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The Murine Ortholog of the SHP-2 Binding Molecule,
PZR Accelerates Cell Migration on Fibronectin and
Is Expressed in Early Embryo Formation
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Abstract The human P zero-related protein (hPZR) has a unique function in regulating cell migration. This activity is
dependent on both its cytoplasmic immunoreceptor tyrosine inhibitory motif (ITIM) and its interaction with the tyrosine
protein phosphatase, src homology phosphatase-2 (SHP-2).Here, using in silico and cDNAcloning approaches,we identify
the murine ITIM-containing hPZR ortholog, mPZR, together with its ITIM-less isoform, mPZRb. We demonstrate that, like
hPZR, these type 1 integral murine transmembrane isoforms are derived by differential splicing from a single gene
transcriptionunitonmousechromosome1, anddiffer only in the sequenceof their cytoplasmicdomains. Importantly,mPZR
mimicks hPZR functionally by accelerating SHP-2-mediated cell migration on fibronectin. Interestingly, we further
demonstrate that although neither mPZR nor mPZRb is expressed in murine pluripotent embryonic stem cells, they first
appear at approximately day 3 of blastocyst formation in vivo and of embryoid body formation in vitro. These studies thus
provide the basis for defining the function of the mPZR isoforms in vivo, particularly with respect to their roles in regulating
SHP-2-dependent cell migration during development. J. Cell. Biochem. 102: 955–969, 2007. � 2007Wiley-Liss, Inc.
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The src homology phosphatase-2 (SHP-2)
signal transduction protein plays a critical role
in controlling cell migration, and in regulating
the balance between self-renewal, pluripotency
and differentiation of murine (m) embryonic
stem cells [Saxton et al., 1997; Qu et al., 1998;
Chan et al., 2003]. It is ubiquitously expressed

and highly conserved between species, contain-
ing two unique N-terminal SH2 domains,
followed by a phosphatase domain (reviewed
by Neel et al. [2003]). Mutations in the human
(h) SHP-2 gene give rise to hematopoietic,
cardiac, and skeletal disorders, resulting in
Noonan and Leopard syndromes and some
leukemias [Tartaglia et al., 2001; Neel et al.,
2003; Tartaglia et al., 2004]. The importance of
the N-terminal SH2 domain of SHP-2 is exem-
plified in mice or murine cell lines carrying the
mutation, SHP-2D46–116, where a 65 amino acid
deletion in the N-terminal SH2 domain occurs.
Murine SHP-2 D46–116 embryonic fibroblasts
show defects in cell migration and spreading,
and display an increased number of focal
adhesions in vitro [Zannettino et al., 2003].
The same homozygous SHP-2 mutation is
embryonic lethal in mice [Saxton et al., 1997].
However, chimeric mice derived from SHP-2
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D46–116 heterozygous and homozygous mutant
murine embryonic stem cell (mES) lines show
skeletal, hematopoietic and vascular abnorm-
alities, that are reminiscent of the human
disorders described above [Qu et al., 1998].

The identification of interacting partners that
modulate SHP-2 activity is of fundamental
importance in defining its function. Some of
those that have been defined include cytokine
receptors, such as the c-kit tyrosine kinase
receptor and the common gp130 subunit of the
leukemia inhibitory factor (LIF) and oncostatin
M receptors [Burdon et al., 2002]. More
recently, we and others have identified the
human P zero-related protein (hPZR) molecule
as a SHP-2 binding partner with a novel
function in modulating cell migration on fibro-
nectin [Zhao and Zhao, 2000; Zhao et al., 2002,
2003; Zannettino et al., 2003]. This 43 kD
transmembrane protein is composed of a single
extracellular immunoglobulin (Ig) domain, a
transmembrane (TM) region, and an 80 amino
acid cytoplasmic domain. The latter contains
two intracellular Ig immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) [Zhao et al.,
2002; Zannettino et al., 2003]. These ITIMs are
essential for the recruitment of phosphorylated
SHP-2 and, subsequently, for activation of the
SHP-2 protein phosphatase.

To begin to address the functional role of
mPZR isoforms in vivo, we have cloned the
ITIM-containing murine ortholog of hPZR,
mPZR, and its ITIM-less isoform, mPZRb. The
presence of the third hPZRa isoform was not
detected in the mouse cells and tissues exam-
ined. We show that the mPZR protein, like its
human counterpart, interacts with mSHP-2
and accelerates cell migration on fibronectin.
Furthermore, we demonstrate that while
mSHP-2 is expressed in murine self-renewing
mES cells, mPZR and mPZRb are not, but
appear initially by day 3 of embryoid body
(EB) formation in vitro and at blastocyst stage
in vivo. Our studies, thus provide the potential
for future and more extensive functional
studies on the relative roles of mPZR and
mPZRb in vivo.

MATERIALS AND METHODS

Cell Lines

ThemurinefibroblastoidNIH3T3,monocytic/
macrophage P388D1, pre-T EL4 and erythroid
progenitor MEL-585 cell lines were obtained

from American Type Cell Collection (ATCC,
Manassas, VA) or European Collection of Cell
Cultures (ECACC, Porton Down, Wiltshire,
UK). All were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Sigma–Aldrich
Ltd, Gillingham, Dorset, UK) supplemented
with 10% (v/v) fetal calf serum (FCS) (Gibco-
BRL, Paisley, Scotland,UK). Themurinemulti-
potential progenitor cell line, FDCP-mix A4,
was maintained in Fisher’s Medium (Gibco-
BRL), with 20% (v/v) horse serum and 2% (v/v)
mIL3 conditioned medium (both kindly pro-
vided by Dr. Claire Heyworth, Patterson Insti-
tute of Cancer Research, Manchester, UK)
[Heyworth et al., 1995].

Antibodies and Flow Cytometry

The anti-Flag-epitope monoclonal antibody
(Mab), M2 (Sigma–Aldrich), and the mouse
anti-human WM78 monoclonal antibody to the
PZR and PZRb extracellular domains together
with fluorescein isothiocyanate (FITC) or phy-
coeryhrin (PE)-conjugated rabbit anti-mouse
IgG secondary antibody (DakoCytomation,
Glostrop, Denmark) were used for single or
dual color flow cytometric analysis. As a
negative isotype matched control, the mIgG1
Mab was used. Cells were analyzed on a
FACStarPLUS flow cytometer using the Cell-
Quest software (both from Becton-Dickinson,
Sunnyvale, CA) [Watt et al., 2000]. The rabbit
anti-SHP-2 polyclonal antibody and the irrele-
vant rabbit Ig control were purchased from Cell
Signaling Technology, Inc., Beverly, MA.

In Silico Cloning

cDNA and genomic cloning of murine PZR
and PZRb. hPZR cDNA was prepared and its
genomic structure determined as described
previously [Zannettino et al., 2003]. The mPZR
cDNA (GenBankaccessionnumber:AY764247)
and genomic sequences were identified by in
silico cloning (NCBI, Genebank, Blast Server,
http://www.ncbi.nlm.nih.gov and ENSEMBL,
http://www.ensembl.org/) using the hPZR
nucleotide sequence as the query sequence.
The cDNA sequences were confirmed by RT-
PCR (reverse transcriptase–polymerase chain
reaction) analyses using RNAs extracted from a
variety of cell lines. Total RNAs were isolated
from approximately 106–107 cells using the
RNeasy RNA isolation kit (Qiagen Ltd, Craw-
ley, West Sussex, UK) and reverse transcribed
using the Sensiscript Reverse Transcriptase
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system (Qiagen Ltd). PCR amplification was
carriedout on the cDNAsusing theThermostart
DNA polymerase and reagents (Abgene, Inc.,
Rochester, NY) plus the mPZR forward (F) and
reverse (R) primer pairs: (mPZR F1, forward
primer: 50-TCAGGCTGTTCACAATGGC
ACC-03 andmPZRR1, reverse primer: 50-GGA
CCACGGGATGCTTCTAAAAC-03). The
forward (F) and reverse (R) primer pair for PCR
amplification of themPZRa isoform, similarly to
thehuman,was (mPZRaF, forwardprimer: 50-A
G C C T C T T C C C C A A G C C G A G-03 and
mPZRaR, reverseprimer: 50-CCCTGCCCTA
A A A A A A C A G-03). The TMHMM V2 pre-
diction server (http://www.cbs.dtu.dk/services.
TMHMM)was used for prediction of transmem-
brane helices in proteins and predicted struc-
tures and motifs were determined according
to Zannettino et al. [2003]. The NetNGlyc 1.0
Prediction server (http://www.cbs.dtu.dk/ser-
vices/NetNGlyc/) was also used for the predic-
tion of N-linked glycosylation sites.

Growth and Differentiation
In Vitro of mES Cells

The mES cell line, E14, was routinely
maintained in an undifferentiated state on
tissue culture grade plates coated with gelatin
(0.1% (w/v); Sigma–Aldrich) in DMEM-ES
medium (Gibco-BRL) containing 1% (v/v)
non-essential amino acids, 0.007% (v/v) 2-
mercaptoethanol, 104 U/ml LIF (Esgro Che-
micon Int., Temecula, CA) and 15% (v/v) pre-
screened FCS (Stem Cell Technologies, Van-
couver, Canada) [Keller et al., 1993]. Twenty-
four to 48 h prior to differentiation, the mES
cells were transferred into Iscove’s modified
Dulbecco’s-ES medium (IMDM-ES) (Gibco-
BRL) supplemented with 104 U/ml LIF and
15% (v/v) pre-screened FCS. In order to
generate EBs, mES cells were trypsinized,
and 3,000–5,000 cells were plated onto the
bacterial grade plates without gelatin coating,
and then cultured in IMDM-ES differentiation
medium with 15% (v/v) FCS, 2 mM L-gluta-
mine, 5% (v/v) protein free hybridoma medium
(PFHM-II; Gibco-BRL), 4� 104 U/ml mono-
thioglycerol and 50 mg/ml ascorbic acid (both
from Sigma–Aldrich), but in the absence of
LIF. The developing EBs were maintained at
378C in a 5% (v/v) humidified CO2 incubator
for up to 6 days [Keller et al., 1993, 1999;
Keller, 1995]. The mES cells and developing
EBs were viewed under a T-300 Nikon

inverted microscope fitted with DIC and Hoff-
man optics (Nikon Ltd, Kingston, Surrey, UK)
and images were recorded with an Orca AG
fire wire Camera and the IPLab software
package (both from Nikon Ltd).

RNA Extraction and RT-PCR Analysis of Cells,
Embryoid Bodies and Tissues

RNAs from cell lines, EBs, or tissues were
extracted with Trizol (Gibco-BRL). cDNAswere
reverse transcribed from 1 mg of RNA using the
MMLV reverse transcriptase enzyme and kit
(Promega Ltd, Madison, WI) according to the
manufacturer’s instructions and with 30–60
cycles of PCR. The cDNAs were analyzed on
agarose gels, and extracted and sequenced as
described [Chan et al., 2001]. cDNAs for mouse
adult tissues and mouse days 11, 15, and 17
embryoswere obtained fromClontech (Clontech
Laboratories, Inc., Palo Alto, CA). The following
primer pairs were used for PCR amplification:
mOCT-4 F: GGCGTTCTCTTTGGAAAG
GTGTTC;mOCT-4R: CTCGAACCACAT
CCTTCTCT;mBRACHYURYF: TGCTGC
CTGTGAGTCATAAC;mBRACHYURYR:
T C C A G G T G C T A T A T A T A T T G C C;
mBMP-4 F: ACTGTGAGGAGTTTCCAT
CAGG;mBMP-4 R: TCTTATTCTTCTTC
CTGGACCG;mFLK-1 F: TAGGTGCCTC
C C C A T A C C C T G G; mFLK-1 R:
TGGCCGGCTCTTTCGCTTACTG; mSHP-2 F:
C T C A A G C A G C C C C T C A A C A C A A;
mSHP-2 R: GAACACCATCCGCCAGAA
G T C A T (Sigma Genosys Ltd, Haverhill, UK);
mGAPDH forward and reverse primers from
Clontech Laboratories, Inc.

Real Time Quantitative PCR

The reaction and analysis were performed as
described byZannettino et al. [2003]. ThemPZR
and mPZRb TaqManTM systems (Applied Bio-
systems, Foster City, CA) consist of the follow-
ing pair of primers: FmPZR50-TTAAGCAGG
CTCCACGGAAGT-30, RmPZR50-CATTT
ACGCACAGTTAGACCACTCT -30 andF
mPZRb50-AGGAAACATTCGAAGCGGG
ATT-30, RmPZRb50-ACAAGTCAGAGTCT
GTGGTGTATGC-30, respectively, aswell as
dual fluorescent probes mPZR (50-C C C TCCG
ACACAGAGGGTCTAGTAAAGAGTC-
30) andmPZRb (50-ACCGGGGCCCAGTCA
T T T A C G C A C A G T T-30). The level of
expression of mPZR and mPZRb isoforms was
normalized after subtracting the Ct value of
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the mGAPDH internal control (GAPDH, Taq-
Man1 pre-developed assay reagents, Applied
Biosystems No. 4352932E) from that of Ct
value for mPZR or mPZRb (DCt¼ jCtmPZR or

mPZRb�CtGAPDHj) for each tissue analyzed.
Then, the relative level of mPZR was compared
to mPZRb by setting the mPZRb value to 1 for
each individual tissue and determining the
fold change in expression of mPZR against
this value using the formula 2DCt. In order
to compare the levels of mPZR expression
between tissues, the DDCt value for each tissue
was determined using the formula (DDCt¼
DCtmPZR�DCtmPZR from the lowest expressing tissue),
the fold difference calculated and each resulting
value normalized against the highest level of
expression, which occurred in the E17 embryo-
nic tissue and which was set to 100%.

Embryo Recovery

C57bl/6 femalemice (3–4weeks old) (Charles
River Laboratories, Inc., Wilmington, MA)
were given free access to food and water and
were maintained on a 12L:12D photoperiod.
These female mice were superovulated by
injecting 5 international units of gonadotropin
from pregnant mare serum (PMS) (Sigma–
Aldrich), followed by 5 international units
of human (h) chorionic gonadotropin (hCG)
(Sigma–Aldrich) 48 h later. Females were
mated with C57bl/6 males of proven fertility
overnight following the hCG injection. Mating
was confirmed by identification of a vaginal
plug. For the timing of the embryo collection,
the morning of the day of the vaginal plug
identificationwas taken as E0.5.Mated females
were sacrificed 48 and 96 h post-hCG injection
(embryonic day (E) 1.5 and 3.5) to recover
embryos at the two cells and blastocyst stages
by flushing oviducts and uterine horns respec-
tively in M1 medium (Sigma–Aldrich). The
E12.5 embryos were removed from the uterus
in phosphate buffer saline (pH7.2). All proce-
dures described above were reviewed and
approved by the animal studies committee of
the local authority and were performed in
accordance with Institutional Animal Care
and Use Committee approval.

Immunofluorescent Staining

E1.5 and E3.5 old embryos were washed in
PBS solution and incubated in 1 ml Tyrode’s
solution (Sigma–Aldrich) for 30 s to remove the
zona pellucidae. The embryos were then placed

on glass slides treated with poly-L-lysine
(Sigma–Aldrich), fixed in 2% (w/v) paraformal-
dehyde (Sigma–Aldrich) for 1 h and permeabi-
lized in PBS solution containing 0.1% (v/v)
TritonX-100 (Sigma–Aldrich) for 30min. Slides
were then incubated in the blocking solution
(Mouse on Mouse (MOM) Ig Blocking reagent,
Vector MOM Immunodetection Kit, Vector
laboratories, Inc., CA] for 1 h, followed by PBS
washinganda5min incubation inMOMdiluent
solution (Vector laboratories, Inc.). Fifty ml of
1.5mg/ml WM78 primary antibody or isotype
specific control were added to each slide for an
overnight incubation. After extended washes in
0.1% (v/v) Triton X-100 PBS, Alexa 488-con-
jugated goat-anti mouse IgG1 secondary anti-
body (Molecular Probes) was added to the slides
in MOM diluent solution for 30 min. Slides
underwent additional washes in 0.1% (v/v)
Triton X-100 PBS and mounted with Vecta-
shield mounting medium (Vector laboratories,
Inc.) containing DAPI solution. All incubations
were carried out at 48Cunless stated otherwise.
The controls included blocking solution with-
out primary antibody, nonimmune rabbit IgG
(500 ng/ml) (Sigma–Aldrich), blocking solution
with secondary antibody anduntreated embryos.
Images were acquired using an automated
Leica TCS SP5 confocal microscope fitted with
HeNe 543, HeNe 633 and argon 488 lasers.

Sectioning and Peroxidase Immuno-Staining

E12.5 old murine embryos were embedded in
paraffin, cut into 5 mm sagital sections and then
mounted onto slides. The slides were deparaffi-
nizated in xylene followed by washes in 100%,
90%, and 70% (v/v) ethanol, respectively. The
slides were post fixed in 2% (w/v) paraformalde-
hyde (Sigma–Aldrich) for 10 min. Antigen was
retrieved with 10 mM sodium citrate (Sigma–
Aldrich) for 30 min at 808C. The WM78 Mab or
isotype specific control was diluted in MOMTM

diluent (Vector laboratories, Inc., CA) and used
at 1.5 mg/ml. The staining was performed using
the Vector1 MOMTM Peroxidase kit (Vector
laboratories, Inc., CA) according manufac-
turer’s instructions.

Production and Transient Transfection of
mPZR and mPZRb

The mPZR-flag and mPZRb-flag constructs
containing the FLAG epitope at the 50 end was
generated using the following primer pairs:
mPZR F2 (for both constructs): C C G C T CGA
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GCGGATGGACTACAGGACGATGAC
AAGGCAGAGGCCGTCGGAGCC and
mPZRR2:CCGGAATTCCGGTCAGTCT
T T C CGGA TG T C CGCA T A) and mPZRb
R2: (CCGGAATTCCGGTCAACTGTGC
G T A A A T G A C T G G G C C C C) for mPZR
and mPZRb, respectively. These were PCR
amplified from a mouse E17 embryo cDNA
library (Clontech Laboratories, Inc.) and
inserted into the pIRES-EGFP vector (Clontech
Laboratories, Inc.) at the EcoRI restriction site
after restriction digestion and ligation using
the T4 ligase (Promega Ltd) and sequenced
as above. After maxiprep purification using
the Qiagen gel extraction kit (Qiagen Ltd),
these mPZR-flag-pIRES-EGFP and mPZRb-
flag-pIRES-EGFP constructs were transiently
transfected independently into NIH3T3 cells
using the Lipofectamine 2000 reagent (Gibco-
BRL) in a 1:2 ratio, according to the manufac-
turer’s protocol. The expressionwasdetermined
by flow cytometry using the anti-Flag-epitope
Mab, M2, and appropriate isotype matched
control Mabs as above.

In Vitro Migration Assay

NIH3T3 cells (105 cells/ml) were seeded in
DMEM with 10% (v/v) FCS in six-well plates
coated with human plasma fibronectin (20 mg/
ml; Sigma–Aldrich Ltd) or 1% (w/v) gelatin
(Sigma–Aldrich), or alternatively on collagen
type IV and laminin coated plates which were
purchased from Biocat (Becton-Dickinson).
When confluent, a one mm strip of cells was
removed from the center of the well with an
Eppendorf pipette tip, prior to washing the
monolayer and further incubation in DMEM
medium with 10% (v/v) FCS. The migration of
the cells into the cell-free strip was determined
by capturing images of the migrating cells
within pre-marked zones on a T-300 Nikon
inverted microscope fitted with a Coolpix 900
digital camera (both from Nikon Ltd), immedi-
ately after the cell free strip wasmade and after
6 h incubations at 378C in a 5% (v/v) humidified
CO2 incubator. The area (width of the scratch X
diameter (cm3)) of the cell free zone was
measured and used to calculate the speed of cell
migration over these time points. Experiments
were repeated three times each, following
independent transfections. Statistical analysis
was performed using Student’s t-Test, where
P-values <0.05 are considered significant.

Western Blotting and Immunoprecipitation

ProteinGSepharosebeads (Amersham-Phar-
macia, Amersham, Bucks, UK) were pre-armed
with the anti-Flag-epitope Mab, M2, or isotype
control Mab and incubated at 48C with cell
lysates fromNIH3T3,mPZR-pIRES-EGFP, and
mPZRb-pIRES-EGFP transfected and expres-
sing NIH3T3 cells grown on fibronectin. The
samples were then subjected to 10% (w/v) SDS–
PAGE, transferred toPVDFmembranes (Gibco-
BRL), blotted with anti-Flag-epitope Mab, M2,
or SHP-2 polyclonal antibody (Cell Signaling
Technology), and developed with horseradish
peroxidase (HRP)-conjugated secondary anti-
bodies (Pierce Biotechnology, Ltd, Tattenhall,
Cheshire, UK). Immunoreactive proteins were
developed using the ECL system (Amersham-
Pharmacia) and exposed to Kodak X-O MAT
film (Eastman Kodak, Rochester, NY). The
protocol was essentially as detailed in Zannet-
tino et al. [2003].

RESULTS

Conservation of Nucleotide and Genomic
Structures Between mPZR and hPZR

The mPZR (GeneBank accession number:
AY764247) and mPZRb (GeneBank accession
number: AY764248) sequences obtained by
PCR amplification of cDNA libraries derived
from hematopoietic cell lines, P388D1,
MEL-585 and FDCP-mixA4 are shown in
Figure 1A,B. These share more than 84%
nucleotide identity with the equivalent human
PZR isoforms, hPZR, and hPZRb (Fig. 1A,B,
respectively). In addition to highly conserved
nucleotide sequences, themPZR gene exhibits a
remarkable similarity with the human gene in
terms of genomic structure, chromosomal loca-
tion and exon usage for generating mPZR
isoforms. Analysis of the genomic structure
revealed that mPZR isoforms, like the equiva-
lent hPZR splice variants, are generated from a
single transcription unit on murine chromo-
some 1 by alternative splicing (Fig. 1C). The
genomic sequence of mPZR consists of six exons
and five introns, and covers at least 42 kb of
DNA on the mouse chromosome 1. The shorter
isoform,mPZRb, splices from exon 4 onto exon 6
at position þ604, and reads through to a stop
codon (TTA) at positionþ627. A 30-untranslated
region (30-UTR) of approximately 1 kb can be
predicted from the mPZR cDNA sequence
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(Fig. 1A,B). Furthermore, intron 1 is the longest
intron in both human and mouse genes, being
43.3 and 25.7 kb in length respectively (compare
Fig. 1CwithReference Zannettino et al. [2003]).
Themouse ortholog of human PZRa, as describ-
ed in Reference Zannettino et al. [2003], was
not detected by PCR analysis. Although, not
quantitative, RT-PCR analysis of the multi-
potent FDCP-mix A4, monocytic P388, T

lymphoid EL-4 and erythroid MEL585 hema-
topoietic cell lines (Fig. 1D) suggested higher
levels of mPZR expression when compared to
mPZRb in the multipotent and moncytic cell
lines, low expression of both isoforms in the
T cell line and essentially equivalent levels of
expression in the erythroid cell line. The levels
of expression of mPZR compared to mPZRb
were therefore confirmed using real-time

Fig. 1. PZR isoforms are highly conserved in the human and
mouse. A,B: Nucleotide sequence comparisons of mPZR and
mPZRb with hPZR and hPZRb, respectively. Sequences were
alignedusingMacVector software.Nucleotide sequence identity
is highlighted in the gray boxes.C: A schematic representation of
the genomic structure of the mPZR gene, showing exons 1–6
(boxes) and, in italics, introns 1–5 (black lines). The mPZR
isoform is encoded by exons 1–6, whereas mPZRb lacks exon 5.
The similarity to the genomic structure of the hPZR and hPZRb
isoforms is shown. Sequences encoding the signal peptide (SP),
and the extracellular (ED), transmembrane (TM), and cytoplas-
mic (Cyt1 and Cyt2) domains are indicated for mPZR and
mPZRb. D: PCR analyses of cDNA libraries derived from
hematopoietic cell lines, P388D1, MEL-585, EL-4 and FDCP-
mixA4, using mPZR and mGAPDH primer pairs (see Materials

andMethods). ThemPZRprimer set generated two PCRproducts
of 700 and 600 bp (upper panel) that correspond by sequence
analysis to mPZR and mPZRb, respectively. Only low levels of
the mPZR isoforms were detected in EL-4 cells. E: The relative
levels of expression of the mPZR isoform to the mPZRb isoform
were determined using real-time quantitative PCR after standar-
dizing each against the house-keeping gene GAPDH and
normalizing mPZRb levels in each cell line to 1. This revealed
10.5�0.3-, 7.3� 0.3-, and 1.3�0.4-fold higher levels of mPZR
expression than of mPZRb in FDCP-Mix A4, P388, andMEL-585
cells, respectively. Although the expression of mPZR isoforms
was very low in EL-4 cells, mPZR expression exceeded mPZRb
expression by 3.2� 0.3-fold. Results are expressed as means�
SEM for three independent experiments.
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quantitative PCR after normalizing mPZRb
levels in each cell line to 1 (Fig. 1E and see
Materials and Methods). The mPZR isoform
predominated in each of the cell lines tested,
but to the greatest extent in the multipotent
and monocytic cell lines tested (Fig. 1E).

Isoforms and Predicted Peptide Structures of
mPZR Are Highly Conserved in the

Mouse and Human

The amino acid sequences of mPZR and
mPZRb predict type 1 transmembrane proteins
of 273 and 209 amino acids, respectively (Fig. 2
and Table I). They are identical in their
extracellular and transmembrane domains,
but differ in their cytoplasmic tails. Both are
predicted to contain three potential N-linked

glycosylation sites at positions 50, 64and130, in
contrast to the hPZR isoforms, which contain
only two N-linked glycosylation sites at posi-
tions 50 and 130. Two conserved cysteine
residues, that are predicted to form the intra-
disulfide bridges of an Ig fold, are present at
positions 59 and 135 in their extracellular
regions, exactly at the same positions as found
for the human isoforms (Fig. 2A,B). The IgV-set
domains of both the human and murine PZR
isoforms share 99.1% identity with the Immu-
noglobulin domain variable (IgV) region sub-
family. Overall, the human and murine PZR
peptides share 80% amino acid identities and
86% amino acid similarities, with the extra-
cellular domains for both isoforms exhibiting
98% amino acid similarities (Fig. 2A and
Table I). The 29 amino acid transmembrane

Fig. 2. Predicted mPZR and mPZRb peptide sequences and
structures and their homologies with other proteins. A: Predicted
amino acid sequence alignment of mPZR and mPZRb peptides.
The identical amino acids are highlighted in grey. The conserved
ITIM motifs (bold) and the conserved region between them

(underlined) are also indicated. B: A schematic representation of
mPZR and mPZRb molecules. The predicted phosphotyrosine
residues are indicated in the ITIM motifs of mPZR at Y245 and
Y267, in addition to predictedN-linked glycosylation sites (—*)
and the intrachain disulfide linkage (SS).
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hydrophobic sequence between amino acids 162
and 191 is followed inmPZRby an81 amino acid
intracellular domain. This contains two classi-
cal ITIM motifs (VIY245AQL and VVY267ADI),
with Tyr245 and Tyr267 being putative phos-
phorylation sites (Fig. 2A,B). The ITIM motifs
and the region between them are conserved in
themouse and human,with the exception of one
residue at position 257, where a glutamine
residue in mPZR is replaced by an aspartic acid
residue in hPZR. The cytoplasmic tail ofmPZRb
is predicted to be 17 amino acids in length and
lacks the two ITIMmotifs. This is reminiscent of
human PZRb [Zannettino et al., 2003]. Inter-
estingly, and similarly to hPZR, mPZR exhibits
its closest amino acid similarities with the
murine myelin P0 protein (52% identity and
46% similarity overall) and the murine epithe-
lial-like antigen (21% identity and 31% similar-
ity overall), suggesting that these molecules
may have similar or related functions (Table I).
Both the human and murine proteins are
predicted to have similar structures (compare
Fig. 2BwithReference Zannettino et al. [2003]).

The mPZR Protein Accelerates Cell Motility
on Fibronectin

Human PZR has been shown to possess a
unique function in that it modulates cell migra-
tion on a fibronectin substrate in a SHP-2-
dependent manner [Zannettino et al., 2003]. In
order to determine if mPZR functions in a
similar manner, murine NIH3T3 cells, which
exhibit low levels of endogenous mPZR iso-
forms, were transiently transfected with Flag-
tagged mPZR or mPZRb constructs and shown
by flow cytometry using an anti-Flag Mab to
express these proteins (Fig. 3A,B, respectively).
The molecular weights of the Flag-tagged

mPZR and mPZRb proteins were identified at
approximately 45 and 43 kD, respectively, after
immunoprecipitation analysis with the anti-
Flag Mab (Fig. 3A,B insets). These mPZR and
mPZRb expressing cells were then analyzed for
their ability to migrate on fibronectin (Fig. 3C),
collagen, laminin or gelatin matrices (Fig. 3D).
A fourfold statistically significant (P< 0.004)
increase in migration on fibronectin only of
NIH3T3 cells expressing mPZR was observed
when compared with mPZRb or mock-trans-
fected NIH3T3 cells and with other matrices
(Fig. 3D). In addition, in the presence of
fibronectin, mSHP-2 interacts with the mPZR
molecule. This was established by identification
of aband of approximately 63kD, corresponding
to mSHP-2, in the presence of mPZR, but not of
mPZRb, after co-immunoprecipitation with the
anti-Flag Mab and Western blotting with the
anti-Flag Mab to detect mPZR and mPZRb
(Fig. 3E (a–c)) or the anti-SHP-2 polyclonal
antibody (Fig. 3E (d–f)).

mPZR Is Absent From mES Cells, but Upregulated
by Day 3 of Murine Embryoid Body

Development In Vitro

PCR analysis revealed that both mPZR iso-
forms were present in E11 to E17 day murine
embryos and in a variety of adult tissues (data
not shown). Real-time quantitative PCR ana-
lyses showed that the mPZR is more highly
expressed than mPZRb in all samples tested
whether embryonic or adult (Fig. 4A). This was
particularly evident in adult tissues such as the
kidney, spleen and lung (Fig. 4A). When the
expression levels of mPZR in tissues or embryos
were analyzed relative to one another, the
murine embryo at E17 expressed higher mPZR
levels than was observed at the earlier stages of

TABLE I. Homology of mPZR Proteina

mPZR amino
acid identities
(%) and
similarities
(%) with

mPZR

Whole peptide
Extracellular

domain
Transmembrane

domain Cytoplasmic domain

Identity Similarity Identity Similarity Identity Similarity Identity Similarity

mPZRb 76.1 76.1 100 100 100 100 18.8 18.8
hPZR 80.1 86.3 89.3 98.3 89.8 96.25 77.4 83.8
m myelin P0 52.1 45.9 41 59 22.58 41.93 34.6 46.1
m Epithelial

V-like antigen
21.51 31.1 35.2 45.2 16.1 25.8 7.7 9.6

aHomology is demonstrated as percentage of similarity and identity for the whole peptides as well as the sequences representing the
extracellular, transmembrane and cytoplasmic domains of mPZRb, hPZR, m myelin P0, and m Epithelial V-like antigen to the mPZR
peptide. The MacVector software program was used to determine the similarities and identities.
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murine embryonic development or in adult
tissues tested (Fig. 4B). In the latter, the testis
had thehighest level of expression of those adult
tissues tested (Fig. 4B).
SincemPZRandmPZRbare also expressed in

the primitive multipotent hematopoietic stem
cell line, FDCP-mix A4 (Fig. 1D,E and data not
shown), and since mSHP-2 is present in self-

renewing mES cells (Fig. 4D), we hypothesized
that mES cells might also express the mPZR
isoforms. Our studies, however, revealed that
both isoforms were absent from self-renewing,
undifferentiated mES cells (Fig. 4C,D). We
therefore exploited the mES/EB in vitro model
system in order to determine the time of
appearance of mPZR isoforms during the early

Fig. 3. Murine PZR accelerates cell migration on fibronectin.
A,B: Representative single-color flow cytometric analysis show-
ing binding of the anti-Flag Mab, M2, (filled histograms) to
NIH3T3 cells overexpressing the flag-tagged mPZR protein
(A) and the Flag-tagged mPZRb protein (B), but the lack of
binding of the isotype-matched mIgG1 negative control Mab
(open histograms). Insets to A,B: Apparent molecular mass of
respective mPZR and mPZRb isoforms after flag-mPZR-IRES-
EGFP-transfected NIH3T3 cells and flag-mPZRb-IRES-EGFP-
transfected NIH3T3 cells were subjected to immunoprecipita-
tion with isotype negative control (a) or anti-Flag M2 (b) Mabs,
electrophoresed on a 2.5–12% (w/v) SDS–polyacrylamide gel
and blotted with anti-Flag M2 Mab. C: The relative migration of
mPZR- (a,b), mPZRb- (c,d), or non- (e,f) expressing NIH3T3 cells
on fibronectin-coated dishes at time zero (0 h), the commence-
ment time for cell migration, and 6 h after the migration

commenced (see Materials and Methods). NIH3T3 cells over-
expressingmPZRmigrate more rapidly on fibronectin than those
expressing mPZRb or non-expressing control cells. D: Histo-
grams showing the percentage increase in migration on various
matrices ofNIH3T3overexpressingmPZR, compared tomPZRb-
or non-expressing NIH3T3 cells. A significant difference
(P< 0.004, Student’s t-test) in the migration potential was
conferred to cells expressing mPZR migrating on fibronectin
compared to cells expressing mPZR and migrating on other
matrices. E: The (a,d) flag-mPZR-, (b,e) flag-mPZRb-, or (c,f) non-
expressing NIH3T3 cells were cultured on fibronectin-coated
plates and then immunoprecipitated with anti-Flag M2 Mab,
electrophoresed on a 2.5–12% (w/v) SDS–polyacrylamide gel
and blotted with anti-Flag M2 Mab (a,b,c) or with rabbit
polyclonal anti-SHP-2 antibody (d,e,f).
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stages of murine embryogenesis. The differen-
tiation of mES cells into EBs in vitro was
followed daily for 6 days (Fig. 4C). The plur-
ipotency of mES cells was determined by
expression of mOCT-4, the differentiation of
mES cells to early mesoderm and ventral
mesoderm by expression of mBRACHYURY
andmBMP-4 respectively, and the commitment
of ES cells to hematopoietic and endothelial
lineages at the hemangioblast stage and their
subsequent lineage development by expression
of mBMP-4 and then mFLK-1. The mPZR and
mPZRb isoforms were upregulated by day 3 of
EBdifferentiation (Fig. 4D), appearing after the
expression of mOCT-4 and mBRACHYURY
transcripts.mPZR isoformexpression coincided
with weak, but detectable levels, of mBMP-4
transcripts, but preceded the upregulation of

mFLK-1 by approximately 1 day (Fig. 4D).
Analysis of the expression of the mPZR docking
molecule,mSHP-2, revealed that even though it
was expressed in undifferentiatedmES cells, its
expression was maintained during differentia-
tion of these cells into EBs over the 6 day period
examined and during the upregulation of the
mPZR isoforms (Fig. 4D).

mPZR Protein Is Expressed in the Blastocyst and
the Developing Embryo In Vivo

To confirm the in vitro mES/EB expression
analysis results described above, we recovered
day E1.5 (24 h post-hCG, two cell stage) and
E3.5 (96 h post-hCG, blastocyst stage) embryos
from pregnant mice for in situ immunofluores-
cent analysis. Considering the extremely high
amino acid similarity between the extracellular
domains of human andmouse PZR isoforms, we
tested by flow cytometry whether the WM78
Mab would cross-react with the mouse PZR
isoforms expressed by the PZR isoform positive
mouse cell line, MEL-585 or with NIH3T3 flag-
mPZR-IRES-EGFP and NIH3T3 flag-mPZRb-
IRES-EGFP transfected cells. Figure 5A,B
demonstrate that the WM78 Mab binds to both

Fig. 4. The mPZR splice variants are not expressed in self-
renewing mES cells, but are upregulated during embryonic
development. A: Real-time quantitative PCR analysis comparing
the relative expression of mPZR to mPZRb in different tissues,
after standarization against GAPDH and after mPZRb was
normalized to 1 for each tissue. A cDNA panel of murine
embryos at differing stages of development and of adult tissues
was used in the analyses. Results are expressed as means� SEM
for three independent experiments. All samples tested showed
higher levels of mPZR expression. Sequence analyses of 700 and
600 bp of RT-PCR products corresponding to mPZR and mPZRb
respectively confirmed their presence in all these tissues.B: Real-
time quantitative PCR analysis comparing the relative expression
of mPZR in different murine embryonic (day E11 to E17) and
adult tissues after standardization against GAPDH. The most
highly expressing sample, E17, was normalized to 100% and the
relative levels of mPZR expression calculated as a percentage of
this value. C: Murine ES cells were differentiated in vitro to
embryoid bodies (EBs) over 6 days and images captured daily on
a Nikon T-300 microscope at 10� and 40� magnification. On
day 6, hematopoietic development can be easily visualized by
the red color of the EB. D: RT-PCR analyses of genes that
specificallymark pluripotent murine ES cells (mOCT-4) and their
mesodermal differentiation (mBRACHYURY,mBMP-4,mFLK-1)
duringEB formation in vitrowere carriedout daily for 6days of EB
differentiation in parallel to those for mSHP-2, mPZR, and
mPZRb. The mGAPDH gene was used as a positive control at all
timepoints. Primer sets designed to amplify mOCT-4, mBRA-
CHYURY, mBMP-4, mFLK-1, mPZR, mPZRb, mSHP-2 and
mGAPDH are described in Materials andMethods. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Fig. 5. The mPZR splice variants are upregulated during
embryogenesis. A: FACS analysis demonstrating that WM78
Mab (filled histogram) reacts with the mPZR isoforms in MEL-
585 cells. The unfilled histogram represents the isotype matched
negative control. A secondary goat anti-mouse FITC-conjugated
antibody was used to detect fluorescence. B: FACS dotplots
demonstrating that WM78Mab (detected with rabbit anti- mouse
PE-conjugated antibody) can specifically react with the mPZR
isoforms in flag-mPZR-IRES-EGFP-transfected NIH3T3 cells (b,d)
and in flag-mPZRb-IRES-EGFP-transfected NIH3T3 cells (c,e),
respectively, in contrast to sham transduced NIH3T3 cells (a)
where no binding was identified. The ordinate shows the

fluoresecence of cells expressing EGFP. There was lack of binding
of the isotype-matched mIgG1 negative control Mab (open
histograms; d,e) compared with positive binding with WM78
Mab (filled histograms; d,e). C: The WM78 Mab was used for in
situ immunofluorescent staining of murine embryos at days E1.5
and E3.5 (c,d) and the reaction developedwith an Alexa-488 goat
anti-mouse IgG1 secondary antibody. The Alexa-488 goat anti-
mouse IgG1 secondary antibody was used as negative control for
embryos of the same time points (days E1.5 (b) and E3.5 (e)),
respectively. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Murine PZR: Cloning, Expression and Function 965



the MEL-585 cells (Fig. 5A) and to the NIH3T3
cells expressing mPZR (Fig. 5B (b,d)) or mPZRb
(Fig. 5B (c,e)) in contrast to sham transfected
NIH3T3 cells where no significant binding was
detected (Fig. 5B (a)). Using theWM78Mab, we
could not detect the mPZR isoforms at day E1.5
of embryogenesis (Fig. 5C (a)) but these were
evident by day E3.5 (Fig. 5C (c,d)), where
staining appeared ubiquitous. Negative con-
trols from each time point are presented in
Figure 5C (b,e). By day E12.5 of embryonic
development, weak but positive staining
with the WM78 Mab was evident in the
following tissues: the cranial parenchyma
(Fig. 6(C1)), spinal cord (Fig. 6 (Sc1)), heart
(Fig. 6 (He1)), and lung (data not shown). It was
notable that the fetal liver, amajor hematopoie-
tic organ during fetal development, showed
stronger staining (Fig. 6 Li (1)), while the

intestine (Fig. 6 In (1)) did not stain with the
WM78 Mab.

DISCUSSION

In this article, we have identified and cloned
the ITIM-containing murine ortholog of hPZR,
mPZR, and its ITIM-less isoform, mPZRb.
Importantly, we have demonstrated that mPZR
mimicks hPZR [Zannettino et al., 2003] struc-
turally, and also functionally, by its ability to
bind to mSHP-2 and to increase cell migration
on fibronectin. Notably, the ITIM-less mPZRb
isoform does not bind mSHP-2 nor enhance cell
migration. The mPZR gene, like its human
counterpart, is located on the long arm of
chromosome 1 and shares its closest homology
with myelin P0 protein. While natural muta-
tions in the latter lead to neuropathies, such as

Fig. 6. The mPZR splice variants are expressed in various
tissues during murine embryonic development. TheWM78Mab
was used for in situ immunocytochemical staining of murine day
E12.5 embryo sections (upper left figure) and staining developed
with biotinylated anti-mouse IgG secondary antibody and
streptavidin-peroxidase (C1, Sc1, He1, Li1, In1). An anti-mouse

IgG1 primary antibody was used as negative control for staining
(C2, Sc2, He2, Li2, In2). The sections presented are cranial
parenchyma (C), spinal cord tissues (Sc), heart (He), liver (Li), and
intestine (In). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Charot-Marie-Tooth disease and Dejerne-Sot-
tas syndrome in the human [Xu et al., 2000,
2001; Legius et al., 2002; Runker et al., 2004],
neither those in hPZR nor in mPZR have been
described, although upregulation of hPZR has
been recently reported in schizophrenia brain
tissue [He et al., 2006]. It is of interest that
deficiency of or mutation in the hPZR binding
partner, hSHP-2, gives rise to skeletal, vascu-
lar, and hematopoietic malformations that can
result in Noonan and Leopard syndromes,
cardiovascular diseases and myeloid leukemias
[Araki et al., 2004; Tartaglia et al., 2004].
Murine ES cells have become crucial and

powerful tools for studying gene expression
duringmammalian development, being capable
of generating murine tissues derived from
endoderm, mesoderm or ectoderm [reviewed
byKeller, 2007].Wehave examined, for the first
time, the expression patterns of the mPZR and
mPZRb isoforms in the earliest totipotent mES
cells and during their subsequent early devel-
opment into EBs in vitro, comparing them with
mSHP-2 and genes characteristic of hemato-
poietic/endothelial development. During the
initial stages of differentiation, EB formation
recapitulates the temporal pattern of gene
expression in the early embryo by the down-
regulation of the pluripotency gene, mOCT-4,
and the upregulation first of the mBRACHY-
URY transcription factor (an early mesodermal
marker), then of mBMP-4 and mFLK-1. In the
murine embryo and in differentiating EBs,
mBRACHYURY, and mFLK-1 are both
expressed by a transient mesodermal subset
that undergoes commitment to hematopoietic
and endothelial cells and that may represent
the common hemangioblast progenitor
[reviewed by Keller, 2007]. mBMP-4 mediated
signals are required for the induction of mFLK-
1þ cells, while VEGF, a FLK-1 ligand, is
required for the expansion, movement or differ-
entiation of the Scl/tal-1 expressing endothelial
and haematopoietic progenitor cells within the
FLK-1þ cell subset [reviewed by Baron, 2003;
Park et al., 2004; Keller, 2007]. In our studies,
mPZR isoforms were notably absent from
undifferentiated, self-renewing mES cells. The
expression of bothmPZR isoformswas preceded
by the expression of mBRACHYURY, and
appeared first by day 3 of EB-induced differ-
entiation, as mBMP-4 became expressed. They
continued to be expressed as both mBMP-4 and
mFLK-1 were upregulated. This indicates that

mPZR isoforms do not function in mES cell self-
renewal, and that their expressionmay precede
or co-incide with the development of the
hemangioblast in vitro.

As an initial step in analyzing the in vivo role
of the PZR isoforms in normal development, we
have demonstrated the expression of mPZR
isoforms by in situ immunofluorescent analysis
in recovered mouse embryos. At embryonic day
E3.5 in vivo, the developing murine embryo
comprises the inner cell mass, which gives rise
to the embryo itself and the extra-embryonic
membranes, and the trophoectoderm, which
contributes to the trophoblast layers of the
placenta [Rossant, 2001]. Our analyses demon-
strate that mPZR isoforms are ubiquitously
expressed at this early blastocyst stage of
development, but not at day E1.5. By day
E12.5 of embryogenesis, mPZR isoforms were
found to be weakly expressed in the spinal cord,
cranial parenchyma, heart, and the lung, and
more highly in the fetal liver, a major site of
definitive hematopoiesis in the embryo. This,
together with the relatively high levels of
expression of mPZR isoforms in multipotent
hematopoietic and myeloid cell lines, may be
indicative of an important role in myelopoiesis.

In contrast to mPZR isoform expression, our
studies, which confirmed those of Chan et al.
[2003], show that mSHP-2 is expressed in self-
renewing mES cells and is then maintained
throughout the stages of EB formation studied
here. It, thus, precedes the expression of, but is
subsequently co-expressed with, its binding
partner, mPZR. Interestingly, mSHP-2 gene
expressionhasbeen shown tobe critical formES
cell differentiation [Chan et al., 2003; Yang
et al., 2006], since a lack of normal mSHP-2 in
mES cells expressing a SHP-2 catalytically
inactive mutant SHP-2D46–116 results in
decreased differentiation to/of hemangioblasts.
This does not, however, exclude an additional
role in cell migration in the embryo, a process
crucial for morphogenesis. Indeed, both SHP-2
and PZR have important functions in integrin-
mediated cell motility [Oh et al., 1999; Saxton
and Pawson, 1999; Yu et al., 2000; Zannettino
et al., 2003; Roubelakis and Watt, unpublished
data], and, as with the hematopoietic system
[Hirsch et al., 1996], integrins play a role in cell
formation and/or movement in the developing
embryo [Yang et al., 1993; reviewed by O’Shea,
2004] and are required for early vasculogenesis
and angiogenesis during embryo formation
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[Francis et al., 2002]. Since we have shown that
mPZR appears at the earliest stage of EB
formation and can bind to mSHP-2 by virtue
of its ITIM containing cytoplasmic domain,
we hypothesize that mPZR may modulate
SHP-2 activity by reducing integrin-mediated
adhesion and promoting migration of the devel-
oping hemangioblast or its progeny. A subse-
quent increase in expression of mPZRb during
development may modulate this activity of
mPZR.

These studies therefore provide the basis for
future gene targeting/knockdown experiments
to confirm these predicted and other roles of the
mPZR isoforms, and to define interacting
partners and their functional role in vivo as
regulators of cell migration.
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