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CHAPTER I 

 

THE INTESTINAL EPITHELIUM AND BVES 

 

Introduction to the intestinal epithelium 

 

The intestine is broadly divided into two distinct components: the small intestine (which 

can be further subdivided proximally to distally into the duodenum, jejunum, and ileum, 

respectively), and the large intestine, or colon (which can also be further subdivided into 

ascending, transverse, descending, and sigmoid segments). Functionally, the small intestine is 

specialized to digest and absorb food while the large intestine aids in the absorption of water and 

electrolytes. These specialized functions are facilitated predominately by the intestinal epithelium 

which is comprised of a single layer of simple columnar epithelial cells. This epithelium renews 

rapidly every 4-5 days and helps form a protective barrier against luminal antigens and 

pathogens[1]. Histologically, the small intestine is covered by finger-like projections known as 

villi which extend into the lumen of the intestine and increase the absorptive surface area. At the 

apical most surface of each intestinal villus are microscopic membranous protrusions known as 

microvilli which further increase the absorptive area and also aid in mechanotransduction, 

secretion, and cellular adhesion[2]. Collectively, this actin-rich bundle of microvilli is referred to 

as the intestinal “brush-border.” At the base of the intestinal villi are the intestinal crypts, or crypts 

of Lieberkühn. Villi are restricted to the small intestine while the crypts are present in both the 

small intestine and the colon. 

Rapid turnover of cells along the crypt-villus axis of the intestinal epithelium is fueled by 

constantly dividing stem cells located at the base of the crypts. Also referred to as crypt base 
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columnar (CBC) cells, these slender stem cells are anatomically distinct and, as is fundamental to 

all stem cells, they are long lived and multipotent[3,4]. They can self-renew and divide 

asymmetrically to give rise to additional cell types which in the case of the intestine is a 

proliferative progenitor cell known as a transit amplifying (TA) cell. TA cells migrate and 

differentiate into absorptive cells (enterocytes) or secretory cells (Paneth, goblet, and 

enteroendocrine cells) as they ascend towards the crypt-villus axis before being sloughed off into 

the intestinal lumen (Figure 1)[5,6]. Zonation, lineage specification, and proliferation along this 

axis are thought to be mediated by gradients of Wnt activity (higher at the crypt base) and BMP 

signaling (expressed in an opposite gradient to that of Wnt and increasing as cells move up the 

crypt) which is known to inhibit proliferation along with Notch signaling which is critical in the 

commitment towards secretory vs. absorptive lineages[7,8]. 

In 2007, Hans Clevers and his group identified the transmembrane receptor Leucine-rich 

repeat-containing G-protein coupled receptor 5 (Lgr5), a receptor for R-spondins which are Wnt 

pathway agonists, as a marker of CBCs and for the first time showed the capability of this 

population to repopulate all cell types in the intestinal epithelium[3,9,10]. The CBCs are nestled 

between crypt-resident Paneth cells which escape the upward thrust toward the villus and migrate 

downward to occupy the crypt base. Paneth cells secrete antimicrobial agents such as lysozyme 

and promote maintenance of stem cell function by secreting Wnt3a (a Wnt ligand), EGF, and 

Notch ligands[11]. While contributory, Paneth cells themselves are likely not essential as Lgr5+ 

intestinal stem cells can function even in the setting of Paneth cell ablation via deletion of the 

transcription factor Math1 (Atoh1)[12,13]. Additional niche cells such as the pericryptal 

mesenchymal cells have been shown to express potential niche-supporting factors[14]. Not 

surprisingly, CBC cells are not the only, and not the earliest, proposed resident stem cell 

populations. Potten’s +4 cell was originally identified in 1977 due to its label-retaining 
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capacity[15]. It wasn’t until 2008 that direct evidence of stemness in a +4 position cell was put 

forward by Sangio and Capecchi utilizing the Bmi1-CreER mouse[16]. Additional studies have 

identified Hopx, mTERT, and Lrig1 as +4 markers[17-20]. In general, lineage tracing from this 

+4 population appears to require damage to the intestinal crypt (and subsequently the Lgr5+ CBC) 

suggesting a stem cell hierarchy or plasticity within these reserve stem cell populations (reviewed 

in [21]). In summary, the intestinal epithelium is a complex, multi-faceted tissue that functions to 

absorb nutrients and partition luminal pathogens while undergoing continuous turnover in the 

setting of mechanical and chemical stress. 
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Figure 1. Cell populations of the intestinal epithelium. 

  

 

 
 
Figure 1. Cell populations of the intestinal epithelium. (A) The small intestine is composed 
of repeating crypt-villus units with intestinal stem cells residing at the base of the crypt and 
differentiated cells towards the villus. The following cell populations are stained: Absorptive 
cells (Fatty acid binding protein), Goblet cells (periodic acid/Schiff, PAS), enteroendocrine cells 
(synaptophysin, arrows), and Paneth cells (lysozyme). (B) An enlarged view of the constituent 
cells of the small intestinal crypt along with markers that have been demonstrated to label each 
cell population. Pericryptal fibroblasts are thought to supply niche factors to support crypt 
homeostasis. LRC, Label Retaining Cell; CBC, Crypt Based Columnar. This figure was adapted 
with permission [6]. 



 

 5 

 

Intestinal barrier function and junctional constituents 

 

Cell-cell adhesions are critical for the epithelium to fulfill its role as a selectively permeable 

barrier allowing for the absorption of nutrients, water, and electrolytes while simultaneously 

preventing penetration of intestinal pathogens and other antigenic materials. Junctional 

complexes—such as tight junctions, adherens junctions, hemidesmosomes, and gap junctions —

within these epithelial cells are critical for linkage of the cytoskeleton, cell-cell signaling, sub-

cellular partitioning of membrane proteins, and for regulating para-cellular permeability that 

ultimately allows the intestinal epithelium to perform this function. Hemidesmosomes couple the 

basal membrane of the epithelium to the underlying basal lamina and coordinate with the more 

laterally localized desmosomes to help nucleate intermediate filament networks of the 

cytoskeleton[22]. Gap junctions connect neighboring cells and allow for direct cell-cell passage of 

ions, metabolites, and second messengers through hexamers consisting mainly of connexin 

proteins[23]. Adherens junctions initiate and maintain cell-cell contacts by coupling the 

transmembrane glycoprotein E-cadherin with the actin cytoskeleton through cytoplasmic 

constituents p120-catenin, b-catenin, and a-catenin[24]. Maintaining the integrity of these 

junctions is critical both in regulating barrier function and tumorigenesis. For example, expression 

of a dominant-negative N-cadherin in mice disrupts the adherens junction leading to the 

development of spontaneous colitis[25], and E-cadherin reductions in colorectal cancer are 

associated with increased invasive potential[26]. Interestingly, disruption of E-cadherin in the 

epidermis leads to alterations in the tight junction, highlighting the interconnectivity of the 

junctional barrier network[27].  

Tight junctions are often closely associated with adherens junctions near the apical-lateral 

membrane and help form a selective, semipermeable barrier restricting the paracellular transport 
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of solutes, ions, and water. Additionally, tight junctions promote the sub-cellular partitioning of 

apical and basolateral proteins and help define cellular polarity[28]. Principal constituents of tight 

junctions include the transmembrane proteins of dial substance (BVES). Multiple adaptor proteins 

such as the zonula occludens (ZO-1-3) and cingulin as well as the RHOGEF, RHOA, and ZONAB 

signaling molecules are also located cytoplasmically in association with the tight junction[29]. 

 

BVES structure, expression, and localization 

 

Blood vessel epicardial substance (BVES), otherwise known as POPDC1, is the founding 

member of the POPDC family. BVES shares about 25% sequence homology to the other two 

POPDC family members, POPDC2 and POPDC3 which themselves share about 50% homology 

(Figure 2)[30,31]. Human BVES is a 360-residue transmembrane protein with three alpha-helical 

membrane spanning, hydrophobic domains, two extracellular N-linked glycosylation sites[32], 

and a large intracellular domain, which is thought to serve as the scaffold for numerous protein-

protein interactions to occur (Figure 3). The extracellular amino terminus of BVES extends from 

amino acid 1-42, and the two N-glycosylation sites potentially protect BVES from proteolysis or 

help traffic it to the cellular membrane[33,34]. Within the intracellular carboxy-terminus (a.a. 114-

360) is the POPEYE domain (a.a.172-266), which displays nearly 80% sequence conservation 

across different vertebrates[31,35]. Functionally, Kawaguchi et al. showed that BVES exists as a 

dimer via interactions near the carboxy end of the POPEYE domain and that this homotypic 

interaction requires two lysine residues (K272 and K273)[36](Figure 3). Given its location at the 

membrane and that it possesses a three-pass transmembrane domain, it was postulated that BVES 

contributes to cell adherence, but interestingly, BVES lacks any motifs or domains commonly 

observed in other classes of adhesion molecules. To date, little is known about its protein folding, 
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translocation to the membrane, or how (and if) it is regulated post-translationally. Furthermore, 

sequence alignment analyses do not predict enzymatic activity. Accordingly, the novelty of the 

POPDC family structure implicates a unique cellular function.  

While the structure of BVES does not provide immediate clues to its function, its 

expression pattern suggests some tissue specific capabilities. BVES is expressed in a variety of 

tissues and organs which may lend insight into its function and tissue-specific contributions. 

Specifically, BVES is expressed at high levels in the heart[37,38] as well as in smooth and skeletal 

muscle[39], and epithelial tissues in a variety of organs including the retina[40], intestine[41,42], 

lung[43], and breast[41]. A unifying feature of all of these tissues is a need for cell adherence. Not 

surprisingly, work by Osler et al. identified BVES dependent contributions to cell-cell adhesion. 

When cells are in a subconfluent state, BVES is primarily localized to the cytoplasm but BVES 

rapidly traffics to the cellular membrane at points of cell-cell contact[30,44] (Figure 4). Of note, 

the mechanisms and signals responsible for this trafficking are poorly understood and will require 

further investigation. At these points of cell-cell contact, BVES co-localizes with tight junction 

constituents ZO-1 and occludn, but not with adherens junction-associated proteins such as b-

catenin and E-cadherin or desmosomal associated proteins[30]. Overall, based on BVES 

localization and its association with junctional complexes, it was hypothesized that BVES could 

be an important regulator of epithelial states. 
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Figure 2. Human POPDC family sequence alignments. 

  

 

 
Figure 2. Human POPDC family sequence alignments. BVES or POPDC1 contains 360 
amino acids. The extracellular domain extends from amino acids 1-42 and the intracellular 
domain is comprised of amino acids 114-360. A high degree of sequence homology exists 
among family members in the POPEYE domain which extends from amino acids 172-266     
in POPDC1. Alignments generated using Clustal Omega from the European Bioinformatics 
Institute. 
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Figure 3. BVES structure. 

 

 
 
Figure 3. BVES structure. Human BVES protein is 360 amino acids with an extracellular N-
terminus, a three-pass transmembrane domain, and a large intracellular C-terminus containing 
the highly conserved POPEYE domain.*mapped to murine BVES amino acids. ** mapped to 
chick BVES amino acids. Glycosylation[32]; POPEYE[35]; cAMP[58]; Dimerization[36]; 
GEFT[52]; PR61a[73]; VAMP3[55]; Zo-1[30].  
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Figure 4. Dynamic subcellular localization of BVES at points of cell contact. 

  

 

Figure 4. Dynamic subcellular localization of BVES at points of cell contact. Epicardial 
mesothelial cells (EMCs) are labelled with BVES (red) and phalloidin/Actin (green). (A) 
In the subconfluent state, BVES is predominately cytoplasmic. (B-D) As cells initiate 
contact, BVES traffics to these celllular adhesions. (E) In a mature cell monolayer, BVES 
localizes to the cell membrane. This figure was reproduced with permission[30]. 
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Loss of BVES is associated with mesenchymal-like phenotype 

 

A hallmark of epithelial cells is their ability to associate through cell-cell adhesion into an 

organized epithelium functioning, collectively, as a tissue[45]. Within the epithelium, there is 

coordinated differentiation, proliferation, and cell motility. This functional interplay is on display 

when there is loss of cell-cell contact, leading to individual epithelial cells assuming a fibroblast-

like or mesenchymal-like morphology, a phenotypic change termed epithelial-mesenchymal 

transition (EMT)[46]. In many tissues, upon regaining cell-cell contacts, cells can undergo the 

reverse process which is termed mesenchymal to epithelial transition (MET). Cellular adhesion 

complexes, including tight and adherens junctions are key regulators of these transitions, providing 

a means for cellular signaling in addition to mechanical adhesion. For example, the role of E-

cadherin and the adherens junction as a modulator of canonical WNT signaling through 

sequestration of b-catenin at the cell membrane is well established[47]. Dysregulation of b-catenin 

is strongly linked to the EMT phenotype as b-catenin has been shown to bind directly to the ZEB1 

promoter, a key inducer of EMT, and activate its transcription[48]. Similarly, tight junctions play 

a fundamental role in outside-in signaling cascades (reviewed by Severson and Parkos[49]). RhoA 

downregulation following epithelial cell confluency leads to reductions in proliferation, which is 

due in part to an interaction with guanine nucleotide exchange factor H1 (GEFH1) and the tight 

junction protein Cingulin. In a similar fashion, ZO-1 can modify gene expression programs and 

cell growth by sequestering ZONAB (a Y-box transcription factor) at the tight junction, leading to 

coordinated regulation of cytoskeletal and transcriptional programs and providing a link between 

junctional integrity and cell signaling programs[50,51].  

As BVES displays a dynamic subcellular localization and influences epithelial junctions, 

it was proposed that BVES may aid in maintaining epithelial states similar to junctional proteins 
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such as E-cadherin. Using the human corneal epithelial cell line (HCE), Osler et al. observed that 

BVES knockdown impaired tight junction and adherens junction formation (as evidenced by 

disrupted membrane localization of b-catenin, E-cadherin, ZO-1, and occludn)[30]. This alteration 

in junctional complexes following BVES knockdown led to functionally significant reductions in 

transepithelial resistance (TER), a readout for barrier competency and junctional integrity of an 

epithelium[30]. Conversely, BVES overexpression in HCE cells increased TER. Furthermore, 

overexpression of lysine 272 and 273 BVES mutants, which prevents homodimerization and 

endogenous BVES from localizing to the cell membrane, confers HCE cells with a more 

fibroblastic morphology. Concomitant increase in expression of the mesenchymal cell marker, 

vimentin, and enhanced mobility and invasion were also observed, together supporting a transition 

from an epithelial to a more mesenchymal phenotype[36]. This change in cellular phenotype was 

bolstered by in vivo observation that Bves-/- mice have markedly impaired recovery of skeletal 

muscle following cardiotoxin mediated muscle injury[39]. Together, these reports suggested that 

BVES promoted epithelial states and that loss of BVES promoted mesenchymal phenotypes. 

Further studies would begin to provide mechanistic insight into the role BVES plays in 

promoting epithelial phenotypes. A yeast-two-hybrid screen performed by Smith et al. identified 

an interaction between Guanine nucleotide exchange factor T (GEFT) and murine BVES that was 

mapped to the cytoplasmic BVES domain between amino acids 250-300[52]. GEFs function 

principally to promote the exchange of GDP for GTP and can subsequently activate Rho 

GTPases[24]. GEFT has been shown to activate Rac1 and Cdc42 and promote lamellipodia and 

filopodia formation during cell migration. Importantly, Rho GTPases contribute to tight junction 

composition and conversely, tight junctions are implicated in the regulation of Rho GTPases. For 

example, the RhoA activator GEF-H1 can be sequestered through an interaction with ZO-1 and 

the adaptor protein cingulin to reduce RhoA activation[24]. Alternatively, expression of a 
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constitutively active RhoA leads to alterations in tight junction localization with redistribution of 

occludn and ZO-1[53]. Accordingly, it was shown via PAK-21 (which binds specifically to GTP-

bound Rac and Cdc42 proteins) pulldown that overexpression of the C-terminal domain (amino 

acids 118-358) of murine BVES in NIH 3T3 cells reduced the activation of Rac1 and Cdc42 

without a change in RhoA activation. This change in GTPase signaling also reduced the motility 

and increased the roundness of NIH 3T3 cells[52]. The exact mechanism by which BVES altered 

activation of CDC42 and Rac1 was still unclear. An additional study by Russ et al. utilized WT 

chick BVES and a C-terminal truncation mutant to further probe BVES function[54]. 

Overexpression of BVES reduced RhoA activation but RhoA activity was significantly higher in 

cells expressing the truncated BVES, likely because the truncated-BVES mutant disrupted the 

function and localization of endogenous BVES. The authors next demonstrate that BVES interacts 

with and colocalizes with ZO-1 and that this association is dependent on the carboxy-terminus of 

BVES. Overexpression of BVES confined both ZO-1 and BVES to the cell membrane but mutant 

BVES overexpression resulted in primarily intracellular ZO-1 and occludn. Overall, these data 

establish a complex, context-dependent regulation of junctional composition by BVES. 

Further studies employing a yeast-two-hybrid approach identified Vesicle-associated 

membrane protein 3 (VAMP3) as a BVES interacting protein[55]. VAMP3 is a SNARE protein 

family member involved in vesicular transport and facilitates recycling of transferrin and b-1-

integrin[56]. Previous studies have demonstrated that VAMP3 knockdown by siRNA inhibited 

cell migration without a change in cell proliferation. VAMP3 silencing reduced b-1-integrin levels 

at the cell membrane but did not alter total cellular levels, implicating VAMP3 in membrane 

trafficking[57]. Loss of BVES phenocopied VAMP3 loss and established a role for BVES in 

vesicular transport. Together, these studies highlight additional roles for BVES in modulating GEF 

activity, cell migration, and the balance between epithelial and mesenchymal phenotypes. 
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Non-epithelial roles of BVES 

 

While many studies have demonstrated a role for BVES in modulating epithelial states, 

additional studies have identified novel non-epithelial roles for BVES. A LacZ-Neo cassette 

inserted during the generation of the POPDC1 knockout mouse by Thomas Brand allowed for 

identification of BVES expression patterns in murine tissue[39]. Andree et al demonstrated 

detectable LacZ activity in the cardiogenic mesoderm that would ultimately give rise to the 

ventricles and saw labelling in myocytes but not in endocardial or epicardial cells, confirming the 

results of previous cDNA screens which demonstrated enrichment of BVES/POPDC1 in cardiac 

tissue[37]. Subsequently, Froese et al. identified an important role for BVES in regulating cardiac 

myocytes[58]. Bves-/- mice demonstrated severe stress-induced bradycardia which worsened with 

increasing age and was linked to alterations in sinus node structure. They went on to show that the 

Popeye domain contains a high affinity cyclic-nucleotide-binding domain, that BVES can directly 

bind cAMP, and that the interaction between BVES and the stretch-activated potassium channel, 

TREK-1, is modulated by cAMP. Mutating single amino acids (D200A, E203A, and V217F) 

modulated the affinity of the BVES-cAMP interaction. The authors further suggested that BVES 

may be affecting TREK-1 channel trafficking and recruitment to the membrane to enhance 

conduction current in a cAMP dependent fashion[58]. This report expanded the known roles of 

BVES and showed its regulatory importance in cardiac pacemaking as well as supported a model 

whereby BVES can alter trafficking and recruitment of membrane proteins. A subsequent report 

in 2016 by Schindler et al. identified a BVES missense variant (S201F) by whole-exome 

sequencing in a family of four with cardiac arrhythmias and limb-girdle muscular dystrophy 

(LGMD)[59]. Skeletal muscle biopsies from the affected patients showed impaired BVES 

membrane localization. The variant, which was within the cAMP binding domain, showed 50% 
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reduction in cAMP affinity in vitro and impaired TREK-1 recruitment to the membrane. 

Furthermore, this BVES mutant, expressed in zebrafish, phenocopied the heart and skeletal muscle 

defects observed in the family carrying the homozygous allele. Thus, these studies revealed the 

powerful clinical implications of disrupting BVES function and continued to expand its widening 

regulatory role in cardiac myocytes and skeletal muscle tissue.  

The role and functional impact of a BVES:cAMP interaction in normal epithelium is 

unknown; however, Amunjela et al. have recently demonstrated that BVES can immunoprecipitate 

with cAMP in breast cancer lines. Further, cAMP increases BVES protein levels and may 

influence cell migration[60]. Importantly, cAMP plays a key role in junctional integrity. Treatment 

of primary HUVEC cells with cAMP derivatives improves tight junction continuity and decreases 

paracellular permeability[61]. In ovarian cancer cells, the cAMP-dependent protein kinase (PKA) 

can phosphorylate claudin-3. A mutation in claudin-3 at the PKA phosphorylation site which 

mimics constitutive phosphorylation impairs junctional assembly as reflected by reductions in 

TER[62]. Additional studies defining the BVES:cAMP and its contribution to junctional integrity 

in the epithelium will be required. 

 

BVES as a tumor suppressor  

 

Epithelial state changes, such as EMT, occur during differing stages of tumor development 

and growth. It is thought that tumor cells at the leading/invasive front tend to possess mesenchymal 

traits (hypermigratory, reduced differentiation, and hyperproliferation[63]). They also tend to be 

incapable of cell-cell contact mediated growth arrest[63]. Accordingly, loss of adhesion junction 

molecules has been associated with increased tumor invasiveness[64,65], and colorectal cancers 

that retain E-cadherin expression are associated with decreased invasiveness[66]. Similarly, tight 
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junction proteins are implicated in tumor biology with claudin family members being 

overexpressed in CRC, gastric cancer, and ovarian cancers[67,68]. However, claudin-1 has also 

demonstrated tumor suppressive effects in gastric tumors[69], suggesting context and tissue 

dependence or tumor type-specific function. Similarly, high expression of ZO-1 is a good 

prognostic indicator in non-small cell lung cancer[70] and decreased expression of ZO-1 in breast 

and colon cancer are correlated with progression[71,72]. Thus, although our understanding is still 

incomplete, dysregulation of tight junction and adherens junction components is a feature of 

malignancies.  

Studies focusing on BVES have provided further evidence of junctional dysregulation in 

cancer. Williams et al. showed that BVES was underexpressed and mislocalized in CRC compared 

to normal tissue and also downregulated in breast cancer samples[41]. Restoring BVES expression 

utilizing a chick Bll lines promoted an epithelial morphology and decreased migration (LIM2405 

cells) and invasion (LIM2405 and  

PyVmT cells), cellular proliferation (LIM2405 cells), subcutaneous xenograft growth 

(LIM2405), and metastasis in a splenic injection model (SW620)[41]. Alternatively, disrupting 

BVES using a dominant negative C-terminal truncation mutant in the non-malignant HCE cells 

induced a mesenchymal morphology and increased cellular proliferation and migration. Together, 

these results support a role for BVES in regulating cell migration/EMT and CRC. Building on 

previous studies, the authors showed that BVES interacts with GEFH1 (a cytoplasmic RhoA 

activator) and reduced RhoA activation as well as downstream phosphorylation of the RhoA target 

myosin light chain (MLC). To this point, however, no studies had directly looked at how BVES 

loss modified tumorigenesis. 

       Parang et al. performed the first in vivo study identifying BVES as a tumor modifier[73]. 

Using injections of azoxymethane followed by repeated cycles of dextran sodium sulfate 
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(AOM/DSS), a well characterized model of inflammatory carcinogenesis[74-76], they showed that 

BVES loss increased inflammatory injury and tumor multiplicity and led to a higher degree of 

intratumoral dysplasia. These phenotypes were associated with increased intratumoral Wnt 

signaling. RNA sequencing analysis of Bves-/- tumors identified c-Myc signaling network 

activation and subsequent immunohistochemistry demonstrated increased c-Myc protein. The 

authors hypothesized that BVES may regulate cellular c-Myc levels. Indeed, overexpressing a 

variant of human BVES that lacked the first 72 amino acids (and was subsequently more readily 

expressed) increased the presence of ubiquitinated c-Myc and lead to an overall decrease in c-Myc 

protein levels. Conversely, knocking down BVES by siRNA increased c-Myc protein. Co-

immunoprecipitation and proximity ligation assays (PLA) revealed that BVES associated with c-

Myc. As c-Myc stability is regulated post-translationally, they hypothesized that BVES may 

interact with PPP2R5A (PR61a), a regulatory subunit of the serine-threonine protein phosphatase 

2A (PP2A) heterotrimeric complex that dephosphorylates c-Myc and promotes c-Myc 

ubiquitylation. By yeast-two-hybrid, co-immunoprecipitation, and proximity ligation assay, they 

showed that BVES interacted with PR61a and mapped the BVES: PR61a interaction to between 

amino acids 330-345 in human BVES. Deletion of these 15 residues uncoupled the interaction, 

and expression of this C-terminal truncation BVES mutant failed to alter c-Myc levels. These data 

suggest that BVES likely requires PR61a to promote c-Myc degradation. This was a key study 

illustrating that BVES can regulate oncogenic signaling pathways. Interestingly, in inflammatory 

bowel disease, c-Myc has been postulated to contribute to colitis-associated cancer 

progression[77-79]. Together, this study continued to broaden the known regulatory roles of 

BVES, from cardiac and skeletal muscle maintenance to tumor progression. As PP2A 

dephosphorylates a number of other targets, many of which are implicated in 

tumorigenesis[80,81], determining whether BVES directs additional PP2A activity may elucidate 
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novel regulatory roles. For instance, PP2A has been shown to dephosphorylate tight junction 

proteins such as ZO-1, occludin, and claudin-1 leading to increased paracellular permeability[82].  

 While several studies have demonstrated that BVES has an important role in intestinal 

malignancy, additional work implicates BVES in hepatocellular and breast cancer[60,83-85]. The 

tissue-specific functions of BVES in regulating tumorigenesis remain unclear, especially in vivo, 

but the recent literature strongly suggests BVES acts as a tumor suppressor in a variety of epithelial 

tissues, likely, at least in part, due to its role in promoting c-Myc degradation. The majority of 

phenotypes associated with BVES loss require cellular or physiologic stress, suggesting that under 

homeostasis, BVES loss has minimal deleterious effects. This may be due, in part, to physiologic 

redundancy via compensation by other POPEYE domain containing proteins such as POPDC2 and 

POPDC3. 

 

BVES and its stem cell role 

 

Numerous studies support the concept that BVES coordinately regulates multiple 

intracellular signaling pathways and that its expression helps in maintaining an epithelial 

phenotype. Furthermore, studies have supported the concept that BVES may regulate Wnt 

signaling which is inextricably tied to intestinal homeostasis, stem cell maintenance, and 

tumorigenesis[86,87]. Initial evidence of a link between BVES and Wnt signaling was provided 

in 2011 when Williams et al. showed that chick BVES overexpression attenuated TopFlash 

activity in HEK293 cells following inhibition of GSK3b with lithium chloride. Similarly, 

reductions in Wnt reporter activity were observed in LIM2405 cells stably overexpressing chick 

BVES. Notably, overexpression of a dominant negative chick BVES in HCE cells also lead to a 

redistribution of b-catenin away from the plasma membrane with concomitant increases in 
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cytoplasmic and nuclear b-catenin, indicative of higher levels of Wnt tone[41]. Further evidence 

for Wnt modulation by BVES was provided upon analysis of the AOM/DSS induced tumors in 

Bves-/- mice. Bves-/- tumors had an increased b-catenin staining index and upregulation of Wnt 

target genes by RNA-sequencing[73].  In further support of this paradigm, Bves-/- mice have 

increased intestinal proliferation at baseline in both the small intestine[88] and colon[89].  When 

Bves-/- mice were crossed with the Lgr5-eGFP-IRES-creERT2 intestinal stem cell reporter mouse, 

there was an expansion of the stem cell compartment and an increase in the number of Lgr5+ stem 

cells in comparison to WT mice. Consistent with loss of BVES promoting “stemness,” enteroid 

cultures derived from Bves-/- mice had a higher plating efficiency and increased stem-cell markers 

such as Axin2, CD44, and Cyclin-D1 by qRT-PCR[88]. The precise molecular mechanism 

underlying why Bves-/- mice have an expanded stem cell compartment and how, mechanistically, 

BVES is regulating Wnt signaling remains unknown which provided the rationale and laid the 

foundation for the studies presented in Chapter 3 of this dissertation. 
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CHAPTER II 

 

PROTEIN PHOSPHATASE 2A IN THE REGULATION OF WNT SIGNALING, STEM 

CELLS, AND CANCER 

 

Rationale 

 

Given that prior yeast-two-hybrid screens identified interactions between BVES and 

multiple members of the PP2A family, and that previous studies have implicated BVES in the 

regulation of Wnt signaling, further understanding the complex interplay between protein 

phosphatases and the Wnt pathway as they pertain to human disease may elucidate novel 

mechanism by which BVES regulates Wnt signaling. 

 

 Introduction 

 

Protein phosphorylation is an essential regulator of many cellular processes including 

metabolism, transcription, proliferation, cell motility, and apoptosis. Nearly 30% of all human 

proteins are covalently bound to a phosphate, a feat made possible by the 500+ different protein 

kinases encoded by the human genome[90]. Protein phosphatases make these modifications 

reversible, and the serine-threonine protein phosphatase 2A (PP2A) accounts for 30-50% of these 

protein dephosphorylation events[80,91]. PP2A is a heterotrimeric protein complex consisting of 

a structural (A), regulatory (B), and catalytic subunit (C)[92]. There exist two unique scaffolding 

isoforms, Aα and Aβ, two unique catalytic subunit isoforms, Cα and Cβ, and four structurally 

diverse families of regulatory (B) subunits that are referred to by a variety of naming conventions: 
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B (or PR55), B’ (PR56/61), B” (PR72/130), and B’” (PR93/110). As shown in Figure 5, Greek 

letters further identify individual regulatory subunit isoforms of the B and B’ family. These 

subunits determine the substrate specificity and subcellular localization of PP2A 

heterotrimers[91,93]. The precision with which PP2A regulatory subunits target individual 

phospho-residues was established by early studies on the phosphorylation of SV40 large T antigen. 

A holoenzyme with a B/PR55 family regulatory subunit dephosphorylates Thr124 of the SV40 

large T antigen while a PP2A complex with the B”/PR72 regulatory subunit dephosphorylates 

Ser120 and Ser123[94]. The targeting specificity of the regulatory subunits allows a small pool of 

protein phosphatases to regulate numerous phosphoproteins with enhanced precision[92]. While 

individual regulatory subunits provide precision, the diversity of subunits also allows for the 

regulation of a variety of substrates.  
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Figure 5. PP2A Holoenzyme 

  

  

 

Figure 5. PP2A Holoenzyme. The PP2A holoenzyme consists of a scaffolding (A), regulatory 
(B), and catalytic subunit (C). There are two unique scaffolding subunits, PP2A Aα and PP2A 
Aβ, and two unique catalytic subunits, PP2Acα and PP2Acβ. The regulatory (B) subunits 
consist of four diverse families: B or PR55, B’ or PR56/PR61, B”, and B’”. Within the B and 
B’ regulatory subunit families are multiple isoforms, denoted using Greek letters. A number 
scheme using approximate molecular weights (i.e. PR55 or PR56) is also commonly utilized 
for referencing PP2A subunits. 
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Wnt signaling is known to regulate patterning and cell fate decisions during embryonic 

development and has been implicated in the pathogenesis of cancer[95]. Over 90% of colorectal 

carcinomas have alterations in Wnt signaling; mutations in the APC tumor suppressor or activating 

mutations in β-catenin account for ~80% of cases[96]. The key effector of canonical Wnt signaling, 

β-catenin, is tightly regulated within the cell predominantly through two distinct complexes: the 

adherens junction complex and the β-catenin destruction complex (Figure 6). The adherens 

junction helps initiate and stabilize cell-cell adhesion by coupling the transmembrane glycoprotein 

E-cadherin and associated cytoplasmic catenins with the actin cytoskeleton[97]. E-cadherin can 

recruit β-catenin to the cell membrane, thereby preventing its nuclear localization[47] in a cell-cell 

contact dependent fashion[98]. Cytoplasmic pools of β-catenin are also regulated through the β-

catenin destruction complex. In the absence of Wnt ligand stimulation, the cytoplasmic β-catenin 

destruction complex (composed of the scaffolding proteins Axin and APC and the protein kinases 

GSK3 and CK1α) binds and phosphorylates β-catenin. This leads to its ubiquitinylation by the β-

TrCP ubiquitin ligase and subsequent proteasomal degradation. CK1α phosphorylation of Ser45 

on β-catenin primes the protein for subsequent phosphorylation by GSK3 at Ser33, Ser37, and 

Thr41 which are required for β-TrCP recognition and β-catenin ubiquitination[99]. In the presence 

of Wnt ligand, such as Wnt3a, Axin is sequestered at the membrane which prevents assembly of 

the destruction complex, stabilizes β-catenin[100,101], and allows its translocation to the nucleus 

for transcription of TCF/β-catenin target genes. Many components of the Wnt pathway can be 

modified via phosphorylation: the G protein-coupled Wnt receptor Frizzled[102], the Frizzled 

binding protein Dishevelled[103], the Frizzled co-receptor low density lipoprotein receptor-related 

protein-6 (LRP6), components of the β-catenin destruction complex (APC[104,105], 

Axin[106,107], CK1[108,109], and GSK3[110,111]) and β-catenin[99] (Figure 6). Determining 
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the Wnt components targeted by PP2A may identify novel regulatory mechanisms and 

opportunities for therapeutic intervention.  
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Figure 6. Phosphorylatable Proteins Involved in the Regulation of β-catenin 

  

 

Figure 6. Phosphorylatable Proteins Involved in the Regulation of β-catenin. 
Left: The adherens junction, consisting of E-cadherin, P120, and the catenins sequesters 
β-catenin at the plasma membrane. Phosphorylation of E-cadherin at Ser834, Ser836, 
and Ser842 enhances β-catenin binding affinity while phosphorylation at Ser846 
reduces β-catenin binding. Middle: In the absence of Wnt stimulation, β-catenin is 
bound to the β-catenin destruction complex. CK1α phosphorylation of β-catenin at 
Ser45 primes β-catenin for subsequent phosphorylation by GSK3β at Ser33, Ser37, and 
Thr41 which targets β-catenin for proteasomal degradation. Phosphorylation of Axin 
improves its stability and subsequent ability to negatively regulate Wnt signaling. Axin 
and APC also contain phosphorylation sites that improve binding to β-catenin. Right: 
In the presence of Wnt ligand, CK1γ phosphorylates LRP5/6, which sequesters Axin at 
the plasma membrane and prevents the destruction complex from phosphorylating β-
catenin. 
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A tumor suppressive role for PP2A 

 

Early studies using okadaic acid, a serine-threonine phosphatase inhibitor that targets the 

catalytic PP2Ac subunit, increased tumor formation in a cutaneous carcinogenesis challenge and 

provided early biochemical support for a tumor suppressive role of PP2A[112,113]. However, this 

model may suffer from off-target effects as PP2A is inhibited at low doses of okadaic 

acid[114,115], but increasing concentrations can inhibit multiple protein phosphatases[116]. 

Subsequent work has more specifically identified a role for PP2A in tumor suppression. The SV40 

small T antigen, the gene product of two transforming DNA viruses, SV40 and polyoma virus, 

was found to interact with PP2A A and C subunits through co-immunoprecipitation experiments, 

likely inhibiting PP2A function through displacement of the regulatory subunits[117,118]. Human 

embryonic kidney cells expressing the catalytic subunit of telomerase, a G12V mutant H-ras, and 

the SV40 large T antigen (which inactivates the retinoblastoma (RB) and p53 tumor 

suppressors[119]), otherwise known as HEK TER cells, are immortalized but not tumorigenic (i.e. 

they lack anchorage independent growth in soft agar and cannot form tumors in 

immunocompromised mice[120,121]). However, addition of small T antigen, which interferes 

with PP2A function, imparts cells with anchorage independent growth and the ability to grow as 

subcutaneous xenografts[121]. Chen et al. determined that this phenotype partially depended upon 

the B’ regulatory subunit PR61γ-isoform 3 (PR61γ3) as siRNA knockdown of PR61γ3 increased 

cell proliferation and conferred cells with the ability to grow in soft agar and form tumors in nude 

mice. Furthermore, overexpression of the regulatory subunit rescued the phenotype, partially 

reversing tumorigenicity in HEK TER cells as well as human lung cancer cell lines[122]. However, 

the HEK TER cells with PR61γ3 knockdown formed fewer tumors than HEK TER cells expressing 

small T antigen, suggesting additional tumor promoting effects of small T antigen aside from just 
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preventing PR61γ3 from incorporating into the PP2A complex. Finally, knockdown of the PP2A 

Aα scaffolding subunit activates AKT signaling and imparts tumorigenicity to HEK TER cells in 

immunocompromised mice[123]. 

Clinical evidence further supports a role for PP2A in tumor suppression. Cancer-associated 

mutations in the PP2A Aα scaffolding subunit impair binding to specific B subunits as well as the 

catalytic Cα subunit[124]. Mutations in PP2A Aα appear to act in a dominant negative fashion on 

wild-type Aα and also decrease B and C subunit stability, suggesting that an intact PP2A complex 

stabilizes individual holoenzyme subunits[123]. Additionally, mutations in the PP2A Aβ subunit 

have been found in human colon cancer, lung cancer, and breast cancer specimens. A list of 

reported mutations is reviewed in[81]. While the majority of these mutations appear to affect 

binding of subunits and holoenzyme formation[124], the functional consequences on Wnt 

signaling have yet to be determined. Clinically, the PP2A inhibitor SET is increased in human 

non-small cell lung cancer and leads to poorer overall survival rates, further supporting a tumor 

suppressive role for PP2A[125]. Additional endogenous inhibitors of PP2A, such as I1
PP2A 

(PHAP), may also be clinically relevant; however, additional studies in cancer are 

needed[126,127]. Reciprocally, small molecule activators of PP2A (SMAPs) provide a promising 

avenue for tumor suppression via augmenting PP2A function. KRAS-mutant lung cancer cell lines 

and xenografts treated with SMAPs lead to inhibition of tumor growth and apoptosis with 

reductions in phosphorylated ERK[128]. The PP2A-activating drug FTY720 has also shown 

promising results in multiple hematologic malignancies[129-131]. It is unclear how effective these 

activators will be in the context of cancers harboring mutations in PP2A and given PP2A’s dual 

role in regulating Wnt signaling, these activators may too have dichotomous effects. 
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PP2A regulation of E-Cadherin and b-catenin at the membrane 

 

Two PP2A catalytic subunits, cα and cβ, share 97% sequence homology[132] yet mice 

lacking cα die at embryonic day 6.5, demonstrating that cβ cannot compensate for loss of cα[133]. 

cβ localizes to the cytoplasm and nucleus while cα is predominantly present at the plasma 

membrane[134,135]. Thus, subcellular localization may prevent cβ from compensating for loss of 

cα. Furthermore, β-catenin colocalizes with cα at the plasma membrane in the inner cell mass of 

early mouse embryos, and loss of cα results in E-cadherin and β-catenin redistribution to the 

cytoplasm[135]. Destabilization of membrane bound β-catenin reduces β-catenin levels, likely due 

to the action of a functional β-catenin destruction complex. While this leads to reductions in total 

cellular β-catenin levels, the remaining β-catenin is no longer sequestered at the membrane and 

thus free to translocate to the nucleus and induce transcription of β-catenin target genes[47]. 

Presumably, this makes the cells more responsive to Wnt stimulation. A similar phenomenon is 

observed in RKO cells which have a mutation in E-cadherin and low levels of cytoplasmic β-

catenin[136] but are exquisitely sensitive to Wnt ligand. In a more recent study, Su et al. 

demonstrate that PP2Acα knockdown similarly leads to dramatic reductions in membrane 

associated and total levels of both β-catenin and E-cadherin in HT29, SW480, DLD1, and HEK293 

cell lines[137]. 

The question of how PP2Acα loss alters E-cadherin localization remains unsolved but E-

cadherin is highly phosphorylated within a serine enriched domain that comprises the β-catenin 

binding domain[138]. Phosphorylation of serine residues Ser834, Ser836, and Ser842 enhance β-

catenin binding affinity over 300-fold [139,140]. Conversely, CK1 mediated phosphorylation of 

E-cadherin at Ser846 reduces β-catenin binding and leads to increased E-cadherin 

internalization[141]. It is plausible that a PP2A complex with a yet to be defined regulatory subunit 
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may specifically dephosphorylate Ser846 on E-cadherin and that loss of PP2Acα abrogates this 

interaction leading to reduced β-catenin binding and E-cadherin internalization. 

 

PP2A’s dual regulation of cytoplasmic Wnt signaling 

 

Negative regulation of Wnt signaling 

PP2A is unlikely to exert its Wnt-inhibitory effects through direct dephosphorylation of β-

catenin as β-catenin dephosphorylation at Ser33, Ser37, and Thr41 removes β-TrCP recognition 

sites and subsequently stabilizes the protein[99]. Consequently, studies have focused on how PP2A 

affects other proteins involved in β-catenin regulation. Yokoyama et al. demonstrate PP2A 

inhibition via treatment with okadaic acid, knockdown of the PP2Ac catalytic subunit, or treatment 

with SV40 ST antigen potentiates Wnt signaling following Wnt3a stimulation. Furthermore, all 

three modifications lead to increases in phosphorylated-GSK3β[142]. Phosphorylation of GSK3β 

at Ser9 suppresses GSK3β kinase activity[110,111], and PP2A treatment can reverse this kinase 

activity in vitro[143]. Mitra et al. confirm this finding and show that PP2A mediated 

dephosphorylation of GSK3β occurs through recruitment of two heatshock proteins, DNAJB6 and 

HSPA8 (heat-shock cognate protein, HSC70) [144]. An intriguing report focusing specifically on 

PP2Aca knockout in cardiomyocytes may further elucidate tissue specific roles of individual 

PP2Ac isoforms[145]. These data support a potential role for PP2A in dephosphorylating, and 

thereby activating, GSK3β with resultant phosphorylation of β-catenin leading to its destruction. 

Treatment with ST antigen potentiates Wnt signaling and also disrupts regulatory (B) 

subunit binding to the holoenzyme[116], suggesting that these regulatory subunits aid in inhibiting 

Wnt signaling. Seeling et al. show that overexpression of the B’ regulatory subunits PR61α, 

PR61β, PR61δ, PR61ε, and PR61γ3 all decrease exogenous β-catenin in HEK293 cells[146], 
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although an effect on endogenous β-catenin was not evaluated. This decrease in β-catenin was 

inhibited with okadaic acid treatment, a non-degradable β-catenin mutant that lacks the GSK3β 

phosphorylation sites, and with proteasomal inhibition, which taken together suggests that PR61-

dependent decreases in β-catenin are due to alterations in phosphorylation-induced proteasomal 

degradation or impaired targeting of β-catenin through the proteasomal degradation pathway. A 

yeast two-hybrid screen also identified that the PR61α and PR61δ subunits interact with the N-

terminal third of APC (unpublished data referenced in [146]) which brings the subunits in close 

proximity to phospho-residues on Axin, APC, and GSK3β. Overexpression of PR61α in the 

colorectal cancer HCA7 cell line (wild-type APC) but not the SW480 cell line (APC truncation at 

1338) recapitulates the decreases in β-catenin observed in HEK293 cells. These data suggest that 

PR61α promotes β-catenin degradation through an APC dependent signaling complex. 

Axis duplication experiments in Xenopus embryos reveal that the PP2A A, PP2Ac, and B’ 

PR61α regulatory subunit all have ventralizing activity, indicating Wnt inhibition. In Xenopus, β-

catenin levels are higher dorsally than ventrally and higher Wnt tone leads to 

dorsalization/secondary axis formation[147]. Ventral injection of Wnt agonists leads to secondary 

body axis formation. To determine where in the Wnt pathway the PP2A regulatory subunits are 

inhibiting Wnt signaling, epistasis studies using lithium chloride (a GSK3β inhibitor that leads to 

dorsalization), dominant-negative Axin, and degradation resistant β-catenin, provide evidence that 

PR61α acts downstream of GSK3β and Axin but upstream of β-catenin to negatively regulate Wnt 

signaling. Furthermore, PP2A A, PP2Ac, and PR61α co-immunoprecipitate with Axin in Xenopus 

egg extracts, supporting a role for PP2A as a component of the β-catenin degradation 

complex[148]. Adding to the complexity, another group shortly thereafter demonstrated that two 

additional B’ family regulatory subunits (PR61β and PR61γ) directly interact with Axin in COS 

cells. PR61β expression reduces Wnt reporter activity but did not decrease endogenous β-catenin 
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levels in wild-type L cells, suggesting that PR61β inhibits Wnt signaling through a mechanism 

independent of β-catenin stability[149]. Taken together, these data highlight the ability of various 

PP2A components and specifically the regulatory subunits to negatively regulate Wnt signaling at 

multiple levels. 

 

Positive regulation of Wnt signaling 

For every piece of evidence that PP2A negatively regulates Wnt signaling, there is 

evidence to the contrary. Teleological thinking would support a positive role for PP2A in 

regulating Wnt signaling as dephosphorylation of the main effector, β-catenin, increases its 

abundance[99]. Accordingly, Zhang et al. were the first to show that a B family regulatory subunit, 

PR55α, can interact with β-catenin[150]. Knockdown of PR55α increases β-catenin 

phosphorylation at Ser33, Ser37, and Thr41 (required for β-TrCP recognition and ubiquitination) 

in SW480 cells and also decreases β-catenin levels in HEK293 cells. PR55α overexpression 

increases Wnt reporter activity in HEK293T cells. Interestingly, phosphorylation of Ser675 

(promotes β-catenin stability[151]) and Ser552 (causes β-catenin dissociation from cell-cell 

contacts and cytosolic/nuclear accumulation[152]) were also increased in SW480 cells with PR55α 

knockdown. While increased β-catenin stability due to reduced phosphorylation at Ser33, Ser37, 

and Thr41 appear to trump any effects of Ser675 and Ser552 phosphorylation, the dichotomy 

highlights the complexity of Wnt phosphorylation and the need for precise phosphatase activity. 

Hein et al. demonstrated similar results in CD-18/HPAF pancreatic cancer cells where knockdown 

of PR55α increased phosphorylation of β-catenin at Ser33, Ser37, and Thr41, destabilized the 

protein and reduced total levels of β-catenin. PR55α was increased in human pancreatic ductal 

adenocarcinoma tissue when compared to normal pancreatic tissue, suggesting that its elevated 

expression may maintain Wnt signaling and other oncogenic signaling cascades[153]. 
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The scaffolding protein APC is also a putative target of PP2A dephosphorylation and 

subsequent Wnt activation as GSK3 phosphorylation of APC improves its ability to bind β-

catenin[104,105]. A number of theories exist as to how APC regulates β-catenin levels. APC may 

promote export of nuclear β-catenin[154,155] or it may simply sequester β-catenin in the 

cytoplasm and prevent association with TCF4 in the nucleus[156]. The observation that APC 

truncations in human colorectal cancers increase total β-catenin levels suggests that APC has a 

direct role in β-catenin degradation. Su et al. support this hypothesis with evidence that WT APC 

“protects” phosphorylated β-catenin from dephosphorylation by a PP2AAα/PP2Acα dimer, which 

ensures that the β-TrCP ubiquitin ligase binding site remains intact[137]. This PP2AAα/PP2Acα 

dimer stabilizes β-catenin by dephosphorylating Ser33 and Ser37, thereby removing the β-TrCP 

ubiquitin ligase binding site. Mutations in APC abrogate this protective mechanism and allow the 

PP2AAα/PP2Acα dimer to dephosphorylate β-catenin, shunting it away from the ubiquitination 

pathway. It should be noted that the PP2Aα/PP2Acα complex identified in this study was isolated 

from bovine cardiac muscle and utilized in a cell-free system which may limit in vivo correlation. 

This study does, however, highlight the potentially promiscuous nature of PP2A in the absence of 

a regulatory subunit. 

The scaffolding protein Axin has binding sites for both GSK3β and β-catenin and acts as a 

negative regulator of Wnt signaling by promoting β-catenin phosphorylation. Axin 

phosphorylation within the β-catenin binding domain increases binding to β-catenin, stabilizing 

Axin and increasing β-catenin degradation[107]. Using a combination of yeast-two hybrid 

screening and co-immunoprecipitation, Hsu et al. showed that Axin can bind directly to the PP2Ac 

catalytic subunit and mapped this interaction between amino acids 632 and 836 of Axin. 

Interestingly, this PP2AC-Axin binding domain is in close proximity to both the GSK3β binding 

domain (amino acids 477-561) and β-catenin binding domain (amino acids 561 – 630)[157], again 
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placing phosphatase activity within proximity of putative phosphorylation targets. Using a Wnt 

reporter assay, Strovel et al. showed that PP2Ac overexpression activates Wnt signaling and that 

PP2A likely mediates these effects through dephosphorylation of Axin, but the exact target of 

PP2Ac dephosphorylation has not been determined[158]. Taken together, these data suggest that 

PP2Ac mediated dephosphorylation of Axin activates the Wnt pathway. 

 

PP2A regulation of stem cells and self-renewal 

 

A role for Wnt signaling in the control of stem cells and cancer stem cells has been well 

established and previously reviewed ([100,159-162]), and the literature reviewed above supports 

an indirect role for PP2A in regulating stem cells through its modulation of Wnt signaling, yet few 

studies have looked at Wnt independent regulation of stemness and self-renewal by PP2A. Wang 

et al. show that PP2A mediates the equilibrium between self-renewal and differentiation of neural 

stem cells predominately through regulation of asymmetric division of neural stem cells [163].  

Additionally, human embryonic stem cell (hESC) self-renewal has been linked to PP2A activity 

as forced expression of PP2A reduced levels of SSEA-4, a marker of undifferentiated hESCs [164]. 

Accordingly, inactivating PP2A via treatment with okadaic acid maintained hESC even in the 

absence of basic fibroblast growth factor (bFGF), a key factor known to maintain hESCs [165]. 

Mechanistically, PP2A inhibition leads to increased phosphorylation of AKT, GSK3b, and Ser62-

c-Myc with reduced levels of Thr58-phosphorylated c-Myc [164]. Phosphorylation of c-Myc at 

these two key residues, Thr58 and Ser62, differentially affect c-Myc stability. Phosphorylation at 

Ser62 stabilizes c-Myc while phosphorylation on Thr58 signals c-Myc for degradation [166]. 

PR61α directs PP2A to c-Myc doubly phosphorylated at Thr58/Ser62 and dephosphorylates Ser62 

thereby increases levels of phospho-Thr58 c-Myc. This shift in phosphorylation status signals c-
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Myc to be degraded by the proteasome [166]. A recent study by Janghorban et al. utilizing a PP2A-

PR61α hypomorph mouse with very low levels of PR61α demonstrated hyperproliferation of the 

epidermis, hair follicles, and sebaceous glands with increases levels of c-Myc phosphorylation at 

Ser62. Furthermore, PR61α deficiency increased the number of BrdU long-term label retaining 

skin stem cells in these mice and enhanced keratinocyte colony formation [167]. Additional studies 

have indicated c-Myc, a known Wnt target gene[168], as a regulator of stem cell self-renewal 

[169,170], highlighting the interplay and complexity of Wnt, c-Myc, and phosphatase signaling. 

Together, these data support a role for PP2A-PR61α mediated regulation of stem cell self-renewal 

and proliferation which may in large part be driven via PP2A mediated c-Myc de-phosphorylation 

and subsequent stabilization. 

 

Conclusion 

 

Protein dephosphorylation is a complex and nuanced process and the PP2A family of 

serine-threonine phosphatases play an important role in regulating multiple signaling pathways 

implicated in tumorigenesis, stem cell maintenance, and self-renewal. Early studies of PP2A 

inhibitors and genomic studies identifying mutations in PP2A subunits support its tumor 

suppressive role. While perturbations in Wnt signaling can help initiate a number of human 

malignancies, Wnt signaling is also critical for maintenance of normal tissue and stem cell 

homeostasis in the non-transformed state. Ample data supports a role for PP2A as a negative 

regulator of Wnt signaling; however, there is similarly strong data supporting PP2A’s role in 

potentiating Wnt signaling. PP2A mediated regulation of Wnt signaling is likely cellular context 

specific and care must be taken to control for these variables. Given the specificity with which 

each regulatory subunit targets PP2A mediated dephosphorylation, future studies must continue to 
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identify how individual trimeric complexes function in regulating a target of interest – referring 

simply to PP2A provides scant biological relevance. Knockdown and overexpression studies must 

consider compensatory mechanisms given the high similarity, yet extreme specificity, of 

individual regulatory subunits and the numerous levels at which they appear to modulate Wnt 

signaling. Taken together, the PP2A family of serine/threonine phosphatases regulate Wnt 

signaling and stemness at multiple levels, both positively and negatively, and further 

understanding of this complex dynamic will aid in identifying key regulators of tumorigenesis and 

normal tissue homeostasis. 
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CHAPTER III 

 

BVES REDUCES LRP6 RECEPTOR LEVELS TO MODULATE WNT SIGNALING 

AND INTESTINAL TUMORIGENESIS 

 

Rationale 

 

 Previous reports have implicated BVES in the regulation of Wnt signaling and intestinal 

stem cells, however the mechanism underlying these BVES-dependent phenotypes is largely 

unknown. Therefore, the following studies seek to mechanistically address how BVES regulates 

Wnt signaling and its implications for intestinal tumorigenesis. 

 

Introduction 

 

Colorectal cancer (CRC) is the third most common cancer in men and the second most 

common cancer in women worldwide. In the United States, CRC is the second leading cause of 

cancer-related deaths[171,172]. Over 90% of CRC tumors exhibit disruptions in the Wnt signaling 

pathway with inactivating mutations in the tumor suppressor adenomatous polyposis coli (APC) 

or activating mutations in β-catenin present in ~80% of cases[96]. β-catenin is the key effector of 

canonical Wnt signaling, and cytoplasmic β-catenin is maintained at low levels via a destruction 

complex composed of the scaffolding proteins AXIN and APC and the protein kinases glycogen 

synthase kinase 3 (GSK3) and casein kinase 1 alpha (CK1α)[100]. CK1α phosphorylates β-

catenin, priming it for subsequent phosphorylation by GSK3, which allows for recognition by the 
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β-transducin repeats-containing protein (β-TrCP) ubiquitin ligase and subsequent proteasomal 

degradation[99,173].  

LRP6 is a Wnt co-receptor that, in the presence of ligand, complexes with the seven-

transmembrane-domain receptor Frizzled (FZ) and the scaffold protein Dishevelled (DVL) 

[174,175]. LRP6 is ultimately phosphorylated by GSK3b and CK1a at multiple sites including 

Thr1479, Ser1490, and Thr1493 upon stimulation, which effectively recruits AXIN to the 

membrane, preventing the activity of the b-catenin destruction complex and allowing b-catenin to 

translocate to the nucleus to mediate TCF/β-catenin target gene transcription[176]. AXIN2 is one 

such Wnt target gene and functions in a negative feedback loop to degrade β-catenin and attenuate 

Wnt signaling[177]. Given the dependence of CRC on hyperactive Wnt signaling, identifying 

novel regulators of this pathway will be essential to the development of targeted therapeutic 

strategies.  

Blood vessel epicardial substance (BVES or POPDC1) is a tight junction-associated 

adhesion molecule that was isolated in a cDNA screen of the developing heart[37]. It is proposed 

that BVES promotes epithelial junctional competence and can set epithelial-mesenchymal states 

via sensing of cell-cell contacts. The BVES promoter is frequently hypermethylated in malignancy 

leading to its reduced expression[41]. Accordingly, BVES loss is observed in all stages of CRC, 

including in premalignant adenomas with APC loss, suggesting that its suppression may contribute 

to tumor initiation[41]. Restoring BVES in CRC cell lines results in attenuated growth, migration, 

and invasion[41] and BVES interacts with a protein phosphatase 2A (PP2A) regulatory subunit to 

reduce c-Myc protein levels[73]. Furthermore, in the inflammation-driven azoxymethane/dextran 

sodium sulfate (AOM/DSS) carcinogenesis model, tumors from Bves-/- mice displayed increased 

cytoplasmic and nuclear β-catenin staining[73]. RNA-sequencing analysis of these tumors also 

indicated hyperactive Wnt signaling networks[73]. Small intestinal crypts isolated from Bves-/- 
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mice and grown in 3D-Matrigel™ cultures as enteroids displayed increases in plating efficiency 

and in the ratio of stem spheroids, a morphology associated with hyperactive Wnt signaling[88]. 

Importantly, Bves-/- enteroids are also hyper-responsive to Wnt activation upon Wnt3a 

stimulation[88]. Taken together, these data suggest that BVES may tune cellular responses to Wnt 

and growth factor signaling, however the mechanisms by which BVES influences Wnt signaling 

are unknown.  

Given the baseline and Wnt-dependent phenotypes associated with BVES loss, we 

hypothesized that BVES may regulate Wnt signaling in a ligand-independent fashion that is 

enhanced upon ligand stimulation. We observed that BVES knockdown utilizing multiple 

approaches indeed increases Wnt pathway activation and β-catenin levels at baseline and 

coordinated with Wnt3a stimulation to further enhance Wnt signaling. Furthermore, BVES 

interacts with the Wnt co-receptor LRP6, and BVES loss increases LRP6 receptor levels and 

activation. Adenoma tumoroids isolated from a Wnt-driven genetic mouse model and human 

samples derived from normal colon also demonstrated increased LRP6 receptor levels and receptor 

activation, suggesting that BVES loss may aid in the transition from premalignant to malignant 

lesions by augmenting Wnt signaling. Finally, loss of BVES increased tumor multiplicity and 

dysplasia in two separate mouse models of colon tumorigenesis. Together, these results implicate 

BVES in the regulation of Wnt signaling through modulating LRP6 receptor levels and confirm 

its role as a tumor suppressor by inhibiting Wnt ligand-independent signaling cascades.  
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Results 

 

BVES knockdown increases Wnt pathway activation 

 Previous reports have associated BVES loss with Wnt pathway activation, but the 

mechanisms by which this occurred were unclear[41,73,88]. In order to elucidate these 

mechanisms, we first turned to in vitro systems using HEK293 cells stably expressing the 

SuperTopFlash Wnt reporter (293STF)[178]. 293STF cells respond to canonical Wnt signaling 

and are a sensitive tool to determine the impact of BVES on Wnt pathway activation. BVES 

knockdown in these cells using a lentivirally delivered shRNA yielded a 90% reduction in BVES 

transcript and increased Wnt reporter activity at both baseline and following stimulation with 

Wnt3a conditioned media (Figure 7A, 15.6 ± 0.1 vs. 108.1 ± 1.1-fold activation over unstimulated 

control, P < 0.0001 and Figure 8A). A concomitant increase in the expression of the Wnt target 

gene AXIN2 was also observed (Figure 7B). As b-catenin is the key effector of Wnt pathway 

activity, we next tested whether BVES knockdown increased b-catenin protein levels. Indeed, 

cytoplasmic fractionation followed by immunoblotting demonstrated increased b-catenin protein 

levels (Figure 7C). Pooled siRNAs targeting BVES also increased Wnt reporter activity and Wnt 

target gene expression both at baseline and following Wnt stimulation (Figure 7D and Figure 7E). 

Increases in b-catenin protein levels following BVES knockdown and cytoplasmic fractionation 

were also observed (Figure 7F). Similar results were obtained using individual siRNAs (Figure 8B 

and Figure 8C) and utilizing the HCT116 CRC cell line (Figure 9A-C). Together, these results 

support a role for BVES in modulating Wnt pathway activation through regulating cytoplasmic b-

catenin protein levels. 
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Figure 7. BVES loss increases Wnt signaling and b-catenin protein levels. 

 

Figure 7. BVES loss increases Wnt signaling and b-catenin protein levels. (A) TopFlash activity in 
293STF cells following BVES shRNA knockdown. (B) AXIN2 fold change by qRT-PCR in 293STF 
cells with BVES shRNA knockdown. Cells were treated with 50% L-cell-conditioned media or 50% 
Wnt3a-conditioned media for 16 hours before isolation. (C) Cytoplasmic fractions of 293STF cells 
following shRNA knockdown of BVES. Cells were treated with 50% Wnt3a-conditioned media for 2 
hours before harvest. (D) TopFlash activity in 293STF cells following siRNA knockdown.  (E) AXIN2 
fold change by qRT-PCR in 293STF cells with siRNA knockdown. Cells were treated with 50% L-cell- 
or 50% Wnt3a-conditioned media for 16 hours before isolation. (F) Cytoplasmic fractions of 293STF 
cells following siRNA knockdown of BVES. Cells were treated with 50% Wnt3a-conditioned media for 
2 hours before harvest. (G) b-catenin (CTNNB1) transcript levels in 293STF cells 56-72 hours following 
BVES siRNA knockdown. (H) 293STF cells were treated with 20 µM MG132 for 4 hours followed by 
cytoplasmic fractionation. Black arrow indicates b-catenin, and the relative intensity of only this lower 
band is quantified below. Bracket indicates ubiquitinated species. Western blot is representative of 2 
independent experiments. (I) 293STF cells were treated with 100 µg/mL cycloheximide (CHX) 
dissolved in DMSO or DMSO vehicle control for the indicated time points followed by cytoplasmic 
fractionation. Western blot is representative of 2 independent experiments. For (A), (B), (D), and (E), 
data are representative of at least 4 independent experiments. **P < 0.01, ****P < 0.0001 by Student’s 
t test in the minus Wnt and plus Wnt conditions. For (C) and (F), data are pooled from n=5 independent 
experiments, each normalized to the control minus Wnt3a condition. **P < 0.01 by Mann-Whitney test 
in the minus Wnt and plus Wnt conditions. For (G), Data are pooled from n=4 independent experiments. 
ns = non-significant by Mann-Whitney test in the minus Wnt and plus Wnt conditions. 
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Figure 8. BVES knockdown increases TopFlash activity. 

  

 

Figure 8. BVES knockdown increases TopFlash activity. (A)	Confirmation of BVES knockdown by 
qRT-PCR in 293STF cells following shRNA knockdown. (B) TopFlash activity in 293STF cells 
utilizing both individual and pooled siRNAs. Cells were treated with 50% L-cell-conditioned media or 
50% Wnt3a-conditioned media for 16 hours before reporter activity analysis. (C) Confirmation of BVES 
knockdown by qRT-PCR in 293STF cells from (B). All data are representative of at least n=3 
independent experiments. For (A), ***P < 0.001, ****P < 0.0001 by Student’s t test in the minus Wnt 
and plus Wnt conditions. For (B) and (C), ***P < 0.001, ****P < 0.0001 by one-way ANOVA with 
Tukey multiple comparison testing in the minus Wnt and plus Wnt conditions. 
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Figure 9. BVES knockdown increases Wnt signaling in HCT116 colorectal cancer cells. 

  

 

Figure 9. BVES knockdown increases Wnt signaling in HCT116 colorectal cancer cells.	 (A) 
Confirmation of BVES knockdown by qRT-PCR in HCT116 cells following siRNA knockdown. (B) 
TopFlash and FOPFlash activity in HCT116 cells following BVES knockdown. TopFlash activity was 
normalized to Renilla to control for transfection efficiency. Cells were treated with 50% L-cell-
conditioned media or 50% Wnt3a-conditioned media overnight. (C) AXIN2 fold change by qRT-PCR 
in HCT116 cells. Cells were treated with 50% L-cell-conditioned media or 50% Wnt3a-conditioned for 
4 hours before RNA isolation. All data are representative of n=3 independent experiments. ***P < 
0.001, ****P < 0.0001 by Student’s t test in the minus Wnt and plus Wnt conditions.  
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BVES loss leads to stabilization of b-catenin protein 

b-catenin levels can be regulated transcriptionally or post-translationally, where it is 

sequentially phosphorylated by two kinases, GSK3b and CK1a[99,179,180]. This targets the 

protein for ubiquitination by b-TrCP and leads to its subsequent proteasomal degradation[173]. 

We tested whether the observed increases in b-catenin protein levels following BVES loss were 

due to alterations in b-catenin transcript levels or an effect on b-catenin ubiquitination and 

proteasomal degradation. BVES knockdown did not alter b-catenin transcript levels in 293STF or 

HCT116 cells (Figure 7G and Figure 10). Treatment of 293STF cells with the proteasome inhibitor 

MG132 led to an accumulation of higher molecular weight, ubiquitinated b-catenin species, as has 

been previously described (Figure 7H, Lane 3)[181]. In the setting of BVES knockdown, there was 

an increase in non-ubiquitinated b-catenin (Figure 7H, arrow) and a reduction in ubiquitinated 

species (Figure 7H, bracketed bands). To further these findings, we performed cycloheximide 

chase experiments to assess b-catenin stability. BVES knockdown cells maintained increased b-

catenin protein levels after cycloheximide treatment (Figure 7I). Even when accounting for the 

overall increase in b-catenin protein levels in the setting of BVES knockdown, higher relative 

proportions of b-catenin were observed at each time point. Overall, this is consistent with BVES 

loss enhancing Wnt pathway activation through the accumulation of b-catenin due to reduced 

ubiquitination and proteasomal degradation leading to enhanced protein stability. 
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Figure 10. No increase in b-catenin transcript following BVES knockdown. 

  

 

Figure 10. No increase in b-catenin transcript following BVES knockdown. (A) b-catenin 
(CTNNB1) mRNA levels by qRT-PCR in 293STF cells 72 hours after BVES shRNA knockdown. 
Representative data of n=4 independent experiments. (B) qRT-PCR analysis of HCT116 cells 
demonstrating no change in b-catenin transcript. *P < 0.05, ns = non-significant by Student’s t test. 
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BVES inhibits Wnt receptor activation 

 Reductions in b-catenin ubiquitination lead to its stabilization and this can occur through 

multiple mechanisms, such as Wnt ligand binding and receptor activation, or through alterations 

in b-catenin destruction complex components (i.e. APC truncations)[182]. Because BVES rapidly 

traffics to the membrane upon cells reaching confluency, we hypothesized that BVES stabilization 

of b-catenin may be orchestrated via modulating Wnt receptor levels[30,183]. LRP6, and its 

homologue LRP5, are Wnt ligand co-receptors that, in the presence of Wnt ligand, bind the seven-

transmembrane-domain receptor FZ and stabilize cytoplasmic b-catenin[184]. siRNA knockdown 

of BVES led to a reproducible 1.5-fold increase in LPR6 receptor levels in 293STF cells with 

concomitant increases in cytoplasmic b-catenin levels (Figure 11A). This increase in LRP6 protein 

levels was not due to an increase in LRP6 mRNA transcript (Figure 11B), suggesting that BVES 

is affecting LRP6 protein stability. 

We next determined if increases in total LRP6 levels also correlated with increased receptor 

activation. Cells were treated with or without Wnt3a conditioned media and immunoblotted for 

phospho-LRP6 (pLRP6, Ser1490), which is indicative of LRP6 receptor activation. BVES 

knockdown increased LRP6 phosphorylation both at baseline (without Wnt ligand) and with Wnt 

stimulation (Figure 11A and Figure 11C). Rapid phosphorylation of LRP6, within 1 hour, was 

observed with cytoplasmic levels of b-catenin peaking around 2 hours post-stimulation (Figure 

11C). Consistently, pLRP6 levels were higher at baseline following BVES knockdown and 

remained elevated throughout the 3 hours of Wnt stimulation. Minimal change in LRP5 receptor 

levels were observed. Comparable results were observed in HCT116 cells (Figure 12A) and mouse 

embryonic fibroblasts (MEFs) isolated from littermate-controlled WT and Bves-/- embryos (Figure 

12B and Figure 12C).  
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Interestingly, a mobility shift in DVL2 and DVL3 was also observed (Figure 11C). DVL 

proteins are key signal transducers that have roles in both canonical and noncanonical Wnt 

pathways[185]. DVL is phosphorylated in response to Wnt stimulation, which leads to a mobility 

shift[186], and it is these higher molecular weight, phosphorylated DVL species which are 

increased with BVES knockdown. To further analyze the level at which BVES alters Wnt 

signaling, we employed the HEK 293 DVL knockout cell line (293DVL TKO) which is null for 

all three DVL genes[187]. In agreement with a prior study that employed a combination of genetic 

knockout and DVL shRNA knockdown[188], the 293DVL TKO cells failed to phosphorylate 

LRP6 in response to Wnt3a (Figure 11D). Furthermore, BVES knockdown in this cell line led to 

small but reproducible increases in levels of the LRP6 receptor but did not result in changes in b-

catenin levels, suggesting that the effects of BVES on Wnt signaling are upstream of DVL. These 

results indicate that DVL is not required for BVES-dependent changes in total LRP6, but is 

required for the downstream effects on b-catenin.  

As we have previously shown that BVES directs PP2A phosphatase activity to 

dephosphorylate, and subsequently destabilize c-Myc[73], we next asked the question of whether 

BVES directed PP2A phosphatase activity reduces LRP6 receptor activation. 293STF cells with 

BVES knockdown were treated with Wnt3a conditioned media and an inhibitor of PP2A (Okadaic 

Acid, OA) or an activator of PP2A (Ceramide). Phospho-GSK3b (S9) and phospho-CREB (S133) 

are known PP2A targets and were included as reagent controls[189,190]. Reproducibly, BVES 

knockdown increased LRP6 phosphorylation both at baseline and with Wnt3a conditioned media 

(Figure 11E and Figure 12D). This effect was further augmented in the context of PP2A inhibition 

with OA, possibly owing to incomplete BVES knockdown or an indirect effect of BVES/PP2A on 

the activity of an intermediary protein such as GSK3b. In the setting of Wnt3a stimulation, 

activation of PP2A phosphatase activity with ceramide reduced LRP6 phosphorylation in the 
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presence of BVES. The ceramide mediated reduction in pLRP6 levels was abrogated following 

BVES knockdown, suggesting that BVES directs PP2A mediated dephosphorylation and 

subsequent inactivation of LRP6. 

Overall, these data support a model in which the presence of BVES destabilizes the LRP6 

co-receptor and reduces receptor activation, conceivably through directing the phosphatase activity 

of PP2A. 
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Figure 11. LRP6 levels and phosphorylation are increased with BVES loss 

 

 

Figure 11. LRP6 levels and phosphorylation are increased with BVES loss. (A) Cytoplasmic 
fractionation of 293STF cells following siRNA knockdown of BVES. Cells were treated with 50% 
Wnt3a conditioned media for 2 hours before harvest. pLRP6 quantification is pooled from n=5 
independent experiments, and total LRP6 quantification is pooled from n=7 independent experiments, 
each normalized to the control minus Wnt stimulation. (B) LRP6 fold change by qRT-PCR in 2923STF 
cells with BVES siRNA knockdown. Cells were treated with 50% L-cell-conditioned media or 50% 
Wnt3a-conditioned media for 8 hours before isolation. (C) Cytoplasmic fractionations of 293STF cells 
with Wnt stimulation time course following BVES knockdown. Cells were treated with 50% Wnt3a-
conditioned media for indicated time points. (D) Cytoplasmic fractionations of 293STF or 293 
Dishevelled Triple-Knockout (293DVL TKO) cells following BVES knockdown. Cells were stimulated 
with 50% Wnt3a-conditioned media for 2 hours and immunoblotted. b-catenin quantification in the 
293DVL TKO is pooled from n=3 independent experiments. Black line between lanes 6 and 7 is debris 
on the membrane. (E) Cytoplasmic fractionations of 293STF cells stimulated with 50% control or 50% 
Wnt3a-conditioned media for 2 hours. At the time of Wnt3a stimulation, cells were concurrently treated 
with DMSO, okadaic acid (OA) at 100 nM, or ceramide at 50mM and probed for pLRP6 (S1490), 
pGSK3b (S9), and pCREB (S133). Data is representative of two independent experiments. For (A), (B), 
and (D), *P < 0.05, **P < 0.01, ***P < 0.001 by Mann-Whitney test in the minus Wnt and plus Wnt 
conditions. ns = non-significant by Mann-Whitney test. 
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Figure 12. BVES loss increases LRP6 levels and activation in multiple cell types. 

 

Figure 12. BVES loss increases LRP6 levels and activation in multiple cell types. (A) Western Blot 
demonstrating small but observable increases in LRP6 and b-catenin levels following BVES knockdown 
in HCT116 cells. Cells were treated with 50% L-cell-conditioned media or 50% Wnt3a-conditioned 
media for 2 hours. For (B) and (C), WT and BVES KO mouse embryonic fibroblasts (MEFs) were 
derived from littermates of Bves+/- by Bves+/- crosses and analyzed 1-2 passages after isolation. (B) 
Representative Western blot from one WT and one Bves-/- MEF line. Cells were stimulated for 2 hours 
with 50% L-cell-conditioned media or 50% Wnt3a-conditioned media before cytoplasmic fractionation. 
(C) Quantification of relative protein abundance from n=4 BvesWT and n=4 Bves-/-  lines. (D) 
Cytoplasmic fractionations of 293STF cells stimulated with 50% control or 50% Wnt3a-conditioned 
media for 2 hours. At the time of Wnt3a stimulation, cells were concurrently treated with DMSO, 
okadaic acid (OA) at 100 nM, or ceramide at 50µM and probed for pLRP6 (S1490), pGSK3b (S9), and 
pCREB (S133). Data is representative of two independent experiments. *P < 0.05 by Mann-Whitney 
test in the minus Wnt and plus Wnt conditions. 
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BVES interacts with LRP6 

As BVES is recognized to orchestrate changes in cellular state via protein interactions in 

the carboxy-terminus, we next hypothesized that BVES regulates LRP6 levels through a protein-

protein interaction and performed co-immunoprecipitation experiments. Reciprocal co-

immunoprecipitations of overexpressed Flag-tagged chick BVES (Flag-BVES) and GFP-tagged 

LRP6 (GFP-LRP6) demonstrated a BVES-LRP6 interaction (Figure 13A). Overexpression of 

BVES also reduced exogenous levels of LRP6 in the input samples, complementing our previous 

observations utilizing BVES knockdown. Overexpression of BVES followed by 

immunoprecipitation with anti-Flag resin also demonstrated an interaction with endogenous LRP6 

as well as LRP5 (Figure 13B) and again confirmed that BVES levels are inversely correlated with 

LRP6 levels. To narrow the putative BVES-LRP6 interaction domain, we utilized an LRP6 

construct spanning amino acids 1364 to 1539 which comprises the transmembrane (TM) and 

proximal intracellular domain (ICD) along with an amino-terminal Myc tag (Myc-LRP6ICD). 

These mapping studies demonstrate that the extracellular domain is dispensable for the BVES-

LRP6 interaction and narrow the interaction domain to around 175 amino acids (Figure 13C).  To 

test whether Wnt3a augments the BVES-LRP6 interaction, cells were stimulated for 2 hours with 

Wnt3a conditioned media before immunoprecipitation (Figure 13D). A subtle increase in the 

BVES-LRP6 interaction upon ligand stimulation was observed but overall, BVES and LRP6 

appear to associate quite readily even in the absence of ligand. Together, these data demonstrate 

that BVES interacts with LRP6 and that BVES overexpression leads to reductions in LRP6 protein 

levels. 
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Figure 13. BVES interacts with LRP6 and LRP5. 

 

Figure 13. BVES interacts with LRP6 and LRP5. (A) Reciprocal co-immunoprecipitation of Flag-
tagged BVES (Flag-BVES) and GFP-tagged LRP6 (GFP-LRP6). HEK293T cells were transiently 
transfected with 4 µg of each plasmid using PEI. Filler plasmid was used to maintain equal DNA 
quantities. GFP-LRP6 was immunoprecipitated with GFP binding protein magnetic beads following by 
immunoblotting with anti-Flag antibodies. Flag agarose resin was utilized to immunoprecipitate BVES 
followed by immunoblotting with anti-GFP antibodies. (B) Immunoprecipitation of Flag-BVES 
followed by immunoblotting for endogenous LRP5 and LRP6. 4 µg of vector or Flag-BVES was 
transfected into HEK293T cells using PEI. The LRP5 and LRP6 blots were developed using ECL and 
film, while the rest of the blots were immunoblotted using Odyssey infrared reagents as discussed in 
Methods. (C) Schematic of the amino-terminal myc-tag LRP6 (Myc-LRP6ICD) construct which spans 
amino acids 1364-1539 and contains the LRP6 transmembrane domain (TM) and proximal intracellular 
domain (ICD). Myc-LRP6ICD was transfected into HEK293T cells along with Flag-BVES as in (A) 
and immunoprecipitation experiments performed 48 hours later.  (D) Cells were transfected with 4 µg 
of Flag-BVES and then 48 hours later treated with 50% L-cell-conditioned media or 50% Wnt3a-
conditioned media for 2 hours before flag immunoprecipitation. 	
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BVES regulates LRP6 and Wnt activation in human colonoids 

To expand our studies into the intestinal epithelium, we performed BVES knockdown using 

lentivirally delivered shRNAs in a primary human colonoid line. Human colonoids more faithfully 

recapitulate intestinal physiology and are an excellent tool for studying junctional biology[191]. 

Following BVES knockdown, levels of both pLRP6 and total LRP6 increased (Figure 14A). This 

occurred despite only about a 50% reduction in BVES message (Figure 14B). Concomitant 

increases in AXIN2 transcript levels were also observed with BVES knockdown (Figure 14C). 

Utilizing robust human intestinal models, these data further demonstrate that BVES loss enhances 

Wnt signaling and increases LRP6 receptor levels and phosphorylation.   
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Figure 14. BVES knockdown increases LRP6 levels and Wnt activity in human colonoids. 

 

 

Figure 14. BVES knockdown increases LRP6 levels and Wnt activity in human colonoids. (A) 
Whole cell lysates from human colonoids maintained in human culture media (see Methods). Analysis 
was performed 96 hours following lentiviral shRNA knockdown. (B) BVES fold change by qRT-PCR 
in human colonoids from (A). (C) AXIN2 fold change by qRT-PCR in human colonoids from (A). Data 
are representative of n=2 independent experiments. ****P < 0.0001 by Student’s t test. 
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BVES loss increases Wnt receptor activation in Apc-deficient organoids 

 As our data supports a role for BVES in modulating Wnt receptor activation in non-

transformed cells, we next sought to determine whether BVES loss can alter Wnt receptor 

activation in pathologic conditions such as in the setting of APC loss. We utilized the Lrig1-CreER 

driver to induce loss of one allele of Apc in intestinal stem cells. Lrig1 is a pan-ErbB family 

inhibitor that marks stem/progenitor cells in the intestinal crypt base[19]. Heterozygous loss of 

Apc driven by Lrig1-CreER leads to the development of intestinal adenomas upon stochastic loss 

of the second Apc allele[19]. Intestinal adenomas were isolated from tumor-bearing Lrig1-

CreER;Apcfl/+;BvesWT mice and grown in 3D-Matrigel™ cultures. Importantly, BvesWT adenoma 

tumoroids grown in basal media supplemented with purified Wnt3a and R-spondin grew larger 

than adenoma tumoroids grown without growth supplementation (Figure 15A) indicating that 

adenoma tumoroids, despite homozygous loss of Apc, were still responsive to Wnt stimulation. 

These data support prior observations by Saito-Diaz et al. and demonstrate that even in the absence 

of functional APC, modulating upstream Wnt receptors further activates the Wnt pathway and 

increases organoid growth[192].  

We then isolated adenoma tumoroids from additional Lrig1-CreER;Apcfl/+;BvesWT and 

Lrig1-CreER;Apcfl/+;Bves-/- mice. As expected, the Bves-/- tumoroids exhibited increases in both 

total LRP6 and activated pLRP6 levels (Figure 15B). Immunofluorescence analysis of formalin-

fixed paraffin embedded adenoma tumoroids demonstrated an increased percentage of phospho-

Histone H3 (pH3) positive proliferative cells with no change in cleaved caspase 3 (CC3) positive 

apoptotic cells (Figure 15C). These data demonstrate that BVES loss increases LRP6 receptor 

levels and activation in the setting of APC loss with concurrent increases in adenoma tumoroid 

proliferation.  
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Figure 15. BVES loss increases LRP6 receptor activation in adenoma tumoroids. 

 

  

 

Figure 15. BVES loss increases LRP6 receptor activation and proliferation in Lrig1-
CreER;Apcfl/+ adenoma tumoroids. BvesWT and Bves-/- mice were crossed with Lrig1-CreER;Apcfl/+ 
mice and injected with 2 mg Tamoxifen for 3 consecutive days. Tumors were harvested at 100 days. 
(A) Established WT adenoma tumoroid lines were passaged and plated in basal media (Untx) or basal 
media supplemented with purified Wnt3a and R-spondin for 4 days. Representative 4x brightfield 
images are shown, and organoid area is quantified to the right. Data are from n=2 WT mouse tumoroid 
lines and representative of n=3 independent experiments. Quantification was performed on 5 images per 
condition. (B) Adenoma tumoroids from 3 BvesWT and Bves-/- mice were maintained in WENR media 
and harvested for Western Blot. (C) Adenoma tumoroids were fixed, embedded, and stained for 
phospho-Histone H3 (pH3) to measure proliferation and cleaved caspase 3 (CC3) to measure apoptosis. 
Data are from n=2 WT mouse tumoroid lines and n=2 Bves-/- tumoroid lines. Quantification was 
performed on 5 images per line. *P < 0.05, ***P < 0.001 by Student’s t test. 
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BVES loss augments intestinal tumorigenesis 

Given that mutations in Wnt signaling components are among the most common initiating 

events in CRC, we next determined whether BVES could modify Wnt-dependent 

tumorigenesis[96]. Utilizing a purely Wnt-driven genetic model, we analyzed tumor burden in 

Lrig1-CreER;Apcfl/+;BvesWT and Lrig1-CreER;Apcfl/+;Bves-/- mice. Apc loss was induced with 

three consecutive daily doses of Tamoxifen administered intraperitoneally. Mice were sacrificed 

after 100 days and analyzed for tumor burden. There was no difference in survival between 

cohorts, and all mice developed tumors independent of Bves genotype. There was no difference in 

tumor size; however, Bves-/- mice displayed an almost 2-fold increase in tumor multiplicity over 

littermate-matched controls (Figure 16A, 35.1 ± 5.1 vs. 68 ± 13.1, P < 0.05) and an increased 

incidence of high-grade dysplasia upon histologic review by a pathologist (MKW) who was 

blinded to the genotypes of the samples (Figure 16B and Figure 16C). 

We also utilized a chemically-induced model of tumorigenesis to confirm these findings. 

Cohorts of 8-week-old WT and Bves-/- mice were treated with 5 weekly injections of AOM, which 

can induce β-catenin mutations but can also promotes Apc loss[193,194]. Mice were harvested at 

30 weeks of age and assessed for tumor burden. Increased tumor incidence (Figure 16D and Figure 

16E) and tumor multiplicity (Figure 16F) were observed in Bves-/- mice. The tumors in AOM-

treated Bves-/- mice also demonstrated higher degrees of dysplasia upon histologic review. 

Together, these tumor models are in agreement in supporting a role for BVES as a tumor 

suppressor and highlight that BVES loss can increase both tumor multiplicity as well as histologic 

progression.  
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Figure 16. BVES loss increases tumorigenesis. 

  

 

Figure 16. BVES loss increases tumorigenesis. (A) Tumor multiplicity in small and large intestine of 
Lrig1-CreER;Apcfl/+ mice crossed with Bves-/- mice. (B) Representative histology from Lrig1-
CreER;Apcfl/+ and Lrig1-CreER;Apcfl/+;Bves-/- tumor bearing mice. (C) Dysplasia scoring in Lrig1-
CreER;Apcfl/+ and  Lrig1-CreER;Apcfl/+;Bves-/- mice. (D) Representative images from AOM-treated 
BvesWT and Bves-/- colons at sacrifice. Tumors indicated by white arrows. (E) Tumor incidence, (F) tumor 
multiplicity, and (G) dysplasia scoring in AOM-treated mice. For (A-C), n=11 WT and n=10 Bves-/- 
mice. For (D-G), n=11 WT and n=10 Bves-/- mice.  *P < 0.05 by Student’s t test. 
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Discussion 

 

 Multiple mechanisms regulate b-catenin levels and activity within the cell. Classically, the 

transmembrane glycoprotein E-cadherin sequesters b-catenin at the cell membrane, thereby 

preventing its nuclear translocation and repressing Wnt signaling[47]. However, there is little 

evidence that tight junctions can regulate Wnt signaling and b-catenin levels. Here, we 

demonstrate a novel role for BVES, a tight junction-associated molecule, in modulating Wnt 

signaling by controlling LRP6 receptor levels and activation state, thereby determining cellular b-

catenin levels. 

As a tight junction protein, BVES is implicated in regulating a variety of diverse cellular 

phenotypes such as cell migration and epithelial-mesenchymal transition. BVES is downregulated 

in multiple epithelial malignancies and, notably, is reduced in the earliest stages of CRC[41]. 

Furthermore, BVES interacts with a protein phosphatase 2A (PP2A) regulatory subunit to reduce 

c-Myc protein levels, and loss of BVES increases tumor formation in a mouse model of colitis-

associated cancer[73]. BVES also demonstrates high affinity for cAMP, and aberrant cyclic 

nucleotide signaling has been implicated in tumorigenesis[58,195]. This suggests that BVES 

suppression may cooperate with multiple oncogenic factors in promoting tumorigenesis. Our 

previous studies have also associated BVES loss with Wnt pathway activation, a foundational step 

in the initiation of CRC[96]. We now demonstrate that BVES directly regulates Wnt signaling by 

altering cellular b-catenin levels via an effect on LRP6 activity and that such regulation increases 

APC-dependent tumorigenesis.  

 We show that BVES loss increases TopFlash reporter activity, Wnt target gene 

transcription, and b-catenin protein levels at baseline, in the absence of Wnt ligand. Additionally, 
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BVES loss coordinates with Wnt ligand to robustly increase pathway activation. This suggests 

cells lacking BVES are “primed” and more responsive to Wnt ligand binding. Thus, it follows that 

BVES may influence receptor level dynamics, and indeed, we observed that BVES loss increased 

LRP6 receptor levels in the absence and in the presence of Wnt ligand. No changes in Frizzled 8 

or the E3 ubiquitin-ligase RNF43 were observed (data not shown), suggesting that this is a direct 

effect on LRP6. Across multiple experiments and models, BVES loss increased Ser1490 

phosphorylation of the LRP6 receptor even in the absence of Wnt ligand, suggesting that BVES 

inhibits ligand-independent receptor activation and Wnt signalosome formation. Phosphorylated 

LRP6 can subsequently recruit AXIN2 to the plasma membrane which ultimately leads to 

stabilization of b-catenin. This effect appears to be upstream of the scaffolding DVL proteins 

because no changes in b-catenin levels were observed in the DVL TKO cells following BVES 

loss. Because DVL is required for LRP6 receptor phosphorylation and signalosome 

formation[196], one working model is that BVES prevents LRP6 receptor activation by disrupting 

the DVL-LRP6 interaction. Interestingly, BVES interacts with ZO-1, a tight junction protein that, 

like DVL, contains a PDZ domain[54,197]. While this protein motif could link BVES and DVL, 

an interaction between BVES and DVL2 was not observed (data not shown). Instead, 

immunoprecipitation studies demonstrate that BVES interacts with both LRP5 and LRP6. Chick 

BVES was utilized for these experiments because it is much more readily expressed than full 

length human BVES, is nearly 80% homologous with even higher homology in key functional 

domains[35], and has been extensively utilized for many key studies describing BVES 

function[32,41,54]. LRP5 and LRP6 share a high degree of sequence homology[198], therefore it 

is not surprising that BVES could interact with both proteins. However, why BVES knockdown 

differentially increase LRP6 levels with minimal changes to LRP5 levels will require further 

exploration. Mapping studies place the BVES-LRP6 interaction within the 
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transmembrane/intracellular domain of LRP6 and confirm that the extracellular domain (ECD) of 

LRP6 is not required for the interaction. As the effects of BVES loss on LRP6 occur even in the 

absence of Wnt ligand, it is unlikely that BVES is altering ligand-receptor dynamics which is 

consistent with a BVES-LRP6 interaction that is independent of the LRP6 ECD. While a direct 

interaction between BVES and LRP5/6 cannot be ruled out, we believe that this interaction exists 

within a larger complex and is indirect as BVES-LRP6 direct interactions have not been observed 

in prior yeast two hybrid screens[41,55]. Interestingly, we also observed increases in BVES 

transcript following stimulation with Wnt3a conditioned media, suggesting that BVES itself is a 

Wnt target gene. Overall, this supports a potential model whereby BVES is upregulated in response 

to Wnt stimulation in a negative feedback loop that subsequently attenuates Wnt signaling, a well 

described phenomenon in Wnt signaling exemplified by studies of AXIN2[177].  

Our studies utilizing OA and ceramide highlight a novel and unexplored mechanism of 

Wnt receptor regulation. A model by which BVES-directed, PP2A-mediated, dephosphorylation 

of the LRP6 co-receptor occurs at the membrane would not be without precedent as PP2A 

dephosphorylates a number of Wnt signaling components and appears to have dual (both activating 

and inhibiting) roles in this regulation similar to other pathway components such as GSK3b[81]. 

The role of BVES in directing PP2A activity appears to be more critical in the setting of Wnt3a 

stimulation, when phosphorylated LRP6 levels are highest. This is consistent with the dramatically 

enhanced TopFlash activity in the setting of BVES loss and Wnt3a stimulation and suggests that 

while the BVES-LRP6 interaction itself appears to be ligand independent, some components of 

this regulatory mechanism may be ligand dependent. 

 In the setting of tumorigenesis, the question remains as to whether or not modulating Wnt 

receptor activity upstream of mutations in APC is functionally relevant. Inactivating mutations in 

APC are potent drivers of CRC development and lead to stabilization of b-catenin. Teleological 
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thinking would suggest that downstream APC mutations subsequently render cells insensitive to 

upstream ligand stimulation; however, a recent study by Saito-Diaz et al. highlights a novel role 

for APC in preventing ligand-independent LRP6 activation and proposes a model by which the 

APC homologue APC2 functions within the destruction complex to degrade b-catenin [192]. We 

also know that despite APC mutations, cellular b-catenin levels do not rise indefinitely, which may 

be in part due to APC2’s function in the destruction complex[192,199]. Therefore, in the setting 

of APC loss, ligand stimulation may enhance Wnt signaling by preventing APC2-dependent 

destruction complex formation. In support of this, we show that WT adenoma tumoroids derived 

from Lrig1-CreER;Apcfl/+;BvesWT tumors are still responsive to Wnt ligand stimulation, growing 

significantly larger in the setting of Wnt3a and R-spondin.  

Tumoroids derived from ApcMin adenomas are sensitive to LRP6 knockdown[192], 

highlighting a critical dependency of Wnt receptor signaling in the context of APC loss. Our 

studies reveal that adenoma tumoroids derived from Lrig1-CreER;Apcfl/+;Bves-/- adenomas display 

increased LRP6 and pLRP6 levels. These changes in receptor activation were associated with an 

increase in the number of pH3-positive proliferating cells.  Expanding these observations, we show 

that BVES knockdown increases LRP6 phosphorylation in non-transformed human colonoids with 

associated increases in AXIN2 mRNA. Utilizing the HCT116 CRC cell line, we also observed 

increases in Wnt pathway activation and LRP6 and b-catenin protein levels following BVES 

knockdown despite a stabilizing mutation in one allele of b-catenin[200]. The more nuanced effect 

on b-catenin protein levels in this cell line is likely due to the reduced pool of modifiable b-catenin. 

Together, these data demonstrate that BVES loss increases LRP6 receptor levels and activation in 

the setting of an intact destruction complex, in adenoma tumoroid models with homozygous APC 

truncations, and in CRC cell lines. 
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Given the preponderance of APC mutations in CRC, it was important to show that BVES 

loss can alter tumorigenic phenotypes in the context of these strong pro-tumorigenic mutations. 

Utilizing the Lrig1-CreER;Apcfl/+ tumor model, we confirm that BVES loss leads to increased 

tumor multiplicity and higher degrees of dysplasia. Importantly, this model mimics human CRC 

progression where BVES loss and APC truncations occur early in the tumorigenic cascade. 

Surprisingly, we did not observe an overall change in tumor size but the increased tumor 

multiplicity suggests that BVES loss increases tumor initiation, a process associated with higher 

levels of Wnt tone[41,201,202]. We suspect that the strong pro-proliferative signal generated by 

loss of both alleles of Apc in these tumors masks the increase WNT signaling observed in the Bves-

/- setting. AOM is a known chemical mutagen and tumor initiator and we again observed increased 

tumor multiplicity and dysplasia in the setting of BVES loss. Together, these tumor models support 

a role for BVES as a tumor suppressor and highlight that BVES loss can increase both tumor 

multiplicity and tumor progression. While the effects of BVES loss on tumorigenesis are 

multifactorial, it is likely that the disinhibition of Wnt signaling plays a prominent role.  

This report has focused on BVES in regulating canonical Wnt signaling; however, a role 

for BVES in regulating non-canonical Wnt signaling cannot be excluded. In fact, previous reports 

have demonstrated that BVES reduces RhoA activity by sequestering GEF-H1 and Wnt ligands 

can activate Rho signaling through the non-canonical Planar Cell Polarity pathway (PCP)[182]. 

Future studies will be required to determine whether BVES coordinately inhibits RhoA through 

multiple mechanisms. 

In summary, our current working model is that BVES tunes Wnt signaling at the receptor 

level by interacting with LRP6 and subsequently inhibiting signalosome formation (Figure 17). 

This prevents ligand-independent LRP6 receptor and Wnt pathway activation. In the absence of 

BVES, the LRP6 receptor is phosphorylated, the b-catenin destruction complex is inhibited, and 
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b-catenin protein levels increase. Given this primed receptor state, Wnt stimulation then further 

increases pathway activation. Because of the increased Wnt tone and sensitivity to ligand 

stimulation, the loss of BVES early in tumorigenesis facilitates growth of transformed cells, 

thereby augmenting tumorigenesis and progression. 
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Figure 17. Proposed model by which BVES regulates Wnt signaling. 

  

 

 

Figure 17. Proposed model by which BVES regulates Wnt signaling. (A) Schematic and proposed 
model for the role of BVES in the regulation of Wnt signaling. In the presence of BVES, BVES directs 
PP2A activity to dephosphorylate and inactivate LRP6. The b-catenin destruction complex remains 
intact and degrades b-catenin. In the absence of BVES, LRP6 remains phosphorylated which recruits 
Axin and DVL to the plasma membrane and prevents assembly of the b-catenin destruction complex 
which leads to stabilization of b-catenin, enhanced Wnt signaling, and increased tumor progression. 
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Chapter IV 

 

BREAST CANCER ANTI-ESTROGEN RESISTANCE 3 IN COLORECTAL CANCER 

MIGRATION AND INTESTINAL TUMORIGENESIS 

 

Rationale 

 

Protein-protein interactions are the foundation of cellular signaling cascades and alterations 

in many of these interactions predispose to the development of cancer. This chapter builds on a 

prior yeast-two-hybrid screen performed in the Williams lab which identified an interaction 

between BVES and BCAR3. Before determining how the BVES-BCAR3 interaction impacts 

tumorigenesis, it was deemed important to individually characterize the role of BCAR3 in colon 

homeostasis and disease. 

 

Introduction 

 

 Breast cancer anti-estrogen resistance 3 (BCAR3) is a member of the novel SH2-containing 

protein family (NSP) which, in humans, is comprised of three related proteins, NSP1/SH2D3A, 

NSP2/BCAR3, and NSP3/SH2D3C/CHAT/SHEP1. Two of these family members exist in mice; 

the murine homolog of NSP2/BCAR3 is AND-34 and the homolog of NSP3 is known as 

CHAT/SHEP. In humans, the BCAR3 gene codes for 5 different splice variants[203]. The first 

three splice variants (NM_001261408, NM_001261409, and NM_003567) differ in their 5’ 

untranslated regions and encode for the same 825 amino acid, 93 kDa, protein (human BCAR3 

Isoform 1, NP_003558.1). The product from the fourth transcript variant (NM_001261410) 
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encodes a 734-amino acid (83 kDa) protein (human BCAR3 Isoform 2, NP_001248339). BCAR3 

protein Isoform 2 differs in its amino terminus from Isoform 1, however Exons 9 through 17 

(corresponding to amino acids 118-825) are identical. The fifth splice variant (NM_001308251) 

differs in the 5’ UTR, lacks portions of the 5’ coding region, and initiates translation at a 

downstream start codon to generate a significantly shorter 501 amino acid (~56 kDa) protein 

product (NP_001295180). While most of the isoforms are detectable in multiple tissues[203], little 

is known about how these different isoforms function within the cell. Structurally, human BCAR3 

isoform 1 contains an amino-terminal SH2 domain, which allows for docking to phosphorylated 

tyrosine residues, a central proline/serine-rich domain, and a C-terminal domain that is 

homologous to the guanine nucleotide exchange factor (GEF) domain of the Cdc25 family[204]. 

There is controversy over whether the GEF domains of NSP family members, including BCAR3, 

have any catalytic activity[204-208]. There may be additional NSP binding partners that help 

modulate GEF domain activity or these domains may bind GTPases without actually promoting 

the exchange of GDP for GTP and further investigation will be required. 

 

Discovery and characterization of BCAR3 function 

BCAR3 was originally identified as a gene that confers resistance to the antiestrogen, 

tamoxifen, through a retrovirus-mediated insertional mutagenesis screen in the estrogen dependent 

human ZR-75-1 breast cancer cell line[209]. Of the 80 tamoxifen-resistant clones, 6 of them were 

shown to contain retroviral insertion in the BCAR3 promoter which resulted in up-regulation of 

BCAR3 expression and growth in the presence of 4-hydroxy-tamoxifen. A similar approach also 

identified a gene product that was termed BCAR1[210]. While unknown at the time, BCAR1 had 

been previously identified as the crk-associated substrate, p130Cas, a protein which is highly 

phosphorylated on tyrosine residues following v-Src and v-Crk mediated transformation[211,212]. 
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The study confirming that “BCAR1” was homologous to the p130Cas adaptor protein came a few 

years later[213].  

The predominant body of literature suggests that BCAR3 functions as an adapter protein 

downstream of p130Cas to mediate cell migration. p130Cas itself, likely via its extensive tyrosine 

and serine phosphorylation, also functions as an adaptor protein and is important in nucleating 

protein-protein complexes downstream of focal adhesion. Furthermore, p130Cas has been 

implicated in cells survival and apoptosis by integrating extracellular matrix signaling with 

signaling downstream of soluble growth factors (and their receptors). Specifically, p130Cas helps 

activate the GTPases Rac and Ras, as well as JNK and the ERK1/2-Map kinase pathway (reviewed 

in [214]). The first association between BCAR3 and p130Cas was described in NIH3T3 

fibroblasts, both of which demonstrated enhanced tyrosine phosphorylation following serum 

stimulation[215]. Murine BCAR3 overexpression in NIH3T3 cells results in membrane ruffling 

(actin rich membrane protrusions which are essential for cell motility[216]) and alterations in F-

actin stress fibers, similar to the morphology changes observed when overexpressing a 

constitutively activate RacV12 construct. Accordingly, the BCAR3 mediated changes were linked 

with activation of Rac and Cdc42 and p21-activated serine threonine kinase (PAK1), a protein that 

is autophosphorylated and activated in response to GTP-bound Rac and Cdc42 binding. 

Confirming BCAR3’s namesake, Cai et al. went on to shown that overexpression of BCAR3 in 

ZR-75-1 promotes cell proliferation even in the presence of the antiestrogen ICI 182,780. As Rac 

activation can induce cyclin D1, the authors suggest that BCAR3-mediated antiestrogen resistance 

could be mediated, at least to some extent, by Rac and PAK1-mediated activation of the cyclin D1 

promoter[217]. Cross et al. determined that the “entire cellular pool of BCAR3 is in complex with 

p130Cas, that the BCAR3-p130Cas interaction increases active GTP-bound Rac1, and that 

BCAR3 overexpression increases cell migration and invasion in MDA-MB-231 cells[218]. 
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Furthermore, studies have shown that the BCAR3-p130Cas interaction is required for promoting 

antiestrogen resistance[219], highlighting the importance of the BCAR3-p130Cas interaction. 

Importantly, nearly all of the studies examining BCAR3 function have been carried out in breast 

cancer cell lines and very little is known about BCAR3’s role in other tissues and other cancers. 

 

A role for BCAR3 in immunology 

 The second earliest report in the literature mentioning BCAR3 (AND-34) came via 

identification of transcripts that were up-regulated in the thymus following induction of apoptosis 

in immature CD4+CD8+ thymocytes. Interestingly, while upregulated in total thymic RNA, Bcar3 

expression was considerably lower in purified thymocytes suggesting that Bcar3 may be expressed 

within the thymic stromal cells. Indeed, Bcar3 expression was elevated in thymic cortical reticular 

cells, thymic nurse cells, and fibroblast cell lines. This study also demonstrated that Bcar3 

transcript and protein levels increased in response to IL-1b and TNFa stimulation, suggesting that 

BCAR3 may play a role in mediating cellular signaling downstream of inflammatory 

cytokines[215]. In 2003, another report by Cai et al. demonstrated that BCAR3 is expressed at 

high levels in murine splenic B cells, that BCAR3 associated with p130Cas and another Cas family 

member, HEF1, that BCAR3 overexpression activates Cdc42 and PAK1, and that BCAR3 

overexpression inhibits stromal cell-derived factor-1a-induced B cell polarization ([205]. The high 

levels of expression in B-cells and lymphoid-derived stromal cells is in agreement with expression 

data from the Immunological Genome Project (www.immgen.org) that demonstrates robust 

expression in B-cell populations, alveolar macrophages, and stromal cells with a relative paucity 

of expression in T-cell, natural killer cell, and ILC3 cell populations (Figure 18). Accordingly, 

analysis by The Imunological Genome Project Consortium identified Bcar3 as one of the “Top 

100” B cell signature genes and a transcript that most distinguished T and B cells[220]. While 
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lowly expressed in most macrophage populations, multiple studies have implicated BCAR3 in 

macrophage polarization. Specifically, Bcar3 enrichment was identified in M2 (classically thought 

to be pro-tumorigenic) macrophages in two independent experiments [221,222]. Similarly, while 

Bcar3 expression is also relatively low in most T-cell populations, it may play a role in certain cell 

populations in specific contexts. One study identified differential Bcar3 expression in an asbestos-

induced, apoptosis-resistant polyclonal T-cell line (MT-2)[223] and BCAR3 expression was 

enhanced in a signature of Th2 cells compared to naïve and non-polarized “Th0” cells[224]. 

Overall, these relatively disparate pieces of data at the very least provide some preliminary data 

and evidence to support further investigation of BCAR3 in immune cell and immune-stromal cell 

compartments. As B-cells appear to have the highest levels of BCAR3, characterizing B-cell 

homing, lineage allocation, and activity in the BCAR3 knockout mice may provide useful insight 

into how an adapter protein that predominately regulates cell migration and adhesion can influence 

immune cell populations. 

 While the above is evidence for the role of BCAR3 in immune cell populations and 

previous studies have highlighted the role of BCAR3 in breast cancer cell lines, the function of 

BCAR3 in other tissues, such as the intestine, is unknown. The following studies were initiated 

because of a newly identified interaction between BVES and BCAR3. Before determining the 

significance of this interaction, we sought to determine the role of BCAR3 alone in colorectal 

cancer cell migration and intestinal tumorigenesis. Here we show that BCAR3 is overall 

downregulated in colorectal cancer but displays heterogeneous protein and RNA expression. 

BCAR3 interacts with p130Cas and augments colorectal cancer cell migration and invasion and 

loss of BCAR3 increases intestinal tumorigenesis. Overall, these data provide novel insights into 

the role BCAR3 in intestinal tumorigenesis.  
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Figure 18. BCAR3 expression in Immune Cell Populations. 

 
 

 

 

Figure 18. BCAR3 expression in Immune Cell Populations. Ultra-low-input RNA-seq analysis of 
sorted mouse cell populations generated from the Immunological Genome Project (www.immgen.org). 
The indicated cell populations with enrichment of BCAR3 expression based on flow sorting label are: 
proB_FrBC_BM: Pro-B cells, B_Fo_Sp: Splenic Follicular B cells, B_MZ_Sp: Splenic Marginal Zone 
B cells, B_GC_CC_Sp: Splenic Germinal Center Centrocytes, B_PC_Sp: Splenic Plasma Cells, 
B1b_PC: Peritoneal B1b cells, GN.BM: Bone Marrow Neutrophils, MF_Alv_Lu: Alveolar 
Macrophages, Ep_MEChi_Th: Thymic Medullary Epithelial Cells, LEC_SLN: Subcutaneous Lymph 
Node Lymphatic Endothelial cell, IAP_SLN: Subcutaneous Lymph Node. 
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Results 

 

BVES interacts with BCAR3 and may influence DSS-induced colitis 

 As has been previously discussed, BVES is a tight junction-associated protein that 

regulates EMT and functions as a tumor suppressor in CRC. To identify novel BVES interactors 

that may influence BVES dependent phenotypes, the Williams lab had previously commissioned 

a yeast-two-hybrid screen which identified BCAR3 as a BVES interacting protein (Figure 19A). 

A direct yeast-two-hybrid was also performed using full length BCAR3 and BVES protein 

fragments in an effort to map the interaction domain within BVES. The directed yeast-two-hybrid 

domain mapping results confirmed the BVES-BCAR3 interaction but did not conclusively narrow 

the putative interaction domain (Figure 19B). To confirm this interaction in eukaryotic cells, 

HEK293 cells were transfected with a V5-tagged BVES construct (containing amino acids 72-

360) and a His-tagged BCAR3 vector followed by V5-immunoprecipitation (Figure 19C).  

In order to test whether the BVES-BCAR3 interaction can impact cellular phenotypes, 

compound Bves-/-;Bcar3-/- global knockout mice were generated and subjected to DSS-colitis 

modeling. In this pilot experiment, the Bcar3-/- mice appear to be more sensitive to DSS-induced 

colitis, though this observation is not statistically significant by two-way ANOVA. The Bves-/-

;Bcar3-/-  double knockout appeared less sensitive than the Bcar3-/- mice, suggesting that BVES 

may be functioning downstream of BCAR3 to mediate colitis sensitivity. These results must be 

interpreted carefully as the complex genotypes precluded the use of littermate controls and mice 

were instead derived from single or double knockout colonies. We have observed significant cage 

and sub-colony effects with these types of DSS experiments which can be mitigated, at least to 

some degree, by using age-matched littermate controls and carefully controlling for the 

microbiome by admixing bedding before these experiments begin. Nonetheless, this preliminary 
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data confirms a BVES-BCAR3 interaction, suggests that the Bcar3-/- mice are more sensitive to 

DSS-induced colitis, and highlights a potential interplay between BVES and BCAR3 in mediating 

this phenotype. As both proteins have been shown to modulate migratory phenotypes, further 

investigating the role of BCAR3 loss alone, as well is in addition to BVES, will be required. 
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Figure 19. BCAR3 is a BVES binding partner. 

 

Figure 19. BCAR3 is a BVES binding partner and may coordinate to alter response to DSS colitis. 
(A) Yeast 2-hybrid commissioned by Hybrigenics identified BCAR3 as a BVES binding partner (B) 
Direct yeast 2-hybrid using full-length BCAR3 and BVES protein fragments as indicated. Confirmed 
interaction (+) and likely interaction domain (+/-) (C) V5-tagged BVES (72-350) and a His-tagged 
BCAR3 were transfected into HEK293 cells. Cells were immunoprecipitated for V5 and IP samples 
probed for V5 and BCAR3. (D) Mice (WT: n = 8, Bcar3-/-: n = 7, Bves-/-: n =  9; , Bves-/-; Bcar3-/-: n = 9) 
were subjected to 4 days of 2% DSS followed by 6 days of recovery with weights measured daily and 
plotted as a percent of initial starting weight.  
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BCAR3 is differentially expressed in CRC 

 Before further characterizing the functional significance of the BVES-BCAR3 interaction, 

we surveyed BCAR3 expression in human tissue and CRC cell lines. We began by assessing 

BCAR3 expression in the Moffitt/Vanderbilt-Ingram Cancer Center colorectal cancer expression 

array data set (Figure 20A, [41,225]). BCAR3 was downregulated in early stages of tumorigenesis 

(Adenoma) as well as throughout all stages of CRC progression. Of note, there was a subset of 

tumors that appeared to express higher levels of BCAR3 than the normal mucosa control. Similar 

results were obtained when analyzing RNA-sequencing data from the TCGA COAD data set 

(Figure 20B, [96]). To specifically look at matched sets of normal-tumor data, we analyzed BCAR3 

mRNA expression in samples provided through the Cooperative Human Tissue Network (CHTN). 

Reduced BCAR3 expression was observed in 64% (7/11) of tumor samples in comparison to 

patient matched normal colon Figure 20C. Notably, there was considerable heterogeneity in 

BCAR3 expression in this subset of samples. We next assessed for BCAR protein levels in 8 of the 

matched normal and tumor samples from (Figure 20C) and observed similar heterogeneity in 

protein expression levels. Despite abundant transcript, levels of BCAR3 protein were difficult to 

detect in the whole tumor tissue lysates so we next assessed BCAR3 protein levels in a panel of 

CRC cell lines. Overall, we observed heterogeneous BCAR3 protein expression. There was a trend 

towards lower levels in more epithelial cell lines such as Caco2s and HCA7s. In comparison, the 

majority of cell lines expressed higher levels of BCAR3 than the matched normal and tumor 

samples (for example, Figure 21A). The predominant lower band indicated with the black arrow 

in Figure 20F is BCAR3 (confirmed by shRNA knockdown and overexpression of BCAR3 

Isoform 1, Figure 21B) while the upper band (indicated with an *) is only detectable in some cells 

and may represent a post-translationally modified species or non-specific binding. Finally, to 

determine how levels of BCAR3 transcript compare to protein levels, we performed qRT-PCR on 
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the cell lines from Figure 20F. Overall, there was correlation between transcript levels and protein 

levels with the highest levels of both protein and mRNA observed in LIM2405 cells. We did note 

that even within a single cell line, baseline BCAR3 levels varied and therefore performed a density 

experiment to assess BCAR3 mRNA and protein levels with varying levels of cellular confluency. 

In HCT116 cells, BCAR3 protein and mRNA levels were dynamic in response to cellular 

confluency with higher levels of BCAR3 observed with lower confluency. The changes in BCAR3 

protein levels cannot be accounted for entirely with changes in mRNA transcript levels, suggesting 

confluency mediated regulation of BCAR3 protein stability (Figure 21C). Normal colonic 

epithelial tissue contains robust cell-cell adhesions, mimicking a confluent state, which may 

partially explain the low levels of BCAR3 observed in the matched normal colonic mucosal tissue 

(Figure 20E). 
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Figure 20. BCAR3 is downregulated in a subset of CRC. 

  

 
Figure 20. BCAR3 is downregulated in a subset of CRC. (A) Analysis of tumor samples from the 
combined Moffitt Cancer Center and Vanderbilt Medical Center colon tumor expression array data set. 
For whisker plots, the bottom and top of the boxes are the 25th and 75th percentile, respectively (the 
lower and upper quartiles, respectively), and the band near the middle of the box is the 50th percentile 
(median). The whiskers extend to the most extreme data points, which are no more than 1.5 times the 
interquartile range from the box. * P = 0.01, **** P < 0.0001. (B) Analysis of TCGA normalized RSEM 
expression data. Log2 transformed for visualization **** P < 0.0001. (C)  Taqman qRT-PCR heatmap 
of samples from the Cooperative Human Tissue Network (CHTN) demonstrates reduced BCAR3 
expression in 64% (n=11) of tumor samples (vs. patient matched normal colon). Values displayed are 
1/dCT for each matched sample. (D) Fold change in BCAR3 expression between matched normal and 
tumor samples from (C). (E) Western blot analysis of n=8 paired normal and tumor samples from (C).(F) 
BCAR3 protein levels in a panel of CRC cell lines. Band indicated with black arrowis BCAR3. Upper 
band indicated with * may be non-specific band or a post-translationally modified BCAR3 species. (G) 
SYBR Green qRT-PCR for human BCAR3 Isoform 1 in human cell lines from (F).   
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Figure 21. BCAR3 antibody validation and density dependency. 

  

 
Figure 21. BCAR3 antibody validation and density dependency. (A) Comparison of BCAR3 
expression levels between HCT116 cells and matched normal and tumor tissue, set 2 from Figure 20E. 
(B) Validation of BCAR3 antibody specificity demonstrating reductions in BCAR3 protein levels using 
a panel of BCAR3 shRNAs. Cells were stably transduced with pGIPZ shCtrl or indicated shBCAR3 
constructs. For stable overexpression, cells were transduced with pLEX307-GFP or pLEX307-BCAR3. 
(C) Parental HCT116 cells were plated at 5 different densities for 96 hours then harvested for 
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BCAR3 augments cellular migration in CRC cells 

 Previous reports of BCAR3’s impact on cellular morphology and migration have focused 

predominately on its effects in fibroblasts([226]) and breast cancer cell lines ([217], [227], [228], 

[229], [230], [218]). To our knowledge, there is only one report that identifies a role for BCAR3 

in colorectal cancer cell migration [231]. Ibrahim et al. show that BCAR3 interacts with HEF1, a 

Cas family member, and that BCAR3 is required for HEF1-induced cell migration. We therefore 

sought to further define the role of BCAR3 in CRC cell migration and invasion by generating both 

shRNA (shBCAR3) and CRISPR/Cas9 (crBCAR3) mediated knockout stable cell lines.  For the 

shRNA lines, a single shRNA construct was used. For the CRISPR/Cas9 knockout lines, 3 

different sgRNAs targeting Exon 4 of BCAR3 Isoform 1 were cloned into the lentiCRISPR v2 

construct to generate knockout clones with each guide RNA. Individual clones were confirmed to 

be knockout for BCAR3 by western blot and then 2-3 confirmed knockout clones were pooled 

together. A similar approach was employed to generate the crCtrl line, which consisted of 6 pooled 

vector-only control clones. shRNA knockdown and CRISPR/Cas9 knockout were confirmed by 

western blot (Figure 22A). Transwell migration assays were subsequently performed and 

demonstrated that BCAR3 knockout reduced migration by over 50% (Figure 22B). In parallel, we 

utilized an MC38 mouse colorectal cancer cell line that stably overexpressed luciferase (MC38 

pLenti-Luc) and overexpressed murine BCAR3/AND34 (mBCAR3) which was confirmed by 

western blot (Figure 22C). mBCAR3 overexpression increased transwell migration (Figure 22D) 

and invasion through Matrigel coated chambers (Figure 22E). Together, these data indicate that 

BCAR3 loss attenuates cell migration and BCAR3 overexpression can augment CRC cell 

migration.  
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Figure 22. BCAR3 influences CRC cell migration. 

 
Figure 22. BCAR3 influences CRC cell migration. (A) Western blot confirming BCAR3 shRNA 
knockdown (shBCAR3) and CRISPR/Cas9 mediated knockout in HCT116 cells (crBCAR3). For the 
HCT116 LentiCRISPR V2 knockout line, single cell clones from three different guide RNAs were 
screened for BCAR3 knockout and 8 BCAR3 knockout clones were then pooled. Similarly, the control 
line (crCtrl) consists of 6 pooled single cell clones. (B) 75,000 cells of the indicated cell lines were 
plated in the upper chamber of a Boyden chamber and allowed to migrate for 24 hours. Migrated cells 
were stained using Diff-Quick. Five images were obtained for each insert in triplicate. Representative 
results from n=3 independent experiments. (C) MC38 murine colon adenocarcinoma cells expressing 
luciferase were transduced with LacZ or mouse BCAR3 (mBCAR3). Expression was confirmed by 
western blot. (D) MC38 cells assayed for migration as above at 12 hours and invasion (E) through 
matrigel coated transwells at 24 hours using Diff-Quick, n=3. All images are original magnification, 
×20. Student’s t-test was used *P < 0.05, ***P = 0.003, ****P < 0.0001, Student’s t-test. 
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BCAR3 induced cell migration is dependent on p130Cas 

 The adaptor protein p130Cas has been implicated in a multitude of signaling pathways 

linked to colorectal cancer progression such as cellular adhesion, migration, invasion, and 

apoptosis. Additionally, p130Cas is one of two confirmed BCAR3 interacting proteins. Given the 

link between p130Cas, BCAR3, and cell migration, we sought to determine whether the pro-

migratory effects of BCAR3 were dependent on the interaction with p130Cas. p130Cas tyrosine 

phosphorylation predominately by SRC family kinases at distinct residues such as Tyr249, Tyr410, 

Tyr668, and Tyr670 have been implicated as direct mediators of signaling downstream of p130Cas 

but it is well reported that p130Cas can also be extensively serine phosphorylated.  

Phosphorylation of either tyrosine or serine residues causes an electrophoretic mobility shift of 

p130Cas on SDS-PAGE gels[228,232-234] and Makkinje et al. show that mouse BCAR3 induces 

this phosphomobility shift predominately via increasing p130Cas serine phosphorylation. Notably, 

this study utilized murine BCAR3 overexpressed in MCF-7 which may be confounding as murine 

and human BCAR3 only share ~85% sequence homology. Previous investigations have raised 

questions as to whether direct binding of BCAR3 with p130Cas is required for the p130Cas 

phosphomobility shift and BCAR3-mediated augmentation of cell migration. Accordingly, 

multiple approaches to uncouple the BCAR3-p130Cas interaction have been utilized with 

somewhat discrepant results. Vanden Borre et al. reported that murine BCAR3 can signal 

independently of p130Cas and that the p130Cas/BCAR3 interaction is not required for BCAR3-

mediated anti-estrogen resistance, Rac activation, lamellipodia formation or morphologic changes 

in BALB/c-3T3 cells[229]. These studies utilized a 743A point mutant in murine BCAR3 and 

overexpressed BCAR3 in either MCF-7 cells or BALB/c-3T3 cells. Many of the interaction studies 

addressed interactions between different species of proteins and there are questions as to whether 

the 743A point mutation completely uncouples the p130Cas/BCAR3 interaction (which may be 



 

 82 

 

dependent on how strong of an ionic detergent is utilized in the lysis buffer). Wallez et al. 

demonstrated that even the more drastic 748E mutation in human BCAR3 (equivalent to residue 

743 in mouse BCAR3) can still interact with overexpressed p130Cas to induce p130Cas 

hyperphosphorylation. To address these discrepancies, we developed a CRISPR/Cas9 

knockout/knock-in system to determine the effects of BCAR3 alterations on p130Cas 

phosphorylation and cell migration in HCT116 cells. Three BCAR3 CRISPR knockout clones 

generated from a single guide RNA were pooled together and we then took advantage of wobble 

base pairing to generate a guide RNA-resistant BCAR3 cDNA by introducing point mutations in 

and around the PAM sequence of our BCAR3 cDNA. This allow for BCAR3 expression in cells 

constitutively expressing Cas9 and the BCAR3 sgRNA. To generate the p130Cas uncoupling 

mutant, we introduced two point mutations at L744E and R748E (744/748E) in our sgRNA-

resistant BCAR3 construct[219,235]. We had previously confirmed that the 744/748E double 

mutant more successfully uncoupled the BCAR3-p130Cas interaction compared to either the 

R748A or R748E mutation alone. While BCAR3 knockout did not appear to reduce p130Cas 

mobility, BCAR3 overexpression (but not the 744/748E p130Cas uncoupling mutant) lead to an 

enrichment of the upper p130Cas band (Figure 23A). Admittedly, it does not appear that these 

bands resolve as well in HCT116 cells as compared to previously reported studies using MCF7 

cells. We then confirmed that BCAR3 interacts with p130Cas via reciprocal co-

immunoprecipitations (Figure 23B). BCAR3 loss impairs transwell migration which can be 

rescued with WT BCAR3 expression but not with the 744/748E uncoupling mutant, suggesting 

that BCAR3-mediated tumor cell migration is dependent on an interaction with p130Cas (Figure 

23C). To expand these findings, we utilized the low BCAR3 expressing MC38 cells and 

overexpressed WT mouse BCAR3, or two different point mutants (R743A and the more drastic 

R743E, Figure 23D) to determined their interactions with endogenous murine p130Cas and effects 
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on cell migration. As expected, WT mouse BCAR3 strongly interacts with p130cas while both the 

743A and 743E mutants abrogate the BCAR3-p130Cas interaction (Figure 23E). Surprisingly, 

while both the 743A and 743E mutations significantly reduce the interaction with p130Cas, they 

still appear to promote p130Cas stabilization and hyperphosphorylation. With regards to 

migration, overexpression of WT mouse BCAR3 augmented cell migration which returned to near 

baseline in the 743A or 743E lines. Consistently, the 743E mutant line tended to migrate less 

robustly than the LacZ control line, suggesting that this mutant may be having a dominant negative 

effect on endogenous BCAR3 or some neomorphic-anti-migratory effect. Together, these results 

identify a robust role for the BCAR3-p130Cas interaction in mediating colorectal cancer cell 

migration.  
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Figure 23. BCAR3’s promigratory effects are dependent on an interaction with p130Cas. 

 

 
Figure 23. BCAR3’s promigratory effects are dependent on an interaction with p130Cas. (A) 
Western blot confirming cDNA rescue in HCT116 cells with Cas9 guide RNA resistant V5-tagged WT 
BCAR3 or V5-tagged mutant BCAR3 (744/748E containes two point mutations: L744E and R748E). 
(B) Reciprocal co-immunoprecipitation with V5 and p130 in HCT116 cells demonstrates marked 
uncoupling of the BCAR3-p130cas interaction in the 744/748E double mutant. (C) Transwell migration 
in HCT116 derivatives. 75,000 cells of the indicated cell line were plated in a Boyden chamber and 
allowed to migrate for 24 hours. Migrated cells were stained using Diff-Quick and five images were 
obtained per insert in triplicate wells. Data representative of n=3 independent experiments. (D) Western 
blot confirming stable expression of untagged mBCAR3 and two p130 uncoupling mutants (743A and 
743E) in MC38 cells. (E) MC38 cells transiently transfected with flag-tagged WT BCAR3 or point 
mutants (R743A or R743E equivalent to R748A/E in human BCAR3). Lysates were co-
immunoprecipitation with Flag and proved for p130. (F) Transwell migration at 16 hours with stable 
MC38 cell lines from (D). ns = non-significant, **P = 0.0012, ***P = 0.0009, ****P < 0.0001 by One-
Way ANOVA with Tukey multiple comparison testing.  
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BCAR3 mediated phenotypes are also dependent on the BCAR3 SH2 domain 

  BCAR3 is a member of the novel SH2-containing protein family and contains an SH2 

domain which may mediate interactions with phosphorylated tyrosine residues on proteins that 

bind BCAR3. Sun et al. reported that protein tyrosine phosphatase a (PTPa), a receptor-like 

protein tyrosine phosphatase, when tyrosine phosphorylated at residue 789, binds BCAR3 and 

helps recruit p130Cas to PTPa at focal adhesions[236]. An additional report demonstrated that 

GST-tagged full-length BCAR3 and the SH2 domain of BCAR3 interacted with EGFR only after 

stimulation with EGF. As expected, full-length BCAR3 also interacted with p130Cas but the SH2 

domain alone did not[237]. Analysis of the publicly available BioGRID database identified ERB 

family members ERBB2 (HER-2) and ERBB3 (HER3) by yeast-two-hybrid as BCAR3 

interactors. Functionally, BCAR3 upregulation has also been identified in Trastuzumab resistant 

clones of the SkBr3 breast cancer cell line, which overexpresses HER2, suggesting that BCAR3 

may regulate signaling downstream of HER2 and that BCAR3 may be involved in resistance to 

multiple therapeutic agents[238]. To test whether the BCAR3 SH2 domain may play a role in 

modulating cell migration or alter the BCAR3-p130Cas interaction, an interstitial mutant lacking 

the conserved BCAR3 SH2 domain (amino acids 154-234) was created. Both WT BCAR3 and the 

Delta SH2 mutant interact with p130Cas (Figure 24A, top panel). Treatment with the EGFR ligand 

EGF did not significantly alter the BCAR3-p130Cas interaction. Notably, overexpression of full-

length V5-tagged BCAR3 but not the Delta SH2 mutant increased p130Cas hyperphosphorylation. 

As the Delta SH2 mutant still interacts with p130Cas but BCAR3 has no known kinase or 

phosphatase activity, the SH2 domain may be required to recruit an intermediary protein that 

augments p130Cas phosphorylation. Notably, WT BCAR3 increased SRC electrophoretic 

mobility in a similar fashion to that of p130Cas but in this instance, the SH2 mutant did as well. 

Therefore, BCAR3 and the BCAR3 SH2 mutant differentially affect p130Cas electrophoretic 
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mobility but similarly augment SRC electrophoretic mobility. SRC electrophoretic mobility has 

been reported to change with cell density[239] and with tyrosine phosphorylation [240] but the 

exact post-translational modification induced by BCAR3 expression is unknown and will require 

further investigation. Src phosphorylation at Tyr416 increases Src kinase activity while 

phosphorylation at Tyr 527 reduces enzyme activity[241] and both likely augment electrophoretic 

mobility so while the SRC migration pattern is similar between WT-BCAR3 and SH2-mutant 

BCAR3, SRC activation may be different. Despite prior reports, we were unable to detect an 

interaction with EGFR (without or with EGF stimulation). To assess the effect of the SH2 domain 

on transwell migration, we plated serum starved cells in the upper transwell chamber in low serum 

media and added complete media or complete media + EGF to the lower chamber. Consistent with 

our prior observations, BCAR3 overexpression increased cell migration which was dependent on 

the BCAR3 SH2 domain (Figure 24B). Treatment with EGF minimally affected cell migration, 

perhaps owing to the use of complete media as the chemoattractant which alone promotes 

significant migration. These data implicate the SH2 domain in altering p130Cas phosphorylation 

and BCAR3-induced cell migration. 
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Figure 24. The SH2 domain of BCAR3 is required for p130Cas hyperphosphorylation and enhanced cell migration. 

 
Figure 24. The SH2 domain of BCAR3 is required for p130Cas hyperphosphorylation and 
enhanced cell migration. (A) Western blot demonstrating overexpression of WT-BCAR3 or the 
BCAR3 Delta SH2 interstitial mutant (which lacks the conserved SH2 domain, amino acids 154-234). 
Cells were serum starved overnight (0.1% FBS) then treated with EGF 100 ng/mL for 15 minutes before 
harvest. V5-tagged BCAR3 was immunoprecipitated with anti-V5-magnetic beads and subjected to 
Western Blotting. (B) Cells were serum starved overnight (0.1% FBS) then 100,000 cells were plated 
in the upper chamber of the transwell and complete media or complete media + 100 ng/mL EGF was 
added to the bottom. Cells were allowed to migrate for 24 hours. Migrated cells were stained using Diff-
Quick and five images were obtained per insert in triplicate wells. Data representative of n=3 
independent experiments. ns = non-significant, ****P < 0.0001 by One-Way ANOVA with Tukey 
multiple comparison testing. 
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Time and cell line dependency of BCAR3 mediated cell migration 

 To further assess the contribution of BCAR3 to CRC cell migration, we performed 

additional experiments looking at longer time points and also utilized additional cell lines. 

Utilizing the HCT116 CRISPR knockout/rescue cell lines from Figure 23C, we assessed transwell 

migration at 24, 33, and 48 hours, plating all cells at the same density at the same time. At 24 

hours, BCAR3’s effects on cell migration were identical to that observed previously. BCAR3 

knockout reduced transwell migration which could be rescued with WT, but not the p130Cas 

uncoupling mutant (Figure 25A). However, as the time point was extended, there was a trend 

towards increased cell migration with BCAR3 knockout (Figure 25B and Figure 25C). 

Consistently, rescued BCAR3 expression increased cell migration (Figure 25A, Figure 25B, and 

Figure 25C, Green bars) while the p130Cas uncoupling mutant demonstrated lower transwell 

migration than WT-BCAR3 (Figure 25A, Figure 25B, and Figure 25C, Purple Bar). As time 

progressed, cells with BCAR3 knockout actually began to migrate better. We do not believe that 

these changes are due to proliferative changes as we have not seen significant changes in in vitro 

proliferation and if anything, we would expect BCAR3 knockout cells to proliferative less readily. 

To determine if this observation was limited to one cell line, we used CRISPR to knockout BCAR3 

in the SW480 CRC cell line. Because of the concern for clonal effects with CRISPR knockout 

screening, we generated high-titer lentivirus and used pooled populations of control or crBCAR3 

knockout cells. Surprisingly, BCAR3 knockout in SW480s consistently increased transwell 

migration (Figure 25D) at 24 hours. Notably, BCAR3 expression is nearly 8-fold lower in the 

SW620 cell line, an isogenic cell line derived from a lymph node metastasis in the same patient 

(GEO Dataset GDS1780), supporting the notion that BCAR3 loss can promote cell migration and 

metastasis. One hypothesis for these results stems from findings that BCAR3 interacts with PTPa. 

This interaction could direct PTPa to dephosphorylate any number of RTKs, with EGFR being a 
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prime candidate, thereby reducing downstream signaling which would otherwise promote cell 

migration. Thus, BCAR3 knockout cells may be more sensitive to chemoattractant gradients 

because of a higher level of RTK activation. We tested this hypothesis by looking at baseline ERB 

family receptor levels and phosphorylation (Figure 26A). Initially results were encouraging as we 

observed increased total EGFR receptor levels as well as increased phosphorylation of EGFR after 

EGF stimulation (Figure 26A). ERBB2/HER-2 levels were relatively unchanged but there was a 

subtle increase in ERBB3/HER-3 and phospho-AKT (S473) with BCAR3 knockout. However, 

upon repeating this experiment, total EGFR levels and pEGFR levels were lower with BCAR3 

knockout. The subtle increases in ERBB3/HER-3 and phospho-AKT (S473) were reproducible 

(Figure 26B). In this experiment, p130Cas levels were reduced with BCAR3 loss (which is 

consistent with the literature) and low dose EGF stimulation appeared to increase p130Cas levels, 

which again were reduced with BCAR3 knockout. The higher (100 ng/µL) dose of EGF did not 

dramatically alter p130Cas levels, suggesting complex dose and time-dependent interplay within 

the EGFR/BCAR3/p130Cas axis. Tight temporal and dose-dependent regulation of EGFR 

signaling have been previously reported[242-244]. We then rescued BCAR3 loss with WT-

BCAR3, the p130Cas uncoupling mutant (744/748E), or the SH2 domain mutant (Delta SH2). 

BCAR3 knockout and rescue were confirmed by western blot (Figure 26C). In this experiment, 

BCAR3 knockout increased transwell migration which was reduced with WT-BCAR3 expression. 

Both the p130Cas uncoupling mutant and the Delta SH2 mutant migrated better than control lines. 

Perhaps, as was hypothesized with the HCT116 cells, BCAR3 sets the tone by which cells respond 

to environmental stimuli. Under the right conditions, BCAR3 loss could enhance growth factor 

responsiveness to overcome any actin/cytoskeletal remodeling deficiencies also conferred by 

BCAR3 loss. These data further add to the complexity of BCAR3 mediated transwell migration 
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and suggest distinct, cell-line, temporal, and context specific contributions to migration and cell 

signaling.  
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Figure 25. Temporal and cell-line dependent modulation of cell migration by BCAR3. 

 
Figure 25. Temporal and cell-line dependent modulation of cell migration by BCAR3. Transwell 
migration in HCT116 derivatives. 100,000 cells of the indicated cell line were serum starved overnight 
and then plated in a transwell migration chamber and allowed to migrate for (A) 24 hours, (B) 33 hours, 
or (C) 48 hours. Migrated cells were stained using Diff-Quick and five images were obtained per insert 
in triplicate wells. Data representative of n=1 independent experiments. (D) Transwell migration assay 
in SW480 crCtrl and crBCAR3 lines. Cells were serum starved overnight and then 100,000 cells were 
plated in the upper chamber of a transwell. Cells were allowed to migrate for 24 hours before staining 
and imaging as in (C). (E) SW480 crCtrl and crBCAR3 with or without BCAR3 rescue for transwell 
migration as in (D). For (A), (B), (C), and (E), ns = non-significant, *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001 by One-Way ANOVA with Tukey multiple comparison testing. For (D), ****P 
< 0.0001 by Student’s t test. 
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Figure 26. Effects of BCAR3 loss on ErbB members and downstream signaling. 

  

 
Figure 26. Effects of BCAR3 loss on ErbB members and downstream signaling. (A) and (B) SW480 
crCtrl and crBCAR3 lines were grown in complete media or serum-starved (0.1% FBS) overnight as 
indicated. The following morning, low-serum media (0.1% FBS) or low-serum media plus 10 ng/mL or 
100 ng/mL EGF were added to the serum starved cells. Cells were lysed in RIPA buffer and western 
blotting performed. (C) SW480 crCtrl and crBCAR3 with or without LacZ addback (control 
transduction) or rescue with WT BCAR3, p130Cas uncoupling mutant (744/748E), or Delta SH2 mutant 
were serum starved overnight then stimulated with 10 ng/mL EGF. For the BCAR3, Her2, Her3, AKT, 
and AXL blots, a lane was skipped between the minus EGF and plus EGF conditions. This lane has 
been cropped to allow proper alignment with the rest of the panel but the images shown are from the 
same western blot with identical exposures.  
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BCAR3 increases tumor growth in vivo 

 We next examined whether BCAR3 alters in vivo tumor growth using subcutaneous tumor 

injections. We observed no differences in cell viability (as measured using Cell-titer Glo, a 

luminescent ATP-based assay) in vitro which led us to hypothesize that BCAR3 may be mediating 

signaling downstream of growth factors or tumor cell-extracellular matrix interactions that cannot 

be appropriately modeled in tissue culture plates. We injected the HCT116 CRISPR 

knockout/rescue cell lines subcutaneously into NOD/SCID mice and monitored tumor growth 

every three days once palpable tumors were observed. Tumor volumes were calculated using the 

modified ellipsoidal formula (volume = ½(Length x (Width2))[245]. BCAR3 overexpression in 

the “crBCAR3 + BCAR3” significantly augmented tumor volumes when compared to both the 

“crCtrl + LacZ” cell line and the “crBCAR3 + LacZ” cell lines (Figure 27A and Figure 27B). This 

mitigates any concern that the observed differences were due to clonal effects during the derivation 

of individual cell clones as the same three pooled BCAR3 knockout clones expressed either the 

LacZ-control or BCAR3. The p130Cas uncoupling mutant (744/748E) did not augment tumor 

volume, suggesting that BCAR3 may be acting in concert with p130Cas to promote tumor growth. 

We next isolated the xenografts and fixed the tissue to allow immunohistochemical analysis. 

Consistent with the tumor size data, BCAR3 overexpression significantly increased intratumoral 

proliferation as measured by phosphor-Histone H3 (Figure 27C). The LacZ control vector and 

BCAR3 expression vectors contained a V5-epitope tag, which allowed for co-staining and 

quantification specifically of V5/pH3 double positive proliferating tumor cells. Similar 

experiments were performed using the MC38-BCAR3 expressing cell lines in syngeneic C57Bl/6 

mice. BCAR3 overexpression augmented subcutaneous allograft tumor volume and tumor weight 

(Figure 27D, Figure 27E, and Figure 27F). These data support a pro-proliferative role for BCAR3 

in HCT116 and MC38 subcutaneous tumor models. 
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Figure 27. BCAR3 augments tumor growth in vivo 

 

 
Figure 27. BCAR3 augments tumor growth in vivo. (A) 5x106 HCT116 cells with CRISPR knockout 
or rescue were injected subcutaneously into NOD/SCID mice and allowed to grow. Once palpable 
tumors were observed, tumors were measured and volumes calculated using the modified ellipsoidal 
formula. n=6 mice per group. (B) Representative xenografts at harvest. (C) HCT116 xenografts 
immunohistochemistry. V5 labels tumor cells and phospho-Histone H3 (pH3) indicates proliferating 
cells of which only the double positive cells were quantified. Data are from n = 4 tumors per line with 
quantification from at least five images per tumor. (D) (E) (F) Luciferase expressing MC38 cells were 
transduced with LacZ or mouse BCAR3 (mBCAR3) and injected subcutaneously into syngeneic 
C57BL/6 mice. (D) Tumor volume and (E) tumor weights at harvest. (F) Gross images of resected 
tumors. For (A), **** P < 0.0001 compared to crCtrl + LacZ or crBCAR3 + LacZ group  by Two-Way 
ANOVA with Dunnett multiple comparison testing. For (C), * P < 0.05 by Kruskal-Wallis test with 
Dunn’s multiple comparisons testing. ns = non-significant. For (D) and (E), * P < 0.05 and ** P < 0.01 
by Student’s t-test.  



 

 95 

 

BCAR3 loss augments in vivo tumorigenesis 

 BCAR3 is downregulated in human colorectal cancer, therefore we next asked the question 

of whether BCAR3 loss could modify Wnt-dependent tumorigenesis. Mutations in the Wnt 

signaling pathway are common initiating events, occurring in nearly 90% of all CRCs[96]. We 

utilized the Lrig1-CreER driver[19], which facilitates Cre expression in stem and progenitor cells 

within the intestinal epithelium to drive loss of one allele of Apc. Through stochastic loss of the 

second Apc allele, these mice develop Wnt-driven tumors in the small intestine and distal colon. 

This model has been previously utilized in our laboratory [246]. The Bcar3-/- mice have been 

previously reported. Phenotypically, the Bcar3-/- mice develop eye lesions and posterior lens 

rupture along with reductions in AKT S473 phosphorylation but no other over phenotypes[247]. 

Tamoxifen was administered to drive Lrig1-CreER activation and mice were harvested after 100 

days to assess for tumor burden (Figure 28A). Prior to sacrifice, colonoscopies were performed to 

assess tumor burden (Figure 28B). Lrig1-CreER;Apcfl/+;Bcar3-/- mice exhibited increased colonic 

tumor multiplicity compared to age-matched littermate controls (Figure 28C), suggesting that 

Bcar3 loss augments tumorigenesis which is consistent with the human expression data. 

Interestingly, the Bcar3-/- tumors were also smaller (Figure 28D and Figure 28E). Upon histologic 

examination of tumors of similar size, the Bcar3-/- tumors also demonstrated a reduction in 

complex crypt architecture suggestive of reduced dysplasia. Together, these data reinforce the 

prior findings demonstrating that reductions in BCAR3 promote intestinal tumorigenesis but 

higher levels of BCAR3 within a tumor can promote tumor growth.  
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Figure 28. BCAR3 loss augments tumor number but reduces tumor size in vivo. 

 
Figure 28. BCAR3 loss augments tumor number but reduces tumor size in vivo. (A) Schematic 
demonstrating Lrig1-CreER;Apcfl/+;Bcar3 tumor induction scheme. 10-week old mice are injected 
intraperitoneally with 2mg of Tamoxifen on 3 sequential days. Mice are then aged 15 weeks (~105 days) 
before harvest. (B) Representative endoscopic tumors in Lrig1-CreER;Apcfl/+;Bcar3WT and Lrig1-
CreER;Apcfl/+;Bcar3-/- mice. (C) Colonic Tumor multiplicity. n = 14 WT, n =14 Bcar3+/-, and n = 10 
Bcar3-/- mice per group. (D) Average tumor Area calculations (Area = Length x Width) from Lrig1-
CreER;Apcfl/+;Bcar3 mice. (E) Gross image of Lrig1-CreER;Apcfl/+;Bcar3WT and Lrig1-
CreER;Apcfl/+;Bcar3-/- distal colons. Black arrows indicate quantified tumors. (F) Representative 
histology from Lrig1-CreER;Apcfl/+;Bcar3WT and Lrig1-CreER;Apcfl/+;Bcar3-/- tumor bearing mice. For 
(C) and (D), * P < 0.05 by Kruskal-Wallis test with Dunn’s multiple comparisons testing.  
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Enteroid morphology and Wnt pathway alterations in Bcar3-/- mice 

 Increased Wnt signaling helps initiate colorectal cancer and promote tumor 

progression[248]. Given the increased tumor multiplicity with Bcar3 knockout, we hypothesized 

that BCAR3 loss may be enhancing Wnt signaling to promote tumor initiation. To test this, we 

isolated small intestinal enteroids from non-tumor bearing WT and Bcar3-/- mice to assess for 

morphological and transcriptional changes suggestive of enhanced Wnt signaling. Bcar3-/- 

enteroids displayed increased branching patterns compared to WT mice (Figure 29A). 

Additionally, a majority of the branches displayed a more cystic structure (Figure 29B) which has 

been linked with hyperactive Wnt signaling (tumoroids derived from ApcMin adenomas grow as 

large cystic spheroids). While the branching phenotype is less well described, we posited that it 

may be due to expansion of the stem cell compartment, which is closely linked with hyperactive 

Wnt signaling[249]. In support of this, Bcar3-/- enteroids displayed increased expression of the 

Wnt targets Lgr5, Axin2, and c-Myc (Figure 29C). To further assess this, we crossed the Lgr5-

eGFP-IRES-creERT2 reporter mouse with the Bcar3-/- mice and assessed the number of LGR5+ 

stem cells in each crypt. There were no significant differences in LGR5+ stem cell number in the 

small intestine (Figure 29D) or the colon (Figure 29E), suggesting that the increased branching of 

Bcar3-/- enteroids is not due to an increase in the number of stem cells. Additionally, there were 

no changes in Lgr5 or Axin2 transcript levels in the small intestine (Figure 29F and Figure 29G) 

or colon (Figure 29H and Figure 29I). These data suggest that the enhanced tumorigenesis in the 

Bcar3-/- mice is not a direct result of differences in basal Wnt tone between the WT and Bcar3-/- 

mice. 
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Figure 29. Loss of BCAR3 increases enteroid branching and expression of Wnt targets in vitro but not in vivo. 

 

 
Figure 29. Loss of BCAR3 increases enteroid branching and expression of Wnt targets in vitro but 
not in vivo. WT and Bcar3-/- small intestine crypts were isolated from 8-week old mice and plated in 3D 
matrigel cultures. (A) Bcar3-/- enteroids have increased branches at Day 3,  Day 4, and Day 5 post 
plating. (B) Day 5 Bcar3-/- enteroids branches are larger and exhibit more spheroidal morphologically 
than WT enteroids. Arrows indicate quantified branches in each image. (C) Expression of Wnt targets 
Lgr5, Axin2, and Myc is increased in Bcar3-/-  enteroids. Fold change values are relative to WT. (D) and 
E) Lgr5-eGFP reporter mice were crossed with Bcar3-/- mice. Lgr5+ stem cells were stained via GFP 
immunofluorescence and quantified in the small intestine (D) and colon (E). n = 4-5 mice per group 
with a minimum of 20 crypts quantified and averaged per mouse. (F) Small intestine expression of Lgr5 
and (G) Axin2. n = 3-4 mice per group. (H) Colonic expression of Lgr5 and (I) Axin2. ns = 
nonsignificant, * p<0.05, ** p<0.01, *** p<0.001 by Mann-Whitney test. 
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BCAR3 regulation of TGFb dependent phenotypes and signaling 

 The duality of phenotypes associated with BCAR3 loss (some pro-tumorigenic and some 

anti-tumorigenic) are reminiscent of another well described pathway in colorectal cancer 

progression: the TGFb pathway. Nearly 30 percent of non-hypermutated CRCs and 87% of 

hypermutated tumors harbor genomic alterations in TGFb signaling[96].  Paradoxically, TGFb 

can inhibit the proliferation of normal colonic epithelial cells, thereby supporting its role as a tumor 

suppressor, but TGFb also promotes the survival, invasion, and metastasis of cells by regulating 

cell intrinsic qualities such as adhesion and motility as well as cell extrinsic factors such as the 

composition of the extracellular matrix [250,251]. Guo et al. reported that BCAR3 can inhibit 

TGFb induced phosphorylation of Smad3 in MCF-7 cells and that BCAR3 knockdown promotes 

TGFb induced cell migration. Furthermore, in this study of human breast cancer patients, low 

BCAR3 expression was associated with poor prognosis (reduced disease-free survival, reduced 

distant metastasis-free survival, and reduced relapse-free survival with low BCAR3 expression), 

indicating that higher BCAR3 expression promotes disease-free survival[252]. Therefore, BCAR3 

may be acting as a putative tumor suppressor in breast cancer by inhibiting prometastatic signaling 

downstream of TGFb. Similarly, van Agthoven et al. reported that high levels of BCAR3 were 

associated with favorable progression free survival in a cohort of 242 estrogen receptor-positive 

patients treated with Tamoxifen (OR: 1.55; 95% Confidence Interval 1.06 – 2.66, P = 0.022). 

Further adding to the allure of this enigmatic protein is the fact that BCAR3, named as such 

because its upregulation promoted tamoxifen resistance, is actually associated with a favorable 

response to tamoxifen therapy (OR: 1.52; 95% Confidence Interval 1.00 – 2.30, P = 0.045). The 

authors highlight this finding elegantly, stating that BCAR3 “exhibits discordant associations” and 

that “findings in breast cancer cell models may differ from observations in clinical tumor samples” 
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[253]. To test whether or not BCAR3 modulates TGFb signaling in CRC, we first performed 

siRNA knockdown of BCAR3 in SW480 cells as we had previously observed pro-migratory 

phenotypes in this cell line following BCAR3 knockout. Of note, SW480 and HT29 cells are 

Smad4 deficient and therefore lack canonical TGFb signaling[254], though there are reports that 

they may still exhibit some EMT associated phenotypes following TGFb treatment[255]. To that 

end, TGFb treatment following BCAR3 knockdown in SW480 cells did not significantly alter cell 

morphology or expression of genes associated with TGFb-induced mesenchymal phenotypes 

(Figure 30A and Figure 30B). There was, however, a trend towards increased expression of 

Fibronectin following BCAR3 knockdown. Aberrant expression of Fibronectin, a matrix 

glycoprotein, is common in cancer and may promote tumor progression[256]. While downstream 

signaling is likely inhibited in SW480 cells, both SW480 and HT29 cells express wildtype 

TGFBR2 and may remain responsive to upstream signaling, therefore allowing for assessment of 

phospho-Smad2 and phospho-Smad3 levels. In contrast to prior reports demonstrating regulation 

of phospho-Smad3 levels by BCAR3, we observed no significant changes in Smad 

phosphorylation following BCAR3 knockout (Figure 30C). Additionally, Smad phosphorylation 

was nearly undetectable in HT29 cells. Further studies, particularly in cells with an intact TGFb 

signaling axis, will be required to determine whether BCAR3 loss may promote tumorigenesis by 

altering signaling cascades downstream of TGFb. 
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Figure 30. BCAR3 loss does not alter TGFb signaling in CRC cell lines. 

 
  

 
Figure 30. BCAR3 loss does not alter TGFb signaling in CRC cell lines. (A) SW480 cells were 
transfected with siRNAs targeting BCAR3 or with scramble control siRNAs using Lipofectamine 
RNAiMAX. 24 hours later, the media was changed to 0.5% FBS + 10 ng/mL TGFb or vehicle control. 
Cells were maintained for 48 hours (72 hours post siRNA knockdown) before imaging. (B) SW480 cells 
treated in parallel to cells from (A) harvested for RNA and qRT-PCR. (C) Western blot analysis of 
pooled SW480  and HT29 CRISPR Ctrl and CRISPR BCAR3 knockout cell lines. Cells were serum 
starved overnight then treated with 5 ng/mL TGFb diluted in 0.5% FBS for the indicated time points. 
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Discussion 

 

 Originally identified as a gene that confers resistance to the anti-estrogen tamoxifen, 

BCAR3 has subsequently been implicated in the regulation of a number of cellular processes 

related to cell adhesion and migration. In vitro studies have demonstrated that BCAR3 expression 

promotes breast cancer cell proliferation, motility, and invasion. Thus, one may expect that 

BCAR3 functions as an oncogene and that tumors would select for cells with high BCAR3 

expression. However, we observed significant downregulation of BCAR3 expression across a large 

sample of human colorectal cancers suggesting that BCAR3 may function as a tumor suppressor 

and that loss of BCAR3 promotes tumorigenesis. Whether the observed BCAR3 levels within a 

tumor cell (high or low) are actually drivers of disease progression or set secondarily by 

extracellular and environmental stimuli is unknown. Clinically, low BCAR3 expression has been 

associated with poor prognosis in breast cancer patients while patients with high BCAR3 

expression demonstrated an increase in progression free survival[252,253]. More recently, Zhang 

et al. found that high BCAR3 expression predicted a better prognosis in patients with multiple 

myeloma and that low BCAR3 expression may predict early relapse. Notably, within our data there 

were subsets of tumors that expressed high levels of BCAR3 when compared to normal mucosa. 

Perhaps there is a subset of CRC tumors, likely with distinct mutational profiles, that coordinate 

with differential BCAR3 expression to augment tumorigenesis. Efforts to define distinct molecular 

subtypes of colorectal cancer, such as those proposed by Guinney et al., will be invaluable moving 

forward in determining these functional interactions[257]. While BCAR3 levels overall were 

nearly undetectable in bulk tumor and adjacent normal tissue samples, abundant levels of BCAR3 

protein were detected in most colorectal cancer cell lines. Of the human colorectal cancer lines 

tested, BCAR3 protein levels were lowest in two lines, Caco2 and HCA7, and relatively low in 
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HT29 cells, all of which are cells capable of forming prominent adherens junctions with robust 

membrane localization of E-cadherin and a-catenin. Determining whether BCAR3 regulates 

junctional composition and formation of cell-cell adhesions may yield insight into how it regulates 

cell migration. 

 With regards to cell migration, we demonstrate that BCAR3 loss can both reduce and 

augment transwell migration. One possible explanation is that the initial loss of BCAR3 reduces 

the cells ability to initiate and maintain focal adhesions required for cell migration but that this 

loss can be compensated, and possibly overcompensated, for by the two other NSP family 

members, NSP1 and NSP3. NSP3, like BCAR3/NSP2, interacts with p130Cas and can similarly 

promote its hyperphosphorylation[219,235]. In HCT116 cells, we consistently observed that 

BCAR3 expression enhanced cell migration – both when overexpressing BCAR3 in cells that still 

express endogenous levels of BCAR3 (Figure 24) and when rescuing BCAR3 in cells where 

BCAR3 has been knocked out (Figure 23 and Figure 25). It is plausible in the cells that have lost 

endogenous BCAR3 that NSP family member compensation could be playing a role. Another 

possible explanation for the dichotomous migration results is that BCAR3 knockout cells may be 

more sensitive to chemoattractant gradients because of a higher level of RTK activation. We have 

observed that BCAR3 loss can increase levels of multiple different receptor tyrosine kinases 

(EGFR, HER3, AXL, and c-MET), however, paradoxically, BCAR3 overexpression also appears 

to increase levels of many of these proteins as well.  Likely there are temporal and cell-context 

specific factors contributing to this dynamic phenotype and further investigation will be required 

to determine whether these changes are occurring predominately at the transcriptional or post-

translational level.  

 The BCAR3-p130Cas interaction has been widely studied in breast cancer cell lines but 

we are among the first to demonstrate this functional interaction in colorectal cancer cell lines. 
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Utilizing the BCAR3 744/748E mutant, we demonstrate that BCAR3 mediated transwell migration 

is dependent on the BCAR3-p130Cas interaction. Furthermore, we show that BCAR3-mediated 

hyperphosphorylation of p130Cas is dependent on both the physical association of BCAR3 with 

p130Cas and on BCAR3’s SH2 domain. While the SH2 domain is dispensable for the BCAR3-

p130Cas interaction, it appears critical for promoting the observed upregulation of p130Cas serine 

phosphorylation. One model for this dynamic interaction is that BCAR3, via its SH2 domain, binds 

another tyrosine-phosphorylated protein that either directly, or indirectly, phosphorylates 

p130Cas. Identifying the phosphorylated residues on p130Cas that are altered by the association 

with BCAR3, along with the kinases recruited to this complex, will be critical. Furthermore, given 

that we observed significantly reduced growth in HCT116 xenografts expressing the BCAR3-

p130Cas uncoupling mutant, identifying these interactors may allow for the development of small 

molecules or peptides that prevent these interactions and reduce mitogenic signaling in cancer 

cells. Approaches to prevent protein-protein interactions, such as with the use of the MDM2 

inhibitor AMG-232 (which prevents MDM2-p53 binding and restores p53-transcriptional 

activity), are currently being evaluated in clinical trials. Utilizing the HCT116 xenografts 

expressing either WT BCAR3 or the p130Cas uncoupling mutant would provide an excellent 

model to test these types of therapies as we would expect the cells expressing WT BCAR3 (but 

not the uncoupling mutant) to be far more sensitive to disruption of the BCAR3-p130 interaction. 

 While we observed no significant differences in vitro with regards to proliferation, the 

robust differences observed with subcutaneous xenograft/allograft tumor modeling in HCT116 and 

MC38 cells suggests an important role for BCAR3 in mediating and integrating extracellular 

matrix and growth factor signaling. In vitro experiments may simply lack the complex milieu of 

mitogenic factors needed to augment signaling cascades regulated by BCAR3. There is strong 

preliminary evidence that BCAR3 can interact with multiple ErbB family members. We observed 
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changes in EGFR receptor levels and activation and in HER3 levels with BCAR3 loss but these 

changes were difficult to reproduce and may be context dependent. Additional variables such as 

cell density, which we report here can regulate BCAR3 levels, and number of passages since 

BCAR3 knockout will need to be carefully controlled in future studies. Nonetheless, the interaction 

between BCAR3 and ErbB family members, as well as other tyrosine phosphorylated receptors, 

will be important areas of future study given their strong association with colorectal cancer. 

Specifically, analysis of BCAR3’s role in the 5% of HER2 amplified colorectal cancers may be 

noteworthy[258]. 

 While many of the phenotypes associated with BCAR3 overexpression could be 

characterized as pro-tumorigenic (increased cell migration and invasion, increased in vivo 

proliferation), we also observed increased tumor multiplicity in a Wnt-driven model of colorectal 

cancer. These mouse studies mirror the human expression data, both of which suggest that low 

levels of BCAR3 can promote tumorigenicity. Paradoxically, however, the tumors in Bcar3-/- mice 

were smaller and further studies will be needed to understand this complex dynamic. We do not 

believe that the loss of BCAR3 is promoting increased tumor multiplicity via enhanced Wnt 

signaling or alterations in TGFb signaling. 

 Here we report previously uncharacterized roles for BCAR3 in colorectal cancer. BCAR3 

is under expressed at all stages of colorectal cancer yet exhibits significant heterogeneity within 

CRC cell lines. BCAR3 loss promotes intestinal tumorigenesis in a Wnt driven model yet high 

levels of BCAR3 led to increases in tumor size. Furthermore, loss of BCAR3 can both reduce and 

augment cell migration, which may be secondary to BCAR3’s influence on receptor tyrosine 

kinase activation. Overall, these data highlight the complex and dynamic contributions of BCAR3 

to intestinal tumorigenesis and lay the foundation for future studies examining the role of this 

promiscuous protein. 
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CHAPTER V 

 

MATERIALS AND METHODS 

 

Animal Care 

 

Animals were provided water and standard chow diet from Harlan Laboratories ad libitum 

and kept on a 12-hour light/12-hour dark cycle. All mice were bred and housed in the same facility 

throughout the duration of the experiments. BvesWT, Bves+/-, and Bves-/- as well as Bcar3WT, 

Bcar3+/-, and Bcar3-/ mice were maintained in the same room for a year prior to beginning the 

experiment to ensure a controlled microenvironment. Bves-/- mice were previously 

characterized[73,89]. Bcar3-/- mice were previously characterized[247] as are the Lgr5-eGFP-

IRES-creERT2 mice[3]. All in vivo procedures were carried out in accordance with protocols 

approved by the Vanderbilt Institutional Animal Care and Use Committee.   

 

AOM and Lrig1-CreER;Apc Tumorigenesis Protocols 

 

For the AOM tumorigenesis study, eight week old C57BL/6 wild type (WT; n = 11) or     

Bves-/- (n = 10) mice were injected with 5 weekly injections of AOM at 12.5 mg/kg (Sigma-

Aldrich) intraperitoneally as previously described[193] and harvested at 30 weeks. 

For the Lrig1-CreER;Apcfl/+;Bves experiments, Lrig1-CreER;Apcfl/fl;Bves+/- mice were 

crossed with Bves+/- mice to generate both WT and Bves-/- mice with appropriate age-matched 

littermate controls. Similarly, for the Lrig1-CreER;Apcfl/+;Bcar3 experiments, Lrig1-

CreER;Apcfl/fl;Bcar3+/- mice were crossed with Bcar3+/- mice to generate Bcar3WT, Bcar3+/-, and 
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Bcar3-/- mice with appropriate age-matched littermate controls. Between 8-12 weeks of age, mice 

were injected intraperitoneally on 3 sequential days with 2 mg of Tamoxifen (Sigma-Aldrich). 

Briefly, a 10 mg/mL Tamoxifen solution was prepared by dissolving 10 mg of Tamoxifen in 100 

µL of 100% ethanol. This solution was vortexed for 15 minutes at room temperature and pre-

warmed corn oil was then added to bring the total volume up to 1 mL. 200 µL was injected 

intraperitoneally per mouse. Mice were harvested 100 days after tamoxifen injection. 

All mice were sacrificed using isoflurane followed by cervical dislocation and intestines 

resected. Intestines were irrigated with phosphate-buffered saline (PBS) then opened 

longitudinally and tumor numbers/size were quantified visually. The sections were then rolled 

from distal to proximal and the tissues were fixed in 10% formalin overnight prior to paraffin-

embedding. Five micron sections were cut and stained with hematoxylin and eosin (H&E) by the 

Vanderbilt Translational Pathology Shared Resource Core (TPSR Core). 

 

Human RNA expression 

 

 BCAR3 levels were queried from the combined Moffitt Cancer Center/Vanderbilt Medical 

Center colon cancer expression array data set (GEO accession number GSE17538) as previously 

described [41,225,259]. Similarly, BCAR3 levels were also analyzed from Illumina HiSeq and 

Illumina RNASeqV2 data in The Cancer Genome Atlas (TCGA) colon adenocarcinoma (COAD) 

data sets[96]. Normalized RSEM expression data were log2 transformed for visualization. 
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Cell Lines and Culture 

 

HEK293 SuperTopFlash (293STF) cells were a kind gift from Dr. Ethan Lee, Vanderbilt 

University and J. Nathans, Johns Hopkins University[192,260] and 293DVL TKO were a kind gift 

from Dr. Ethan Lee, Vanderbilt University and S. Angers, University of Toronto[187]. 293STF 

cells were not authenticated in our laboratory but demonstrate expected TopFlash activity in 

response to Wnt pathway activation and expected G418-resistance conferred during generation of 

the cell line[260]. 293DVL TKO cells were confirmed to be DVL knockout by western blot. L-

cells, L-Wnt3a, HEK293T, and HCT116 cells were purchased from ATCC which characterizes 

cell lines using short tandem repeat (STR) DNA profiles. HCT116, SW480, and HT29 cells were 

maintained in McCoy’s 5A while MC38 cells and all other cell lines were maintained in DMEM, 

all supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in 5% CO2. All cells used 

were passaged in our laboratory for less than 3 months after resurrection. Cells were tested using 

the PCR Mycoplasma Detection Kit (ABM).  

 

Transfections 

 

For siRNA knockdown experiments, Control siRNA-A (SantaCruz, sc-37007) and 

individual as well as pooled BVES siRNAs (sc-60295) were transfected into 293STF and HCT116 

cells using Lipofectamine RNAimax (Life Technologies) as per manufacturer’s instructions. 

BCAR3 siRNAs (sc-60265) were similarly transfected into SW480 cells. The overexpression 

plasmid for chick-BVES and V5-BVES have been previously described[30,73]. LRP6-GFP was a 

gift from Dr. Ethan Lee and Randall Moon[261], and Myc-LRP6ICD was a gift from Dr. Ethan 

Lee. The murine Flag-BCAR3 construct was purchased from OriGene (Catalog number 
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MR210814). In all experiments, pcDNA3.2/V5/GW-CAT (Thermo Scientific) was utilized as 

filler to maintain equivalent DNA concentrations. 

 

TopFlash Assays 

 

293STF cells were seeded into 12-well plates and knockdown was performed when cells 

were at ~50% confluency. 48 hours after knockdown cells were stimulated with 50% L-cell-

conditioned media or 50% Wnt3a-conditioned media overnight. Cells were then lysed in 250 µL 

of 1X Glo lysis buffer (Promega). 30 µL of lysate was mixed 1:1 with the Steady-Glo Luciferase 

Assay solution (Promega) in 96-well polystyrene white opaque plates (Thermo Scientific) and 

luminescence measured using a GloMax Discover plate reader (Promega). Assays were performed 

in triplicate and repeated at least 4X. TopFlash experiments in HCT116 were performed by co-

transfection of 1 µg of M50 Super8x TopFlash (gift from Randal Moon, Addgene plasmid #12456) 

or M51 Super 8x FOPFlash (gift from Randal Moon, Addgene plasmid #12457) with 0.1 µg of 

pRL-TK (Promega) to normalize transfection efficiency and assayed using the Dual-Glo 

Luciferase Assay System (Promega).  

 

Lentivirus Generation 

 

Lentivirus was packaged using pMD2.G (a gift from Didier Trono, Addgene plasmid # 

12259) and psPAX2 (a gift from Didier Trono, Addgene plasmid # 12260) vectors and the pLKO.1 

non-target shRNA (Sigma-Aldrich) or pLKO.1 shBVES (Mission shRNA – Sigma, 

TRCN0000153094). The pGIPZ shCtrl (RHS4346) and shBCAR3 constructs were purchased 

from Dharmacon (G11: V2LHS_33013, G2: V3LHS_370110, G5: V3LHS_370111, E5: 
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V3LHS_370113). HEK293T at 50% confluency in 10-cm plates were transfected with 1 µg each 

of pMD2.G and psPAX2 and 2 µg of shRNA, lentiCRISPR v2, or indicated pLEX304/307 using 

polyethylenimine (PEI).  Media was changed the following morning then viral supernatant was 

harvested 48 hours later, centrifuged, and filtered through a 0.45 µM filter. For transient shRNA 

knockdown, polybrene was added to 5 µg/mL and target cells were transduced overnight then 

assayed 48-60 hours later. Lentiviral transduction of human colonoids and human tumoroids was 

performed as previously described[192].  

 

BCAR3 CRISPR Knockout 

 

For the CRISPR/Cas9 knockout lines, guide RNAs were designed against Exon 4 of human 

BCAR3 (after the ATG start codon of transcript variants 1/2/3) through the portal at crispr.mit.edu. 

3 different sgRNAs targeting were cloned into the lentiCRISPR v2 construct, a gift from Feng 

Zhang (addgene plasmid #52961, [262]). The guide sequences were as follows: sgRNA1: 5’-

AGGTGAAGGTTTCGCCGTGC-3’ (antisense), sgRNA2: 5’-TCACAGGCGAGTTCTGCCGT–

3’ (antisense), sgRNA3: 5’-AGCCCATGGCAGGACCGGCA– 3’ (sense). Lentiviral particles 

were packaged with each individual sgRNA and HCT116 cells were transduced. 48 hours after 

transduction, 100 cells were plated per 10-cm plate in 1.0 µg/mL Puromycin to allow for selection 

and clonal expansion. Individual clones were expanded and confirmed to be knockout for BCAR3 

by immunoblot. Then 2-3 confirmed knockout clones per guide RNA were pooled together. A 

similar approach was employed to generate the crCtrl line, which consisted of 6 pooled vector-

only control clones. For rescue experiments, only clones harboring sgRNA1 were pooled together. 
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To generate the pooled crBCAR3 SW480 lines, the lentiCRISPR v2_sgRNA1 construct was 

packaged, concentrated, and utilized to transduce a pooled population of SW480 cells.  

 

Expression Constructs 

 

 To generate the c-terminal V5-tagged human BCAR3 expression vectors, a Gateway™ 

compatible human BCAR3 cDNA vector was obtained from the Harvard Plasmid Bank 

(HsCD00376429). BCAR3 was cloned into the lentiviral pLEX304 vector (a gift from David Root, 

Addgene plasmid #25890) to generate pLEX304-hBCAR3 using Gateway™ LR Clonase ™ 

(Invitrogen) according to manufacturer recommendations. pLEX304 was utilized as it confers 

Blasticidin resistance and allowed for rescue experiments in cells expressing puromycin resistance 

from the lentiCRISPRv2 lines. Recombined plasmids were transformed into STBL3 

(ThermoFisher) and transformants were sequence verified. In parallel, LR recombinase reactions 

were also performed with the pDONR223_LacZ plasmid (a gift from David Root, Addgene 

plasmid #25893) to generate the LacZ control vector. For the mouse BCAR3 lentiviral expression 

vector, pCMV-Sport6-mouse BCAR3 (Plasmid ID MmCD00318547) was obtained from the 

Harvard Plasmid Bank. A BP Clonase™ reaction was performed with pDONR221 (Invitrogen) to 

generate the intermediary pDONR221-mBCAR3 vector which was sequence verified. The 

pDONR221-mBCAR3 construct or the pDONR223_LacZ constructs were then utilized for the LR 

reaction with pLEX307 (a gift from David Root, Addgene plasmid #41392) to generate pLEX307-

mBCAR3 and pLEX307-LacZ. Because the mouse BCAR3 cDNA vector contained a stop codon, 

translation was halted and the pLEX307-mBCAR3 vector does not contain a c-terminal V5 tag 

(despite being in the pLEX307 vector which can generate c-terminal V5 tagged proteins). The 

BVES expression constructs were purchase from Genecopoeia: EX-EGFP-LV102 (Control), EX-
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T3443-Lv102 (N-terminal Flag Tag), EX-T3443-Lv103 (N-terminal GFP Tag), EX-T3443-Lv121 

(C-terminal Flag Tag), EX-T3443-Lv122 (C-terminal GFP Tag), and EX-T3443-Lv205 

(Untagged, IRES GFP). 

 

Site Directed Mutagenesis 

 

 Site directed mutagenesis was performed using the QuikChange XL Site-Directed 

Mutagenesis Kit (Agilent) according to manufacturer recommendations. For lentiviral constructs, 

STBL3 cells (ThermoFisher) were utilized to culture positive transformants. The guide RNA 

resistant silent wobble mutations were introduced into pLEX304-hBCAR3 to generate pLEX304-

sgRNA resistant hBCAR3. Generation of the BCAR3 744/748E double mutant was performed on 

pLEX304-sgRNA resistant hBCAR3 in one mutagenesis step. To generate the BCAR3 Delta SH2 

interstitial mutant (which lacks amino acids 154-234), “Round the Horn PCR” was utilized on the 

pLEX304-sgRNA resistant hBCAR3. Briefly, primers abutting the SH2 domain were designed 

with melting temperatures within 5°C of each other and going away from the region to be deleted. 

This allowed for amplification of the entire plasmid, excluding the interstitial SH2 region. Primers 

were phosphorylated in T4 DNA ligase buffer with T6 polynucleotide kinase for 30 minutes at 

37°C. PCR amplification was performed with 2x Q5 Hot-start, high fidelity PCR master mix 

(NEB). The PCR product was purified via gel extraction and circularized with T4 DNA ligase 

(NEB). Generation of the mBCAR3 743A and 743E point mutations were performed on the 

pDONR221-mBCAR3 intermediary before flipping these inserts into the pLEX307 vector. The 

BVES degron mutants and truncation mutants were performed on the EX-T3443-LV102 N-

terminal Flag-BVES. A list of primers is included in Table 1.  
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Table 1. Site directed mutagenesis primers 

  

 
  Table 1. Site directed mutagenesis primers.  
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RNA Isolation and qRT-PCR 

 

Cells in 6-well plates at 50% confluency were treated with BVES siRNA or transiently 

transduced with BVES shRNA lentivirus overnight. 36-48 hours after knockdown cells were 

stimulated with 50% L-cell-conditioned media or 50% Wnt3a-conditioned media overnight. Cells 

were harvested in TRIzol Reagent (Invitrogen) and RNA purified using the Direct-zol RNA 

Miniprep kit (Zymo Research). RNA (2 µg) was reverse transcribed to cDNA using qSCRIPT 

XLT cDNA SuperMix (QuantaBio) according to manufacturer’s protocol. The 20 µL cDNA 

reaction was diluted in 380 µL H20 and 2 µL was used as a template in each subsequent PCR 

reaction. Taqman reactions were performed using Taqman Universal PCR Master Mix (Applied 

Biosystems, #4304437) with probes listed in Table 2. SYBR Green reactions were performed using 

PerfeCTa SYBR Green FastMix (QuantaBio) using the primers listed in Table 2. All qRT-PCR 

reactions were normalized to GAPDH and fold changes calculated using the delta-delta Ct method. 
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Table 2. SYBR Green Primers and Taqman probes 

  

 
Table 2. SYBR Green Primers and Taqman probes.  
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Genomic Analysis of Bvesfl/fl Mice 

 

 Lrig1-CreER;Bvesfl/fl;mTmG+/- enteroids were treated with vehicle or with 500 µM 4-

Hydroxytamoxifen (4OHT) dissolved in DMSO for 96 hours before harvesting genomic DNA or 

RNA. Genomic DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen) according to 

the manufacturer. Genomic DNA amplification was using GoTaq Green Master Mix (Promega) 

with the following primers: mBVES_GenomicF: TGTGAAGTGGTGAGTGTTGG and 

mBVES_GenomicR1: GGGGGTCTTAGAGGGTTAG, mBVES_GenomicR2 (same as 

mBVES_Exon4_R): CTGGCCCCTTTTCAAGGTCT, and  mBVES_GenomicR3: 

AGGCAGGCCTGGTAACGGGC. 

 

Human Normal Colon and Tumor Samples 

 

Deidentified human normal colon tissue was acquired from the Vanderbilt Cooperative 

Human Tissue Network in accordance with the Vanderbilt Institutional Review Board. Samples 

were homogenized in Trizol followed by RNA extraction using the Direct-zol RNA MiniPrep Kit 

(Zymo Research) or lysed in RIPA buffer, homogenized, then sonicated and quantified as above. 

 

Murine Enteroid Isolation and Maintenance 

 

Enteroids were cultured as previously described[88,263]. Briefly, proximal small intestines 

of age-matched littermate control Bcar3WT or Bcar3-/- mice were flushed with ice cold PBS and 

then minced. Tissue was rocked in PBS at 4°C for 15 minutes then vortexed for 10 second to 

remove the villi. After two additional PBS washes, the tissue was resuspended in 2mM EDTA in 
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PBS and chelated at 4°C for 30 minutes. Tissue was again washed two times in PBS and 

resuspended in cold shaking buffer (PBS with 43.3 mM sucrose and 54.9 mM sorbitol). Tissue 

fragments were then filtered through a 70 micron cell strainer and intact crypts were counted. 300 

Bcar3WT or Bcar3-/- enteroids per well were pelleted at 200 g for 5 minutes, the supernatant 

discarded, and the enteroids resuspended in growth-factor-reduced Matrigel™ (Corning). 50 µL 

Matrigel™ plugs were spotted in the middle of a 12 well plate and allowed to polymerize at 37°C 

for 30 minutes before overlaying with 500 µL of epidermal growth factor/Noggin/R-spondin 

(ENR) media which consists of basal media [(Advanced DMEM/F12 (Gibco), 1X Glutamax 

(Gibco), 100 U/mL Pen-Strep (Invitrogen #15140-148), 10 mM HEPES (Cellgro MT25060CI), 

1X N2 Supplement (GIBCO), 1X B27 Supplement (GIBCO)] supplemented with 20% R-spondin 

conditioned media (produced from R-spondin-expressing cells kindly provided by Dr. Jeff 

Whitsett, Cincinnati Children's Hospital Medical Centre and The University of Cincinnati College 

of Medicine, Cincinnati, USA),  10% Noggin conditioned media (made from Noggin-producing 

cells kindly provided  by G.R. van den Brink, Amsterdam, The Netherlands [described in[264]], 

and 50ng/ml mouse recombinant EGF (R&D 2028EG200)]. Media was replenished every 3-4 

days. For splitting, Matrigel™ plugs were scraped into 1 mL of ice cold PBS and sheared by 

pulling through a 25G needle 1-2x. Sheared enteroids were pelleted at 200g for 5 minutes and 

remaining PBS and Matrigel™ aspirated off before re-suspending in fresh Matrigel™ and spotting 

new 50 µL plugs in 12 well plates.  
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Murine Adenoma Tumoroid Isolation, Maintenance, and Treatments 

 

Tumoroids were cultured as previously described[263]. Briefly, colons and small intestines 

of Lrig1-CreER;Apcfl/+;BvesWT or Bves-/- mice were flushed with ice cold PBS and multiple 

macroscopic tumors from each mouse were resected and pooled. Tissue was digested with constant 

agitation at 37°C in 10ml pre-warmed digestion buffer (9.7 mL DMEM + 250 µL FBS + 100 µL 

Pen Strep + 1 mg Collagenase XI + 1.25 mg Dispase II) for 30 minutes. Digested tumor fragments 

were then shaken 2-3x to loosen cell clusters. Larger fragments were allowed to settle to the bottom 

of the tube and the supernatant was collected, spun at 200g for 5 minutes, and then washed with 

5mL cold PBS to remove remaining digestion buffer. Samples were pelleted at 200g for 5 minutes, 

the supernatant discarded, and the tumor fragments resuspended in 300-500 µL of growth-factor-

reduced Matrigel™ (Corning) depending on the size of the pellet.  

50 µL Matrigel™ plugs were spotted in the middle of a 12 well plate and allowed to 

polymerize at 37°C for 30 minutes before overlaying with 500 µL of epidermal growth 

factor/Noggin/R-spondin (ENR) media which consists of basal media [(Advanced DMEM/F12 

(Gibco), 1X Glutamax (Gibco), 100 U/mL Pen-Strep (Invitrogen #15140-148), 10 mM HEPES 

(Cellgro MT25060CI), 1X N2 Supplement (GIBCO), 1X B27 Supplement (GIBCO)] 

supplemented with 20% R-spondin conditioned media (produced from R-spondin-expressing cells 

kindly provided by Dr. Jeff Whitsett, Cincinnati Children's Hospital Medical Centre and The 

University of Cincinnati College of Medicine, Cincinnati, USA),  10% Noggin conditioned media 

(made from Noggin-producing cells kindly provided  by G.R. van den Brink, Amsterdam, The 

Netherlands [described in[264]], and 50ng/ml mouse recombinant EGF (R&D 2028EG200)]. 

Media was replenished every 3-4 days. For splitting, Matrigel™ plugs were scraped into 1 mL of 

ice cold PBS and sheared by pulling through a 25G needle 1-2x. Sheared tumoroids were pelleted 
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at 200g for 5 minutes and remaining PBS and Matrigel™ aspirated off before re-suspending in 

fresh Matrigel™ and spotting new 50 µL plugs in 12 well plates.  

For Wnt3a and R-spondin treatment of WT adenoma tumoroids, tumoroids were split and 

maintained in basal or basal media supplemented with 100 ng/mL mouse recombinant Wnt3a 

(Vanderbilt Antibody and Protein Resource, VAPR Core) and 250 ng/mL mouse recombinant R-

spondin (VAPR Core) for 4 days before imaging and size quantification using ImageJ.  

 

Human Colonoid and Tumoroid Isolation and Maintenance 

 

Deidentified human normal colon tissue was acquired from the Vanderbilt Cooperative 

Human Tissue Network in accordance with the Vanderbilt Institutional Review Board. Human 

tumor organoids were established according to previously published protocols[263]. Briefly, 

minced colon tissue was incubated in PBS with 2mM EDTA for 30 minutes at 4oC. Tissue 

fragments were then washed and resuspended in 5ml PBS containing with 43.4mM sucrose and 

54.9mM D-sorbitol. Tissue was then gently shaken for 1-2 minutes to release intestinal crypts 

which were then collected, resuspended in Matrigel™, and spotted in 10µl plugs in the bottom of 

a 12 well plate. After polymerization, Matrigel™ plugs were overlaid with human culture media 

containing Advanced DMEM F12 (Gibco), 50% LWRN conditioned media (produced from L-

cells expressing Wnt, R-spondin, and Noggin, ATCC), 1x B27 (Gibco), 1x N2 (Gibco), 1x 

Glutamax (Gibco), 1mM HEPES, 100 U/ml penicillin, 100 µg/ml streptomycin, 50 ng/ml EGF 

(R&D), 10nM [Leu15]-Gastrin 1 (Sigma-Aldrich), 1mM n-Acetylcysteine (Sigma-Aldrich), 

10µM SB202190 (Sigma-Aldrich), 10mM Nicotinamide (Sigma-Aldrich), 500nM A83-01 

(Tocris), and 10nM Prostaglandin E2.  
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Adenoma Tumoroid Embedding and Staining 

 

Tumoroids were collected in ice-cold PBS and fixed in 10% neutral buffered formalin on 

ice for 20 minutes. Fixed enteroids were then pelleted at 200g for 3 minutes and washed 3X with 

ice-cold PBS. After the final centrifugation, the supernatant was aspirated and the enteroid pellet 

was resuspended in 2% agarose dissolved in PBS. The agarose was allowed to solidify for 10 

minutes then placed in 70% ethanol and paraffin embedded by the Vanderbilt Translational 

Pathology Shared Resource Core. 

 

Subcutaneous Xenografts and Allografts 

 

1 x 107 HCT116 cells were injected subcutaneously into NOD/SCID mice (Jackson 

Laboratory 001303) or 1 x 106 MC38 cells were injected subcutaneously into C57BL/6J mice and 

allowed to grow. Once palpable tumors were observed, tumors were measured every three days 

and volumes calculated using the modified ellipsoidal formula (volume = ½(Length x 

(Width2))[245]. At harvest, tumors were isolated and flash frozen for protein, placed in RNAlater 

(ThermoFisher) or fixed in 10% neutral buffered formalin overnight prior to paraffin-embedding.  

 

Immunoblots and Immunoprecipitation 

 

For cytoplasmic fractionation, cells were incubated on ice for 15 minutes in cytoplasmic 

fractionation lysis buffer (10 mM HEPES (pH 7.8), 10 mM KCl, 2 mM MgCl2, 0.1 mM EDTA 

with phosphatase inhibitor cocktail 2 (Sigma-Aldrich), phosphatase inhibitor cocktail 3 (Sigma-

Aldrich), and protease inhibitor (Sigma-Aldrich), then scraped and transferred to microfuge tubes. 
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NP-40 was added to 0.5% and lysates were vortexed then sheared through a 23-gauge needle 6 

times, and spun at 16,000Xg for 2 minutes. This protocol enriches for cytoplasmic and membrane 

proteins but significantly reduces nuclear protein contamination. Supernatants (cytoplasmic 

fractions) were recovered and protein concentrations determined using the Pierce BCA Protein 

Assay Kit (Thermo Scientific). Samples were combined with 5x Laemmli buffer and then boiled 

for 5 minutes. 20-30 µg of protein was loaded per lane followed by SDS-PAGE electrophoresis. 

Lysates were transferred to a 0.2 micron Nitrocellulose membrane (PerkinElmer) and then blocked 

using Odyssey TBS blocking buffer (LI-COR) for 30 minutes. Membranes were probed overnight 

at 4°C with antibodies diluted in Odyssey blocking buffer with 0.1% Tween-20 as listed in Table 

3. IRDye Goat-anti rabbit 800 (LI-COR #827-08365) or IRDye Goat anti-Mouse 680LT (LI-COR 

#925-68020) secondary antibodies were diluted 1:10,000 in TBS + 0.1% Tween-20 and incubated 

for 30 minutes at RT. Blots were imaged on a LI-COR Clx Near-infrared system and quantification 

of western blot band intensity was conducted using the LI-COR Image Studio with samples 

normalized to GAPDH. All western blots are representative of at least 3 independent experiments 

unless otherwise noted.  

For co-immunoprecipitations, cell lysates were prepared using CellLytic M (Sigma-

Aldrich) with protease and phosphatase inhibitors. 1 mg of lysate was incubated with anti-GFP 

binding protein magnetic beads (VAPR Core) or Anti-flag M2 affinity gel (Sigma-Aldrich) for 2 

hours at 4°C with constant agitation. Beads/resin were washed 3X with lysis buffer and proteins 

were eluted from beads with 2X Laemmli buffer. The Flag-BVES IPs probed for endogenous 

LRP5 and LRP6 was developed using Supersignal West Femto (Sigma-Aldrich) 

chemiluminescence and HyBlot CL film (Denville Scientific).  

Tumoroids were harvested based on standard passage protocols described above with the 

addition of a 30-minute incubation step in Cell Recovery Solution (Corning #354253) to digest 
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away the Matrigel™. Tumoroids were then washed 1x in PBS, pelleted, and resuspended in RIPA 

buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% Deoxycholic Acid, 0.1% Sodium 

Dodecyl Sulfate).  

For the immunoblots in Chapter 4, cells were washed twice with ice cold PBS, incubated 

on ice with gentle agitation in RIPA Buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% 

Deoxycholic Acid, 0.1% Sodium Dodecyl Sulfate) with phosphatase inhibitor cocktail 2 (Sigma-

Aldrich), phosphatase inhibitor cocktail 3 (Sigma-Aldrich), and protease inhibitor (Sigma-

Aldrich), then scraped and transferred to microfuge tubes. Lysates were sonicated 6-8 times with 

1 second pulses at power 3 and then cleared by centrifugation at 16,000Xg for 10 minutes. Protein 

concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific). 

Samples were combined with 5x Laemmli buffer and then boiled for 5 minutes. 20-30 µg of protein 

was loaded per lane followed by SDS-PAGE electrophoresis. Lysates were transferred to a 0.2 

micron Nitrocellulose membrane (PerkinElmer) and then blocked using Odyssey TBS blocking 

buffer (LI-COR) for 30 minutes. Membranes were probed overnight at 4°C with antibodies diluted 

in Odyssey blocking buffer with 0.1% Tween-20 as listed in Table 3. 

IRDye Goat-anti rabbit 800 (LI-COR #827-08365) or IRDye Goat anti-Mouse 680LT (LI-

COR #925-68020) secondary antibodies were diluted 1:10,000 in TBS + 0.1% Tween-20 and 

incubated for 30 minutes at RT. Blots were imaged on a LI-COR Clx Near-infrared system and 

quantification of western blot band intensity was conducted using the LI-COR Image Studio with 

samples normalized to the indicated loading control (GAPDH, b-actin, or Tubulin). 

For co-immunoprecipitations, cell lysates were prepared using CellLytic M (Sigma-Aldrich) with 

protease and phosphatase inhibitors. For V5 immunoprecipitation, 1 mg of lysate was incubated 

with anti-V5 magnetic beads (MBL International Corporation) for 2 hours at 4°C with constant 

agitation. For p130Cas immunoprecipitation, 1 µg of p130 Cas antibody was incubated with 
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lysates for 1 hour at 4°C then washed Protein G Magnetic Beads (Millipore) were added and 

samples incubated an additional 1 hour at 4°C.  Beads/resin were washed 3X with lysis buffer and 

proteins were eluted from beads with 2X Laemmli buffer. 
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Table 3. Antibodies used for immunoblotting.  
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able 3. Antibodies used for immunoblotting 

Immunohistochemistry 

 

Protocols for fluorescent staining of paraffin-embedded sections were previously 

described[89]. Primary antibodies include anti-phospho Histone H3 (1:400, Millipore #06-570), 

Cleaved Caspase 3 (1:400, Cell Signaling Technologies #9661), b-catenin (1:400, BD Biosciences 

#610153), and E-cadherin (1:500, BD Biosciences #610181). For the xenograft staining, primary 

antibodies include anti-phospho Histone H3 (1:400, Millipore #06-570) and V5 (1:400, Abcam # 

ab2761). Staining in the Lgr5-eGFP;Bcar3 tissue was performed similarly with the exception of 

the antigen retrieval which was performed using Citrate Buffer, pH 6 (DAKO) for 15 minutes in a 

pressure cooker. Primary antibodies used were Rabbit a-GFP (1:500, Novus NB600-308 and E-

cadherin (1:500, BD Biosciences #610181). 

 

Statistical Analysis 

 

Statistical analysis comparing was performed in Graphpad Prism Software as indicated in 

the figure legends. For all studies, error is represented by standard deviation and P < 0.05 is 

considered significant. 
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CHAPTER 6 

 

FUTURE DIRECTIONS 

 

BVES detection and subcellular localization 

 

 A significant barrier to studying the functional relevance of BVES in colorectal cancer has 

been the relative inability to express full-length human BVES at detectable levels ex vivo, 

especially in CRC cell lines. Furthermore, the lack of sensitive immunoreagents to detect 

endogenous, untagged BVES has necessitated a reliance on protein tags that could affect BVES 

function and localization. As seen in Figure 33B, the location (N-terminal vs. C-terminal) of the 

epitope tag alters BVES banding patterns and electrophoretic mobility and may influence 

subcellular localization. Therefore, developing new immunoreagents to more thoroughly 

characterize endogenous BVES levels will be critical. One limiting factor in this is simply that 

overall, BVES levels are relatively low in a majority of colorectal cancer cell lines[41], whole 

intestinal tissue, intestinal crypts, and pure intestinal epithelium (See Bves CT values from Bvesfl/fl 

troubleshooting, Table 7). Therefore, utilizing a CRISPR activation system like dCas9-VPR[265] 

to enhance BVES expression from the endogenous locus would be beneficial in screening new 

immunoreagents. Adding an epitope tag to the endogenous locus via CRISPR/Cas9 and a 

homology directed repair (HDR) template would also be very beneficial. Combing these two 

approaches into one cell line (endogenously tagging BVES and being able to inducibly increase 

endogenous gene transcription) would provide a powerful tool for further functional studies. While 

powerful, an approach of this nature would require a significant amount of investment in a single 

cell line which may not accurately depict BVES function in all cell contexts. Therefore, 
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determining the subcellular location and stability of each of the human BVES expression 

constructs (Figure 33) through a combination of membrane/cytoplasmic fractionation and 

immunofluorescence with and without cycloheximide treatment would provide a tremendous 

amount of information and help identify the constructs that may be functioning most similarly to 

endogenous BVES. It is hypothesized that membrane bound BVES is likely much more stable than 

the cytoplasmic pools of BVES but this hypothesis has not been formally tested. By performing 

true membrane and cytoplasmic fractionations following a cycloheximide time-course and using 

ultracentrifugation to isolate the cell fractions (as opposed to commercial kits which can be more 

prone to cross-contamination), the most stable pools of BVES can be identified. Furthermore, 

adding an N-terminal myristoylation tag (along with a fluorescent reporter such as Addgene 

plasmid #32602) could help tease apart differential roles for cytoplasmic vs. membrane BVES. 

For example, with the BVES/LRP6/b-catenin story, attempts at overexpressing BVES did not 

attenuate Wnt signaling as would be expected based on the knockdown data. This could certainly 

be due to the difficulties in expressing full length human BVES, but overexpression of a more 

readily expressed V5-tagged BVES truncation construct (containing amino acids 72-360) and full 

length chick BVES also failed to attenuate Wnt signaling. It is possible that the cells simply have 

enough BVES and therefore adding more to the system has little effect. Another hypothesis is that 

overexpressed BVES is mislocalized and that cytoplasmic BVES is sequestering other proteins, 

preventing their translocation to the nucleus. Perhaps BVES is indirectly affecting the 

localization/activity of GSK3b through an association with PP2A (which is known to bind both 

BVES and GSK3b) and therefore overexpressing BVES is having a dominant negative effect on 

some components of the Wnt signaling pathway. Overall, a more detailed understanding of BVES 

protein levels and localization will allow for more carefully controlled and informative 

experiments when studying a protein that can exhibit such dynamic subcellular localization.  
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Further characterizing BVES degrons and post translational modifications 

 

While the identification of putative D-Box and FBXW7 degrons was initially encouraging, overall 

it is felt that these motifs are not contributing to BVES stability by influencing degradation and 

proteasomal degradation directly. Nonetheless, the BVES D/F double mutant demonstrated 

significantly enhanced protein expression which provides a valuable tool to further probe BVES 

function. Furthermore, WT BVES and the D/F double overall shared very similar protein-protein 

interactions by mass spectroscopy ( Table 5), suggesting that the higher expressing D/F double 

mutant can be utilized in functional studies.  Additional studies to elucidate the mechanism by 

which the D-Box and FBXW7 mutations confer enhanced stability are necessary. As the D-Box 

motif is a target of the anaphase-promoting complex (APC/C) which ubiquitinates predominately 

cell cycle proteins for subsequent degradation by the 26S proteasome [266], it will be important 

to determine how BVES protein levels change throughout the cell cycle. Perhaps the subcellular 

localization of BVES as cells reach confluency is not just due to cell-cell proximity but is also a 

byproduct of cells progressing towards an arrest/contact inhibited state which indirectly stabilizes 

BVES. By performing cell synchronization experiments using a double thymidine block, cells will 

arrest at the G1/S boundary and can then be assessed at 0, 2, 6, 8, 10, 12, 14, and 24 hours after 

release/serum addition. Levels of CyclinA and CyclinB along with BVES can be monitored by 

western blot. Alternatively, if these experiments are performed using a GFP-tagged BVES 

construct, cells can be analyzed by flow cytometry for GFP-BVES levels concurrently with cell 

cycle analysis using PI. It would not be surprising if BVES protein levels change throughout the 

cell cycle as significant junctional remodeling occurs during cell division, at least in the Xenopus 

laevis embryo[267]. Another key experiment to determine the functional contribution of the 

putative D-Box and FBXW7 degrons would be to transfer these motifs to a different protein, such 
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as GFP which is frequently used in these types of functional studies because of its relative stability 

and ease of detection[268]. As the FBXW7 degron is a phospho-dependent degron, an in depth 

analysis of phosphorylated residues within BVES will be essential. PhosphoSitePlus compiled a 

list of phosphorylated residues within human, mouse, and rat BVES (Y3, S7, Y194, T218, S295, 

S315, S318, S322, and S323). The functional significance of these residues has not been 

determined but a broader understanding of the BVES-phospho proteome may be gained by 

introducing individual alanine point mutations at these residues and assessing BVES stability and 

subcellular localization. Of note, none of these phosphorylated residues fall within the putatively 

predicted GSK3b sites, suggesting that the FBXW7’s phospho-degron may not be dependent on 

priming phosphorylation by GSK3b. One way to test this would be to treat cells with the GSK3b 

inhibitor CHIR99021 and assess for BVES stability. Overall, it is also important to determine the 

location of these motifs when factoring in membrane topology. Based on the known BVES 

membrane topology, both the D-Box and FBXW7 degrons would be extracellular when BVES is 

inserted in the plasma membrane. However, when BVES is cytoplasmic or when BVES is being 

processed in the endoplasmic reticulum, these motifs would be cytoplasmic. Finally, while 

generating C-terminal truncation mutants and individual lysine point mutations at putatively 

ubiquitinated residues was unsuccessful, a more thorough analysis may be beneficial. Namely, it 

has been reported that mutating individual lysine residues can lead to ubiquitination at different 

lysine residues within the protein and therefore it may be necessary to generate pan-lysine 

mutants[269,270]. Mutating all three putative BVES lysine residues, and even a more drastic pan-

BVES lysine mutant, is therefore a reasonable approach. As an aside, one of the putatively 

ubiquitinated BVES residues, K272, has been previously implicated in homotypic BVES 

interactions. Perhaps homodimerization of BVES at that K272 lysine residue protects those 

residues and subsequently BVES from ubiquitination and proteasomal degradation. For the 
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truncation mutations, N-terminal Flag tagged BVES was utilized due to the ease of inserting stop 

codons to generate truncated proteins. However, a more elegant approach would be to introduce 

interstitial mutants utilizing ‘round the horn PCR (such an approach was utilized to generate the 

BCAR3 SH2 domain interstitial mutant). Additionally, making these interstitial mutants in both 

the N-terminal and C-terminal tagged constructs would provide for robust confirmation of any 

important functional domains that affect BVES stability. There is a tremendous opportunity to 

study some of these basic questions pertaining to BVES structure, function, and stability and doing 

so will likely generate important reagents and address fundamental questions about BVES’s 

dynamic function. 

 

Notable BVES interactors identified by mass spectroscopy 

 

 Overall, it is hypothesized that BVES orchestrates changes in cellular and epithelial states 

through complex and dynamic protein-protein interactions, many of which are thought to occur 

within the BVES POPEYE domain and therefore may be conserved across all POPDC family 

members. The two mass spectroscopy experiments performed over the course of these studies 

provide a trove of data and putative interactors that may further elucidate novel BVES directed 

regulatory mechanisms. In the first mass-spec experiment, over 10% of the identified interactors 

(15/140) were related to ubiquitination and proteasomal degradation such as ubiquitin itself 

(Polyubiquitin-B/UBB) and a multitude of 26S proteasome regulatory subunits. Many of these 

same subunits were identified in the second BVES mass spectroscopy experiment as well (Table 

6). While it is possible that these are contaminants, an unrelated mass spectroscopy experiment 

assessing STK17A and BCAR3 interactors did not identify any of the 26S protease or proteasome 

regulatory subunits (data not shown). Conversely, multiple heterogeneous nuclear 
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ribonucleoproteins (HNRNPs) and 60S ribosomal proteins were identified in all three experiments 

(both BVES experiments and the unrelated STK17A/BCAR3 mass spectroscopy experiments) and 

therefore are likely indicative of contamination. Together, the enrichment of proteasome 

regulatory subunits binding to BVES is supportive of a proteasomal degradation pathway 

regulating BVES protein levels.  

One of the more notable hits identified in both mass spectroscopy screens is Proteasomal 

ubiquitin receptor, ADRM1, otherwise known as Adhesion Regulating Molecule 1. ADRM1, as 

its name suggests, functions as a ubiquitin receptor that works in concert with shuttle factors to 

supply the 26S proteasome [271]. Therefore, it is hypothesized that ADRM1, an interferon-

inducible, heavily glycosylated membrane protein, may be contributing to the proteasomal 

degradation of BVES. Interestingly, ADRM1 gene amplification may drive metastatic gastric 

cancer [272] and it is consistently overexpressed in ovarian high-grade serous carcinoma[273]. 

Confirming the BVES-ADRM1 interaction and also knocking down ADRM1 then assessing 

BVES stability would help determine whether ADRM1 is contributing to BVES degradation and 

worth investigating further.  

 Additional mass spectroscopy hits may also lead to further understanding of BVES 

function. In both mass spectroscopy experiments, a cAMP-dependent protein kinase regulatory 

subunit, PRKAR1A, was identified. Additionally, in the first mass spectroscopy experiment 

cAMP-dependent protein kinase catalytic subunit beta (PRKACB), and another cAMP-dependent 

protein kinase regulatory subunit, PRKAR2A, were identified. A previously commissioned yeast-

two-hybrid screen performed in a placental library with BVES as the bait protein also identified a 

likely direct interaction between A-kinase anchor protein 220 (AKAP220) and BVES. AKAPs are 

large docking proteins which provide a scaffold and help localize the cAMP-dependent protein 

kinase (PKA) to various locations within the cell[274,275]. PKA itself is a tetrameric holoenzyme 
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which consists of two regulatory subunits and two catalytic subunits. The regulatory subunits bind 

cAMP which leads to a conformational shift, freeing the catalytic subunits from the complex and 

allowing them to phosphorylate serine and threonine residues. It is known that BVES binds cAMP 

with high affinity[58] and given the number of PKA-directing proteins that BVES interacts with, 

it seems quite reasonable to purpose that BVES has considerable influence over PKA activity. In 

support of this, BVES siRNA knockdown in HEK293T cells increased CREB phosphorylation at 

S133 (Figure 11E and Figure 12D), a residue that is phosphorylated in response to cAMP by 

PKA[276]. CREB pS133 is also a known target of PP2A and in the aforementioned experiments, 

CREB phosphorylation was assayed as a positive control to confirm activity of the PP2A inhibiting 

and activating compounds, OA and Ceramide, respectively. As BVES can also direct PP2A 

activity, the role of BVES in modulating CREB activity may be multifaceted: both in modulating 

PKA activity to phosphorylate CREB and in directing PP2A to dephosphorylate PP2A. 

Specifically with regards to PKA, these data suggest that BVES may be inhibiting PKA activation 

which has tremendous implications with regards to multiple cellular signaling processes such 

(reviewed in [277]). To address this question, looking at levels of known target genes downstream 

of CREB such as Pck1, Ppargc1a, and Crem following BVES knockdown will be informative. 

Performing these studies in the setting of enhanced cAMP signaling, such as following forskolin 

stimulation[278], should lead to more dramatic differences. Furthermore, performing rescue 

experiments with BVES or the BVES:cAMP uncoupling mutant (D200A) would further validate 

that this modulation is dependent on BVES binding cAMP. Given the link between CREB 

signaling and metabolism, along with the fact that BVES regulates c-Myc[73], another key 

regulator of cellular metabolism[279], it might also be fruitful to do baseline characterization of 

glucose levels in the fed and fasted state in the Bves-/- animals[280]. 
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 Any proteins identified as putative interactors in two independent, well controlled, mass 

spectroscopy experiments are worth additional exploration. One such protein is TGF-Beta-

Activated Kinase 1 and MAP3K7-binding protein 1, or TAB1 which was identified in the first 

mass spectroscopy experiment and was also shown to interact with all 3 BVES constructs in the 

second mass spectroscopy experiment (Table 6). Additionally, mitogen-activated protein kinase 

kinase kinase 7 (MAP3K7) otherwise known as TGF-Beta-Activated Kinase 1 or TAK1 was also 

identified in the second mass spectroscopy experiment as interacting with all three BVES 

constructs  Table 5). TAB1 is a specific activator of TAK1, therefore these studies identify BVES 

as a putative interactor mediating TAK1 signaling. TAK1 is activated by TGF-b, bone 

morphogenic protein (BMP), interleukin-1, and TNFa and has been shown to strongly induce NF-

kB activation[281] as well as AP-1 mediated transcription downstream of JNK/p38MAPKs[282]. 

Previous studies have demonstrated that in response to TNFa, the JNK/p38MAPK pathway is 

activated downstream TAK1 and that activation of this pathway enhanced cell migration on 

fibronectin in vitro and in vivo lung metastasis using a tail vein injection of colon 26 cells[283]. 

Furthermore, the TAK1-NF-kB pathway has been linked with establishing and maintaining 

EMT[284,285]. Additionally, there is also considerable evidence for the role of TAK1 in 

immunity, which is not surprising given the pivotal roles NF-kB and AP-1 play in the immune 

system[286-288]. Correspondingly, we have previously shown that BVES is underexpressed in 

moderate to severe ulcerative colitis and that BVES loss increases colonic injury after both 

Citrobacter rodentium infection and DSS induced colitis[89]. Overall, a review of the 

TAB1/TAK1 literature reveals a multitude of phenotypes that closely align with phenotypes 

regulated, at least in part, by BVES and it would seem that BVES may be inhibiting activation of 

TAK1 to attenuate NF-kB and AP-1 mediated programs. Therefore, a careful analysis of a putative 
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BVES-TAK1/TAB1 interaction and whether this interaction mediates inflammatory programs and 

TAK1 regulated signaling cascades is necessary.  

 

Optimization and validation of BVES conditional knockout mice 

 

 Overall, the data generated while characterizing the BVES conditional knockout mice is 

encouraging. As expected, it appears that Exon 4 of Bves is flox-able but the recombination at this 

site is very inefficient. One possible explanation for this is the presence of the PGK promoter and 

neomycin cassette which adds nearly 2600 bp to the genomic region between the loxP sites. 

Ultimately, it will likely be necessary to cross the Bvesfl/fl mice with the FLP delete mouse (Jackson 

Laboratory mouse strain 003946). This mouse constitutively expresses FLP recombinase from the 

ROSA26 allele and will allow for the deletion of the neomycin cassette (which is flanked by FRT 

sites). In the interim, treating the Lrig1-CreER;Bvesfl/fl;mTmG+/- enteroids with a lentivirally 

delivered FLP recombinase and then repeating the experiments outlined in Figure 38 and Figure 

39 would provide proof of principal and confirm the need to perform additional breeding to delete 

the neomycin cassette. Alternatively, these enteroid cultures could be transduced with a lentiviral 

or adenoviral cre recombinase which would likely provide much higher levels of cre recombinase 

than what is produced from the endogenous Lrig1 locus and this may enhance recombination 

efficiency.  It may also be worth isolating MEFs from Bvesfl/fl mice and treating these sequentially 

with a lentiviral FLP recombinase followed by a lentiviral cre recombinase. MEFs are a highly 

functional system for this type of assay because they are easy to isolate, cheaper to maintain than 

enteroid cultures, and provide ample amounts of DNA and RNA (which can be somewhat difficult 

to obtain with enteroid cultures). 
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 Assuming that deleting the neomycin cassette significantly increases the recombination 

efficiency, the conditional Bves knockout mice will be an invaluable tool to probe epithelial 

intrinsic vs. extrinsic roles. Overall, an analysis of the ImmGen database suggests that Bves 

transcript levels are low across the majority of immune cell populations, suggesting that Bves loss 

may be having minimal effect in immune cells in the global knockout mice, though this has not 

been formally tested. By crossing the Bves floxed mice with a LysMcre driver mouse and 

performing an AOM/DSS inflammatory carcinogenesis challenge, how non-epithelial Bves 

expression, specifically in myeloid cell lineages (monocytes, mature macrophages, and 

granulocytes), can be assessed. Alternatively, epithelial-cell intrinsic contributions of Bves can be 

assessing using the Lrig1-CreERT2[19] driver or the inducible vil-Cre-ERT2[289]. Studies 

looking at crypt/stem cell dynamics following conditional deletion of Bves utilizing the Lrig1-

CreERT2;mTmG+/- mice (to lineage trace recombined cells) would also help confirm prior studies 

demonstrating enhanced Wnt tone and stemness following Bves loss with the added benefit of 

conditional deletion. The conditional deletion in this setting is important as it will delineate how 

transient loss of Bves alters cellular phenotypes without confounding effects from cellular 

compensation. Assessing the contribution of the other POPDC family members (POPDC1 and 

POPDC3) after conditional epithelial deletion vs. global epithelial loss from birth may highlight 

functional redundancy among the family members). In a panel of CRC cell lines, POPDC2 

expression was higher than BVES expression while POPDC3 expression is lower and more 

approximate to BVES expression levels; this suggests that perhaps BVES and POPDC3 are both 

downregulated in tumorigenesis and therefore may be acting more similarly to each other than 

POPDC2 which has similar levels in “normal” cell lines (YAMCs) and CRC cell lines[41]. Similar 

to CRC, BVES is also downregulated in breast tumors compared to normal breast tissue, therefore 

the conditional knockout mice would also be useful to investigate the role of Bves in breast 
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epithelial tissues, breast cancers, and breast cancer metastasis. One approach would be to cross the 

Bvesfl/fl mice with the MMTV-Cre mouse and the MMTV-PyVmT and assess tumor burden and 

metastasis[290]. A simpler approach would be to just cross the Bves global knockout mice with 

the MMTV-PyVmT mice but the caveat again would be the use of a global knockout as opposed 

to an epithelial specific knockout. Perhaps using the global knockout first to assess for any increase 

in tumor burden/metastasis would be worthwhile with follow up studies taking advantage of the 

epithelial specific knockout.    

 

Further characterization of BCAR3 regulation and post-translational modifications 

 

Our studies provide new insight into BCAR3 function within the cell, however little is 

known about how BCAR3 itself is regulated within the cell. A study by Guo et al. demonstrated 

that TGFb led to reductions in BCAR3 protein levels[252] and determining whether this 

phenotype is also observed in TGFb responsive CRC cell lines (such as the SW480 cells co-

expressing exogenous Smad4 and TGF-b type II receptor[254]). Lerner and colleagues 

demonstrated that murine Bcar3 transcript and BCAR3/AND-34 protein levels are increased in 

response to IL-1b and TNFa stimulation[215], suggesting that BCAR3 may be responsive to 

inflammatory signaling. This could explain why a subset of queried human CRC samples express 

higher levels of BCAR3 as there are reports that sporadic CRC can contain high degrees of 

inflammation[291,292]. Treatment of WT enteroids with TNFa and characterization of Bcar3 

transcript and protein levels would be informative. Furthermore, there is evidence to suggest that 

BCAR3 itself undergoes tyrosine phosphorylation in response to both serum stimulation and 

adhesion to fibronectin. Defining the phosphorylated BCAR3 residues with mass spectroscopic 
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approaches and determining how these phosphorylation events alter binding of BCAR3 

interactors may help elucidate context specific roles for BCAR3 signaling and clarify some of 

the discrepant phenotypes observed. Additionally, the upper band observed in some cell lines 

with the BCAR3 antibody (Figure 20F) is uncharacterized. Interestingly, with transient BCAR3 

knockdown via siRNA, the intensity of this upper band increases in some cell lines. However, 

stable CRISPR mediated knockout of BCAR3 in the HT29 cells (Figure 30C) did not lead to 

deletion of this upper band, suggesting that it may not be a BCAR3 product. It is unlikely that 

this upper BCAR3 band is another NSP family member as NSP1 is around 63 kDa and NSP3 is 

about 77 kDa, decreasing the likelihood of these being identified as proteins running higher than 

BCAR3/NSP2 (which runs at about 93 kDa) and the family members only share between 25 and 

39% homology[293]. Analysis of NSP1 and NSP3 protein and transcriptional changes in 

response to both transient and chronic BCAR3 depletion will help address whether these family 

members aid in compensating for BCAR3 loss. 

 

Identification of BCAR3 interactors 

 

 The key to further elucidating cellular signaling cascades regulated by BCAR3 will likely 

depend on identifying BCAR3 protein-protein interactions as only modest changes in gene 

expression have been observed with BCAR3 overexpression[294].  A previous report focusing on 

breast cancer associated apoptotic genes identified an interaction between BCAR3 and both 

proteasome 26S subunit ATPase 3 interacting protein (PSMC3IP) and epithelial-stromal 

interaction 1 (EPSTI1). Focusing on how these interactions, and how BCAR3 in general, regulate 

apoptosis will be essential. Quantification of apoptosis by cleaved caspase 3 and TUNEL in Bcar3-

/- tumors may provide one explanation for why these tumors were smaller on average. Furthermore, 
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looking at how altering BCAR3 expression in CRC cell lines modifies response to commonly used 

chemotherapeutics in colon cancer such as 5-Fluorouracil (5-FU) and platinum based compounds 

such as oxaliplatin may allow for stratification and treatment prognostication by BCAR3 levels.  

To identify novel BCAR3 interacting proteins, we have generated BCAR3 constructs fused 

to a promiscuous biotin ligase (BioID2) allowing for capture of biotinylated proteins in close 

proximity to BCAR3 and are currently optimizing conditions for immunoprecipitation and mass 

spectroscopic analysis[295]. These data will allow for further identification of BCAR3 interactors, 

specifically those that may be transient or context dependent. Additionally, we are very interested 

in further exploring a potential interaction between BCAR3 and the receptor tyrosine kinase c-

Met. Using both protein microarrays and high throughput fluorescence polarization, Leung and 

colleagues identified an interaction between c-MET and BCAR3’s SH2 domain, possibly localized 

to phosphorylated Y1365 residues. While we have been unable to confirm an interaction by co-

immunoprecipitation, it is possible that this interaction is low affinity or mediated by additional 

proteins that are lowly expressed in HCT116 cells, in which the preliminary studies have been 

carried out. Utilizing additional approaches (overexpressing c-MET, proximity ligation assay, 

directed yeast-two-hybrid) would aid in confirming a biologically relevant interaction. Overall, the 

preliminary data suggest that BCAR3 loss can lead to increases in total c-MET and that, 

paradoxically, overexpression of BCAR3 (in cells with BCAR3 knockout) further increases total 

c-Met levels with varying effects on phosphorylation of c-Met tyrosine residues (Figure 31). This 

increase in c-MET levels was not observed with siRNA knockdown of BCAR3, suggesting that 

constitutive loss of BCAR3 promotes cellular reprogramming which either enhances c-MET 

protein stability or increased gene transcription. Further understanding these dichotomous effects 

will be critical to the understanding of the putative BCAR3-c-MET interaction in colorectal and 

other cancers. To address the varying phenotypes, performing unbiased proteomic (SILAC) and 
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transcriptional (RNA-sequencing) analysis following acute and chronic loss of BCAR3 will be 

beneficial. Careful attention to cellular confluency and substrate composition (performing these 

experiments with and without fibronectin coated tissue culture plates) will be essential.  



 

 141 

 

 
Figure 31. BCAR3 augments c-MET levels. 

 
Figure 31. BCAR3 augments c-MET levels. (A) HCT116 BCAR3 CRISPR knockout/resuce lines 
were probed for basal c-MET and phospho c-MET (Tyr1234/1235) in complete serum. (B) and (C) 
HCT116 lines as in (A) were serum starved overnight then treated with 30 ng/mL HGF for 30 minutes. 
(D) HCT116 were treated with control or BCAR3 siRNAs. 48 hours later, cells were serum starved 
overnight then treated with 30 ng/mL HGF for 30 minutes.  
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BCAR3, BVES, and YAP 

 

 Hippo-YAP-TAZ signaling is a potent regulator of cell differentiation, tissue homeostasis, 

proliferation, and contact growth inhibition in cells and contributes to cell polarity downstream of 

both tight-junctions and adherens junctions[296]. The Hippo pathway is also regulated by soluble 

growth factors such as EGF, BMP/TGFb, and Notch pathways. While classically thought to 

promote tumorigenesis[297], there are also report that YAP acts as a tumor suppressor[298]. 

Integration of upstream activators leads to a kinase cascade which activates the serine/threonine 

kinases LATS1/2 which go on to phosphorylate YAP, thereby promoting its cytoplasmic 

retention[299]. Specifically, YAP1 phosphorylation at S127 by LATS promotes cytoplasmic 

sequestration reduced YAP signaling. Given the abundance of pathways regulating YAP, it is not 

surprising that YAP and TAZ have been implicated in dual roles within the intestinal epithelium: 

both promoting the proliferation of intestinal stem/progenitor cells and increasing their 

differentiation into goblet cells via binding of TEA domain transcription factors (TEADs) and 

Kruppel Like Factor 4 (KLF4), respectively[300]. For nearly every YAP/TAZ associated 

phenotype, one can recall a study or an experiment that could foreseeably link BVES and/or 

BCAR3 to this pathway. For example, BVES is a tight-junction associated protein and both BVES 

and BCAR3 appear to be regulated by cellular confluency, as is YAP. Excitingly, in the previously 

discussed yeast-two-hybrid screen performed in the Williams lab, YAP1 was identified as a very 

high confidence interaction. Additionally, a recent study demonstrated that the orphan receptor 

tyrosine kinase ROR1 phosphorylates HER3 at Tyr1307 in response to neuregulin stimulation 

which can ultimately modify YAP phosphorylation. The SH2 domain of BCAR3 was found to 

bind HER3-phospho-Tyr1307 and recruit additional complex proteins to modify YAP 

signaling[301]. This study affirmed that studying BCAR3 and ErbB family members is worthwhile 
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and highlighted the nuances of BCAR3 interactions (BCAR3 only bound to the HER3-phospho-

Tyr1307 following neuregulin stimulation, doing so without modifying its phosphorylation levels). 

Further, this study provided the rational to test whether or not modifying BCAR3 levels in other 

cell lines can modify YAP signaling. Exciting, BCAR3 knockout promoted increased YAP1 

Ser127 phosphorylation in the H1299 lung adenocarcinoma cell line, the SW480 CRC cell line, 

and in primary human tumoroids. Conversely, overexpression of WT BCAR3 appeared to rescue 

the phenotype. This preliminary study provides strong rationale to further assess BCAR3’s 

influence on YAP1 signaling. Assessing expression of YAP1 target genes such as connective 

tissue growth factor (CTGF) and cysteine rich angiogenic inducer 61(CYR61) in human cell lines 

and Bcar3-/- intestinal tissues/tumors will be of value. Furthermore, immunofluorescence analysis 

determining the ratio of YAP nuclear/cytoplasmic localization on a per cell basis, especially within 

the intestinal crypts, may identify specific zones of regulation.  

Overall, this story began with the characterization of a novel role for BVES in regulating 

Wnt signaling and then focused on the BVES binding partner, BCAR3. Given the striking 

similarities between phenotypes linked with BVES and YAP1 signaling, it seems only fitting to 

conclude by proposing that the BVES-BCAR3 interaction may be controlling YAP mediated 

transcription, thereby providing a novel mechanism by which BVES, through its interaction with 

a complex of proteins recruited by BCAR3, can regulate YAP1, a key regulator of tumorigenesis. 
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Figure 32. BCAR3 regulation of YAP1 phosphorylation  

 
Figure 32. BCAR3 regulation of YAP1 phosphorylation. BCAR3 knockout and rescue in the lung 
adenocarcinoma H1299 line, the SW480 colorectal cancer cell line, and a primary human tumoroid line.  
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APPENDIX 

 

A. Generation of full-length human BVES expressing cell lines 

 

 Previous studies of BVES have identified key residues within the BVES protein that are 

important for BVES function including the previously mentioned lysine residues (K272 and 

K273)[36] which are required for BVES homodimerization, the cAMP binding residues (D200A, 

E203A, and V217F), and two consensus asparagine residues (Asn20 and Asn27) which are heavily 

glycosylated[32]. Beyond the studies identifying glycosylation sites in BVES, there is little if any 

other data that identified how (or if) post-translational modifications (PTMs) affect BVES 

structure or function. Furthermore, most of the studies on BVES have utilized Chick, murine, or 

truncated BVES expression constructs to study BVES function. One possible reason for these 

approaches is that, at least in our experience, full-length Human BVES has been relatively difficult 

to express. Based on personal experience and that of others in the lab, expressing BVES in 

colorectal cancer cell lines has been especially difficult while detectable protein expression is more 

readily observed in non-cancerous cell lines such as HEK293Ts. Others have also observed that 

treating BVES expressing cells with the proteasome inhibitor MG132 can increase BVES protein 

levels, suggesting that BVES degradation may be occurring through ubiquitination followed by 

subsequent proteasomal degradation. 

 To evaluate these observation, stable cell lines were generated in the RKO colorectal 

cancer cell line and the noncancerous HEK293T human embryonic kidney cell line utilizing 5 

different lentiviral BVES expression constructs with various epitope tags (Figure 33). BVES 

expression was nearly undetectable in the RKO stable cell lines even after antibiotic selection 

allowed for stable cell line generation, however robust levels of expression were observed in the 
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293T cells. Interestingly, differential banding patterns were observed depending on whether BVES 

was expressed with N-terminal vs. C-terminal protein tags. Specifically, the N-terminal Flag-

BVES (N-Flag-BVES) demonstrated a triplet banding pattern while only a single prominent band 

was observed with the C-terminal Flag-BVES (C-Flag-BVES). Similarly, the C-terminal GFP 

tagged BVES demonstrated a mobility shift upward relative to the N-terminal GFP tagged BVES. 

These mobility shifts, along with the differential banding pattern are suggestive of PTMs. 

Specifically, the triplet banding pattern in the N-Flag-BVES construct is reminiscent of 

observations made by Knight et al. utilizing Chick BVES and may be due to differential 

glycosylation[32]. 
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Figure 33. Generation of stable BVES expressing cell lines. 

 

 

 

Figure 33. Generation of stable BVES expressing cell lines. (A) Western blot demonstrating minimal 
detectable levels of full length human BVES protein in the RKO CRC cell line. Cell lines were 
transduced with lentiviral particles expressing control GFP, N-terminal and C-terminal flag tagged 
BVES, N-terminal and C-terminal GFP tagged BVES, or an untagged BVES construct. Successful 
transduction was confirmed via GFP expression and puromycin selection. (B) Western blot as in (A) of 
HEK293T cells stably expressing BVES expression constructs. 
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B. Identification of BVES motifs impacting protein stability 

 

To identify additional protein motifs present within the primary BVES amino acid 

sequence that may be amenable to PTMs, an insilico approach was employed. Analysis utilizing 

the Eukaryotic Linear Motif (ELM) [302] and Protein Domain Prediction E Pipeline reveled 

multiple conserved sequences with putative functional significance. As proof of principle, this 

pipeline identified N-terminal glycosylation motifs within BVES which had been experimentally 

demonstrated previously[32]. Of particular interest were two different protein degron motifs, 

hereby referred to as the D-Box and FBW7/FBXW7 (or simply F-Box) motifs (Figure 34). The D-

Box consist of an RxxL consensus motif (Arginine followed by any two amino acids and then a 

Leucine) and was first identified as a degron promoting the degradation of Cyclin B[303]. 

Additional studies have identified the D-Box motif as a target of the anaphase-promoting complex 

(APC/C), a large complex of proteins directing E3 ubiquitin ligase activity to ubiquitinate 

predominately cell cycle proteins for subsequent degradation by the 26S proteasome[266]. The F-

Box is a phospho-dependent degron that consists of a slightly more complex TPxxE motif 

(Threonine-Proline-X-X-Glutamate) which targets the F-box protein FBW7 (F-box and WD repeat 

domain-containing 7) and the accompanying SCF (SKP, Cullin, F-box containing) E3 ubiquitin 

ligase complex to degrade target proteins. FBW7 is considered to be a tumor suppressor and has 

been shown to target key proteins involved in proliferation, differentiation, apoptosis, and 

metabolism such as Myc, Notch, Cyclin E, and c-Jun[304]. Data from the TCGA supports this 

notion as FBXW7 is mutated in 10% of non-hypermutated CRC samples and 43% of hypermutated 

CRC samples[96]. Notably, FBW7 phospho-dependent degradation is, at least in some situations, 

dependent on the activity of GSK3b[305]. This is of particular interest as two GSK3b 

phosphorylation motifs within BVES were identified via ELM. Teleologically, the high rates of 
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FBXW7 mutations are not entirely consistent with our experiences expressing BVES as one would 

hypothesize that if FBXW7 is mediating BVES degradation in CRC cell lines, then cell lines with 

mutant FBXW7 may be more amenable to BVES overexpression. Nonetheless, RKO cells are 

FBXW7 wildtype[306]and a good model for assessing the contributions of the FBXW7 motif on 

BVES stability. Should the FBXW7 story prove a promising lead, a comparative analysis of BVES 

stability in WT vs. FBXW7 mutant cell lines (or WT vs. FBXW7 CRISPRKO cell lines) may 

prove enlightening. As both the D-Box and F-Box degrons are dependent on the activity of E3 

ubiquitin ligases, additional insilico analysis using the curated PhosphoSitePlus website was 

performed to ask whether or not global proteomic screens had identified ubiquitinated residues on 

BVES by mass spectroscopy. Encouragingly, three highly conserved lysine residues (K122, K166, 

and K272) were identified by Wagner et al. in a global proteomic analysis of ubiquitylation sites 

in murine tissue[307]. To test the functional contribution of these various protein motifs on BVES 

stability, degron mutations were generated in full length human BVES by introducing R88A and 

L91A point mutations in the D-Box degron (hereby referred to as the D-Box mutant) and T18A, 

P19A, and E22A point mutations in the F-Box degron (hereby referred to as the FBXW7 mutant). 

An additional mutant containing all 5 amino acid substitutions in both degrons (D/F double 

mutant) was also generated. These constructs were then introduced via lentiviral transduction into 

HEK293T cells and the RKO CRC cell line. Expression of the D-Box mutant had a modest effect 

on BVES protein stability Figure 34) while the F-Box mutant increased BVES protein levels nearly 

9-fold over WT. The D-Box/F-Box double mutant also demonstrated considerably higher levels 

of BVES protein expression Figure 34C and Figure 34D). To confirm that the observed differences 

in BVES protein levels were due to changes in protein stability and not transduction 

efficiency/mRNA transcript levels, qRT-PCR was performed on all cell line derivatives to measure 

BVES transcript levels. No observable difference in the levels of BVES transcript were detected, 
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suggesting that the changes in BVES protein levels were due to alterations in BVES protein 

stability or translational efficiency. Notably, differential banding patterns were again observed, 

especially upon introduction of the FBXW7 mutant. 
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Figure 34. BVES degron mapping and generation of degron mutants. 

  

 

Figure 34. BVES degron mapping and generation of degron mutants. (A) Putative degrons within 
the primary sequence of BVES were identified using the Eukaryotic Linear Motif (ELM) resource 
(http://elm.eu.org). (B) BVES sequence alignment of Human, Chick, and Mouse BVES along with 
mapping of the BVES degrons to the BVES protein domains. TM1,2, and 3 in blue are membrane 
spanning regions while the Popeye Domain is aligned in Red. Ubiquitinated residues within murine 
BVES were identified using PhosphoSitePlus. (C) Stable HEK293T cells expressing WT BVES, D-Box 
mutant BVES, FBXW7 mutant BVES, or a D-Box/FBXW7 double mutant were generated via lentiviral 
transduction and probed for BVES expression. Below, BVES qRT-PCR was performed in all cell lines 
to assess BVES transcript level. (D) RKO stable cell lines were generated as in (C) and BVES expression 
confirmed by western blot. NS = by one-way ANOVA with Tukey multiple comparison testing. 
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C.  Functional validation of BVES degrons 

 

To determine whether the observed increase in protein levels in the BVES D/F double 

mutant was due to changes in protein stability, cycloheximide chase experiments were performed. 

Cells were treated with cycloheximide for up to 6 hours before protein harvest and western blot 

detection (Figure 35A). As seen previously, the D/F double mutant demonstrated significantly 

higher levels of BVES protein at baseline and had higher detectable levels out to 6 hours. However, 

given the higher starting levels of BVES, an end point analysis (comparing levels of WT BVES to 

the D/F double mutant only at 6 hours post cycloheximide) is insufficient. Instead, a half-life 

calculation utilizing the equation in Figure 35B was performed based on the signal intensity from 

all observed BVES bands at each time point, respectively. Upon initial evaluation, it appears that 

the BVES D/F double mutant demonstrates increased protein stability Figure 35C with a greater 

than 2-fold increase in the protein half-life. However, upon more critical review of this data, it 

appears that the lower band (presumably the unglycosylated band) actually demonstrates a very 

similar decay rate to that of WT BVES. The upper band in the D/F double mutant persists longer 

and demonstrate higher stability than the lower bands. It was subsequently hypothesized that, 

perhaps, the introduced mutations, are not directly affecting BVES ubiquitination and proteasomal 

degradation to alter stability but instead are altering PTMs, such as glycosylation, which are 

indirectly affecting BVES stability. To test this, mutant lines were treated with tunicamycin to 

inhibit N-linked glycosylation or the proteasome inhibitor MG132. If those upper BVES bands 

were indeed glycosylated, we would anticipate seeing a collapsing of those bands to a lower 

molecular weight species (as has been observed previously [32]) and if glycosylation was 

stabilizing BVES, we would expect that tunicamycin treatment (and subsequent inhibition of 

glycosylation) would reduce BVES protein levels. Indeed, this is what was observed suggesting 
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that the introduced D-Box and FBXW7 mutations may simply be altering glycosylation or ER 

processing of BVES to subsequently alter its stability (Figure 35D). Similar results were observed 

with the D/F double mutant (data not shown). In support of this, if the D-Box and FBXW7 

mutations were preventing BVES ubiquitination and proteasomal degradation, then treating the 

mutant BVES derivatives with a proteasome inhibitor should have minimal stabilizing effect (as 

BVES is “maximally stabilized” already). However, it was observed that treatment of the D-Box 

and FBXW7 mutants with MG132 lead to further stabilization of the protein. This was particularly 

striking in the RKO cell line where baseline BVES express is very low (Figure 35D). This again 

supports the notion that these D-Box and FBXW7 mutations are not acting entirely by preventing 

BVES ubiquitination and proteasomal degradation. One possible explanation for this is that the 

introduced mutations (alanine point mutants) are insufficient to uncouple the BVES-E3 ubiqutin 

ligase interaction and further studies utilizing larger interstitial mutations or more hydrophobic 

point mutations (such as point mutations to glutamate) may be required. To more specifically test 

whether the introduced FBXW7 mutations were altering FBXW7-mediated proteasomal 

degradation, knockdown experiments in both BVES WT and the D/F double mutant were 

performed (Figure 35E). With similar rationale to the MG132 experiments, if the FBXW7 

mutation is preventing FBXW7-mediated ubiquitination and proteasomal degradation, then 

knocking down FBXW7 specifically should increase WT BVES protein levels with little effect on 

the mutant BVES constructs. However, despite admittedly low levels of all around BVES 

expression in this experiment, and only a slight increase in WT BVES protein levels following 

FBXW7 knockdown, we observed that FBXW7 knockdown could further stabilize the D/F double 

mutant BVES protein. Partial knockdown of FBXW7 was confirmed by qRT-PCR (Figure 35E). 

Together, these data begin to address possible ways in which the D-Box and FBXW7 mutations 
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are affecting human BVES stability, likely in certain contexts and in some but not all cell types, 

and further investigation will be required. 
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Figure 35. BVES degron functional validation. (A) HEK293T cells expressing either WT BVES or 
the BVES D/F double mutant were treated with 100 µg/mL cycloheximide (CHX) for the indicated time 
points. (B) Half-Life equation utilized to calculate BVES protein half-life from (A). All detectable signal 
(all bands) were quantified utilizing the Licor Imaging software for the BVES western blots to generate 
signal intensity. (C) Average BVES half-life quantification generated by comparing calculated BVES 
half-life from 0-0.5, 0-1, and 0-2 hrs. (D) Indicated HEK293T and RKO stable cell lines were treated 
with DMSO, 0.25 µg/mL Tunicamycin, or 0.5 µM MG132 for 18 hours before protein harvest and 
western blot detection. (E) LV102 (GFP Control) or BVES D/F double mutant stable HEK293T cells 
were transduced with a control shRNA or shRNA targeting FBXW7. 48 hours later, cells were harvested 
for protein and RNA. FBXW7 transcript levels were assessed by qRT-PCR to validate partial 
knockdown. 
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Figure 35. BVES degron functional validation 

D. Mass spectroscopic analysis for BVES PTMs and interacting proteins 

 

Concurrently with the targeted approach focusing on specific degrons, a more unbiased 

approach was also pursued in hopes of identifying BVES PTMs and BVES interactors that may 

mediate BVES stability. A series of C-terminal truncation mutants were generated in the N-

terminal Flag-tag full length human BVES expression construct by introducing stop codons by 

site-directed mutagenesis every 30 amino acids in the hopes of identifying regions contributing to 

BVES instability. Full-length human BVES is a 360 amino acid protein, therefore 8 truncation 

mutants were generated (BVES 330, BVES 300, BVES 270, BVES 240, BVES210, BVES180, 

BVES150, and BVES120). Unfortunately, none of these constructs, when transiently transfected 

into HEK293T cells, demonstrated detectable levels of expression.  Similarly, 3 lysine point 

mutants (K122A, K166A, and K272A) were generated in full length human BVES (ubiquitination 

of these residues was identified in murine BVES and human and mouse BVES are highly 

homologous at these residues, Figure 34B). However, individual point mutations at these residues 

also did not lead to observable augmentation of BVES expression. Instead, a completely unbiased 

approach utilizing immunoprecipitation followed by mass spectrometry was pursued to identify 

PTMs within full length human BVES and to evaluate for potential interacting proteins that may 

be contributing to BVES protein degradation. In the first mass spec experiment, full length human 

BVES was treated with MG132 to increase BVES protein levels and enrich for potential post 

translational modifications followed by Flag-immunoprecipitation and flag peptide elution (Figure 

36A). 10% of the sample was analyzed by western blot and the remaining 90% was run on a 

separate gel and coomassie stained. The band on the coomassie stained gel that was also detected 

by anti-flag western blot was excised and further processed for mass spec analysis. This approach 
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was taken to enrich specifically for high levels of BVES in sample with the hope of enriching for 

and subsequently identifying post translational modifications. BVES was the second highest 

abundant protein in the analysis behind Actin, confirming that the experiment worked from a 

technical aspect. Interestingly, a number of ubiquitin-related and proteasome related regulatory 

subunits also co-immunoprecipitated with BVES and serendipitously were similar in size (so as to 

co-migrate with the excised BVES band, Figure 36B). This supports a model of proteasomal 

degradation that may be contributing to BVES instability. Despite approaches taken to specifically 

increase the relative abundance of BVES within the sample, BVES spectral coverage was only 

22%, meaning that a significant majority of digested BVES peptides were not identified in the 

analysis (Figure 36C). This may be due to a lack of tryptic digestion sites within these larger 

protein sequences. Importantly, of the putatively ubiquitinated residues (K122, K166, and K272), 

K166 and K272 had spectral coverage but were not identified as post-translationally modified or 

ubiquitinated. More sensitive, targeted approaches utilizing antibodies that specifically recognize 

ubiquitinated lysine residues such as those proposed by Udeshi et al. may be required [308]. A 

complete list of proteins identified by mass spectroscopic analysis is provided in Table 4. To 

confirm the identified mass spectroscopy hits and to expand the analysis to all interacting proteins 

(as opposed to just the proteins/protein fragments that co-migrated around the same molecular 

weight as BVES, a second mass spectroscopy experiment was performed. For this experiment, the 

following samples were immunoprecipitated and the entire sample was sent for analysis: Flag-

tagged GFP control, N-terminal Flag-tagged BVES, N-terminal Flag-tagged BVES D/F double 

mutant, and C-terminal Flag-tagged BVES. The identified proteins, along with protein probability 

metrics, are provided in  Table 5. Overall, there were many functionally relevant proteins and quite 

a few overlapping proteins identified in the two mass spectroscopy experiments that could prove 
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to be important mediators of BVES function in colorectal cancer. A more thorough analysis and 

discussion of the BVES mass spectroscopy hits is included in the Future Directions chapter. 

 
Figure 36. Mass spectroscopic analysis of full-length human BVES 

 

 

Figure 36. Mass spectroscopic analysis of full-length human BVES. (A) N-terminal flag tagged 
BVES was stably overexpressed in HEK293T cells. A total of 5 10-cm plates were treated with   
1 µM MG132 for 14 hours followed by protein harvest and immunoprecipitation with anti-Flag 
M2 affinity resin. Proteins were eluted with 200 µL of 150 ng/µL 3X Flag Peptide. The eluent 
was concentrated using an Amicon Ultra centrifugal filter and then analyzed by western blot or 
coomassie blue staining. The 37 kDa band on the coomassie gel corresponding with 
immunoreactive BVES was excised and analyzed by mass spec. (B) A curated list of proteasome 
and ubiquitin related proteins identified in the BVES mass spec analysis. The left column indicates 
the overal abundance rank for each protein across the entire sample. The Probability Legend (right) 
indicates the protein threshold or confidence interval with which the peptide spectra are likely to 
belong to the indicated protein. For analysis, the protein and peptide thresholds were set to a 5% 
FDR with a minimum requirement of 2 peptides for each identified protein. (C) Spectral coverage 
and peptide sequences for BVES. Overall, 45 total spectra and 15 unique spectra comprising 12 
unique peptide fragments were identified. 
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Table 4. List of proteins identified by mass spectroscopy from excised BVES band 

 

 

Table 4. Complete list of proteins identified by mass spectroscopy from excised BVES band. (A) 
A complete list of proteins identified by mass spectroscopic analysis of the excised, MG132 treated full 
length human BVES band. Green is >95% probability, yellow is 80-94% probability that the identified 
peptide spectra are likely to belong to the indicated protein. 
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Gene Name Gene ID
Molecular

Weight
GFP

N-Flag WT
BVES

N-Flag D/F
Mut. BVES

C-Flag WT
BVES

Blood vessel epicardial substance BVES 41 kDa 0 45 75 35
Kinesin-like protein KIF11 KIF11 119 kDa 2 53 27 56
Heat shock 70 kDa protein 1A/1B HSPA1A 70 kDa 3 48 49 30
Heat shock cognate 71 kDa protein HSPA8 71 kDa 3 40 44 22
Tubulin beta chain TUBB 50 kDa 1 23 26 16
Tubulin alpha-1B chain TUBA1B 50 kDa 0 17 28 16
Protein arginine N-methyltransferase 5 PRMT5 73 kDa 0 19 11 27
Calnexin CANX 68 kDa 0 10 25 14
Nucleolin NCL 77 kDa 1 19 14 14
Eukaryotic translation initiation factor 4B EIF4B 69 kDa 0 17 11 17
Serine/threonine-protein kinase 38 STK38 54 kDa 0 18 13 13
RNA-binding protein 10 RBM10 104 kDa 0 18 8 13
Heat shock protein HSP 90-beta HSP90AB1 83 kDa 0 21 12 4
Complement component 1 Q subcomponent-binding protein, mitochondrial C1QBP 31 kDa 0 19 18 0
ATP synthase subunit beta, mitochondrial ATP5B 57 kDa 0 12 11 8
Histone H1.4 HIST1H1E 22 kDa 5 6 7 8
Actin, cytoplasmic 1 ACTB 42 kDa 3 6 6 10
Heterogeneous nuclear ribonucleoprotein A1 HNRNPA1 39 kDa 0 7 8 10
78 kDa glucose-regulated protein HSPA5 72 kDa 0 8 16 8
Filamin-A FLNA 281 kDa 0 5 5 13
ATP synthase subunit alpha, mitochondrial ATP5A1 60 kDa 0 8 8 6
Methylosome protein 50 WDR77 37 kDa 0 7 7 7
DnaJ homolog subfamily A member 1 DNAJA1 45 kDa 0 7 9 5
Elongation factor 1-alpha 1 EEF1A1 50 kDa 2 5 5 8
Non-POU domain-containing octamer-binding protein NONO 54 kDa 3 10 2 6
ADP/ATP translocase 2 SLC25A5 33 kDa 0 8 8 3
Thyroid hormone receptor-associated protein 3 THRAP3 109 kDa 0 12 3 5
Heterogeneous nuclear ribonucleoproteins A2/B1 HNRNPA2B1 37 kDa 2 5 5 6
Nucleophosmin NPM1 33 kDa 2 5 7 4
Ubiquitin-60S ribosomal protein L40 UBA52 15 kDa 1 7 7 2
Bcl-2-associated transcription factor 1 BCLAF1 106 kDa 0 5 4 8
Heterogeneous nuclear ribonucleoprotein K HNRNPK 51 kDa 0 4 4 9
26S proteasome non-ATPase regulatory subunit 2 PSMD2 100 kDa 0 12 3 2
TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 TAB1 55 kDa 0 8 2 6
Splicing factor, proline- and glutamine-rich SFPQ 76 kDa 1 6 4 4
Histone H2A type 2-C HIST2H2AC 14 kDa 1 6 3 5
DNA-dependent protein kinase catalytic subunit PRKDC 469 kDa 1 6 7 1
Sodium/potassium-transporting ATPase subunit alpha-1 ATP1A1 113 kDa 0 4 7 3
60S acidic ribosomal protein P0 RPLP0 34 kDa 0 3 5 6
Heat shock protein HSP 90-alpha HSP90AA1 85 kDa 0 16 9 4
40S ribosomal protein SA RPSA 33 kDa 0 3 5 5
Lamin-B1 LMNB1 66 kDa 0 5 6 2
60S acidic ribosomal protein P2 RPLP2 12 kDa 0 4 3 5
RING finger protein 219 RNF219 81 kDa 0 3 5 4
Voltage-dependent anion-selective channel protein 2 VDAC2 32 kDa 0 4 6 2
Heat shock protein 105 kDa HSPH1 97 kDa 0 6 4 2
BAG family molecular chaperone regulator 2 BAG2 24 kDa 0 6 3 3
ATP synthase lipid-binding protein, mitochondrial ATP5G1 14 kDa 0 6 3 3
OTU domain-containing protein 4 OTUD4 124 kDa 0 6 0 6
Emerin EMD 29 kDa 0 4 3 4
60S ribosomal protein L15 RPL15 24 kDa 0 4 2 5
Enhancer of rudimentary homolog ERH 12 kDa 0 4 1 6
FAS-associated factor 2 FAF2 53 kDa 0 4 7 0
60 kDa heat shock protein, mitochondrial HSPD1 61 kDa 1 4 2 3
3-hydroxyacyl-CoA dehydratase 3 PTPLAD1 43 kDa 0 4 3 3
40S ribosomal protein S3a RPS3A 30 kDa 0 3 2 5
Reticulocalbin-2 RCN2 37 kDa 0 4 5 1
Stress-70 protein, mitochondrial HSPA9 74 kDa 0 5 6 1
Cytoskeleton-associated protein 4 CKAP4 66 kDa 0 2 7 1
60S ribosomal protein L13 RPL13 24 kDa 1 3 2 3
Plasminogen activator inhibitor 1 RNA-binding protein SERBP1 45 kDa 2 4 1 2
Polyadenylate-binding protein 1 PABPC1 71 kDa 0 3 2 4
Lamina-associated polypeptide 2, isoforms beta/gamma TMPO 51 kDa 0 4 3 2
Heterogeneous nuclear ribonucleoprotein U HNRNPU 91 kDa 0 2 3 4
Histone H4 HIST1H4A 11 kDa 0 2 2 5
Transitional endoplasmic reticulum ATPase VCP 89 kDa 0 5 4 1
40S ribosomal protein S13 RPS13 17 kDa 0 3 5 1
26S protease regulatory subunit 7 PSMC2 49 kDa 0 3 6 0
40S ribosomal protein S10 RPS10 19 kDa 0 2 4 2
Histone H2B type 1-K HIST1H2BK 14 kDa 0 2 3 3
60S ribosomal protein L4 RPL4 48 kDa 0 2 3 3
40S ribosomal protein S19 RPS19 16 kDa 0 1 4 3
Heterogeneous nuclear ribonucleoproteins C1/C2 HNRNPC 34 kDa 0 3 4 1
Probable ATP-dependent RNA helicase DDX5 DDX5 69 kDa 0 4 3 1
Eukaryotic translation initiation factor 5A-1 EIF5A 17 kDa 0 5 1 2
Spindlin-1 SPIN1 30 kDa 0 4 0 4
60S ribosomal protein L7a RPL7A 30 kDa 1 3 1 2
Heterogeneous nuclear ribonucleoprotein H HNRNPH1 49 kDa 1 1 2 3
Nuclease-sensitive element-binding protein 1 YBX1 36 kDa 1 2 2 2
60S ribosomal protein L12 RPL12 18 kDa 0 2 2 3
Nucleosome assembly protein 1-like 1 NAP1L1 45 kDa 0 2 3 2
60S ribosomal protein L3 RPL3 46 kDa 0 2 2 3
Serine/threonine-protein kinase RIO1 RIOK1 66 kDa 0 2 2 3
Mitogen-activated protein kinase kinase kinase 7 MAP3K7 29 kDa 0 3 1 3
40S ribosomal protein S8 RPS8 24 kDa 0 2 1 4
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 RPN2 69 kDa 0 1 4 2
Prohibitin PHB 30 kDa 0 0 3 4
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 RPN1 69 kDa 0 2 5 0
Proteasome subunit alpha type-3 PSMA3 28 kDa 0 5 2 0
26S proteasome non-ATPase regulatory subunit 13 PSMD13 43 kDa 0 4 3 0
Splicing factor 3B subunit 3 SF3B3 136 kDa 0 1 0 6
60S ribosomal protein L9 RPL9 22 kDa 0 2 2 2
Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 DHX15 91 kDa 0 2 2 2
40S ribosomal protein S12 RPS12 15 kDa 0 3 1 2
40S ribosomal protein S4, X isoform RPS4X 30 kDa 0 2 1 3
Spliceosome RNA helicase DDX39B DDX39B 49 kDa 0 3 1 2
40S ribosomal protein S2 RPS2 31 kDa 0 2 3 1
26S protease regulatory subunit 8 PSMC5 46 kDa 0 4 2 1
60S ribosomal protein L29 RPL29 18 kDa 0 3 2 1
Calumenin CALU 37 kDa 0 1 3 2
60S ribosomal protein L18 RPL18 22 kDa 0 2 3 1
Importin subunit beta-1 KPNB1 97 kDa 0 3 2 1
BTB/POZ domain-containing protein KCTD5 KCTD5 26 kDa 0 4 1 1
60S ribosomal protein L17 RPL17 21 kDa 0 3 3 0
Exportin-T XPOT 110 kDa 0 2 4 0
40S ribosomal protein S9 RPS9 23 kDa 0 2 0 4
Proteasome subunit alpha type-2 PSMA2 26 kDa 0 4 2 0
26S protease regulatory subunit 6B PSMC4 47 kDa 0 3 3 0
BolA-like protein 2 BOLA2 10 kDa 1 2 1 1
Titin TTN 3816 kDa 1 1 2 1
Importin-8 IPO8 120 kDa 0 2 1 2
Far upstream element-binding protein 2 KHSRP 73 kDa 0 2 1 2
Small nuclear ribonucleoprotein Sm D1 SNRPD1 13 kDa 0 1 2 2
60S acidic ribosomal protein P1 RPLP1 12 kDa 0 2 2 1
40S ribosomal protein S11 RPS11 18 kDa 0 2 2 1
Voltage-dependent anion-selective channel protein 3 VDAC3 31 kDa 0 2 2 1
Calcium-binding mitochondrial carrier protein Aralar2 SLC25A13 74 kDa 0 2 2 1
60S ribosomal protein L8 RPL8 28 kDa 0 2 2 1
Src substrate cortactin CTTN 62 kDa 0 2 1 2
Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A alpha isoform PPP2R1A 65 kDa 1 3 1 0
Lamin-B2 LMNB2 68 kDa 0 2 4 2
Spectrin alpha chain, non-erythrocytic 1 SPTAN1 285 kDa 0 2 1 2
Serine/threonine-protein kinase 38-like STK38L 54 kDa 0 3 3 4
Proteasome subunit alpha type-4 PSMA4 29 kDa 0 3 1 1
40S ribosomal protein S28 RPS28 8 kDa 0 2 2 1
Histone-binding protein RBBP7 RBBP7 48 kDa 0 3 1 1
Phosphate carrier protein, mitochondrial SLC25A3 40 kDa 0 1 3 1
Tubulin beta-4B chain TUBB4B 50 kDa 0 24 25 15
Membrane-associated progesterone receptor component 1 PGRMC1 22 kDa 0 3 1 1
Proteasome subunit beta type-6 PSMB6 25 kDa 0 3 1 1
Proteasome subunit alpha type-1 PSMA1 30 kDa 0 3 1 1
Peptide deformylase, mitochondrial PDF 27 kDa 0 1 3 1
Proteasome subunit alpha type-5 PSMA5 26 kDa 0 3 2 0
U4/U6 small nuclear ribonucleoprotein Prp31 PRPF31 55 kDa 0 3 0 2
Pre-mRNA-processing factor 19 PRPF19 55 kDa 0 2 0 3
Proteasome subunit beta type-5 PSMB5 28 kDa 0 3 2 0
Heterogeneous nuclear ribonucleoprotein A3 HNRNPA3 40 kDa 0 0 2 3
Cleavage and polyadenylation specificity factor subunit 5 NUDT21 26 kDa 0 2 0 3
DnaJ homolog subfamily A member 2 DNAJA2 46 kDa 0 2 3 0
26S proteasome non-ATPase regulatory subunit 1 PSMD1 106 kDa 0 4 1 0
Monocarboxylate transporter 1 SLC16A1 54 kDa 0 4 1 0
60S ribosomal protein L6 RPL6 33 kDa 0 1 0 4
High mobility group protein B1 HMGB1 25 kDa 0 1 1 2
Small nuclear ribonucleoprotein-associated proteins B and B' SNRPB 25 kDa 0 1 1 2
60S ribosomal protein L7 RPL7 29 kDa 0 1 1 2
40S ribosomal protein S20 RPS20 13 kDa 0 1 1 2
40S ribosomal protein S15a RPS15A 15 kDa 0 1 1 2
Cleavage and polyadenylation specificity factor subunit 6 CPSF6 59 kDa 0 1 1 2
40S ribosomal protein S3 RPS3 27 kDa 0 2 1 1
60S ribosomal protein L5 RPL5 34 kDa 0 2 1 1
40S ribosomal protein S30 FAU 7 kDa 0 2 1 1
Thioredoxin TXN 12 kDa 0 1 2 1
ADP/ATP translocase 3 SLC25A6 33 kDa 0 5 6 4
Transmembrane protein 33 TMEM33 28 kDa 0 1 2 1
40S ribosomal protein S6 RPS6 29 kDa 0 1 2 1
40S ribosomal protein S26 RPS26 13 kDa 0 1 2 1
T-complex protein 1 subunit beta CCT2 57 kDa 0 1 2 1
60S ribosomal protein L18a RPL18A 21 kDa 0 1 2 1
40S ribosomal protein S23 RPS23 16 kDa 0 2 1 1
RNA-binding motif protein, X chromosome RBMX 42 kDa 0 1 2 1
60S ribosomal protein L35 RPL35 15 kDa 0 1 2 1
Heterogeneous nuclear ribonucleoprotein L HNRNPL 64 kDa 0 2 0 2
Methylosome subunit pICln CLNS1A 26 kDa 0 2 0 2
Calmodulin CALM1 17 kDa 0 2 0 2
Spectrin beta chain, non-erythrocytic 1 SPTBN1 275 kDa 0 2 0 2
Proteasomal ubiquitin receptor ADRM1 ADRM1 42 kDa 0 2 2 0
T-complex protein 1 subunit alpha TCP1 60 kDa 0 2 2 0
26S proteasome non-ATPase regulatory subunit 4 PSMD4 41 kDa 0 2 2 0
26S protease regulatory subunit 10B PSMC6 44 kDa 0 3 2 0
Proteasome subunit beta type-1 PSMB1 26 kDa 0 2 2 0
Proteasome subunit alpha type-7 PSMA7 28 kDa 0 3 1 0
ATP-dependent RNA helicase DDX3X DDX3X 73 kDa 0 0 1 3
Reticulocalbin-1 RCN1 39 kDa 0 1 3 0
Heterogeneous nuclear ribonucleoprotein Q SYNCRIP 70 kDa 0 0 3 1
Pre-mRNA-processing-splicing factor 8 PRPF8 274 kDa 0 3 0 1
D-3-phosphoglycerate dehydrogenase PHGDH 57 kDa 0 1 3 0
60S ribosomal protein L19 RPL19 23 kDa 0 1 3 0
Heterogeneous nuclear ribonucleoprotein D0 HNRNPD 38 kDa 0 2 3 0
26S proteasome non-ATPase regulatory subunit 3 PSMD3 61 kDa 0 4 0 0
HCLS1-associated protein X-1 HAX1 32 kDa 0 2 1 0
TRAF-type zinc finger domain-containing protein 1 TRAFD1 65 kDa 0 2 1 0
26S proteasome non-ATPase regulatory subunit 7 PSMD7 37 kDa 0 2 1 0
40S ribosomal protein S24 RPS24 15 kDa 0 0 1 2
Collagen alpha-1(XIV) chain COL14A1 194 kDa 0 2 1 0
C-Myc-binding protein MYCBP 12 kDa 0 0 1 2
Voltage-dependent anion-selective channel protein 1 VDAC1 31 kDa 0 2 3 0
Elongation factor 1-gamma EEF1G 50 kDa 0 1 0 2
40S ribosomal protein S14 RPS14 16 kDa 0 1 0 2
Lamin-B receptor LBR 71 kDa 0 1 2 0
Insulin-like growth factor 2 mRNA-binding protein 1 IGF2BP1 63 kDa 0 1 0 2
Heterogeneous nuclear ribonucleoprotein A/B HNRNPAB 30 kDa 0 1 2 0
cAMP-dependent protein kinase type I-alpha regulatory subunit PRKAR1A 43 kDa 0 0 2 1
Proteasome subunit beta type-3 PSMB3 23 kDa 0 2 0 1
40S ribosomal protein S16 RPS16 16 kDa 0 2 0 1
Heterogeneous nuclear ribonucleoprotein A0 HNRNPA0 31 kDa 0 2 0 1
Serine/threonine-protein phosphatase PGAM5, mitochondrial PGAM5 32 kDa 0 2 0 1
Sigma non-opioid intracellular receptor 1 SIGMAR1 25 kDa 0 2 0 1
Prothymosin alpha (Fragment) PTMA 16 kDa 2 0 0 1
Uncharacterized protein C11orf84 C11orf84 41 kDa 0 1 0 2
26S proteasome non-ATPase regulatory subunit 11 PSMD11 47 kDa 0 2 1 0
Vesicle-trafficking protein SEC22b SEC22B 25 kDa 0 1 2 0
Heat shock 70 kDa protein 4L HSPA4L 95 kDa 0 2 3 0
Serine/arginine-rich splicing factor 3 SRSF3 19 kDa 0 1 0 2
Splicing factor 3A subunit 3 SF3A3 59 kDa 0 1 0 2
ATP synthase subunit gamma, mitochondrial ATP5C1 33 kDa 0 0 2 1
ATP-dependent RNA helicase A DHX9 141 kDa 0 1 0 2
Microtubule-associated protein 1B MAP1B 271 kDa 0 2 0 1
Importin-4 IPO4 119 kDa 0 2 1 0
Transmembrane protein 43 TMEM43 45 kDa 0 1 2 0
*REV* Probable ATP-dependent RNA helicase DDX31 DDX31 94 kDa 2 0 0 1
Latent-transforming growth factor beta-binding protein 1 LTBP1 187 kDa 0 2 0 1
Poly(rC)-binding protein 1 PCBP1 37 kDa 0 0 2 1
*REV* Periaxin PRX 155 kDa 0 2 1 0
39S ribosomal protein L12, mitochondrial MRPL12 21 kDa 0 3 0 0
GTP-binding nuclear protein Ran RAN 24 kDa 0 3 0 0
Protein arginine N-methyltransferase 1 PRMT1 42 kDa 0 0 0 3
Prohibitin-2 PHB2 33 kDa 0 3 0 0
Calmodulin-regulated spectrin-associated protein 3 CAMSAP3 135 kDa 0 0 0 3
ATP synthase subunit b, mitochondrial ATP5F1 29 kDa 0 3 0 0
Ribosomal protein S6 kinase alpha-3 RPS6KA3 81 kDa 0 0 3 0
26S proteasome non-ATPase regulatory subunit 12 PSMD12 53 kDa 0 2 0 0
Exportin-1 XPO1 123 kDa 0 0 2 0
Cytochrome b-c1 complex subunit 6, mitochondrial UQCRH 11 kDa 0 0 2 0
CTP synthase 1 CTPS1 67 kDa 0 0 0 2
Serine/arginine-rich splicing factor 1 SRSF1 28 kDa 0 2 0 0
DNA damage-binding protein 1 DDB1 127 kDa 0 2 0 0
Coiled-coil domain-containing protein 47 CCDC47 56 kDa 0 2 0 0
Pre-mRNA branch site protein p14 SF3B14 15 kDa 0 0 0 2
Protein transport protein Sec16A SEC16A 252 kDa 0 2 0 0
Structure-specific endonuclease subunit SLX4 SLX4 200 kDa 2 0 0 0
Nitric oxide synthase, brain NOS1 165 kDa 2 0 0 0
26S protease regulatory subunit 6A PSMC3 49 kDa 0 3 0 0
Nebulin NEB 987 kDa 0 0 0 2
Ankyrin repeat domain-containing protein 34B ANKRD34B 56 kDa 0 2 0 0
Methyl-CpG-binding domain protein 5 MBD5 160 kDa 0 2 0 0
4F2 cell-surface antigen heavy chain SLC3A2 68 kDa 0 2 0 0
Pre-mRNA 3'-end-processing factor FIP1 FIP1L1 67 kDa 0 0 0 2
Numb-like protein NUMBL 65 kDa 0 2 0 0
Alanine--tRNA ligase, cytoplasmic AARS 107 kDa 0 0 2 0
Golgin subfamily B member 1 GOLGB1 376 kDa 0 2 0 0
Protein FAM47B FAM47B 74 kDa 0 2 0 0
RING finger and transmembrane domain-containing protein 2 RNFT2 46 kDa 0 0 2 0
Laminin subunit beta-1 LAMB1 198 kDa 2 0 0 0
C2 domain-containing protein 2 C2CD2 76 kDa 0 2 0 0
Dynein heavy chain 8, axonemal DNAH8 515 kDa 0 0 2 0
Kinesin-like protein KIF21B KIF21B 183 kDa 0 2 0 0
Lymphoid-specific helicase HELLS 97 kDa 2 0 0 0
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Gene Name Gene ID
Molecular

Weight
GFP

N-Flag WT
BVES

N-Flag D/F
Mut. BVES

C-Flag WT
BVES

Blood vessel epicardial substance BVES 41 kDa 0 45 75 35
Kinesin-like protein KIF11 KIF11 119 kDa 2 53 27 56
Heat shock 70 kDa protein 1A/1B HSPA1A 70 kDa 3 48 49 30
Heat shock cognate 71 kDa protein HSPA8 71 kDa 3 40 44 22
Tubulin beta chain TUBB 50 kDa 1 23 26 16
Tubulin alpha-1B chain TUBA1B 50 kDa 0 17 28 16
Protein arginine N-methyltransferase 5 PRMT5 73 kDa 0 19 11 27
Calnexin CANX 68 kDa 0 10 25 14
Nucleolin NCL 77 kDa 1 19 14 14
Eukaryotic translation initiation factor 4B EIF4B 69 kDa 0 17 11 17
Serine/threonine-protein kinase 38 STK38 54 kDa 0 18 13 13
RNA-binding protein 10 RBM10 104 kDa 0 18 8 13
Heat shock protein HSP 90-beta HSP90AB1 83 kDa 0 21 12 4
Complement component 1 Q subcomponent-binding protein, mitochondrial C1QBP 31 kDa 0 19 18 0
ATP synthase subunit beta, mitochondrial ATP5B 57 kDa 0 12 11 8
Histone H1.4 HIST1H1E 22 kDa 5 6 7 8
Actin, cytoplasmic 1 ACTB 42 kDa 3 6 6 10
Heterogeneous nuclear ribonucleoprotein A1 HNRNPA1 39 kDa 0 7 8 10
78 kDa glucose-regulated protein HSPA5 72 kDa 0 8 16 8
Filamin-A FLNA 281 kDa 0 5 5 13
ATP synthase subunit alpha, mitochondrial ATP5A1 60 kDa 0 8 8 6
Methylosome protein 50 WDR77 37 kDa 0 7 7 7
DnaJ homolog subfamily A member 1 DNAJA1 45 kDa 0 7 9 5
Elongation factor 1-alpha 1 EEF1A1 50 kDa 2 5 5 8
Non-POU domain-containing octamer-binding protein NONO 54 kDa 3 10 2 6
ADP/ATP translocase 2 SLC25A5 33 kDa 0 8 8 3
Thyroid hormone receptor-associated protein 3 THRAP3 109 kDa 0 12 3 5
Heterogeneous nuclear ribonucleoproteins A2/B1 HNRNPA2B1 37 kDa 2 5 5 6
Nucleophosmin NPM1 33 kDa 2 5 7 4
Ubiquitin-60S ribosomal protein L40 UBA52 15 kDa 1 7 7 2
Bcl-2-associated transcription factor 1 BCLAF1 106 kDa 0 5 4 8
Heterogeneous nuclear ribonucleoprotein K HNRNPK 51 kDa 0 4 4 9
26S proteasome non-ATPase regulatory subunit 2 PSMD2 100 kDa 0 12 3 2
TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 TAB1 55 kDa 0 8 2 6
Splicing factor, proline- and glutamine-rich SFPQ 76 kDa 1 6 4 4
Histone H2A type 2-C HIST2H2AC 14 kDa 1 6 3 5
DNA-dependent protein kinase catalytic subunit PRKDC 469 kDa 1 6 7 1
Sodium/potassium-transporting ATPase subunit alpha-1 ATP1A1 113 kDa 0 4 7 3
60S acidic ribosomal protein P0 RPLP0 34 kDa 0 3 5 6
Heat shock protein HSP 90-alpha HSP90AA1 85 kDa 0 16 9 4
40S ribosomal protein SA RPSA 33 kDa 0 3 5 5
Lamin-B1 LMNB1 66 kDa 0 5 6 2
60S acidic ribosomal protein P2 RPLP2 12 kDa 0 4 3 5
RING finger protein 219 RNF219 81 kDa 0 3 5 4
Voltage-dependent anion-selective channel protein 2 VDAC2 32 kDa 0 4 6 2
Heat shock protein 105 kDa HSPH1 97 kDa 0 6 4 2
BAG family molecular chaperone regulator 2 BAG2 24 kDa 0 6 3 3
ATP synthase lipid-binding protein, mitochondrial ATP5G1 14 kDa 0 6 3 3
OTU domain-containing protein 4 OTUD4 124 kDa 0 6 0 6
Emerin EMD 29 kDa 0 4 3 4
60S ribosomal protein L15 RPL15 24 kDa 0 4 2 5
Enhancer of rudimentary homolog ERH 12 kDa 0 4 1 6
FAS-associated factor 2 FAF2 53 kDa 0 4 7 0
60 kDa heat shock protein, mitochondrial HSPD1 61 kDa 1 4 2 3
3-hydroxyacyl-CoA dehydratase 3 PTPLAD1 43 kDa 0 4 3 3
40S ribosomal protein S3a RPS3A 30 kDa 0 3 2 5
Reticulocalbin-2 RCN2 37 kDa 0 4 5 1
Stress-70 protein, mitochondrial HSPA9 74 kDa 0 5 6 1
Cytoskeleton-associated protein 4 CKAP4 66 kDa 0 2 7 1
60S ribosomal protein L13 RPL13 24 kDa 1 3 2 3
Plasminogen activator inhibitor 1 RNA-binding protein SERBP1 45 kDa 2 4 1 2
Polyadenylate-binding protein 1 PABPC1 71 kDa 0 3 2 4
Lamina-associated polypeptide 2, isoforms beta/gamma TMPO 51 kDa 0 4 3 2
Heterogeneous nuclear ribonucleoprotein U HNRNPU 91 kDa 0 2 3 4
Histone H4 HIST1H4A 11 kDa 0 2 2 5
Transitional endoplasmic reticulum ATPase VCP 89 kDa 0 5 4 1
40S ribosomal protein S13 RPS13 17 kDa 0 3 5 1
26S protease regulatory subunit 7 PSMC2 49 kDa 0 3 6 0
40S ribosomal protein S10 RPS10 19 kDa 0 2 4 2
Histone H2B type 1-K HIST1H2BK 14 kDa 0 2 3 3
60S ribosomal protein L4 RPL4 48 kDa 0 2 3 3
40S ribosomal protein S19 RPS19 16 kDa 0 1 4 3
Heterogeneous nuclear ribonucleoproteins C1/C2 HNRNPC 34 kDa 0 3 4 1
Probable ATP-dependent RNA helicase DDX5 DDX5 69 kDa 0 4 3 1
Eukaryotic translation initiation factor 5A-1 EIF5A 17 kDa 0 5 1 2
Spindlin-1 SPIN1 30 kDa 0 4 0 4
60S ribosomal protein L7a RPL7A 30 kDa 1 3 1 2
Heterogeneous nuclear ribonucleoprotein H HNRNPH1 49 kDa 1 1 2 3
Nuclease-sensitive element-binding protein 1 YBX1 36 kDa 1 2 2 2
60S ribosomal protein L12 RPL12 18 kDa 0 2 2 3
Nucleosome assembly protein 1-like 1 NAP1L1 45 kDa 0 2 3 2
60S ribosomal protein L3 RPL3 46 kDa 0 2 2 3
Serine/threonine-protein kinase RIO1 RIOK1 66 kDa 0 2 2 3
Mitogen-activated protein kinase kinase kinase 7 MAP3K7 29 kDa 0 3 1 3
40S ribosomal protein S8 RPS8 24 kDa 0 2 1 4
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 RPN2 69 kDa 0 1 4 2
Prohibitin PHB 30 kDa 0 0 3 4
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 RPN1 69 kDa 0 2 5 0
Proteasome subunit alpha type-3 PSMA3 28 kDa 0 5 2 0
26S proteasome non-ATPase regulatory subunit 13 PSMD13 43 kDa 0 4 3 0
Splicing factor 3B subunit 3 SF3B3 136 kDa 0 1 0 6
60S ribosomal protein L9 RPL9 22 kDa 0 2 2 2
Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 DHX15 91 kDa 0 2 2 2
40S ribosomal protein S12 RPS12 15 kDa 0 3 1 2
40S ribosomal protein S4, X isoform RPS4X 30 kDa 0 2 1 3
Spliceosome RNA helicase DDX39B DDX39B 49 kDa 0 3 1 2
40S ribosomal protein S2 RPS2 31 kDa 0 2 3 1
26S protease regulatory subunit 8 PSMC5 46 kDa 0 4 2 1
60S ribosomal protein L29 RPL29 18 kDa 0 3 2 1
Calumenin CALU 37 kDa 0 1 3 2
60S ribosomal protein L18 RPL18 22 kDa 0 2 3 1
Importin subunit beta-1 KPNB1 97 kDa 0 3 2 1
BTB/POZ domain-containing protein KCTD5 KCTD5 26 kDa 0 4 1 1
60S ribosomal protein L17 RPL17 21 kDa 0 3 3 0
Exportin-T XPOT 110 kDa 0 2 4 0
40S ribosomal protein S9 RPS9 23 kDa 0 2 0 4
Proteasome subunit alpha type-2 PSMA2 26 kDa 0 4 2 0
26S protease regulatory subunit 6B PSMC4 47 kDa 0 3 3 0
BolA-like protein 2 BOLA2 10 kDa 1 2 1 1
Titin TTN 3816 kDa 1 1 2 1
Importin-8 IPO8 120 kDa 0 2 1 2
Far upstream element-binding protein 2 KHSRP 73 kDa 0 2 1 2
Small nuclear ribonucleoprotein Sm D1 SNRPD1 13 kDa 0 1 2 2
60S acidic ribosomal protein P1 RPLP1 12 kDa 0 2 2 1
40S ribosomal protein S11 RPS11 18 kDa 0 2 2 1
Voltage-dependent anion-selective channel protein 3 VDAC3 31 kDa 0 2 2 1
Calcium-binding mitochondrial carrier protein Aralar2 SLC25A13 74 kDa 0 2 2 1
60S ribosomal protein L8 RPL8 28 kDa 0 2 2 1
Src substrate cortactin CTTN 62 kDa 0 2 1 2
Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A alpha isoform PPP2R1A 65 kDa 1 3 1 0
Lamin-B2 LMNB2 68 kDa 0 2 4 2
Spectrin alpha chain, non-erythrocytic 1 SPTAN1 285 kDa 0 2 1 2
Serine/threonine-protein kinase 38-like STK38L 54 kDa 0 3 3 4
Proteasome subunit alpha type-4 PSMA4 29 kDa 0 3 1 1
40S ribosomal protein S28 RPS28 8 kDa 0 2 2 1
Histone-binding protein RBBP7 RBBP7 48 kDa 0 3 1 1
Phosphate carrier protein, mitochondrial SLC25A3 40 kDa 0 1 3 1
Tubulin beta-4B chain TUBB4B 50 kDa 0 24 25 15
Membrane-associated progesterone receptor component 1 PGRMC1 22 kDa 0 3 1 1
Proteasome subunit beta type-6 PSMB6 25 kDa 0 3 1 1
Proteasome subunit alpha type-1 PSMA1 30 kDa 0 3 1 1
Peptide deformylase, mitochondrial PDF 27 kDa 0 1 3 1
Proteasome subunit alpha type-5 PSMA5 26 kDa 0 3 2 0
U4/U6 small nuclear ribonucleoprotein Prp31 PRPF31 55 kDa 0 3 0 2
Pre-mRNA-processing factor 19 PRPF19 55 kDa 0 2 0 3
Proteasome subunit beta type-5 PSMB5 28 kDa 0 3 2 0
Heterogeneous nuclear ribonucleoprotein A3 HNRNPA3 40 kDa 0 0 2 3
Cleavage and polyadenylation specificity factor subunit 5 NUDT21 26 kDa 0 2 0 3
DnaJ homolog subfamily A member 2 DNAJA2 46 kDa 0 2 3 0
26S proteasome non-ATPase regulatory subunit 1 PSMD1 106 kDa 0 4 1 0
Monocarboxylate transporter 1 SLC16A1 54 kDa 0 4 1 0
60S ribosomal protein L6 RPL6 33 kDa 0 1 0 4
High mobility group protein B1 HMGB1 25 kDa 0 1 1 2
Small nuclear ribonucleoprotein-associated proteins B and B' SNRPB 25 kDa 0 1 1 2
60S ribosomal protein L7 RPL7 29 kDa 0 1 1 2
40S ribosomal protein S20 RPS20 13 kDa 0 1 1 2
40S ribosomal protein S15a RPS15A 15 kDa 0 1 1 2
Cleavage and polyadenylation specificity factor subunit 6 CPSF6 59 kDa 0 1 1 2
40S ribosomal protein S3 RPS3 27 kDa 0 2 1 1
60S ribosomal protein L5 RPL5 34 kDa 0 2 1 1
40S ribosomal protein S30 FAU 7 kDa 0 2 1 1
Thioredoxin TXN 12 kDa 0 1 2 1
ADP/ATP translocase 3 SLC25A6 33 kDa 0 5 6 4
Transmembrane protein 33 TMEM33 28 kDa 0 1 2 1
40S ribosomal protein S6 RPS6 29 kDa 0 1 2 1
40S ribosomal protein S26 RPS26 13 kDa 0 1 2 1
T-complex protein 1 subunit beta CCT2 57 kDa 0 1 2 1
60S ribosomal protein L18a RPL18A 21 kDa 0 1 2 1
40S ribosomal protein S23 RPS23 16 kDa 0 2 1 1
RNA-binding motif protein, X chromosome RBMX 42 kDa 0 1 2 1
60S ribosomal protein L35 RPL35 15 kDa 0 1 2 1
Heterogeneous nuclear ribonucleoprotein L HNRNPL 64 kDa 0 2 0 2
Methylosome subunit pICln CLNS1A 26 kDa 0 2 0 2
Calmodulin CALM1 17 kDa 0 2 0 2
Spectrin beta chain, non-erythrocytic 1 SPTBN1 275 kDa 0 2 0 2
Proteasomal ubiquitin receptor ADRM1 ADRM1 42 kDa 0 2 2 0
T-complex protein 1 subunit alpha TCP1 60 kDa 0 2 2 0
26S proteasome non-ATPase regulatory subunit 4 PSMD4 41 kDa 0 2 2 0
26S protease regulatory subunit 10B PSMC6 44 kDa 0 3 2 0
Proteasome subunit beta type-1 PSMB1 26 kDa 0 2 2 0
Proteasome subunit alpha type-7 PSMA7 28 kDa 0 3 1 0
ATP-dependent RNA helicase DDX3X DDX3X 73 kDa 0 0 1 3
Reticulocalbin-1 RCN1 39 kDa 0 1 3 0
Heterogeneous nuclear ribonucleoprotein Q SYNCRIP 70 kDa 0 0 3 1
Pre-mRNA-processing-splicing factor 8 PRPF8 274 kDa 0 3 0 1
D-3-phosphoglycerate dehydrogenase PHGDH 57 kDa 0 1 3 0
60S ribosomal protein L19 RPL19 23 kDa 0 1 3 0
Heterogeneous nuclear ribonucleoprotein D0 HNRNPD 38 kDa 0 2 3 0
26S proteasome non-ATPase regulatory subunit 3 PSMD3 61 kDa 0 4 0 0
HCLS1-associated protein X-1 HAX1 32 kDa 0 2 1 0
TRAF-type zinc finger domain-containing protein 1 TRAFD1 65 kDa 0 2 1 0
26S proteasome non-ATPase regulatory subunit 7 PSMD7 37 kDa 0 2 1 0
40S ribosomal protein S24 RPS24 15 kDa 0 0 1 2
Collagen alpha-1(XIV) chain COL14A1 194 kDa 0 2 1 0
C-Myc-binding protein MYCBP 12 kDa 0 0 1 2
Voltage-dependent anion-selective channel protein 1 VDAC1 31 kDa 0 2 3 0
Elongation factor 1-gamma EEF1G 50 kDa 0 1 0 2
40S ribosomal protein S14 RPS14 16 kDa 0 1 0 2
Lamin-B receptor LBR 71 kDa 0 1 2 0
Insulin-like growth factor 2 mRNA-binding protein 1 IGF2BP1 63 kDa 0 1 0 2
Heterogeneous nuclear ribonucleoprotein A/B HNRNPAB 30 kDa 0 1 2 0
cAMP-dependent protein kinase type I-alpha regulatory subunit PRKAR1A 43 kDa 0 0 2 1
Proteasome subunit beta type-3 PSMB3 23 kDa 0 2 0 1
40S ribosomal protein S16 RPS16 16 kDa 0 2 0 1
Heterogeneous nuclear ribonucleoprotein A0 HNRNPA0 31 kDa 0 2 0 1
Serine/threonine-protein phosphatase PGAM5, mitochondrial PGAM5 32 kDa 0 2 0 1
Sigma non-opioid intracellular receptor 1 SIGMAR1 25 kDa 0 2 0 1
Prothymosin alpha (Fragment) PTMA 16 kDa 2 0 0 1
Uncharacterized protein C11orf84 C11orf84 41 kDa 0 1 0 2
26S proteasome non-ATPase regulatory subunit 11 PSMD11 47 kDa 0 2 1 0
Vesicle-trafficking protein SEC22b SEC22B 25 kDa 0 1 2 0
Heat shock 70 kDa protein 4L HSPA4L 95 kDa 0 2 3 0
Serine/arginine-rich splicing factor 3 SRSF3 19 kDa 0 1 0 2
Splicing factor 3A subunit 3 SF3A3 59 kDa 0 1 0 2
ATP synthase subunit gamma, mitochondrial ATP5C1 33 kDa 0 0 2 1
ATP-dependent RNA helicase A DHX9 141 kDa 0 1 0 2
Microtubule-associated protein 1B MAP1B 271 kDa 0 2 0 1
Importin-4 IPO4 119 kDa 0 2 1 0
Transmembrane protein 43 TMEM43 45 kDa 0 1 2 0
*REV* Probable ATP-dependent RNA helicase DDX31 DDX31 94 kDa 2 0 0 1
Latent-transforming growth factor beta-binding protein 1 LTBP1 187 kDa 0 2 0 1
Poly(rC)-binding protein 1 PCBP1 37 kDa 0 0 2 1
*REV* Periaxin PRX 155 kDa 0 2 1 0
39S ribosomal protein L12, mitochondrial MRPL12 21 kDa 0 3 0 0
GTP-binding nuclear protein Ran RAN 24 kDa 0 3 0 0
Protein arginine N-methyltransferase 1 PRMT1 42 kDa 0 0 0 3
Prohibitin-2 PHB2 33 kDa 0 3 0 0
Calmodulin-regulated spectrin-associated protein 3 CAMSAP3 135 kDa 0 0 0 3
ATP synthase subunit b, mitochondrial ATP5F1 29 kDa 0 3 0 0
Ribosomal protein S6 kinase alpha-3 RPS6KA3 81 kDa 0 0 3 0
26S proteasome non-ATPase regulatory subunit 12 PSMD12 53 kDa 0 2 0 0
Exportin-1 XPO1 123 kDa 0 0 2 0
Cytochrome b-c1 complex subunit 6, mitochondrial UQCRH 11 kDa 0 0 2 0
CTP synthase 1 CTPS1 67 kDa 0 0 0 2
Serine/arginine-rich splicing factor 1 SRSF1 28 kDa 0 2 0 0
DNA damage-binding protein 1 DDB1 127 kDa 0 2 0 0
Coiled-coil domain-containing protein 47 CCDC47 56 kDa 0 2 0 0
Pre-mRNA branch site protein p14 SF3B14 15 kDa 0 0 0 2
Protein transport protein Sec16A SEC16A 252 kDa 0 2 0 0
Structure-specific endonuclease subunit SLX4 SLX4 200 kDa 2 0 0 0
Nitric oxide synthase, brain NOS1 165 kDa 2 0 0 0
26S protease regulatory subunit 6A PSMC3 49 kDa 0 3 0 0
Nebulin NEB 987 kDa 0 0 0 2
Ankyrin repeat domain-containing protein 34B ANKRD34B 56 kDa 0 2 0 0
Methyl-CpG-binding domain protein 5 MBD5 160 kDa 0 2 0 0
4F2 cell-surface antigen heavy chain SLC3A2 68 kDa 0 2 0 0
Pre-mRNA 3'-end-processing factor FIP1 FIP1L1 67 kDa 0 0 0 2
Numb-like protein NUMBL 65 kDa 0 2 0 0
Alanine--tRNA ligase, cytoplasmic AARS 107 kDa 0 0 2 0
Golgin subfamily B member 1 GOLGB1 376 kDa 0 2 0 0
Protein FAM47B FAM47B 74 kDa 0 2 0 0
RING finger and transmembrane domain-containing protein 2 RNFT2 46 kDa 0 0 2 0
Laminin subunit beta-1 LAMB1 198 kDa 2 0 0 0
C2 domain-containing protein 2 C2CD2 76 kDa 0 2 0 0
Dynein heavy chain 8, axonemal DNAH8 515 kDa 0 0 2 0
Kinesin-like protein KIF21B KIF21B 183 kDa 0 2 0 0
Lymphoid-specific helicase HELLS 97 kDa 2 0 0 0

Gene Name Gene ID
Molecular

Weight
GFP

N-Flag WT
BVES

N-Flag D/F
Mut. BVES

C-Flag WT
BVES

Blood vessel epicardial substance BVES 41 kDa 0 45 75 35
Kinesin-like protein KIF11 KIF11 119 kDa 2 53 27 56
Heat shock 70 kDa protein 1A/1B HSPA1A 70 kDa 3 48 49 30
Heat shock cognate 71 kDa protein HSPA8 71 kDa 3 40 44 22
Tubulin beta chain TUBB 50 kDa 1 23 26 16
Tubulin alpha-1B chain TUBA1B 50 kDa 0 17 28 16
Protein arginine N-methyltransferase 5 PRMT5 73 kDa 0 19 11 27
Calnexin CANX 68 kDa 0 10 25 14
Nucleolin NCL 77 kDa 1 19 14 14
Eukaryotic translation initiation factor 4B EIF4B 69 kDa 0 17 11 17
Serine/threonine-protein kinase 38 STK38 54 kDa 0 18 13 13
RNA-binding protein 10 RBM10 104 kDa 0 18 8 13
Heat shock protein HSP 90-beta HSP90AB1 83 kDa 0 21 12 4
Complement component 1 Q subcomponent-binding protein, mitochondrial C1QBP 31 kDa 0 19 18 0
ATP synthase subunit beta, mitochondrial ATP5B 57 kDa 0 12 11 8
Histone H1.4 HIST1H1E 22 kDa 5 6 7 8
Actin, cytoplasmic 1 ACTB 42 kDa 3 6 6 10
Heterogeneous nuclear ribonucleoprotein A1 HNRNPA1 39 kDa 0 7 8 10
78 kDa glucose-regulated protein HSPA5 72 kDa 0 8 16 8
Filamin-A FLNA 281 kDa 0 5 5 13
ATP synthase subunit alpha, mitochondrial ATP5A1 60 kDa 0 8 8 6
Methylosome protein 50 WDR77 37 kDa 0 7 7 7
DnaJ homolog subfamily A member 1 DNAJA1 45 kDa 0 7 9 5
Elongation factor 1-alpha 1 EEF1A1 50 kDa 2 5 5 8
Non-POU domain-containing octamer-binding protein NONO 54 kDa 3 10 2 6
ADP/ATP translocase 2 SLC25A5 33 kDa 0 8 8 3
Thyroid hormone receptor-associated protein 3 THRAP3 109 kDa 0 12 3 5
Heterogeneous nuclear ribonucleoproteins A2/B1 HNRNPA2B1 37 kDa 2 5 5 6
Nucleophosmin NPM1 33 kDa 2 5 7 4
Ubiquitin-60S ribosomal protein L40 UBA52 15 kDa 1 7 7 2
Bcl-2-associated transcription factor 1 BCLAF1 106 kDa 0 5 4 8
Heterogeneous nuclear ribonucleoprotein K HNRNPK 51 kDa 0 4 4 9
26S proteasome non-ATPase regulatory subunit 2 PSMD2 100 kDa 0 12 3 2
TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 TAB1 55 kDa 0 8 2 6
Splicing factor, proline- and glutamine-rich SFPQ 76 kDa 1 6 4 4
Histone H2A type 2-C HIST2H2AC 14 kDa 1 6 3 5
DNA-dependent protein kinase catalytic subunit PRKDC 469 kDa 1 6 7 1
Sodium/potassium-transporting ATPase subunit alpha-1 ATP1A1 113 kDa 0 4 7 3
60S acidic ribosomal protein P0 RPLP0 34 kDa 0 3 5 6
Heat shock protein HSP 90-alpha HSP90AA1 85 kDa 0 16 9 4
40S ribosomal protein SA RPSA 33 kDa 0 3 5 5
Lamin-B1 LMNB1 66 kDa 0 5 6 2
60S acidic ribosomal protein P2 RPLP2 12 kDa 0 4 3 5
RING finger protein 219 RNF219 81 kDa 0 3 5 4
Voltage-dependent anion-selective channel protein 2 VDAC2 32 kDa 0 4 6 2
Heat shock protein 105 kDa HSPH1 97 kDa 0 6 4 2
BAG family molecular chaperone regulator 2 BAG2 24 kDa 0 6 3 3
ATP synthase lipid-binding protein, mitochondrial ATP5G1 14 kDa 0 6 3 3
OTU domain-containing protein 4 OTUD4 124 kDa 0 6 0 6
Emerin EMD 29 kDa 0 4 3 4
60S ribosomal protein L15 RPL15 24 kDa 0 4 2 5
Enhancer of rudimentary homolog ERH 12 kDa 0 4 1 6
FAS-associated factor 2 FAF2 53 kDa 0 4 7 0
60 kDa heat shock protein, mitochondrial HSPD1 61 kDa 1 4 2 3
3-hydroxyacyl-CoA dehydratase 3 PTPLAD1 43 kDa 0 4 3 3
40S ribosomal protein S3a RPS3A 30 kDa 0 3 2 5
Reticulocalbin-2 RCN2 37 kDa 0 4 5 1
Stress-70 protein, mitochondrial HSPA9 74 kDa 0 5 6 1
Cytoskeleton-associated protein 4 CKAP4 66 kDa 0 2 7 1
60S ribosomal protein L13 RPL13 24 kDa 1 3 2 3
Plasminogen activator inhibitor 1 RNA-binding protein SERBP1 45 kDa 2 4 1 2
Polyadenylate-binding protein 1 PABPC1 71 kDa 0 3 2 4
Lamina-associated polypeptide 2, isoforms beta/gamma TMPO 51 kDa 0 4 3 2
Heterogeneous nuclear ribonucleoprotein U HNRNPU 91 kDa 0 2 3 4
Histone H4 HIST1H4A 11 kDa 0 2 2 5
Transitional endoplasmic reticulum ATPase VCP 89 kDa 0 5 4 1
40S ribosomal protein S13 RPS13 17 kDa 0 3 5 1
26S protease regulatory subunit 7 PSMC2 49 kDa 0 3 6 0
40S ribosomal protein S10 RPS10 19 kDa 0 2 4 2
Histone H2B type 1-K HIST1H2BK 14 kDa 0 2 3 3
60S ribosomal protein L4 RPL4 48 kDa 0 2 3 3
40S ribosomal protein S19 RPS19 16 kDa 0 1 4 3
Heterogeneous nuclear ribonucleoproteins C1/C2 HNRNPC 34 kDa 0 3 4 1
Probable ATP-dependent RNA helicase DDX5 DDX5 69 kDa 0 4 3 1
Eukaryotic translation initiation factor 5A-1 EIF5A 17 kDa 0 5 1 2
Spindlin-1 SPIN1 30 kDa 0 4 0 4
60S ribosomal protein L7a RPL7A 30 kDa 1 3 1 2
Heterogeneous nuclear ribonucleoprotein H HNRNPH1 49 kDa 1 1 2 3
Nuclease-sensitive element-binding protein 1 YBX1 36 kDa 1 2 2 2
60S ribosomal protein L12 RPL12 18 kDa 0 2 2 3
Nucleosome assembly protein 1-like 1 NAP1L1 45 kDa 0 2 3 2
60S ribosomal protein L3 RPL3 46 kDa 0 2 2 3
Serine/threonine-protein kinase RIO1 RIOK1 66 kDa 0 2 2 3
Mitogen-activated protein kinase kinase kinase 7 MAP3K7 29 kDa 0 3 1 3
40S ribosomal protein S8 RPS8 24 kDa 0 2 1 4
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 RPN2 69 kDa 0 1 4 2
Prohibitin PHB 30 kDa 0 0 3 4
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 RPN1 69 kDa 0 2 5 0
Proteasome subunit alpha type-3 PSMA3 28 kDa 0 5 2 0
26S proteasome non-ATPase regulatory subunit 13 PSMD13 43 kDa 0 4 3 0
Splicing factor 3B subunit 3 SF3B3 136 kDa 0 1 0 6
60S ribosomal protein L9 RPL9 22 kDa 0 2 2 2
Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 DHX15 91 kDa 0 2 2 2
40S ribosomal protein S12 RPS12 15 kDa 0 3 1 2
40S ribosomal protein S4, X isoform RPS4X 30 kDa 0 2 1 3
Spliceosome RNA helicase DDX39B DDX39B 49 kDa 0 3 1 2
40S ribosomal protein S2 RPS2 31 kDa 0 2 3 1
26S protease regulatory subunit 8 PSMC5 46 kDa 0 4 2 1
60S ribosomal protein L29 RPL29 18 kDa 0 3 2 1
Calumenin CALU 37 kDa 0 1 3 2
60S ribosomal protein L18 RPL18 22 kDa 0 2 3 1
Importin subunit beta-1 KPNB1 97 kDa 0 3 2 1
BTB/POZ domain-containing protein KCTD5 KCTD5 26 kDa 0 4 1 1
60S ribosomal protein L17 RPL17 21 kDa 0 3 3 0
Exportin-T XPOT 110 kDa 0 2 4 0
40S ribosomal protein S9 RPS9 23 kDa 0 2 0 4
Proteasome subunit alpha type-2 PSMA2 26 kDa 0 4 2 0
26S protease regulatory subunit 6B PSMC4 47 kDa 0 3 3 0
BolA-like protein 2 BOLA2 10 kDa 1 2 1 1
Titin TTN 3816 kDa 1 1 2 1
Importin-8 IPO8 120 kDa 0 2 1 2
Far upstream element-binding protein 2 KHSRP 73 kDa 0 2 1 2
Small nuclear ribonucleoprotein Sm D1 SNRPD1 13 kDa 0 1 2 2
60S acidic ribosomal protein P1 RPLP1 12 kDa 0 2 2 1
40S ribosomal protein S11 RPS11 18 kDa 0 2 2 1
Voltage-dependent anion-selective channel protein 3 VDAC3 31 kDa 0 2 2 1
Calcium-binding mitochondrial carrier protein Aralar2 SLC25A13 74 kDa 0 2 2 1
60S ribosomal protein L8 RPL8 28 kDa 0 2 2 1
Src substrate cortactin CTTN 62 kDa 0 2 1 2
Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A alpha isoform PPP2R1A 65 kDa 1 3 1 0
Lamin-B2 LMNB2 68 kDa 0 2 4 2
Spectrin alpha chain, non-erythrocytic 1 SPTAN1 285 kDa 0 2 1 2
Serine/threonine-protein kinase 38-like STK38L 54 kDa 0 3 3 4
Proteasome subunit alpha type-4 PSMA4 29 kDa 0 3 1 1
40S ribosomal protein S28 RPS28 8 kDa 0 2 2 1
Histone-binding protein RBBP7 RBBP7 48 kDa 0 3 1 1
Phosphate carrier protein, mitochondrial SLC25A3 40 kDa 0 1 3 1
Tubulin beta-4B chain TUBB4B 50 kDa 0 24 25 15
Membrane-associated progesterone receptor component 1 PGRMC1 22 kDa 0 3 1 1
Proteasome subunit beta type-6 PSMB6 25 kDa 0 3 1 1
Proteasome subunit alpha type-1 PSMA1 30 kDa 0 3 1 1
Peptide deformylase, mitochondrial PDF 27 kDa 0 1 3 1
Proteasome subunit alpha type-5 PSMA5 26 kDa 0 3 2 0
U4/U6 small nuclear ribonucleoprotein Prp31 PRPF31 55 kDa 0 3 0 2
Pre-mRNA-processing factor 19 PRPF19 55 kDa 0 2 0 3
Proteasome subunit beta type-5 PSMB5 28 kDa 0 3 2 0
Heterogeneous nuclear ribonucleoprotein A3 HNRNPA3 40 kDa 0 0 2 3
Cleavage and polyadenylation specificity factor subunit 5 NUDT21 26 kDa 0 2 0 3
DnaJ homolog subfamily A member 2 DNAJA2 46 kDa 0 2 3 0
26S proteasome non-ATPase regulatory subunit 1 PSMD1 106 kDa 0 4 1 0
Monocarboxylate transporter 1 SLC16A1 54 kDa 0 4 1 0
60S ribosomal protein L6 RPL6 33 kDa 0 1 0 4
High mobility group protein B1 HMGB1 25 kDa 0 1 1 2
Small nuclear ribonucleoprotein-associated proteins B and B' SNRPB 25 kDa 0 1 1 2
60S ribosomal protein L7 RPL7 29 kDa 0 1 1 2
40S ribosomal protein S20 RPS20 13 kDa 0 1 1 2
40S ribosomal protein S15a RPS15A 15 kDa 0 1 1 2
Cleavage and polyadenylation specificity factor subunit 6 CPSF6 59 kDa 0 1 1 2
40S ribosomal protein S3 RPS3 27 kDa 0 2 1 1
60S ribosomal protein L5 RPL5 34 kDa 0 2 1 1
40S ribosomal protein S30 FAU 7 kDa 0 2 1 1
Thioredoxin TXN 12 kDa 0 1 2 1
ADP/ATP translocase 3 SLC25A6 33 kDa 0 5 6 4
Transmembrane protein 33 TMEM33 28 kDa 0 1 2 1
40S ribosomal protein S6 RPS6 29 kDa 0 1 2 1
40S ribosomal protein S26 RPS26 13 kDa 0 1 2 1
T-complex protein 1 subunit beta CCT2 57 kDa 0 1 2 1
60S ribosomal protein L18a RPL18A 21 kDa 0 1 2 1
40S ribosomal protein S23 RPS23 16 kDa 0 2 1 1
RNA-binding motif protein, X chromosome RBMX 42 kDa 0 1 2 1
60S ribosomal protein L35 RPL35 15 kDa 0 1 2 1
Heterogeneous nuclear ribonucleoprotein L HNRNPL 64 kDa 0 2 0 2
Methylosome subunit pICln CLNS1A 26 kDa 0 2 0 2
Calmodulin CALM1 17 kDa 0 2 0 2
Spectrin beta chain, non-erythrocytic 1 SPTBN1 275 kDa 0 2 0 2
Proteasomal ubiquitin receptor ADRM1 ADRM1 42 kDa 0 2 2 0
T-complex protein 1 subunit alpha TCP1 60 kDa 0 2 2 0
26S proteasome non-ATPase regulatory subunit 4 PSMD4 41 kDa 0 2 2 0
26S protease regulatory subunit 10B PSMC6 44 kDa 0 3 2 0
Proteasome subunit beta type-1 PSMB1 26 kDa 0 2 2 0
Proteasome subunit alpha type-7 PSMA7 28 kDa 0 3 1 0
ATP-dependent RNA helicase DDX3X DDX3X 73 kDa 0 0 1 3
Reticulocalbin-1 RCN1 39 kDa 0 1 3 0
Heterogeneous nuclear ribonucleoprotein Q SYNCRIP 70 kDa 0 0 3 1
Pre-mRNA-processing-splicing factor 8 PRPF8 274 kDa 0 3 0 1
D-3-phosphoglycerate dehydrogenase PHGDH 57 kDa 0 1 3 0
60S ribosomal protein L19 RPL19 23 kDa 0 1 3 0
Heterogeneous nuclear ribonucleoprotein D0 HNRNPD 38 kDa 0 2 3 0
26S proteasome non-ATPase regulatory subunit 3 PSMD3 61 kDa 0 4 0 0
HCLS1-associated protein X-1 HAX1 32 kDa 0 2 1 0
TRAF-type zinc finger domain-containing protein 1 TRAFD1 65 kDa 0 2 1 0
26S proteasome non-ATPase regulatory subunit 7 PSMD7 37 kDa 0 2 1 0
40S ribosomal protein S24 RPS24 15 kDa 0 0 1 2
Collagen alpha-1(XIV) chain COL14A1 194 kDa 0 2 1 0
C-Myc-binding protein MYCBP 12 kDa 0 0 1 2
Voltage-dependent anion-selective channel protein 1 VDAC1 31 kDa 0 2 3 0
Elongation factor 1-gamma EEF1G 50 kDa 0 1 0 2
40S ribosomal protein S14 RPS14 16 kDa 0 1 0 2
Lamin-B receptor LBR 71 kDa 0 1 2 0
Insulin-like growth factor 2 mRNA-binding protein 1 IGF2BP1 63 kDa 0 1 0 2
Heterogeneous nuclear ribonucleoprotein A/B HNRNPAB 30 kDa 0 1 2 0
cAMP-dependent protein kinase type I-alpha regulatory subunit PRKAR1A 43 kDa 0 0 2 1
Proteasome subunit beta type-3 PSMB3 23 kDa 0 2 0 1
40S ribosomal protein S16 RPS16 16 kDa 0 2 0 1
Heterogeneous nuclear ribonucleoprotein A0 HNRNPA0 31 kDa 0 2 0 1
Serine/threonine-protein phosphatase PGAM5, mitochondrial PGAM5 32 kDa 0 2 0 1
Sigma non-opioid intracellular receptor 1 SIGMAR1 25 kDa 0 2 0 1
Prothymosin alpha (Fragment) PTMA 16 kDa 2 0 0 1
Uncharacterized protein C11orf84 C11orf84 41 kDa 0 1 0 2
26S proteasome non-ATPase regulatory subunit 11 PSMD11 47 kDa 0 2 1 0
Vesicle-trafficking protein SEC22b SEC22B 25 kDa 0 1 2 0
Heat shock 70 kDa protein 4L HSPA4L 95 kDa 0 2 3 0
Serine/arginine-rich splicing factor 3 SRSF3 19 kDa 0 1 0 2
Splicing factor 3A subunit 3 SF3A3 59 kDa 0 1 0 2
ATP synthase subunit gamma, mitochondrial ATP5C1 33 kDa 0 0 2 1
ATP-dependent RNA helicase A DHX9 141 kDa 0 1 0 2
Microtubule-associated protein 1B MAP1B 271 kDa 0 2 0 1
Importin-4 IPO4 119 kDa 0 2 1 0
Transmembrane protein 43 TMEM43 45 kDa 0 1 2 0
*REV* Probable ATP-dependent RNA helicase DDX31 DDX31 94 kDa 2 0 0 1
Latent-transforming growth factor beta-binding protein 1 LTBP1 187 kDa 0 2 0 1
Poly(rC)-binding protein 1 PCBP1 37 kDa 0 0 2 1
*REV* Periaxin PRX 155 kDa 0 2 1 0
39S ribosomal protein L12, mitochondrial MRPL12 21 kDa 0 3 0 0
GTP-binding nuclear protein Ran RAN 24 kDa 0 3 0 0
Protein arginine N-methyltransferase 1 PRMT1 42 kDa 0 0 0 3
Prohibitin-2 PHB2 33 kDa 0 3 0 0
Calmodulin-regulated spectrin-associated protein 3 CAMSAP3 135 kDa 0 0 0 3
ATP synthase subunit b, mitochondrial ATP5F1 29 kDa 0 3 0 0
Ribosomal protein S6 kinase alpha-3 RPS6KA3 81 kDa 0 0 3 0
26S proteasome non-ATPase regulatory subunit 12 PSMD12 53 kDa 0 2 0 0
Exportin-1 XPO1 123 kDa 0 0 2 0
Cytochrome b-c1 complex subunit 6, mitochondrial UQCRH 11 kDa 0 0 2 0
CTP synthase 1 CTPS1 67 kDa 0 0 0 2
Serine/arginine-rich splicing factor 1 SRSF1 28 kDa 0 2 0 0
DNA damage-binding protein 1 DDB1 127 kDa 0 2 0 0
Coiled-coil domain-containing protein 47 CCDC47 56 kDa 0 2 0 0
Pre-mRNA branch site protein p14 SF3B14 15 kDa 0 0 0 2
Protein transport protein Sec16A SEC16A 252 kDa 0 2 0 0
Structure-specific endonuclease subunit SLX4 SLX4 200 kDa 2 0 0 0
Nitric oxide synthase, brain NOS1 165 kDa 2 0 0 0
26S protease regulatory subunit 6A PSMC3 49 kDa 0 3 0 0
Nebulin NEB 987 kDa 0 0 0 2
Ankyrin repeat domain-containing protein 34B ANKRD34B 56 kDa 0 2 0 0
Methyl-CpG-binding domain protein 5 MBD5 160 kDa 0 2 0 0
4F2 cell-surface antigen heavy chain SLC3A2 68 kDa 0 2 0 0
Pre-mRNA 3'-end-processing factor FIP1 FIP1L1 67 kDa 0 0 0 2
Numb-like protein NUMBL 65 kDa 0 2 0 0
Alanine--tRNA ligase, cytoplasmic AARS 107 kDa 0 0 2 0
Golgin subfamily B member 1 GOLGB1 376 kDa 0 2 0 0
Protein FAM47B FAM47B 74 kDa 0 2 0 0
RING finger and transmembrane domain-containing protein 2 RNFT2 46 kDa 0 0 2 0
Laminin subunit beta-1 LAMB1 198 kDa 2 0 0 0
C2 domain-containing protein 2 C2CD2 76 kDa 0 2 0 0
Dynein heavy chain 8, axonemal DNAH8 515 kDa 0 0 2 0
Kinesin-like protein KIF21B KIF21B 183 kDa 0 2 0 0
Lymphoid-specific helicase HELLS 97 kDa 2 0 0 0
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 Table 5. BVES interacting proteins identified by mass spectroscopy 

Gene Name Gene ID
Molecular

Weight
GFP

N-Flag WT
BVES

N-Flag D/F
Mut. BVES

C-Flag WT
BVES

Blood vessel epicardial substance BVES 41 kDa 0 45 75 35
Kinesin-like protein KIF11 KIF11 119 kDa 2 53 27 56
Heat shock 70 kDa protein 1A/1B HSPA1A 70 kDa 3 48 49 30
Heat shock cognate 71 kDa protein HSPA8 71 kDa 3 40 44 22
Tubulin beta chain TUBB 50 kDa 1 23 26 16
Tubulin alpha-1B chain TUBA1B 50 kDa 0 17 28 16
Protein arginine N-methyltransferase 5 PRMT5 73 kDa 0 19 11 27
Calnexin CANX 68 kDa 0 10 25 14
Nucleolin NCL 77 kDa 1 19 14 14
Eukaryotic translation initiation factor 4B EIF4B 69 kDa 0 17 11 17
Serine/threonine-protein kinase 38 STK38 54 kDa 0 18 13 13
RNA-binding protein 10 RBM10 104 kDa 0 18 8 13
Heat shock protein HSP 90-beta HSP90AB1 83 kDa 0 21 12 4
Complement component 1 Q subcomponent-binding protein, mitochondrial C1QBP 31 kDa 0 19 18 0
ATP synthase subunit beta, mitochondrial ATP5B 57 kDa 0 12 11 8
Histone H1.4 HIST1H1E 22 kDa 5 6 7 8
Actin, cytoplasmic 1 ACTB 42 kDa 3 6 6 10
Heterogeneous nuclear ribonucleoprotein A1 HNRNPA1 39 kDa 0 7 8 10
78 kDa glucose-regulated protein HSPA5 72 kDa 0 8 16 8
Filamin-A FLNA 281 kDa 0 5 5 13
ATP synthase subunit alpha, mitochondrial ATP5A1 60 kDa 0 8 8 6
Methylosome protein 50 WDR77 37 kDa 0 7 7 7
DnaJ homolog subfamily A member 1 DNAJA1 45 kDa 0 7 9 5
Elongation factor 1-alpha 1 EEF1A1 50 kDa 2 5 5 8
Non-POU domain-containing octamer-binding protein NONO 54 kDa 3 10 2 6
ADP/ATP translocase 2 SLC25A5 33 kDa 0 8 8 3
Thyroid hormone receptor-associated protein 3 THRAP3 109 kDa 0 12 3 5
Heterogeneous nuclear ribonucleoproteins A2/B1 HNRNPA2B1 37 kDa 2 5 5 6
Nucleophosmin NPM1 33 kDa 2 5 7 4
Ubiquitin-60S ribosomal protein L40 UBA52 15 kDa 1 7 7 2
Bcl-2-associated transcription factor 1 BCLAF1 106 kDa 0 5 4 8
Heterogeneous nuclear ribonucleoprotein K HNRNPK 51 kDa 0 4 4 9
26S proteasome non-ATPase regulatory subunit 2 PSMD2 100 kDa 0 12 3 2
TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 TAB1 55 kDa 0 8 2 6
Splicing factor, proline- and glutamine-rich SFPQ 76 kDa 1 6 4 4
Histone H2A type 2-C HIST2H2AC 14 kDa 1 6 3 5
DNA-dependent protein kinase catalytic subunit PRKDC 469 kDa 1 6 7 1
Sodium/potassium-transporting ATPase subunit alpha-1 ATP1A1 113 kDa 0 4 7 3
60S acidic ribosomal protein P0 RPLP0 34 kDa 0 3 5 6
Heat shock protein HSP 90-alpha HSP90AA1 85 kDa 0 16 9 4
40S ribosomal protein SA RPSA 33 kDa 0 3 5 5
Lamin-B1 LMNB1 66 kDa 0 5 6 2
60S acidic ribosomal protein P2 RPLP2 12 kDa 0 4 3 5
RING finger protein 219 RNF219 81 kDa 0 3 5 4
Voltage-dependent anion-selective channel protein 2 VDAC2 32 kDa 0 4 6 2
Heat shock protein 105 kDa HSPH1 97 kDa 0 6 4 2
BAG family molecular chaperone regulator 2 BAG2 24 kDa 0 6 3 3
ATP synthase lipid-binding protein, mitochondrial ATP5G1 14 kDa 0 6 3 3
OTU domain-containing protein 4 OTUD4 124 kDa 0 6 0 6
Emerin EMD 29 kDa 0 4 3 4
60S ribosomal protein L15 RPL15 24 kDa 0 4 2 5
Enhancer of rudimentary homolog ERH 12 kDa 0 4 1 6
FAS-associated factor 2 FAF2 53 kDa 0 4 7 0
60 kDa heat shock protein, mitochondrial HSPD1 61 kDa 1 4 2 3
3-hydroxyacyl-CoA dehydratase 3 PTPLAD1 43 kDa 0 4 3 3
40S ribosomal protein S3a RPS3A 30 kDa 0 3 2 5
Reticulocalbin-2 RCN2 37 kDa 0 4 5 1
Stress-70 protein, mitochondrial HSPA9 74 kDa 0 5 6 1
Cytoskeleton-associated protein 4 CKAP4 66 kDa 0 2 7 1
60S ribosomal protein L13 RPL13 24 kDa 1 3 2 3
Plasminogen activator inhibitor 1 RNA-binding protein SERBP1 45 kDa 2 4 1 2
Polyadenylate-binding protein 1 PABPC1 71 kDa 0 3 2 4
Lamina-associated polypeptide 2, isoforms beta/gamma TMPO 51 kDa 0 4 3 2
Heterogeneous nuclear ribonucleoprotein U HNRNPU 91 kDa 0 2 3 4
Histone H4 HIST1H4A 11 kDa 0 2 2 5
Transitional endoplasmic reticulum ATPase VCP 89 kDa 0 5 4 1
40S ribosomal protein S13 RPS13 17 kDa 0 3 5 1
26S protease regulatory subunit 7 PSMC2 49 kDa 0 3 6 0
40S ribosomal protein S10 RPS10 19 kDa 0 2 4 2
Histone H2B type 1-K HIST1H2BK 14 kDa 0 2 3 3
60S ribosomal protein L4 RPL4 48 kDa 0 2 3 3
40S ribosomal protein S19 RPS19 16 kDa 0 1 4 3
Heterogeneous nuclear ribonucleoproteins C1/C2 HNRNPC 34 kDa 0 3 4 1
Probable ATP-dependent RNA helicase DDX5 DDX5 69 kDa 0 4 3 1
Eukaryotic translation initiation factor 5A-1 EIF5A 17 kDa 0 5 1 2
Spindlin-1 SPIN1 30 kDa 0 4 0 4
60S ribosomal protein L7a RPL7A 30 kDa 1 3 1 2
Heterogeneous nuclear ribonucleoprotein H HNRNPH1 49 kDa 1 1 2 3
Nuclease-sensitive element-binding protein 1 YBX1 36 kDa 1 2 2 2
60S ribosomal protein L12 RPL12 18 kDa 0 2 2 3
Nucleosome assembly protein 1-like 1 NAP1L1 45 kDa 0 2 3 2
60S ribosomal protein L3 RPL3 46 kDa 0 2 2 3
Serine/threonine-protein kinase RIO1 RIOK1 66 kDa 0 2 2 3
Mitogen-activated protein kinase kinase kinase 7 MAP3K7 29 kDa 0 3 1 3
40S ribosomal protein S8 RPS8 24 kDa 0 2 1 4
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 RPN2 69 kDa 0 1 4 2
Prohibitin PHB 30 kDa 0 0 3 4
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 RPN1 69 kDa 0 2 5 0
Proteasome subunit alpha type-3 PSMA3 28 kDa 0 5 2 0
26S proteasome non-ATPase regulatory subunit 13 PSMD13 43 kDa 0 4 3 0
Splicing factor 3B subunit 3 SF3B3 136 kDa 0 1 0 6
60S ribosomal protein L9 RPL9 22 kDa 0 2 2 2
Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 DHX15 91 kDa 0 2 2 2
40S ribosomal protein S12 RPS12 15 kDa 0 3 1 2
40S ribosomal protein S4, X isoform RPS4X 30 kDa 0 2 1 3
Spliceosome RNA helicase DDX39B DDX39B 49 kDa 0 3 1 2
40S ribosomal protein S2 RPS2 31 kDa 0 2 3 1
26S protease regulatory subunit 8 PSMC5 46 kDa 0 4 2 1
60S ribosomal protein L29 RPL29 18 kDa 0 3 2 1
Calumenin CALU 37 kDa 0 1 3 2
60S ribosomal protein L18 RPL18 22 kDa 0 2 3 1
Importin subunit beta-1 KPNB1 97 kDa 0 3 2 1
BTB/POZ domain-containing protein KCTD5 KCTD5 26 kDa 0 4 1 1
60S ribosomal protein L17 RPL17 21 kDa 0 3 3 0
Exportin-T XPOT 110 kDa 0 2 4 0
40S ribosomal protein S9 RPS9 23 kDa 0 2 0 4
Proteasome subunit alpha type-2 PSMA2 26 kDa 0 4 2 0
26S protease regulatory subunit 6B PSMC4 47 kDa 0 3 3 0
BolA-like protein 2 BOLA2 10 kDa 1 2 1 1
Titin TTN 3816 kDa 1 1 2 1
Importin-8 IPO8 120 kDa 0 2 1 2
Far upstream element-binding protein 2 KHSRP 73 kDa 0 2 1 2
Small nuclear ribonucleoprotein Sm D1 SNRPD1 13 kDa 0 1 2 2
60S acidic ribosomal protein P1 RPLP1 12 kDa 0 2 2 1
40S ribosomal protein S11 RPS11 18 kDa 0 2 2 1
Voltage-dependent anion-selective channel protein 3 VDAC3 31 kDa 0 2 2 1
Calcium-binding mitochondrial carrier protein Aralar2 SLC25A13 74 kDa 0 2 2 1
60S ribosomal protein L8 RPL8 28 kDa 0 2 2 1
Src substrate cortactin CTTN 62 kDa 0 2 1 2
Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A alpha isoform PPP2R1A 65 kDa 1 3 1 0
Lamin-B2 LMNB2 68 kDa 0 2 4 2
Spectrin alpha chain, non-erythrocytic 1 SPTAN1 285 kDa 0 2 1 2
Serine/threonine-protein kinase 38-like STK38L 54 kDa 0 3 3 4
Proteasome subunit alpha type-4 PSMA4 29 kDa 0 3 1 1
40S ribosomal protein S28 RPS28 8 kDa 0 2 2 1
Histone-binding protein RBBP7 RBBP7 48 kDa 0 3 1 1
Phosphate carrier protein, mitochondrial SLC25A3 40 kDa 0 1 3 1
Tubulin beta-4B chain TUBB4B 50 kDa 0 24 25 15
Membrane-associated progesterone receptor component 1 PGRMC1 22 kDa 0 3 1 1
Proteasome subunit beta type-6 PSMB6 25 kDa 0 3 1 1
Proteasome subunit alpha type-1 PSMA1 30 kDa 0 3 1 1
Peptide deformylase, mitochondrial PDF 27 kDa 0 1 3 1
Proteasome subunit alpha type-5 PSMA5 26 kDa 0 3 2 0
U4/U6 small nuclear ribonucleoprotein Prp31 PRPF31 55 kDa 0 3 0 2
Pre-mRNA-processing factor 19 PRPF19 55 kDa 0 2 0 3
Proteasome subunit beta type-5 PSMB5 28 kDa 0 3 2 0
Heterogeneous nuclear ribonucleoprotein A3 HNRNPA3 40 kDa 0 0 2 3
Cleavage and polyadenylation specificity factor subunit 5 NUDT21 26 kDa 0 2 0 3
DnaJ homolog subfamily A member 2 DNAJA2 46 kDa 0 2 3 0
26S proteasome non-ATPase regulatory subunit 1 PSMD1 106 kDa 0 4 1 0
Monocarboxylate transporter 1 SLC16A1 54 kDa 0 4 1 0
60S ribosomal protein L6 RPL6 33 kDa 0 1 0 4
High mobility group protein B1 HMGB1 25 kDa 0 1 1 2
Small nuclear ribonucleoprotein-associated proteins B and B' SNRPB 25 kDa 0 1 1 2
60S ribosomal protein L7 RPL7 29 kDa 0 1 1 2
40S ribosomal protein S20 RPS20 13 kDa 0 1 1 2
40S ribosomal protein S15a RPS15A 15 kDa 0 1 1 2
Cleavage and polyadenylation specificity factor subunit 6 CPSF6 59 kDa 0 1 1 2
40S ribosomal protein S3 RPS3 27 kDa 0 2 1 1
60S ribosomal protein L5 RPL5 34 kDa 0 2 1 1
40S ribosomal protein S30 FAU 7 kDa 0 2 1 1
Thioredoxin TXN 12 kDa 0 1 2 1
ADP/ATP translocase 3 SLC25A6 33 kDa 0 5 6 4
Transmembrane protein 33 TMEM33 28 kDa 0 1 2 1
40S ribosomal protein S6 RPS6 29 kDa 0 1 2 1
40S ribosomal protein S26 RPS26 13 kDa 0 1 2 1
T-complex protein 1 subunit beta CCT2 57 kDa 0 1 2 1
60S ribosomal protein L18a RPL18A 21 kDa 0 1 2 1
40S ribosomal protein S23 RPS23 16 kDa 0 2 1 1
RNA-binding motif protein, X chromosome RBMX 42 kDa 0 1 2 1
60S ribosomal protein L35 RPL35 15 kDa 0 1 2 1
Heterogeneous nuclear ribonucleoprotein L HNRNPL 64 kDa 0 2 0 2
Methylosome subunit pICln CLNS1A 26 kDa 0 2 0 2
Calmodulin CALM1 17 kDa 0 2 0 2
Spectrin beta chain, non-erythrocytic 1 SPTBN1 275 kDa 0 2 0 2
Proteasomal ubiquitin receptor ADRM1 ADRM1 42 kDa 0 2 2 0
T-complex protein 1 subunit alpha TCP1 60 kDa 0 2 2 0
26S proteasome non-ATPase regulatory subunit 4 PSMD4 41 kDa 0 2 2 0
26S protease regulatory subunit 10B PSMC6 44 kDa 0 3 2 0
Proteasome subunit beta type-1 PSMB1 26 kDa 0 2 2 0
Proteasome subunit alpha type-7 PSMA7 28 kDa 0 3 1 0
ATP-dependent RNA helicase DDX3X DDX3X 73 kDa 0 0 1 3
Reticulocalbin-1 RCN1 39 kDa 0 1 3 0
Heterogeneous nuclear ribonucleoprotein Q SYNCRIP 70 kDa 0 0 3 1
Pre-mRNA-processing-splicing factor 8 PRPF8 274 kDa 0 3 0 1
D-3-phosphoglycerate dehydrogenase PHGDH 57 kDa 0 1 3 0
60S ribosomal protein L19 RPL19 23 kDa 0 1 3 0
Heterogeneous nuclear ribonucleoprotein D0 HNRNPD 38 kDa 0 2 3 0
26S proteasome non-ATPase regulatory subunit 3 PSMD3 61 kDa 0 4 0 0
HCLS1-associated protein X-1 HAX1 32 kDa 0 2 1 0
TRAF-type zinc finger domain-containing protein 1 TRAFD1 65 kDa 0 2 1 0
26S proteasome non-ATPase regulatory subunit 7 PSMD7 37 kDa 0 2 1 0
40S ribosomal protein S24 RPS24 15 kDa 0 0 1 2
Collagen alpha-1(XIV) chain COL14A1 194 kDa 0 2 1 0
C-Myc-binding protein MYCBP 12 kDa 0 0 1 2
Voltage-dependent anion-selective channel protein 1 VDAC1 31 kDa 0 2 3 0
Elongation factor 1-gamma EEF1G 50 kDa 0 1 0 2
40S ribosomal protein S14 RPS14 16 kDa 0 1 0 2
Lamin-B receptor LBR 71 kDa 0 1 2 0
Insulin-like growth factor 2 mRNA-binding protein 1 IGF2BP1 63 kDa 0 1 0 2
Heterogeneous nuclear ribonucleoprotein A/B HNRNPAB 30 kDa 0 1 2 0
cAMP-dependent protein kinase type I-alpha regulatory subunit PRKAR1A 43 kDa 0 0 2 1
Proteasome subunit beta type-3 PSMB3 23 kDa 0 2 0 1
40S ribosomal protein S16 RPS16 16 kDa 0 2 0 1
Heterogeneous nuclear ribonucleoprotein A0 HNRNPA0 31 kDa 0 2 0 1
Serine/threonine-protein phosphatase PGAM5, mitochondrial PGAM5 32 kDa 0 2 0 1
Sigma non-opioid intracellular receptor 1 SIGMAR1 25 kDa 0 2 0 1
Prothymosin alpha (Fragment) PTMA 16 kDa 2 0 0 1
Uncharacterized protein C11orf84 C11orf84 41 kDa 0 1 0 2
26S proteasome non-ATPase regulatory subunit 11 PSMD11 47 kDa 0 2 1 0
Vesicle-trafficking protein SEC22b SEC22B 25 kDa 0 1 2 0
Heat shock 70 kDa protein 4L HSPA4L 95 kDa 0 2 3 0
Serine/arginine-rich splicing factor 3 SRSF3 19 kDa 0 1 0 2
Splicing factor 3A subunit 3 SF3A3 59 kDa 0 1 0 2
ATP synthase subunit gamma, mitochondrial ATP5C1 33 kDa 0 0 2 1
ATP-dependent RNA helicase A DHX9 141 kDa 0 1 0 2
Microtubule-associated protein 1B MAP1B 271 kDa 0 2 0 1
Importin-4 IPO4 119 kDa 0 2 1 0
Transmembrane protein 43 TMEM43 45 kDa 0 1 2 0
*REV* Probable ATP-dependent RNA helicase DDX31 DDX31 94 kDa 2 0 0 1
Latent-transforming growth factor beta-binding protein 1 LTBP1 187 kDa 0 2 0 1
Poly(rC)-binding protein 1 PCBP1 37 kDa 0 0 2 1
*REV* Periaxin PRX 155 kDa 0 2 1 0
39S ribosomal protein L12, mitochondrial MRPL12 21 kDa 0 3 0 0
GTP-binding nuclear protein Ran RAN 24 kDa 0 3 0 0
Protein arginine N-methyltransferase 1 PRMT1 42 kDa 0 0 0 3
Prohibitin-2 PHB2 33 kDa 0 3 0 0
Calmodulin-regulated spectrin-associated protein 3 CAMSAP3 135 kDa 0 0 0 3
ATP synthase subunit b, mitochondrial ATP5F1 29 kDa 0 3 0 0
Ribosomal protein S6 kinase alpha-3 RPS6KA3 81 kDa 0 0 3 0
26S proteasome non-ATPase regulatory subunit 12 PSMD12 53 kDa 0 2 0 0
Exportin-1 XPO1 123 kDa 0 0 2 0
Cytochrome b-c1 complex subunit 6, mitochondrial UQCRH 11 kDa 0 0 2 0
CTP synthase 1 CTPS1 67 kDa 0 0 0 2
Serine/arginine-rich splicing factor 1 SRSF1 28 kDa 0 2 0 0
DNA damage-binding protein 1 DDB1 127 kDa 0 2 0 0
Coiled-coil domain-containing protein 47 CCDC47 56 kDa 0 2 0 0
Pre-mRNA branch site protein p14 SF3B14 15 kDa 0 0 0 2
Protein transport protein Sec16A SEC16A 252 kDa 0 2 0 0
Structure-specific endonuclease subunit SLX4 SLX4 200 kDa 2 0 0 0
Nitric oxide synthase, brain NOS1 165 kDa 2 0 0 0
26S protease regulatory subunit 6A PSMC3 49 kDa 0 3 0 0
Nebulin NEB 987 kDa 0 0 0 2
Ankyrin repeat domain-containing protein 34B ANKRD34B 56 kDa 0 2 0 0
Methyl-CpG-binding domain protein 5 MBD5 160 kDa 0 2 0 0
4F2 cell-surface antigen heavy chain SLC3A2 68 kDa 0 2 0 0
Pre-mRNA 3'-end-processing factor FIP1 FIP1L1 67 kDa 0 0 0 2
Numb-like protein NUMBL 65 kDa 0 2 0 0
Alanine--tRNA ligase, cytoplasmic AARS 107 kDa 0 0 2 0
Golgin subfamily B member 1 GOLGB1 376 kDa 0 2 0 0
Protein FAM47B FAM47B 74 kDa 0 2 0 0
RING finger and transmembrane domain-containing protein 2 RNFT2 46 kDa 0 0 2 0
Laminin subunit beta-1 LAMB1 198 kDa 2 0 0 0
C2 domain-containing protein 2 C2CD2 76 kDa 0 2 0 0
Dynein heavy chain 8, axonemal DNAH8 515 kDa 0 0 2 0
Kinesin-like protein KIF21B KIF21B 183 kDa 0 2 0 0
Lymphoid-specific helicase HELLS 97 kDa 2 0 0 0

Gene Name Gene ID
Molecular

Weight
GFP

N-Flag WT
BVES

N-Flag D/F
Mut. BVES

C-Flag WT
BVES

Blood vessel epicardial substance BVES 41 kDa 0 45 75 35
Kinesin-like protein KIF11 KIF11 119 kDa 2 53 27 56
Heat shock 70 kDa protein 1A/1B HSPA1A 70 kDa 3 48 49 30
Heat shock cognate 71 kDa protein HSPA8 71 kDa 3 40 44 22
Tubulin beta chain TUBB 50 kDa 1 23 26 16
Tubulin alpha-1B chain TUBA1B 50 kDa 0 17 28 16
Protein arginine N-methyltransferase 5 PRMT5 73 kDa 0 19 11 27
Calnexin CANX 68 kDa 0 10 25 14
Nucleolin NCL 77 kDa 1 19 14 14
Eukaryotic translation initiation factor 4B EIF4B 69 kDa 0 17 11 17
Serine/threonine-protein kinase 38 STK38 54 kDa 0 18 13 13
RNA-binding protein 10 RBM10 104 kDa 0 18 8 13
Heat shock protein HSP 90-beta HSP90AB1 83 kDa 0 21 12 4
Complement component 1 Q subcomponent-binding protein, mitochondrial C1QBP 31 kDa 0 19 18 0
ATP synthase subunit beta, mitochondrial ATP5B 57 kDa 0 12 11 8
Histone H1.4 HIST1H1E 22 kDa 5 6 7 8
Actin, cytoplasmic 1 ACTB 42 kDa 3 6 6 10
Heterogeneous nuclear ribonucleoprotein A1 HNRNPA1 39 kDa 0 7 8 10
78 kDa glucose-regulated protein HSPA5 72 kDa 0 8 16 8
Filamin-A FLNA 281 kDa 0 5 5 13
ATP synthase subunit alpha, mitochondrial ATP5A1 60 kDa 0 8 8 6
Methylosome protein 50 WDR77 37 kDa 0 7 7 7
DnaJ homolog subfamily A member 1 DNAJA1 45 kDa 0 7 9 5
Elongation factor 1-alpha 1 EEF1A1 50 kDa 2 5 5 8
Non-POU domain-containing octamer-binding protein NONO 54 kDa 3 10 2 6
ADP/ATP translocase 2 SLC25A5 33 kDa 0 8 8 3
Thyroid hormone receptor-associated protein 3 THRAP3 109 kDa 0 12 3 5
Heterogeneous nuclear ribonucleoproteins A2/B1 HNRNPA2B1 37 kDa 2 5 5 6
Nucleophosmin NPM1 33 kDa 2 5 7 4
Ubiquitin-60S ribosomal protein L40 UBA52 15 kDa 1 7 7 2
Bcl-2-associated transcription factor 1 BCLAF1 106 kDa 0 5 4 8
Heterogeneous nuclear ribonucleoprotein K HNRNPK 51 kDa 0 4 4 9
26S proteasome non-ATPase regulatory subunit 2 PSMD2 100 kDa 0 12 3 2
TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 TAB1 55 kDa 0 8 2 6
Splicing factor, proline- and glutamine-rich SFPQ 76 kDa 1 6 4 4
Histone H2A type 2-C HIST2H2AC 14 kDa 1 6 3 5
DNA-dependent protein kinase catalytic subunit PRKDC 469 kDa 1 6 7 1
Sodium/potassium-transporting ATPase subunit alpha-1 ATP1A1 113 kDa 0 4 7 3
60S acidic ribosomal protein P0 RPLP0 34 kDa 0 3 5 6
Heat shock protein HSP 90-alpha HSP90AA1 85 kDa 0 16 9 4
40S ribosomal protein SA RPSA 33 kDa 0 3 5 5
Lamin-B1 LMNB1 66 kDa 0 5 6 2
60S acidic ribosomal protein P2 RPLP2 12 kDa 0 4 3 5
RING finger protein 219 RNF219 81 kDa 0 3 5 4
Voltage-dependent anion-selective channel protein 2 VDAC2 32 kDa 0 4 6 2
Heat shock protein 105 kDa HSPH1 97 kDa 0 6 4 2
BAG family molecular chaperone regulator 2 BAG2 24 kDa 0 6 3 3
ATP synthase lipid-binding protein, mitochondrial ATP5G1 14 kDa 0 6 3 3
OTU domain-containing protein 4 OTUD4 124 kDa 0 6 0 6
Emerin EMD 29 kDa 0 4 3 4
60S ribosomal protein L15 RPL15 24 kDa 0 4 2 5
Enhancer of rudimentary homolog ERH 12 kDa 0 4 1 6
FAS-associated factor 2 FAF2 53 kDa 0 4 7 0
60 kDa heat shock protein, mitochondrial HSPD1 61 kDa 1 4 2 3
3-hydroxyacyl-CoA dehydratase 3 PTPLAD1 43 kDa 0 4 3 3
40S ribosomal protein S3a RPS3A 30 kDa 0 3 2 5
Reticulocalbin-2 RCN2 37 kDa 0 4 5 1
Stress-70 protein, mitochondrial HSPA9 74 kDa 0 5 6 1
Cytoskeleton-associated protein 4 CKAP4 66 kDa 0 2 7 1
60S ribosomal protein L13 RPL13 24 kDa 1 3 2 3
Plasminogen activator inhibitor 1 RNA-binding protein SERBP1 45 kDa 2 4 1 2
Polyadenylate-binding protein 1 PABPC1 71 kDa 0 3 2 4
Lamina-associated polypeptide 2, isoforms beta/gamma TMPO 51 kDa 0 4 3 2
Heterogeneous nuclear ribonucleoprotein U HNRNPU 91 kDa 0 2 3 4
Histone H4 HIST1H4A 11 kDa 0 2 2 5
Transitional endoplasmic reticulum ATPase VCP 89 kDa 0 5 4 1
40S ribosomal protein S13 RPS13 17 kDa 0 3 5 1
26S protease regulatory subunit 7 PSMC2 49 kDa 0 3 6 0
40S ribosomal protein S10 RPS10 19 kDa 0 2 4 2
Histone H2B type 1-K HIST1H2BK 14 kDa 0 2 3 3
60S ribosomal protein L4 RPL4 48 kDa 0 2 3 3
40S ribosomal protein S19 RPS19 16 kDa 0 1 4 3
Heterogeneous nuclear ribonucleoproteins C1/C2 HNRNPC 34 kDa 0 3 4 1
Probable ATP-dependent RNA helicase DDX5 DDX5 69 kDa 0 4 3 1
Eukaryotic translation initiation factor 5A-1 EIF5A 17 kDa 0 5 1 2
Spindlin-1 SPIN1 30 kDa 0 4 0 4
60S ribosomal protein L7a RPL7A 30 kDa 1 3 1 2
Heterogeneous nuclear ribonucleoprotein H HNRNPH1 49 kDa 1 1 2 3
Nuclease-sensitive element-binding protein 1 YBX1 36 kDa 1 2 2 2
60S ribosomal protein L12 RPL12 18 kDa 0 2 2 3
Nucleosome assembly protein 1-like 1 NAP1L1 45 kDa 0 2 3 2
60S ribosomal protein L3 RPL3 46 kDa 0 2 2 3
Serine/threonine-protein kinase RIO1 RIOK1 66 kDa 0 2 2 3
Mitogen-activated protein kinase kinase kinase 7 MAP3K7 29 kDa 0 3 1 3
40S ribosomal protein S8 RPS8 24 kDa 0 2 1 4
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 RPN2 69 kDa 0 1 4 2
Prohibitin PHB 30 kDa 0 0 3 4
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 RPN1 69 kDa 0 2 5 0
Proteasome subunit alpha type-3 PSMA3 28 kDa 0 5 2 0
26S proteasome non-ATPase regulatory subunit 13 PSMD13 43 kDa 0 4 3 0
Splicing factor 3B subunit 3 SF3B3 136 kDa 0 1 0 6
60S ribosomal protein L9 RPL9 22 kDa 0 2 2 2
Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 DHX15 91 kDa 0 2 2 2
40S ribosomal protein S12 RPS12 15 kDa 0 3 1 2
40S ribosomal protein S4, X isoform RPS4X 30 kDa 0 2 1 3
Spliceosome RNA helicase DDX39B DDX39B 49 kDa 0 3 1 2
40S ribosomal protein S2 RPS2 31 kDa 0 2 3 1
26S protease regulatory subunit 8 PSMC5 46 kDa 0 4 2 1
60S ribosomal protein L29 RPL29 18 kDa 0 3 2 1
Calumenin CALU 37 kDa 0 1 3 2
60S ribosomal protein L18 RPL18 22 kDa 0 2 3 1
Importin subunit beta-1 KPNB1 97 kDa 0 3 2 1
BTB/POZ domain-containing protein KCTD5 KCTD5 26 kDa 0 4 1 1
60S ribosomal protein L17 RPL17 21 kDa 0 3 3 0
Exportin-T XPOT 110 kDa 0 2 4 0
40S ribosomal protein S9 RPS9 23 kDa 0 2 0 4
Proteasome subunit alpha type-2 PSMA2 26 kDa 0 4 2 0
26S protease regulatory subunit 6B PSMC4 47 kDa 0 3 3 0
BolA-like protein 2 BOLA2 10 kDa 1 2 1 1
Titin TTN 3816 kDa 1 1 2 1
Importin-8 IPO8 120 kDa 0 2 1 2
Far upstream element-binding protein 2 KHSRP 73 kDa 0 2 1 2
Small nuclear ribonucleoprotein Sm D1 SNRPD1 13 kDa 0 1 2 2
60S acidic ribosomal protein P1 RPLP1 12 kDa 0 2 2 1
40S ribosomal protein S11 RPS11 18 kDa 0 2 2 1
Voltage-dependent anion-selective channel protein 3 VDAC3 31 kDa 0 2 2 1
Calcium-binding mitochondrial carrier protein Aralar2 SLC25A13 74 kDa 0 2 2 1
60S ribosomal protein L8 RPL8 28 kDa 0 2 2 1
Src substrate cortactin CTTN 62 kDa 0 2 1 2
Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A alpha isoform PPP2R1A 65 kDa 1 3 1 0
Lamin-B2 LMNB2 68 kDa 0 2 4 2
Spectrin alpha chain, non-erythrocytic 1 SPTAN1 285 kDa 0 2 1 2
Serine/threonine-protein kinase 38-like STK38L 54 kDa 0 3 3 4
Proteasome subunit alpha type-4 PSMA4 29 kDa 0 3 1 1
40S ribosomal protein S28 RPS28 8 kDa 0 2 2 1
Histone-binding protein RBBP7 RBBP7 48 kDa 0 3 1 1
Phosphate carrier protein, mitochondrial SLC25A3 40 kDa 0 1 3 1
Tubulin beta-4B chain TUBB4B 50 kDa 0 24 25 15
Membrane-associated progesterone receptor component 1 PGRMC1 22 kDa 0 3 1 1
Proteasome subunit beta type-6 PSMB6 25 kDa 0 3 1 1
Proteasome subunit alpha type-1 PSMA1 30 kDa 0 3 1 1
Peptide deformylase, mitochondrial PDF 27 kDa 0 1 3 1
Proteasome subunit alpha type-5 PSMA5 26 kDa 0 3 2 0
U4/U6 small nuclear ribonucleoprotein Prp31 PRPF31 55 kDa 0 3 0 2
Pre-mRNA-processing factor 19 PRPF19 55 kDa 0 2 0 3
Proteasome subunit beta type-5 PSMB5 28 kDa 0 3 2 0
Heterogeneous nuclear ribonucleoprotein A3 HNRNPA3 40 kDa 0 0 2 3
Cleavage and polyadenylation specificity factor subunit 5 NUDT21 26 kDa 0 2 0 3
DnaJ homolog subfamily A member 2 DNAJA2 46 kDa 0 2 3 0
26S proteasome non-ATPase regulatory subunit 1 PSMD1 106 kDa 0 4 1 0
Monocarboxylate transporter 1 SLC16A1 54 kDa 0 4 1 0
60S ribosomal protein L6 RPL6 33 kDa 0 1 0 4
High mobility group protein B1 HMGB1 25 kDa 0 1 1 2
Small nuclear ribonucleoprotein-associated proteins B and B' SNRPB 25 kDa 0 1 1 2
60S ribosomal protein L7 RPL7 29 kDa 0 1 1 2
40S ribosomal protein S20 RPS20 13 kDa 0 1 1 2
40S ribosomal protein S15a RPS15A 15 kDa 0 1 1 2
Cleavage and polyadenylation specificity factor subunit 6 CPSF6 59 kDa 0 1 1 2
40S ribosomal protein S3 RPS3 27 kDa 0 2 1 1
60S ribosomal protein L5 RPL5 34 kDa 0 2 1 1
40S ribosomal protein S30 FAU 7 kDa 0 2 1 1
Thioredoxin TXN 12 kDa 0 1 2 1
ADP/ATP translocase 3 SLC25A6 33 kDa 0 5 6 4
Transmembrane protein 33 TMEM33 28 kDa 0 1 2 1
40S ribosomal protein S6 RPS6 29 kDa 0 1 2 1
40S ribosomal protein S26 RPS26 13 kDa 0 1 2 1
T-complex protein 1 subunit beta CCT2 57 kDa 0 1 2 1
60S ribosomal protein L18a RPL18A 21 kDa 0 1 2 1
40S ribosomal protein S23 RPS23 16 kDa 0 2 1 1
RNA-binding motif protein, X chromosome RBMX 42 kDa 0 1 2 1
60S ribosomal protein L35 RPL35 15 kDa 0 1 2 1
Heterogeneous nuclear ribonucleoprotein L HNRNPL 64 kDa 0 2 0 2
Methylosome subunit pICln CLNS1A 26 kDa 0 2 0 2
Calmodulin CALM1 17 kDa 0 2 0 2
Spectrin beta chain, non-erythrocytic 1 SPTBN1 275 kDa 0 2 0 2
Proteasomal ubiquitin receptor ADRM1 ADRM1 42 kDa 0 2 2 0
T-complex protein 1 subunit alpha TCP1 60 kDa 0 2 2 0
26S proteasome non-ATPase regulatory subunit 4 PSMD4 41 kDa 0 2 2 0
26S protease regulatory subunit 10B PSMC6 44 kDa 0 3 2 0
Proteasome subunit beta type-1 PSMB1 26 kDa 0 2 2 0
Proteasome subunit alpha type-7 PSMA7 28 kDa 0 3 1 0
ATP-dependent RNA helicase DDX3X DDX3X 73 kDa 0 0 1 3
Reticulocalbin-1 RCN1 39 kDa 0 1 3 0
Heterogeneous nuclear ribonucleoprotein Q SYNCRIP 70 kDa 0 0 3 1
Pre-mRNA-processing-splicing factor 8 PRPF8 274 kDa 0 3 0 1
D-3-phosphoglycerate dehydrogenase PHGDH 57 kDa 0 1 3 0
60S ribosomal protein L19 RPL19 23 kDa 0 1 3 0
Heterogeneous nuclear ribonucleoprotein D0 HNRNPD 38 kDa 0 2 3 0
26S proteasome non-ATPase regulatory subunit 3 PSMD3 61 kDa 0 4 0 0
HCLS1-associated protein X-1 HAX1 32 kDa 0 2 1 0
TRAF-type zinc finger domain-containing protein 1 TRAFD1 65 kDa 0 2 1 0
26S proteasome non-ATPase regulatory subunit 7 PSMD7 37 kDa 0 2 1 0
40S ribosomal protein S24 RPS24 15 kDa 0 0 1 2
Collagen alpha-1(XIV) chain COL14A1 194 kDa 0 2 1 0
C-Myc-binding protein MYCBP 12 kDa 0 0 1 2
Voltage-dependent anion-selective channel protein 1 VDAC1 31 kDa 0 2 3 0
Elongation factor 1-gamma EEF1G 50 kDa 0 1 0 2
40S ribosomal protein S14 RPS14 16 kDa 0 1 0 2
Lamin-B receptor LBR 71 kDa 0 1 2 0
Insulin-like growth factor 2 mRNA-binding protein 1 IGF2BP1 63 kDa 0 1 0 2
Heterogeneous nuclear ribonucleoprotein A/B HNRNPAB 30 kDa 0 1 2 0
cAMP-dependent protein kinase type I-alpha regulatory subunit PRKAR1A 43 kDa 0 0 2 1
Proteasome subunit beta type-3 PSMB3 23 kDa 0 2 0 1
40S ribosomal protein S16 RPS16 16 kDa 0 2 0 1
Heterogeneous nuclear ribonucleoprotein A0 HNRNPA0 31 kDa 0 2 0 1
Serine/threonine-protein phosphatase PGAM5, mitochondrial PGAM5 32 kDa 0 2 0 1
Sigma non-opioid intracellular receptor 1 SIGMAR1 25 kDa 0 2 0 1
Prothymosin alpha (Fragment) PTMA 16 kDa 2 0 0 1
Uncharacterized protein C11orf84 C11orf84 41 kDa 0 1 0 2
26S proteasome non-ATPase regulatory subunit 11 PSMD11 47 kDa 0 2 1 0
Vesicle-trafficking protein SEC22b SEC22B 25 kDa 0 1 2 0
Heat shock 70 kDa protein 4L HSPA4L 95 kDa 0 2 3 0
Serine/arginine-rich splicing factor 3 SRSF3 19 kDa 0 1 0 2
Splicing factor 3A subunit 3 SF3A3 59 kDa 0 1 0 2
ATP synthase subunit gamma, mitochondrial ATP5C1 33 kDa 0 0 2 1
ATP-dependent RNA helicase A DHX9 141 kDa 0 1 0 2
Microtubule-associated protein 1B MAP1B 271 kDa 0 2 0 1
Importin-4 IPO4 119 kDa 0 2 1 0
Transmembrane protein 43 TMEM43 45 kDa 0 1 2 0
*REV* Probable ATP-dependent RNA helicase DDX31 DDX31 94 kDa 2 0 0 1
Latent-transforming growth factor beta-binding protein 1 LTBP1 187 kDa 0 2 0 1
Poly(rC)-binding protein 1 PCBP1 37 kDa 0 0 2 1
*REV* Periaxin PRX 155 kDa 0 2 1 0
39S ribosomal protein L12, mitochondrial MRPL12 21 kDa 0 3 0 0
GTP-binding nuclear protein Ran RAN 24 kDa 0 3 0 0
Protein arginine N-methyltransferase 1 PRMT1 42 kDa 0 0 0 3
Prohibitin-2 PHB2 33 kDa 0 3 0 0
Calmodulin-regulated spectrin-associated protein 3 CAMSAP3 135 kDa 0 0 0 3
ATP synthase subunit b, mitochondrial ATP5F1 29 kDa 0 3 0 0
Ribosomal protein S6 kinase alpha-3 RPS6KA3 81 kDa 0 0 3 0
26S proteasome non-ATPase regulatory subunit 12 PSMD12 53 kDa 0 2 0 0
Exportin-1 XPO1 123 kDa 0 0 2 0
Cytochrome b-c1 complex subunit 6, mitochondrial UQCRH 11 kDa 0 0 2 0
CTP synthase 1 CTPS1 67 kDa 0 0 0 2
Serine/arginine-rich splicing factor 1 SRSF1 28 kDa 0 2 0 0
DNA damage-binding protein 1 DDB1 127 kDa 0 2 0 0
Coiled-coil domain-containing protein 47 CCDC47 56 kDa 0 2 0 0
Pre-mRNA branch site protein p14 SF3B14 15 kDa 0 0 0 2
Protein transport protein Sec16A SEC16A 252 kDa 0 2 0 0
Structure-specific endonuclease subunit SLX4 SLX4 200 kDa 2 0 0 0
Nitric oxide synthase, brain NOS1 165 kDa 2 0 0 0
26S protease regulatory subunit 6A PSMC3 49 kDa 0 3 0 0
Nebulin NEB 987 kDa 0 0 0 2
Ankyrin repeat domain-containing protein 34B ANKRD34B 56 kDa 0 2 0 0
Methyl-CpG-binding domain protein 5 MBD5 160 kDa 0 2 0 0
4F2 cell-surface antigen heavy chain SLC3A2 68 kDa 0 2 0 0
Pre-mRNA 3'-end-processing factor FIP1 FIP1L1 67 kDa 0 0 0 2
Numb-like protein NUMBL 65 kDa 0 2 0 0
Alanine--tRNA ligase, cytoplasmic AARS 107 kDa 0 0 2 0
Golgin subfamily B member 1 GOLGB1 376 kDa 0 2 0 0
Protein FAM47B FAM47B 74 kDa 0 2 0 0
RING finger and transmembrane domain-containing protein 2 RNFT2 46 kDa 0 0 2 0
Laminin subunit beta-1 LAMB1 198 kDa 2 0 0 0
C2 domain-containing protein 2 C2CD2 76 kDa 0 2 0 0
Dynein heavy chain 8, axonemal DNAH8 515 kDa 0 0 2 0
Kinesin-like protein KIF21B KIF21B 183 kDa 0 2 0 0
Lymphoid-specific helicase HELLS 97 kDa 2 0 0 0

 Table 5. BVES interacting proteins identified by mass spectroscopy. Four Flag-tagged constructs 
(GFP, N-Flag WT BVES, N-Flag D/F double mutant BVES, and C-Flag WT BVES) were 
immunoprecipitated with anti-Flag M2 affinity resin, Flag-peptide eluted, and subjected to mass 
spectroscopy. The gene name, gene ID, and molecular weight of proteins identified in the analysis are 
listed. The values to the right are the total spectral counts that map to each identified protein. The color 
coding indicates protein probability confidence intervals: Green is >95% probability, yellow is 80-94%, 
orange is 50-79%, and red is 20-49% probability that the identified peptide spectra belong to the 
indicated protein.  
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Table 6. Overlapping proteins identified in both BVES mass spectroscopy experiments 

  

 

Table 6. Overlapping proteins identified in both BVES mass spectroscopy experiments. A list of 
proteins identified in both mass spectroscopy experiments (Table 4 and  Table 5). * proteins were also 
identified in an unrelated experiment utilizing V5-magnetic beads and therefore likely represent 
consistent protein contaminants as opposed to true hits.  
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E. Characterization of BVES conditional knockout mice 

 

 While utilization of global knockout mice allows for robust analysis of 

genotypic:phenotypic correlations with relatively simple breeding schemes[309], conditional 

knockout mice allow for tissue specific gene deletion and can help overcome barriers associated 

with embryonic lethality when critical genes are deleted globally[310]. While the BVES global 

knockout mice are fertile and display no evidence of embryonic lethality[58,73], developing 

targeted intestinal epithelial cell specific mouse models of BVES deletion will undoubtedly further 

our understanding of the role BVES is playing in intestinal homeostasis and disease. Conditional 

gene targeting can be achieved by flanking a genomic locus of interest with loxP sites and then 

crossing these mice with mice that express Cre recombinase under a tissue-specific or cell-type 

specific promoter[311]. To that end, we sought to generate BVES intestinal epithelial cell 

conditional knockout mice utilizing the Lrig1-CreER driver and BVES conditional knockout mice 

generated by our collaborator, Dr. Thomas Brand at the Imperial College of London. Lrig1 marks 

stem/progenitor cells in the intestinal crypt base and previous studies have demonstrated the utility 

of the Lrig1-CreER driver to promote intestinal epithelial cell specific gene deletion [19,246,312]. 

As detecting BVES loss is difficult given the lack of immunoreagents, we also sought to cross 

these mice with a fluorescent reporter to lineage trace cells where Cre was activated. We first 

crossed the Lrig1-CreER driver with the mTmG reporter mice, a double-fluorescent Cre reporter 

mouse that expresses a membrane-targeted mTomato (mT) fluorescent protein prior to cre-

mediated recombination and then a membrane-targeted green fluorescent protein (mG) after cre-

mediated recombination. The Lrig1-CreER driver is tamoxifen inducible, allowing for temporal 

control of recombination based on when Tamoxifen is delivered in vivo or when the metabolite 4-

hydroxytamoxifen (4OHT) is delivered ex vivo. These Lrig1-CreER reporter mice were then 
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backcrossed with the Bvesfl/fl mice. In separate experiments, the Lrig1-CreER;mTmG mice were 

also crossed with Apcfl/fl mice to assess the contribution of hyperactive Wnt signaling on crypt 

dynamics. Overall, this model performed as expected with robust lineage tracing throughout the 

intestinal epithelium ( Figure 37) that increased in a dose dependent fashion with increasing 

dose/frequency of Tamoxifen administration. At low doses of Tamoxifen, this reporter mouse also 

labelled small subsets of cells in the submucosa, corroborating previous reports utilizing the Lrig1-

Apple/+ mouse that Lrig1 marks interstitial cells of cajal within the deep muscle layers[313]. With 

higher doses of Tamoxifen, the majority of the submucosal muscle layer was labelled, again 

supporting findings by Kondo et al. that Lrig1 marks smooth muscle progenitor cells.  
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 Figure 37. Tamoxifen inducible recombination in Lrig1-CreER;mTmG reporter mice 

 

 

 

 Figure 37. Tamoxifen inducible recombination in Lrig1-CreER;mTmG reporter mice. 8-12 week 
old mTmG+/- reporter mice crossed with the Lrig1-CreER driver and Apcfl/+ mice as indicated were 
treated with varying doses of Tamoxifen. Small intestine tissue was harvested 7 days later and stained 
for GFP and b-catenin.  
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 To assess the functionality of the Bves floxed allele, pure epithelial populations were 

generated by isolating small intestinal crypts from mice and then treating these enteroids with 

4OHT ex vivo to induce recombination. As seen in Figure 38, successful recombination of the 

mTmG reporter allele was observed in nearly 100% of enteroids following 4OHT treatment for 96 

hours. As the mTmG reporter switches from mTomato to GFP, the mTomato signal diminishes 

while the GFP signal, specifically in the epithelial cells, increases. There is observable background 

autofluorescence in the GFP channel in the minus 4OHT conditions but this signal is entirely 

within the dead/apoptotic luminal contents of the enteroids and no “leak” or epithelial GFP 

expression was observed without 4OHT. While the expression of GFP within the epithelium 

confirms the activation of cre recombinase and successful cleavage of the mTmG reporter, this 

does not guarantee successful floxing of the Bves allele as it is well reported that floxed alleles can 

have different sensitivities/efficiencies[314]. To determine the degree of recombination occurring 

within the floxed Bves exon, RNA and DNA was isolated from the enteroids depicted in Figure 38 

as well as from colonoids treated in an identical fashion. A schematic of the conditional BVES 

knockout mouse is depicted in Figure 39A. The first loxP site is located within the intronic region 

between Exon 3 and Exon 4 of Bves. A PGK-neomycin selection cassette remains within the 

intronic region between Exon 4 and Exon 5 of Bves, upstream of the second loxP site. The loxP 

sites are oriented in the same direction meaning that upon cre-mediated recombination, the entire 

~4,261 bp fragment which includes all of Exon 4 will be excised. To determine recombination 

frequency after 4OHT treatment, three pairs of PCR primers were generated. A common forward 

primer and three different reverse primers. With the addition of 4OHT, the reverse priming site for 

primers R1 and R2 should be excised which would prevent PCR amplification in these conditions 

(assuming 100% recombination efficiency). However, as can be seen in Figure 39B, following 

4OHT treatment, the reverse priming sites downstream of the loxP site remain intact and PCR 
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bands of the expected size are generated (see F:R1 and F:R2 bands). There does appear to be a 

slight reduction in the intensity of the band following 4OHT treatment (and equivalent amounts of 

genomic DNA were utilized for each PCR reaction) but this is semi-quantitative at best and 

suggests very low recombination efficiency. The third set of PCR primers spans the entire floxed 

region and should generate a large, ~4,200 bp product, in the absence of 4OHT but following 

recombination, the interspersed region is removed which would leave only about a 488 bp product. 

As can be seen in the bottom two panels of Figure 39B, there is a detectable level of genomic 

recombination (as demonstrated by the ~500 bp PCR product following 4OHT treatment. While 

the signal from this band is quite robust, it cannot be compared directly to the 4,200 bp product in 

the -4OHT condition as the efficiency of a reaction with a PCR product of this size is likely much 

lower. Overall, these data provide evidence of successful genomic recombination in the Bvesfl/fl 

mice but with very low efficiency. Deletion of the neomycin cassette using the FLP-FRT 

recombination system may dramatically improve efficiency as it will reduce the size of the floxed 

DNA fragment by >50%.  
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Figure 38. 4-Hydroxytamoxifen treatment of Lrig1-CreER;Bvesfl/fl;mTmG enteroids. 

 

Figure 38. 4-Hydroxytamoxifen treatment of Lrig1-CreER;Bvesfl/fl;mTmG enteroids. (A) Small 
intestinal crypts from one 10-week old Lrig1-CreER;Bvesfl/fl;mTmG+/- mouse were harvested and 
embedded in Matrigel. 24 hours after isolation, enteroids were treated with 500 µM 4-
Hydroxytamoxifen (4OHT) for 96 hours. At the end of treatment, representative Matrigel plugs were 
imaged and 4x images were tiled together to generate an image of the entire matrigel plug. (B) 20x 
images of individual enteroids from (A). 
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Figure 39. Analysis of recombination in BVES conditional knockout enteroids. 

  

 

Figure 39. Analysis of recombination in BVES conditional knockout enteroids. (A) Schematic of 
the Bvesfl/fl loxP sites. Exon 4 of BVES is floxed. The Neomycin cassette utilized in generating the 
conditional knockout mice, flanked by FRT sites, is located in the intronic region between Exon 4 and 
Exon 5. The location of PCR primers utilized to amplify genomic DNA and assess the degree of 
recombination are depicted, along with expected PCR product sizes generated by amplification using 
each set of primers. (B) Lrig1-CreER;Bvesfl/fl;mTmG+/- enteroids and colonoids were treated with 500 
µM 4-Hydroxytamoxifen (4OHT) for 96 hours before harvesting genomic DNA. Control DNA samples 
from mouse ear punches corresponding to the indicated genotypes are also included in each PCR 
reaction. 
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 While troubleshooting and characterizing gene deletion in the Bvesfl/fl mice, a careful 

assessment of Bves transcript levels in multiple mouse tissues was ultimately performed. This 

analysis evolved because we initially sought to confirm Bves deletion at the transcriptional level 

by assessing Bves mRNA levels utilizing a panel of qRT-PCR primers that primed within the 

floxed Bves Exon 4. A summary of this analysis is depicted in Table 7. Initially, qRT-PCR analysis 

was performed on Lrig1-CreER;BvesWT;mTmG+/-, Lrig1-CreER;Bvesfl/+;mTmG+/-, and Lrig1-

CreER;Bvesfl/fl;mTmG+/- duodenal crypts and enteroids (-/+ 4OHT). Utilizing a Bves Taqman 

probe which spans Exons 5 and 6, amplification was detected but there was no change in BVES 

transcript following 4OHT treatment in the Bvesfl/fl enteroids. Successful floxing of Bves Exon 4 

could generate an altered mRNA transcript which undergoes nonsense mediated decay but this is 

not always the case, which is why some mouse models demonstrate maintained mRNA transcript 

levels without translation of functional protein. To further assess this, additional Taqman probes 

that prime within the floxed Exon 4 were utilized on the same cDNA samples but these probes 

failed to amplify BVES. As the GAPDH CT values were relatively low, additional reactions 

utilizing more input cDNA were performed but these also failed (despite a 2 CT increase in 

GAPDH abundance). To test whether the Exon 3-4 and Exon 4-5 Taqman probes were functional, 

additional analysis was performed on a panel of mouse tissue and mouse cell lines. Overall, all 3 

BVES Taqman probes work to varying degrees as does the SYBR Green Exon 4 primer pair but 

in tissues where Bves transcript levels are relatively low (whole intestinal tissue, small intestine 

and colon crypts, enteroids, and YAMC cells), amplification appear to be less efficient. These data 

are useful in that they confirm robust Bves mRNA expression in heart and muscle tissue and 

demonstrate relatively low, but generally detectable, levels of Bves expression in intestinal tissues 

of interest.  
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Table 7. Survey of Bves transcript levels in mouse tissue 

 
  

 

Table 7. Survey of Bves transcript levels in mouse tissue. CT values from qRT-PCR experiments 
performed on indicated tissue shown as BVES CT/GAPDH CT. Average value from three technical 
replicates are displayed. mBVES 00517902, mBVES 01192020, and mBVES 01192021 are Taqman 
probes spanning the indicated exons while the SYBR Green Exon3/4 primer set spans Exons 3 and 4 
and SYBR Green Exon 4 is internal to Exon 4. Three values are shown in brackets for some BVES CT 
values to demonstrate the significant variability among technical replicates in some situations. -- = no 
amplification. Values are color coded as reliable, indeterminate, and unsuccessful based on an analysis 
of the BVES amplification plots, variability within technical replicates, and melt curves (SYBR Green 
only). In all samples, GAPDH amplification was reliable.  
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