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Abstract

The initial cloning of receptor protein tyrosine phosphatases (RPTPs) was met with excitement 

because of their hypothesized function in counterbalancing receptor tyrosine kinase signaling. In 

recent years, members of a subfamily of RPTPs with homophilic cell-cell adhesion capabilities, 

known as the R2B subfamily, have been shown to have functions beyond that of counteracting 

tyrosine kinase activity, by independently influencing cell signaling in their own right and by 

regulating cell adhesion. The R2B subfamily is composed of four members: PTPmu (PTPRM), 

PTPrho (PTPRT), PTPkappa (PTPRK), and PCP-2 (PTPRU). The effects of this small subfamily 

of RPTPs is far reaching, influencing several developmental processes and cancer. In fact, R2B 

RPTPs are predicted to be tumor suppressors and are among the most frequently mutated protein 

tyrosine phosphatases (PTPs) in cancer. Confounding these conclusions are more recent studies 

suggesting that proteolysis of the full-length R2B RPTPs result in oncogenic extracellular and 

intracellular protein fragments. This review discusses the current knowledge of the role of R2B 

RPTPs in development and cancer, with special detail given to the mechanisms and implications 

that proteolysis has on R2B RPTP function. We also touch upon the concept of exploiting R2B 

proteolysis to develop cancer imaging tools, and consider the effects of R2B proteolysis on axon 

guidance, perineural invasion and collective cell migration.
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1. Introduction to the R2B subfamily of receptor-like tyrosine phosphatases

Protein tyrosine phosphatases are identified based on the presence of a stretch of 

approximately 280 amino acids with ten conserved motifs [1]. Within the group of the 37 

classical tyrosine phosphatases known today, 16 are non-transmembrane PTPs, such as 

PTP1B. 21 are RPTPs that are further divided into eight subfamilies based on their 

extracellular domain structure [2] or sequence similarity of the first phosphatase domain [3]. 

The type IIb family of RPTPs (R2B) is of interest due to the presence of cell adhesion 

molecule-like domains in their extracellular region. R2Bs have an N-terminal MAM 

(Meprin, A5 (neuropilin), PTP mu) domain, an immunoglobulin (Ig) domain and four 

fibronectin III (FNIII) repeats in their extracellular segment [4]. The combination of Ig 

domains and FNIII repeats are found in the cell-cell adhesion molecules (CAMs) NCAM 

and L1. Given their structural similarity to CAMs, R2B RPTPs were predicted to function in 

regulating cell adhesion and altering tyrosine phosphorylation levels in cells in response to 

adhesion [4, 5].

R2B phosphatases have a longer juxtamembrane domain than other RPTPs. This domain 

shares 20% identity with the cytoplasmic domain of classical cadherins [5, 6], which 

suggested that in addition to functioning as cell adhesion molecules in their own right, R2Bs 

might also regulate this major group of CAMs. R2Bs contain two cytoplasmic tyrosine 

phosphatase domains (D1 and D2), of which only the membrane proximal phosphatase 

domain (D1) is catalytically active [7]. The second phosphatase domain, along with other 

regions of the cytoplasmic domain, likely regulates tyrosine phosphatase activity of the first 

PTP domain [1, 8]. R2B phosphatases are only found in vertebrates, suggesting they evolved 

to control processes unique to higher organisms [9].

2. Mechanisms of mediating cell-cell adhesion

2.1 Homophilic cell-cell adhesion

The first R2B identified was PTPμ (also known as PTPmu, PTPRM and RPTPM) [10], 

followed by PTPκ (PTPkappa and PTPRK) [11], PCP-2 (PTPpi, PTPpsi, PTPλ, hPTP-J, 

PTPRO and PTPRU) [12], and PTPρ (PTPrho and PTPRT) [13]. Because of the presence of 

the CAM-like extracellular domains, R2B PTPs were evaluated for their ability to mediate 

cell-cell adhesion. Expression of PTPμ [14, 15], PTPκ [16], and PTPρ [17] in non-adherent 

cells induces cell-cell aggregation by binding to an identical protein on the adjacent cell’s 

surface, confirming that these proteins do function as CAMs that mediate homophilic cell-

cell adhesion. While extracellular domain fragments of PCP-2 can mediate homophilic 

binding [12], PCP-2 is unable to mediate homophilic cell-cell adhesion when expressed in 

non-adherent cells [18]. The R2B RPTPs do not bind heterophilically to one another [17–

19], and no other heterophilic-binding partners of R2B RPTPs have been identified.
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Based on studies of PTPμ, the MAM, Ig and first two FN III repeats are required for 

mediating homophilic cell-cell adhesion [19–25]. Cell and in vitro binding studies 

demonstrated that the MAM domain is responsible for sorting distinct R2B subfamily 

members from each other to maintain strictly homophilic cell-cell adhesions [19], while the 

Ig domain promotes direct homophilic binding even in vitro [20]. Crystallographic studies of 

PTPμ suggest that the MAM and Ig domain of one PTPμ molecule binds to the first and 

second FN III domain of a second PTPμ molecule in trans to mediate cell-cell adhesion 

[23]. Differences in the peripheral areas of the homophilic dimer interface are also 

hypothesized to account for the binding specificity of R2B RPTPs [23].

The MAM and Ig domain of PCP-2 swapped into a chimeric PTPρ protein are sufficient to 

make non-adhesive cells adhesive, while also conferring a unique adhesion molecule 

identity to the PCP-2-swapped-PTPρ-chimera, as these chimeric cells sort away from wild-

type PTPρ-expressing cells [18]. Yet the entire extracellular domain of PCP-2 swapped into 

an otherwise wild-type PTPρ protein does not mediate adhesion [18]. Evaluation of exposed 

surface charges of PCP-2 revealed a more positive electrostratic potential on the backside of 

the first and second FN III repeats of PCP-2 compared to other R2Bs [18]. Comparison of 

the amino acid residues present in PCP-2 with those identified as being essential for 

homophilic binding of PTPμ by Aricescu et al. [18] demonstrate a few minor sequence 

differences between PCP-2 and PTPμ. It is not known whether those minor differences in 

the FN III domains are responsible for the inability of PCP-2 to mediate cell-cell adhesion, 

although it is clear that the MAM and Ig domain of PCP-2 do retain some adhesive 

capability.

2.2 Cadherin-based adhesion

In addition to sharing sequence homology with the cytoplasmic domains of classical 

cadherins [5, 6], R2B RPTPs localize to sites of adherens junctions [26–28]. PTPμ and 

PCP-2 also regulate cadherin-based adhesion [29, 30], and PTPκ stabilizes E-cadherin at 

adherens junctions [31]. PTPμ expression and tyrosine phosphatase activity are required for 

a process analogous to axon extension of neurons called neurite outgrowth on cadherin 

substrates [32]. R2B RPTPs interact with classical cadherins, including E-cadherin, N-

cadherin, R-cadherin and VE-cadherin [26, 33–35]. Classical cadherins regulate cell-cell 

adhesion and the actin cytoskeleton via the catenin proteins. Catenin family members 

include α, β, δ, γ and p120. R2B RPTPs interact with a number of catenins and, in some 

cases, have been shown to dephosphorylate catenins to regulate adherens junctions. For 

instance, PTPκ interacts with β-catenin and plakoglobin/γ-catenin [27], dephosphorylates β-

catenin [27, 36] and regulates the localization of β-catenin in cells [31]. β-catenin is also a 

substrate of PCP-2 [37]. PTPρ interacts with α-actinin, α-, β-, and γ-catenin, p120-catenin 

and N-,E-, and VE-cadherins [34]. PTPμ binds E-, N-, R- and VE-cadherin complexes that 

contain α, β, γ, and p120 catenin [26, 33, 35, 38]. p120 catenin and E-cadherin are PTPρ and 

PTPμ substrates [26, 33, 34, 38]. PIPKIγ90 is an additional PTPμ substrate that, when 

dephosphorylated by PTPμ, inhibits integrin mediated cell-matrix adhesion and promotes 

cell-cell adhesion at adherens junctions [39].
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While R2B RPTPs clearly have a function in maintaining the structure of adherens junctions 

by regulating the phosphorylation state of cadherins and catenins, they are also hypothesized 

to have a more structural role in adherens junctions. Electron micrographs demonstrate that 

changing the length of the extracellular domain of PTPμ changes the distance between two 

cell membranes [23], suggesting that PTPμ functions as a rigid “spacer-clamp” to 

structurally reinforce adherens junctions [23, 24]. Therefore, R2B RPTPs regulate cell-cell 

adhesion at adherens junctions via two general mechanisms: through homophilic trans 

interactions to act as “spacer-clamps” and via cis interactions with the cadherin-catenin 

complex to stabilize adherens junctions by regulating tyrosine phosphorylation of cadherins 

and catenins.

3. Role of R2Bs in Development

R2B RPTPs are expressed in a variety of tissues during development [4]. While each R2B 

has a unique expression pattern in terms of timing and tissue location during development, 

every R2B RPTP is expressed in the nascent nervous system. Various techniques have been 

employed to assess the function of individual R2B RPTPs, from in vitro axonal migration 

studies, known as neurite outgrowth assays, to zebrafish morpholino experiments. These 

studies show that R2B RPTPs have indispensable functions in somitogenesis, and neural, 

endothelial cell, and immune system development (Table 1).

3.1 R2Bs in Neural Development

3.1.1 PTPμ—PTPμ is expressed in the developing chick retina and tectum [32, 40, 41]. In 

ex vivo retinal organ cultures, PTPμ was shown to regulate the formation of neuronal layers 

within the retina, a process known as lamination [41]. PTPμ regulates neurite outgrowth of 

retinal ganglion cells, the large projection neurons of the retina that connect the light input 

signal generated in the retina to the higher processing centers of the brain [32, 40]. Tyrosine 

phosphatase activity of PTPμ is necessary for its regulation of neurite outgrowth [42]. 

Neurite outgrowth on a purified PTPμ substrate requires signaling via PLCγ1, PKCδ, the 

Rho GTPases Cdc42 and Rac1, and IQGAP1 [43–48].

3.1.2 PTPκ—Despite its extensive expression in the nervous system, a definitive role for 

PTPκ during neural development has yet to be demonstrated. PTPκ regulates in vitro neurite 

outgrowth of embryonic cerebellar granule cells, via MEK1 and Grb2 signaling mechanisms 

[49]. A β-galactosidase knock-in mouse with β-gal inserted into the phosphatase domain of 

PTPκ, thereby rendering it inactive [50], resulted in viable mice, demonstrating that PTPκ 

phosphatase activity is not necessary during development [50]. This may be due to 

redundancy with other family members. The function of adhesion mediated by the 

extracellular domain of PTPκ during development remains unknown.

3.1.3 PTPρ—PTPρ is an intriguing R2B RPTP from a developmental standpoint because it 

is found in a region of the human genome known as human accelerated region 9 (HAR 9), 

one of 49 regions of our genome with a rapid rate of divergence from chimpanzee [51]. 

PTPρ was thought to be exclusively expressed in the brain [13, 52, 53], although recent 

studies have demonstrated its expression elsewhere in the adult animal (see section 4.1). In 

the nervous system, PTPρ interacts with neuroligin and neurexins to promote synapse 
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formation in cultured hippocampal neurons, functioning as a trans homophilic adhesion 

molecule with itself while reinforcing the neurexin-neuroligin interaction [54]. 

Phosphorylation of PTPρ by Fyn reduced the interaction of PTPρ with itself in trans and 

with neuroligin and instead promoted increased PTPρ-PTPρ cis interactions, resulting in 

attenuated synapse formation [54]. PTPρ also regulates dendritic arborization in 

hippocampal neurons, by dephosphorylating and thereby regulating the activity of the Rac1 

GAP activating protein called breakpoint cluster region protein (BCR) [55].

3.1.4 PCP-2—PCP-2 also regulates the development of the nervous system. The 

development and maintenance of meso-diencephalic dopamine neurons (mdDA) of the 

substantia nigra and ventral tegmental area of the midbrain depends on the activity of the 

transcription factors Nurr1 and Pitx3. PCP-2 is downstream of both of these transcription 

factors and its expression is lost in Nurr −/− mice, which lose most mdDA neurons late in 

development [56]. This suggests that PCP-2 expression may be necessary for mdDA cell 

generation and survival. Given that PCP-2 does not mediate cell-cell adhesion [18], the 

mechanism of how PCP-2 regulates mdDA cell survival is unlikely to be due to the direct 

regulation of mdDA cell-cell adhesion, but instead might be via the regulation of cadherin 

based adhesion or the modulation of PCP-2 signaling.

3.2 Role of R2Bs in the development of other tissues

Besides their role in the development of the nervous system, R2B PTPs also regulate other 

important developmental processes, including somitogenesis and T-cell and megakaryocyte 

development. PTPκ, for instance, regulates the differentiation of CD4+ T cells in the Long-

Evans Cinnamon (LEC) strain of rat [57, 58]. Deletion of PTPκ generates T-helper cell 

immunodeficiency in the LEC rats, while transduction of PTPκ into LEC bone marrow cells 

was sufficient to replenish half of the missing CD4+ T cells in the thymus of the LEC rats 

[59]. Furthermore, CD4+ T cell development was reduced in bone marrow-derived stem 

cells transduced with the dominant negative form of PTPκ [60]. Both a PTPκ dominant 

negative construct and short-hairpin RNA directed against PTPκ reduced c-raf, MEK, and 

ERK 1/2 phosphorylation in T cell lines, suggesting that PTPκ expression positively 

regulates the c-Raf/MEK/Erk 1/2 signaling pathways required for CD4+ T cell development 

[60].

PCP-2 is expressed in the first somites of the chick during development [61]. Morpholino 

knock-down experiments demonstrate that PCP-2 regulates oscillatory genes necessary for 

body segment formation [62]. Notch-delta signaling is required for segment formation via 

the regulation of the repressive transcription factors her1 and her7. Notably, PCP-2 

morpholino-injected embryos resemble delta morpholino-injected embryos, with defects in 

segment polarity followed by death 2–3 days post-fertilization [62]. Expression of her1, 

her7, and deltaC are disrupted in PCP-2 morpholino-injected embryos [62]. In her1 

morpholino-injected embryos, her7 transcript levels are reduced and her1 transcript levels 

are increased, due to hypothesized transcript stabilization by the morpholino [62]. In PCP-2 

morpholino injected embryos, her7 transcripts are further reduced. When PCP-2 and her1 

morpholinos are co-injected, her1 transcript levels are reduced, demonstrating that PCP-2 is 
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capable of regulating her1 and her7 transcripts independently, either upstream of or in 

parallel with the Notch/delta system in presomitic mesoderm pattern formation [62].

PCP-2 also regulates the proliferation of megakaryocyte cells in vitro [63]. The growth 

factor stem cell factor induces hematopoietic progenitor cell differentiation via binding to 

and activating the c-Kit receptor. PCP-2 was found to constitutively interact with the c-Kit 

receptor, and PCP-2 was both tyrosine phosphorylated and proteolytically cleaved in 

response to stem cell factor stimulation. The addition of PCP-2 antisense oligonucleotides to 

primary bone marrow cells significantly reduced the number of megakaryocyte colonies, 

demonstrating the role of PCP-2 in megakaryocyte proliferation and/or differentiation [63].

4. Alteration of R2B RPTPs in Cancer

R2B RPTPs have been classified as both tumor suppressors and oncogenes, depending on 

the specific R2B, the type of cancer, and the changes observed in the gene or proteins [64]. 

Furthermore, genetic, epigenetic, transcriptional and post-translational changes in R2B 

RPTPs have been observed in cancer, in some cases all four events have been described for 

one RPTP [64, 65]. The known alterations of R2B RPTPs in human cancers are outlined in 

Table 2.

4.1 PTPρ

A large body of data exists that demonstrates that PTPρ is a frequently disrupted PTP in 

cancer. PTPρ functions as a tumor suppressor in colorectal cancer cells and is the most 

frequently mutated RPTP gene in colorectal cancer [66], in head and neck squamous cell 

carcinoma (HNSCC), and in cancer in general [65, 67]. In addition to genetic mutations of 

the PTPRT coding sequence, alterations in promoter methylation status of the PTPRT gene 

have been noted in colorectal cancer [68]. microRNAs targeting PTPρ mRNA have been 

observed following hepatitis virus B infection [69] and in side population cells (that are 

similar to cancer stem cells) from the MCF7 breast cancer cell line [70]. These microRNAs 

disrupt PTPρ function in cancer cells by reducing the amount of wild-type PTPρ protein.

Many of the PTPρ mutations identified result in frameshift or nonsense mutations in either 

the extracellular adhesive domain or in its catalytic domains [66]. Expression of full-length 

wild-type PTPρ suppresses colorectal and HNSCC cell growth in vitro, whereas expression 

of a mutant version of PTPρ promotes cell growth [66, 67]. Recombinant D1 or D2 domains 

designed with the PTPρ mutations observed in cancer have reduced activity to the 6,8-

difluoro-4-methylumbelliferyl phosphate substrate compared to control [66]. These PTPρ 

mutations yield a destabilized D1 domain that compromises phosphatase activity [71]. 

Mutations observed in the MAM, Ig and FN III repeats of PTPρ are also loss of function, as 

they all disrupt the ability of PTPρ to mediate cell-cell adhesion [17, 72].

Downstream effects of PTPρ D1 domain mutations have begun to be elucidated. PTPρ D1 

domain mutations impact both STAT3 [67] and paxillin activity [73]. A catalytic domain 

mutation of PTPρ increases the phosphorylation state of the PTPρ substrate STAT3, 

resulting in STAT3 hyperactivity [67]. Paxillin is another PTPρ substrate [73]. PTPρ 

engineered with cancer-occurring D1 mutations cannot dephosphorylate paxillin on tyrosine 
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88 (Y88), while PTPρ knock-out mice show higher levels of paxillin Y88 phosphorylation 

[73]. PTPρ knock-out mice were observed to be more susceptible to colon cancer induction 

while also displaying higher levels of colonic paxillin Y88 phosphorylation [73]. The PTPρ 

mutations observed in cancer demonstrate the multiplicity of effects that RPTP mutations 

can have on both adhesion and catalytic activity and the downstream effects that these 

mutations have on STAT3 and paxillin signaling pathways.

4.2 PTPμ

Full-length PTPμ functions as a tumor suppressor in breast cancer and glioma [74, 75]. The 

PTPRM promoter is hypermethylated in sporadic colorectal cancer [68], and the PTPRM 

gene is frequently mutated in HNSCC [67]. Functionally, reduced levels of PTPμ mRNA in 

breast cancer patients are associated with poor prognosis and shorter disease free survival 

time [74]. Similarly, less full-length PTPμ protein is observed in high-grade brain tumor 

glioblastoma multiforme (GBM) than in lower grade astrocytomas or in noncancerous brain 

tissue [75]. Concomitant with the reduction of PTPμ protein and/or transcript levels is an 

increase in tumor cell invasiveness, motility and cell growth [74, 75]. The identity of some 

of the downstream signaling defects predicted to occur in cancer cells following PTPμ 

disruption are known. For example, in glioma cells, PLCγ1 activity is downstream of PTPμ 

signaling and PLCγ1 activity is required for mediating cancer cell migration in the absence 

of PTPμ protein [45]. In breast cancer cells, ERK and JNK activity are required to promote 

migration when PTPμ expression is reduced [74].

4.3 PTPκ

Loss of heterozygosity in the PTPRK coding region on chromosome 6 is associated with 

malignant glioma [76], central nervous system lymphomas [77], primary intraocular 

lymphoma [78], and pancreatic cancers [79]. The PTPRK gene is mutated in HNSCC [67], 

and a mutated PTPκ was identified as a melanoma antigen on CD4+ T-cells [80]. PTPRK is 

also found to be part of gene fusions with R-spondin family members, agonists of the Wnt/β-

catenin signaling pathway, in 10% of colorectal cancer [81]. PTPRK was identified in a 

mouse transposon study of colorectal cancer as one of the ten most likely causative 

mutations observed in cancer patients [82]. Both Epstein-Barr Virus infection of Hodgkin 

lymphoma cells and the androgen receptor-targeted microRNA MiR-133b induce the loss of 

PTPκ mRNA and protein expression [83, 84]. Low levels of PTPκ transcripts are observed 

in breast cancer tissue [85] and in 20% of melanoma cells and tissue biopsies [86]. The 

consensus is that PTPκ is a tumor suppressor, as reduced PTPκ expression is correlated with 

shorter disease free-survival times in breast cancer [85], and loss of heterozygosity of the 

PTPRK region of chromosome 6 is associated with shorter patient survival with CNS 

lymphoma and primary ocular lymphoma [77, 78]. In at least one instance, however, PTPκ 

has a hypothesized oncogenic function as an inhibitor of apoptosis [87].

U-87 MG glioma and Me1 melanoma cells expressing exogenous full-length PTPκ have 

reduced levels of proliferation and migration [31, 88], as expected for a tumor suppressor. In 

agreement with this hypothesized tumor suppressor role, expression of mutant versions of 

PTPκ found in glioma cells in the loss of heterozygosity in U-87 MG cells [77] promote cell 

growth, motility and invasion [88]. Likewise, in non-Epstein-Barr Virus infected Hodgkin 
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lymphoma cells, loss of PTPκ by si-RNA increases the survival and proliferation of the cells 

[83]. Knock-down of PTPκ protein in breast cancer cells using ribozymes also increases cell 

proliferation, matrix-adhesion and invasiveness [85]. PTPκ mediates these cellular responses 

by regulating EGFR and β-catenin activity in glioma and melanoma cells [88]. Specifically, 

PTPκ sequesters β-catenin at adherens junctions to limit the transcription and translation of 

cyclin D1 and c-myc by nuclear β-catenin [31]. In Hodgkin lymphoma, Epstein-Barr Virus 

infection reduces PTPκ protein expression by inactivating the transforming growth factor β - 

Smad2 – pathway that induces PTPκ transcription [83, 89].

4.4 PCP-2

PCP-2 also has hypothesized functions as a tumor suppressor. PCP-2 mRNA transcripts are 

expressed in normal melanocytes but are reduced in 30% of melanoma cell lines and present 

in only one out of nine melanoma biopsies [86]. PTPκ mRNA is also reduced in melanoma 

cell lines and biopsies [86, 90]. Occasionally both PTPκ and PCP-2 mRNA levels are 

reduced in the same tissue or cell samples [86, 90]. Expression of full length PCP-2 in 

SW480 colon cancer cells reduces their ability to migrate and proliferate, likely by 

promoting E-cadherin-based adhesion at adherens junctions while reducing β-catenin’s 

nuclear signaling [30]. In summary, R2B RPTPs all have proposed tumor suppressor 

functions. More recently, however, additional post-translational alterations observed in the 

R2B subfamily have added complexity to this straightforward tumor suppressor story.

5. Proteolysis

Post-translational changes to R2B RPTPs occur preferentially in cancer tissue. In particular, 

R2B RPTPs are included in the list of cell-cell CAMs preferentially proteolyzed in cancer 

[91, 92]. The modification of homophilic cell-cell CAMs by proteolysis is proposed to be 

one mechanism of promoting loss of contact inhibition of proliferation and migration in 

cancer cells [92]. Unlike their corresponding full-length isoforms, proteolytically cleaved 

fragments of R2B RPTPs have oncogenic properties [93, 94]. In the case of PTPμ, 

extracellular and intracellular fragments of PTPμ preferentially accumulate in GBM tissue 

and cells [93, 95]. At the cell surface in “normal” immortalized and in unstimulated GBM 

cancer cells, PTPμ exists in two forms, either a full-length 200 kDa form or as two non-

covalently associated fragments of 100 kDa each, the E (or extracellular) subunit and the P 

(phosphatase) subunit generated by furin [93, 94] or proprotein convertase 5 (PC5) cleavage 

[96]. Following stimulation with a calcium ionophore, which mimics growth factor 

stimulation, cell-surface PTPμ is cleaved by an ADAM protease (Figure 1; [94]). Depending 

on which form of cell-surface PTPμ is used as the substrate (ie. either the full-length protein 

or the protein composed of two non-covalently associated fragments), ADAM activity 

generates shed extracellular fragments of PTPμ of 119 and 100 kDa in “normal” 

immortalized cells, and of 127 and 108 kDa in GBM tumor cells [94] (Figure 1). The 

membrane-tethered PTPμ fragment left after ADAM cleavage, termed PΔE, is then 

proteolyzed by γ-secretase in the plasma membrane to generate a membrane-free 

cytoplasmic fragment of PTPμ, the intracellular domain fragment (ICD) [36, 93]. ICD is 

capable of translocating into the nucleus, where it is hypothesized to act on a different set of 

substrates than at the plasma membrane [93] (Figure 1). In GBM tumor cells, calpain 
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proteolyzes PTPμ in its cytoplasmic domain to generate three additional membrane-free 

fragments of 71, 67 and 61 kDa with three complementary transmembrane fragments of 139, 

133, and 129 kDa, all three of which have intact extracellular cell-cell adhesion domains 

[94] (Figure 1). Calpain cleavage of PTPμ has the effect of dissociating adhesion from 

phosphatase activity. Additional unidentified serine proteases cleave PTPμ in GBM cells to 

yield smaller extracellular fragments with MWs of 78 and 55 kDa [94] (Figure 1).

Biologically, the absence of full-length PTPμ [75] and the presence of PTPμ fragments 

contribute to cell survival and migration [93]. Tyrosine phosphatase activity of the 

cytoplasmic fragments of PTPμ promote cancer cell migration, as use of a wedge inhibitor 

that blocks tyrosine phosphatase function reduces cell migration in GBM cells [93]. 

Reduction of full-length PTPμ and PTPμ fragments in GBM tumor models with short 

hairpin RNA reduces GBM cell growth in vitro and blocks tumor formation in flank and 

intracranial tumor models [97]. The shed and membrane associated extracellular fragments 

of PTPμ have different lengths but intact adhesive domains. The function of individual 

cancer-generated extracellular fragments of PTPμ remains unknown, even though 

collectively we know they contribute to tumor growth and migration. Given the marked 

accumulation of shed PTPμ fragments in the tumor microenvironment, as demonstrated 

immunohistochemically [95] and using novel imaging agents (see section 5.1 below), it is 

very likely that these fragments have unique biological functions in cancer.

Like PTPμ, full-length PTPκ is proteolyzed by furin to generate two cleaved fragments, the 

E-(110 kDa) and P-subunits (100 kDa), which remain associated at the plasma membrane 

[11]. At high cell density, PTPκ is cleaved by ADAM 10 to yield a shed extracellular 

fragment (MW 120 kDa) and an 80 kDa transmembrane fragment (PΔE [36]). An additional 

cytoplasmic fragment of approximately 70 kDa, termed phosphatase intracellular portion 

(PIC), was identified when the proteosome was inhibited. PIC is generated by presenilin-1 

activity in the gamma secretase complex, which cuts PΔE in the transmembrane domain, 

thereby releasing PIC from the membrane and facilitating its translocation to the nucleus 

[36]. And while PIC and PTPκ are both able to dephosphorylate β-catenin, they have 

opposing effects on TCF-mediate transcription: full-length PTPκ decreases TCF-mediated 

transcription, whereas PIC increases it [36]. Therefore, the localization of the different forms 

of PTPκ yields opposite cellular effects.

Interestingly, over-expression of N-acetylglucosaminyl transferase V (GnT-V) in WiDr 

colon cancer cells results in preferential glycosylation and shedding of a 110 kDa PTPκ 

extracellular fragment [98]. Shedding of PTPκ in the WiDr cells is regulated by the secreted 

proprotein convertase 5 (PC5A) [99]. It remains to be investigated whether PC5A/furin 

cleavage of PTPκ yields two membrane associated fragments, as suggested by Anders and 

colleagues [36], or whether PC5A/furin cleavage results in the shedding of the extracellular 

segment, as suggested by Kim et al. [99]. Glycosylation and shedding of PTPκ correlated 

with increased migration of the colon cancer cells, again suggesting that the proteolyzed 

isoforms of PTPκ are oncogenic [98].

Proteolytic fragments of PCP-2 have also been observed [12, 63]. Extracellular proteolytic 

fragments of 115 and 70 kDa were isolated from mouse brain extracts and from 293 cells 
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over-expressing PCP-2 isoforms [12]. Stimulation of Cos-7 cells with stem cell factor results 

in the phosphorylation of PCP-2 and the generation of phosphorylated and proteolyzed 

membrane-spanning PCP-2 fragments of 100 and 80 kDa with some parts of the 

extracellular domain remaining [63]. In addition, a non-phosphorylated 73 kDa intracellular 

PCP-2 fragment is generated following stem cell factor stimulation [63]. Proteolysis is 

generalizable to the entire R2B subfamily, as PTPρ has been observed to be cleaved by furin 

during neural development [54]. The stimulus for proteolysis varies between the R2B 

members, suggesting that proteolysis may occur in different contexts, including cancer, 

development [54], and in response to high cell density [36], growth factor stimulation [63], 

and calcium influx [94].

5.1 Exploitation of proteolysis to generate molecular imaging probes for tumors

GBM is a particularly invasive/dispersive tumor type making the actual location of the 

tumor cells difficult to image. Yet the best method of promoting GBM patient survival is 

thorough surgical removal of the tumor tissue, which is exacerbated by this imaging 

challenge and the need to limit the removal of healthy tissue [100, 101]. To be effective 

GBM imaging agents, tumor-specific probes need to first cross the blood brain barrier and 

then produce signals to specifically identify invading cells at the tumor edge to facilitate 

surgical removal. To address this, molecular imaging agents are being developed that 

specifically bind to tumor cells and can be imaged using fluorescent surgical microscopes 

[102]. Given that R2Bs are homophilic binding proteins and that their shed extracellular 

fragments are observed in cancer cells and tissues, imaging probes designed to 

homophilically bind to the shed R2B fragments are being developed for use as cancer 

diagnostics, as reviewed in [91].

Within the last few years, substantial progress has been made in demonstrating the utility of 

probes generated to bind to PTPμ in GBM. Extracellular fragments of PTPμ are present at 

high levels at the tumor edge [95, 103]. PTPμ probes generated to the MAM or Ig domain of 

PTPμ, termed SBK probes, robustly and specifically label GBM tumor and edge tissue 

sections [95]. When labeled with a fluorescent dye, the SBK probes recognize tumor flank 

models of GBM within minutes [95]. Importantly, the SBK probes cross the blood brain 

barrier to label intracranial GBM tumors [95]. Intracranial SBK2 probe labeling is observed 

25 minutes after injection to accommodate for clearance from the brain [95]. The SBK2 

probe labels greater than 99% of all CNS-1 GBM tumor cells in a xenograft tumor of CNS-1 

cells in athymic nude mice [103]. The probe also labels cells that dispersed several 

millimeters away from the main tumor, and the level of probe fluorescence is often brighter 

in the region of tumor dispersal than in the main tumor [103]. This is remarkable because 

dispersed cell labeling is a major disadvantage of the best currently available GBM 

fluorescent probe 5-Aminolevulinic acid (5-ALA) [104, 105]. When conjugated to a 

gadolinium chelate, the SBK2 probe completely and rapidly labels LN-229 GBM tumors 

with higher contrast enhancement than the generic MRI contrast enhancement agent, 

Gadoteridol (ProHance) [106].

The advantages that the SBK probes have over other fluorescent and MRI imaging agents 

make it an excellent candidate probe for diagnosing GBM and guiding surgical removal of 
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tumor tissue. The mechanism of adhesion and the structural domains necessary for 

mediating cell-cell adhesion have been characterized for PTPμ and PTPρ [12, 14, 16, 17, 20, 

72]. Combined with what is known about the crystal structure of the extracellular domain of 

PTPμ [23] and the surface polarity of all R2B RPTPs [18], the development of probes to 

PTPρ and PTPκ similar to the ones designed for PTPμ is feasible. Because PCP-2 mediates 

in vitro homophilic binding [12], although not cell-cell adhesion [18], it is theoretically 

possible to generate a homophilic binding PCP-2 probe to bind to its shed extracellular 

fragments. Studies evaluating the expression of shed R2B fragments in cancer will clarify 

whether these probes will be as diagnostically promising as those for PTPμ. We have also 

proposed additional models for generating diagnostic probes for other RPTPs [91].

5.2 Proteolysis of axon guidance cues

Axon guidance is a form of cell migration where the protruding tip of a growing neuron, the 

growth cone, extends long distances and passes many cells before reaching its target. The 

growth cone does this by responding to both cell surface and soluble guidance cues in its 

environment. The guidance cues generally belong to four families: netrins that bind to DCC 

receptors; Slits that bind Robo receptors; Semaphorins that bind Plexin and Neuropilin 

receptors; and Ephrins that bind Eph receptors [107]. Some Semaphorins and Ephrins are 

membrane bound, whereas the rest of the guidance cues tend to be secreted. Transcriptional 

regulation of the receptors and guidance cues was thought to be the main mechanism of 

regulating axon guidance [108]. More recently, post-translational modification of axon 

guidance molecules, including proteolysis, has been demonstrated [109]. This was initially 

demonstrated in the Drosophila mutant kuzbanian, which has midline guidance defects as a 

result of a mutation in a metalloprotease homologous to ADAM 10 [110]. The kuzbanian 

defects are caused by reduced cleavage and clearance of Robo from commissural axons 

[111]. Kuzbanian is also necessary for cleavage of Ephrin A2 on growth cones to allow for 

growth cone retraction following EphA3 binding on non-target cells [112]. Around the same 

time, the activity of an unidentified metalloprotease was shown to reduce spinal cord explant 

outgrowth in response to the soluble chemoattractant netrin, presumably by reducing the 

number of DCC receptors available to bind to netrin [113].

In more recent years, additional proteases have been demonstrated to cleave guidance cues: 

for example, ADAM17 cleaves Semaphorin5B in mouse dorsal root ganglion neurites [114]; 

β-site amyloid precursor protein (APP) cleaving enzymes 1 (BACE1) is required for mouse 

olfactory sensory neuron guidance [115], potentially via the cleavage of contactin-2 [116]; 

Proprotein Convertases Subtilisin Kexin Isozyme-1 (SKI-1) and furin cleavage of the 

repulsive guidance molecule RGMa is necessary to make it repellant [117]; calpain1 

cleavage of Plexin-A1 is necessary for commissural axon crossing of the midline [118]; and 

γ-secretase activity is necessary for DCC processing in spinal motor neurons [119]. The 

growing consensus is that cleavage of membrane associated cues regulates axonal guidance, 

often by releasing growth cones following a repellant receptor-ligand interaction [111, 112], 

or for generating growth repellant cues [114, 117]. Cleavage can also, however, silence 

repulsive guidance cues [119].
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5.2.1 Implications of R2B RPTP proteolysis on axon guidance—R2B RPTPs 

mediate axonal outgrowth from neurons when applied as substrates in vitro, and have been 

hypothesized to regulate neurite outgrowth and pathfinding during development. PTPμ 

protein is expressed in a high temporal low nasal pattern in the neural retina and a high 

anterior low posterior pattern in the tectum, and has been suggested to be part of the 

molecular gradient contributing to axon pathfinding of the retinotectal system [40]. PTPμ is 

a growth permissive substrate to retinal ganglion cell neurites that originate from the ventral 

nasal retina and is repulsive to neurites from the rest of the retina [42]. A soluble Fc chimera 

of PTPμ containing the entire extracellular domain of PTPμ can induce growth cone collapse 

from temporal retinal neurons [40, 43]. Tyrosine phosphatase activity of PTPμ in nasal and 

temporal retina is required for both the permissive and repulsive responses to a PTPμ 

substrate, respectively [42]. Finally, over-expression of wild-type PTPμ is sufficient to 

induce repulsion of nasal neurons [42].

A soluble chimera of the extracellular domain of PTPκ linked to an Fc protein promotes 

neurite outgrowth of cerebellar neurons growing on 3T3 fibroblast cells [49], demonstrating 

that a proteolyzed or shed form of PTPκ, that we now know exists in cells, could function 

during development [36]. Addition of a soluble version of the extracellular domain of PTPρ 

to primary culture of hippocampal neurons decreases synapse development [54]. The 

mechanism attributed to the PTPρ-Fc chimera is via the inhibition of cis interactions of 

PTPρ with the neuroligin-neurexin complex [54].

Given what we now know about R2B proteolysis, some of the earlier studies on their roles 

in axon guidance and neurite outgrowth could be interpreted in a new light. For instance, the 

expression studies of PTPμ in the retina were conducted using an intracellular antibody to 

PTPμ [40], and therefore, did not evaluate whether any cleaved extracellular fragments of 

PTPμ exist in the developing nervous system. Since soluble Fc chimeras of PTPμ induce 

growth cone collapse of temporal growth cones, shed PTPμ fragments could be repellant 

guidance cues [40, 43]. This would be analogous to the generation of a repulsive guidance 

cue by the cleavage and shedding of Semaphorin5B [114]. Evaluation of intracellular 

cleavage fragments of R2B RPTPs in development is also important. There is evidence that 

the intracellular stub of the guidance receptor DCC, generated following ADAM and γ-

secretase cleavage, has functions that are both necessary for axon guidance and that differ 

from that of full-length unprocessed DCC [119]. Finally, cleavage of RGMa protein in the 

neural retina produces differential responses in nasal and temporal retina due to differences 

in expression of the RGMa fragment receptor, Neogenin [117]. Future studies of R2B RPTP 

function in neural development and axon guidance will need to consider the effects and 

repercussions of receptor proteolysis in the developmental milieu.

6. Perineural Invasion, Collective Cell Migration and Cell-Cell CAM cleavage

Perineural invasion (PNI) is a hallmark of many carcinomas in which cancer cells invade 

“in, around, and through” peripheral nerves in the vicinity of the tumor. Cancer cells use 

nerves as a channel to form clusters or glands of cancerous cells which can also be major 

routes of metastasis [120]. PNI was often seen as a minor pathway for cancer cell invasion 

and metastasis, behind vascular and lymphatic routes [120]. It turns out, though, that PNI is 
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common in several carcinomas and is highly associated with poor prognosis. PNI is 

estimated to occur in 90–100% of pancreatic ductal adenocarcinoma, 80% of head and neck 

and prostate carcinoma, 50% of stomach cancer, and 33% of colorectal cancer [120, 121].

The study of the molecular mechanisms of PNI is only just beginning, yet a molecular 

framework is forming that has links to axon guidance. PNI likely occurs via chemotropism 

of cancer cells to nerves by GDNF [122], chemokines [123], and VEGF [124]. Additional 

guidance molecules that may regulate PNI include: plexin-B1 on cancer cells binding to 

Semaphorin4D on nerves [125]; mucin on cells binding to myelin associated glycoprotein 

(MAG) on nerves [126]; Slit2 in the tumor cells interacting with Robo receptor on nerves 

[127]; laminin rich nerve pathways that promote migration via the α6β1 integrin receptor 

[128]; and the L1-cell adhesion molecule [129]. Notably, proteolysis of Semaphorin4D has 

been observed in squamous cell carcinoma (a common cancer site of PNI) by MT1-MMP 

[130]. Whether Semaphorin4D proteolysis affects PNI needs to be addressed.

PNI has been described as a “continuous extension of tumor cells” [121], and brings to mind 

the collective migration of epithelial and mesenchymal cells often observed in development 

and cancer, known as collective cell migration [131, 132]. Collective cell migration of 

cancer cells occurs as strands of cells and as cell clusters [133]. We observed clusters and 

chains of migrating GBM cells in three-dimensional brain reconstructions of mouse 

orthotopic tumor models [134]. In these models, GBM cells migrate along blood vessels and 

white matter tracts that are composed of the axons of neurons [134].

To move together, the cells need to have collective adhesion, polarization, and guidance to 

cues to create a “supracellular” structure [133]. Homophilic cell-cell adhesion by classical 

cadherins, especially by N- and E-cadherin, is thought to be a major regulator of collective 

adhesion and migration [133, 135, 136]. R2B RPTPs are expressed in the nervous system, 

associate with cadherins, promote cell-cell adhesion, play a role in axon guidance and have 

known functions in cancer. We hypothesize that R2B RPTPs may function in PNI to 

promote the collective movement of tumor cells along nerve bundles. The SBK probe can 

label chains of migrating GBM cells in mouse brain tumors [103]. If PTPμ is also expressed 

in the microenvironment of carcinomas, the SBK probes may be useful tools for assessing 

the extent of PNI.

7. Conclusions and Future Directions

R2B RPTPs function in adhesion at adherens junctions, during development, and in cancer. 

It is becoming clear that post-translational regulation of R2B RPTPs is occurring in cancer. 

As many mechanisms that occur in development are often usurped in cancer, we 

hypothesize that proteolysis, glycosylation and phosphorylation will be relevant to 

developmental processes regulated by R2B RPTPs (Figure 2). Likewise, a greater 

consideration of the molecules and cells found in the tumor microenvironment and in the 

developmental milieu needs to be made. Cells in the tumor microenvironment may be 

influencing proteolysis or producing their own source of cell-cell CAM fragments, thereby 

creating a meshwork of migrational cues that can yield very different signaling events than 

when CAMs are preserved on the cell surface. This may also be happening during axon 
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guidance and collective cell migration in development. The repercussions of proteolysis will 

likely be significant, as supported by the fact that the PTPκ PIC fragment produces the 

opposite effect on β-catenin signaling than that of full-length PTPκ [36].

Many questions remain: What are the consequences of proteolysis on the adherens junction 

R2B RPTP ‘spacer clamp’? What are the effects of shed extracellular RPTP fragments on 

adhesion, migration, and in cancer such as during PNI? Does the shed extracellular fragment 

function in developmental environments such as during axon guidance or collective cell 

migration [46, 49]? What are the effects of the cytoplasmic and nuclear localization of the 

cleaved intracellular R2B fragments? It is an exciting time to evaluate R2B RPTP function 

and regulation, and we look forward to future developments in understanding the effects of 

these complex proteolytic events.
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Figure 1. 
PTPμ proteolysis in cancer cells as a model for R2B proteolysis. PTPμ, PTPκ, and PCP-2 

have all been shown to be proteolyzed in cancer cells, and may follow the same steps as has 

been observed for PTPμ proteolysis. The molecular weights shown are for PTPμ. PTPμ 

exists at the cell surface in two full-length forms: either the non-furin processed full-length 

PTPμ protein or the furin-processed form that consists of two non-covalently associated 

PTPμ subunits (furin cleaved PTPμ). In (a), ADAM protease cuts full-length PTPμ in the 

extracellular domain to yield a shed 127 kDa fragment and a membrane-tethered PΔE 

fragment. The PΔE fragment is then proteolyzed by the γ-secretase complex to release the 

ICD fragment from the plasma membrane. The ICD is capable of translocating into the cell 

nucleus. PTPμ is proteolyzed differently in cancer cells in response to ionomycin 

stimulation. Full-length PTPμ is also cleaved by calpain inside of the cell, to yield three 

membrane-free fragments of 71, 67, and 61 kDa and three integral membrane forms of PTPμ 

with intact extracellular domains of 129, 133, and 139 kDa. In (b), furin cleaves PTPμ in the 

golgi network to yield two non-covalently associated subunits at the plasma membrane. 

Furin-processed forms of PTPμ are also cleaved in the extracellular domain by ADAM to 

yield shed fragments of 108 kDa. The membrane-tethered fragment is then cleaved by the γ-

secretase complex to yield the ICD fragment. In cancer cells, calpain cleavage of furin 

processed PTPμ yields membrane-free cytoplasmic fragments of 71, 67, and 61 kDa, as is 

observed for full-length PTPμ (a). Three integral membrane forms of PTPμ with intact 

extracellular domains are also generated in response to calpain cleavage. PTPκ is 

proteolyzed by a furin-like protease, an ADAM, and the γ-secretase complex, just like PTPμ.
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Figure 2. 
RPTP proteolysis affects both development and cancer, occasionally by influencing the 

same cellular mechanism. For instance, proteolysis of proteins involved in collective cell 

migration is hypothesized to affect migration during development and in cancer. Proteolysis 

has also been shown to influence the neural developmental process of axon guidance. 

Finally, perineural invasion may be influenced by receptor proteolysis in cancer. Because 

the R2B RPTPs are implicated in many of these processes, their proteolysis is likely to have 

far reaching cellular implications in development and cancer.
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Table 1

R2B RPTPs in Development

Developmental function Site/Cells involved R2B involved Reference

Nervous System

Retinal lamination Retina PTPμ [41]

Neurite outgrowth Retinal ganglion cells PTPμ [32,40,42]

Cerebellar granule cells PTPκ [49]

Synapse formation Hippocampal neurons PTPρ [54]

Dendritic arborization Hippocampal neurons PTPρ [55]

Regulation of neuronal survival or differentiation Ventral tegmental area and substantia nigra PCP-2 [56]

Other

T-cell development CD4+ T cells PTPκ [57,58,60]

Somitogenesis First and second somites PCP-2 [61,62]

Bone marrow development Megakaryocytes PCP-2 [63]
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Table 2

R2B RPTPs in Cancer

Cancer type R2B involved Reference

Glioblastoma PTPμ [75,95]

Malignant Glioma Population – including samples from patients with oligodendroglioma, astrocytoma, 
anaplastic oligodendroglioma, anaplastic astrocytoma and glioblastoma

PTPκ [76]

Head and Neck Squamous Cell Carcinoma PTPρ [67]

PTPμ [67]

PTPκ [67]

Esophageal PTPρ [65]

Lung PTPρ [65]

Breast PTPμ [74]

PTPκ [74]

Pancreatic PTPκ [79]

Stomach PTPρ [65]

Bladder PTPρ [65]

Colorectal PTPρ [66]

PTPμ [65,68]

PTPκ [81]

PCP-2 [65]

Endometrial PTPρ [65]

PTPμ [65]

PTPκ [65]

PCP-2 [65]

Melanoma PTPκ [80,86]

PCP-2 [86]

Central Nervous System Lymphoma PTPκ [77]

Primary Intraocular lymphoma PTPκ [78]

Hodgkin Lymphoma PTPκ [83]
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