specific antibodies.   

Since there is a paucity of published information on FJX1 function in 

mammalian systems, we determined the cellular and biological effects of FJX1 

expression in human cell lines.  In collaboration with Covance, we derived 6 

rabbit polyclonal antibodies; 4 from immunization with a peptide (156-159) and 2 

from immunization with recombinant human FJX1 (208 and 209).  We stably 

expressed a C-terminally MYC tagged version of human FJX1 in human 

embryonic kidney cells, HEK93T, (HEK293TPCFJX1) for use in characterization of 

our antibodies as well as the vector alone for use as a control (HEK293TPC).  

Based on amino acid composition, the full-length human FJX1 protein (protein 

ID, NP_055159) has a predicted size of 48.5 kDa.  There is a potential signal 

sequence cleavage site after amino acid 24, that would predict a processed form 

of approximately 46 kDa (Figure 6A). In whole cell lysates from MYC-tagged 

FJX1 transfected HEK293TPCFJX1 cells, we consistently detect four FJX1 specific 

protein bands of approximately 48kDa, 46kDa, 40kDa, and 37 kDa sizes using 

the 208 polyclonal FJX1 antibody (Figure 6B, lane 2) and these bands matched 

the bands recognized by the commercially available anti-MYC antibody (Figure 

6C, lane 2).  Conditioned media from HEK293TPCFJX1 cells also contained 40kDa 

and 37 kDa FJX1-specific bands (Figure 6, B and C, lane 4) which is consistent 

with observations that both D. melanogaster four-jointed (FJ) and M. musculus 

FJX1 proteins are secreted [59,63]. 
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Figure 6. Stably expressed recombinant MYC-tagged FJX1 increases FJX1 

protein.  (A)  Schematic diagram of human FJX1 protein, with N-terminus (NH2) 

and C-terminus (CO2H) indicated.  SS indicates predicted signal sequence site 

after amino acid 24.    Approximate locations of predicted phosphorylation (P), N-

linked (N) and O-linked (O) glycosylation sites are shown.  Antigenic region (solid 

line, amino acids 118-437) used to generate recombinant FJX1 sequence is 

underlined.  (B, C)  Matched immunoblots of HEK293T whole cell lysate (lanes 1, 

2) or conditioned media (lanes 3, 4) stably expressing vector (lanes 1,3) or MYC-

tagged FJX1 (lanes 2,4) probed with  (B) Anti FJX1 or (C) Anti MYC.  ɓ-actin 

served as the loading control.   
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Figure 7. FJX1 antibodies in immunoblotting.  For all panels lane 1 = 

HEK293TVEC whole cell lysate, 2 = HEK293TPCFJX1 whole cell lysate, 3 = 

HEK293TVEC conditioned media, and 4 = HEK293TPCFJX1 conditioned media.  

Immunoblots were probed with FJX1 antibodies as notes.  ɓ-actin served as the 

loading control. 
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Similar to the polyclonal 208 antibody, the polyclonal 209 antibody 

detected the same bands in HEK293TPCFJX1 whole cell lysate and conditioned 

media, while the peptide antibodies only recognized secreted FJX1 (Figure 7 and 

data not shown).  More recently, several commercially available FJX1 antibodies 

were developed, and we tested one from Abcam and one from Sigma.  

Interestingly, the Abcam antibody only detected intracellular FJX1, and neither 

the Abcam nor the Sigma antibodies detected secreted FJX1 (Figure 7).   

Both polyclonal FJX1 antibodies (208 and 209) were able to detect 

secreted FJX1 from HEK293TPCFJX1 conditioned media in an ELISA (Figure 8).  

The increase in signal intensity nicely correlated with the amount of conditioned 

media (Figure 8).  Serum from animal 208 gave the best signal to noise ratio, and 

was used for subsequent experiments.  

Finally, we tested the ability of the polyclonal antibodies in 

immunofluorescence.  Patterns of FJX1 expression in the HEK293TPCFJX1 cells 

were similar using 208, 209, MYC and Abcam-FJX1 antibodies (Figure 9).  The 

Abcam FJX1 antibody gave the most robust signal.  We confirmed the specificity 

of FJX1 staining by showing co-localization with MYC staining in HEK293TPCFJX1 

cells (Figure 10, panels i-iii).   
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Figure 8.  FJX1 antibodies detect secreted recombinant FJX1 in 

ELISA.  Absorbance representing detection of secreted FJX1 in conditioned 

media from vector (VEC) or FJX1 MYC (FJX1) stably transduced HEK293T cells 

using antibodies from rabbits 208 (A) and 209 (B).    
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Figure 9.  FJX1 antibodies in immunofluorescence.   Representative FJX1 staining in 

HEK293TPCFJX1 cells using the following antibodies:  (A) MYC (B) Abcam FJX1 (C) 208 

pre bleed (D) 208 bleed 1 (E) 208 bleed 2 (F) 209 pre bleed (G) 209 bleed 1 (H) 209 

bleed 2.  Pre-bleeds (animal bleeds before antigen immunization, C and F) served as 

negative controls.   
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Recombinant FJX1 localizes to the Golgi apparatus and is glycosylated and 

phosphorylated in both the cellular and the secreted form. 

Studies by Strutt and colleagues have shown that D. melanogaster fj 

protein localizes to the Golgi apparatus [56].  Using the Abcam FJX1 antibody to 

track the intracellular pool of FJX1 in HEK293TPCFJX1 we found it co-localized with 

the Golgi marker GM130 (Figure 10, panels iv-vi).  Based upon amino acid 

sequence, various post-translational modifications are predicted for FJX1 protein, 

including two putative N-glycosylation (amino acids 248 and 277), one O-

glycosylation (amino acid 53), and thirteen potential phosphorylation sites (Figure 

6A).  It was previously reported that the majority of exogenously expressed 

mouse Fjx1 in HEK293T cells is a secreted protein that is sensitive to digestion 

with endoglycosidase H [63].  We extended this analysis by treating whole cell 

lysate and conditioned media from HEK293TPCFJX1 cells with peptide N-

glycosidase F (PNGaseF), which cleaves all polysaccharide moieties; and 

antarctic phosphatase, which removes phosphorylation groups.  Treatment with 

PNGaseF resulted in a relatively uniform increase in gel electrophoresis mobility,  

corresponding to an approximate 5kDa decrease in size, with the upper double 

band collapsing into a single species (46-48kDa to 41kDa; 40kDa to 35kDa; 

37kDa to 32kDa) suggesting that all forms of recombinant, MYC-tagged FJX1 

are N-glycosylated (Figure 10, B and C, lane 1 vs. lane 3).  Phosphatase 

treatment alone failed to significantly alter mobility of FJX1, possibly due to 

masking of any subtle shift by the larger effect of protein glycosylation (Figure 10, 

B and C, lane 1 vs. lane 2).  Treatment of lysates and conditioned media with 
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both PNGase F and phosphatase resulted in the 40kDa and 37 kDa bands 

collapsing into one band, suggesting that FJX1 is phosphorylated (Figure 10, B 

and C, lane 1 vs. lane 4).  Thus, recombinant MYC-tagged FJX1 behaves 

similarly to recombinant forms of the protein that have been described in both D. 

melanogaster and in M. musculus. 

After determining the accuracy of the FJX1 antibodies we next screened 

various cell lines for endogenous FJX1 expression.  Surprisingly, we failed to 

detect secreted endogenous FJX1 in either normal (HEK293T, YAMC, HMEC-1, 

HUVEC, MCF10A, RAW264.7, MCT, HT-22) or cancerous lines (SW480, 

SW620, HT29, HCT116, HCA7, KM12C, HCT8, DKO1, DLD1, MCF7, 

MDMB468, CAD, HL60, BXPC3, PANC1) (Figure 11 and 12 and data not 

shown), even when conditioned media was concentrated at least 30 fold (Figure 

11C).  Conversely, we were able to detect endogenous FJX1 in conditioned 

media from primary rat hippocampal neurons by both ELISA (Figure 11, A and B) 

and immunoblot (Figure 12). We did occasionally observe bands that migrated 

similarly to the smaller secreted forms of recombinant FJX1 in whole cell lysate 

from some CRC cell lines (Figure 12).  However these bands were very faint and 

RNA levels as determined by qPCR were very low (data not shown).  Further, 

although we confirmed FJX1 specific siRNA inhibited FJX1 at the mRNA level, 

we observed no changes in FJX1 protein banding pattern in whole cell lysates in 

one such cell line, SW480 (Figure 13 and data not shown).    
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Figure 10.  Recombinant FJX1 is glycosylated, phosphorylated, and 

localizes to the Golgi apparatus in HEK293T cells.  (A) Representative 

fluorescent images of HEK293T FJX1 cells dual stained for FJX1 (i, green) and 

MYC (ii, red) or FJX1 (iv, green) and the Golgi marker, GM130 (v, red).  Nuclei 

were stained with DAPI (blue).  Respective merged images are shown (iii, vi).  

Scale bar = 100 mm. FJX1-specific immunoblots using (B) whole cell lysate 

(WCL) or (C) conditioned media (CM) from HEK293T FJX1 cells with (+) and 

without (-) treatment with PNGaseF and/or antarctic phosphatase.   
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Figure 11.  FJX1 ELISA detects recombinant human FJX1 and endogenous 

rat FJX1.  (A-C).  Absorbance representing FJX1 specific signal in conditioned 

media from cell cultures as labeled.  Each data point represents a technical 

replicate.  Samples in (C) were concentrated ~30X. 
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Figure 12. Endogenous and recombinant expression of FJX1 in various cell 

lines.  Representative FJX1 protein immunoblots of conditioned media (CM) or 

whole cell lysate (WCL) from various cell cultures.  Note, all WCL were run on 

the same gel but cropped for ordering purposes.  VEC = vector and FJX1 = FJX1 

stable transduction respectively.  Anti-ɓ-actin served as loading controls for WCL.   
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Because FJX1 expression was lost when CRC cells were established as 

cell lines, we used expression vectors to test the biological function of FJX1 in 

cancerous cells. We expressed the C-terminal MYC-tagged version of human 

FJX1 in the CRC lines SW480, KM12C, and CACO2.  Similar to what we 

observed in the HEK293TPCFJX1 cells, SW480FJX1MYC whole cell lysates exhibited 

FJX1-specific bands of approximately 46kDa, 40kDa, and 37kDa, with additional 

bands migrating at 80kDa and 75kDa; again proteins corresponding to the 

smallest two peptides were secreted (Figure13, A and B).  All of these forms 

detected in SW480FJX1MYC whole cell lysate and conditioned media were ablated 

upon treatment with siRNA specific to FJX1.  Since no alteration in banding 

pattern was observed in SW480VEC whole cell lysate after FJX1 siRNA treatment, 

we conclude that endogenous levels of FJX1 are either absent, or low enough to 

preclude detection by immunoblotting in these cells.  Expression of FJX1 protein 

in both whole cell lysate and conditioned media from CACO2FJX1MYC and  

KM12CFJX1MYC was also confirmed (Figure 14).  Estimations of cellular 

proliferation in the presence or absence of serum showed no significant 

difference between vector and MYC-tagged FJX1-transduced cell lines in vitro 

(Figure 15, A and B, and data not shown).    
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Figure 13. Stably expressed recombinant MYC-tagged FJX1 increases FJX1 

protein in SW480 colon cancer cells. VEC = SW480VEC.  FJX1 = 

SW480FJX1MYC.   (A) Whole cell lysate or (B) conditioned media from cells treated 

with scrambled control oligonucleotide (siSCR) or FJX1 targeted (siFJX1) RNAi.  

Anti-ɓ-actin and Coomassie stain served as loading controls for A, and B 

respectively.  Solid arrow indicates FJX1 species detected only in whole cell 

lysate, dashed arrows indicate FJX1 specific secreted forms.   
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Figure 14. Stably expressed recombinant MYC-tagged FJX1 increases FJX1 

protein in colon cancer cells.  Representative FJX1 protein immunoblot of 

whole cell lysate (WCL) and conditioned media (CM) from vector (-) or FJX1 (+) 

transfected CACO2 and KM12C cell lines.  Anti-ɓ-actin and Coomassie stain 

served as loading controls for WCL and CM respectively.   
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Figure 15.  Stably expressed recombinant MYC-tagged FJX1 does not affect 

cellular proliferation in vitro.   (A, B) Representative experiments of 

metabolized WST-1 reflecting an estimation of cellular proliferation over 5 days in 

(A) HEK293T and (B) SW480 cells stably expressing either empty vector (VEC) 

or MYC-tagged FJX1 (FJX1) grown in 0% or 10% serum as indicated.  The mean 

values of replicates are graphed with bars indicating the standard deviation. 
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 Construction of Fat4, Dchs1 cadherin constructs and mutant FJX1. 

Drosophila fj is a kinase that phosphorylates specific cadherin residues on 

the large atypical cadherins, ft and ds [57,61].  In mammals there are two ds 

homologues, (Dchs1 and Dchs2) and four ft homologues (Fat1-4), with Dchs1 

and Fat4 exhibiting the most sequence homology to their respective Drosophila 

counterparts.  We aligned the cadherin domains between Dchs1 and ds and 

found that cadherin domain 3 of human Dchs1 has a conserved serine residue 

that has been identified as a fj target [57].  Similarly, comparison of Fat4 and ft 

revealed that cadherin domains 3 and 13 both have a conserved serine residue.  

In the fly, subtle but distinct mobility shifts are observed when ft and fj or ds and fj 

are co-expressed.  We thus generated FLAG-tagged versions of each protein 

that contained the first 3 cadherin domains (Fat4cad1-3 or Dchs1cad1-3) and 

transiently expressed them in HEK293TVEC and HEK293TPCFJX1 cells.  Since 

these constructs represent extracellular portions of Fat4 and Dchs1 that lack the 

transmembrane region, they were readily detectable in conditioned media using 

the anti-FLAG antibody (Figure 16).   We detected no altered mobility of either 

Fat4cad1-3 or Dchs1cad1-3 in the presence of FJX1 (Figure 16).   Co-expression of 

FJX1 and Dchs1cad1-3 may have caused a slight decrease in Dchs1cad1-3 

expression, however further experimentation will be required to determine if 

Dchs1cad1-3   levels are actually altered in the presence of FJX1.   

 In Drosophila, mutation of all three amino acids 490-492 (DNE) or single 

mutation of amino acid 490 completely abolished fj kinase activity [57,61].  

Sequence alignment of fj and various species, including mouse, rat, and human 
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show complete conservation of these residues (Figure 5).  To test if mutation of 

these conserved residues altered FJX1 function in our assays, we engineered a 

recombinant C terminally FLAG- tagged version of human FJX1 with the 

conserved D and E amino acids mutated to A (FJX1FLAGDE) and expressed it in 

HEK293T, SW480, and HMEC-1 cells.  Immunoblot analysis showed similar 

expression levels between the mutant and wild-type versions of FJX1, however 

we noticed that mutant FJX1 was migrating slightly faster (Figure 17).  We 

hypothesized that the altered mobility could be due to a potential auto-

phosphorylation event, which has been observed in the fly [57], and would be lost 

upon mutation of a putative kinase sequence.  We treated conditioned media 

from the FJX1 and FJX1DE transduced HEK293T and SW480 cell lines with 

peptide N-glycosidase F (PNGaseF) and/or antarctic phosphatase.  Treatment 

with PNGaseF resulted in a relatively uniform increase in gel electrophoresis 

mobility for both wild-type and mutant FJX1, with an approximately 5kDa 

decrease in size suggesting that mutant FJX1 is N-glycosylated similarly to wild-

type (Figure 17).  Phosphatase treatment alone failed to alter mobility of both 

versions of FJX1 significantly, possibly due to masking of any subtle shift by the 

larger effect of protein glycosylation (Figure 17).  Treatment with both PNGase F 

and phosphatase resulted in wild-type FJX1 collapsing into one band, while 

mutant FJX1 remained a distinct doublet, suggesting that wild-type but not 

mutant FJX1 is phosphorylated (Figure 17).The relevance of this mutant to FJX1 

biological function in vitro will be discussed further in chapter IV.   
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Figure 16.  FJX1 does not alter Dchs1 or Fat4 cadherin constructs mobility 

in immunoblotting.  Representative FLAG immunoblot of conditioned media 

from HEK293TVEC (lanes 1 and 3) or HEK293TPCFJX1 (lanes 2 and 4) cells with 

(+) or without (-) transient transfection of (A) Dchs1cad1-3 or (B) Fat4cad1-3 .  

Ponceau staining served as a loading control.
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Figure 17.  Expression of mutant FJX1 in various cell lines.  (A) 

Representative FJX1 immunoblot of whole cell lysates from indicated cell lines 

stably transfected with vector control, wild-type FJX1 (FJX1 FLAG) or mutant 

FJX1 (FJX1DEFLAG). ɓïactin served as the loading control.  (B)  Representative 

FJX1 immunoblot of HEK293TFJX1FLAG , HEK293TFJX1FLAGDE , SW480FJX1FLAG and 

SW480FJX1FLAGDE conditioned media with (+) and without (-) treatment with 

PNGaseF (PF) and/or antarctic phosphatase (AA).   
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Discussion 

FJX1 is the mammalian homologue of drosophila fj, a kinase involved in 

body patterning and limb development.  Mouse studies have described the 

normal physiological expression pattern of FJX1 and its role in neuron formation; 

however little else is known about FJX1.  Despite microarray data demonstrating 

that FJX1 mRNA expression is increased in a variety of cancers, ours is the first 

to characterize expression of human FJX1 in vitro.  Due to the paucity of FJX1 

specific reagents, we developed several rabbit polyclonal antibodies using either 

a peptide sequence or a recombinant version of human FJX1 as the antigen.  Of 

the peptide antibodies (156-159) 159 proved to be useful in detecting secreted 

FJX1 via immunoblot.  The polyclonal antibodies (208 and 209) generated 

against recombinant FJX1 were by far superior, and were effective in ELISA, 

immunoblotting, and immunofluorescence.  These FJX1-specific antibodies 

allowed us to screen for endogenous FJX1 expression as well as characterize 

recombinant FJX1 localization and processing.  Surprisingly we failed to detect 

endogenous FJX1 in conditioned media from immortalized normal or cancerous 

cell lines, including those derived from breast, lung, colon, enodothelial, and 

neuronal tissue.  Conversely we were able to detect endogenous secreted FJX1 

from primary rat hippocampal neurons.  Loss of FJX1 expression in extensively 

cultured cells in vitro may be caused by a lack of paracrine interactions that are 

supported in vivo.   

We used our antibodies to characterize recombinant FJX1 expression and 

processing in vitro.  Like Drosophila fj [56], the intracellular pool of human FJX1 
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protein is found to localize to the Golgi apparatus.  We detected four to five 

distinct bands in cells transduced with recombinant FJX1, with the smaller two 

species also being detected in conditioned media.  In HEK293TPCFJX1 cells we 

showed that all four forms of FJX1 are glycosylated, while the secreted doublet 

collapses into a single species when both glycosylation and phosphorylation 

groups are removed.  The secreted forms of FJX1 likely occur from a cleavage 

event subsequent to the normal processing that removes the signal sequence, 

due to their size.  Additionally, a commercially available antibody from Abcam 

only detects the intracellular forms of FJX1.  Although the exact sequence used 

for rabbit immunization is proprietary (personal communication) it was confirmed 

that the region lies somewhere after the signal sequence but before amino acid 

80.  It will be interesting to determine where exactly FJX1 is cleaved, and which 

proteins are responsible for this processing.    

Drosophila fj is a kinase that phosphorylates specific cadherin residues on 

two large atypical cadherins fat and dachsous [57,61].  The three key residues of 

fj involved in kinase function (DNE) are completely conserved across multiple 

species, including mouse and human.  Mutation of the conserved aspartic acid 

within this region was sufficient to inhibit the biological function of fj [61].  

Additionally, the serine residues that fj phosphorylates on ft and ds [57] are also 

conserved in mammalian Fat4 and Dchs1.  Since Fat4 and Dchs1 are extremely 

large proteins (~5147 and 3298 amino acids respectively) we expressed smaller, 

recombinant versions that only contained domains surrounding the first 

conserved serine residue (Fat4cad1-3 or Dchs1cad1-3).  We were unable to observe 
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an obvious change in immunoblot mobility upon expression of Fat4cad1-3 in 

HEK293TPCFJX1 cells, however it appeared that there was some alteration in 

Dchs1cad1-3 abundance.  Further experiments will be needed to determine if the 

alteration in Dchs1cad1-3 is only at the level of protein expression, or if it is due to a 

change in post translational modification.  The addition of phosphatase treatment 

may help to clarify this point, but a more direct test will be to use fully 

recombinant versions in an in vitro kinase assay.  

Alternatively, we created a FLAG-tagged version of FJX1 in which the 

aspartic acid and glutamic acid residues in the putative kinase domain were 

mutated to alanine.  Interestingly, the smaller secreted forms of FJX1 differed in 

gel mobility upon mutation of these D and E residues.  It has been suggested 

that fj undergoes autophosphorylation in vitro [57], and thus we tested whether 

mutant FJX1 was phosphorylated or otherwise modified.  Both wild-type and 

mutant FJX1 were altered by glycosidase treatment, suggesting both forms 

undergo glycosylation.  While phosphatase treatment in combination with 

PNGase treatment of wild-type FJX1 results in the collapsing of FJX1 into a 

single band, mutant FJX1 did not show a mobility shift, suggesting mutant FJX1 

is not phosphorylated.  Unfortunately, due to the similarity in size of recombinant 

mutant FJX1, Fat4cad1-3 and Dchs1cad1-3 , and the fact that they are all FLAG-

tagged we were unable to test whether protein levels of Fat4cad1-3 or Dchs1cad1-3 

were altered in the presence of FJX1 wild-type as compared to the FJX1 DE 

mutant.  However, using MYC-tagged FJX1 expression in HEK293T cell, we 

found no evidence that specific domains of Ft and Dchs were phosphorylated.  It 
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may be that these cadherins require the full-length protein for correct regulation 

or it may be that they are not phosphorylated by FJX1 in all cells or species. 

Whichever the case may be, this negative result indicated that other studies were 

needed to understand FJX1 function in mammalian cells, particularly in CRC 

cells.    
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CHAPTER IV. 

FJX1 PROMOTES TUMORIGENESIS THROUGH INCREASED 

ANGIOGENESIS IN COLORECTAL CARCINOMA 

Introduction 

We identified FJX1 as a gene regulated by celecoxib inhibition in CRC.  

As discussed above, FJX1 is elevated at both the mRNA and protein levels in 

human CRC tissue, and high expression of FJX1 is associated with poor patient 

prognosis. Therefore, understanding its biological role in CRC may identify 

pathways and targets for more effective treatment of this disease.  The role of 

human FJX1 has not been biologically tested to date, however tumor gene 

expression analysis data have suggested a potential oncogenic role in a variety 

of cancers.  FJX1 gene amplification and increased mRNA expression have been 

observed in oral squamous carcinomas and in derived squamous carcinoma cell 

lines [68,69].  FJX1 mRNA expression is upregulated in ovarian tumor 

endothelial cells as compared to normal ovarian endothelial cells [70,71] and 

thus has been suggested as a candidate tumor vasculature marker in ovarian 

cancer [72].  Despite these observations of altered FJX1 mRNA expression in 

other cancers, the biological function of FJX1 and its effects on tumor 

progression are unknown.  Here we describe FJX1 as tumor promoter through its 

ability to enhance tumor angiogenesis. 
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Material and Methods 

Cell culture 

HEK293T, CACO2, and SW480 (ATCC) cells were cultured in RPMI 1640 

(Gibco) with 10% FBS (Atlanta Biologicals), 100U/mL pen/strep (Gibco), and 

100U/mL L-glutamine (Gibco) at 37 oC with 5% CO2.  HMEC-1 cells (F. Candl, 

Center for Disease Control) were cultured in MCDB131 (Gibco), supplemented 

with 10% FBS, 10ng/mL epidermal growth factor (Becton-Dickson), 100U/mL L-

glutamine (Gibco), and 1ɛm/mL hydrocortisone (Sigma Chemical). KM12C (Gift 

of Dr. Isiah Fidler) [67] were cultured in MEM (Gibco) with 10% FBS (Atlanta 

Biologicals), 100U/mL pen/strep (Gibco), 100U/mL L-glutamine (Gibco), sodium 

pyruvate (Gibco), non-essential amino acids (Gibco) and MEM vitamins (Gibco).  

Immunological detection methods and reagents 

Immunoblotting:  Cells were lysed in radio-immunoprecipitation assay 

(RIPA) buffer (150Mm sodium chloride, 1% Igepal, 0.5% sodium deoxycholate, 

1% sodium dodecyl sulfate, 50mM Tris-Cl) supplemented with aprotinin, 

leupeptin, sodium orthovanadate, sodium fluoride, and phenylmethylsulfonyl 

fluoride before resolution by SDS-polyacrylamide gel electrophoresis (SDS-

PAGE).   Whole serum from rabbit 208 was diluted 1:3000 in 5% milk-PBST 

overnight at 4oC.  Commercial antibodies:  ɓ-actin (Sigma Chemical, 5% milk-

PBST 1:10,000).   Anti-rabbit HRP and Anti-mouse HRP were diluted 1:5000 in 

5% milk-PBST and incubated for 30 minutes at room temperature.   

Immunohistochemistry: Immunohistochemistry was performed by the 
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Vanderbilt Immunohistochemistry Core Shared Resource for Ki-67 (Vector 

Laboratories), Cleaved caspase 3, and CD34 (Santa Cruz Biotechnology).  

Staining was quantified using the Ariol SL-50 automated slide scanner (Applied 

Imaging) as previously described [74].  Cross sections of CD34 stained tissue 

were used to determine the number of vessels per mm2 tissue (including 

perivasculature for xenograft tumors).  Significance was determined using Mann-

Whitney and t test.   

Partially purified anti-FJX1 antibody (rabbit 209 polyclonal) was applied at 

a dilution of 1:2000 and incubated overnight at 4°C. Slides were washed, 

incubated in 1:500 goat anti-rabbit antibody for 30 min., washed and incubated in 

avidin biotin complex (Vector Labs Elite ABC kit) for 30 min and washed. Color 

was developed in 3, 3ô diaminobenzidine (Vector Labs) and nuclei were stained 

with Gillôs #3 hematoxylin (Sigma).  Images were taken on an Axioskop 40 

upright light microscope (Carl Zeiss, Inc.).   

Collection of conditioned medium and siRNA   

Epithelial cell lines (HEK293T, SW480, KM12C, CACO2) were allowed to 

grow to ~60% confluence (typically 24 hrs) before media was refreshed 

(5mL/10cm; containing  0% FBS).  After 16-24 hours, conditioned media were 

collected, spun at 300 g for 5 minutes, and supernatant transferred to a fresh 

tube.  For fractionation experiments, 4mL of conditioned media was spun at 4000 

g for 30 minutes at 4oC in an Amicon ultra 30K membrane tube (Millipore).  

Serum free medium was added to the fraction that was retained on the column to 
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equal the volume that flowed through the column.  Conditioned media was used 

for endothelial tube assays within one hour of collection.   SW480VEC or 

SW480FJX1 cells were transfected with 100nM pooled siRNA specific to FJX1 

(Qiagen) or non-targeting scrambled siRNA (Dharmacon) replated at 48 hours 

post transfection, and re-fed with serum free media after 72 hours.  After 96 

hours, media was collected and processed as above.   

Endothelial tube formation 

Phenol red free growth factor reduced matrigel (BD biosciences) was 

allowed to solidify in 96 well plates (50uL/well) for 30 minutes at 37°C.  HMEC1 

(30,000 cells) in complete media were plated on top of the matrix and an equal 

volume of conditioned media containing 0% FBS or 10% FBS from epithelial cell 

lines (HEK293T, SW480, KM12C, CACO2) was added.  For autonomous 

experiments, 20,000 HMEC1VEC or HMEC1FJX1 cells were plated on top of the 

matrix.  Images were taken 16-18 hours after HMEC-1 cells were plated for tube 

formation, with three images taken per well.  Experiments were performed in 

triplicate at least three times, with each data point being the average of three 

images of three technical replicates.  Significance was determined by Mann-

Whitney, ANOVA, or Studentôs t test as noted. 

Xenograft and mouse carcinogenesis models 

One million SW480VEC or SW480FJX1 cells were injected subcutaneously 

onto single flanks of athymic female nu/nu mice (Harlan Sprague Dawley).  For 

KM12CVEC and KM12CFJX1 cell lines, a single female nu/nu mouse received 
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1X106 cells on one flank, and 2X106 cells on the opposite flank with the same cell 

line injected subcutaneously per mouse. Tumor growth was monitored by taking 

external measurements on the animal and at the time of sacrifice (volume = 

4/3ˊr3).   

FJX1 -/- (KO) mice on a C57BL/6 genetic background were obtained from 

H. McNeil [66].  Azoxymethane (AOM, Sigma) was given intraperitoneally at 12.5 

ug/g.  Dextran sodium sulfate (DSS, MP Biomedicals, formula weight 36,000-

50,000) was prepared in drinking water at 3%.  At eight weeks of age the mice 

were randomized into one of four treatment groups; no treatment (KO n=8; WT; 

n=6), AOM alone (KO; n=3; WT n=1), DSS alone (KO n=8; WT n=8), or AOM 

and DSS (KO n=8; WT n=8).  Mice were injected with AOM (day 1), given three 

cycles of DSS (days 6-10, 27-31, and 48-51) and allowed a four week recovery 

period [75,76].  After experimental completion, mice were euthanized and 

analyzed for the number of colonic polyps.  Formalin fixed paraffin embedded 

colonic tissue sections were then subjected to histological analysis by M.K. 

Washington as previously described [77] by Dieleman and colleagues.  Briefly, 

intensity, location (mucosal, submucosal, transmural), and extent of involvement 

of the inflammatory infiltrate was assessed, as well as severity and extent of 

crypt injury.   
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Results 

FJX1 expression promotes tumor growth in vivo 

To determine whether FJX1 expression alters xenograft tumor formation in 

vivo, we injected vector and FJX1 transduced cells (SW480 or KM12C) on the 

flanks of athymic nude mice.  One million SW480 cells were injected onto a 

single flank of each mouse with 10 mice in each group.  At 26 days post injection, 

both groups of mice exhibited 100% tumor incidence; however, SW480FJX1MYC 

tumors were larger than SW480VEC tumors so tumors were excised for 

histological examination (Figure 18A).  After excision, the SW480FJX1MYC derived 

tumors were approximately twice the size (Figure 18B; average volume: 58.0 +/-

5.8 mm3  vs 27.1 +/- 2.9 mm3,P < 0.0005) and with a mass 1.5 times greater than 

the SW480VEC tumors (Figure 18C; average weight: 71.0 +/- 6.75 mg vs 45.1 +/- 

5.8 mg, P < 0.05).  SW480VEC cells produced tumors with no detectable FJX1 

protein while SW480FJX1MYC cells continued to produce FJX1 protein in vivo 

(Figure 18D).   

We next examined whether this change in tumor size was determined by 

differences in rates of proliferation or apoptosis.  SW480FJX1MYC tumors had 

significantly more Ki67-positive nuclei compared to SW480VEC tumors (P < 0.05), 

indicating an increase in the number of actively proliferating cells (Figure 19A). 

There was no significant difference in levels of cleaved caspase 3 (Figure 19B).  

Thus, overexpression of FJX1 affected xenograft tumor size due primarily to 

differences in the rate of tumor cell proliferation. 
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Figure 18.  Overexpression of MYC-tagged FJX1 in SW480 colon cancer 

cells promotes tumor growth in vivo.  For all panels, VEC = SW480VEC (n=11); 

FJX1 = SW480FJX1MYC (n=14).  (A) Estimation of tumor volume (mm3) measured 

in vivo over time.  (B) Final tumor volume measured following removal from 

animal. (C) Final tumor weight (mg) measured following removal from animal. (D) 

Representative FJX1 immunohistochemistry on SW480 xenograft tumors.  Scale 

bar = 50 ɛm. 

 

 


























































































































































































































































