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Protein tyrosine phosphatase 4a3 (Ptp4a3) is an enigmatic member of the Ptp4a family of 

prenylated protein tyrosine phosphatases, which are highly expressed in many human cancers. 

Despite strong correlations with tumor metastasis and poor patient prognosis, there is very 

limited understanding of this gene family’s role in malignancy. A gene targeted mouse knockout 

model for Ptp4a3, the most widely studied Ptp4a family member, was created. Mice deficient 

for PTP4A3 were grossly normal. However, fewer homozygous-null males were observed at 

weaning and they maintained a decreased body mass into adulthood. 

Although PTP4A3 is normally associated with late-stage cancer and metastasis, increased 

Ptp4a3 mRNA was observed in the colon of C57BL/6J mice immediately following treatment 

with the carcinogen azoxymethane. A well characterized murine colitis-associated colon cancer 

model was used to investigate the role of PTP4A3 in malignancy. Wildtype mice treated with 

azoxymethane and dextran sodium sulfate (AOM/DSS) developed approximately 7-10 tumors 

per mouse in the distal colon. The resulting tumor tissue had 4-fold more Ptp4a3 mRNA relative 

to normal colon epithelium and increased PTP4A3 protein. Ptp4a3-null mice developed 50% 

fewer colon tumors than wildtype mice after exposure to AOM/DSS. Tumors from the Ptp4a3-

null mice had elevated levels of both IGF1Rβ and c-MYC compared to tumors replete with 

PTP4A3, suggesting an enhanced cell signaling pathway engagement in the absence of the 

phosphatase. Furthermore, c-MYC activity was able to increase Ptp4a3 gene expression in a 
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fibroblast cell culture model. These results provide the first definitive evidence implicating 

PTP4A3 in colon carcinogenesis and highlight the potential value of the phosphatase as a 

therapeutic target for early stage malignant disease. 

Interestingly, PTP4A3 is also expressed in the tumor vasculature and has been proposed 

to be a direct target of vascular endothelial growth factor (VEGF) signaling in endothelial cells. 

Compared to wildtype controls, colon tumor tissue isolated from Ptp4a3-null mice revealed 

reduced microvessel density demonstrated by CD31 staining. Vascular cells derived from 

Ptp4a3-null tissue explants exhibited decreased invasiveness ex vivo compared to wildtype 

tissues. When primary endothelial cells were isolated and cultured in vitro, Ptp4a3-null cells 

displayed less migration compared to wildtype cells and loss of VEGF-induced phosphorylation 

of SRC protein. Reduced migration and SRC activation were also observed when human 

endothelial cells were treated with a small molecule inhibitor of PTP4A3. These findings 

strongly support a role for PTP4A3 as an important contributor to cancer progression as well as 

endothelial cell function in vivo. 
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1.0  INTRODUCTION 

1.1 PROTEIN TYROSINE PHOSPHATASES 

Protein phosphorylation is one of the key mechanisms by which cells transmit signals in 

response to extracellular stimuli [1]. Phosphorylation of specific amino acid residues directly 

regulates protein conformation and dynamics that ultimately control cellular phenotype. The 

covalent addition of phosphate groups typically occurs on the hydroxyamino acids tyrosine, 

serine, and threonine. These reversible phosphorylation events are controlled by an intricate 

network of protein kinases and phosphatases, which add and remove phosphate, respectively. 

This constant balance between kinase and phosphatase activity is essential for cells to not only 

respond to their environment but also to maintain normal functioning and homeostasis. 

In humans, the protein tyrosine phosphatase (PTP) superfamily is a group of 107 genes 

either demonstrated or predicted to have phosphatase activity [2]. Homologs of most of these 

genes are found in mice and other mammals indicating the importance and complexity of 

maintaining balance in phosphorylation signaling. This family is divided into four classes based 

on their structure and catalytically active amino acid residue. The classic targets for PTP 

enzymatic activity are tyrosine residues on various proteins. However, some family members are 

classified as dual-specificity phosphatases (DSP) due to their ability to act on the shorter side 

chains of serine and threonine residues. Other members of the PTP family have the ability to 
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dephosphorylate non-protein substrates such as phosphoinositide. Collectively, the PTPs are an 

interesting and complex group of enzymes that have an integral role in the biology of virtually 

every living organism. 

1.2 PHOSPHATASES AND CANCER 

While dynamic phosphorylation facilitates the processes essential for normal cellular functions, 

abnormal phosphorylation has been observed in most pathological conditions including 

hypertension, diabetes, neurodegeneration, and cancer among others [3]. The role of 

phosphatases in cancer is particularly interesting because aberrant phosphorylation is 

fundamentally causal in many malignancies.  At least 40 human PTPs have been described as 

deleted or overexpressed in various cancers to date, with potential roles in cellular proliferation, 

migration, invasion, and survival [4]. Several phosphatases have known roles in tumor 

suppression, and disruption of the activity of these genes can have a causal role in cancer 

progression [5]. On the other hand, approximately 22 PTPs are thought to have oncogenic 

properties and may contribute to carcinogenesis and metastasis. This group includes: PTP1B [6], 

CDC25 [7], and PTP4A3 [8]; all of which are currently under investigation as therapeutic 

targets. A more comprehensive understanding of the enzymology and role of these genes in 

cancer should shed considerable light on opportunities to effectively treat the disease. 

Therapeutically targeting phosphorylation events can be an effective approach to treat or 

prevent cancer. Somewhat pragmatically, small molecule inhibitors of kinases were initially  

developed for cancer treatment – 17  small molecule kinase inhibitors are now approved by the 

FDA and many more under clinical investigation [9]. Deregulation of kinase activity is among 
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the first well characterized etiologies of malignancy and the relatively high diversity among the 

516 putative kinases affords considerable opportunity for therapeutic intervention. Potent and 

specific molecules for the inhibition of phosphatases are substantially more challenging to 

develop; a result partially attributable to high conservation of the catalytic domain among 

various PTPs. Despite this obstacle, there remains a great deal of therapeutic potential within the 

PTP family of genes due to their critical roles in disease. 

1.3 PTP4A FAMILY PHOSPHATASES 

1.3.1 Discovery of Ptp4a1 

The Ptp4a family of protein tyrosine phosphatases was originally identified when Ptp4a1 was 

observed as an immediate early gene expressed in regenerating liver cells following partial 

hepatectomy in rodents [10]. As a result of this discovery, it is given the acronym Phosphatase of 

Regenerating Liver (or PRL), which is commonly used in the literature. The nature of this 

expression suggests a potential mitogenic activity, especially considering Ptp4a1 is also 

expressed in insulin treated rat hepatoma cells as well as a number of human cancer cell lines 

[11]. While associated with proliferation in the liver, Ptp4a1 is expressed in differentiated 

intestinal cells, indicating a complex regulatory system that has yet to be fully understood. The 

mouse Ptp4a2 and Ptp4a3 genes were subsequently identified as closely related family members 

[12]. Together, these genes make up a subfamily of the Class I (VH1-like) DSPs, with all three 

members conserved throughout all mammalian species. 
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1.3.2 Ptp4a gene structure and homology 

The PTP4A gene products are very similar in structural and domain characteristics (Fig. 1). They 

are all around 21 kDa in mass and share the characteristic phosphatase WPD-loop and P-loop, 

which make up the PTP domain. The WDP-loop is a conserved sequence involved in substrate 

recognition and binding, while the P-loop is the site that catalyzes hydrolysis of the inorganic 

phosphate. They also share a polybasic region and a C-terminal prenylation motif (CAAX box), 

which makes them the only phosphatases known to be prenylated [12]. The polybasic region 

provides a cluster of positive charges that is thought to participate in lipidation [13]. The exact 

mechanism and importance of this prenylation is not well characterized but it is important for 

intracellular localization of the PTP4A protein products [14]. 

 

Figure 1. PTP4A protein domains 

The PTP4A family proteins share several domains that are likely important for their enzymatic 

function. The WPD and PTP loops are known to facilitate the removal of phosphate groups from 

various substrates. The poly-basic region and the C-terminal CAAX box are likely important for 

cellular localization the proteins. PTP4A is the only phosphatase family known to be prenylated. 

 

The localization of PTP4A proteins in most cell types is usually observed at the plasma 

membrane and in endosomal structures [14]. This is consistent with prenylation as the addition 

of lipid modifications typically targets proteins to membranous structures. Nuclear localization 

of PTP4A3 has also been reported [15], which could reflect association with the nuclear 
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membrane. PTP4A3 protein cycles back and forth between the nucleus and plasma membrane in 

human myeloma cells in a cell cycle-dependent manner [15]. In these cells, nuclear localization 

is primarily seen during G0/G1 phase, while localization to cytoplasmic regions is seen during S 

and G2/M phases. This localization pattern may be particularly relevant since increases in 

PTP4A3 expression are associated with G1 cell cycle arrest in several cell types [16]. The ability 

to localize to both the plasma membrane and the nucleus supports previously reported findings 

that PTP4A3 can have a diverse range of effects including cell migration as well as roles in gene 

transcription and cell cycle progression. 

Farnesyl transferase is thought to control PTP4A C-terminal prenylation and inhibitors of 

farnesyl transferase prevent membrane localization of both PTP4A1 and PTP4A3 [17]. 

Farnesylation has also been reported for PTP4A2, which can then interact with but is not likely a 

substrate for, the beta-subunit of Rab geranylgeranyltransferase II [18]. Classical CAAX (where 

A is an aliphatic residue and X is any amino acid) prenylation involves lipidation at the cysteine 

residue followed by cleavage of the AAX tripeptide. With PTP4A3 (CCVM), however, an 

alternative mechanism may be operative in which farnesylation of the first cysteine is followed 

by palmitoylation of the proximal cysteine with no subsequent proteolysis [19]. This alternative 

mechanism expands the potential diversity of PTP4A3 signaling and may be an additional form 

of protein regulation through the reversible addition of palmitate. 

While there exists a high degree of primary amino acid homology among PTP4A family 

members (Fig. 2), there is relatively little homology to the other PTP families. Structurally, 

PTP4A is most similar to the phosphatases VHR and PTEN [20]. High sequence and structural 

conservation among the three family members, particularly around the catalytic domain, suggests 

similar substrates and enzymology. 
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Figure 2. Amino acid sequence alignment of PTP4A family proteins 

Amino acid sequence alignment of all three PTP4A family proteins with conserved residues 

shaded in gray. All three protein sequences are than 70% identical in amino acid composition with 

considerable homology surrounding the catalytic domain. 

 

There is, however, a high degree of evolutionary conservation among mammalian 

species, which could imply the preservation of non-redundant biological roles. For example, the 

human and mouse isoforms of PTP4A1 and PTP4A2 are completely identical. The homologs of 

human and mouse PTP4A3 are 96% identical differing at only 6 amino acid residues (Fig. 3). 

Possibly these phosphatases have unique developmental or tissue specific roles.  
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Figure 3. Amino acid sequence alignment of human and mouse PTP4A3 homologs 

Amino acid sequence alignment of human and mouse PTP4A3 proteins with differing residues 

shaded in gray. Only 6 residue discrepancies in the N-terminal side of the proteins are apparent 

making the final products 96% identical.  

1.3.3 Endogenous and developmental expression of Ptp4a genes 

The antibodies currently available to detect endogenous PTP4A protein expression produce poor 

signal strength and recognize a number of other proteins. Thus, most of the characterization of 

Ptp4a tissue expression has been performed by assaying transcript levels via Northern blot or in 

situ hybridization. Ptp4a1 and Ptp4a2 are each thought to have ubiquitous transcript expression 

in most adult and embryonic tissue types. In adults, Ptp4a1 is expressed at high levels in the 

stomach (pyloric region), small intestine, gallbladder, oviduct, testis, lung and adipose tissue 

[21]. Moderate levels of Ptp4a1 are seen in most other tissues. High expression of Ptp4a1 

expression is observed in several embryonic tissues and is likely differentially regulated 

throughout development. In mouse embryos (E10.5-18.5), Ptp4a1 mRNA is detectable in the 

brain, neural tube, and dorsal root ganglia and in several non-neuronal tissues, including the 

skeletal system [22]. The same report also describes Ptp4a1 gene expression in various cell types 



 8 

during cartilage differentiation. Another report that examined PTP4A1 protein levels 

demonstrated expression at variable time points in the developing intestine, specifically in villus 

enterocytes [23]. PTP4A1 protein is also detectable in the developing liver, esophagus, kidney 

and lung.  

Prominent Ptp4a2 expression levels are observed in most human tissues and cell types 

indicating it has the highest endogenous expression levels [21]. Mice deficient for functional 

Ptp4a2 exhibit decreased body mass and abnormal placental development as a result of defective 

proliferation of the spongiotrophoblast and decidua layers [24]. The expression pattern of Ptp4a2 

during development has not been well characterized, although strong expression levels are 

observed in most fetal tissues. 

Ptp4a3 was initially described as a heart and skeletal muscle specific phosphatase with 

lower levels of mRNA expression in the pancreas [25]. This restricted pattern of gene expression 

suggests a potential role in cardiovascular development. Ptp4a3 expression has subsequently 

been reported in other normal and developing tissue types including high levels in the fetal heart, 

developing vasculature (endothelium), and pre-erythrocytes [26]. It is likely that expression of 

Ptp4a3 is tightly regulated in a tissue and temporal specific manner that corresponds to changes 

in the cell state and exposure to environmental signals. 
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1.4 PTP4A3 EXPRESSION, REGULATION AND SIGNALING 

1.4.1 Ptp4a3 expression in human cancer 

While all three 4a-phosphatases are associated with various human cancers, Ptp4a3 is the most 

strongly implicated family member in multiple human malignancies (Table 1). The first report of 

Ptp4a3 in cancer emerged when high mRNA expression was reported in patient liver metastases 

derived from colorectal cancer [8]. Little or no expression is detectable in either the matched 

primary tumors or normal colon tissue. This finding suggests that Ptp4a3 could serve as a 

biomarker or therapeutic target for the treatment of metastatic cancer. Subsequent reports 

indicate that Ptp4a3 gene expression is elevated in primary colon tumors as well, and that high 

expression levels correlate with increased tumor invasiveness and patient morbidity [27, 28]. 

High expression of Ptp4a3 is seen in cases of melanoma arising from the uvea [29], and 

expression in these tumors is a strong predictor of the occurrence of resulting liver metastases. 

Elevation of both Ptp4a3 mRNA and protein are seen in glioma tissue, with higher levels 

corresponding to later stage disease [30]. 
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Table 1. Ptp4a genes and associated cancer types 

Ptp4a1 Ptp4a2 Ptp4a3 

Cancer Type Reference Cancer Type Reference Cancer Type Reference 

Liver [31] Lung [32] Colorectal [8, 27, 28, 33] 

Head & Neck [34] Breast [35] Head & Neck [34, 36] 

Pancreas [37] Hematopoietic [38] Gastric [39-41] 

  Pancreas [37] Liver [42, 43] 

  Prostate [44] Hematopoietic [45, 46] 

    Uvea [29] 

    Brain [30] 

    Breast [47-50] 

    Cervix [51] 

    Ovary [52, 53] 

 

Ptp4a3 expression is implicated in multiple malignancies of the digestive system. High 

expression of Ptp4a3 is strongly associated with cancers of the head and neck, including tumors 

of the larynx and pharynx [54], as well as squamous cell esophageal cancer [34]. High Ptp4a3 

expression is also associated with poor survival in patients with nasopharyngeal carcinoma [36]. 

Multiple studies reveal that elevated Ptp4a3 gene expression correlates with gastric tumor 

progression and is ultimately a predictor of metastasis [39-41]. Ptp4a3 is also one of the most 

upregulated genes in gastrointestinal stromal tumors [55]. Ptp4a3 is upregulated in 

hepatocellular carcinoma relative to normal tissue, and expression is closely related to 

microvessel density [43]. High Ptp4a3 expression in hepatocellular carcinoma is also associated 

with low differentiation and poor patient prognosis[31, 42]. 

Ptp4a3 is also strongly associated with cancers of the hematopoietic system. Ptp4a3 is 

highly expressed in nearly half of acute myelogenous leukemia (AML) cases, and is 

downregulated following treatment with a FLT3 inhibitor [45]. Ectopic overexpression restores 

the malignant phenotype suggesting a possible role in drug resistance. Ptp4a3 is also among the 

most upregulated genes in chronic myelogenous leukemia (CML) with very little expression in 
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normal cells [46]. Although not well understood mechanistically, inhibition of BCR-ABL 

reduces Ptp4a3 gene expression, but not in drug resistant cells indicating that Ptp4a3 may be a 

downstream effector of BCR-ABL. Additionally, a subset of multiple myeloma patients 

expresses high Ptp4a3, all of which exhibit the presence of bone lesions [15, 56]. 

Multiple reports suggest Ptp4a3 is highly expressed in a subset of breast cancers, with 

higher levels correlating with poor patient survival [47, 48, 50]. Ptp4a3 expression is elevated in 

squamous cell carcinoma of the cervix, and is positively correlated to invasion of the 

surrounding lymph nodes [51]. High expression of Ptp4a3 is also seen in ovarian cancer, with 

expression levels correlating to poor prognosis [52, 53]. 

1.4.2 Regulation of Ptp4a3 gene expression in cancer 

Ptp4a3 expression in cancer seems to be the result of a dynamic process rather than just a 

constitutive one, which would be consistent with an acute phase response gene first observed 

with family member Ptp4a1 in liver. The factors enhancing or repressing Ptp4a3 gene 

expression are likely to be tightly controlled by cell or tissue type, as well as the extracellular 

environment and a number independent stimuli. Interestingly, the first evidence for direct 

transcriptional regulation of Ptp4a3 is through the tumor suppressor p53 [16]. Elevation of 

Ptp4a3 gene expression in primary mouse embryonic fibroblasts (MEFs) is observed following 

exposure to genotoxic stress. Paradoxically, both ectopic Ptp4a3 overexpression as well as short 

interfering RNA (siRNA) silencing of Ptp4a3, independent of p53 activity, is able to induce 

MEF cell cycle arrest [16]. This is strong evidence suggesting that PTP4A3 may be a key 

mediator of cell cycle progression particularly under conditions of cellular stress. In this regard, 
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PTP4A3 is reported to downregulate and reduce the activity of p53 in cancer cells through a 

negative feedback mechanism involving MDM2 and PIRH2 [57]. 

Another reported regulator of Ptp4a3 gene expression is the pleiotropic cytokine 

Transforming Growth Factor β (TGFβ) [58]. The function of TGFβ in cancer and metastasis has 

been extensively detailed and could provide a meaningful rationale for the expression of Ptp4a3 

observed in various stages of cancer [59]. Binding of TGFβ to its receptors induces SMAD 

translocation to the nucleus where it binds and transcriptionally represses specific gene loci. 

TGFβ is proposed to regulate Ptp4a3 expression through a SMAD3/4-dependent mechanism that 

prevents transcriptional activity [58]. Loss of TGFβ signaling is a common occurrence during the 

later stages of colon cancer progression and metastasis. This event may contribute to elevation of 

Ptp4a3 gene expression, which may contribute to the invasiveness and metastatic potential of 

late-stage tumors. 

The transcription factor Snail is also a direct activator of Ptp4a3 gene transcription in 

SW480 colorectal cells [60]. Regulation by Snail in these cells supports a model in which Ptp4a3 

facilitates epithelial to mesenchymal transition (EMT), an important step in metastasis [61]. 

Additionally, expression of Ptp4a3 in human myeloma cells lines is increased following 

stimulation with the cytokines IL-6 and IL-21 [15]. The mechanism by which cytokine 

stimulation contributes to Ptp4a3 expression is not known. While this finding could have 

implications for other cell and tissue types, the extent of control over Ptp4a3 gene expression 

that cytokines exhibit is not well characterized. 

It is important to note that Ptp4a3 gene activity can be further controlled through 

translational repression by the RNA binding protein polyC-RNA-binding protein 1 (PCBP1) 

[62]. Following gene expression, the Ptp4a3 mRNA transcript contains a large 5’ untranslated 
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region containing several GCCCAG motifs. The PCBP1 protein binds these motifs and prevents 

translation of the gene product [63]. While it is not known how functionally relevant this 

mechanism is, PTP4A3 protein levels are inversely correlated with PCBP1 levels in several 

cancer cell lines. 

1.4.3 Signaling mechanisms of PTP4A3 

The oncogenic effects of PTP4A3 gene activity are implicated in the enhancement of many 

cellular phenotypes contributing to malignancy including proliferation, migration, invasion, and 

survival. In human tumors, high expression of PTP4A3 is associated with tumor growth and 

metastatic potential [36, 40, 49, 64]. The results of experimentally manipulating PTP4A3 

expression in cancer cell lines, generally by the introduction of a transgene, support a functional 

role in cancer progression, although the mechanism by which this occurs is not well understood. 

Ectopic overexpression of PTP4A3 in HEK293 cells increases SRC activation along with 

cell proliferation and invasion [65]. Activation of SRC function by PTP4A3 is attributable to 

translational control of c-SRC tyrosine kinase (CSK) [66]. The decrease in CSK protein levels, a 

negative regulator of SRC, corresponds to an increase in the phosphorylation of elongation 

initiation factor 2 (eIF2). Furthermore, activity of the distal SRC targets ERK1/2, STAT3, and 

p130Cas is elevated as the result of PTP4A3 overexpression in these cells [65]. 

Ectopic PTP4A3 overexpression increases the levels of active RhoA and RhoC in SW480 

colorectal carcinoma cells [17]. In the same cells, Rac is decreased and Cdc42 is unaffected by 

exogenous PTP4A3 expression. While ectopic PTP4A3 expression results in increased migration 

and invasion, this can be reversed by the pharmacological inhibition of Rho Kinase (ROCK) 
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[67]. Similarly, silencing of Ptp4a3 expression in A549 lung cancer cells decreases the levels of 

active RhoA and mDia1, which also lends to decreases in cellular migration and invasion [68]. 

PTP4A3 may contribute to cellular invasion through another mechanism: matrix 

metalloproteinase (MMP) activity. The MMP enzymes contribute to degradation of the 

extracellular matrix, which is a precursor to cell invasion and metastasis. Expression of PTP4A3 

is correlated with high MMP2 and MMP9 levels in both late stage glioma [30] and 

hepatocellular carcinoma [43]. PTP4A3-mediated invasion in LoVo colon cancer cells is 

associated with upregulation of MMP2 [69]. Overexpression of PTP4A3 in DLD-1 colorectal 

cancer cells results in enhancement of MMP2, MMP7, MMP13, and MMP14 [70]. The invasion 

of these cells in a mouse model of experimental metastasis is completely dependent on the 

activity of MMP7 [70]. 

PTP4A3 overexpression in CHO cells reduces paxillin and vinculin levels at focal 

adhesion complexes [71]. These cytoskeletal proteins are necessary to regulate focal adhesion 

complex activity and actin dynamics during cell migration. The phenotype associated with 

PTP4A3 expression is linked to EMT – an important early step in the initiation of the metastatic 

cascade. PTP4A3 expression also increases the levels of active AKT while inactivating GSK3β 

and downregulating PTEN in DLD-1 colorectal cancer cells [71]. Treatment of cells with the 

phosphoinositide 3-kinase (PI3K) inhibitor LY294002 is able to mitigate EMT in PTP4A3 

overexpressing cells, suggesting that PTP4A3 induced EMT requires the PI3K/AKT pathway. 

Modification of the AKT pathway is the most commonly reported downstream target of PTP4A3 

expression in cells [16, 58, 62, 70, 71]. This may be due to the position of AKT as a central 

signaling molecule that feeds into a multitude of peripheral pathways rather than a direct effect 

on AKT itself. 
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It is important to note the limitations inherent in the overexpression studies that have 

formed the basis of what is currently known about PTP4A3. Specifically, ectopic overexpression 

often leads to supra-physiological levels of gene expression that are neither biologically or 

pathologically relevant, which can result in artifacts that may not be biologically relevant. Gene 

silencing can be more physiologically informative, but knockdown experiments are also subject 

to treatment effects as well as inefficiency and high variability. Loss of protein experiments (i.e., 

knockout) use genetic engineering to overcome the inconsistency and treatment-associated 

effects common with biochemical gene knockdown. 

1.4.4 Proposed substrates of PTP4A3  

While extensive effort has been put forth towards characterizing the signaling pathways modified 

by PTP4A3 expression, the specific macromolecules through which PTP4A3 creates these 

effects have remained elusive. The phosphatase assignment for PTP4A3 is based on its 

characteristic PTP domain, which structurally would appear to emulate the shallow binding 

pocket often seen in classical dual-specificity phosphatases, which are capable of 

dephosphorylating the shorter side chains of serine and threonine residues [20]. There is 

currently no published crystal structure for PTP4A3. 

The cytoskeletal linker protein ezrin is proposed to be a direct substrate of PTP4A3, with 

phospho-threonine as the preferred catalytic target [72]. Dephosphorylation of ezrin by PTP4A3 

can be observed in vitro, although the report described here uses whole cell lysates rather than 

the purified phosphatase, which leaves the potential for unknown intermediary steps. This is an 

attractive potential substrate because of the known role of ezrin in regulating the actin 

cytoskeleton, which is well established as important in cell migration. When phosphorylated, 
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ezrin adopts an open and active conformation, which connects various membrane components 

with the actin cytoskeleton [73]. Upon dephosphorylation, the protein adopts a closed 

conformation as the result of internal binding. The cycling of ezrin between active and inactive 

states is important for the regulation of cytoskeletal dynamics and cell morphology necessary for 

the metastatic phenotype of cancer cells [74]. Ectopic expression of PTP4A3 is associated with 

dephosphorylation of ezrin at Thr567 in HCT116 colorectal cancer and endothelial cells [72]. 

Other potential PTP4A3 substrates are the integrin receptors, a group of transmembrane 

proteins involved in cell adhesion and signal transduction. PTP4A3 is reported to directly 

interact with integrin α1 as demonstrated through cell-based assays, although the significance of 

this interaction is not well established [75]. PTP4A3 also directly interacts with the ADP-

ribosylation factor 1 (Arf1) in endosomal compartments, which results in recycling of integrin α5 

[76]. PTP4A3 binds to integrin β1, which can be enhanced by silencing of integrin α1 [76]. This 

interaction is associated with decreased phosphorylation of integrin β1 at Tyr783 and is 

dependent of PTP4A3 catalytic activity suggesting a possible direct substrate. 

Two additional proteins that are associated with cell cycle progression in colorectal 

cancer have been identified as potential PTP4A3 substrates. Nucleolin primarily localizes to the 

nucleolus where it is involved in the synthesis and maturation of ribosomes. In addition to the 

ability to interact with nucleolin, PTP4A3 expression results in reduced nucleolin 

phosphorylation [77]. While a direct substrate role is not well established, high PTP4A3 levels 

are correlated with nucleolar expression of nucleolin in colorectal cancer. Stathmin is an 

oncogene that regulates microtubule remodeling and mitotic spindle assembly in proliferating 

cells. PTP4A3 binds to stathmin as demonstrated by co-immunoprecipitation, and this interaction 
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appears to contribute to microtubule destabilization in cells [78]. There is no direct evidence, 

however, supporting stathmin as a substrate for PTP4A3. 

There also is evidence indicating PTP4A3 could be a lipid phosphatase capable of 

dephosphorylating phospho-inositides [79]. Recombinant PTP4A3 assayed in vitro demonstrates 

activity as a phosphatidylinositol 5-phosphatase with PI(4,5)P2 being the preferred substrate. 

Mutation of the catalytic cysteine to serine (C104S) prevents this activity as well as the 

corresponding increase in cell migration. The conclusion that PTP4A3 is a phosphatidylinositol 

5-phosphatase is further strengthened by the finding that PTP4A3 shares significant homology 

with PTEN [20], which is a known lipid phosphatase. The capacity to dephosphorylate a 

secondary messenger, such as phosphatidylinositol, could also explain the convolution of 

downstream effectors that have been previously reported. 

1.4.5 Pharmacological inhibition of PTP4A3 

Since the discovery of its overexpression in cancer, several small molecule inhibitors of PTP4A3 

have been identified and used experimentally. The antiprotozoal compound pentamidine (Fig. 

4A) inhibits the phosphatase activity of all three PTP4A family members in vitro albeit with low 

specificity and potency [80]. Pentamidine treatment suppresses proliferation of cancer cell lines 

known to express PTP4A genes when tested at therapeutically relevant and well-tolerated doses. 

However, the full mechanism of pentamidine action is not well understood and the potential 

exists for multiple cellular targets including other phosphatases. 

A highly selective and potent reversible pan-PTP4A inhibitor, thienopyridone (7-amino-

2-phenyl-5H-thieno[3,2-c]pyridin-4-one), has been reported from a high-throughput screening 

campaign of the Roche chemical library via fluorescence polarization assay (Fig. 4B) [81]. It 
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inhibits all three PTP4A proteins with IC50 values in the 100-300 nM range (PTP4A3 IC50=128 

nM) [81]. This compound exhibits minimal activity when tested in vitro against a panel of 11 

other phosphatases, suggesting very high specificity. Furthermore, thienopyridone is able to 

inhibit anchorage independent cell growth of RKO and HT-29 colorectal cancer cells grown in 

soft agar, through a mechanism involving cleavage of p130Cas. Unfortunately, these results have 

not been reproduced to date nor have we been able to reproduce them (unpublished data). 

Another potent small molecule inhibitor of PTP4A3 catalytic activity is BR-1 (Fig. 4C), a 

benzylidene rhodanine derivative, which has a reported in vitro IC50 of 0.9 µM [82]. The BR-1 

compound is able to effectively inhibit the invasion of B16F10 mouse melanoma cells, which 

express high levels of endogenous PTP4A3 relative to the noninvasive parental cell line B16F0. 

 

 

Figure 4. Small molecule inhibitors of PTP4A3 

A) Pentamidine is a nonspecific pan-PTP4A inhibitor with low potency. B) Thienopyridone is 

another pan-PTP4A inhibitor that is highly potent and considered specific for PTP4A family 

members. Thienopyridone inhibits PTP4A3 with an in vitro IC50 of 128 nM. C) BR-1 is a PTP4A3 

inhibitor with an in vitro IC50 of 0.9 µM. 
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An alternative to catalytic inhibition of enzymatic activity is interference with Ptp4a3 

gene expression. The natural product curcumin, which is known to have anti-cancer properties, is 

able to downregulate Ptp4a3 mRNA in several cancer cell lines [83]. Curcumin also inhibits the 

growth and adhesion of B16BL6 mouse melanoma cells; and this effect is reduced upon 

silencing of Ptp4a3 in cells. Although this finding suggests that inhibition of Ptp4a3 gene 

transcription may be important in the anti-cancer activity of curcumin, it is likely to have many 

other targets in cancer cells. 

Yet another method of therapeutically targeting PTP4A proteins is through the use of 

biological inhibitors or specific antibodies. Injectable antibodies against intracellular PTP4A1 

and PTP4A3 are able to prevent experimental metastases when mice are injected with cancer 

cells that are expressing high PTP4A3 [84]. While this method is traditionally limited to targets 

on the cell surface, several studies demonstrate potential for targeting intracellular PTP4A3 

protein using antibody technology [85]. In this system, host B cells are thought to participate in 

antibody internalization thereby exposing the therapeutic to its antigen [86].  

In practice, the effectiveness of antibodies against intracellular cancer targets may not be 

the result of inhibiting oncogenic proteins but rather identifying malignant cells that would 

otherwise evade immunosurveillance and priming them for destruction by natural killer cells 

[85]. Because this methodology is extremely novel and not well-understood, additional 

information will be required before these reagents are used therapeutically and should be used 

with caution experimentally. Moreover, as mentioned above, the specificity of anti-PTP4A3 

antibodies remains uncertain. 
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1.5 HYPOTHESIS AND SPECIFIC AIMS 

PTP4A3 is strongly implicated in the biological events driving malignancy, yet little is known 

about its in vivo functions. Most of our knowledge regarding the role of PTP4A3 in cancer is 

derived from observations of patient clinical samples or distal signaling effects resulting from 

PTP4A3 expression or silencing in cell culture models. There are important unanswered 

questions as to whether PTP4A3 actually mediates the in vivo cancer phenotype and whether 

there is value in targeting PTP4A3 therapeutically. 

I have developed the hypothesis that PTP4A3 gene activity facilitates in vivo cellular 

proliferation and invasion necessary for the malignant phenotype. To test this hypothesis, I 

developed two specific aims: 1) establish a functional contribution of PTP4A3 to the induction 

and progression of an animal model of colorectal cancer; and 2) determine the mechanism of 

PTP4A3 mediated vascular cell invasion and angiogenesis. These goals are designed to both 

definitively demonstrate the multilevel contribution of PTP4A3 to malignancy and establish the 

value of PTP4A3 as a therapeutic target in vivo. 
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2.0  CREATION AND PHENOTYPE OF PTP4A3 KNOCKOUT MICE 

2.1 INTRODUCTION 

PTP4A3 is strongly associated with the malignant phenotype of human cancer and may have a 

causal role in cancer progression. Extensive effort has been put forth to determine to biological 

function of PTP4A3 in cells because of its strong potential as a therapeutic target. Unfortunately, 

the in vivo properties of this phosphatase have remained poorly understood. Most PTP4A3 

characterization efforts reported to date use ectopic overexpression [65], which has significant 

limitations, or gene knockdown in cultured tumor cell models [37] to determine downstream 

signaling effectors. Very little has been done to examine the role of endogenous PTP4A3 in non-

malignant cells, and there is a clear lack of well-characterized animal models in the field. 

High conservation of PTP4A genes throughout all mammalian species suggests necessary 

and non-redundant biological roles for each of the PTP4A gene products. The PTP4A proteins 

are also very similar is amino acid composition (the mouse and human PTP4A3 homologs are 

96% identical). These observations suggest that PTP4A3 likely performs similar functions in 

mouse and human cells, which makes mice an ideal model organism to study the function of 

PTP4A3 in biological systems.  

 Genetically engineered animal models are an extremely valuable resource for studying 

gene function and determining the importance of genes for in vivo phenotypes.  This dissertation 
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details the creation of a Ptp4a3 gene targeted mouse model allowing for the global or tissue 

specific deletion of the functional gene product. The Cre-lox system of site specific 

recombination was used to delete a portion of the Ptp4a3 gene locus which is predicted to result 

in a knockout allele. More information about the function of PTP4A3 in animals can provide 

additional insight regarding its role in other processes such as cancer. 

 Mice in which Ptp4a3 was globally deleted, exhibited a grossly normal appearance no 

not outward signs of ill-health when examined under standard conditions. Ptp4a3-null tissues 

were histologically normal and did not show evidence of abnormal pathology. Wildtype and 

Ptp4a3-null mice had similar serum metabolite levels and no significant difference between 

genotypes was observed in glucose tolerance. However, fewer homozygous-null males were 

observed at weaning and they maintained a slightly decreased body mass. The etiology of this 

phenotype is not immediately obvious, although it suggests that PTP4A3 may have a necessary 

function in a hormone regulated process early in development. 

These observations lead to the conclusion that mice without functional PTP4A3 do not 

have an overt phenotype, although male homozygous-null mice may have a pre-natal survival 

disadvantage. This is fortunate because it will allow for the examination of adult Ptp4a3-null 

mice in disease models without having to control for confounding variables. The specific goal of 

this thesis project is to analyze the contribution of PTP4A3 to the in vivo phenotype of cancer 

from a systems biological approach. 
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2.2 MATERIALS AND METHODS 

2.2.1 Gene-targeting vector construction 

A gene-targeting construct was created by a highly efficient recombineering method previously 

described [87]. Briefly, a 9.47 kb fragment of murine strain 129/X1 genomic DNA was retrieved 

from a bacterial artificial chromosome (clone bMQ-352O7; The Sanger Institute). The newly 

created targeting vector was transformed into E. coli and all cloning and recombination steps 

were performed as described in bacteria. Recombination of homologous sequences was 

facilitated by heat shock induction at 42°C of the lambda phage genes exo, beta and gam [88]. 

The activity of these genes facilitated the recombination of short homologous sequence that 

allowed for insertion of specific mutations. 

2.2.2 Transfection of targeting vector into ES cells 

R1 embryonic stem (ES) cells were grown in knockout DMEM (Invitrogen) containing 20% 

FBS (Invitrogen), L-glutamine (Gibco), ESGRO (Leukemia Inducing Factor) (Millipore), and β-

mercaptoethanol as previously described [89]. R1 ES cells were grown on a confluent mouse 

embryonic fibroblast (MEF) feeder layer that was created from embryos (E14.5) containing a 

neomycin resistance gene and growth arrested by treatment with mitomycin-C (Invitrogen) for 3 

hours. The gene targeting vector was prepared by cesium/chloride purification to ensure high 

quality DNA. Prior to transfection the construct was linearized by digestion with NotI. 

Linearized DNA (20 ug) was added to R1 ES cells in suspension and transfected by 

electroporation (250V charging voltage; 500V capacitance and resistance; 50 µF capacitance 
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timing; 360 ohms resistance timing). Cells were then plated in P100 dishes seeded with a MEF 

feeder layer and cultured in selection medium containing G418 (0.2 mg/mL) and gancyclovir 

(2.0 µM) for one week. Drug resistant clones were isolated and expanded for analysis. 

2.2.3 Genotyping by Southern blot analysis 

ES cell clones and mutant mice were genotyped by Southern blot of genomic DNA samples 

prepared by lysis and digestion with proteinase K (Sigma) as previously described [90]. Briefly, 

restriction digested genomic DNA was separated by gel electrophoresis (1% agarose in 4X 

Hellings buffer). Gels were transferred to nylon membranes (Amersham) at room temperature 

overnight. DNA was UV-crosslinked to the membrane and blocking was performed with 

prehybridization buffer containing salmon sperm DNA (0.1 mg/mL). A probe corresponding to 

300 bp of exon 6 was amplified by PCR and radiolabeled with dCTP(
32

P) with a DNA labeling 

kit (Roche). Hybridization was performed at 42°C overnight, and autoradiography was 

performed by exposing the labeled membrane to film at -80°C. 

2.2.4 Quantitative RT-PCR 

Total RNA was extracted from cells and tissue using Trizol reagent as per the manufacturer’s 

protocol (Invitrogen). A total of 500 ng of RNA was converted to cDNA using the iScript first 

strand synthesis kit (Bio-Rad). The primers (Table 2) used for target amplification were diluted 

to a final concentration of 500 pM, and real-time monitoring of the PCR reaction was performed 

on a Biorad iQ5 thermocycler with 2X Sybr Green Mastermix (Bio-Rad). The following program 

was run for 40 cycles: 95°C for 0:30; 58°C for 1:00; and 72°C for 0:30. 
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Table 2. Primers sequences used for quantitative RT-PCR 

Target Gene Forward Sequence Reverse Sequence Product Size 

Ptp4a1 CAACCAATGCGACCTTAA CAATGGCATCAGGCACCC 472 

Ptp4a2 ATTTGCCATAATGAACCG ACAGGAGCCCTTCCCAAT 339 

Ptp4a3 CTTCCTCATCACCCACAACC TACATGACGCAGCATCTGG 468 

Gapdh AACGACCCCTTCATTGAC TCCACGACATACTCAGCAC 191 

 

2.2.5 Western blot analysis 

Cells and tissues were lysed using radioimmunoprecipitation (RIPA) buffer and quantified by 

Bradford assay. A total protein sample of 40 µg was separated using Novex SDS-PAGE reagents 

(Invitrogen) and transferred to nitrocellulose membranes. Membranes were blocked in Odyssey 

buffer (LI-COR Biosciences) and incubated with primary antibodies overnight followed by 

secondary fluorescent antibodies according to the manufacturers’ instructions. Commercially 

available primary antibodies PTP4A3 clone 318 (Santa Cruz Biotechnology) and GAPDH (Cell 

Signaling Technology) were used for analysis. 

2.2.6 Body weight and BMI analysis 

Wildtype and Ptp4a3-null mice, age and gender matched littermates (n=9/gender and genotype), 

were weighed at 6 weeks of age. Mice were also measured from the nose to the base of the tail 

and body mass index was determined (BMI=kg/m
2
). 
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2.2.7 Histological comparison 

Mouse tissues were isolated and submerged in 10% neutral buffered formalin (Sigma) overnight. 

Tissues were then submerged in 70% ethanol and transferred to the Starzl Transplant Institute 

Research Histology Services core facility for processing. Briefly, samples were dehydrated 

through an ethanol gradient, embedded in paraffin and sectioned onto glass microscope slides. 

Tissue sections were deparaffinized and stained with hematoxylin and eosin. Stained slides tissue 

sections were imaged with a bright field microscope. 

2.2.8 Serum metabolite level assay 

Whole blood (1.0 mL) from mice anesthetized with isoflurane was collected by cardiac puncture 

using an 18-gauge needle and stored on ice. Serum was purified using serum separator tubes (BD 

Biosciences) and samples were frozen and shipped on dry ice to Charles River Laboratories 

clinical pathology services for analysis of metabolite levels. 

2.2.9 Glucose tolerance test 

Wildtype and Ptp4a3-null mice (n=5/genotype, male, 6-8 weeks) were fasted overnight and 

challenged with D-glucose (2.0 mg/kg) via intraperitoneal (IP) injection. Blood glucose levels 

were measured in blood drawn from the tail vein with a Onetouch glucose monitor (LifeScan) at 

indicated time points for 2 hours after injection. 
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2.3 TARGETING STRATEGY AND VECTOR CONSTRUCTION 

The Cre-lox system of site-specific recombination allows for the deletion of a targeted gene 

sequence following expression of the enzyme Cre recombinase in a cell [88]. Flanking all or part 

of a gene with loxP sites (also known as floxing) allows for Cre to recombine the sequence 

between the loxP sites leaving a single loxP. Introduction of this system into mice also allows for 

the global, temporal, or tissue-specific deletion of the target gene by genetically controlling Cre 

expression [91, 92]. 

The Ptp4a3 gene is located on chromosome 15 in the region E1 of the mouse genome, 

where it consists of 6 exons spanning 8.85 kb. When the Ptp4a3 gene is transcribed, an mRNA 

transcript of 1720 bp is produced. Exon 1 and the majority of the exons 2 and 6 are noncoding 

sequences of the transcript, with the initiation codon residing in exon 2. Thus, exon 2 was 

targeted for deletion to knockout the Ptp4a3 gene (Fig. 5). The mutant Ptp4a3 mRNA transcript 

lacking exon 2 will have an incorrect translational start site that is out of frame. This mutation 

was predicted to result in a completely nonfunctional peptide with no homology to the wildtype 

PTP4A3 protein. 

Recombineering (recombination-mediated genetic engineering) is a fast and efficient 

method of manipulating genetic material in E. coli [87] and was utilized in construction of the 

Ptp4a3 gene-targeting vector. A bacterial artificial chromosome (BAC) containing Strain 129X1 

mouse genomic DNA (The Sanger Institute) was used to obtain the starting material for 

construction of the gene-targeting vector. Retrieval of a wildtype gene fragment containing 

exons 1 through 5 of the Ptp4a3 locus was performed by inserting short homologous sequences 

corresponding to each end of the target sequence into the pLi-PGKtk cloning plasmid. 

Homologous sequences were recombined with the BAC DNA in bacterial cells that resulted in 
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retrieval of a wildtype fragment (9.47 kb) containing exons 1 through 5 of the mouse Ptp4a3 

gene (Fig. 5A). 

A neomycin resistance cassette (NEO) [87] surrounded by loxP sites was inserted into 

intron 1 as the first step in targeting exon 2 for deletion (Fig. 5B). The targeting vector was 

transfected into cells with an inducible Cre recombinase. Following Cre expression, the floxed 

neomycin cassette was recombined leaving a single loxP site (Fig. 5C). Finally, a NEO cassette 

flanked with FRT sites adjacent to a single loxP site was inserted into intron 2 (Fig. 5D). This 

was the targeting vector that was used for transfection into mouse ES cells. Sequencing of the 

targeting vector was performed to exclude the possibility of confounding mutations in the floxed 

allele. 

 

Figure 5. Targeting vector constructed for Ptp4a3 mutation 

A) Genomic DNA corresponding to the Ptp4a3 locus was cloned into a vector containing 

thymidine kinase (purple) by homologous recombination in E coli. B) Insertion of a NEO cassette 

(green) surrounded by loxP sites (red arrows) is the first targeting step and allows for selection 

when transformed into cells. C) Recombination caused by expression of Cre recombinase left a 

single loxP site adjacent to exon 2. D) Insertion of a NEO cassette surrounded by FRT sites 

(orange arrows) adjacent to a single loxP site completed that targeted mutation that was 

recombined into the mouse genome. 
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2.4 GENE-TARGETING IN EMBRYONIC STEM CELLS AND CHIMERIC 

ANIMAL PRODUCTION 

The mutatant targeting vector was confirmed by nucleotide sequencing and transfected into the 

R1 ES cell line (Strain 129X1/SvJ) [89] and grown with MEF feeder layer. Following 

transfection, the cells were cultured with G418 (geneticin) and gancyclovir for positive and 

negative selection of correctly targeted clones [93]. Homologous recombination of the NEO 

cassette was necessary for resistance to G418, while loss of the active thymidine kinase was 

necessary for resistance to gancyclovir (Fig. 6A). This strategy selects against cells not 

transfected as well as random integration events. 

ES cell clones were genotyped by Southern blot analysis with HindIII as the primary 

screening assay (Fig. 6B). A radiolabeled external probe, comprising approximately 300 bp 

corresponding to exon 6 of the Ptp4a3 locus, was used to detect the targeted mutation. A high 

targeting efficiency was achieved with 44 out of 76 tested clones being identified as correctly 

targeted as evidenced by the presence of a 10.2 kb band (Fig. 6B). 

Correct targeting was confirmed with additional Southern blot assays based on the 

expected and observed restriction fragment sizes (Fig. 6A). Detection was performed with PCR 

amplified 5’ and 3’ probes that were external to the targeting vector. Each of the 3 tested 

enzymes (BamHI, HindIII and BglII) produced different fragment sizes based on genotype. Two 

correctly targeted cell clones (identified as 207-3E6 and 214-1A6) that produced the expected 

band sizes with multiple digests were chosen for expansion and injection into blastocysts for 

chimeric mouse production. 

Cells heterozygous for the FloxNEO allele were injected into day 3.5 postcoitum mouse 

embryos from C57BL/6J mice. Pseudo-pregnant CD-1 female mice (mated to vasectomized CD-
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1 males) were injected with 7-8 chimeric embryos in each uterine horn. These procedures were 

primarily performed by Carolyn Ferguson (University of Pittsburgh, Department of 

Anesthesiology). Implanted blastocysts were allowed to come to term and the resulting offspring 

were derived from both targeted R1 stem cells and the endogenous C57BL/6J blastocysts. Clone 

207-3E6 produced chimeric mice (n=4) that were derived from both C57BL/6J and 129X1/SvJ 

ES cells, as evidenced by mixed black and agouti coat color. These mice were mated to 

C57BL/6J females and a portion of the resulting offspring was heterozygous for the mutant 

allele, which confirmed germline transmission of the targeted allele for all 4 chimeric mice. 

 

Figure 6. Strategy developed for gene-targeting the mouse Ptp4a3 locus 

A) Transfection of the gene targeting vector into mouse ES cells was followed by homologous 

recombination into the genome with the wildtype Ptp4a3 locus. Genomic DNA was restriction 

digested with multiple enzymes and Southern blot performed with multiple probes to confirm 

correct recombination of the targeted allele in ES cells. Each of the above enzymes (BamHI, 

HindIII and BglII) produces different fragment sizes from wildtype compared to targeted 
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(FloxNEO) sequences. Targeted mice were crossed to a transgenic strain expressing FLPe 

recombinase from a general promoter (β-actin). FLPe recombined the FRT sites to remove the 

NEO cassette creating the floxed allele. Floxed mice were then crossed to a transgenic strain 

expressing Cre recombinase from a general promoter (EIIA). Cre recombined the loxP sites to 

delete exon 2 and create the knockout allele. B) Genomic DNA isolated from ES cell clones was 

restriction digested with HindIII and Southern blot performed with an exon 6 probe. The wildtype 

restriction fragment was 5.6 kb in length while insertion of the loxP and NEO sequences results in 

a 10.2 kb fragment. The clones assayed in lanes 1, 3, 4, and 6 are heterozygous for the targeted 

mutation; lanes 2 and 5 homozygous for the wildtype allele. C) Southern blot analysis of genomic 

DNA was used to monitor these genetic changes and genotype mice containing the wildtype, 

floxed, or knockout alleles. 

 

The newly established Ptp4a3 mutant mouse strain was mated to mice with transgenic 

expression of FLPe recombinase from a global β-actin promoter [94]. Following expression of 

FLPe, the area surrounded by FRT sites including the NEO cassette was recombined leaving a 

single FRT site (Fig. 6A). The resulting mutation was referred to as the floxed allele (floxed 

exon 2), which left the Ptp4a3 genetic locus intact. Mutant mice were also crossed with mice 

expressing a Cre transgene from a global (mosaic) EIIA promoter [95]. Expression of Cre 

resulted in deletion of the targeted portion of the Ptp4a3 locus that was predicted to result in a 

nonfunctional or knockout allele. Both transgenes were bred out of the strain through mating to 

C57BL/6J wildtype mice. These alleles were backcrossed to the C57BL/6J strain for a total of 5 

generations and mice heterozygous for the mutant floxed and knockout alleles (F/f) were created. 

In knockout studies such as this, the Ptp4a3 floxed allele is the preferable control as opposed to 

C57BL/6J wildtype allele [96]. This is because the in F1 generation mice, genes linked to the 

targeted locus are Strain 129 derived, while the corresponding wildtype locus is C57BL/6J 

derived. Breeding heterozygous mice (F/f) maintains the Strain 129 linked genes for all 

experimental animals. 
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2.5 PHENOTYPE OF PTP4A3 MUTANT MICE 

2.5.1 Expression and localization of mouse PTP4A3 

Ptp4a3 gene expression was initially thought to be restricted to heart and skeletal muscle with 

lower levels in the pancreas as detectable by Northern blot assay [25]. Endogenous expression of 

PTP4A3, particularly the protein product, has not previously been well characterized due to lack 

of antibody efficacy and specificity as mentioned above. The creation of homozygous-null 

samples provided a novel opportunity to assay PTP4A3 protein expression and account for 

antibody specificity with an ideal negative control. Therefore, several tissue types were assayed 

for PTP4A3 protein expression by Western blot (Fig. 7). Of the samples assayed, fetal heart and 

adult spleen appeared to express the highest level of PTP4A3 protein. Fetal intestine, adult heart, 

skeletal muscle, pancreas, lung, spleen, brain, thymus, colon, and small intestine all expressed 

detectable levels of PTP4A3 in contrast to the liver and kidney, which had no detectable PTP4A3 

protein. Absence of a signal from knockout spleen lysate confirmed that the antibody detected 

PTP4A3 (Fig. 7). 
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Figure 7. PTP4A3 protein was expressed in adult and fetal mouse tissues 

Whole organ samples were homogenized and protein lysates were created. Tissue lysates (40µg) 

were assayed by Western blot for expression PTP4A3 and GAPDH (control). Most tissues 

expressed detectable levels of PTP4A3, except liver and kidney, which did not have PTP4A3. 

Antibody specificity was confirmed by absence of a signal in the homozygous knockout negative 

control. 

 

The lack of specific and functional antibodies for immunohistochemical detection of 

PTP4A3 prevented direct examination of PTP4A3 location in the cell. To determine the 

localization PTP4A3 in cells, I generated a transiently expressed Green Fluorescent Protein 

(GFP) or GFP-tagged PTP4A3 construct in a Rat2 fibroblast cell line and examined fluorescence 

24 hour after transfection (Fig. 8). As expected, GFP alone exhibited diffuse fluorescence 

without a discernible localization preference. The GFP-PTP4A3 protein was observed at the 

plasma membrane and intracellular structures (likely endomembranes). This localization pattern 

supports previous studies using other cell types that suggested PTP4A proteins are membrane 

associated [14, 16]. While association with the plasma membrane is visually obvious, additional 
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experiments (such as co-localization with low-density lipoprotein receptor) will be required to 

confirm that the intracellular localization is the result to endosomal compartments. Additionally, 

GFP-PTP4A3 overexpressing cells appeared to adopt a conformation that supports a role in 

migration. 

 

Figure 8. Cellular localization of a GFP-PTP4A3 fusion construct was membrane associated 

Rat2 fibroblast cells were transiently transfected with GFP or a GFP-PTP4A3 fusion construct. 

GFP produced fluorescence throughout the cell, while GFP-PTP4A3 appeared to localize to the 

plasma membrane and endosomal structures (bar=10 µm). 

2.5.2 Knockout of the PTP4A3 gene product 

Because fetal heart tissue has high levels of Ptp4a3 expression [26], quantitative RT-PCR on 

total RNA samples from fetal heart tissue (E19.5) was performed to determine the relative 

mRNA levels of Ptp4a1, Ptp4a2, and Ptp4a3. While Ptp4a1 and Ptp4a2 levels remained similar 

between genotypes, Ptp4a3 mRNA was reduced in heterozygous tissue and not detectable in 

samples from Ptp4a3-null fetal heart tissue (Fig. 9A). Thus, compensation for Ptp4a3 loss by 

upregulation of either family members Ptp4a1 or Ptp4a2 at the mRNA level was excluded.  

Protein lysates from fetal heart tissue were assayed by Western blot for the presence of 

the PTP4A3 protein product. While detectable in samples from wildtype embryos, PTP4A3 was 



 35 

lower in lysates from heterozygous embryos and homozygous-null tissue contained no detectable 

PTP4A3 (Fig. 9B). 

 

Figure 9. Gene deletion resulted in knockout of functional PTP4A3 

A) Quantitative RT-PCR analysis on total mRNA from fetal heart tissue revealed no change in 

Ptp4a1 and Ptp4a2 mRNA levels while Ptp4a3 was reduced and not detectable in heterozygous 

and homozygous-null tissue, respectively. B) The PTP4A3 protein product was detectable by 

Western blot in whole protein lysates from wildtype and heterozygous fetal heart tissue, but not in 

homozygous Ptp4a3-null samples. 

2.5.3 Decreased birthrate and body mass in male Ptp4a3 knockout mice 

An analysis of >500 pups that were produced by heterozygous mating pairs indicated all 

potential genotypes were observed in the resulting offspring. While females were observed at the 

expected Mendelian ratios, there was a significant decrease in the number of Ptp4a3-null males 

at weaning relative to the predicted frequency (Table 3). Given this finding, it is possible that 

knockout males either possessed a survival disadvantage (either in utero or post-natal) or that 

Ptp4a3-null germ cells had a preconception phenotype. 
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Table 3. Observed genotype of mouse offspring at weaning 

There was an observed decrease in number of male Ptp4a3-null mice observed at weaning relative 

to the expected amount predicted by Mendelian genetics (p<0.05). Female mice of each genotype 

were born at the expected frequency (1:2:1). 

 

Male +/+ +/- -/- n χ
2
 p 

Observed 75 117 48 240 6.23 <0.05 

Expected 60 120 60    

Female +/+ +/- -/- n χ
2
 p 

Observed 70 127 79 276 2.34 N.S. 

Expected 69 138 69    

 

Ptp4a3-null male mice exhibited a 10% decrease in body mass (Fig. 10A) and 7% 

decrease in body mass index (BMI) (Fig. 10B) compared to wildtype littermates at 6 weeks of 

age. This phenotype also appeared to be confined to male mice as female Ptp4a3-null mice did 

not exhibit a significant decrease in body mass or body mass index. 

 

 

Figure 10. Reduced body mass and BMI in Ptp4a3-null mice 

A) When compared to wildtype littermates (n=9/genotype), male Ptp4a3-null mice exhibited an 

average of 10% less body mass (p<0.005). B) Mice were also measured from the nose to the base 

of the tail and body mass index was determined (BMI=kg/m
2
). Male Ptp4a3-null littermates 

exhibited a 7% decrease in BMI compared to wildtype (p<0.005). Neither of these phenotypes was 

significantly altered in female Ptp4a3-null mice compared to wildtype. 
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2.5.4 Histological profile of Ptp4a3-null mice 

Because PTP4A3 protein was expressed in most tissue types (Fig. 9), tissue samples from 

wildtype and Ptp4a3-null mice were examined. A histological analysis was performed on 

wildtype and Ptp4a3-null tissue sections stained with hematoxylin and eosin (Fig. 11). Upon 

examining multiple tissue types, no overt abnormalities were observed and all samples appeared 

qualitatively normal. This result suggested that PTP4A3 was not required for normal murine 

development and Ptp4a3 deficiency did not cause overt histopathology. 

 

Figure 11. Histological comparison of wildtype and Ptp4a3-null tissue sections 

Tissue sections (Fetal heart, adult heart, skeletal muscle, stomach, spleen, small intestine) from 

wildtype and Ptp4a3-null mice were compared and exhibited similar characteristics. No overt 

histopathology was observed in any of the samples taken from mice deficient for PTP4A3 

(bar=5µm). 
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2.5.5 Metabolic characteristics 

The potential for organ dysfunction or metabolic defects was assessed by collecting serum 

samples from wildtype and Ptp4a3-null mice. Proper liver and kidney function is required to 

maintain basal levels of several metabolites that are detectable in serum. None of the assayed 

metabolite levels exhibited a significant difference by genotype (Fig. 12). This indicates that 

under basal conditions Ptp4a3-null mice were metabolically normal and able to maintain 

homeostasis. 

 

Figure 12. Serum metabolite levels in wildtype and Ptp4a3-null mice 

Serum was collected from wildtype and Ptp4a3-null mice (n=3/genotype) that were fasted 

overnight. Several liver and kidney metabolites as well as other serum markers were assayed by 

Charles River Laboratories. The levels of each metabolite were not significantly different by 
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genotype. All except blood urea nitrogen (BUN) in Ptp4a3-null mice were within the normal 

range (shaded area) for C57BL/6J mice. 

 

Mice were also challenged with a glucose tolerance test. Glucose homeostasis is a tightly 

controlled and complex process that involves the storage of blood glucose following the release 

of insulin from pancreatic β cells. Expression of PTP4A3 in the pancreas and skeletal muscle 

suggests potential involvement in this process. As indicated in Figure 13, however, no difference 

in glucose blood levels were seen between wildtype and Ptp4a3-null mice after injection with 

glucose. 

 

Figure 13. Glucose tolerance in wildtype and Ptp4a3-null mice 

Wildtype and Ptp4a3-null mice (n=5/genotype) that were fasted overnight and injected with D-

glucose (2.0 mg/kg) via intraperitoneal (IP) injection. Blood glucose levels were measured with a 

LifeScan Onetouch glucose monitor at indicated time points up to 2 hours after injection. Blood 

glucose was not significantly different by genotype at any time point tested. 
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2.6 DISCUSSION 

Gene targeting and ES cell technologies were used to create a Ptp4a3 knockout mouse line. 

Deletion of PTP4A3 protein was confirmed by Western blot analysis using a fetal heart tissue 

lysates from wildtype and Ptp4a3-null mice. While initial studies had suggested Ptp4a3 

expression was restricted to heart, skeletal muscle, and pancreas [25], these data revealed a more 

ubiquitous expression pattern (Fig. 9). While the highest levels of PTP4A3 protein were 

observed in fetal heart, it was also detectable at lower levels in adult heart, skeletal muscle, 

spleen, pancreas, brain, lung, thymus, colon, and small intestine. No PTP4A3 protein was 

detectable the liver or kidney. 

Despite the apparent importance of PTP4A3 in tumor biology, our understanding of the 

functionality of PTP4A3 is severely limited due in part to the absence of informative animal 

models. The gene targeted mouse model for disruption of the Ptp4a3 genomic locus is useful not 

only for studying the phenotypic changes that occur with the global loss of the phosphatase, but 

also for future investigations on tissue and temporal specific gene deletion and collaborative 

interactions with other genes including the two other members of the Ptp4a family. Importantly, 

this model could be used to study the involvement of PTP4A3 in various cancer types that are 

modeled in mice. The ability to induce cell type specific knockout will add further information 

about the specific etiological contributions of PTP4A3 to the disease.  

This model establishes that mice can survive in the absence of a functional PTP4A3 gene, 

although there were a slightly lower number of male mice produced, and they were able to live to 

maturity under normal conditions without any major health deficiencies. This is in contrast to 

what has been reported with mice lacking the highly homologous PTP4A2, which is thought to 

be the most ubiquitously expressed family member under normal conditions. Ptp4a2-null mice 
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exhibited defective placental development and both genders showed retarded growth at 

embryonic and adult stages [24]. PTP4A2 loss decreases the spongiotrophoblast and decidua 

layers of the placenta impairing nutrient transport and causing embryonic growth retardation. 

Moreover, loss of PTP4A2 results in AKT inactivation, which was not evident in the data 

regarding PTP4A3 loss. Collectively, the differences in the two gene deletion models are 

consistent with non-overlapping functions of these two close phosphatase family members. 

The mild phenotypic differences observed in Ptp4a3-null mice did not indicate a strong 

need for PTP4A3 in the biology of developing and adult mice. This was likely the result of other 

genes compensating for PTP4A3 loss – possibly PTP4A1 and PTP4A2. Despite a normal 

histological profile, decreased body mass (Fig. 10) suggested a potential role in cell proliferation. 

Further research will be required to determine if there is a concrete basis for this phenotype or if 

this is an artifact of gene deletion. Body mass is a complex trait and it has been estimated that 

31% of all viable knockout strains exhibit a significant decrease in weight [97]. It is interesting 

however, that females did not exhibit similar phenotypic changes. Regulation of Ptp4a3 gene 

expression by sex specific hormones has not been reported, although this would provide a basis 

for gender specific differences. Further research will be required to shed light on the endogenous 

role of Ptp4a3 as well as the male specific phenotype reported here. 



 42 

3.0  DELETION OF PTP4A3 SUPPRESSES MURINE COLON CANCER  

3.1 INTRODUCTION 

Interest in Ptp4a3 can be attributed to its significant potential as a biomarker and as a therapeutic 

target for malignant cancers. Many human cancers express high Ptp4a3 transcript levels 

including tumors of the colon [8], breast [49], ovary [52], liver [43], stomach [39], and stroma 

[55], and elevated Ptp4a3 gene expression often correlates with increased tumor invasiveness 

and poor prognosis [64]. Additionally, ectopic PTP4A3 overexpression enhances tumor cell 

migration and invasion in vitro [17]. While definitive evidence is lacking, PTP4A3 has been 

proposed to modulate multiple signaling pathways involving SRC [65], Rho GTPases [17], and 

PI3K-Akt [71] in various forms of cancer. The complexity of the pathway alterations seen when 

PTP4A3 is overexpressed may also reflect its ability to act as a phosphatidylinositol 5-

phosphatase [79]. No reports have conclusively demonstrated a role for PTP4A3 in the 

physiology of normal cells or tissues. 

Azoxymethane (AOM) is a procarcinogen that when metabolized in the colon is 

mutagenic and drives tumorigenesis [98]. The combination of AOM with the inflammatory agent 

dextran sodium sulfate (DSS) is a widely-used murine model that faithfully replicates colon 

malignancies driven by chronic inflammatory conditions such as ulcerative colitis [99]. Several 

signaling pathways are implicated in the pathogenesis of AOM-induced colon cancer including 
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KRAS [100], β-Catenin [101], c-MYC [102], Insulin-like Growth Factor-1 Receptor β (IGF1R ) 

[98], and Transforming Growth Factor β (TGFβ) [103]. Interestingly, PTP4A3 has been 

identified as a direct regulatory target of TGFβ signaling in colon cancer [58]. In response to 

TGFβ exposure, the SMAD3/4 complex inhibits transcription of the Ptp4a3 gene in normal 

colon cells. 

The following experiments interrogate the potential role of PTP4A3 in colon 

carcinogenesis using mice lacking functional PTP4A3 protein. AOM exposure acutely increased 

Ptp4a3 gene expression in the colon. Ptp4a3-null mice were resistant to colon tumorigenesis 

implicating this gene in the pathogenesis of malignant disease. Moreover, tumors derived from 

Ptp4a3-null mice expressed higher levels of the cancer associated IGF1Rβ and c-MYC 

suggesting involvement of these oncogenic signaling pathways.  

3.2 MATERIALS AND METHODS 

3.2.1 Colitis-associated cancer model (AOM/DSS) 

Wildtype and Ptp4a3-null mice (male, 6-8 weeks) were administered a single dose of AOM 

(12.5 mg/kg) (Sigma) in sterile saline by IP injection. DSS solution (2.5%) (MP Biomedical) was 

provided in the drinking water ad libitum for 7 days followed by 14 days of normal drinking 

water and this cycle was repeated a total of 3 times [99]. Experimental mice were sacrificed at 12 

or 16 weeks following the initiation of treatment, at which point colon tissue was isolated, rinsed, 

and opened longitudinally for analysis. Tumor and normal tissues were either snap frozen in 

liquid nitrogen or submerged in 10% neutral buffered formalin and incubated at room 
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temperature overnight. For each mouse, individual tumors were counted and measured with a 

digital caliper and average tumor count and diameter were determined for each genotype. 

3.2.2 Reverse phase protein array 

Protein lysates that were made with RIPA buffer (100 g each) from individual colon tumor 

samples (n=5/genotype) were denatured and shipped frozen to MD Anderson Cancer Center 

Functional Proteomics Core (Houston, TX) for analysis. Briefly, lysates were two-fold-serial 

diluted for 5 dilutions and arrayed on nitrocellulose-coated slides, probed with antibodies, and 

visualized by diaminobenzidine colorimetric reaction. Relative protein levels for each sample 

were determined by interpolation curves of each dilution curves from the standard curve 

antibody slide. All data points were normalized for protein loading and transformed to linear 

value. Linear values were transformed to log2 value and then median-centered for hierarchical 

cluster analysis. The heatmap was generated in Cluster 3.0 as a hierarchical cluster using Pearson 

Correlation and a center metric. 

3.2.3 Western blot analysis 

Cells and tissues were lysed using radioimmunoprecipitation (RIPA) buffer and quantified by 

Bradford assay. Total protein samples of 40 µg were separated using Novex SDS-PAGE 

reagents (Invitrogen) and transferred to nitrocellulose membranes. Membranes were blocked in 

Odyssey buffer (Li-COR Biosciences) and incubated with primary antibodies overnight followed 

by secondary fluorescent antibodies according to the manufacturers’ instructions. The following 

commercially available primary antibodies were used: PTP4A3 clone 318 (Santa Cruz 
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Biotechnology), GAPDH, IGF1Rβ, c-MYC, p-AKT(S473), and AKT (Cell Signaling 

Technology). 

3.2.4 Quantitative RT-PCR 

Total RNA was extracted from cells and tissue using Trizol reagent as per the manufacturer’s 

protocol (Invitrogen). A total of 500 ng of RNA was converted to cDNA using the iScript First 

Strand Synthesis kit (Bio-Rad). The primers (Table 2) used for target amplification were diluted 

to a final concentration of 500 pM, and real-time monitoring of the PCR reaction was performed 

on a Bio-Rad iQ5 thermocycler with 2X Sybr Green Mastermix (Bio-Rad). The following 

program was run for 40 cycles: 95°C for 0:30; 58°C for 1:00; and 72°C for 0:30. 

3.2.5 Cell culture and MEF treatment 

MEFs that were immortalized by infection with SV40 [104] were transfected with a chimeric c-

MYC estrogen receptor (MycER) that responds to treatment with 4-hydroxytamoxifen (4-HT) 

[105]. Cells were cultured in DMEM containing 10% FBS (Invitrogen) in standard tissue culture 

flasks (BD Biosciences). 4-HT (Sigma) was solubilized in ethanol and added to medium at a 

final concentration of 250 ng/mL. 

3.2.6 Statistics 

Statistical analysis of offspring genotype was calculated by the Chi-squared test comparing 

observed and expected results. Data from cellular assays, Western blot, and quantitative RT-PCR 
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quantifications were analyzed using the 2-tailed T-test. In both cases, significance was defined as 

p≤0.05. 

3.3 RESULTS 

3.3.1 Ptp4a3 gene expression increases immediately following AOM exposure 

Since PTP4A3 protein was detectable in the normal colon epithelium (Fig. 8), Ptp4a3 gene 

expression was assayed immediately following treatment with the intestinal pro-carcinogen 

AOM (12.5 mg/kg) or saline control in wildtype C57BL/6J mice. Mice were sacrificed 8 or 24 

hours after AOM injection and colon epithelial cells were collected for analysis. Total RNA was 

isolated and quantitative RT-PCR was performed to assay for Ptp4a3 gene expression levels. 

Interestingly, Ptp4a3 was upregulated by 78% at 8 hours and 60 % at 24 hours in AOM-treated 

normal epithelial relative to control (Fig. 14A).  Protein lysates from AOM treated mice suggest 

that the PTP4A3 protein level was also upregulated in these tissues (Fig. 14B). While the role of 

PTP4A3 in colon cancer is traditionally thought to involve late-stage tumors and metastasis, this 

finding suggested a potential role in early-stage disease and tumorigenesis. 
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Figure 14. Elevated Ptp4a3 expression observed in normal colon following AOM exposure 

A) Quantitative RT-PCR was used to assay Ptp4a3 gene expression in normal colon epithelial 

tissue following treatment with either AOM or saline control. Ptp4a3 was elevated 73% in colon 

tissue when measured 8 hours after injection, and 60% at 24 hours (p<0.001). B) Western blot of 

lysates from AOM treated colon tissues demonstrates upregulation of the PTP4A3 protein 

following acute AOM exposure. 

3.3.2 PTP4A3 is elevated in AOM-derived colon tumors 

Experimental mice were treated with a widely used carcinogen-based model of colitis-associated 

colon cancer. Wildtype and Ptp4a3–null mice were injected with a single dose of AOM (12.5 

mg/kg) followed by three cycles of 2.5% DSS consumption (Fig. 15A). This treatment produces 

distinct histological changes relative to untreated controls, including inflammation (i.e. monocyte 

infiltration) corresponding to DSS treatment, and subsequent dysplasia (Fig. 15B). 

Because high expression of PTP4A3 has been reported in human primary colon tumors 

[27], Ptp4a3 expression in the mouse model of colon cancer was examined. First, total mRNA 

was extracted from tumor tissue from wildtype mice and quantitative RT-PCR was used to assay 

for the expression level of each Ptp4a family member (Fig. 15C). Relative to normal colon 

epithelium, Ptp4a3 was elevated 4-fold on average (p<0.01). While considerable heterogeneity 
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in Ptp4a3 expression was observed, ranging from 1.4 to 6.7-fold upregulation, Ptp4a3 mRNA 

levels in tumor tissue were consistently higher than normal tissue for every sample tested (n=15). 

Interestingly, the gene expression levels of Ptp4a1 and Ptp4a2 were both downregulated 64% 

and 36% (p<0.0001 and p<0.05), respectively, in colon tumors relative to normal tissue. PTP4A3 

protein levels in normal colon epithelial lysates were very low when assayed by Western blotting 

(Fig. 15D). In contrast, PTP4A3 was readily detectable in colon tumor samples. The lack of 

functional antibodies for PTP4A1 and PTP4A2 precluded evaluating the tumor protein levels for 

these family members. 
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Figure 15. PTP4A3 overexpression was observed in murine colon tumors 

A) The AOM-DSS treatment paradigm used in this study featured a single dose of AOM followed 

by 3 treatment cycles of DSS in the drinking water. B) Histological representation of normal colon 

tissue relative to tumor tissue demonstrated the efficacy of the AOM/DSS model. Following one 

cycle of DSS treatment (center panels), crypt dysplasia and mononuclear cell infiltration were 

apparent (lower right quadrant). Tumor tissue was present at both the 12 and 16 week endpoints. 

Before sacrifice, mice were treated with BrdU for 4 hours and cell proliferation was visualized by 

staining with a BrdU antibody. C) Quantitative RT-PCR was used to assay gene expression levels 

of Ptp4a family members in normal colon and tumor tissue. Ptp4a3 was elevated 3.7-fold 

(p<0.01), while Ptp4a1 and Ptp4a2 levels were significantly decreased (p<0.0001 and p<0.05, 
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respectively). D) Western blot analysis demonstrated higher PTP4A3 protein levels in colon 

tumors compared to normal tissue. 

3.3.3 Knockout of PTP4A3 suppresses intestinal tumor formation 

Wildtype and Ptp4a3-null mice were treated with the AOM/DSS model and tumor formation 

was compared by genotype. Tumors were visually obvious in the distal colon of wildtype and 

Ptp4a3-null mice upon sacrifice at both 12 and 16 weeks after the initiation of AOM/DSS 

treatment (Fig. 16A). Although the average number of tumors in Ptp4a3-null mice observed at 

12 weeks was lower relative to wildtype (Fig. 16B), this was not statistically significant (p>0.2). 

However, Ptp4a3-null mice exhibited a 54% decrease in tumor number (p<0.004) following 16 

weeks of treatment. The average diameter of tumors produced by this model was 3-4 mm and 

was not significantly different by genotype at either time point (Fig. 16C). These results indicate 

that knockout of PTP4A3 decreased tumor formation, but did not have an effect on tumor 

growth. 
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Figure 16. PTP4A3 knockout decreased colon tumor formation 

A) Image depicting the appearance of wildtype and Ptp4a3-null colon tissue following 16 weeks 

treatment with AOM/DSS. B) The average number of tumors was recorded in mice by genotype 

after 12 and 16 weeks of treatment. The average number of tumors was significantly increased in 

wildtype mice between the 12 to 16 week time points (p<0.05). During this time the number of 

tumors observed in Ptp4a3-null mice was unchanged (p=0.70). At 12 weeks, wildtype mice (n=6) 

did not have significantly more tumors per mouse than Ptp4a3-null (n=5) mice (p=0.27). At 16 

weeks, wildtype mice (n=14) displayed significantly fewer tumors per mouse than Ptp4a3-null 

mice (n=7) (p<0.005).  C) Tumor size (measured by average tumor diameter for each mouse) was 

determined at each time point. No significant difference was observed in Ptp4a3-null mice from 

12 to 16 weeks, or between genotypes at either time point. 
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3.3.4 Loss of PTP4A3 increases IGF1Rβ and c-MYC expression in tumors 

Next, lysates obtained from both wildtype and Ptp4a3-null colon tumors were examined. 

Reverse phase protein array analysis was used to assay the levels of over 130 different protein 

products contained in wildtype and Ptp4a3-null tumors. While protein levels in these tumors 

exhibited considerable heterogeneity, two known oncogenic signaling proteins, the receptor 

tyrosine kinase IFG1Rβ and the transcription factor c-MYC, were expressed at higher levels in 

Ptp4a3-null tumors compared to wildtype controls (Fig. 17A). Following quantification of the 

Western blot, IGF1Rβ protein was on average 2.1-fold higher (p<0.001) and c-MYC was 2.5-

fold higher (p<0.02) in Ptp4a3-null relative to wildtype colon tumors (Fig. 17C-D). In contrast, 

no significant difference in AKT activation was observed between genotypes (Fig. 17E). This 

result suggested that tumors could potentially compensate for PTP4A3 deficiency though altered 

signaling pathways. 
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Figure 17. Higher IGF1Rβ and c-MYC protein levels were observed in Ptp4a3-null tumors 

A) Cluster sample of the heatmap generated from RPPA analysis that was performed using colon 

tumor lysates from AOM-DSS treated wildtype and Ptp4a3-null mice. Protein targets were higher 

(yellow), lower (blue), or unchanged (black). B) Protein levels were confirmed by western blot 

analysis of colon tumor lysates from wildtype and Ptp4a3-null mice. IGF1Rβ and c-MYC protein 

were chosen because they appeared to be the most consistently upregulated proteins in Ptp4a3-

null samples. C) When quantified, IGF1Rβ protein levels were 2.1-fold higher in Ptp4a3-null 

tumors (p<0.001). D) c-MYC protein levels were 2.5-fold higher in Ptp4a3-null tumors (p<0.02). 

E) The levels of activated AKT, as indicated by phosphorylation of Ser473, were not significantly 

different by genotype relative to total AKT protein. 
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3.3.5 c-MYC activity increases Ptp4a3 gene expression 

Because c-MYC expression appeared to be affected by Ptp4a3 genotype, further investigation of 

whether there is a connection between these two genes was performed. Both c-MYC and 

PTP4A3 are considered to have oncogenic properties and both are overexpressed in a number of 

human cancers. The transcription factor c-MYC can transform cells and has the potential to 

regulate up to 10% of all genes. The effect of c-MYC on Ptp4a3 gene expression was examined 

using transgenic MEFs expressing the chimeric Myc-Estrogen Receptor (MycER) protein. 

Following treatment with 4-hydroxytamofin (4-HT), MycER localizes to the nucleus where it is 

capable of c-MYC transcriptional regulation. 

Both wildtype and MycER MEFs were untreated, treated with ethanol (vehicle control) 

or 4-HT for 24 hours. Ptp4a3 gene expression was assayed by quantitative RT-PCR and 

wildtype MEFs exhibited similar transcript levels regardless of treatment (Fig. 18). Following 4-

HT treatment, Ptp4a3 expression in MEFs expressing MycER was elevated 3-fold relative to 

untreated and vehicle control treated cells. This result indicates that Ptp4a3 gene expression is 

increased by c-MYC activity and PTP4A3 may be a downstream effector of oncogenic 

transformation by c-MYC. Upregulation of c-MYC in Ptp4a3-null tumors (Fig. 17D) may be a 

result of compensation or possibly c-MYC stabilization if PTP4A3 is able to dephosphorylate it 

as a form of negative feedback. 
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Figure 18. Ptp4a3 gene expression was increased following c-MYC activation 

Wildtype and transgenic (MycER) MEFs were control treated or treated with 4-HT. Ptp4a3 gene 

expression was assayed by quantitative RT-PCR following 24 hours of treatment. A significant 

increase in Ptp4a3 transcript level was observed in MycER cells following 24 hours of 4-HT 

treatment (p<0.007). No effect on gene transcription was observed in wildtype MEFs regardless of 

treatment. 

3.4 DISCUSSION 

Human PTP4A3 is strongly implicated in the pathogenesis of human metastatic colorectal 

cancer. Investigation of the effects of Ptp4a3 deletion in a mouse model of colon cancer has now 

provided additional insight into its role in malignancy. Treatment with AOM/DSS is one of the 

most popular colon tumor mouse models and the C57BL/6J strain to which this model was 

backcrossed is particularly susceptible to colitis-associated cancer [98, 99, 102]. Ptp4a3 is 

traditionally classified as a gene associated with metastasis and not known to be involved in the 

early stages of cancer progression. These results have demonstrated for the first time that the 

Ptp4a3 message was upregulated very early following exposure to AOM (Fig. 16), the initiating 
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step in the colon cancer model. This is important evidence that PTP4A3 could be also involved 

in the pre-neoplastic stage of malignancy. 

Mice subjected to the AOM/DSS model consistently developed tumors in the distal 

region of the colon. These primary tumors displayed consistently higher levels of Ptp4a3 relative 

to normal colon epithelium (Fig. 15) - similar to what is seen in human colon cancer patients 

[27]. Notably, mice deficient for PTP4A3 had >50% reduction in tumor formation providing 

further evidence that PTP4A3 is a key mediator of colon carcinogenesis (Fig. 16). Nevertheless, 

the complete absence of PTP4A3 phosphatase was insufficient to abolish colon tumorigenesis, 

suggesting that a subset of tumors may not require PTP4A3 as a driver of the disease. The 

finding that not all tumors in this model had high Ptp4a3 gene expression levels (<2-fold 

upregulation) further supports this conclusion.  

The mouse model allowing for gene knockout presented a unique opportunity to address 

the role of PTP4A3 in tumor biology. AOM exposure causes DNA damage and genotoxic stress 

[102]. A prominent response to DNA damage is induction of p53, which can induce Ptp4a3 gene 

expression [16] and may provide an explanation for the induction of Ptp4a3 in the colon of 

AOM treated mice. Additionally, Ptp4a3 has been identified as a direct regulatory target of 

TGFβ signaling in colon cancer cells. The active TGFβ signal induces SMAD3/4 binding to the 

Ptp4a3 genomic locus and thus inhibition of gene transcription [58]. Loss of TGFβ is a 

frequently observed phenomenon in human colon cancer [106], as well as the AOM mouse 

model of colon cancer [103]. It is likely that this event contributes to elevated Ptp4a3 gene 

expression in cancer through SMAD3/4 inactivation. Interestingly, a mouse model deficient for 

Smad3 is reported to spontaneously develop colon cancer [107], and Smad4 deletion greatly 

exacerbates a mouse model of colon cancer [108]. 
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The formation of neoplastic lesions in the Ptp4a3-null mice may have been the 

consequence of the engagement of additional growth factor signaling pathways or oncogenes, 

such as IFG1Rβ and c-MYC. c-MYC is known to be increased in tumors after AOM/DSS 

treatment and both IFG1Rβ and c-MYC were markedly elevated in the Ptp4a3-null tumors 

relative to wildtype derived tumors (Fig. 17). Further results demonstrated that elevated c-MYC 

activity increased Ptp4a3 gene expression (Fig. 18). Additional research will be required to 

determine if Ptp4a3 is a direct target of c-MYC. In order to demonstrate direct interaction of c-

MYC with the Ptp4a3 gene locus, chromatin-immunoprecipitation or electromobility shift assay 

can be performed. The use of reporter assays in various cell types would also conclusively 

demonstrate transcriptional regulation of PTP4A3 by c-MYC. 

While these results suggest that PTP4A3 is a mediator of carcinogenesis, it does not 

model the effect a PTP4A3 inhibitor would have on an existing tumor. To examine this, it would 

be preferable to establish colon tumors in floxed mice and subsequently knockout the Ptp4a3 

gene in the tissue. Another consideration is that a pharmacological inhibitor is likely to inhibit 

only the catalytic activity of PTP4A3, which may not be faithfully modeled by gene deletion. In 

the absence of a potent and specific PTP4A3 inhibitor for use in vivo, the ideal experiment would 

knockout functional PTP4A3 while simultaneously knocking-in the catalytically inactive 

PTP4A3 mutant. 
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4.0  PTP4A3 REGULATES VEGF SIGNALING AND PROMOTES ANGIOGENESIS  

4.1 INTRODUCTION 

PTP4A3 is a prenylated dual-specificity phosphatase with poorly understood enzymology and 

functionality [12]. Mice in which Ptp4a3 is genetically ablated are healthy, fertile and 

phenotypically similar to wildtype littermates, although adult male homozygous knockout mice 

exhibited slightly decreased body mass [109].  Importantly, loss of PTP4A3 partially suppresses 

colon carcinogenesis in a mouse model of colitis associated colon cancer [109].  High levels of 

Ptp4a3 gene expression, as well as its closely related family members Ptp4a1 and Ptp4a2, are 

often associated with tumor growth and metastasis of many human cancer types [110]. 

Furthermore, poor patient prognosis and increased tumor invasiveness are commonly observed in 

malignancies expressing high levels of Ptp4a3 [27, 49]. While the specific PTP4A3 substrates 

have remained elusive, several downstream signaling pathways have been proposed including: 

PI3K/AKT [71], SRC [65], ERK1/2 [67], and Rho GTPases [17]. Considering the multitude of 

proposed signaling effectors, it is likely that the function of PTP4A3 is tightly regulated by cell 

type and specific cues from the extracellular environment. 

Clinical findings have suggested that in addition to a role in cancer cells, PTP4A3 may be 

fundamentally involved in angiogenesis. High Ptp4a3 gene expression levels are observed in 

tumor endothelium pointing to its potential involvement in the pathological angiogenesis 
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mandated for tumor progression as well as metastatic colonization [111, 112]. Ptp4a3 is 

increased ten-fold in the vasculature of invasive breast tumors relative to normal vasculature 

[113]. High PTP4A3 expression is also observed in developing heart tissue and blood vessels but 

not in their mature forms, suggesting a role for PTP4A3 in cardiovascular system development 

[26].   

Angiogenesis is a multifaceted process that utilizes a complex network of growth factors 

and signaling pathways. Vascular Endothelial Growth Factor (VEGF) is a very well 

characterized pro-angiogenic factor that is able to induce proliferation, sprouting and tube 

formation of endothelial cells, which are necessary for the creation of new vasculature. When 

VEGF binds to its cognate receptors on endothelial cells, several key pathways that promote 

angiogenic signaling are activated. Known downstream effectors of VEGF signaling include 

SRC [114] and MAP kinase [115]. Interestingly, Ptp4a3 gene expression in endothelial cells 

appears to be regulated by VEGF through the receptor VEGFR2 and transcription factor 

Myocyte Enhancer Factor 2C activity [116]. 

Because of the potential role of PTP4A3 in vascular function during angiogenesis, I 

sought to test the hypothesis that PTP4A3 is a mediator of the angiogenic phenotype of vascular 

cells. Accordingly, blood vessel development was contrasted in experimental colon tumors from 

wildtype and Ptp4a3-null mice using CD31 immunocytochemistry. Aspects of wound repair 

were quantified in primary murine pulmonary endothelial cells from wildtype and Ptp4a3-null 

mice. Furthermore, the contribution of PTP4A3 to VEGF signaling and its downstream signaling 

components, particularly phosphorylation of SRC was examined. This mechanism was further 

confirmed through pharmacologic sensitivity of SRC activation and wound repair capacity of 

human microvascular endothelium to a PTP4A3 inhibitor. 
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4.2 MATERIALS AND METHODS 

4.2.1 Measurement of blood pressure and cardiovascular output  

Mouse blood pressure and cardiovascular output measurements were assayed with the CODA 

non-invasive tail-cuff system (Kent Scientific). Adult male mice (n=5/genotype, 8-10 weeks) 

under normal diet and environmental conditions were used for the study. All tail cuff 

experiments were performed on conscious mice at approximately the same time of day 

(throughout 2 hours in the late morning), and body temperature was accurately controlled with a 

37°C heat pad. Mice were trained on the equipment daily for 4 consecutive days before 

experimental data were collected. Cardiovascular statistics for each mouse were determined as 

the mean of at least 3 measurements taken on day 5. 

4.2.2 Immunohistochemistry and microvessel density quantification 

Tissues were isolated and fixed in 10% neutral buffered formalin overnight at room temperature. 

Tissues were then submerged in 70% ethanol and transferred to the Starzl Transplant Institute 

Research Histology Services core facility for processing. Briefly, samples were then embedded 

in paraffin and sectioned onto glass slides. Slides were then deparaffinized and antigenicity 

retrieved by steaming in EDTA pH 8.0 for 30 min. For the microvessel density assay, antibody 

against CD31 (clone M-20; Santa Cruz Biotechnology) was used at a concentration of 1:300 at 

room temperature overnight. For each colon cancer sample (n=4 mice/genotype), randomly 

chosen CD31
+
 stained fields (n=5/mouse - from multiple tumors) were imaged, positively 
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stained vessels were counted, and genotype vessel density was determined as the average number 

of vessels per mm
2
 of tissue. 

4.2.3 Western blot analysis 

Cell and tissue samples were lysed using ice cold RIPA buffer, protein concentration was 

quantified by Bradford assay, and all experiments were done in triplicate. Lysates were separated 

using Novex SDS-PAGE reagents and transferred to nitrocellulose membranes (Invitrogen). 

Membranes were blocked in Odyssey buffer (LI-COR Biosciences) and incubated with primary 

antibodies overnight followed by secondary fluorescent antibodies according to the 

manufacturers’ instructions. Detection and signal quantification were performed with an 

Odyssey infrared imager (LI-COR Biosciences). The following commercially available 

antibodies were used: VEGFR2, p-SRC (Y416), SRC, p-ERK1/2 (T202/Y204), ERK1/2 (Cell 

Signaling Technology); β-tubulin (Cedarlane Laboratories). 

4.2.4 Tissue explant assay 

Skeletal muscle tissue biopsies (pectoral major) were isolated from mice (n=3/genotype, male, 6-

8 weeks of age) and placed into warm EGM-MV (Lonza) and cut into small (≤2 mm) pieces. A 

collagen matrix was prepared with Type I collagen containing M199, L-glutamine, penicillin-

streptomycin, sodium bicarbonate, and NaOH (Sigma Aldrich) [117]. Tissue pieces were 

embedded into the matrix in individual wells (n=36/mouse) of a 96-well tissue culture plate and 

overlaid with EGM-MV (Lonza). The assay was incubated in 5% CO2 at 37°C for 72 hours. For 
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each well, the distance from the solid tissue to the furthest migrating vascular cell was measured 

under a bright field microscope.  

4.2.5 Primary endothelial cell culture 

Mouse primary endothelial cells were isolated from pulmonary tissue (n=12/genotype) as 

previously described [118]. Briefly, cells were cultured on a collagen matrix in 2% O2, 5% CO2, 

93% N2 in a hypoxic chamber using Opti-MEM (Gibco) supplemented with 10% FBS, 2 mM 

glutamine, 0.2% retinal derived growth factor (Vec Technologies), 10 U/ml heparin, 0.1 mM 

non-essential amino acid supplement (Gibco) and 55 μM β-mercaptoethanol. Commercially 

available human microvascular endothelial cells (HMVECs) (ScienCell) were cultured in EGM-

2 (Lonza) under normoxic conditions (5% CO2) in collagen-coated tissue culture flasks. 

Previously reported GFP-PTP4A3 constructs [16] were transfected using Lipofectamine 2000 

(Invitrogen). The PTP4A3 inhibitor BR-1 (Santa Cruz Biotechnology) was solubilized in tissue 

culture grade DMSO (Sigma) and added to HMVECs at the noted concentrations in 6 or 12-well 

plates. 

4.2.6 In vitro wound healing assay 

Primary mouse endothelial cells and HMVECs were grown to confluence in collagen-coated 12-

well tissue culture plates (BD Biosciences). Each well (n=6/genotype or treatment) was 

scratched longitudinally with a 200 µL pipet tip and incubated for 16 hours to allow gap closure. 

Cell migration distance was determined by measuring the average gap distance before and after 

each cell front migrated inward. 
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4.2.7 Phospho-tyrosine antibody array 

Antibody-based arrays designed to assay differences in tyrosine phosphorylation were used 

according to the manufacturers protocol (Full Moon Biosciences). Whole protein lysates (60 g) 

from wildtype and Ptp4a3-null endothelial cells were biotinylated and bound to individual 

antibody array slides. Secondary fluorescence was performed with Cy3-labeled streptavidin 

(Amersham) and slides were shipped to the manufacturer for scanning and data analysis. 

Relative signal intensities were determined by comparing Ptp4a3-null median-centered values to 

wildtype. 

4.2.8 Reverse phase protein array 

Protein lysates (100 g) from cultured endothelial cells were denatured and shipped frozen to the 

University of Texas MD Anderson Cancer Center Core Facility (Houston, TX) for analysis. 

Briefly, we made two-fold-serial dilution of the lysates for 5 dilutions, which were then arrayed 

on nitrocellulose-coated slides, probed with antibodies, and visualized by diaminobenzidine 

colorimetric reaction. Relative protein level for each sample was determined by interpolation of 

each dilution curve from the standard curve antibody slide. All the data points were normalized 

for protein loading and transformed to linear value, which were transformed to Log2 value and 

then median-centered for hierarchical cluster analysis. The heatmap was generated in Cluster 3.0 

as a hierarchical cluster using Pearson Correlation and a center metric. 
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4.2.9 Statistics 

Statistical analysis of cell and tissue based assays, as well as Western blot quantification was 

analyzed using the 2-tailed Student t-test. For all experiments significance was defined as 

p<0.05. 

4.3 RESULTS 

4.3.1 Knockout of PTP4A3 in cardiovascular tissue is not cardiotoxic 

As mentioned previously, fetal heart tissue had the highest level of PTP4A3 protein when 

assayed by Western blot (Fig. 9). Signal quantification revealed that PTP4A3 levels were 5-fold 

higher in fetal heart than either adult heart or skeletal muscle (Fig. 19A). While this suggested a 

potential role for PTP4A3 in cardiovascular development, both adult and fetal heart tissue from 

Ptp4a3-null mice appeared histologically normal relative to wildtype (Fig. 19B). Furthermore, 

immunohistochemical staining for CD31 revealed the presence of a similar density of blood 

vessels in wildtype and Ptp4a3-null skeletal muscle tissue (Fig. 19B) suggesting PTP4A3 was 

not required for vessel development. 

Cardiovascular function in adult animals was examined, since it could potentially have 

been affected by Ptp4a3 deletion. Blood pressure, heart rate and tissue blood flow were 

measured using a non-invasive tail cuff system. Mice were acclimated to the assay system daily 

for 4 preliminary trials throughout the course of one week. Systolic and diastolic blood pressure 

and heart rate were not significantly different between genotypes when assayed on day 5 (Fig. 
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19C-D). Tail vein blood flow also was unaffected by the loss of PTP4A3 (Fig. 19E). 

Collectively, these results suggested that loss of PTP4A3 activity did not overtly affect heart or 

vessel development, and was not required for basal function of the cardiovascular system in adult 

mice under non-stressed laboratory conditions. 

 

Figure 19. PTP4A3 knockout did not affect cardiovascular development or function 

A) Fetal heart tissue exhibited 5-fold higher PTP4A3 protein than either adult heart or adult 

skeletal muscle (n=3/tissue). B) Wildtype and Ptp4a3-null heart tissues did not display 

abnormalities when examined histologically. Skeletal muscle tissue stained with antibodies against 

CD31 demonstrated the presence of normal vasculature. C) Blood pressure (BP) was assayed by 

tail-cuff and did not produce a significant difference when wildtype were compared to Ptp4a3-null 

mice (n=5/genotype). The same animals tested normally for both D) heart rate (HR), and E) blood 

flow through the tail vein. 
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4.3.2 Loss of PTP4A3 decreases tumor-driven angiogenesis 

Expression of human PTP4A3 has been reported in tumor endothelium [113] and could 

potentially contribute to the formation of the extensive vascular network necessary for tumor 

growth. Colon tumor tissue from wildtype and Ptp4a3-null mice subject to the colitis-associated 

colon cancer model (AOM/DSS) [99] was examined for tumor angiogenesis. Both wildtype and 

knockout tumors exhibited tumor vasculature as evidenced by CD31
+
 staining of endothelium 

present in both genotypes (Fig. 20A-D). Higher magnification of CD31 stained tumor tissue 

revealed fewer microvessels in Ptp4a3-null tumors compared to wildtype (Fig. 20E-H). A 30% 

decrease in the average microvessel density was observed in Ptp4a3-null tissue (Fig. 20I) 

revealing a critical role for PTP4A3 in the development of the tumor vascular in this mouse 

model of colon cancer. 
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Figure 20. Decreased microvessel density in Ptp4a3-null colon tumors 

A-B) Colon tumor and adjacent normal tissue from wildtype and Ptp4a3–null mice were stained 

for CD31 (FITC) to visualize microvessels (4X magnification). C-D) Colon tumor and adjacent 

normal tissue stained with DAPI (4X magnification). E-F) Wildtype and Ptp4a3-null tumor tissue 

examined under higher magnification (20X) revealed less vessel formation in knockout tissue 

compared to wildtype. G-H) Colon tumor and adjacent normal tissue stained with DAPI (20X 

magnification). I) Ptp4a3-null tumor tissue demonstrated a 30% reduction in CD31
+
 microvessel 

density (p<0.001). 



 68 

4.3.3 Loss of PTP4A3 decreases vascular cell invasion  

Angiogenic phenotype was then examined in tissues with and without functional PTP4A3. An ex 

vivo invasion assay that models wound healing was implemented using skeletal muscle tissue 

biopsies that were capable of producing outgrowth of vascular cells in response to external 

stimuli [117]. Tissue samples were embedded in a Type I collagen matrix containing 

microvascular endothelial growth medium (Fig. 21A-B). The resulting outgrowth of cells into 

the matrix has been commonly used as a measure of angiogenesis [117]. When examined under 

higher magnification, the apical nature of invasive endothelial cells in the three dimensional 

matrix became apparent (Fig. 21C). Compared to wildtype tissue, the Ptp4a3-null samples 

resulted in reduced outgrowth as measured by the distance from the solid tissue to the furthest 

invading cell. The average invasion distance after incubation for 72 hours was 20% less in 

Ptp4a3–null cells compared to wildtype cells (Fig. 21D). This result suggested PTP4A3 was a 

contributing factor to the invasive potential of vascular cells. 
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Figure 21. PTP4A3 knockout tissue exhibited reduced vascular cell invasion ex vivo 

Skeletal muscle tissue biopsies from wildtype (A) and Ptp4a3-null (B) mice were embedded in a 

3-dimensional collagen matrix allowing for outgrowth of vascular cells. The distance of the 

furthest migrating cell (arrow) was measured for each tissue explant (bar=50µm). C) Endothelial 

cells examined under higher magnification displayed an apical appearance when invading the 

matrix (bar=10µm). D) Cells from Ptp4a3-null tissue exhibited a 20% decrease in invasion 

distance compared to cells expressing PTP4A3 (*p<0.02). 

4.3.4 PTP4A3 knockout endothelial cells exhibit reduced cell migration 

Primary pulmonary endothelial cells from adult wildtype and Ptp4a3-null mice were isolated and 

cultured in vitro. Cell migration potential was assayed using an in vitro wound healing assay 

[119] in which endothelial cells were grown to confluence and a longitudinal gap was created. 

These cells were incubated for 16 hours to permit gap closure via endothelial migration (Fig. 

22A-D). Following incubation for 16 hours, cell migration distance was measured in both 
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genotypes. On average Ptp4a3-null cells migrated 50% less than the corresponding wildtype 

cells (Fig. 22E). These results suggested a functional role for PTP4A3 in endothelial migration, 

another process required for angiogenesis. 

 

Figure 22. Knockout of PTP4A3 in endothelial cells decreased migration in vitro 

A-D) Pulmonary endothelial cells were purified from wildtype and Ptp4a3-null mice, seeded 

evenly and grown to confluence in collagenized cell culture plates. Cells were then scratched with 

a pipet tip and allowed to migrate for 16 hours. E) Migration distance was measured following gap 

closure. Ptp4a3-null cells migrated 50% less compared to wildtype endothelial cells (*p<0.001). 

4.3.5 Loss of PTP4A3 alters angiogenic signaling pathways 

It has been recently reported that Ptp4a3 gene expression is induced in endothelial cells 

following VEGF treatment [116] but the distal effects of PTP4A3 in the endothelium have not 
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yet been explored. Disruptions in cellular signaling pathways were examined as a mechanistic 

basis for the reduced migration and invasion in Ptp4a3-null endothelial cells. 

First, protein lysates from cultured endothelium were examined with phospho-tyrosine 

antibody arrays (Fig. 23). Most of the targets identified as being altered by genotype had not 

previously been implicated in the function of PTP4A3, and further analysis will be required to 

determine their relevance in this system. However, several proteins involved in cell migration 

including SRC and FAK were identified as differentially phosphorylated in Ptp4a3-null cells 

indicating a possible impairment in focal adhesion turnover (Fig. 23A). Additionally, several 

receptor tyrosine kinases including VEGFR2, PDGFRβ and FGFR1 were less phosphorylated at 

certain tyrosine residues even though these cells were cultured under the same conditions and in 

the presence of the same growth factors (Fig. 23B). 
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Figure 23. Altered tyrosine phosphorylation in wildtype and Ptp4a3-null endothelial cells 

Cultured endothelial cells were assayed for protein tyrosine phosphorylation by antibody array. A) 

Multiple tyrosine residues on various protein targets exhibited different levels of phosphorylation 

in wildtype compared to Ptp4a3-null cells. B) Tyrosine residues of various receptor proteins 

exhibited differential phosphorylation profiles in wildtype and Ptp4a3-null cells. Numbers 

indicate the relative signal strength of Ptp4a3-null relative to wildtype sample. 

 

Endothelial cells from wildtype and Ptp4a3-null pulmonary tissue were cultured and 

incubated in serum-free medium and treated with recombinant VEGF for up to 8 hours. Two 
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known VEGF-dependent mediators of the angiogenic phenotype, SRC and ERK1/2, have also 

been associated with PTP4A3 signaling [65, 67]. Activation of both proteins from wildtype and 

Ptp4a3-null endothelial cells was determined by assaying their phosphorylation status with 

Western blotting (Fig. 24A). A significant increase in SRC protein phosphorylation (Y416) was 

observed in wildtype cells within 15 min following VEGF treatment, and persisted up to 8 hours 

(Fig. 26B). Comparatively, Ptp4a3-null endothelial cells did not exhibit an increase in SRC 

phosphorylation at any time point following VEGF exposure. An increase in ERK1/2 

phosphorylation was observed in both genotypes following treatment with VEGF (Fig. 24A). 

Levels of total SRC and ERK1/2 protein were unchanged throughout this time course. As 

expected, mature VEGFR2 protein levels decreased in both genotypes following VEGF 

treatment, presumably due to internalization of the receptor upon activation. This finding 

indicated that PTP4A3 was essential for VEGF-induced activation of SRC, but not necessary for 

ERK1/2 activation in endothelial cells. The mechanism for control of SRC activation by PTP4A3 

is not obvious and this data does indicate a direct substrate interaction. Therefore, it is likely that 

PTP4A3 has a substrate that is upstream in the cascade that activates SRC. 
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Figure 24. PTP4A3 participated in the endothelial cellular response to VEGF exposure 

A) Wildtype and Ptp4a3-null endothelial cells were grown in culture and treated with VEGF (50 

ng/mL) for up to 8 hours. Protein lysates were collected at various time points and Western blot 

was performed to assay the levels of known mediators of the angiogenic processes, including SRC 

and ERK1/2. B) In wildtype cells, phospho-SRC (activated) was increased nearly 2-fold following 

15 min of VEGF treatment, and phosphorylation was significantly increased up to 8 hours later. 

Increased activation of SRC was not observed at any time point when Ptp4a3-null cells were 

treated with VEGF. C) Reverse phase protein analysis was performed on lysates from wildtype 

and Ptp4a3-null endothelial cells treated with either VEGF (50 ng/mL) or vehicle control (saline). 

The depicted heatmap shows a subset of protein targets that were differentially altered by VEGF 

treatment. 

 

RPPA analysis was performed to determine the levels of 130 different phosphorylated 

and non-phosphorylated proteins from lysates obtained from wildtype and Ptp4a3-null 

endothelial cells. Cultured endothelial cells were treated for 8 hours with serum-free medium 
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containing either PBS (control) or VEGF (50 ng/mL). Summarized in Fig. 24C are protein level 

differences that appeared altered by genotype, which suggested that PTP4A3 mediates the effect 

of VEGF on several key signaling pathways. It is noteworthy that SRC phosphorylation (pY416) 

was increased in VEGF-treated wildtype cells while it was unaffected in Ptp4a3-null cells. 

Additionally, several other proteins were either increased in abundance or hyperphosphorylated 

upon VEGF treatment in wildtype endothelial cells but not Ptp4a3-null cells including: p90RSK, 

eIF4G, SF2, and Rictor (Fig. 24C). 

Interestingly, p53 protein, which was reported to be a Ptp4a3 expression regulator [16], 

appeared decreased in the wildtype cells following VEGF treatment and slightly increased 

following VEGF treatment in Ptp4a3-null endothelial cells. This could be the result of a negative 

feedback mechanism in which PTP4A3 regulates p53 levels [57]. 

4.3.6 Pharmacological inhibition of PTP4A3 impaired HMVEC migration 

The cellular localization of PTP4A3 protein is likely important for its function and facilitation of 

migration in endothelial cells. When ectopically overexpressed in HMVECs, a GFP-PTP4A3 

construct displayed a distinct cellular localization pattern compared to the diffuse cytoplasmic 

fluorescence of GFP alone as seen 24 hours after transfection (Fig. 25A). The GFP-PTP4A3 

protein was typically associated with the plasma membrane and/or endosomal compartment, 

which is consistent with previously reported results in other cell types [14]. Additionally, Ptp4a3 

overexpression appeared to result in lamellipodia formation in these cells that is necessary for 

cellular migration and invasion (Fig. 25A). This was also accompanied by a change in cell shape 

as GFP cells exhibited a rounder appearance while GFP-PTP4A3 cells were more apical. 
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The effect of BR-1 on motility and signal transduction of HMVECs was then assessed. 

BR-1 was chosen as opposed to other PTP4A3 inhibitors because it is relatively potent, 

considered to be specific for PTP4A3, and commercially available. Native HMVECs were 

treated with BR-1 and displayed a concentration dependent decrease in endothelial cell motility 

when examined in a wound healing assay (Fig. 25B-C). Lysates were obtained from BR-1 

treated HMVECs cultured in the presence of growth factors, and assayed for SRC protein by 

Western blot (Fig. 25D). The level of SRC phosphorylation (Y416) was significantly decreased 

relative to total SRC protein that was unchanged (Fig. 25E). This indicated that BR-1 treatment 

suppressed the SRC pathway and supported a mechanism by which PTP4A3 mediates VEGF-

induced endothelial cell motility by activating SRC signaling. 
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Figure 25. PTP4A3 inhibition reduced HMVEC migration and SRC activation 

A) HMVECs transfected with GFP or GFP-PTP4A3 were cultured for 24 hours and imaged using 

fluorescence microscopy. B-C) HMVECs exhibit a significant decrease in migration when treated 

with 5-20 µM BR-1 (*p<0.02). D) Lysates from HMVECs treated with the PTP4A3 inhibitor BR-

1 were collected and assayed by Western blot for SRC phosphorylation (Y416). E) Quantification 

of p-SRC relative to total SRC revealed a decrease in active SRC following PTP4A3 inhibition 

(0µM>1µM *p<0.01) which was also determined to be concentration dependent (1µM>20µM 

*p<0.02). Representative images of HMVECs treated with BR-1 or a DMSO vehicle control and 

incubated for 16 hours. 



 78 

4.4 DISCUSSION 

Although the precise function of PTP4A3 remains unclear, it is closely associated with cancer 

progression and metastasis [112].  Elevated Ptp4a3 gene expression, especially in colorectal 

tumors, is a useful biomarker and represent a potential novel therapeutic target [27]. It is 

becoming clear that PTP4A3 can functionally contribute to multiple aspects of neoplasia 

including tumor formation, metastasis, and angiogenesis. Importantly, Ptp4a3 expression has 

been reported to be regulated by p53 [16], TGFβ [58], and VEGF [116], all of which have been 

implicated in endothelial cell function during angiogenesis. 

Ptp4a3-null mice were phenotypically similar to their wildtype littermates under standard 

conditions in terms of cardiac and skeletal muscle morphometry and vascularity, blood pressure, 

heart rate and peripheral (e.g. tail vein) blood flow (Fig. 19). Nonetheless, the gene deletion 

model revealed that colon tumors deficient for PTP4A3 had reduced microvessel density when 

compared to wildtype tumors (Fig. 20). Additionally, endothelial cells lacking PTP4A3 were less 

invasive and migratory when assayed ex vivo (Fig. 21-22). The tissue explant assay models an 

important early step in the angiogenic process when cells invade the basal lamina as a precursor 

to vessel sprouting. Tissue samples from Ptp4a3–null mice displayed significantly less invasive 

capacity measured by this assay (Fig. 21). Likewise, the in vitro wound healing assay 

demonstrates that when PTP4A3 was knocked out or pharmacologically inhibited endothelial 

cells were significantly deficient in gap closure (Fig. 22). Because of the length of this assay (16 

hours) and the required doubling time of primary endothelial cells (>30 hours) this effect was 

likely due to an impairment of cellular migration, although an effect on cell proliferation cannot 

be excluded. A specific effect on endothelial migration could be demonstrated by either 
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mitotically inactivating the cells prior to the assay, or conclusively eliminating a proliferation 

phenotype in the knockout cells.  

The results presented here suggested that several signaling proteins (particularly SRC) 

were affected by the absence of PTP4A3 in this cell system. We performed protein array 

profiling on wildtype and Ptp4a3-null endothelial cells in the absence or presence of VEGF in 

the culture medium (Fig. 24). PTP4A3 overexpression has been previously associated with 

increased migration and invasion in cancer cell lines [120] and could conceivably have a role in 

these processes in nonmalignant stromal cell types such as endothelial. The current results 

supported this hypothesis and suggest SRC could be a downstream effector of PTP4A3 in 

endothelial cells, as Ptp4a3-null cells completely lost the ability to increase SRC activation 

following VEGF exposure (Fig. 24). The absence of a phenotype in normal mice suggests that 

PTP4A3 may have a specific contribution to the process of pathological angiogenesis, which is a 

unique process compared to vasculogenesis. 

Additionally, protein profiling identified several other signaling pathways that were 

altered by Ptp4a3 genotype including various p53 and mTOR associated genes. Interestingly, 

p53 has been previously reported to regulate Ptp4a3 transcription in embryonic fibroblasts [16]. 

It has been previously reported that p53 has a role in the angiogenic phenotype of endothelial 

cells [121], thus regulation by PTP4A3 could be significant in this context. There is also 

information suggesting PTP4A3 may have a role in mTOR signaling as the mTOR-associated 

protein FKBP38 has been suggested to regulate PTP4A3 protein stability [122]. Similar to p53, 

the mTOR pathway is also thought to function in endothelial cell signaling during angiogenesis 

[123]. 
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Human microvascular endothelial cells were examined following treatment with 

increasing concentrations of the PTP4A3 inhibitor BR-1, and observed a concentration-

dependent decrease in SRC activation evidenced by less phosphorylation at Tyr416 (Fig. 27). 

This effect was likely to result in an impairment of focal adhesion turnover, which supports the 

observed decrease in cell migration following BR-1 treatment. This could be further examined 

by examining focal adhesion complex formation and disassembly in wildtype and Ptp4a3-null 

cells. 

Because PTP4A3 is expressed in the heart and developing cardiovascular system, there 

has been concern over the safety and potential cardiotoxic side effects of PTP4A3 inhibitors. 

These results demonstrate that mice without functional PTP4A3 are able to develop normally 

and do not have an overt cardiovascular phenotype under standard conditions. Moreover, 

Ptp4a3-null mice did not exhibit altered blood pressure or heart rate suggesting that the function 

of the cardiovascular system was not adversely affected by PTP4A3 loss. Given this information, 

it does not appear likely that PTP4A3 inhibition in animals would have off target effects on the 

cardiovascular system. 

PTP4A3 has considerable potential as target for the treatment of multiple forms of 

malignancy due to high expression levels observed in human tumors and frequent associations 

with cancer cell invasiveness. Interestingly, PTP4A3 is also expressed in the tumor vasculature 

and may be an important mediator of pathological angiogenesis, which is an essential process for 

tumor progression and metastasis. Therefore, it is conceivable that attempts to therapeutically 

target PTP4A3 in cancer cells may also have the added benefit of inhibiting tumor angiogenesis 

by inhibiting PTP4A3 in the vasculature. The results presented here support this hypothesis by 

demonstrating that Ptp4a3-deficient cells and tissues have a reduced angiogenic phenotype. 
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Targeting the VEGF signaling pathway is a proven and clinically effective means of treating 

multiple human cancers including primary and metastatic tumors of the colon [124], lung [125], 

and kidney [126]. Unfortunately, some tumors are intrinsically resistant to or become resistant to 

treatments targeting the VEGF receptor as is commonly seen with antibody-based therapeutics 

[127]. For this reason, downstream VEGF targets are actively sought as multiple opportunities 

exist for therapeutic intervention. 

The specific mechanism by which VEGF induces SRC activity is not completely known. 

Inability of the knockout cells to phosphorylate the Tyr-416 residue of SRC does not suggest that 

this is a direct PTP4A3 target since this observation would indicate the loss of kinase activity. 

One possibility is that PTP4A3 directly controls the activity of a kinase that is able to 

phosphorylate SRC protein. Regardless of what the direct substrate is, this data suggests that 

PTP4A3 is functioning upstream of SRC in endothelial cells. The cellular response to VEGF 

exposure is complex and diverse, so it is not surprising that loss of PTP4A3 could have an effect 

on some pathways and not others. A more comprehensive analysis of the proteins affected by 

PTP4A3 loss in these cells, specifically those associated with the SRC pathway, my shed light of 

the specific role of PTP4A3 in this system. 

These results add novel in vivo evidence that PTP4A3 has a vital role in controlling the 

migratory and invasive properties of nonmalignant cells, specifically endothelial cells. PTP4A3 

appears to be an attractive therapeutic target downstream of the VEGF signaling cascade and 

could theoretically be involved in many conditions involving pathological angiogenesis 

including cancer, diabetes, macular degeneration and cardiovascular dysfunction. 



 82 

5.0  FINAL DISCUSSION  

5.1.1 Conclusions and significance 

The results presented in this thesis are the first to definitively examine the role of PTP4A3 in an 

animal model. While PTP4A3 has been studied extensively in cultured human cancer cells, little 

is known about its function in the in vivo processes that contribute to cancer. The overall goal of 

this project was to determine if loss of the PTP4A3 gene affected both normal mouse 

development and the pathology of cancer in animals. While standard tissue culture and in vitro 

techniques have been indispensable in achieving our current understanding of the processes that 

drive malignancy, in vivo carcinogenesis cannot be faithfully recapitulated outside of model 

organisms. Therefore, a significant disconnect exists between clinical associations with 

malignancy and how PTP4A3 has been proposed to function in cells. The only way to establish a 

concrete role for PTP4A3 in the in vivo malignant phenotype of cancer was to examine its 

function in animals. 

 Mice that are completely deficient for PTP4A3 expression did not exhibit a strong 

phenotype under normal conditions. Physiologically and metabolically they were not 

significantly different from littermates that express normal PTP4A3, which indicated PTP4A3 

does not have an essential role in the biology of developing and adult mice. The only difference 

observed under normal conditions was that male homozygous knockout mice exhibited a slight 
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decrease in body mass and fewer homozygous knockout males were observed than was expected 

by standard genetics. The etiology of both these phenotypes is not immediately clear but worthy 

of further investigation. It is possible that PTP4A1 and PTP4A2 may be able to facilitate some of 

the functions of PTP4A3. Despite a normal histological profile, decreased body mass (Fig. 10) 

suggested a potential role in cell proliferation. Further research will be required to determine if 

there is a concrete basis for this phenotype or if this is an artifact of gene deletion. 

 The creation of a knockout mouse model afforded the unique opportunity to examine the 

potential for a functional contribution of PTP4A3 to in vivo carcinogenesis – a facet not 

previously studied. The hypothesis that PTP4A3 gene activity facilitates in vivo cellular 

proliferation and invasion necessary for malignant phenotype was tested. While the PTP4A3 

gene product initially was thought to only be involved in tumor metastasis and late stage disease, 

expression in non-malignant cells and tissues provided strong evidence for possible roles at other 

stages of the disease. Surprisingly, Ptp4a3 gene expression was elevated in the colon 

immediately following treatment with AOM (Fig. 14). The cause of Ptp4a3 upregulation in this 

tissue is not immediately clear, although it could be related to p53 activation in response to 

genotoxic stress cause by the carcinogen. Another potential mechanism for the expression of 

Ptp4a3 during oncogenic transformation could be through activation by c-MYC. The data 

presented here clearly indicated that Ptp4a3 gene expression was increased as the result of c-

MYC activity and could very well be an important factor in tumorigenesis. The observation that 

mice deficient for PTP4A3 were able to suppress colon carcinogenesis (Fig. 16) supports this 

conclusion and suggests that PTP4A3 maybe be an effective therapeutic target at multiple stages 

of cancer as opposed to only the metastatic cascade. 
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Primary colon tumors isolated from mice exhibited elevated Ptp4a3 mRNA and protein 

(Fig. 15), a finding that was also observed in human colon tumors [27]. Interestingly, a 

considerable amount of variability in Ptp4a3 gene expression was observed when comparing 

individual tumor samples. A subset of tumors expressed relatively low Ptp4a3 expression levels 

that were similar to the adjacent normal tissue. This could potentially explain why only a partial 

inhibition of tumor formation was observed in Ptp4a3-null mice. Because similar variability in 

Ptp4a3 gene expression was observed in human tumor samples [27], this could have treatment 

implications because it would suggests that tumors not expressing PTP4A3 may not be directly 

affected by PTP4A3 -targeted therapy. 

 The role of PTP4A3 in the process of angiogenesis is another mechanism by which it is 

thought to contribute to malignancy. The concept of therapeutically targeting PTP4A3 in cancer 

could therefore have benefits in multiple facets of the disease (i.e. simultaneously targeting 

cancer cells and the tumor endothelium). The results presented here clearly suggest that Ptp4a3-

null mice had a reduced angiogenic response and that PTP4A3 likely contributed to the 

molecular response to VEGF exposure in endothelial cells. AOM-derived colon tumors exhibited 

less microvessel density in Ptp4a3-null mice relative to wildtype tumors (Fig. 20). Additionally, 

endothelial cells derived from Ptp4a3-null mice showed less migration and invasion when 

assayed in vitro (Fig. 21-22). This may be explained by the inability of endothelial cells to 

activate SRC protein in response to VEGF signals (Fig. 24).  

 The obvious implication of these results is that inhibiting PTP4A3 activity could reduce 

tumor angiogenesis and thus suppress cancer progression. The additional consequence is that 

PTP4A3 could also be a valuable target for the many other disease states that require 

pathological angiogenesis such as: diabetes, macular degeneration and cardiovascular 



 85 

dysfunction. Much more investigation regarding the function of PTP4A3 in endothelium is likely 

required before its therapeutic value in preventing angiogenesis can be established. The newly 

created animal model presented here should be very useful in facilitating this work. 

Based on the in vivo data presented in this thesis it seems unlikely that inhibition of 

PTP4A3 in the vasculature will be sufficient to treat cancer - although reduced, tumor 

angiogenesis still occurred in Ptp4a3-null mice. Combination therapy with VEGF antagonists or 

other anti-angiogenic therapies are likely worth exploring since loss of PTP4A3 only appeared to 

mitigate some of the response of endothelial cells to VEGF (i.e., SRC activation was prevented 

but ERK1/2 activation occurred). It could also be possible that the family members PTP4A1 and 

PTP4A2 were able to partially compensate for loss of PTP4A3 in these cells. If that is the case 

then a pan-PTP4A inhibitor may have significant therapeutic benefit. 

In conclusion, PTP4A3 gene activity likely facilitates the in vivo cellular properties 

necessary for a malignant phenotype. Establishing that deletion of Ptp4a3 has a necessary 

function in a mouse model of colon cancer suggests strong therapeutic implications throughout 

the progression of the disease. Although additional questions remain regarding its mechanism, 

this is an important milestone in understanding the biological role of PTP4A3. 

5.1.2 Future directions 

The results presented here strongly suggest a role for PTP4A3 in both carcinogenesis and 

angiogenesis. Experiments in both aims of this thesis have provided mechanistic insight 

regarding the function of PTP4A3, although a clear, unified mechanism of action is still at large. 

The single greatest obstacle in our understanding of the true biological role of PTP4A3 is the 

lack of a direct known substrate. Several proteins were identified as having higher tyrosine 
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phosphorylation in Ptp4a3-null endothelial cells: EphrinB (pTyr-330), FAK (pTyr-397), Dab1 

(pTyr-232) and IkB-α (pTyr-305). Higher phosphorylation would be expected for the substrate of 

a phosphatase that was deleted in the cell, and these targets should be further investigated for 

their potential as direct phospho-substrates. 

The knockout mouse model provides an extremely valuable tool for studying the function 

of PTP4A3 both phenotypically and mechanistically. Many mouse models of cancer have been 

developed in recent years and it would be very interesting to examine the effect of Ptp4a3 

knockout in different cancer types such as liver, breast, or leukemia. In addition to cancer, mouse 

models of many human diseases including obesity, diabetes, hypertension and stroke are 

frequently used in biomedical research and could provide insight about a potential role for 

PTP4A3 in these conditions. 

One of the greatest strengths of this targeted animal model is the ability to perform 

temporal or tissue specific knockout of PTP4A3. Global deletion was chosen for this study 

because knockout of PTP4A3 had not been previously reported and the potential for an effect on 

multiple systems existed. The limitation of this approach is that when studying a complex 

phenomenon that involves multiples cell types (such as cancer) the effect of knockout could be 

relevant to a specific system that cannot be easily distinguished from the observations. For 

example, suppression of colon cancer in Ptp4a3-null mice could be the result of gene deletion in 

the colon epithelium, peripheral vasculature, stroma, immune cells or all of these systems 

combined. Testing the cancer model following conditional knockout of PTP4A3 in individual 

systems would demonstrate the importance of PTP4A3 function in that cell type and would 

likely provide considerable insight about the role of PTP4A3 in cancer. For example, the Ptp4a3 

floxed allele could be crossed to transgenic mice expressing Cre recombinase from the Vil1 
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promoter to facilitate PTP4A3 knockout specifically in intestinal epithelial cells [128]. When 

challenged with AOM/DSS, a significant difference in colon carcinogenesis in these mice would 

be attributable to the function of PTP4A3 in colon tumor (or pre-neoplastic colon) cells. 

Additionally, since the PTP4A genes are likely to have similar and potentially 

overlapping functional roles, multiple Ptp4a isoform knockout mice would be very interesting to 

examine. A knockout mouse model for PTP4A2 has recently been reported [24] and it is likely 

that a PTP4A1 knockout model will be available in the future. Crossing these strains to create 

multiple null mutations could add considerable insight about the in vivo function of this gene 

family. 

Finally, gene deletion is an important technique for studying the role of therapeutic 

targets in animals. However, the action of a potent yet reversible phosphatase inhibitor would 

likely have a somewhat different effect on a biological system than the null mutation. The effort 

to understand and evaluate the value of PTP4A3 as an anti-cancer target would be greatly aided 

by the availability of additional effective and specific small molecule inhibitors. Several 

compounds that inhibit PTP4A3 have been identified but none have been characterized in vivo. 

A comprehensive pharmacological toolbox will ultimately be required to exploit PTP4A3 for 

treatment of human malignancy. 
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APPENDIX A 

FREQUENTLY USED ABBREVIATIONS 

Abbreviation Full terminology 

AML Acute Myelogenous Leukemia 

AOM Azoxymethane 

BMI Body Mass Index 

BR-1 Benzylidine Rhodanine 1 

BrdU Bromodeoxyuridine 

BUN Blood Urea Nitrogen 

CML Chronic Myelogenous Leukemia 

CSK C-Terminal SRC Kinase 

DSP Dual Specificity Phosphatase 

DSS Dextran Sodium Sulfate 

eIF2 Elongation Initiation Factor 2 

EMT Epithelial To Mesenchymal Transition 

ES Embryonic Stem 

GFP Green Fluorescent Protein 

HMVEC Human Microvascular Endothelial Cell 

IGF1Rβ Insulin-Like Growth Factor Receptor 1β 

NEO Neomycin Resistance Cassette 

PRL Phosphatase of Regenerating Liver 

PTP Protein Tyrosine Phosphatase 

ROCK Rho Kinase 

TGFβ Transforming Growth Factor Β 
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