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The leukocyte antigen related (LAR) family of receptor-like protein tyrosine phosphatases
has three members in humans — PTPRF, PTPRD and PTPRS — that have been implicated in
diverse processes including embryonic development, inhibition of cell growth and axonal
guidance. Mutations in the LAR family are associated with developmental defects such as
cleft palate as well as various cancers including breast, neck, lung, colon and brain. Although
this family of tyrosine phosphatases is important for many developmental processes, little is
known of their substrates. This is partially due to functional redundancy within the LAR fam-
ily, as deletion of a single gene in the LAR family does not have an appreciable phenotype, but
a dual knockout is embryonically lethal in mouse models. To circumvent the inability to
knockout multiple members of the LAR family in mouse models, we used a knockout of
ptp-3, which is the only known ortholog of the LAR family in Caenorhabditis elegans and allows
for the study of the LAR family at the organismal level. Using SILAC-based quantitative phos-
phoproteomics, we identified 255 putative substrates of ptp-3, which included four of the nine
known annotated substrates of the LAR family. A motif analysis of the identified phospho-
peptides allowed for the determination of sequences that appear to be preferentially dephos-
phorylated. Finally, we discovered that kinases were overrepresented in the list of identified
putative substrates and tyrosine residues whose phosphorylation is known to increase ki-
nase activity were dephosphorylated by ptp-3. These data are suggestive of ptp-3 as a poten-
tial negative regulator of several kinase families, such as the mitogen activated kinases
(MAPKs), and multiple tyrosine kinases including FER, MET, and NTRK2.
© 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

1. Introduction

Dysregulation of tyrosine phosphorylation has been impli-
cated in a number of human cancers (Hanahan and

Tyrosine phosphorylation is a reversible post-translational Weinberg, 2000). The role of tyrosine kinases as potent onco-

modification involved in

cellular processes. genes has been well described. For example, HER2 is found
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to be amplified in 20% of breast cancers (Slamon et al., 1987),
the BCR-ABL translocation is observed in nearly all chronic
myelogenous leukemias (Buchdunger et al., 2001) and
increased expression of EGFR is reported in 50% of primary
lung cancers (Kolibaba and Druker, 1997). Protein tyrosine
phosphatases, on the other hand, have been shown to act as
tumor suppressors. Functional inactivation of protein tyrosine
phosphatases through either mutation or decreased expres-
sion is associated with a multitude of cancers (Jacob and
Motiwala, 2005; Li et al., 1997; The Cancer Genome Atlas
Network, 2012; Veeriah et al., 2009). Recently, protein tyrosine
phosphatases have also been found to play a role as onco-
genes in addition to acting as tumor suppressors (Tonks,
2006). For example, deletion of the protein tyrosine phospha-
tase non-receptor type 11 (PTPN11) gene results in increased
development of hepatocellular carcinoma in mice (Bard-
Chapeau et al., 2011) whereas activating mutations or overex-
pression has been described in several forms of leukemia
(Chan et al., 2008).

Though both protein tyrosine kinases and protein tyrosine
phosphatases play integral roles in cancer biology, there is a
marked discrepancy in our knowledge regarding phospha-
tases as compared to kinases. For instance, although there
are approximately equal numbers of tyrosine phosphatases
and tyrosine kinases in the human genome, the phosphoryla-
tion database PhosphoSitePlus lists over 1700 known tyrosine
kinase substrates while the phosphatase database DEPOD
contains ~130 tyrosine phosphatase substrates (Duan et al.,
2015; Hornbeck et al., 2015). This disparity in our knowledge
is partly due to intrinsic differences in the experimental meth-
odologies that are amenable to studying kinases versus phos-
phatases. Kinases result in a gain of signal that more easily
lend themselves to experimental techniques such as radiolab-
eling ATP to identify substrates, or more recently, using mass
spectrometry to identify phosphorylated sites. Phosphatases,
on the other hand, lead to a loss of signal and cannot be stud-
ied in a straightforward fashion. One approach to identifying
phosphatase substrates is the creation of substrate trapping
mutants in which a catalytically inactive phosphatase is
used to pull-down interacting proteins and methods such as
western blotting and mass spectrometry are used to identify
substrates. While useful, this approach is an in vitro binding
method and requires a functional, mutated fusion protein
which may not be possible to generate easily.

To expand upon the known phosphatase substrates, we
sought to apply a high-throughput strategy that would lead
to discovery of novel substrates of tyrosine phosphatases
in vivo. We reasoned that a functionally inactive mutants or
knockdowns of a phosphatase would result in an increase in
the phosphorylation levels of its substrates. This, combined
with mass spectrometry, could rapidly identify hyperphos-
phorylated peptides derived from putative substrates of a pro-
tein phosphatase. Moreover, because mass spectrometry is
used to detect phosphopeptides, the actual sites that are
differentially phosphorylated due to a mutation are revealed.

For this study, we chose to identify substrates of the LAR
family of protein tyrosine phosphatases. These phosphatases
are receptor-like tyrosine phosphatase characterized by
several extracellular fibronectin and immunoglobulin do-
mains along with two intracellular tyrosine phosphatase

domains. Within vertebrates, there are at least three related
genes comprising the LAR family: the LAR receptor protein
tyrosine phosphatase (PTPRF ), protein tyrosine phosphatase
receptor type delta (PTPRD), and protein tyrosine phosphatase
receptor type sigma (PTPRS ). PTPRD has been shown to be a tu-
mor suppressor gene and has been found to be functionally
inactivated in glioblastoma multiforme, head and neck can-
cer, and lung cancer (Veeriah et al., 2009). Loss of PTPRS, which
is known to dephosphorylate EGFR, has been reported in
~25% of head and neck cancers and its deletion in lung cancer
results in increased resistance to the tyrosine kinase inhibitor
erlotinib (Morris et al., 2011).

Given the association between mutations in the LAR family
and a number of cancers, identification of substrates of the
LAR family may help elucidate the molecular consequences
of these mutations and how they might lead to oncogenesis.
However, such studies in mouse have been complicated by
the functional redundancy between the multiple members
of the LAR family. This redundancy can be mitigated through
the use of multiple gene knockouts; however, existing at-
tempts to knockout multiple members of the LAR family
have resulted in embryonic lethality (Uetani et al., 2006). To
circumvent this issue, we used Caenorhabditis elegans as a
model system to identify phosphatase substrates in an organ-
ism which has reduced redundancy but retains many impor-
tant developmental effects of the loss of LAR. The single LAR
family homolog in C. elegans, ptp-3, is made up of the charac-
teristic extracellular fibronectic and immunoglobulin do-
mains and two intracellular tyrosine phosphatase domains
that are observed in this family. Similar to its human homo-
logs, only the membrane proximal tyrosine phosphatase
domain is active and ptp-3 has been implicated in gastrulation,
epidermal development and embryonic morphogenesis.
Further, deletion of ptp-3 results in smaller brood size due to
a diminished embryonic viability (Harrington et al., 2002).
Here, through the use of quantitative phosphoproteomics by
employing SILAC labeling of C. elegans, we identified 255 puta-
tive substrates of ptp-3 and used computational methods to
identify common motifs for this phosphatase. Further, we
identified that kinases were overrepresented as substrates of
ptp-3, with their kinase activation loop being a common target
of dephosphorylation by ptp-3.

2. Materials and methods
2.1. Reagents

The Escherichia coli SLE1 strain and all C. elegans strains were
purchased from the Caenorhabditis Genetics Center (CGC).
Heavy labeled amino acids — arginine (**Cs-'°N,) and lysine
(**C6-'°N,) were purchased from Cambridge Isotopes Labora-
tories (Andover, MA). For phosphotyrosine enrichment, anti-
phosphotyrosine mouse monoclonal antibody (P-Tyr-1000)
was purchased from Cell Signaling Technology (Danvers,
MA). Nystatin (N1638-100ML) was purchased from Sigma-
—Aldrich. Complete, EDTA-free protease inhibitor cocktail
tablets (10711400) were purchased from Roche. Sequencing
grade trypsin and lys-c enzymes were purchased from
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Promega and TPCK-treated trypsin was purchased from Wor-
thington Biochemical Corp. All other reagents were purchased
from Sigma.

2.2. C. elegans metabolic labeling

For SILAC labeling of C. elegans, the bacterial food source was
labeled and then fed to the C. elegans. For culturing bacteria,
light cultures were grown in Lysogeny Broth (LB) and heavy
cultures were grown in M9 Minimal Media supplemented
with 40 pg/ml final concentrations of heavy arginine and
heavy lysine. Each culture was grown overnight, and centri-
fuged at 8000 x g for 10 min at 4 °C. For each 250 ml of culture
pelleted, 50 ml of S. Medium (Stiernagle, 2006) was added to
resuspend the pellet. C. elegans were added to a 1 L flask con-
taining 50 ml of resuspended E. coli supplemented with 10 pg/
ml of Nystatin to prevent fungal growth and grown according
to previously described methods (Stiernagle, 2006). The cul-
ture was monitored and when the bacteria was almost clear
(approximately 3 days), the C. elegans were pelleted and resus-
pended in 0.1 M NacCl. To complete purification, an equal vol-
ume of 60% sucrose was added and centrifuged for 5 min at
900 x g at 4 °C. C. elegans at the surface were then pipetted
off, and washed three times in 50 ml of 0.1 M NacCl to obtain
a pure, live population of C. elegans.

2.3. C. elegans lysis and protein digestion

C. elegans were resuspended in 9 M urea containing a prote-
ase inhibitor cocktail (Roche 10711400), 50 mM beta-
galactosidase, 25 mM NaF, and 1 mM sodium orthovanadate.
Next, the resuspension was sonicated and viewed under a
microscope following sonication until the C. elegans were suf-
ficiently broken apart. The lysate was cleared by centrifuga-
tion at 14,000 x g for 20 min at 4 °C. For whole proteome
experiments, 250 pg from wild type and ptp-3 lysates were
combined, reduced with 5 mM of dithiothreitol, and alkylated
with 5 mM of iodoacetamide. Then, the lysate was diluted to
a final urea concentration of 3 M and digested with lys-C with
an enzyme to protein ratio of 1:100 for 4 h at room tempera-
ture. After digestion with lys-C, the crude digests were
diluted to a final urea concentration of 1.5 M and digested
overnight with sequencing grade trypsin with an enzyme to
protein ratio of 1:25. After confirming digestion efficiency,
the sample was acidified with 1% trifluoroacetic acid (TFA)
and centrifuged at 2000 x g for 5 min at room temperature.
The supernatant was loaded onto a Sep-Pak C;g cartridge
(Waters, Cat#WATO051910) and equilibrated with 0.1% TFA.
Desalted peptides were then lyophilized and subjected to
basic reverse phase liquid chromatography. For phosphotyr-
osine peptide enrichment, 25 mg each from heavy and light
lysates were combined, reduced with 5 mM of dithiothreitol,
and alkylated with 5 mM of iodoacetamide. Then, lysates
were diluted to a final urea concentration of 1.5 M and
digested overnight with TPCK-treated trypsin (Worthington)
with an enzyme to protein ratio of 1:25. Peptide digests
were desalted with a Sep-Pak C18 cartridge (Waters, Cat#-
WATO051910) and then lyophilized for subsequent use in
phosphotyrosine enrichment.

2.4. Immunoaffinity purification of tyrosine
phosphopeptides

Immunoaffinity purification (IAP) of tyrosine phosphopepti-
des was carried out as previously described (Kim et al.,
2014b; Rush et al., 2005). Briefly, after lyophilization, 50 mg
of peptide mixture was dissolved in 1.4 ml of IAP buffer
(50 mM MOPS pH 7.2, 10 mM sodium phosphate, 50 mM
NacCl) and subjected to centrifugation at 2000 x g at room tem-
perature for 5 min. Before IAP, P-Tyr-1000 beads (Cell Signaling
Technology) were washed with IAP buffer twice at4 °C and the
pH of the supernatant containing peptides was adjusted to 7.2
by adding 1 M Tris Base. For IAP, the supernatant was incu-
bated with P-Tyr-1000 beads (Cell Signaling Technology) at
4 °C for 30 min, and the beads were washed three times
with IAP buffer followed by two washes with pure water.
Enriched peptides were eluted twice from beads by incubating
the beads with 0.15% TFA at room temperature.

2.5. LC-MS/MS

Peptide samples were analyzed on an LTQ-Orbitrap Elite mass
spectrometer (Thermo Electron, Bremen, Germany) interfaced
with Easy-nLC II nanoflow liquid chromatography systems
(Thermo Scientific) as previously described (Kim et al,
2014a). Peptides were reconstituted in solvent A (0.1% formic
acid) and loaded onto a trap column (75 um x 2 cm) packed
in-house with Magic C18 AQ (Michrom Bioresources, Inc.,
Auburn, CA, USA) (5 um particle size, pore size 100A) at
280 bar with solvent A (0.1% formic acid in water). Peptides
were resolved on an analytical column (75 pm x 15 cm) at a
flow rate of 300 nl/min using a linear gradient of 5—35% sol-
vent B (0.1% formic acid in 95% acetonitrile). Mass spectrom-
etry analysis was carried out in a data dependent manner
with full scans (300—1,700 m/z) acquired using an Orbitrap
mass analyzer at a mass resolution of 120,000 at 400 m/z.
The ten and fifteen most intense precursor ions from a survey
scan were selected for MS/MS from each duty cycle for whole
proteome and phosphopeptides, respectively, and detected at
a mass resolution of 30,000. All the tandem mass spectra were
produced using higher energy C-trap dissociation method. Dy-
namic exclusion was set for 30 s with a 7 p.p.m. mass window.
Internal calibration was carried out using lock-mass from
ambient air (m/z 445.1200025).

2.6. Data analysis

Tandem mass spectra were processed and searched using
MASCOT (Version 2.2.0) (Perkins et al., 1999) and SEQUEST
(Eng et al., 1994) search algorithms against a C. elegans Worm-
Base (Harris et al., 2010) database (version 248) through the
Proteome Discoverer platform (version 2.0, Thermo Scientific).
For both algorithms, the search parameters included a
maximum of two missed cleavages; carbamidomethylation
at cysteine as a fixed modification; N-terminal acetylation at
protein N-termini, deamidation at asparagine and glutamine,
oxidation at methionine, phosphorylation at serine, threonine
and tyrosine and SILAC labeling at 1*Cs**N, lysine and »*C¢™°N,
arginine as variable modifications. The mass tolerance for
peptide and fragment ions were set to 10 ppm and 0.1 Da,
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respectively. The false discovery rate was set to 1% at the pep-
tide level. The probability of phosphorylation for each Ser/
Thr/Tyr site on each peptide was calculated by the PhosphoRS
node in Proteome Discoverer 2.0.

Following the database search, SILAC ratios were quanti-
fied with an in-house python script and a 2-fold cutoff was
chosen to indicate a significant change in a given PSM be-
tween samples. For whole proteome measurements, the
data was normalized to the median to control for loading
bias. After normalization, peptide spectra matches (PSMs)
were grouped at the peptide level and the median value was
taken of each peptide group. Following this, the median value
of a protein’s peptide groups was taken to estimate the base-
line protein abundance. Next, in-house python scripts were
used to provide protein level assignments of phosphotyrosine
sites (e.g. VLPAATY(phos)LK becomes CE000001 Tyr582). To
normalize loading bias during mixing of samples, the data
were normalized against each enrichment’s corresponding
whole proteome experiment. Identified phosphotyrosine sites
were then grouped together, and the median value of these
groups was used to measure the phosphorylation level of
each phosphotyrosine site. Finally, the abundance level of
each site was normalized against the protein abundance
measured from the whole proteome experiment. If possible,
proteins were then mapped to human homologs and the cor-
responding human residues of phosphotyrosine sites were
annotated.

For mapping C. elegans genes to human homologs, the
Wormbase API was used. To perform Gene Ontology based
clustering clustering and functional annotation, the R package
clusterProfiler (Yu et al., 2012) and the PANTHER classification
system (Mi et al., 2013) were used, respectively. For identifica-
tion of motifs, the surrounding sequence (the 13 flanking res-
idues) from each phosphotyrosine site was extracted from the
WormBase protein database and analyzed using MEME (Bailey
and Elkan, 1994) and GLAM2 (Frith et al., 2008) to generate mo-
tifs. For prediction of sequences containing these motifs, mo-
tifs generated with MEME were searched using FIMO and
predictions with a g-value below 10~* were retained (Grant
et al., 2011). For motifs generated using GLAM2, GLAM2SCAN
was used to predict sequences containing the motif and pre-
dictions with a score above 15 were kept (Frith et al., 2008).

2.7. Data availability

Mass spectrometry derived proteomics data has been depos-
ited to the ProteomeXchange Consortium (http://proteome-
central.proteomexchange.org) via the PRIDE partner
repository with the dataset identifier PXD003233.

3. Results

3.1 Deletion of the ptp-3 phosphatase results in
increased global tyrosine phosphorylation

A mutant C. elegans strain harboring a mutation in ptp-3,
designated RB1878, was previously generated by the C. elegans
Gene Knockout Consortium. This mutant contains a prema-
ture stop codon leading to the truncation of ptp-3 prior to its

phosphatase domains. For quantitative measurements, wild
type worms were labeled with heavy isotope-labeled lysine
and arginine amino acids, and mutant worms were labeled
with light versions of these amino acids. Following a label
check to confirm incorporation of the heavy isotope, samples
were lysed and protein concentration was measured. From
each sample, 25 mg of lysate was taken, mixed, and digested
in-solution with trypsin and subjected to an antibody-based
phosphotyrosine enrichment and LC/MS—MS analysis
(Figure 1) as described previously by our group (Syed et al,
2015; Zahari et al., 2015; Zhong et al., 2012). Peptides were
identified using Mascot and Sequest run through Proteome
Discoverer 2.0 and quantified using PyQuant.

Two biological replicates of wild type and ptp-3 mutants
each were grown, lysed, and subjected to phosphotyrosine
enrichment and whole proteome analysis. First, we assessed
proteomic changes of the ptp-3 knockout on C. elegans. From
our analysis, we identified 2130 proteins encoded by 1266
genes, with 148 proteins encoded by 72 genes that were up-
regulated and 29 proteins encoded by 20 genes that were
downregulated in the ptp-3 knockout (Supplementary
Figure 1A). To assess the possible impact of the knockout,
we performed a Gene Ontology (GO) analysis (Ashburner
et al.,, 2000) using the PANTHER classification system (Mi
et al., 2013). GO analysis of genes revealed an enrichment for
genes with developmental processes
(Supplementary Figure 1B), which is consistent with the
known phenotype of increased embryonic lethality and
abnormal morphology in the ptp-3 knockout.

Using antibody-based phosphotyrosine peptide enrich-
ment, we identified 3021 phosphotyrosine containing pep-
tides. We grouped the identified peptides by their
phosphotyrosine site (e.g. y543). This analysis identified 1463
different phosphotyrosine sites (Supplementary Table 1).
Because global protein changes in ptp-3 knockout worms
may be falsely inferred as changes in phosphorylation levels,
protein levels determined from whole proteome analysis were
used to correct for protein fluctuations that may contribute to
phosphotyrosine measurements. We considered a site hyper
or hypophosphorylated if there was at least a 2-fold change
in the phosphorylation state between the wild type and
mutant samples. Using these criteria, we identified 255 sites
that were hyperphosphorylated and 264 that were hypophos-
phorylated in the ptp-3 mutant (Figure 2). As a phosphatase,
knockout of ptp-3 predicts an increase in phosphorylation
levels of its substrate(s); therefore, we consider these 255
hyperphosphorylated sites to be potential substrates of ptp-3.

To evaluate the general impacts of the loss of ptp-3 medi-
ated dephosphorylation, we analyzed hyperphosphorylated
tyrosine sites in the ptp-3 knockout. A GO analysis of putative
substrates was performed using clusterProfiler (Yu et al,
2012). Similar to the whole proteome, GO analysis revealed
enrichment of genes related to reproduction, anatomical
development and embryo development.

involved

3.2. Conservation of putative substrates in humans

Due to evolutionary changes from C. elegans to Homo sapiens,
putative substrates identified in C. elegans may not be
conserved across species. Moreover, conservation is a strong
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Figure 1 — Overall strategy of phosphotyrosine peptide enrichment and LC-MS/MS analysis. The experimental workflow for labeling of C. elegans,

phosphotyrosine enrichment and LC-MS/MS is shown. First, E. coli cultures were grown with SILAC isotopes and then fed to C. elegans over

several generations until the worms were fully labeled. Following label incorporation, wild type and mutant samples were lysed and an equal

protein amount of each labeled lysate was mixed together. Following mixing, one portion of the sample was subjected to whole proteome LC-MS/

MS analysis and the remaining portion was subjected to phosphotyrosine peptide enrichment and LC-MS/MS analysis.

predictor of functionality, and sites that are conserved across
species are more likely to be true positives than those that are
found only in C. elegans (Tan et al., 2009). Thus, for our subse-
quent analysis we focused only on putative substrates that
were conserved in C. elegans and humans.

We performed a search using Wormbase (Harris et al,
2010) to locate homologous genes of the identified putative

ptp-3 substrates. This analysis revealed 145 putative sub-
strates with clearly defined human homologs. Next, Clustal
Omega (Sievers et al., 2011) was used to align each C. elegans
protein sequence to its human homolog and to determine if
the specific phosphotyrosine site was conserved in humans.
Of the 145 putative substrates with homologs in humans, 45
contained a tyrosine residue in both species at the identified
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ptp-3 mutant and wild type is shown. Higher values on the y-axis correspond to increases in phosphotyrosine levels with a tyrosine phosphatase

mutation. The red dashed line indicates a 2-fold increase in tyrosine phosphorylation, and the blue dashed line indicates a 2-fold decrease in

tyrosine phosphorylation. Shapes with their corresponding gene are known substrates of human homologs of pzp-3, and show that this study

identifies known phosphotyrosine substrates as being hyperphosphorylated.

hyperphosphorylated tyrosine site. Interestingly, we also
found that in 14 cases the tyrosine residue that was hyper-
phosphorylated in C. elegans was replaced by a phenylalanine
in the orthologous sequence in humans. This is of note
because mutational studies often mutate tyrosine residues
to phenylalanine in order to prevent phosphorylation while
retaining the structural importance of the aromatic side
chain. Thus, these residues may not be crucial for signaling
in humans, but could have important roles in structure-
based interactions.

3.3 Site level resolution of known substrates of the LAR
family

To evaluate the success of our profiling approach, we
compared the list of proteins that were hyperphosphorylated
in the ptp-3 mutant with C. elegans orthologs of previously
described substrates of the LAR family. We chose to use the
substrates of the LAR family members in the human dephos-
phorylation database DEPOD (Duan et al., 2015) because
currently there are no databases listing dephosphorylation
events in C. elegans, there is no entry for ptp-3 in the Worm
Interactome Database (Simonis et al., 2009), and we are unable
to find known substrates of ptp-3 in the literature through
PubMed searches.

At this time, the DEPOD database contains nine known
substrates of the LAR family, with three substrates belonging
to the same gene family. Of the known substrates, only Tyr705
of STAT3 was annotated as the site that is dephosphorylated
by PTPRD. Remarkably, in our data, we identified orthologs
of four of the nine known substrates, NTRK2, MET, INSR, and
STATS3 (sites indicated in Figure 2), to be hyperphosphorylated

with a conserved tyrosine residue. Additionally, the C. elegans
ortholog of STAT3, sta-1, was found and the C. elegans site cor-
responding to Tyr705, Tyr588, exhibited a 5.6 fold increase in
phosphorylation levels in the ptp-3 knockout. This shows we
are able to find known gene products which are dephosphory-
lated by the LAR family in addition to the site which has pre-
viously been shown to be dephosphorylated.

The DEPOD database listed only one substrate where the
actual tyrosine residue that is dephosphorylated was
confirmed. This is an important limitation to known enzy-
me—substrate relationships; that even when experimental ev-
idence shows a protein is dephosphorylated by a
phosphatase, the exact sites which are modified are often
not known. Since mass spectrometry was used to identify
substrates in this study, it inherently provides site level reso-
lution as well as quantitative measures of phosphorylation. As
discussed above, in our data three substrates, NTRK2, MET,
and INSR, were known to be dephosphorylated in humans
although their actual site or sites of dephosphorylation was
unknown. We identified conserved hyperphosphorylated
sites mapping to these three genes as well as a hyperphos-
phorylated site that has been previous described. This illus-
trates that our approach is able to provide highly confident
sites for future functional studies that further dissect phos-
phorylation based signaling networks.

3.4. Putative substrates of ptp-3 are enriched in kinases

Next, we performed a GO analysis for biological processes of the
conserved putative substrates of ptp-3, which revealed a signif-
icantenrichment for kinases (q-value 5.9* 10~?’). Of these genes
included in the GO analysis, we found that 15 conserved
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hyperphosphorylated sites were located in kinases. We then
examined the location of the phosphosite in each kinase, and
found that 6 sites were in the activation loop and have previ-
ously been shown to be critical for kinase activation (Figure 4).
Additionally, several sites were identified that were not in the
activation loop, but conferred important catalytic activity. For
example, Tyr579 of PDGFRB and Tyrl5 CDK5 were hyperphos-
phorylated, and phosphorylation of these sites has been shown
to increase kinase activity (Baxter et al., 1998; Zukerberg et al.,
2000). Tyr1356 of MET was hyperphosphorylated, which is not
known to increase kinase activity, but has been shown to be
crucial for transduction of signals involving cell motility,
morphogenesis, and tubule formation (Dekel et al., 2003).

Next, we sought to determine whether a common motif ex-
ists within the putative substrates of ptp-3. We selected the
identified conserved hyperphosphorylated tyrosine sites and
13 amino acids surrounding each site as the input sequences
for motif prediction. These sequences were scanned for com-
mon motifs using GLAM?2 (Frith et al., 2008) and MEME (Bailey
and Elkan, 1994), two motif identification programs that are
part of the MEME suite (Bailey et al., 2009). This analysis
revealed two motifs where the hyperphosphorylated tyrosine
residue was located at the 0 position (Figure 3A; 3B). Following
this, we compared the conservation of substrates containing
each motif across C. elegans and humans. This revealed that
for the motif in 3A, there is a 100% identity between the domi-
nant residues comprising the motif (YxxxRxYRXPE) in
humans. However, for the motif in 3B, we find there is a
poor conservation of the dominant features of the motif ((A/
Y/G)xxxxxY¥xxxxx(Y/N/F)xxP) in humans. This indicates that
the motif in 3A may be common to both species. At this
time, we do not know the significance of the motif identified
in Figure 3B. Next, we used these motifs to predict additional
substrates of ptp-3 and the LAR family by searching against
the human RefSeq protein database with GLAM2SCAN (Frith
et al., 2008) and FIMO (Grant et al., 2011), two programs that
take the respective output of GLAM2 and MEME and identify
sequences containing a given motif. The motif identified by
GLAM?2 (Figure 3B), was present in 65 proteins encoded by 20
genes while the MEME motif (Figure 3A) was identified in 108
proteins encoded by 29 genes (Supplementary Table 2). Signif-
icantly, 12 of the 20 genes containing the GLAM2 motif (60%)
and all 29 genes containing the MEME motif are kinases,
implying an important role for ptp-3 and the LAR family in
the regulation of kinases.

Given the abundance of kinases identified through our
profiling approach, and that increased phosphorylation of
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many of these tyrosine residues is known to lead to increased
kinase activity, functional inactivation of a LAR family mem-
ber could lead to increased kinase activity. In the context of
our study, this means that some of the identified sites under-
went increased phosphorylation because of increased kinase
activity and not because they were substrates of ptp-3. To
explore this possibility, we evaluated tyrosine residues that
were phosphorylated >2.83 fold (1.5 log,) in the mutants to
determine how many sites that were hyperphosphorylated
were also known targets of tyrosine kinases (Table 1). This
revealed 20 tyrosine residues to be highly phosphorylated of
which eight were novel tyrosine phosphorylation sites. Of
the 12 previously known sites, only 6 were annotated as inter-
acting with tyrosine kinases and 3 of these sites possessed in-
formation on the tyrosine kinases that are known to
phosphorylate them. One of these Tyr15 is located in CDKS5,
which is a substrate of ABLI. This is notable because an acti-
vating tyrosine site of ABL1 was hyperphosphorylated in our
data suggesting that this site may be due to an active kinase
as opposed to being a substrate of ptp-3. For the remaining
two sites, Tyr579 of PDGFRB and Tyr702 of NTRK2, both cases
represented sites that are known to be autophosphorylated.

Taking into account the known oncogenic potential of ki-
nases, our data present a possible link between the mutation
of various LAR family members and associated cancers
(FUNATO et al., 2011; Giefing et al., 2011; Morris et al., 2011,
Veeriah et al., 2009). Although our profiling approach was
able to recapitulate many known substrates of the human ho-
molog of ptp-3 and provided broad implications to the regula-
tory roles of ptp-3 and the LAR family in humans, it should be
noted these are putative substrates and do not supplant
directed mutational studies and in vitro assays for final confir-
mation. For example, while hyperphosphorylation of protein
kinases has interesting biological consequences, increased
tyrosine kinase activity may lead to hyperphosphorylation of
its substrates that may be falsely be inferred as phosphatase
substrates. However, given the ability of this approach to cap-
ture much of whatis known, we feel the hyperphosphorylated
peptides identified in this study are excellent candidates for
further validation including functional studies to precisely
map out the LAR family’s dephosphorylation network.

4. Discussion

The C. elegans LAR-like receptor tyrosine phosphatase, ptp-3, is
expressed in several tissues during C. elegans development

Figure 3 — Motif analysis of hyperphosphorylated tyrosine sites. A) A motif identified by MEME for hyperphosphorylated tyrosine residues. The

zero position for the motif indicates the hyperphosphorylated tyrosine residue. B) A motif identified by GLAM2 for hyperphosphorylated tyrosine

residues. The zero position for the motif indicates the hyperphosphorylated tyrosine residue.
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C. Elegans Protein Mutant/Wildtype

(Human Gene Symbol) Protein Domains Sequence Fold Change
MAPK15 dj . YPEGQKMPDLTEYVATRWYRSPEIL 2.38
FER ) @ - VSDFGLSRVGTEYQMDPSKRVPIRW 2.98
MAPK7 - - RDDANVGGHMTQYVSTRWYRAPEIL 2.89
NTRK2 1 |-‘b - IRISDFGMSRRLYDHSEYYTMDHRG 6.81
HIPK1 . ‘j .- .. SASHRSKAVTNTYLQSRYYRAPEII 2.74

GSK3A -— ~gliRi- SATESVKTPQQSYHVTRYYRPPELL 213
CDK5 @ YDKMEKIGEGTYGTVFKARNKNSG 4.68

MET = —066—@. GYLSVESQGGPKYTQLTMQDSKETA 1.88

PDGFRB €66 |T‘> - TQKWSHFASANNYMDIQALANANKK >10

Figure 4 — Activating residues of kinases that are hyperphosphorylated. Tyrosine residues with increased phosphorylation in the pzp-3 knockout
are depicted, with the identified residue indicated in red. The first six rows correspond to tyrosine residues that are located in the activation loop of

the indicated gene, and the last three rows correspond to tyrosine residues that have been shown to alter kinase activity.

Table 1 — Manual annotations of sites with increase in tyrosine phosphorylation.

Conserved human site Protein Human homolog Previously reported site Known tyrosine kinase interactions

y684 CE35454 FRMD4A Yes” None

y598 CE02628 RAD21 Novel None

y143 CE06481 TIMMS50 Novel None

y285 CE12272 GNAQ Novel BTK*¢, CRK¢
y579 CE09274 PDGFRB Yes®P PDGFRB*P&:f
y162 CE20412 PABPC1 Novel None

y54 CE01044 RBMS8A Yes®>¢ None

y136 CE33442 DYRK1A Yes*® DYRK1A®

y268 CE15746 LMNB1 Yes” None

y364 CE02193 PABPC4 Yes” None

y702 CE40381 NTRK2 Yes®© NTRK2*, FYN®
y266 CE04237 RPS2 Yes” None

y4332 CE43614 MUC17 Yes” None

y131 CE09710 PSAT1 Novel None

y4126 CE38607 TTN Novel None

y705 CE22342 STATSA Yes® ETK?, c-SRC™°, EGFR?, ErbB4?,

JAK1A?, JAK3*P, SYK*P, TEK?,
JAK22? BTK®, LCK*", EK1°, ERK2°, LYN"

y15 CE21213 CDK5 Yes®b© ABL1*™f FYN®f ¢-SRC?,
ErbB3?, MEK1?

y487 CE18697 PRDM?2 Novel None

y250 CE04237 RPS2 Yes" None

y110 CE30219 DMGDH Novel None

a Annotated by Human Protein Reference Database (Keshava Prasad et al., 2009).
b Annotated by PhosphoSitePlus (Hornbeck et al., 2015).

¢ Annotated by PhosphoELM (Dinkel et al., 2010).

d Annotated by NetworKIN (Horn et al., 2014).

e Reported in literature (Chen et al., 2015; Zhang et al., 2007).

f Kinase is reported to phosphorylate identified site.
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and has been shown to play a role in gastrulation and neural
morphogenesis (Chin-Sang et al., 2002; Harrington et al,
2002). A human homolog of ptp-3, PTPRD, has been found to
be deleted or functionally inactivated in several cancers,
with inactivation of PTPRD occurring in over 50% of GBM tu-
mors (Veeriah et al.,, 2009). A recent study identified Tyr705
of STAT3 as a specific target of PTPRD. In our data, we found
the C. elegans STAT orthologs in humans to be hyperphos-
phorylated at Tyr588, which upon alignment to the human
STAT3 protein, corresponds to Tyr705 of STAT3. Interestingly,
other receptor tyrosine phosphatases, PTPRK and PTPRT, have
been shown to dephosphorylate Tyr705 of STAT3 as well
(Chen et al., 2015; Zhang et al., 2007). Given that multiple ho-
mologs of ptp-3 exist in humans, this may indicate that puta-
tive substrates found in our study may be common to multiple
protein receptor type tyrosine phosphatases.

Many substrates of the LAR-like receptor tyrosine phos-
phatases are known only at the protein level and lack site
level resolution. PTPRF has been shown to dephosphorylate
the insulin receptor (INSR), beta-catenin, and hepatocyte
growth factor receptor (MET ) but there is no site level resolu-
tion (Hashimoto et al., 1992; Machide et al., 2006; Miiller et al.,
1999). In our data, we found hyperphosphorylated tyrosine
residues corresponding to the C. elegans homologs of INSR
and MET. In the C. elegans homolog of INSR, daf-2, we find
two hyperphosphorylated sites, Tyr1419 and Tyr1420, which
are both conserved in humans. For MET, we find several
hyperphosphorylated sites in its C. elegans homolog svh-2 as
well. While only one of these sites is conserved in humans,
we note that there are nearby tyrosine residues which may
be the functionally equivalent site in humans. PTPRS has
been shown to dephosphorylate the epidermal growth factor
receptor (EGFR) and members of the neutrotrophic tyrosine
kinase receptors NTRK1, NTRK2, and NTRK3 (Faux et al,
2007; Vijayvargia et al., 2004). We find hyperphosphorylated
tyrosine residues in both of the C. elegans homologs of these
genes. For EGFR, like MET, the hyperphosphorylated residue
is not conserved in the human homolog, but once again a
conserved tyrosine residue is near the site identified in C. ele-
gans. For the neutrotrophic tyrosine kinase receptors, we
identified a hyperphosphorylated Tyr632 in the C. elegans ho-
molog trk-1, which is conserved in the human sequence as
well.

When considering the known literature, our study was
able to identify known proteins dephosphorylated by the
LAR-like receptor tyrosine phosphatases, and provided po-
tential sites of substrates known to be dephosphorylated by
PTPRF and PTPRS. Additionally, we provide an extensive cata-
log of potential substrates of ptp-3 in C. elegans, many of
which are related to the known developmental roles of ptp-
3 in C. elegans. In humans, many of the potential substrates
were found to be kinase-related, with 9 of the hyperphos-
phorylated tyrosine residues having known effects on kinase
activity, which may explain why functional inactivation of
PTPRD, PTPRF, and PTPRS have been found in multiple can-
cers. Given the numerous knockouts in C. elegans, our strat-
egy can be applied to identify potential substrates of
additional phosphatases as well as other post-translational
modifications to further characterize signaling networks in
an organismal setting.
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