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PLATELETS AND THROMBOPOIESIS

Megakaryocyte-specific deletion of the protein-tyrosine phosphatases
Shpl and Shp2 causes abnormal megakaryocyte development, platelet
production, and function

Alexandra Mazharian," Jun Mori," Ying-Jie Wang," Silke Heising,' Benjamin G. Neel,? Steve P. Watson," and Yotis A. Senis’

"Centre for Cardiovascular Sciences, School of Clinical and Experimental Medicine, Institute of Biomedical Research, University of Birmingham, Birmingham,
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The SH2 domain-containing protein-tyrosine phosphatases Shp1 and Shp2 have been

implicated in regulating signaling from a variety of platelet and megakaryocyte receptors.

* The protein-tyrosine
phosphatases Shp1 and
Shp2 are critical regulators of
megakaryocyte development,
platelet production, and
function.

e Shp1 and Shp2 perform
mainly distinct functions in
megakaryocytes and
platelets, with little functional
overlap.

In this study, we investigate the functions of Shp1 and Shp2 in megakaryocytes and
platelets. Megakaryocyte/platelet (MP)-specific deletion of Shp1 in mice resulted in
platelets being less responsive to collagen-related peptide due to reduced GPVI
expression and signaling via the Src family kinase (SFK)-Syk-PLCy2 pathway, and
fibrinogen due to reduced SFK activity. By contrast, deletion of Shp2 in the MP lineage
resulted in macrothrombocytopenia and platelets being hyper-responsive to anti-CLEC-2
antibody and fibrinogen. Shp1- and Shp2-deficient megakaryocytes had partial blocks at
2N/4N ploidy; however, only the latter exhibited reduced proplatelet formation, thrombo-
poietin, and integrin signaling. Mice deficient in both Shp1 and Shp2 were severely
macrothrombocytopenic and had reduced platelet surface glycoprotein expression,
including GPVI, «llbp3, and GPlba. Megakaryocytes from these mice were blocked at
2N/4N ploidy and did not survive ex vivo. Deletion of the immunoreceptor tyrosine-based
inhibition motif-containing receptor G6b-B in the MP lineage phenocopied multiple
features of Shp1/2-deficient mice, suggesting G6b-B is a critical regulator of Shp1 and Shp2. This study establishes Shp1 and Shp2 as

major regulators of megakaryocyte development, platelet production, and function. (Blood. 2013;121(20):4205-4220)

Introduction

Although much is known about the agonists and receptors that
control megakaryocyte development and platelet production, less is
understood about how downstream signals are regulated. The SH2
domain-containing non-transmembrane protein-tyrosine phospha-
tases (PTPs) Shpl and Shp2 have been demonstrated to regulate
signaling from a variety of tyrosine kinase-linked receptors, including
cytokine and growth factor receptors, immunoreceptor tyrosine-
based activation motif (ITAM)-containing immune receptors, and
integrins." Shpl, encoded by Pipn6, is expressed in hematopoietic
and epithelial cells, whereas Shp2, encoded by Ptpnll, is expressed
widely. Although structurally similar, Shp1 is generally recognized
as a negative regulator of signaling and Shp2 as a positive regulator.
A well-characterized function of Shpl is the inhibition of ITAM
receptor signaling.' Central to this function is the interaction of Shp1
with tandem tyrosine phosphorylated immunoreceptor tyrosine-
based inhibition motifs (ITIMs) in the cytoplasmic tail of inhibitory
immunoreceptors, including CD22, CD72, and platelet endothelial
cell adhesion molecule-1 (PECAM-1), which activate and bring Shp1
into proximity with components of ITAM receptors (supplemental

Figure 1A).> A well-characterized function of Shp2 is as a positive
regulator of the rat sarcoma (Ras)-mitogen-activated protein
kinase (MAPK) pathway downstream of cytokine and growth
factor receptors.’ Various models have been proposed of how it
does this, including dephosphorylation of binding sites on adapters
and receptors that localize C-terminal Src kinase and RasGAP to the
plasma membrane, where they can inhibit Src family kinases (SFKs)
and Ras activity, respectively (supplemental Figure 1B).! Shp2 has
also been shown to have downstream effects on phosphotidyli-
nositide 3-kinase and the GTPase RhoA that are receptor and cell
dependent.®>* However, the exact mechanism remains controver-
sial. Shp2 also has been implicated in negatively regulating ITAM
receptor signaling via interactions with ITIM receptors (supple-
mental Figure 1C).>

Mouse models have revealed distinct physiological functions of
Shpl and Shp2. Mice lacking Shpl, referred to as motheaten due to
their patchy hair loss, die 2-3 wk after birth with severe inflammation,
immunodeficiency, and autoimmunity.”® Motheaten viable mice,
which express low levels of catalytically impaired Shpl, die at 9-12
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Figure 1. Aberrant function of Shp1- and Shp2-

deficient platelets. (A) Platelet counts and volumes

from Shp1 KO (n = 37), Shp2 KO (n = 43), Shp1/2
. DKO (n = 11), and litter-matched wild-type mice (Shp1
WT, n = 36; Shp2 WT, n = 39; Shp1/2 WT, n = 7).
Mean + SEM; **P < .01, ***P < .001. (B-C) Aggregation
and ATP secretion of washed platelets were measured
by lumi-aggregometery in response to agonists indi-
cated. (i) Representative traces, n = 4-8 mice/genotype
per condition. (i) Data presented are means (+=SEM)
of 3 independent experiments (***P < .001). (D)
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wk.? Platelets from motheaten viable mice are less reactive to the
GPVlI-specific agonist, collagen-related peptide (CRP); however, the
cause of this defect has not been defined.'® By contrast, Shp2 null
embryos die peri-implantation, due at least in part, to a trophoblast
stem cell defect.'' Hypomorphic Shp2 mouse models also cause
embryonic lethality, but at a later stage than null embryos, presumably
due to aberrant compartmentalization and activity of Shp2.''"#

Five ITIM-containing receptors have been identified in megakar-
yocytes and/or platelets to date, namely PECAM-1, carcinoembryonic
antigen-related cell adhesion molecule 1, TREM-like transcript-1,
leukocyte-associated immunoglobulin-like receptor-1, and G6b-B, all
of which interact with Shpl and Shp2 upon phosphorylation.'>"?
Unique among these is G6b-B, which is constitutively phosphory-
lated by SFKs and associated with Shpl and Shp2 (supplemental
Figure 1C).>>?! Thus, G6b-B is thought to maintain active Shpl and
Shp2 at the plasma membrane, where they inhibit signaling from
various receptors. It is well established that occupancy of both SH2
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P-selectin expression and fibrinogen binding of (i)
Shp1/2 DKO, (ii) Shp1 KO, and (i) Shp2 KO platelets
in whole blood in response to 3 pg/mL CRP, 3 ng/mL
convulxin, and 500 uM PAR-4 peptide (PAR4).
Geometric mean fluorescence intensity (MFI) = SD,
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domains of Shp2 with tandem phosphotyrosine peptides increases
Shp2 activity.>>* Structural and enzymological similarities between
Shpl and Shp2 suggest that Shp1 is regulated in a similar manner.?*?’
Targeted deletion of G6b causes severe macrothrombocytopenia and
a bleeding diathesis due to enhanced platelet clearance, and aberrant
platelet production and function.'®

In this study, we investigated the functions of Shpl and Shp2 in
megakaryocytes and platelets through the use of megakaryocyte/
platelet (MP)-specific Ptpn6 and Ptpnll single and double con-
ditional knockout (KO) mouse models. The distinct phenotypes
exhibited by the Shpl and Shp2 conditional KO mice highlight the
disparate physiological functions of these structurally related PTPs
in megakaryocytes and platelets. Mechanistically, Shpl regulates
GPVI surface expression and signaling via the SFK-Syk-PLCy2
signaling pathway in platelets, whereas Shp2 is a critical positive
regulator of Mpl and allbB3 signaling in megakaryocytes and
a negative regulator of CLEC-2- and allbB3-mediated responses
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Figure 1. (Continued). c
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in platelets. Ptpn6/Ptpnll double-KO (DKO) mice were severely
macrothrombocytopenic with impaired megakaryocyte development
and survival ex vivo. All major surface receptors were severely
reduced in DKO-deficient platelets, making them irresponsive to all
agonists tested. A similar phenotype was seen in G6b conditional
KO mice, suggesting G6b-B signals via and is a major regulator of
Shpl and Shp2 in megakaryocytes and platelets.

Materials and methods
Mice

Pipn6™, Pipni 1" G6H™", and PF4-Cre™ mice were generated, as previously
described.' %3 MP-specific Shp1, Shp2, and G6b KO mice were generated
by crossing Pipn6™, Pipnl ', and G6™" with PF4-Cre™ mice. Wild-type
(WT) mice were PF4-Cre”. All mice were on a C57BL/6 background. All
procedures were undertaken with United Kingdom Home Office approval in
accordance with the Animals (Scientific Procedures) Act of 1986.

Antibodies and chemicals

DyLight488-conjugated anti-mouse GPIb antibody (X488) was purchased
from Emfret (Eibelstadt, Germany). Anti-mouse thrombopoietin (Tpo)
receptor was purchased from R&D System. All other antibodies and
chemicals were either purchased or generated as previously described.'”
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Serum thrombopoietin measurement

Serum thrombopoietin (Tpo) was measured using the Quantikine murine
Tpo Immunoassay kit (R&D System).

Platelet half-life

Platelet half-life was measured as previously described.®!

Immune thrombocytopenia

Thrombocytopenia was induced in 8- to 12-wk-old KO and litter-matched WT
mice by intraperitoneal injection of anti-mouse GPIba antibody (2 wg/g of
mouse) as previously described.*> Blood samples were collected at indicated
times. Platelet counts were measured using an ABX Pentra 60 Hematology
Analyzer (Block Scientific, Inc).

Immunohistochemistry

Spleens from KO and litter-matched WT mice were fixed in buffered formalin
and embedded in paraffin. Sections (5 wm) were H&E and reticulin stained
and examined by light microscopy using a 40X objective.

Platelet aggregation and secretion

Blood was collected from the descending thoracic aorta of CO,-asphyxiated
mice into 1/10 (v/v) acid-citrate-dextrose anticoagulant, and washed platelets
(2 X 10%mL) were prepared as previously described.*® Platelet aggregation
and adenosine triphosphate (ATP) secretion were simultaneously measured
using a lumi-aggregometer (Chrono-Log, Havertown, PA).
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Figure 1. (Continued).
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Flow cytometry

Surface glycoprotein expression was measured in whole blood by flow cytometry
using fluorescein isothiocyanate (FITC)-conjugated antibodies. Resting and
activated platelets were fixed and stained with anti-P-selectin antibody or
fibrinogen.

Platelet biochemistry

Washed mouse platelet whole cell lysates were prepared and western
blotted as previously described.**

Platelet spreading

Washed platelets (2 X 107/mL) from KO and litter-matched WT mice were
preincubated with or without 0.1 U/mL thrombin for 5 min, placed on 100
ng/mL fibrinogen-coated cover-slips for 45 min at 37°C, and imaged as
previously described.*

Platelet adhesion under flow

Blood was collected from CO,-asphyxiated mice into 5 U/mL heparin and
40 uM D-phenylalanyl-L-prolyl-L-arginine chloromethylketone (PPACK)
and perfused through collagen-coated (100 wg/mL) glass microslide
capillaries (1 X 0.1 mm) at 1000 s~ ' for 4 min at 37°C as previously
described.*?

convulxin  PAR4

convulxin PAR4

convulxin PAR4

Tail bleeding assay

Experiments were performed on 8- to 10-wk-old KO and litter-matched WT
mice as previously described.®

In vivo thrombosis assay

Laser-induced injury of arterioles in the cremaster muscle of KO and litter-
matched WT mice was performed as previously described,® with the exception
that mice were injected via the carotid artery with 0.1 pg/g body weight of X488.

Megakaryocyte culture and functional assays

Mature megakaryocytes from mouse bone marrow were cultured and
analyzed as previously described.?’

Statistical analysis

Data were analyzed using the Xz test, Mann-Whitney, or Student ¢ test.

Results
Generation of Shp1 and Shp2 conditional KO mice

Shpl and Shp2 are expressed throughout megakaryocyte devel-
opment and platelet production (supplemental Figure 2A). To study
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Figure 2. Functional roles of Shp1 and Shp2 in A
hemostasis and thrombosis. (A) Platelet spreading (|)

SHP1 AND SHP2 IN MEGAKARYOCYTES AND PLATELETS 4209

basal 0.1 U/mL thrombin

on fibrinogen. Basal and thrombin (0.1 U/mL)-activated
platelets were plated on a fibrinogen-coated surface.
(i) Representative differential interference contrast
(DIC) and phalloidin-stained images of platelets; n = 3-5
mice/genotype. (i) Surface area of individual platelets
in DIC images was measured; n = 250-500 platelets/
condition; n = 3 mice/genotype; mean = SD; *P < .05;
**P < .01; bar represents 5 pm. (B) Platelet adhesion
to collagen under flow. Anticoagulated blood was flowed
through collagen-coated capillary tubes at 1000 s~ ". |
(i) Representative DIC images of adherent platelets;
n = 3-5 mice/genotype; bar represents 10 pm. (ii) Shp1 KO
Percentage of surface coverage was measured. Data e
presented are means (+ SEM) of 3 independent -+
experiments. (C) Tail bleeding assay. Shp1/2 DKO )
(n = 13) mice bled excessively compared with litter-

matched Shp1/2 WT mice (n = 20). Symbols represent

individual mice; horizontal lines represent means. "“
Mann-Whitney test was used to compare sample Shp2 WT g
medians and determine statistical significance. (D) -
Laser injury-induced thrombus formation in vivo. Mice
were injected with Dylight488-conjugated anti-GPIbp
antibody (X488). Arterioles in cremaster muscles of
recipients were subsequently injured by laser and the
accumulation of platelets (green) into the thrombi was
assessed. (i) Representative composite brightfield and
fluorescence images from X488-labeled platelets after
laser injury of arteriole are shown. Bar represents
10 wm. (ii) Each curve represents the mean integrated
thrombus fluorescence intensity (= SEM, gray; WT, top;
KO, bottom) in arbitrary units (a.u.); n = 19-27 thrombi
induced in 5-7 mice/genotype. See also supplemental
Figure 2 video 1, Figure 2 video 2, Figure 2 video 3, and Shp1/2 WT
Figure 2 video 4. fa
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their functions in megakaryocytes and platelets, we generated MP-
specific Ptpn6 and Ptpnll conditional KO mice (Ptpn6™-PF4-
Cre"™ [MP-Shpl KO] and Ptpni F*";PF4-Cre* [MP-Shp2 KOJ).
MP-Shp1 KO mice were born slightly below the expected Mendelian
frequency, whereas MP-Shp2 KO mice were born at the predicted
ratio (supplemental Tables 1 and 2). Shpl and Shp2 were not
detected in megakaryocytes and platelets from MP-Shpl KO and
MP-Shp2 KO mice, respectively (supplemental Figure 2B). By
contrast, megakaryocytes and platelets from litter-matched con-
trol mice lacking the PF4-Cre transgene (Ptpn6';PF4-Cre” and
Ptpnl 7. PF4-Cre, referred to as MP-Shpl WT and MP-Shp2

WT, respectively) contained normal levels of Shpl and Shp2
(supplemental Figure 2B). There was no effect of megakaryocyte
deletion of Shpl on Shp2 expression and vice versa (supplemental
Figure 2B). MP-Shp1/2 conditional DKO mice were also gen-
erated to investigate functional redundancy between the PTPs.
As expected, neither Shpl nor Shp2 were detected in platelets
from MP-specific Ppn6/Pipnll conditional DKO mice (Pipn6™';
Pipnl F';PF4-Cre™, referred to as MP-Shp1/2 DKO) (supplemen-
tal Figure 2B). We were unable to check Shpl and Shp2 levels in
MP-Shpl1/2 DKO megakaryocytes due to the poor growth and
survival of these megakaryocytes ex vivo.
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Macrothrombocytopenia and aberrant platelet surface
glycoprotein expression

Platelet counts were normal and platelet volume was marginally
increased (5.8%) in MP-Shpl KO mice (Figure 1; supplemental
Table 3). By contrast, MP-Shp2 KO mice were mildly macro-
thrombocytopenic (30% reduction in platelet counts and 16% increase
in platelet volume) and MP-Shpl/2 DKO mice were severely
macrothrombocytopenic (93% reduction in platelet counts and 57%
increase in platelet volume) (Figure 1A). MP-Shp1/2 DKO mice had
additional hematologic anomalies, including a 26% reduction in red
blood cells and a 4.2-fold increase in white blood cells, suggesting
defects in hematopoiesis and immunity (supplemental Tables 3-5).

Surface expression of the collagen activation receptor GPVI and
the a2 subunit of the collagen integrin o231 were reduced by 28%
and 16%, respectively, in Shpl-deficient platelets (supplemental
Table 6). By contrast, surface expression of the GPIba subunit of
the von Willebrand factor (VWF) receptor complex GPIb-IX-V was
increased by 45%, and expression of the integrin allbB3, which
binds fibrinogen and VWF, was normal (supplemental Table 6).
Surface glycoprotein expression was normal in Shp2-deficient
platelets (supplemental Table 7); however, all major surface
glycoproteins analyzed were severely reduced in Shp1/2-deficient
platelets, except for the metalloprotease ADAMI10, which was
elevated by 51% (supplemental Table 8). ADAMIO is an estab-
lished sheddase of GPVI and GPIba in platelets.*®

Collectively, these findings demonstrate differences in platelet
counts, volumes, and surface glycoprotein expression in MP-Shpl
and MP-Shp2 KO mice that were severely exacerbated in DKO
mice, suggesting Shpl and Shp2 regulate platelet production.

Aberrant functional responses of Shp1- and
Shp2-deficient platelets

We next investigated functional responses of Shpl- and Shp2-
deficient platelets. Consistent with reduced GPVI surface expression,
Shp1-deficient platelets exhibited a marginal reduction in aggregation
and ATP secretion to a low concentration of the GPVI-specific
agonist CRP (0.3 pg/mL) (Figure 1Bi-ii). However, they responded
normally to the snake toxin convulxin (3 pg/mL) that signals via
GPVI but also binds to GPIba,*® which was up-regulated in these
platelets (supplemental Table 6), and collagen (3 pg/mL), which
signals via GPVI and binds with high affinity to the integrin a231
(Figure 1Bi-ii). They also responded normally to antibody-mediated
cross-linking of the hem-ITAM-containing podoplanin receptor
CLEC-2 (3 pg/mL) (Figure 1Bi-ii). By contrast, Shp2-deficient
platelets responded normally to 0.3 pg/mL CRP, 3 pg/mL convulxin,
and 3 pg/mL collagen (Figure 1Ci-ii). However, they responded
more rapidly to 3 pg/mL anti-CLEC-2 antibody compared with
control platelets (Figure 1Ci-ii), suggesting Shp2 negatively
regulates CLEC-2 signaling. Shpl- and Shp2-deficient platelets
responded normally to G protein-coupled receptor agonists, in-
cluding 3 uM U46619 (thromboxane A, [TxA;] analog), 0.06 U/mL
thrombin, and 10 wuM ADP (supplemental Figure 3).

Due to the extremely low platelet counts in MP-Shp1/2 DKO
mice, we were unable to perform standard aggregation/ATP secretion
assays on platelets from these mice. As an alternative, we measured
P-selectin surface expression and fibrinogen binding in whole blood,
which are indicators of a-granule secretion and integrin allbB3
function, respectively. As expected, Shp1/2-deficient platelets did not
respond to 3 wg/mL CRP, 3 pg/mL convulxin, or 500 uM PAR-4

¥20g dunr g0 uo 1senb Aq ypd'50zy/L81 LES/SOZH/0Z/L 1L /Pd-8joe/poojqAau suonedlgndyse//:djy woly papeojumoq



BLOOD, 16 MAY 2013 - VOLUME 121, NUMBER 20

Shp1 WT

SHP1 AND SHP2 IN MEGAKARYOCYTES AND PLATELETS 4211

Shp1 KO Shp2 WT Shp2 KO

~ 40000+ == Shp2 WT

=== Shp2 KO

= Shp1 WT

=== Shp1 KO
300004

200004

Figure 2. (Continued). D (I)
0
60 sec
80 sec
100 sec
120 sec
(ii)
~ 40000+
3
©
= 300004
»
H
£ 200004
Q
E
2 100004
[}
c
Q
£

T ¥
0 50 100

Elapsed time (sec)

peptide, most likely due to reduced surface glycoprotein expression
(Figure 1Di). Shpl- and Shp2-deficient platelet responses were
consistent with aggregation/ATP secretion results, ie, Shp1-deficient
platelets responded less well than control platelets to CRP but
normally to convulxin and PAR-4 peptide (Figure 1Dii), and Shp2-
deficient platelets responded normally to all 3 agonists (Figure 1Diii).

Aberrant integrin-mediated responses of Shp1- and
Shp2-deficient platelets

We next investigated the ability of Shp1- and Shp2-deficient platelets
to spread on a fibrinogen-coated surface. This is an important aspect
of platelet function that is dependent on the integrin allbB3 for
adhesion and cytoskeletal remodeling.*® Shpl-deficient platelets
exhibited a marked reduction in spreading on fibrinogen, whereas
Shp2-deficient platelets spread to a greater extent than control
platelets (Figure 2Ai-ii), suggesting that Shpl positively regulates
this process, whereas Shp2 negatively regulates it. However, both
Shpl- and Shp2-deficient platelets spread normally when preacti-
vated with 0.1 U/mL thrombin (Figure 2Ai-ii). Shpl/2-deficient
platelets did not spread on a fibrinogen-coated surface and failed to
spread to the same extent as control platelets when preactivated with
thrombin (Figure 2Ai-ii).
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We also asked whether functional defects caused by Shpl and
Shp2 deficiency affected platelet aggregation to collagen under
arterial shear. This is a multi-step process that is dependent on the
GPIb-XI-V for tethering to collagen-bound VWF, GPVI for platelet
activation, and the integrins o231 and aIIbp3 for firm adhesion and
aggregation.*' Anti-coagulated blood from Shp1- and Shp2-deficient
mice was flowed through collagen-coated capillary tubes at a shear
rate of 1000 s~', which mimics flow conditions in small arteries.
Images of adherent platelet aggregates were taken by differential
interference contrast microscopy and the surface area was quantified.
Surprisingly, Shp1- and Shp2-deficient platelets responded normally
under these conditions (Figure 2Bi-ii), demonstrating that the net
effect of the defects described above was not sufficient to abrogate
platelet adhesion and aggregate formation under these conditions.
Blood from MP-Shp1/2 DKO was not tested in this assay due to the
severely low platelet counts.

Hemostasis and thrombosis in mutant mice

Consistent with the in vitro findings described above, MP-Shp1
and MP-Shp2 KO mice did not bleed excessively following tail
injury (data not shown), whereas MP-Shp1/2 DKO mice did
(Figure 2C). This correlated with severely reduced platelet counts
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Figure 3. Aberrant tyrosine phosphorylation in Shp1- and Shp2-deficient platelets. (A) (i) Whole cell lysates (WCLs) from Shp1 KO and Shp1 WT were western blotted
with anti-GPVI antibody that recognize both intact GPVI and the sheddase-generated C-terminal tail, with anti-FcRy chain and «-tubulin antibodies. (i) Representative western
blots from n = 3 independent experiments and (ii-iv) quantification of intact GPVI, GPVI tail, and FcRy chain are shown. Data are mean + SEM, **P < .01. (B) WCLs of resting
and CRP-stimulated platelets from Shp1 KO and Shp1 WT mice were western blotted with anti-phosphotyrosine (p-Tyr), -Src p-Tyr418, -Syk p-Tyr519/520, and -PLCvy2p-
Tyr1217 antibodies. Membranes were stripped and reblotted with anti-pan Syk, pan PLCv2, and actin antibodies. Representative blots and densitometry quantification from
n = 3-7 independent experiments/genotype (mean + SEM; *P < .05, **P < .01, ***P < .001). (C) WCLs of resting and CRP-stimulated platelets from Shp2 KO and Shp2 WT
mice were western blotted with anti-p-Tyr antibody, stripped, and reblotted with anti-actin antibody. Representative blots from n = 5 independent experiments. (D-E) WCLs of
washed platelets from bovine serum albumin (BSA) nonadherent and fibrinogen (fib)-adhered (D) Shp1 KO, (E) Shp2 KO, and litter-matched WT mice in the presence of
10 pM indomethacin and 2 U/mL apyrase were western blotted with anti-p-Tyr and -Src p-Tyr418 antibodies. (E top panels) Equal amounts of total protein were resolved on
the same membrane, but different exposure times are shown to highlight differentially phosphorylated proteins in BSA nonadherent and fib-adhered platelets. Syk and PLCy2
were immunoprecipitated (IP) from WCLs and western blotted with anti-p-Tyr antibody. Membranes were reblotted with anti-pan Syk and -pan PLCy2 antibodies.

Representative blots and densitometry quantification of n = 3 independent experiments/genotype (mean + SEM; *P < .05).

and functional responses of Shp1/2-deficient platelets. Because the
tail bleeding assay is relatively insensitive of hemostatic function,
we also measured thrombus formation in vivo following laser-
induced injury of the endothelial lining of arterioles in the
cremaster muscle of mutant mice. The rate and size of thrombus
formation were reduced in MP-Shp1 KO mice but not in MP-Shp2
KO mice (Figure 2Di-ii; supplemental videos 1-4). Collectively,
these findings demonstrate that deficiency of either Shp1 or Shp2 in
platelets does not result in a bleeding diathesis and a significant
reduction in thrombus formation in MP-Shp1 KO mice.

Aberrant signaling in Shp1- and Shp2-deficient platelets

Because Shpl and Shp2 have been implicated in regulating ITAM
and integrin signaling, we investigated GPVI and alIIbf33 signaling
in Shpl- and Shp2-deficient platelets, with the caveat that GPVI
surface expression was reduced in Shp1-deficient platelets. Western
blotting reveled that total GPVI was reduced in resting Shpl-

deficient platelets, whereas the sheddase-generated C-terminal tail
and FcR y-chain were normal (Figure 3Ai-iv). There was a general
reduction in tyrosine phosphorylation in Shpl-deficient platelets in
response to 3 pg/mL CRP (Figure 3B) and 3 wg/mL convulxin at
early time points (supplemental Figure 4), whereas no major
alterations were observed in Shp2-deficient platelets in response to 3
pg/mL CRP (Figure 3C). Further investigation revealed reduced
phosphorylation of Src and Syk family tyrosine kinases on their
activation loops (Src Tyr-418 and Syk Tyr-519/520) in response to
3 pwg/mL CRP and decreased phosphorylation of the downstream
target PLCy2 Tyr-1217, all of which are indicators of enzymatic
activity (Figure 3B). Of particular note, the FcR y-chain and Syk
Tyr-519/520 were disproportionately hypo-phosphorylated com-
pared with Src Tyr-418 30 s post-CRP stimulation, supporting the
concept that aberrant GPVI proximal signaling contributes to
reduced reactivity of Shpl-deficient platelets to CRP (Figure 3B).
A similar observation was made in convulxin-stimulated Shpl-
deficient platelets at early time points (supplemental Figure 4).
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Figure 3. (Continued).

We next investigated the molecular mechanism underlying
aberrant spreading of Shp1- and Shp2-deficient platelets on fibrinogen.
Findings suggested Shpl positively regulates outside-in integrin
ollbB3 signaling, whereas Shp2 negatively regulates it (Figure 2A).
These defects could not be explained by altered allbB3 expression
(supplemental Tables 6-7). Several co-migrating bands at 116, 98, 43,
35, 25, and 22 kDa were either hypo- or hyper-tyrosine phosphor-
ylated in BSA nonadherent and fibrinogen-adhered Shp1- and Shp2-
deficient platelets compared with control platelets (Figure 3D-E),
possibly representing direct or indirect downstream targets of Shpl
and Shp2 and underlying functional defects in these platelets.
Reduced tyrosine phosphorylation of the SFK activation loop in
fibrinogen-adhered Shpl-deficient platelets (Figure 3D) supported
the concept of Shpl as a positive regulator of SFK activity.
Phosphorylation of the SFK activation loop was, however, normal
in Shp2-deficient platelets (Figure 3E), demonstrating disparate
functions of Shpl and Shp2 in regulating SFKs downstream of
allbB3 in platelets. Downstream tyrosine phosphorylation of Syk
and PLCv2 was normal in both Shp1- and Shp2-deficient platelets
(Figure 3D-E); thus, the spreading defects exhibited by these
platelets cannot be explained by aberrant signaling via the SFK-
Syk-PLC~y2 pathway.

Aberrant platelet kinetics in Shp2 conditional KO mice

Circulating platelet counts are the net result of the rate of platelet
clearance and production. To determine the cause of the macro-
thrombocytopenia in MP-Shp2 KO and MP-Shp1/2 DKO mice, we

measured platelet half-life and recovery following antibody-mediated
depletion as an indicator of platelet production in vivo. Platelet
half-life was normal in MP-Shp1 KO mice (Figure 4A) but reduced
by 33% and 57% in MP-Shp2 KO and MP-Shp1/2 DKO mice,
respectively (Figure 4B-C). In addition, the initial rate of platelet
recovery following anti-GPIba antibody-mediated platelet depletion
was normal in MP-Shp1 KO mice but reduced in MP-Shp2 KO mice
(Figure 4D-E), suggesting reduced rate of platelet production in these
mice. The rate of platelet recovery was not measured in MP-Shp1/2
DKO mice due to severe macrothrombocytopenia in these mice. Serum
Tpo levels, which are generally inversely related to platelet counts,
were elevated in MP-Shp2 KO and MP-Shp1/2 DKO mice but not
in MP-Shpl KO mice, as expected (Figure 4F). These findings dem-
onstrate that macrothrombocytopenia in MP-Shp2 KO and MP-Shp1/2
DKO mice is partially due to enhanced platelet clearance and, in the
case of MP-Shp2 KO mice, reduced rate of platelet production.

Because the spleen acts as a site of platelet clearance and
production following bone marrow damage, such as myelofibrosis,
we checked for evidence of spleen and bone marrow dysfunction in
mutant mice. All KO mice had mild to severe splenomegaly
(supplemental Figure 5) and clusters of megakaryocytes in the
red pulp (supplemental Figure 6A,C), suggesting extramedullary
hematopoiesis was taking place. Megakaryocyte counts were also
elevated in the bone marrow of MP-Shp2 KO and MP-Shp1/2 DKO
mice but not in MP-Shpl KO mice (supplemental Figure 6B-C).
Reticulin staining revealed evidence of tissue damage in the spleen
and bone marrow of MP-Shp2 KO and MP-Shp1/2 DKO mice but
not MP-Shpl KO mice (supplemental Figure 7A-B).
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Figure 4. Impaired platelet clearance and platelet
production. (A-C) Platelet half-life. The number of
biotin*allb3™ platelets in the circulation of (A) Shp1
KO, (B) Shp2 KO, (C) Shp1/2 DKO, and Shp1 WT, Shp2
WT, and Shp1/2 WT mice were quantified daily pre-/
postinjection of biotin-N-hydroxysuccinamide by flow
cytometry (n = 4-8 mice/genotype per time point; mean
+ SEM; ***P < .001). (D-E) Platelet recovery following
immune-mediated thrombocytopenia. (D) Shp1 KO, (E)
Shp2 KO, and litter-matched WT mice were given
a single bolus injection of 2 pg/g anti-GPlba antibody
and platelet counts measured daily pre-/postinjection
(n = 3-5 mice/genotype per time point; mean = SEM;
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Impaired megakaryocyte polyploidization and function

To avoid nonspecific effects caused by bone marrow dysfunction,
we investigated megakaryocyte development and function ex vivo.
Shpl and Shp2 deficiency resulted in an increase in the number
of 2N/4AN ploidy megakaryocytes and a reduction in the number
of >4N ploidy megakaryocytes, demonstrating a partial block in
polyploidization (Figure SA-B). This was dramatically exacerbated
in Shpl/2-deficient megakaryocytes, which grew poorly ex vivo
and rarely developed past 4N (Figure 5A-B), suggesting defects in
their development and survival.

Functional responses of Shpl- and Shp2-deficient megakaryo-
cytes were also analyzed ex vivo. We focused on integrin-mediated
spreading as an indicator of integrin function and proplatelet
formation, which is a critical step in platelet production.** Spreading
and proplatelet formation were analyzed on fibrinogen-, fibronectin-,
and collagen-coated surfaces, all of which are components of the bone
marrow microenvironment. Despite defects in polyploidization and
reduced allbB3 expression (supplemental Table 9), Shpl-deficient
megakaryocytes spread normally on all 3 surfaces (Figure 5C) and
formed normal proplatelets on fibrinogen- and fibronectin-coated

surfaces (Figure 5E). Neither control nor Shpl-deficient megakar-
yocytes formed proplatelets on collagen (Figure 5E), which has
previously been shown to inhibit proplatelet formation ex vivo.** By
contrast, Shp2-deficient megakaryocytes exhibited reduced spreading
(Figure 5D) and proplatelet formation (Figure SF). Surface area of
spread megakaryocytes, proplatelet surface area, and the number of
megakaryocytes undergoing proplatelet formation were significantly
reduced in Shp2-deficient megakaryocytes (Figure SD,F). Reduced
surface glycoprotein expression may have partially contributed to
these defects (supplemental Table 10). These findings are
consistent with reduced rate of platelet production in MP-Shp2
KO mice (Figure 4E), as integrin-mediated proplatelet forma-
tion is a critical step in this process.*” Similar studies were not
performed with Shpl/2-deficient megakaryocytes due to their
poor growth and survival ex vivo.

Reduced Tpo and integrin signaling in
Shp2-deficient megakaryocytes

Having found reduced ploidy in Shpl- and Shp2-deficient mega-
karyocytes and reduced functional responses in the latter, we
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investigated the molecular basis of these defects. Reduced spreading
of Shp2-deficient megakaryocytes could not be explained by reduced
alIbB3 expression, as allbB3 levels were similarly reduced in Shp1-
deficient megakaryocytes (supplemental Tables 9 and 10). We
focused on Tpo- and integrin-mediated Erk1/2 phosphorylation and
SFK activation, as we have previously demonstrated that Erk1/2
plays a critical role in primary megakaryocyte differentiation, motility,
and proplatelet formation®” and that SFKs regulate megakaryocyte
differentiation and platelet production.** Moreover, Shp2 is an
established positive regulator of the Ras-MAPK pathway and has
also been implicated in regulating SFK activity.' Phospho-specific
antibodies were used as indirect indicators of Erk1/2 and SFK
activation. Tpo-mediated Erk1/2 activation was normal in Shpl-
deficient megakaryocytes (Figure 6A) and significantly reduced in
Shp2-deficient megakaryocytes (Figure 6B). SFK activation, which
lies upstream of Erk1/2, was, however, normal in Tpo-stimulated
Shp2-deficient megakaryocytes (Figure 6B). Moreover, this was
not due to reduced Mpl expression (Figure 6C). Integrin allbf33-
mediated Erk1/2 activation was also normal in fibrinogen-adhered
Shpl-deficient megakaryocytes (Figure 6D) but was significantly
reduced in Shp2-deficient megakaryocytes (Figure 6E). SFK
activation was also reduced in fibrinogen-adhered Shp2-deficient
megakaryocytes (Figure 6E), consistent with a previous report
that Shp2 is a positive regulator of integrin signaling.** Findings
from these studies provide mechanistic insight into the cause of
developmental and functional defects in Shp2-deficient mega-
karyocytes. Our findings are consistent with previous results dem-
onstrating the importance of Erk1/2 and SFKs in regulating
megakaryocyte development and function.>**”** Moreover, they
suggest that Shpl and Shp2 have distinct functions in regulating
these processes.

G6b conditional KO mice partially phenocopy Shp1/2
conditional DKO mice

Having established the importance of Shpl and Shp2 in megakaryo-
cyte and platelets, we next investigated how Shpl and Shp2 are
regulated. We focused on the ITIM-containing receptor G6b-B that
is highly expressed in mature megakaryocytes and platelets (sup-
plemental Figures 2A and 8A)*** and is constitutively tyrosine
phosphorylated and associated with Shpl and Shp2.'® This suggests
that G6b-B anchors active Shpl and Shp2 at the plasma membrane
(supplemental Figure 1C). To determine whether G6b-B lies upstream
of Shpl and Shp2, we compared the phenotypes of MP-specific
G6b conditional KO mice (MP-G6b KO) with MP-Shp1 and MP-
Shp2 KO mice. This allows direct comparison of all 4 mouse
models on the same PF4-Cre” background. MP-G6b KO mice
were born at Mendelian frequencies (supplemental Table 11),
and megakaryocytes and platelets from these mice lacked G6b-B
(supplemental Figure 8A).

Consistent with G6b-B signaling via and regulating Shpl and
Shp2, MP-G6b KO mice phenocopied multiple aspects of MP-Shp1/
2 DKO mice, including: severe macrothrombocytopenia (Figure 7A;
supplemental Table 12); reduced platelet surface glycoprotein ex-
pression, except for ADAMI10, which was significantly elevated (sup-
plemental Table 13); reduced megakaryocyte surface glycoprotein
expression (supplemental Table 14); and reduced platelet half-life
and platelet recovery following antibody-mediated depletion
(Figure 7B-C). In contrast to Shpl and Shp2 deficiency, G6b-B-
deficiency did not result in aberrant megakaryocyte polyploidization
ex vivo (supplemental Figure 8B). However, proplatelet formation was
severely abrogated in G6b-B—deficient megakaryocytes (Figure 7D),
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similar to Shp2-deficient megakaryocytes (Figure SF). Erk1/2
phosphorylation was normal in Tpo-stimulated G6b-B—deficient
megakaryocytes (Figure 7E) but reduced in fibrinogen-adhered
megakaryocytes (Figure 7F), consistent with normal polyploid-
ization and reduced proplatelet formation. Collectively, these
findings suggest that G6b-B signals via and regulates Shpl and
Shp2, but it does not underlie the regulatory role of Shp2 in Mpl-
mediated signaling and megakaryocyte development.

Discussion

In this study, we establish that Shp1 and Shp2 are major regulators of
megakaryocyte development, platelet production, and function and
that they do so by distinct mechanisms. It also represents the first
study in which these 2 PTPs have been simultaneously deleted in any
cell lineage. This was done to investigate functional redundancy
between Shpl and Shp2 and to test the hypothesis that Shpl and
Shp2 have opposing functions in some instances. Our findings
suggest both situations, as some defects were clearly exacerbated in
DKO mice, such as the block in megakaryocyte polyploidization,
whereas others were the opposite in the single KO models, such as
integrin-mediated platelet spreading. The minimal overlap of MP-
Shpl and MP-Shp2 KO phenotypes demonstrates the disparate
functional roles of Shpl and Shp2 in the megakaryocyte lineage.
Although the developmental defects caused by Shpl and Shp2
deficiency complicate interpretation of functions of Shp1 and Shp2 in
platelets, some of our findings point to these structurally related PTPs
having opposing functions in platelets. Furthermore, Shpl and Shp2
appear to have different roles in regulating integrin-mediated
functions in megakaryocytes and platelets. Mice lacking the ITIM-
containing receptor G6b-B in the megakaryocyte lineage phenocop-
ied many of the features of MP-Shp1/2 DKO mice, providing genetic
evidence that G6b-B signals through, and is a major regulator of,
Shpl and Shp2.

Shp1l and Shp2 have been hypothesized to be negative regulators
of platelet activation through their interaction with the ITIM-
containing receptor PECAM-1.*"*® However, direct evidence of this
was lacking due to the absence of Shp1- and Shp2-specific inhibitors
and the severity of the phenotypes exhibited by Shpl and Shp2 KO
mouse models. Pasquet et al'® previously reported that motheaten-
viable mice, which express low levels of catalytically impaired Shpl,
have reduced platelet reactivity to CRP. Our study now shows that
this is caused by reduced GPVI expression and signaling via the
SFK-Syk-PLC+y2 pathway in these platelets. Our attempt to address
the question of the functions of Shpl and Shp2 in platelets through
the use of conditional KO mice provides mechanistic insights into
their function in platelets but must be interpreted with caution, as
targeted deletion of Shpl and Shp2 in megakaryocytes resulted in
developmental defects in megakaryocytes that are likely to affect
platelets that are produced. Nevertheless, functional and bio-
chemical defects exhibited by Shpl- and Shp2-deficient platelets
suggest that Shp1 and Shp2 have opposite functions. For example,
Shpl-deficient platelets were less responsive than their control
counterparts to collagen and fibrinogen, whereas Shp2-deficient
platelets were hyper-responsive to fibrinogen and anti-CLEC-2
antibody. Based on these results, Shp1 appears to positively reg-
ulate ITAM- and integrin-mediated responses, whereas Shp2
negatively regulates integrin- and hem-ITAM-mediated responses
(supplemental Figure 9). Shp1 defects can be partially explained by
reduced GPVI surface expression and SFK and Syk activity, but
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Figure 5. Impaired megakaryocyte development and
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816| [128N profiles of n = 4-6 mice/genotype. (B) The percentage of
25 *}Mf 25+ 254 2-4N and 8-128N ploidy cells was quantified (n = 4-6
. mice/genotype; mean = SEM; **P < .01, ***P < .001).
0 f f T T 0 f T T T 0 f T Y T .
10° 107 102 10° 104 10° 10" 102 10° 10% 100 10" 102 103 104 (C-F) Mature bone marrow-derived megakaryocytes from
@ Shp1 KO, Shp2 KO, and corresponding litter-matched
g WT mice were platelet on fibrinogen-, fibronectin-, and
o collagen-coated surfaces. (C-D) Representative images
© Shp1 KO Shp2 KO Shp1/2 DKO of spread megakaryocytes (Alexa Fluor 488-phalloidin
100 1004 100- stained) and (E-F) megakaryocytes undergoing pro-
platelet formation (FITC-allb stained; n = 4-6 mice/
75+ 75 75 genotype). (C-D) Megakaryocyte surface area, (E-F)
proplatelet surface area, and percentage of megakar-
50 50 50 yocytes undergoing proplatelet formation (n = 4-6 mice/
25 25 25 genotype; mean = SEM; ***P < .001; bar represents
0 J\.M ul 20 pum).
0 f Y f T 0 T ; T T 0 T T T T
10° 10" 102 103 104 10° 10 102 103 10* 10° 10" 102 103 104
N
Vd
Ploidy
B 150+ ek 501
40+
= *kk ok %
< 1004 o
1 N 4
~ , 30
P -]
% 2 20
S 504 8
= < Kk
)
10+ b ek
WT KO WT KO WT DKO WT KO WT KO WT DKO
Shp1 Shp2 Shp1/2 Shp1 Shp2 Shp1/2

this is not the case for Shp2. The cause of enhanced reactivity of
Shp2-deficient platelets to fibrinogen remains undefined; how-
ever, enhanced reactivity to anti-CLEC-2 antibody likely involves
G6b-B."

Functional differences exhibited by Shpl- and Shp2-deficient
megakaryocytes highlight the different roles mediated by Shpl and
Shp2. The only overlapping phenotype was the block in 2N/4N
ploidy and reduced oIIb@3 surface expression, which likely reflects
less mature megakaryocytes. However, these defects did not cul-
minate in functional defects in Shpl-deficient megakaryocytes.
Defects in Shp2-deficient megakaryocytes and macrothrombocyto-
penia in MP-Shp2 KO mice can be explained by reduced Mpl and
integrin signaling (supplemental Figure 10), which were normal in
Shpl-deficient megakaryocytes. The cause of the block in ploidy in
Shpl-deficient megakaryocytes remains undefined but suggests
a defect in the formation of the cleavage furrow and/or cytokinesis
at the 2N/4N transition during the endomitotic process.** Myosin
IIA and the small GTPase RhoA are critical regulators of con-
tractile ring assembly and cytokinesis that might be regulated by
Shp1.*

Intriguingly, differences in integrin-mediated functions exhibited
by Shpl- and Shp2-deficient megakaryocytes and platelets sug-
gest that Shpl and Shp2 have different functions in the 2 cell types.
For example, Shp1-deficient megakaryocytes spread normally on
fibrinogen-coated surfaces, whereas Shp1-deficient platelets did not
spread to the same extent as control platelets on the same surface. In

contrast, Shp2-deficient megakaryocytes exhibited markedly reduced
spreading on fibrinogen, whereas Shp2-deficient platelets spread to
a greater extent than control platelets on the same surface. These
findings suggest that Shp1 plays little or no role in regulating aIIbB3
integrin-mediated megakaryocyte spreading, and it positively regulates
this response in platelets. In contrast, Shp2 positively regulates
olIbB3 integrin-mediated megakaryocyte spreading and negatively
regulates this response in platelets. Mechanistically, Shpl and Shp2
positively regulate SFKSs in platelets and megakaryocytes, respectively
(supplemental Figures 9 and 10). However, the mechanism underlying
how Shpl and Shp2 switch functions in megakaryocytes and
platelets remains undefined but likely involves interacting partners,
such as G6b-B, that are differentially expressed at different stages of
development and modulate Shpl and Shp2 compartmentalization
and activity.

Based on our findings, we suspect the more severe phenotype
exhibited by DKO mice compared with single KO mice is mainly due
to disruption of multiple signaling pathways rather than a single
pathway. Deletion of Shpl mainly affected the SFK-Syk-PLCy2
signaling pathway in platelets, whereas deletion of Shp2 affected
the Ras-MAPK pathway and SFK activation in megakaryocytes.
Surprisingly, functional defects did not always correlate between
megakaryocytes and platelets, raising the possibility that Shpl and
Shp2 have different roles in the 2 cell types. As a consequence,
deletion of G6b-B, which interacts with both Shpl and Shp2,
partially phenocopied aspects of MP-Shp1 and MP-Shp2 KO mice.
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Figure 5. (Continued).

For example, G6b-B- and Shpl-deficient platelets had reduced
GPVI expression, and G6b-B- and Shp2-deficient platelets respond
better to anti-CLEC-2 antibody. However, deletion of G6b-B did
not affect Mpl-mediated Erk1/2 activation, demonstrating specific-
ity in terms of which receptors G6b-B regulates. This partially
explains why the phenotype of DKO mice is more severe than that

of G6b KO mice. Another explanation is that Shpl and Shp2 are
expressed much earlier than G6b-B in megakaryocytes, and
functional redundancy between G6b-B and other megakaryocyte
ITIM receptors may partially compensate in its absence.

In conclusion, Shpl and Shp2 perform mainly distinct functions
in megakaryocytes and platelets, with little functional overlap.
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Figure 6. Impaired thrombopoietin and integrin signaling in Shp2-
deficient megakaryocytes. Mature bone marrow-derived megakaryo-
cytes from (A) Shp1 KO, (B) Shp2 KO, and litter-matched WT (Shp1
WT and Shp2 WT) mice were stimulated with 50 ng/mL thrombo-
poietin (Tpo) for 10 min at 37°C. Whole cell lysates (WCLs) were
western blotted with anti-phospho-Erk1/2 (p-Erk1/2), -pan Erk1/2
(Erk1/2), and -Src p-Tyr418 antibodies. Representative blots from n
= 3 independent experiments/genotype. (C) WCLs of Shp2-deficient
megakaryocytes were western blotted with anti-Mpl receptor and -Erk1/
2 antibodies (n = 3 independent experiments/genotype). WCLs prepared
of bovine serum albumin (BSA) nonadherent and fibrinogen (fib)-adhered
(D) Shp1 KO, (E) Shp2 KO, and litter-matched WT megakaryocytes were
western blotted with anti-p-Erk1/2, -Erk1/2, and -Src p-Tyr418 antibodies.
Representative blots from n = 3 independent experiments/genotype.

whereas Shp2 regulates Mpl and integrin signaling in megakaryo-
cytes and integrin- and hem-ITAM—-mediated responses in platelets.
Differences in their functions in megakaryocytes and platelets likely
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mediated Erk1/2 phosphorylation in Géb KO and WT megakaryocytes.
Whole cell lysates of (E) Tpo-stimulated (50 ng/mL Tpo, 10 min) and (F)
bovine serum albumin (BSA) nonadherent and fibrinogen (fib)-adhered
megakaryocytes were western blotted with anti-phospho-Erk1/2 (p-Erk1/
2) and -pan Erk1/2 (Erk1/2) antibodies. Representative blots from n = 3
independent experiments/genotype per condition.
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reflect differences in compartmentalization, mediated by receptors
and adaptors, and substrate specificity. Findings from this study
suggest that the ITIM-containing receptor G6b-B likely signals
through, and is a major regulator of, Shpl and Shp2 in mature
megakaryocytes and platelets.
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