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Abstract

Protein tyrosine phosphatases (PTPs) are enzymes that remove phosphate from tyrosine residues
in proteins. Recent whole-exome sequencing of human cancer genomes reveals that many PTPs
are frequently mutated in a variety of cancers. Among these mutated PTPs, protein tyrosine
phosphatase T (PTPRT) appears to be the most frequently mutated PTP in human cancers. Beside
PTPN11 which functions as an oncogene in leukemia, genetic and functional studies indicate that
most of mutant PTPs are tumor suppressor genes. Identification of the substrates and
corresponding kinases of the mutant PTPs may provide novel therapeutic targets for cancers
harboring these mutant PTPs.

Introduction

Protein tyrosine phosphorylation plays a critical role in virtually all human cellular
processes that are involved in oncogenesis.! Protein tyrosine phosphorylation is coordinately
regulated by protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs).!
While PTKs add phosphate to tyrosine residues in proteins, PTPs remove it. Many PTKs are
well-documented oncogenes.! Recent cancer genomic studies provided compelling evidence
that many PTPs function as tumor suppressor genes, because a majority of PTP mutations
that have been identified in human cancers are loss-of-function mutations. However, a few
PTPs also function as oncogenes. A recent article by Michel Tremblay and colleagues
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comprehensively reviewed the roles of PTPs in human cancers.2 Here, this review focuses
on somatic mutations of PTPs uncovered in human cancers by recent large-scale sequencing
studies. This discussion considers the functional aspects of several frequently mutated PTPs
in cancer.

The human tyrosine phosphatome

A tyrosine phosphatome refers to all PTPs in a given organism.2 The human genome
encodes 107 PTPs.# Based on the amino acid sequence similarity of their catalytic domains,
the 107 PTPs can be divided into four classes:* (1) Class | PTPs consist of 38 “classical”
PTPs and 61 dual-specific protein phosphatases (DSPs). The classic PTPs (Figure 1) strictly
recognize phospho-tyrosine residues as substrates and can be further grouped into receptor
protein tyrosine phosphatases (RPTPs, 21 members) and non-receptor protein tyrosine
phosphatase (NRPTPs, 17 members). The DSPs, in contrast, can remove a phospho-group
from tyrosine, serine or threonine residues. (2) Class Il PTP only has a single member,
which is a low molecular weight PTP. Although it dephosphorylates tyrosine residues in
proteins, its catalytic domain is related to bacterial arsenate reductase and differs
dramatically from the classic PTPs. (3) Class 111 PTPs consist of three yeast CDC25
homologs (CDC25a, CDC25b and CDC25c¢), which are tyrosine/threonine specific
phosphatases. (4) Class IV PTPs include four Drosophila Eya homologs (Eyal, Eya2, Eya3
and Eya4), which can dephosphorylate both tyrosine and serine residues.

The three dimensional structure and catalytic mechanism of PTPs

The three-dimensional structures of the catalytic domains of classical PTPs (RPTPs and
NRPTPs) are extremely well conserved.® Even the catalytic domain structures of the DSPs,
class 11 and 111 PTPs are variants of the classical PTPs.? In this review, we focus on the
classical PTPs. The overall structure of the catalytic domains of the classical PTPs are
assembled by central B-sheets flanked by six a-helices.> Six loops connect these secondary
structures and form the active PTP catalytic core:® (1) the phosphate-bind loop (P-loop)
connects the a-helices 1 (al)- and B-sheet 1 (B1), which contains the C(X)sR catalytic motif;
(2) the Trp-Pro-Asp loop (WPD-loop) connects the a-helices 3 (a3) and -sheet 5 (5),
which contains the catalytic aspartate residue; (3) the Q-loop contains a glutamine residue
that facilitates the catalytic reaction; (4) the phospho-tyrosine (pY) recognition loop (PY-
loop), (5) the E-loop connects B5 and 36, which contains a conserved glutamate, and (6) a
recently validated second substrate recognition loop (second-site loop), which connects al
and a2’. Although the topology of the catalytic domains of classic PTPs are well
conserved,® a recent large-scale structure analysis of 22 classic PTPs shows that the surface
structures of these catalytic domains are very diverse, a property that may modulate the
substrate specificity of different PTPs.

Based on structural and mutagenesis studies, the catalytic reaction of the classic cysteine-
based phosphatases can be summarized by two critical steps (Figure 2):6

1. Nucleophilic attack. Firstly, the catalytic cysteine in the P-loop attacks the
phosphorous atom on pY and initiates the breaking of the phosphorus—oxygen
bond, whereas the catalytic aspartate in the WPD loop acts as a generate acid to
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donate a proton to the dephosphorylated tyrosine. This step generates a
phosphocysteine intermediate and releases the dephosphorylated substrate. The
guanidinium group of the arginine in the C(X)sR motif facilitates the binding of the
phosphate group and stabilizes the transition state.

2. Cysteinyl-phosphate intermediate hydrolysis. Secondly, the catalytic aspartate acts
as a general base to extract a proton from a water molecule and facilitates the
hydrolysis of the phosphorous-sulfur bond. This reaction results in the release of
free phosphate. The water molecule used for hydrolysis is positioned by a
conserved glutamine located in the Q-loop.

PTP mutations in human cancers

PTPRT

Cancer, in essence, is a genetic disease that is driven by mutations in oncogenes and tumor
suppressor genes.” The first comprehensive effort to uncover somatic mutations of PTPs was
performed by Wang et al in colorectal cancers (CRCs).3 We sequenced all PTP family genes
and identified six PTPs, including PTPRT, PTPRF, PTPRG, PTPN3, PTPN13 and PTPN14,
which are mutated in ~ 26% of CRCs.3 A recent study focusing on RPTPs also identified
somatic mutations of PTPRT, PTPRC, PTPRD and PTPRM in head and neck squamous cell
carcinomas (HNSCC).8 A series of recent publications has now reported whole-exome
(including the PTP family genes) sequencing analyses of a variety of human cancers and
most of those data are curated in the COSMIC (catalogue of somatic mutations in cancer)
database.9 10 We searched the latest version (V67) of COSMIC database for somatic
mutations of PTP family genes identified in human cancers. A combination of literature
review and this search of the COSMIC database (http://cancer.sanger.ac.uk/cancergenome/
projects/cosmic/) is listed in table 1, which contains all of the PTP genes known to be
mutated in 5% or more of any tumor type. It is evident from the table that PTPRT is the
most frequently mutated PTP gene in human cancers. Notably, endometrium and colon
cancers harbor many of PTP mutations, although the average numbers of somatic mutations
per tumor in these two tumor types are not very high.? Those data suggest that PTP genes
mutations may play particularly important roles in endometrium and colon cancers.

Here, we provide a detailed review of the most frequently mutated and well-studied PTPs
gene in human cancers. These include six RPTPs (PTPRT, PTPRD, PTPRK, PTPRM,
PTPB, and PTPRJ) and four NRPTPs (PTPN11, PTPN1, PTPN13 and PTPN14). Table S1
lists all non-synonymous mutations identified in human cancers.

Recent sequencing studies showed that PTPRT is mutated in a variety of human cancers.
PTPRT mutations have now been identified in 11% of colon, 6% of bladder, 8% of
endometrium, 11% of esophagus, 6% of head and neck, 10% of lung, and 9% of stomach
cancers (COSMIC database).3: 8 In addition, PTPRT is also mutated in a small fraction of
leukemia, breast, kidney, liver, ovary, pancreas and prostate cancers (the COSMIC
database). The tumor-derived mutations are largely missense mutations distributed
throughout the protein (COSMIC database).3 However, a portion of PTPRT mutations are
nonsense, insertion and deletion mutations that result in premature truncation of the protein,3
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suggesting PTPRT may normally functions as a tumor suppressor. This notion is further
supported by evidence that, in contrast to wild type mice, PTPRT knockout mice are
susceptible to azoxymethane (AOM)-induced colon tumor formation.11 Moreover,
unpublished data from our laboratory indicate that PTPRT knockout increases the size of
colon tumors generated in mice with a APC*/Min genetic background (Zhao Y, et al.
unpublished data). Further, it is worth noting that promoter DNA methylation may be
another mechanism that leads to loss of PTPRT function in human cancers, as recent studies
showed that the promoter of PTPRT is methylated in colon and gastric cancers.12 13

PTPRT, also known as PTPp, belongs to the type I1B RPTP subfamily that includes PTPRK/
PTPx, PTPRM/PTPu and PTPRU/PCP-2 (Figure 1). This subfamily of PTPs share similar
structures that consist of an extracellular receptor, a transmembrane domain and a specific
intracellular structure (Figure 1). The intracellular segment of the type 11B RPTP subfamily
PTPs consists of a cadherin-like juxtamembrane domain and two phosphatase domains
(Figure 1). It is generally believed that the membrane proximal PTP domains (D1) function
as tyrosine phosphatase, whereas the second PTP domains (D2) have no phosphatase
activity.8 However, many tumor derived mutations are located in the second catalytic
domain (Table S1),3 suggesting that this domain may have important structural function or
harbor yet unidentified enzymatic activity. The extracellular portion of the type 11B RPTPs
consist of an MAM (meprin/A5/PTP p) domain, an Ig domain and four FNIII (fibronectin
type I11) repeats (Figure 1). It has been shown that the extracellular parts of PTPRK,

PTPRM and PTPRT mediate homophilic cell-cell adhesion.1* However, the extracellular
part of PTPRU lacks such activity.14 Consistent with the notion that the extracellular domain
of PTPRT mediates cell-cell adhesion, Besco et al showed that PTPRT interacts with
adherence junction components, such as cadherin proteins and catenin proteins.1>
Interestingly, most of the tumor-derived extracellular domain mutations of PTPRT impair
cell-cell adhesion.16. 17

Two cancer-related substrates of PTPRT, STAT3 and paxillin (Figure 3), were identified by
a phospho-proteomics approach that screened for loss of pY-containing peptides when the
catalytic domains of PTPRT were overexpressed,11: 18 PTPRT dephosphorylates the well-
characterized STAT3 Y705 residue in CRC cells.18 Phosphorylation of STAT3 Y705 is key
to its activation.19 It has been shown that pY705 STAT3 is up-regulated in a variety of
human cancers and that this phosphorylation plays an oncogenic role in tumor
development.1® The relevance of STAT3 Y705 phosphorylation in CRC was demonstrated
by Zhang et al who showed that STAT3 Y705F mutant knockin CRC cells reduce
tumorigenicity.20 Furthermore, PTPRT-regulated STAT3 signaling appears to be critical for
head and neck tumorigenesis, in a recent study that showed phospho-STAT3 is up-regulated
in HNSCC tissues with PTPRT mutations.8 It is worth noting that up-regulation of STAT3
phosphorylation in the hypothalamus of PTPRT mice results in reduced food intake and
renders those mice resistant to high-fat diet-induced obesity.2!

In contrast to STAT3, the target site of PTPRT on paxillin was a previously uncharacterized
Y88 residue.1! Evidence suggesting that the PTPRT-regulated paxillin Y88 phosphorylation
may be crucial for colorectal tumorigenesis include the failure of paxillin Y88F knockin
CRC cells to form xenograft tumors in nude mice and the up-regulation of pY88 paxillin in
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a majority of colorectal tumor tissue.1! In addition to STAT3 and paxillin, other substrates
of PTPRT, including BRC and Syntaxin-binding protein 1,22 23 were identified in brain
tissue where PTPRT is abundantly expressed (Figure 3). However, the relevance of these
substrates to cancer remains to be determined.

The first clue that PTPRD may function as a tumor suppressor came from a survey of
homozygous deletions in large panel of human cancer cell lines, which identified PTPRD as
a frequent target of deletion in human cancers.2* Subsequent studies further show that
PTPRD is deleted in cutaneous squamous cell carcinoma (SCC),2° lung cancer,26
glioblstoma multiforme (GBM), head and neck SCC and laryngeal SCC,27. Somatic
mutations of PTPRD was first identified in colorectal cancers.2® Later on, several studies
show that PTPRD is mutated in lung cancer, GBM, neuroblastoma,?® melanoma, HNSCC,
esophageal and endometrium cancers.30: 31 Aberrant DNA methylation inactivates PTPRD
in a significant portion of human GBM, HNSCC, lung and colon cancers that are silenced
through PTPRD promoter DNA methylation.3! Expression of PTPRD induces apoptosis3®
and inhibits tumor growth in cultured cancer cells,3! consistent with the notion that PTPRD
normally functions as a tumor suppressor. Further, a recent study demonstrated that PTPRD
knockout enhances gliomagenesis in p16 deletion mice.32

PTPRD belong to the type 11A sub-family RPTPs (Figure 1). The extracellular part of these
sub-family RPTPs consists of three Ig domains and 7 FNIII repeats, whereas the
intracellular part contains two catalytic domains (Figure 1). The membrane proximal PTP
D1 domain of PTPRD harbors phosphatase activity and the C-terminal D2 domain is
phosphatase inactive. Like PTPRT, PTPRD can also dephosphorylate STAT3 at the Y705
residue.31: 33 Similarly, PTPRD is also required for appropriate cell-cell adhesion through its
interaction with E-cadherin and B-catenin/TCF signaling.3* Overexpression of PTPRD
suppressed colon cancer cell migration, suggesting that loss of PTPRD may enhance tumor
metastasis.3! In addition, PTPRD may regulate cell migration through its interaction with an
actin-binding protein MIM-B (MRNA Missing in Metastasis).3> However, it remains to be
determined whether MIM-B is a phosphatase substrate of PTPRD. Recently, aurora kinase
A (AURKA) was also identified as a substrate of PTPRD and overexpression of PTPRD
destabilized AURKA in neuroblastoma cells.36

PTPRK, also known as PTPx, is another member of type 11B RPTP subfamily PTPs (Figure
1). It has a similar domain structure to PTPRT. Like PTPRT, the extracellular part of
PTPRK mediates homophilic cell-cell adhesion.3” PTPRK is reported to be mutated in
breast, colon, cervical, endometrial and skin cancers (COMIC database). It is likely that
these tumor-derived PTPRK mutations are loss-of-function mutations. Recently, recurrent
PTPRK-RSPO3 gene fusion was found in colorectal cancers.38 In addition, loss of
heterozygosity of the PTPRK locus frequently occurs in lymphomas3® and gliomas.*?
However, no mouse genetic model has yet proven the tumor suppressive role PTPRK.
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PTPRK regulates cell adhesion, migration and proliferation. PTPRK interacts and
dephosphorylates EGFR and modulates EGFR signaling.#! Similarly, it also interacts with,
and dephosphorylates HER2, thereby repressing basal HER2 signaling and inhibiting cell
proliferation in breast cancer cells.*2 PTPRK also dephosphorylates f-catenin and negatively
regulates the transcriptional activity of p-catenin.#3 Further, PTPRK is a transcriptional
target of TGF- signaling.** Interestingly, EBV infection reduces expression of PTPRK
through down-regulation of Smad2 protein levels.*> Moreover, PTPRK protein can be
cleaved to generate an extracellular fragment and a transmembrane fragment containing its
intracellular domains.*6

PTPRM, also known as PTPy, is the prototype of the type 11B RPTP subfamily PTPs.4’
Recent cancer genome studies identify mutations of PTPRM in colon and endometrium
cancers as well as HNSCC (COSMIC database).® Like many of the other phophatases, the
PTPRM gene is also methylated in colon cancers.12 It has been shown that PTPRM
regulates proliferation, migration and invasion of breast, prostate and brain cancer cells.4”: 48
Further, the extracellular part of PTPRM mediates homophilic cell-cell adhesion.49-51
Specifically, PTPRM associates with E-cadherin and modulates E-cadherin-mediated cell-
cell adhesion in a prostate cancer cell line.52 It was also reported that PTPRM associates
with c-Met.>3 Several intracellular substrates of PTPRM that regulate cell adhesion and
migration including RACK1, PKCS, IQGAP1 and p120, PLCy and BCCIP, were also
identified.5% 55 56

Cleavage products of PTPRM also have cancer-related activities.>” PTPRM can be cleaved
by a furin-like protease within the fourth FNIII repeat generating an extracellular E-subunit
consisting of MAM, Ig and three FNIII repeats and a transmembrane P-subunit consisting a
FNIII repeat, transmembrane and intracellular domains.>8 The E-subunit still associates with
the P subunit through non-covalent interaction in normal cells. In cancer cells, the P-subunit
can be further processed by a- and y-secretases to produce a membrane free catalytically
active intracellular domain (ICD).8 Although full-length and E/P subunit of PTPRM can be
detected in normal brain tissues, only the smaller proteolytic fragments are present in brain
tumors.>8. 59 The ICD fragment can translocate into the nucleus and regulates cell
migration.58 However, the exact molecular function of the ICD fragment remains to be
determined. Of possible clinical importance in the future, the E-subunit associates with brain
tumor cells regardless of the fate of the P-subunit a property that was exploited to image
brain tumors in animal models.5°

PTPRJ, also known as DEP1, belongs to the R3 sub-family RPTPs. The protein structures of
this sub-family of RPTPs have an extracellular domains consisting of 15 FN Il repeats and
their intracellular segments harbor a single phosphatase domain (Figure 1). Loss of
heterozygosity (LOH) of PTPRJ is common in human cancers including colon,5! breast®2
and thyroid®3 cancers as well as Meningioma®* and Non-Hodgkin’s Lymphoma.®® LOH of
PTPRJ appears to be an early event for colon cancer as it occurs in human aberrant crypt
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foci, a pre-cancer lesion.56 Interestingly, PTPRJ is epigenetically silenced in Early-Onset
Familial Colorectal Cancer.8” Somatic mutations of PTPRJ are observed in ~5% colon
cancers and ~6% endometrium cancers (COSMIC database).

Consistent with the notion that PTPRJ may function as a tumor suppressor gene,
overexpression of PTPRJ inhibits growth of breast, colon, pancreatic and thyroid cancer cell
lines.8869. 7071 |nterestingly, intratumor injection of adeno-associated viruses (AAVS)
expressing PTPRJ suppresses growth of xenograft tumors established by a pancreatic cancer
cell line.”0 It has been shown that overexpression of PTPRJ causes G1 arrest through
stabilization of p27Kip1 proteins.” Mouse genetic studies mapped PTPRJ as a candidate
colon tumor suppressor gene in mouse.’2 However, PTPRJ knockout mice do not develop
spontaneous tumors.’3 It remains to be determined whether PTPRJ knockout mice are
susceptible to carcinogen induced tumor development.

It has been shown that PTPRJ regulates multiple signaling pathways. PTPRJ interacts with
and dephosphorylates numerous receptor tyrosine kinases (RTKSs) including PDGFR,
HGFR, EGFR and RET. PTPRJ interacts with and dephosphorylates RET oncogene at Y905
and Y1062 sites and antagonizes the transformation activity of RET.58 PTPRJ is also a
negative modulator of the sighaling mediated by cytosolic transducers, including
phospholipase Cy1 (PLCy1), Akt,’4 and P13K.7> Moreover, PTPRJ associates with and
dephosphorylates Src on tyrosine residues where phosphorylation inhibits Src kinase
activity. Consistently, overexpression of PTPRJ activates Src and enhances cell-matrix
adhesion.®? Further, knockdown of PTPRJ in myeloid cell lines results in hyper-
phosphorylation of FLT3 and activation of FLT3 signaling to its downstream signaling
molecules ERK and STATS5.76 Notably, reduction of PTPRJ enhances leukemogenesis.”®
Lastly, PTPRJ itself is a transcriptional target of HIF-a.” and a target of miR-328.78

Protein tyrosine phosphatase receptor B (PTPRB) encodes a vascular endothelium specific
phosphatase (VE-PTP). PTPRB mutations are extremely rare in epithelial tumors and
leukemia. However, recent whole-exome sequencing identified PTPRB mutations in ~ 26%
of angiosarcoma,’® an aggressive malignancy that arises spontaneously or secondarily to
ionizing radiation or chronic lymphedema. Most of PTPRB mutations are nonsense
mutations or insertions and deletions that cause frameshift mutations,’® suggesting that
PTPRB functions as a tumor suppressor in angiosarcoma.

PTPRB plays an essential role in angiogenesis process, as the PTPRB knockout mice are
embryonic lethal and show severe defects in vasculature formation.8%:81 The primary targets
of PTPRB/VE-PTP in endothelial cells are the endothelial cell receptor tyrosine kinase
(Tie-2), VEGF receptor-2, VE-cadherin and plakoglobin82-84, Through de-phosphorylation
of these substrates, PTPRB regulates endothelial cell polarity, lumen formation and vascular
permeability.8% 84 Compared to normal blood vessels, tumor vasculature is abnormal and
leaky. Interestingly, inhibition of PTPRB/VE-PTP by small molecule AKB-9778 normalizes
the structure and function of tumor vessels.86

Oncogene. Author manuscript; available in PMC 2016 January 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

PTPN11

PTPN1

Page 8

PTPN11 is also called Shp2, SH-PTP2, SH-PTP3, PTP1D, PTP2C, or Syp.8” It is one of the
few known phosphatases that can function as an oncogene. Gain-of-function germline
mutation of PTPN11 was first identified in a developmental disorder Noonan syndrome.88
Subsequently, oncogenic somatic mutations of PTPN11 were also found in over 30% of
juvenile myelomonocytic leukemia (JMML) and a small fraction of patients exhibiting
myelodysplastic syndrome and acute myeloid leukemia (AML).89 Interestingly, inactivation
of PTPN11 leads to disease development as well. Loss-of-function germline mutations of
PTPN11 were identified in a congenital heart disorder LEOPARD Syndrome.®0 PTPN11/
Shp2 protein consists of two SH2 domains (N-SH2 and C-SH2 domains), a central PTP
catalytic domain and a C-terminal tail with a proline-rich motif.8” In the basal state, the
backside loop of the N-SH2 domain folds into the PTP catalytic pocket, thereby keeping
Shp2 in inactivate form. Upon stimulation by growth factors or cytokines, the N-SH2
domains of Shp2 bind to phosphorylated tyrosine residues on adapter proteins or receptor
protein tyrosine kinases.8” This event induces a conformational change that leads to
exposure of the PTP catalytic pocket to substrates. Most of PTPN11 mutations identified in
Noonan syndrome and leukemia are located in the N-SH2 domains.8” These mutations
perturb the binding of the N-SH2 domain to the PTP domain and activate its phosphatase
activity without stimuli. In contrast, PTPN11 mutations in LEOPARD Syndrome are
primarily located in the PTP domain and are enzymatically inactive.®? Intriguingly, recent
studies suggest that PTPN11 may also function as a tumor suppressor gene in cancers. Bard-
Chapeau et al showed that mice are susceptible to carcinogen-induced hepatocellular
carcinoma when PTPN11 is conditionally ablated in liver.%2 Moreover, loss-of-function
mutation of PTPN11 was found in patients with metachondromatosis.®3 A follow-up study
demonstrated that mice with PTPN11 inactivated in osteoclasts developed features very
similar to metachondromatosis.?*

It appears that the primary signaling cascade regulated by PTPN11/Shp2 is the Ras/ERK
MAP kinase pathway, as germline mutations of RAS, RAF, MEK1 and MEK?2 are identified
in Noonan and Noonan-like syndromes.8” Shp2 could activate the MAP kinase pathway
through distinct mechanisms (Figure 3):87 (1) it dephosphorylates the inhibitory pY sites on
Src family kinases, which in turn sustains activation of the MAP kinase; (2) It
dephosphorylates binding sites of RasGAP on specific receptors and adaptor proteins; (3) It
dephosphorylates Sprouty proteins, a family of RAS inhibitors. PTPN11/Shp2 also regulates
several other intracellular pathways including Jak/Stat, PI3K/AKT, NF-«xB and Calcineurin/
NFAT signaling pathways.% Interestingly, recent studies by Qu and colleagues
demonstrated that Shp2 regulates the mitotic machinery to maintain chromosomal stability
and that it may also regulate targets in mitochondria.%6: 97

Protein tyrosine phosphatase non-receptor 1 (PTPN1), which encodes PTP1B, was the first
PTP discovered.® Although it has been speculated that PTPN1 could function as a tumor
suppressor, strong genetic evidence has been lacking until a recent study showing that
PTPNL1 is frequently mutated in classical Hodgkin lymphoma and primary mediastinal B
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cell lymphoma (PMBCL).%8 Using whole-genome and whole-transcriptome sequencing
technology, Gunawardana et al found that PTPN1 is mutated somatically in over 20% of
Hodgkin lymphoma and PMBCL cases.%8 Those tumor-derived mutations appear to be loss-
of-function mutations, as a fraction of them are nonsense mutations and some of the
missense mutations diminish its phosphatase activity.%

It is well documented that PTP1B negatively regulates insulin and leptin signaling pathways.
PTP1B dephosphorylates both insulin receptor (IR) and insulin receptor substrates (IRS),
thereby turning off the PIBK/AKT signaling pathway.%® In the leptin and cytokine signaling
pathways, PTP1B dephosphorylates the tyrosine kinase JAK2 and thus negatively regulates
the JAK/STAT pathway.%9 In contrast, PTP1B activates the Src family protein kinases by
dephosphorylating inhibitory tyrosine phosphorylation of Src proteins.®® In fact, PTPN1
knockout delays ErbB2-induced mammary tumorigenesis in mice, suggesting that PTPN1
plays an oncogenic role in breast cancer.190 As discussed above, PTPN1 functions as a
tumor suppressor in Hodgkin lymphoma and PMBCL, in which it primarily regulates the
JAK/STAT pathway. Gunawardana et al showed that tumor-derived PTPN1 mutations result
in activation of JAK/STAT signaling.%8

Protein tyrosine phosphatase non-receptor 13 (PTPN13), also known as FAP1, was first
identified as a Fas-associated protein that modulates Fas-induced apoptosis.191 Inactivation
mutations of PTPN13 are found in colorectal, lung and endometrium cancers (COSMIC
database).? It is also epigenetically silenced in non-Hodgkin’s lymphoma, Hodgkin’s
lymphoma, breast, gastric and hepatocellular carcinoma cell lines.192 In addition, loss of
PTPN13 mRNA and protein expression frequently occurs in NSCLC.103 Consistent with its
tumor suppressor functions, overexpression of PTPN13 causes resistance to Fas-induced
apoptosis in HNSCC.194 Moreover, PTPN13 expression associates with poorer survival in
oral squamous cell carcinoma (OSCC).19% Silencing PTPN13 sensitizes colon cancer cells to
oxaliplatin.108 However, PTPN13 expression is associated with better survival of breast
cancer patients.107

PTPN13 regulates phosphorylation of both cell surface receptors and intracellular substrates.
PTPN13 negatively regulates Her2/Erbb2 phosphorylation, but it is not clear if Her2/Erbb2
is a direct substrate of PTPN13.108 |t js also reported that EphrinB1 is a substrate of
PTPN13.109 |oss of PTPN13 leads to increased phosphorylation of EphrinB1 and Erk.109
PTPN13 regulates multiple substrates in the PI3K-AKT signaling pathway and negatively
impact the signaling of this pathway. It dephosphorylates both IRS1 and p85p.
Dephosphorylation of p85p by PTPN13 leads to degradation of p110-free p85p.110
Consequently, negative regulation of the PI3BK-AKT signaling by PTPN13 induces apoptosis
in breast cancer cell lines!10. PTPN13 also regulates APC/ p-catenin pathway. It interacts
with APC, inactivates GSK3p kinase activity, results in p-catenin stabilization.111
Additionally, PTPN13 negatively regulates Ras/RAF/MEKJ/Erk signaling.112 Interestingly,
PTPN13 also modulates cytokinesis. PTPN13 interacts with serologically defined colon
cancer antigen-3 (SDCCAG3) and regulates cytokinesis.113 Another PTPN13 substrate
involved in cytokinesis is Valosin Containing Protein (VCP/p97). Dephosphorylation of
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VCP/p97 by PTPN13 affects its midbody localization during cytokinesis.114 Lastly,
PTPN13 is a target of viral oncoprotein, Bcr-abl and a microRNA.115116117 Hpv/ 16 E6
oncoprotein physically associates with and degrades PTPN13 in HNSCC.115 It has been
shown that PTPN13 is a target of miR-200 that regulates EMT in colon cancers,116 whereas
the expression of Bcr-abl oncoprotein in myeloid progenitor cells up-regulates PTPN13 and
causes resistance to Fas-induced apoptosis.11’

PTPN14, also known as Pez, PTP36 and PTPD2, consists of an N-terminal FERM (four-
point-one, ezrin, radixin, moesin) domain and a C-terminal phosphatase domain.118 PTPN14
is mutated in breast, colon and endometrium cancers.? 28 Function of PTPN14 as a tumor
suppressor gene is supported by the fact that hypomorphic PTPN14 where mutant mice were
generated by gene-trapping, displayed lymphatic hyperplasia.}1® Furthermore, in library
screening with shRNAs against the PTP family genes, PTPN14 was identified as candidate
tumor suppressor gene for breast cancer.120 Knocking down PTPN14 enhances anchorage-
independent growth of normal immortalized mammary epithelial cells.120

It has been shown that PTPN14 may regulate cell-cell adhesion, cell-matrix adhesion, cell
migration and cell growth.118 PTPN14 also regulates tyrosine phosphorylation of B-catenin
and modulates cell-cell adhesion.121 Using a phospho-proteomic approach, we identified a
list of putative substrates of PTPN14.122 \We further validated that p130Cas is a PTPN14
substrate. PTPN14 dephosphorylates p130Cas at the Y128 residue.122 Regulation of
p130Cas Y128 phosphorylation plays a role in colorectal tumorigenesis, as the genetically
engineered p130Cas Y128F mutant knockin colorectal cancer cell lines display reduced
migration and colony formation, impaired anchorage-independent growth, slower xenograft
tumor growth in nude mice.122 Recently, several studies demonstrated that PTPN14
interacts with Yap and negatively regulates Yap oncogenic activity.120. 123-125
Overexpression of PTPN14 results in nuclear exclusion of YAP, thereby reducing its
transcriptional activity. YAP is shown to be a direct substrate of PTPN14. However,
whether the phosphatase activity of PTPN14 is required to regulate Yap activity is
controversial. Lastly, PTPN14 also regulates TGF- gene expression, thereby modulating
epithelial-mesenchymal transition.118

Prospective

Recent cancer genomics studies reveal that PTPs are genetically altered in a variety of
human cancers, providing compelling evidence that PTPs also play critical roles in
tumorigenesis. Although the mutation frequency of individual PTPs is not extremely high,
the PTP family genes in aggregate are mutated in a majority of human cancers. A recent
analysis found that the mutational rate of PTP family genes ranges from 30% to 80% in
various cancers.8 It is interesting that some of the PTPs are mutated in a tissue-specific
manner. For example, PTPNL1 is only mutated in lymphomas, suggesting that the PTPN1-
regulated signal pathways play a particular important role in lymphocytes. Alternatively,
differential expression of a PTP in different tissue types may also explain such a
phenomenon. Unlike PTKs, functional studies of PTPs still lag behind. Modeling of PTPs
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functions in tumorigenesis using knockout mice should be fertile ground for future studies.
Notably, most of the mutated PTPs are involved in cell adhesion and migration, suggesting
that PTPs may play pivotal roles in tumor invasion and metastasis.

With the exception of PTPN11 that functions as an oncogene in leukemia, most PTPs
function as tumor suppressor genes. It is challenge to target genetically altered tumor
suppressive PTPs for cancer therapy. However, identification of the corresponding kinases
and substrates of PTPs may identify novel targets for cancer treatment. In this regard, it is of
key importance to develop systematic approaches to identify substrates of PTPs.
Phosphatase substrate trapping methods have been very useful for validation of candidate
substrates126, but have had limit success for systematic identification of PTP substrates.
Recently, we have developed a phospho-proteomic approach to identify PTP substrates
systematically, whereby lysates from cell line expressing a control, a WT PTP or a
substrate-trapping PTP mutant are digested with trypsin and phosphopeptides are then
enriched by an anti-pY antibody and profiled by mass- spectrometry.18: 122 |n comparison
with the control, pY peptides of candidate substrates are expected to increase in the cell line
expressing the substrate-trapping mutant, but to decrease in the cell line expressing the WT
PTP. We successfully applied this method to identify multiple substrates of PTPRT and
PTPN14.18 122 |t will be interesting to see if this approach is generally applicable to
identification of substrates of other PTPs.
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A Receptor PTPs(21)
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Figure 1. Classic PTP family proteins
BRO: baculovirus BRO homology; CA: carbonic anhydrase domain; D1, intracellular

tandem phosphatase domain 1; D2, intracellular tandem phosphatase domain 2; FERM:
band 4.1/ezrin/radixin/moesin homology; FN: fibronectin type Il repeat; Ig:
immunoglobulin domain; KIM, kinase interaction motif; KIND: kinase N lobe-like domain;
MAM: Meprin, A5 protein, and protein tyrosine phosphatase Mu (MAM) domain; PDZ:
postsynaptic density-95/discs large/Z0O1 homology; Pro-rich: proline-rich; PTP: protein

Oncogene. Author manuscript; available in PMC 2016 January 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhao et al.

Page 20

tyrosine phosphatase catalytic domain; Sec14p: S. cerevisiae phosphatidylinositol transfer
protein (Sec14p)-like lipid-binding domain.
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Figure 2. Catalytic mechanism of PTPs
The catalytic cysteine in the P-loop initiates the nucleophilic attack of the phosphorous atom

on pY and thus breaks the phosphorus—oxygen bond, whereas the catalytic aspartate in the
WPD loop acts as a generate acid to donate a proton to the dephosphorylated tyrosine. This
step generates a phosphocysteine intermediate and releases the dephosphorylated substrate.
This phosphocysteine intermediate is then cleaved by the action of the catalytic aspartate,
which acts as a general base to extract a proton from a water molecule and facilitates the
hydrolysis of the phosphorous-sulfur bond. This reaction results in the release of free
phosphate.
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Figure 3. Signaling pathways regulated by PTPRT and PTPN11/shp2
PTPRT negatively regulated signaling transduction pathways by dephosphorylating STATS3,

paxillin, BCR and STXBP1 proteins. PTPN11/shp2 positively regulates MAP kinase
pathway through de-phosphorylation of inhibitory pY residues in Src, RasGAP and Sprouty.
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Table 1

Somatic mutations of PTP superfamily genes in human cancers
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Gene Mutation frequency and tumor types

PTPRB Angiosarcoma (26%), Colon (5%), Endometrium (10%), Lung (8%)
PTPRC Colon (7%), Endometrium (6%), Lung (6%), Skin (6%), Stomach (6%)
PTPRD Endometrium (9%), Colon (8%), Lung (10%), Esophagus (10%), Skin (10%)
PTPRF Colon (6%), Endometrium (8%)

PTPRG Endometrium (8%), Colon (6%)

PTPRH Endometrium (5%)

PTPRJ Colon (5%), Endometrium (6%)

PTPRK Cervix (7%), Colon (8%), Endometrium (7%), Skin (6%)

PTPRM Colon (8%), Endometrium (7%)

PTPRO Endometrium (6%), Lung (5%), Skin (5%)

PTPRP Colon (6%), Endometrium (6%), Lung (6%), Skin (5%)

PTPRQ Colon (6%), Endometrium (6%)

PTPRS Colon (7%), Endometrium (9%)

PTPRT Bladder (6%), Colon (11%), Endometrium (8%), Esophagus (11%), Head and neck (6%), Lung (10%), Skin (7%), Stomach (9%)
PTPRU Colon (6%), Endometrium (6%)

PTPRZ1 Bladder (6%), Colon (8%), Endometrium (8%), Esophagus (5%), Lung (8%)
PTPN1 Hodgkin Lymphoma and primary mediastinal B cell Lymphoma (20)%
PTPN11 Colon (8%), Leukemia (7%)

PTPN13 Colon (7%), Endometrium (9%)

PTPN14 Colon (5%), Endometrium (8%)

PTPN22 Endometrium (5%)

DUSP16 Endometrium (5%),

DUSP27 Colon (5%), Endometrium (7%), lung (9%)

SSH1 Endometrium (6%)

SSH2 Endometrium (5%)

TPIP Endometrium (6%)

TPTE Colon (6%), Esophagus (7%), Endometrium (8%), Lung (11%), Skin (7%)
TNS1 Colon (9%), Endometrium (8%), Stomach (6%)

TNS3 Bladder (6%), Endometrium (6%)

MTM1 Endometrium (7%)

MTMR8 Endometrium (8%)

MTMR13  Endometrium (8%)

INPP4A Endometrium (5%)

INPP4B Endometrium (7%)
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