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Abstract 

KIT receptor (CD117) is a receptor tyrosine kinase crucial for homeostasis of mast cells (MCs) in 

tissues and recruitment to sites of inflammation and tumors in response to its ligand Stem cell 

factor (SCF). Gain of function mutations in KIT (e.g. D816V) are frequently observed in 

systemic mastocytosis and other cancer types. Src Homology 2 domain containing phosphatase-2 

(SHP2 or PTPN11) is a protein tyrosine phosphatase that promotes cell proliferation, survival and 

motility in multiple pathways and cell types. To study SHP2 function in MCs, we generated novel 

MC-specific Shp2 knock-out (KO) mice (MC-shp2 KO). These mice had reduced numbers of 

MCs in skin and peritoneum, and defective contact hypersensitivity responses compared to 

control mice, consistent with SHP2 promoting MC homeostasis.  Using an inducible SHP2 KO 

bone marrow-derived MC (BMMC) culture model, we found that SHP2 KO cells were prone to 

apoptosis and had no MC repopulating activity in vivo. Mechanistically, SHP2 enhanced ERK 

activation and downregulation of pro-apoptotic protein Bim.  SHP2 KO BMMCs also had defects 

in chemotaxis towards SCF, due to impaired activation of a Lyn/Vav/Rac pathway in SHP2 KO 

BMMCs. This correlated with defects in cell spreading, and F-actin polymerization in response to 

SCF. Treatment of BMMCs with a SHP2 inhibitor (II-B08) also led to reduced chemotaxis, 

consistent with SHP2 phosphatase activity being required for KIT-induced chemotaxis. Lastly, 

we tested whether SHP2 regulates oncogenic KIT signaling using a P815 mouse mastocytoma 

model. Stable silencing of SHP2 in P815 cells led to reduced cell growth and survival in vitro, 

and less aggressive systemic mastocytosis development in syngeneic mice. Overall, these studies 

identify SHP2 as a key node in SCF/KIT and oncogenic KIT pathways, and as a potential 

therapeutic target in several human diseases. 
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Chapter 1 

Introduction and Literature review 

1.1 Mast cells 

 Since their initial discovery by Paul Ehlrich in 1878, mast cells (MC) have been of 

considerable interest due to the vast collection of mediators they release, which coordinate the 

immune response and in some cases contribute to allergic disorders and other human diseases 

(Fig 1-1).  MCs serve as sentinels within tissues exposed to the external environment and protect 

against infection by microbes and parasites by releasing preformed mediators stored in the 

cytoplasmic granules (ie. histamine, chymases or tryptases) and newly synthesized lipid 

mediators (ie. leukotrienes, prostaglandins) and cytokines that coordinate the immune response 

[1]. Perhaps as a consequence of less exposure to microbes and parasites in developed countries, 

there are increased risks of developing allergies, with MCs frequently triggering inflammatory 

reactions to harmless antigens in food or the environment in allergic disorders (i.e. anaphylaxis, 

allergic rhinitis, asthma).  In some cases, MCs also suppress the immune response to some 

pathogens, leading to continued debate about their actual roles [2].  MCs are also implicated in 

human cancer, due to either malignant transformation of mast cells (ie. mastocytosis), or via their 

recruitment to a wide array of solid tumors.  Similar to their roles in immunity, MCs can 

positively or negatively regulate tumor progression and metastasis. However, there is growing 

consensus that MCs and their mediators limit tumor growth at initial stages, but can enhance 

progression to metastatic disease at later stages of tumor development [3,4].  This multitude of 

potential roles of MCs in the immune system and human diseases  
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 Fig 1-1 Images of resting and degranulated MCs.   

(A)  Electron micrograph of intact MC with cytoplasm filled with dense granules. All the 

granules appear black due to granule content composed of histamine and other preformed 

mediators with the exception of one shown by an arrow seems to have released its content. (B) 

Degranulated MCsdepicting empty granules after releasing its content with the exception of a few 

intact granules shown by arrows. It is noteworthy that nucleus and endoplasmic reticulum are 

completely intact and do not depict any abnormality (adapted and modified from Ref. [5]). 
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warrants further studies to identify key mast cell mediators that contribute positively or 

negatively to human diseases that may lead to improved therapies in the future. 

1.1.1 Mast cells origins and development 

 Like other immune cells, MCs are derived from hematopoietic stem cells (HSCs) in bone 

marrow (BM) following their differentiation into committed progenitors for MCs and basophils 

(BMCps).  Basophils are highly similar to MCs in terms of mediator production, but are primarily 

found in the circulation, and only recruited to tissues during inflammatory responses.  BMCp are 

produced in BM and are also found in spleen, where they differentiate into mast cell progenitors 

(MCps).  MCps home to target tissues where they undergo terminal differentiation into mature 

MCs.  Earliest MCp are first identified in the yolk sac of 9.5 day old embryos [6]. At day 15 of 

gestation, MCps were found in fetal liver and were characterized by c-Kit
hi
 Thy-1

lo 
surface 

markers [7].  More recently, single cell analyses led to the identification of MCPs as Kit
+
FcεRI

-

β7
+
Sca1

-
 cells in BM that are derived from common myeloid progenitors and were closest to 

Megakaryocyte-erythrocye progenitors, the progenitors of megakaryocytes and erythrocytes [8].  

MCPs then home to target tissues, which is dependent on leukotriene B4, β7 integrins and 

chemokine receptors [9].  Within these tissues, MCPs develop into mature MCs in the presence of 

growth factors within the tissue microenvironment.  Stem cell factor (SCF), a ligand for KIT 

receptor is responsible for maturation of MCs in connective tissues, while IL-3 is required for 

development of MCs in mucosal tissues [10]. 

1.1.2 Mast cell heterogeneity 

 Depending on their target tissues, MCs become either connective tissue mast cells 

(CTMCs) or mucosal mast cells (MMCs) that have distinctive repertoires of mediators.  CTMCs 
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are found in the peritoneal cavity, in the liver proximal to nerve endings, and within the skin 

proximal to blood vessels and hair follicles [11].  In contrast, MMCs are primarily found in 

mucosal surfaces of the lung, stomach and intestine [3].  CTMCs are constitutive in behavior 

while MMCs are induced and T cell dependent.  In addition, CTMCs and MMCs are not only 

different in tissue distribution, but also in the content of their granules and this allows for distinct 

methods for histological staining [9]. CTMCs have granules containing heparin as the 

predominant proteoglycan and high levels of histamine, while MMC granules are rich in 

proteoglycan chondroitin sulphate with less histamine.  Furthermore, CTMCs and MMCs have 

distinct patterns of MC protease (Mcpt) expression  [1].  In mice, CTMCs in the small intestine 

express Mcpt-4, -5, -6, -7 and carboxy-peptidase-3 (Cpa3). MMCs primarily express Mcpt-1, 

however in trachea, both CTMC and MMCs express Mcpt-1, -4, -5, -6, -7 and Cpa3 [9].  In 

humans, MCs also exist as two major subtypes that are also distinguished by the content of 

granule proteases. MCs in mucosal tissues (MCT) express Tryptase (trypsin-like protrease, 

orthologous to Mcpt-6, -7 and -11).  In contrast, MCs in human skin and intestinal submucosa 

(MCTC) express Chymase (chymotrypsin-like protease, orthologous to Mcpt-4 and -5), Cpa3 and 

Tryptase [2] Recently, MC-specific protease genes and promoters have been adopted to derive 

models for MC-specific expression of reporters (e.g. EYFP) or gene knock-out [12,13]. 

1.1.3 Physiological roles of mast cells 

 MCs provide protection against bacteria, virus and parasite infection by fine tuning the 

innate and acquired immune response. MCs also offer vital support in maintaining the tissue 

integrity via regulating wound healing and tissue remodeling (Fig1-2).  MCs initiate these critical 

responses to pathogens through signaling to the receptors present on the surface of MCs.  Bacteria 
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and viruses can directly stimulate Toll like receptors (TLRs) while helminth and parasite antigens 

activate via Ag-specific IgE bound to the IgE receptor (FcεRI) on mast cells.  Upon activation, 

MCs release granule contents into surrounding tissue via regulated exocytosis referred to as 

degranulation [2].  Degranulation releases histamine, a vasoactive amine which mediates 

vasodilation, and MC proteases important for tissue remodelling and clearance of pathogen by 

recruiting secondary immune cells [14].  Mcpt-1 promotes intestinal permeability and promotes 

removal of parasites from the intestine [15,16]. MC granules also contain Tumor necrosis factor α 

(TNFα), whose early release upon degranulation leads to rapid recruitment of neutrophils and 

enhanced clearance of pathogens. MCs also respond to pathogens via de novo synthesis of a 

number of lipid mediators such as prostaglandin D2 and leukotrienes (LTC4, and LTB4); 

proinflammatory cytokines (e.g. TNF α, IL-6, IL-1β, IL-4, IL-5, IL-13), and antiinflammatory 

cytokines (e.g. IL-10 and TGF-β) [14]. 

 In an acute septic peritonitis model, MCs provide protection against infection via releasing 

TNFα and enhancing neutrophil recruitment to the peritoneum [17].  TLR4 and complement 

receptor 1 and 2  signaling in MCs contributes significantly to bacterial clearance in this model by 

releasing LTC4 and LTB4 [18].  In addition, MC-derived proteases (Mcpt 6) and chemokines 

also promote influx of neutrophils during bacterial infection [19,20]. 

 Several viruses, including dengue virus, cytomegalovirus, and adenovirus, can also 

promote MC activation via TLR 3 and TLR 7 receptors.  During viral infection, MCs release a 

discrete set of mediators (e.g. IL-1β, IL-6, CCL3, CCL4, CCL5, CXCL8, interferon(IFN) α and 

β) that helps mount the antiviral response by recruiting natural killer cells and CD8+ T cells 

[20,21,22].  MCs are also implicated in HIV pathogenesis by harbouring the virus and  
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Fig 1-2 Normal and pathological function of MCs. 

MCs secrete preformed and newly synthesized mediators upon activation during physiological 

and pathophysiological responses. MCs provide protection against pathogens, induce adaptive 

immune system responses, facilitate angiogenesis, and wound healing responses.  While MCs 

play beneficial roles in normal physiology, they also produce harmful effects by exacerbating 

inflammation in allergy diseases like asthma and autoimmune diseases, including rheumatoid 

arthritis and Multiple Sclerosis. MCs could also work as a reservoir for Human 

immunodeficiency virus (HIV), and contribute to cardiovascular disease and cancer progression 

(adapted and modified from Ref. [2]). 
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functioning as a reservoir during HIV therapy [23,24].  Despite this research, many questions 

remain as to the exact roles of MCs and their mediators during viral infections. 

  MCs play key roles in protecting the host from parasitic infestations. MC hyperplasia 

occurs in response to parasite infestation and MC degranulation and de novo mediator synthesis 

allows the host to rapidly expel parasites such as helminths.  MCs also provide protection against 

malaria parasites via FcεRI signaling and release of TNFα [25,26]. Several other MC mediators 

have been implicated in the immune response against parasites [15,27,28]. 

 In addition to their roles in innate immunity, MCs also play a major role in mounting 

adaptive immune system responses.  MCs functionally and in some cases physically interact with 

other immune cells, including dendritic cells (DC), effector T cells (e.g. CD4), regulatory T cells 

(Treg) and B cells.  MC interaction with DC leads to DC maturation, mobilization to secondary 

lymphoid organs, and DC-induced T cell sensitization [29].  In BM, physical interaction between 

MCs and immature DCs through adhesion molecules, including intracellular adhesion molecule-1 

(ICAM-1) and lymphocyte function associated antigen (LFA-1), enhances the development and 

chemotaxis of DCs [30].  Bi-directional cross talk of MCs with effector T cells has been studied 

in models of cutaneous delayed hypersensitivity, sarcoidosis, and rheumatoid arthritis [31,32,33]. 

Moreover, T cell interaction with MCs leads to increased degranulation and release of TNF α, IL-

4, IL-6 and matrix metalloproteinase (MMP)-9 [34,35]. Physical interactions between MC and T 

cells also occur via ligands and receptors on their surfaces.  For example, OX40 ligand (OX40L) 

on MCs interacts with OX40 on CD4
+
 T cells, leading to increased T cell proliferation and 

cytokine production [36].  Tregs (CD4
+
 CD25

+
 Foxp3

+
) suppress MC function by limiting 

degranulation and the potency and duration of immune responses [37,38].  In addition, MCs also 
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play the immunosuppressive role via secreting TGFβ and IL-10 following activation with 

regulatory T cells [39].  In allergic inflammation, cross talk of MCs with B cells occurs via 

physical association of CD40L on MCs with CD40 receptor on B cells, leading to increased B 

cell proliferation, isotype switching and production of IgE [40].  MC derived IL-6 and co-

stimulatory molecules (e.g. LFA-1, ICAM-1, CD86) are also implicated in promoting B cell 

proliferation [41,42] 

 In addition to their roles in the immune system, MCs are also important for maintenance of 

tissue integrity and wound healing.  In addition to releasing proteases that help to remodel tissues, 

MCs also produce a variety of growth factors, including Nerve growth factor (NGF), vascular 

endothelial growth factor (VEGF), platelet derived growth factor (PDGF), fibroblast growth 

factor 2 (FGF 2) and keratinocyte growth factor [43,44].  MCs accumulate around scar tissue and 

aid wound healing by secreting growth factors that stimulate fibroblast and epithelial cell 

proliferation [45,46].  MCs also promote angiogenesis during wound healing responses, and this 

response has also been observed during tumor neo-angiogenesis [14].  

1.1.4 Pathological roles of mast cells 

 

 MCs are best known for their role as key effector cells in allergic disorders, including 

allergic rhinitis, asthma, atopic dermatitis and food allergies (Fig. 1-2).  In some cases, allergic 

responses can be fatal, such as during acute responses to allergens termed anaphylaxis.  This 

acute phase reaction causes sudden release of preformed mediators including histamine, which 

causes bronchoconstriction and increased vascular permeability leading to difficulty breathing, 

swallowing and fever.  Allergic responses can also occur in  a chronic phase, characterized by 
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leukocyte infiltration, adaptive immune responses, edema and fibrosis at sites of allergen 

exposure [47,48].  Antagonists of several MC mediators such as histamine and leukotrienes along 

with general immune suppressants are used clinically to manage these disorders.  

 MCs also contribute to auto-immune diseases, including rheumatoid arthritis (RA) and 

multiple sclerosis (MS). In RA models, MCs accumulate in synovial joints, and release mediators 

such as IL-1 that promote inflammation.  Inhibition of MCs resulted in decreased synovial 

inflammation in mice subjected to RA [49].  Similarly, in the model of experimental allergic 

encephalomyelitis (EAE; similar to MS in humans), MCs enhance disease pathogenesis [50].  

IgG signaling via Fcγ receptors on MCs and MC-derived TNFα are required for EAE in mice 

[51].  A recent study contradicted the role of MCs in progression of EAE, but did find a definite 

role in an autoantibody induced rheumatoid arthritis model [52].  In addition to autoimmune 

diseases, MCs are also implicated in cardiovascular diseases, including idiopathic, ischemic 

cardiomyopathy, and myocardial infraction [53].  Perturbation of MCs in a mouse model of 

abdominal aortic aneurysm suggested important contribution of MC derived IFNγ and IL-6 [54].  

 A number of studies implicate MCs in regulating tumor progression and metastasis, but 

have been somewhat inconsistent in terms of positive and negative roles of MCs. In 1891, 

Westphal identified MCs at the periphery of primary tumors [55]. Pathways leading to mast cell 

recruitment to tumors have recently been identified, including a prominent role for the SCF/KIT 

signaling axis (Fig. 1-3) [56,57].  Carcinomas of many cancer types express SCF, and induce 

chemotaxis of MCs via KIT signaling [57,58,59]. Once recruited to tumors, MCs secrete factors 

that enhance tumor angiogenesis (e.g. VEGF, Mcpt-4, angiopoetin-1), immunosuppression (e.g. 

ADP) and tissue remodeling (e.g. MMP-9, histamine, and TNFα) that enhances early tumor 

development [60]. However, tumor growth becomes independent of MCs in later stages [55].  
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Fig 1-3 Model for SCF/Kit axis driving mast cell recruitment and activation within tumors.  

Tumors express membrane-bound SCF isoform, and can activate tissue-resident MCs. This leads 

to SCF/Kit signaling to upregulate MMP-9 protease. Secreted MMP-9 cleaves membrane-bound 

SCF to generate soluble SCF that causes increased mast cell recruitment to the tumor and tissue 

remodeling via extracellular matrix (ECM) digestion. Tumor MCs also release adenosine that 

causes immunosuppression via actions on regulatory T cells (Treg) and natural killer (NK) 

cells.SCF/Kit axis also upregulates VEGF expression that promotes tumor angiogenesis [55].  
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Despite these functional studies in mice linking MCs to tumor angiogenesis, accumulation of 

MCs at the tumor periphery does not necessarily correlate with a poor prognosis in human 

cancers. In rectal cancers, elevated MCs at tumor margins are linked to good prognosis [61].  

Similarly, analysis of 175 human non-small-cell lung cancer and 348 invasive breast carcinoma 

tumors revealed a positive correlation between elevated MC numbers at tumor margins and 

overall patient survival [62,63].  However, high MC numbers in pancreatic β cell-carcinoma and 

malignant myeloma tumors in mice correlated with worse outcomes [64].  Recent studies in 

prostate cancer have demonstrated that while targeting MCs may delay tumor growth, it also led 

to development of more aggressive tumor types [4].  Thus, roles of MCs in cancer appear to be 

dependent on tumor stage, and organ site, and more research is required to identify MC pathways 

and mediators that may form the basis of new cancer therapies.  

1.2 KIT receptor and its ligand SCF 

 KIT receptor plays a vital role throughout the lifetime of MCs, including differentiation, 

proliferation, survival and migration. KIT is also required for normal function of germ cells, 

melanocytes, and interstitial cells of cajal (pacemaker cells in intestine).  KIT is a receptor 

tyrosine kinase that is most similar to PDGFR, CSF1R and Flt3 receptor.  Structurally, KIT 

receptor consists of an extracellular domain that binds SCF, and a transmembrane domain linked 

to a tyrosine kinase domain near its carboxy-terminal tail (Fig. 1-4).  The extracellular domain is 

composed of five immunoglobin-like-domains that confer SCF binding and dimerization [65].  

The juxtamembrane region negatively regulates the adjacent kinase domain that contains a kinase 

insert region of 80 amino acids, characteristic of this subfamily of receptor tyrosine kinases [66].  

Alternative splicing in mice results in two forms of KIT receptor with the presence or absence of  
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Fig 1-4 Domain organization and activation of KIT receptor.   

Schematic diagram of a KIT monomer on the left side depicts the extracellular part comprised of 

five Immunoglobulin (Ig) like domain, transmembrane and intracellular part composed of a 

juxtamembrane domain, a split kinase domain with kinase insert region and a carboxy terminal 

tail.  Upon binding of stem cell factor (SCF) dimers to the first three Ig domains of two KIT 

monomers, interactions between the fourth and fifth Ig domain cause dimerization of KIT (shown 

on right panel). Close proximity of active kinase domains in KIT dimer leads to trans-

autophosphorylation of several tyrosine residues within the intracellular portion of KIT that 

recruit signaling and adaptor proteins (adapted and modified from Ref. [65]).  
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a Glycine-Asparagine-Asparagine-Lysine (GNNK) amino acid sequence in the juxtamembrane 

region [67].  Both splice forms coexist in several tissues, however the GNNK- isoform 

predominates in MCs [68]. Although, both isoforms have similar affinity for SCF, they display an 

altered pattern of signaling to downstream effectors and abilities to induce malignant 

transformation [69].  GNNK- and GNNK+ isoform signaling will be discussed in more detail 

below. In addition, germ cells express a truncated KIT isoform that contains only the intracellular 

portion of KIT receptor and although lacking in kinase activity functions as an adaptor protein to 

promote meiosis [70].  This truncated KIT isoform is also found to regulate activation of Src 

kinase in malignant stages of prostate cancer [71].   

 Activation of KIT is dependent on binding to its ligand SCF which is encoded by the Steel 

locus (Sl) in mice. Mice with mutations in Sl (Sl/Sl
d
) phenocopy loss of function mutations at W 

locus (encoding KIT receptor) that lack mast cells and several other KIT-dependent cell types 

[72].  SCF is produced by fibroblast and endothelial cells as both membrane bound and soluble 

SCF isoforms. Although both SCF isoforms bind KIT receptor, differential signaling downstream 

of KIT was observed [73].  Several factors induce the expression of SCF in the tissue 

microenvironment including Hypoxia inducible factor 1α, follicular stimulating hormone and 

Ultra-violet light [74,75,76].  Membrane bound SCF can also be converted to soluble SCF 

following cleavage by extracellular proteases (e.g. MMP-9, chymase-1, ADAM-17 and ADAM-

33) leading to enhanced KIT signaling within tissue microenvironments [77,78,79].  

 SCF forms dimers which bind Ig repeats I-III within KIT monomers, and subsequent KIT 

dimers are stabilized via interactions between additional Ig repeats [80].  The activation 

mechanism of KIT receptor became very clear following the reporting of crystal structures of KIT 

receptor (Fig 1-5), in inactive and active conformations [65,81,82].  In the inactive conformation,  
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Fig 1-5 Structure of KIT kinase domain in inactive and active conformations. 

Crystal structure of the wild-type KIT kinase domain in an inactive conformation (left panel) is 

shown with positions of key conserved residues including K623, E640 and D816 shown with 

arrows.  Interactions between juxtamembrane domain (JMD; shown in green dotted circle) and 

the alpha C helix on kinase domain keeps the WT KIT receptor in a closed and inactive 

conformation. The black circle depicts the conformation of conserved 310 helix in the activation 

loop, which carries the conserved D816 residue. The structure of the active KIT kinase domain 

harboring the D816V mutation is shown on the right.  The active conformation is predicted to 

have an altered conformation of the 310 helix in the activation loop (shown in black circle) leading 

to the separation of JMD and the alpha C helix shown in the green dotted circle (adapted and 

modified from Ref. [83]). 
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kinase domain interactions with the juxtamembrane region block the kinase domain active site 

and suppress kinase activity (Y568 and Y570in human KIT).  This phosphorylation within the  

juxtamembrane region disrupts inhibitory interactions with the kinase domain and allows KIT to 

adopt an active kinase domain conformation [81,82].  Consistently, a recent biochemical study, 

identified Y568/Y570 as the initial sites of auto-phosphorylation [84].  There are six additional 

sites of KIT receptor auto-phosphorylation, including Y703, Y721, Y730, Y823, Y900 and Y936 

[65].  These phosphorylation sites recruit several signaling and adaptor proteins through their Src 

homology (SH) 2 domains and signal downstream and regulate cell processes mediated by KIT 

receptor [65,85].  

 To counteract signaling pathways induced by SCF/KIT signaling, several mechanisms exist 

to attenuate KIT signaling.  These include KIT receptor internalization, degradation, and 

suppression of kinase activity. KIT receptor is ubiquitylated by the E3 ubiquitin ligase c-Cbl, 

which is recruited directly and indirectly to KIT, leading to internalization and proteosomal 

degradation [86].  Alternatively, Protein Kinase C (PKC) provides a negative feedback loop by 

phosphorylating serine residues (S741and S746) in KIT that reduce kinase activity [87].  In 

addition, KIT recruits a tyrosine phosphatase, SH2 domain containing phosphatase (SHP)-1 at 

Y570 to attenuate KIT induced signaling by dephosphorylation of key signaling proteins, 

including KIT itself [88]. 

1.2.1 SCF/KIT signaling pathways 

 Auto-phosphorylation of KIT receptor leads to recruitment of myriad signaling proteins, 

but mutational studies implicate juxtamembrane and kinase insert residues as the major 

mechanisms of growth, survival and motility signaling [65].  The juxtamembrane sites play major  
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roles in KIT signaling by directly recruiting several key proteins, including Src family kinases 

(SFKs), Grb2 and Shc adaptors, and SHP1 tyrosine phosphatase [85].  These proteins recruit and 

phosphorylate the adaptor protein Gab2, which provides binding sites for recruitment of SHP2 

tyrosine phosphatase, a major focus of this thesis that will be discussed in detail below.  Gab2 

also recruits PI3K (phosphoinositol 3’ kinase) and together with a direct recruitment site (Y721), 

allows for growth and survival signaling via AKT and Ras-MAP/ERK kinase pathways 

[65,66,89].  Since signaling through KIT juxtamembrane and PI3K/AKT and Ras/ERK are most 

pertinent to my thesis, only these pathways will be discussed in detail below. 

 Of the eight SFKs, some are expressed ubiquitously (Src, Fyn, and Yes), while others are 

found only in hematopoietic cells (Lyn, Lck, Fgr, Hck and Blk).  SFKs are comprised of a 

membrane targeting domain (myristoylation site), SH2 and SH3 domains, and a tyrosine kinase 

domain.  SFKs are maintained in an inactive state when C-terminal Src kinase (Csk) 

phosphorylates a C-terminal residue that is a ligand for the Src SH2 domain.  The Src SH3 

domain also interacts with the linker between SH2 and kinase domain, which together with SH2 

domain keeps SFKs in a closed conformation that is inactive.  KIT receptor recruits SFKs 

including Lyn and Fyn kinase at juxtamembrane sites Y568/Y570 via their SH2 domains, leading 

to loss of intramolecular interactions and activation of their kinase domains [85].  Amplification 

of SFK signaling also occurs via recruitment of SHP2 tyrosine phosphatase via Gab2 adaptor 

protein [89,90].  Upon stimulation of KIT receptor, Shc is recruited to phosphorylated Y568 site 

which further interacts with Grb2, followed by recruitment of Gab2 protein.  Gab2 becomes 

phosphorylated by SFKs and interacts with SH2 domains of SHP2 which leads to activation of 

SHP2 and results into dephosphorylation of a membrane protein called Csk binding protein (Cbp, 

also known as PAG).  Reduced Cbp phosphorylation reduces further recruitment of the negative 
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regulatory kinase Csk, thus allowing maximal activation of SFKs [89,91]. SHP2 has also been 

shown to directly dephosphorylate the C-terminal inhibitory tyrosine residue in Lyn kinase within 

the G-CSF signaling pathway [90].  Consistently, mutation of the SFK binding site in the KIT 

receptor (Y568F) resulted in reduced activation of Lyn and Fyn kinase, yielding a significant 

reduction in migration, and impaired activation of p38 and ERK MAP Kinase (MAPK) in 

response to SCF stimulation [92].  In agreement with this, Lyn and Fyn deficient MCs show 

reduced migration towards SCF [93,94], however both SFKs signal through different downstream 

effectors. While Lyn regulated migration via phosphorylation of JNK-MAP Kinase and Stat3, 

Fyn deficient MCs showed impaired activation of p38 MAPK and SHP2 [93,94].  Additionally, 

Lyn kinase is also important for MC proliferation due to its role in MAPK activation [95].  

Consistently, KIT-mediated SFK activation is also required for proliferation in melanocytes [96].  

In addition to SFK activation, the KIT juxtamembrane site Y568 also contributes to PI3K 

activation via recruitment of the p85 subunit of PI3K to tyrosine phosphorylated Gab2 within the 

Grb2/Shc complex.  This enhances AKT activation and growth and survival signals. Gab2 

phosphorylation also leads to SHP2 phosphatase recruitment to the KIT pathway, which enhances 

Ras GTPase signaling and MC proliferation [89,97].  Gab2 deficient MCs also show impaired 

SCF-induced ERK and JNK MAPK activation and reduced proliferation, consistent with a 

juxtamembrane signaling axis via Gab2/PI3K/SHP2 [89].  The relevance of juxtamembrane 

signaling in vivo was established via knock-in mutations of Y567F and Y567F/Y569F in murine 

Kit, which caused impaired development of lymphocytes (pro–B cells, pro-T cells), MCs, and 

melanocyte development [98]. More insights into juxtamembrane signaling come from studies of 

KIT isoforms in mice that differ only in the tetra peptide sequence GNNK within the 

juxtamembrane domain. In SCF treated fibroblasts, GNNK- KIT showed increased ability to 
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activate ERK MAPK and cause malignant transformation than the GNNK+ isoform [99].  The 

GNNK- KIT isoform which is highly expressed in MCs, also shows more SFK-dependent 

phosphorylation of Gab2 and AKT activation than  the GNNK+ isoform expressed in Baf/3 pre-B 

cells [97].  KIT juxtamembrane mutants also disrupt chemotaxis in Baf/3-KIT cells [92], which is 

consistent with key pathways for MC proliferation, chemotaxis and homeostasis involving the 

KIT/SFK/Gab2/PI3K/SHP2 signaling axis. 

 KIT Y721 phosphorylation within the kinase insert region (Y719 in mice) provides a direct 

recruitment site for the p85 subunit of PI3K, thus positioning the p110 catalytic subunit of PI3K 

near its substrates within the plasma membrane.  Activation of PI3K simulates production of lipid 

second messengers, including phosphatidylinositol 3, 4, 5-trisphosphate (PIP3), that recruits PH 

domain-containing kinases PDK1 and AKT [65,100,101].  Activated AKT promotes survival by 

shifting the balance towards anti-apoptotic proteins including Bcl2 and Bcl-XL, and suppressing 

pro-apoptotic protein levels (e.g. Bad, Bax and Bim) in mitochondrial membranes and preventing 

release of cytochrome c into the cytoplasm [65].  Consistently, osteosarcoma cells expressing 

KIT Y721F mutant were more prone to undergo apoptosis [102].  While mice with Y719F knock-

in mutations show only partial MC survival/homeostasis defects, combining this mutation with 

Gab2 KO (removing the indirect PI3K recruitment) led to severe MC deficiency (YU JBC 2006). 

KIT/PI3K signaling is also important for migration and activation of the actin cytoskeletal 

regulator Rac1.  Baf/3 cells expressing murine KIT Y719F showed reduced SCF-induced 

migration and calcium mobilization compared to KIT wild-type [92].  Combined activation of 

SFKs and PI3K are required for activation of Rac1 [89,103].  Consistent with results of KIT 

knock-in mutant mice, PI3K deficient mice (p85α
-/-

) show reduced numbers of MCs in the 

gastrointestinal tract possibly due to the described role of KIT/PI3K signaling in development, 
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proliferation and migration of MCs [104].  Similarly, p85α
-/- 

MCPs show defects in differentiation 

to mature bone marrow-derived MCs (BMMCs) due to defects in gene expression programs 

dependent on PI3K signaling [105,106]. 

1.2.2 Normal functions of KIT receptor 

 Studies of SCF/KIT mutant  mice, including Kit 
W/Wv 

, Kit 
W-sh/W-sh

 and Sl/Sl
d
, reveal key 

roles for this pathway in MC development, erthryopoiesis, pigmentation, gut mobility, and 

fertility [9,72,107]. KIT receptor has been shown to regulate proliferation and survival of 

hematopoietic stem cells (HSCs) via direct signaling and cross-talk with other cytokine receptors 

(e.g. Epo, IL-2, IL-15, GM-CSF).  These synergistic effects of cytokines and growth factors 

enhance activation of key pathways in HSCs and their lineage committed progenitors 

[108,109,110,111,112].  KIT receptor also regulates proliferation, survival and migration of 

melanocytes in vitro [113], and skin pigmentation in vivo [98]. Consistent with sterile phenotypes 

of Kit
W/Wv  

and Sl/SL
d
 mice, SCF/KIT signaling to  PI3K/AKT is required for  migration, 

proliferation and survival of germ cells [102,114,115].  The role of the KIT receptor has also been 

studied in the cardiovascular, nervous and gastrointestinal systems. KIT plays important role in 

vasculogenesis and cardiomyocyte differentiation [116,117].  KIT receptor is also important for 

protection against myocardial infarction [118].  In addition, KIT is found critical in the migration 

of neuronal stem cells towards the sites of injury [119].  Similarly, expression of KIT receptor is 

crucial for development and function of interstitial cells of Cajal that regulate gut mobility and 

are cell of origin for gastrointestinal stromal tumors (GIST) [120]. 

1.2.3 Pathologies associated with KIT receptor signaling 
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 The potent effects of KIT receptor signaling can contribute to a number of human diseases. 

In MCs, KIT signaling promotes tissue recruitment and synergizes with FcεRI to enhance 

degranulation and chemokine production.  SCF is released by fibroblasts and epithelial cells in 

several inflammatory diseases, including scleroderma, allergic rhinitis and asthma, leading to 

enhanced  recruitment of MCs, which exacerbates tissue inflammation [121].  Studies in KIT 

mutant mice have implicated MCs in enhancing airway hypersensitivity responses.  Blocking the 

KIT axis using a SCF neutralizing antibody or antisense oligonucleotides led to reduced MC 

recruitment and improved airway function [122]. Several carcinomas also secrete SCF and attract 

MCs to the tumor microenvironment via KIT-induced chemotaxis pathways.  Within the tumor 

stroma, MCs produce mediators linked to tumor angiogenesis, tissue degradation, and immune 

suppression [56,57].  Thus, targeting the SCF/KIT signaling axis in tumors may delay tumor 

progression and reduce metastases. However, a recent study in prostate cancer suggests that 

targeting MCs may lead to more aggressive cancer phenotypes [4].  

 Acquired gain of function mutations in KIT receptor have been identified in acute myeloid 

leukemia (AML), malignant melanomas, GIST, and systemic mastocytosis (SM).  KIT is also 

overexpressed in small cell lung carcinoma, and subtypes of breast and prostate cancer [85].  The 

most frequent mutation in KIT-driven AML and SM is D816V, which alters positioning of the 

inhibitory activation loop within its kinase domain.  This mutation is highly correlated with 

chromosomal translocation t (8; 21) and inv (16) in AML blasts [123], and associated with  poor 

prognosis [124]. 

 Structure and functional studies show that the D816V mutation disrupts intramolecular 

association with the juxtamembrane domain and causes ligand-independent kinase domain 
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activation [83,125].  Similarly, mutations also occur within the juxtamembrane domain (W557R, 

V559A, V560G, and deletion of 550-580) in human cancers, leading to constitutive activation of 

KIT receptor.  These constitutively activate KIT receptors show ligand independent growth, 

altered cellular localization of KIT, and some alterations in downstream signaling from KIT WT.  

For example, KIT D816V shows reduced cell surface expression compared to WT, while 

juxtamembrane domain mutants accumulate in the endoplasmic reticulum and golgi [126].  KIT 

D816V downregulates the negative regulatory phosphatase SHP1 [127], and the pro-apoptotic 

protein Bim [128].  

 KIT mutations are frequent in GIST and SM (>80% cases), leading to the testing of KIT 

inhibitors to provide new therapeutic strategies to treat these patients. KIT mutations in GIST 

(e.g. V560D, L576P and K642E) are located in the juxtamembrane domain [129], and are 

inhibited by the KIT inhibitor imatinib mesylate (Gleevec).  However, the most frequent KIT 

mutations in SM (D816V) are not sensitive to imatinib, and have required development of next 

generation KIT inhibitors as well as targeting downstream components of this pathway [130,131]. 

Several multi-kinase inhibitors including dastinib, modostuarine and ponatinib, have shown some 

success in blocking the kinase activity of KIT
D816V

 [132,133,134].  Mastocytosis can be classified 

into 3 subcategories, cutaneous mastocytosis (CM), SM, and localized extra-cutaneous MC 

neoplasms.  CM is quite prevalent in children and disease regresses with age. SM is further 

classified as: a) Indolent SM which affects BM and skin, b) SM with an associated clonal 

hematologic non-MC lineage disease (e.g. AML), c) aggressive SM involving BM, blood, and 

gastrointestinal tract, d) MC leukemia, characterized by presence of multi-lobulated MC nuclei 

with multi-organ involvement.  Although SM is rare and the prognosis of CM and indolent SM 
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are favorable, outcomes for other SM categories are very poor. Symptoms of mastocytosis range 

from mild cutaneous symptoms in CM to severe in SM (e.g. anaphylaxis, ulcerative GI tract, 

nausea, tachycardia, osteopenia , thrombocytopenia and BM failure) [135].  Although Imatinib 

has become standard of care for surgery refractory GIST and has improved patient outcomes, SM 

patients fail to respond to Imatinib.  This discrepancy can be explained by selective binding of 

imatinib to the inactive kinase domain conformation [136]. This has led to testing of next 

generation KIT and multi-kinase inhibitors (e.g. Dastanib, Nilotinib and Sunitinib) which are 

effective in inhibitors of KIT D816V SM cell growth and survival in vitro [137].  Some of these 

inhibitors are now FDA approved and being tested for new applications, including treatment of 

SM. 

1.2.4 Mast cell deficient mouse models 

 Many insights into the normal and pathological roles of MCs are based on studies of MC 

deficient mice.  These mice can be categorized into those with acquired mutations in the W allele 

encoding KIT receptor (CD117), and more recent models using transgenic approaches to delete 

MCs in mice [138].  Consistent with a key role of KIT receptor in MC development and survival, 

acquired mutations in the W allele in mice leading to loss of KIT expression or activity was found 

to cause MC deficiency.  Studies of these W mutant mice frequently involve reconstitution of 

MCs by injecting them with primary MCs from cell culture ex vivo.  Most commonly used KIT- 

dependent MC-deficient mice are Kit
W/Wv  

and Kit
W-sh/W-sh

 mice.  Kit
W  

contains a mutation that 

yields a truncated protein that does not express on the surface of MCs while Kit
Wv   

has a point 

mutation that renders the protein kinase inactive [139].  Although, Kit
W/Wv  

mice are widely used 

to study roles of MCs in vivo, they also have inherent sterility, neutropenia, macrocytic anemia, 
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impaired T cell development and also lack basophils [138].  In contrast, Kit
W-sh/W-sh

 mice have an 

inversion in the Kit promoter/enhancer leading to reduced Kit expression and MC deficiency.  

Although these mice have fewer defects than W/Wv mice, Kit
W-sh/W-sh

 mice display neutrophilia, 

megakaryocytosis, thrombocytosis and splenomegaly [13,107].  Although Kit
W-sh/W-sh

 mice are 

widely used to study roles of MCs, even with repopulation with cultured MCs, their phenotypes 

and cell numbers may not accurately represent that of the normal tissues.  Also, skewing of other 

hematopoietic cells is likely to lead to questionable findings.  Improved genetic engineering 

techniques and identification of mast cell specific promoters within the last decade has allowed 

for development of new and greatly improved models of MC deficiency (Fig1-6).  These models 

allow for specific ablation of MCs or MC-specific gene knock-out (KO) using Cre-recombinase 

(Cre)/LoxP technology [12,13,138,140].  Recently, four models have been reported that use 

different mast cell specific protease promoters to drive Cre expression, including Mcpt5-Cre, Cre-

master, Cpa3-Cre and Mas-Track. Scholten et al. cloned Cre recombinase into the first exon of 

the Mouse mast cell protease 5 gene (Mcpt5) in a bacterial artificial chromosome carrying a 

Mcpt5 locus, and crossed this with ROSA-YFP mice to show efficient Cre-mediated genetic 

recombination only in CTMCs including peritoneal and skin mast cells [13].  A subsequent study 

demonstrated that crossing Mcpt5-Cre mice with ROSA-DTA (diptheria toxin A expressed in 

Cre+ cells) led to constitutive loss of CTMCs, without affecting other cell types [12].  An 

inducible model was also developed by crossing Mcpt5-Cre mice with ROSA-iDTR (diphtheria 

toxin A receptor expressed on Cre+ cells; mice injected with DTA locally or systemically to 

induce MC deficiency).  These MC deficient mice have several advantages including normal 

hematological parameters, including normal basophil numbers, and the ability to delete floxed 

alleles specifically in CTMCs [11]. The Cre-master model used p53-dependent Cre-mediated 
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genotoxicity to attain MC depletion. Feyerband et al. introduced codon improved Cre 

recombinase (iCre) at first exon of the Cpa3 (carboxy peptidase 3) coding gene and found a 

constitutive MC depletion in CTMCs and MMCs.  Although Cre-master mice had no significant 

alterations in other blood cells, basophils were reduced to 38% of that in control mice [52].  In the 

Cpa3-Cre model, MC deficiency was achieved by crossing with myeloid cell leukemia sequence 

(Mcl)-1 flox/flox mice, thus deleting this pro-survival protein in MCs. Although these mice lack 

CTMC and MMCs, they also develop macrocytic anemia, elevated splenic neutrophil levels, and 

have reduced basophils [141].  An additional model of MC deficiency has been described where 

DTA expression is regulated by a mast cell specific IL-4 promoter and termed as mast cell 

specific enhancer-mediated toxin receptor conditional cell knock out (Mas-TRACK).  However, 

since these mice completely lack both MC and basophil, the authors proposed to compare them to 

another mouse strain that specifically lacks basophils, to indirectly assess MC functions [30,142].  

 Importantly, these new and improved models of MC deficiency are being used to clarify 

roles of MCs in disease pathophysiology. Recently, using Mcpt5-Cre mediated deletion of IL-10, 

Dudeck et al. concluded that MC-derived IL-10 is not required for resolution of inflammation in 

contact hypersensitivity responses (CHS), as previously reported for CHS assays in Kit 
W-sh/W-sh

 

mice [12,48].  Similarly, Kit
W/Wv  

was previously shown to be resistant to the K/BxN 

autoantibody-induced arthritis model [143]. However, Cre-master mice were found to be entirely 

susceptible, suggesting that MCs are not actually required for arthritis development in mice [52].  

Thus, future studies using optimal models of MC deficiency, without loss or gain of other 

immune cells, are required to clarify and extend our understanding of MC functions in normal 

physiology and 
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Fig 1-6 Schematic representation of new mast cell reporter and deficiency models.  

(A)  The mast cell-YFP (MC-YFP) model was developed by crossing transgenic mice carrying 

mast cell protease-5 Cre recombinase (Mcpt5-Cre) that is only expressed in connective tissue 

type MCs (CTMCs) with Rosa26-STOP
fl/fl

–EYFP reporter mice. The Schematic depicts that in 

non-MCs, Mcpt5-Cre is not expressed, and no expression of the YFP reporter is observed.  

Alternatively, in MCs, Mcpt5-Cre is expressed, leading to deletion of the floxed stop cassette and 

expression of YFP reporter in CTMCs. (B) Schematic diagram of generation of Mast cell 

deficient model using Diptheria toxin-a expression in MCs (MC-DTa). Mcpt5-Cre mice were 

crossed with Rosa26-STOP
fl/fl

–DTa mice, to drive DTa expression and subsequent ablation of 

CTMCs, while other cells that do not express Mcpt5-Cre transgene remain unaffected.  
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disease pathophysiology. 

1.3 SHP2 protein-tyrosine phosphatase: domains, regulation and functions 

 Precise control of tyrosine kinase-based signaling pathways that control fundamental 

cellular processes requires that these pathways are reversible. The removal of tyrosine 

phosphorylation sites is conducted by a large family of receptor and non-receptor protein-tyrosine 

phosphatases [144].  Classical PTPs are tumor suppressors that counteract oncogenic protein 

tyrosine kinases (e.g. Src, EGFR).  However, SHP2 is a PTP and a proto-oncogene that has 

garnered considerable interests due to its involvement in a variety of human diseases [145].  In 

mammals, SHP2 is encoded by the PTPN11 gene, and is most closely related to SHP1/PTPN6 

[146,147].  SHP2 is an ancient PTP, with orthologs identified in Drosohila (Corkscrew, Csw) and 

C. elegans (Ptp-2) [147,148].  In vertebrates, SHP2 is ubiquitously expressed while its homolog, 

SHP1 is present in cells of hematopoietic origin [146,148].  SHP2 has been widely studied since 

its discovery in 1990, and is now implicated in growth factor, cytokine and immune receptor 

signaling pathways.  Structurally, SHP2 contains two SH2 domains (N-SH2 and C-SH2), a 

catalytic PTP domain and a C-terminal tail with two tyrosine phosphorylation sites [149]. In basal 

conditions, SHP2 remains in an auto-inhibited conformation via intramolecular interactions 

between the N-SH2 domain and the PTP domain (Fig 1-7) [150,151].  Biochemical studies 

suggest that growth factor or cytokine receptor signaling leads to SHP2 recruitment to tyrosine 

phosphorylated adaptor proteins (e.g. Gab-2, insulin receptor substrate-1) by engaging both SH2 

domains of SHP2 [152,153].  This leads to loss of auto-inhibition of SHP2 phosphatase activity 

[148].  In addition, SFKs and Abl kinases can phosphorylate tyrosine residues Y542 and Y580 
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within the C-tail of SHP2, which correlates with increased PTP activity by unknown mechanisms 

[154,155]. 

 Acquired mutations in SHP2 have been reported in human diseases, and interestingly, these 

mutations localize to the intramolecular binding sites between SH2 and PTP domains and cause  

constitutive activation of SHP2 [156].  These mutations are regarded as gain of function (GOF) 

mutations, and are observed in Noonan syndrome (NS), an autosomal dominant disorder 

characterized by short stature, abnormal face, webbed neck, cardiac abnormalities and increased 

risk of developing leukemias. In addition to inherited  mutations identified in NS, somatic GOF 

SHP2 mutations are found in juvenile myelomonocytic leukemia (JMML),  acute myelogenous 

leukemia (AML), chronic myelomonocytic leukemia (CMML) and B-cell acute lymphoblastic 

leukemia (B-ALL) [145,149].  Mice with SHP2 GOF mutation knock-in  (e.g. D61G, D61Y, 

E76K) develop myeloproliferative disease (MPD), which in the case of E76K progresses to acute 

leukemia [157]. In LEOPARD (Lentigines, electrocardiogram abnormalities, ocular 

hypertelorism, pulmonic stenosis, abnormalities of genitalia, retardation of growth and deafness) 

syndrome (LS), SHP2 loss of function (LOF) mutations have been identified 

[145,158,159,160,161].  Some overlapping features of NS and LS observed with GOF and LOF 

mutations in SHP2 have suggested PTP-independent roles mediated by SHP2 acting as a 

scaffolding protein.  Using a zebra fish model to define PTP-dependent and independent roles of 

SHP2, Stewart et al. recently showed that the SH2 domain of SHP2 was sufficient to promote 

survival of neural crest cells in a p53-dependent manner, while SHP2 PTP activity was required 

for migration and specification of neural crest [161].  Another study of LS mutants demonstrated 

increased binding to upstream activators and lowering of the threshold for PTP activation 

compared to wild-type SHP2 [162]. In addition to mutations, SHP2 is also overexpressed 
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Fig 1-7 Domain organization and regulation of SHP2. 

(A)  Schematic diagram showing the domain organization of SHP2 and SHP1 (PTPN6) subfamily 

of PTPs. Both share N-SH2 and C-SH2 domains, and a phosphatase (PTPase) domain with 64%, 

53% and 57% homology, respectively. The carboxy terminal tail of SHP2 also contains two 

tyrosine residues (Y546 and Y584) which become phosphorylated upon activation of SHP2, 

while SHP1 lacks these tyrosine residues. (B)  Model of mechanism of activation and signaling 

for SHP2 in KIT signaling pathway. SHP2 exists in an inactive, closed conformation in cytosol in 

resting MCs due to intramolecular interactions of PTPase and N-SH2 domains.  Upon SCF 

binding and KIT receptor autophosphorylation, juxtamembrane residue pY567 recruits Grb2 

adaptor bound to adaptor protein Gab2. Phosphorylated tyrosines on Gab2 engage both SH2 

domains of SHP2 leading to change into open and active conformation. Active SHP2 binds its 

substrates and dephosphorylates them, many of which are also recruited to KIT or the plasma 

membrane.  
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in some cases of CML, AML and ALL [163].  Analysis of SHP2 expression in breast tumors 

revealed a strong positive correlation between SHP2 overexpression and HER2 overexpression, 

lymph node metastasis and high tumor grade [164].  The SHP2-binding adaptor Gab2 is also 

overexpressed in breast cancer and promotes breast cancer progression in a SHP2-dependent 

manner in mice [165,166,167].  A recent study also implicates SHP2 as a key factor for 

maintainance of breast cancer stem cells and to promote HER
+
 and triple negative breast cancer 

(lacking ER/PR/HER2) growth and metastasis.  In this model system, SHP2 activates a set of 

‘signature genes’ which are related to invasion, metastasis and pluripotency [168].  

 In addition to its role as a proto-oncogene, SHP2 was recently identified as a tumor- 

suppressor in hepatocellular carcinoma (HCC).  Hepatocyte specific deletion of SHP2 results in 

enhanced inflammation, necrosis in liver and development of hepatocellular adenoma in older 

mice [169].  These
 
mice were also more sensitive to carcinogen-induced HCC. In addition, 12 out  

of 104 HCC samples analyzed show dramatically decreased SHP2 protein [169].  Later, another 

study with a larger cohort showed almost 70% of HCC samples with reduced SHP2 protein, 

supporting the role of SHP2 as tumor suppressor in HCC [170].  Whether the tumor suppressor 

role of SHP2 is limited to HCC alone warrants further investigation.    

 Genetic studies have identified SHP2 as a positive regulator of Ras-ERK pathway leading 

to increased cell proliferation, survival and gene expression [171].  Ras is a GTPase which cycles 

between GDP- and GTP-bound states, with only the Ras-GTP competent for downstream 

signaling.  Guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) 

positively and negatively regulate Ras signaling, respectively.  SHP2 was shown to promote Ras 

signaling indirectly by preventing recruitment of Csk, a negative regulator of SFKs which signal 

upstream of Ras [91].  SHP2 also dephosphorylates recruitment sites for p120 RasGAP within 
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growth factor receptors and adaptor proteins, to help sustain Ras-GTP levels [90,171,172]. 

Alternatively, SHP2 can dephosphorylate Sprouty and Spred adaptor proteins  that negatively 

regulate Ras signaling [145].  

 SHP2 also promotes PI3K-AKT and JAK-STAT pathway signaling in some cell types. In 

some studies SHP2 was required for PI3K activation [173], while in other pathways SHP2 

antagonizes PI3K/AKT signaling by dephosphorylating the PI3K recruitment site in Gab adaptor 

proteins [174].  Similarly, SHP2 has dual function in regulating JAK-STAT signaling. While 

SHP2 negatively regulates interferon induced JAK1-STAT1 signaling, it also positively regulates 

JAK2-STAT5 signaling in the IL-3 receptor pathway. [175].  Recently, a study suggested a role 

of SHP2 in positively regulating activation of STAT5 by oncogenic FLT3 mutants, a close family 

member of KIT receptor, prevalent in AML [176] suggesting SHP2 may function differentially in 

signaling pathways. 

 In addition to its role in cancer, SHP2 plays key roles in embryonic development, and 

hematopoiesis. Homozygous deletion of exon 2 and exon 3 in Shp2 leads to early embryonic 

lethality in mice, due to defects in gastrulation, mesodermal differentiation, limb and branchial 

arch development [177,178,179]. SHP2 is also required for survival of trophoblast stem cells via 

enhancing signaling by the Ras/ERK pathway to suppress the proapoptotic protein Bim [180].  In 

addition, SHP2 was also found essential  for survival and homeostasis of hematopoietic stem cells 

in bone marrow and promotion of the Ras-ERK pathway [181,182].  In contrast, mice with 

germline or somatic GOF mutations in SHP2 show elevated levels of white blood cells and 

splenomegaly, suggesting the importance of appropriate SHP2 signal in lymphopoiesis 

[157,183,184,185].  
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 Tissue specific approaches using Cre/LoxP technology have been used to study the role of 

SHP2 in adult mice. This has led to a diverse list of SHP2 functions, including regulation of 

insulin signaling, adipogenesis, leptin signaling and energy balance.  Deletion of SHP2 in neurons 

results in defective leptin signaling and metabolic disorders leading to obesity [186].  Using 

models of chronic or acute SHP2 KO in the liver, a recent study identified SHP2 as a negative 

regulator of hepatic insulin signaling to PI3K/ERK pathways linked to insulin sensitivity [187].  

Adipocyte-specific SHP2 KO mice caused loss of white fat, low blood pressure, liver steatosis 

and premature death due to elevated p38 MAPK signaling that inhibits PPARγ [188].  Likewise, 

SHP2 KO in striated muscle caused premature death due to dilated cardiomyopathy, and heart 

failure [189].  

 Although most studies of SHP2 have relied on genetic and mutational approaches to 

understand its function, recent studies have tested small molecule inhibitors of SHP2 PTP 

activity. These inhibitors are reversible, bivalent and targeted against the phosphotyrosine binding 

pocket in the active site and adjacent residues to provide increased specificity [190].  Of these, a 

salicylic acid based inhibitor II-B08 has proven to be an effective SHP2 selective inhibitor in 

vitro, where it blocked proliferation of hematopoietic progenitors expressing SHP2 GOF mutants 

and EGF-induced ERK activation in HEK293 cells [191]. 

1.3.1 Substrate trapping mutants of SHP2 

 PTPs exert their biological functions primarily via dephosphorylating their substrates. 

Often the identification of PTP substrates is vital to defining the molecular mechanisms and 

signal transduction pathways. Substrate trapping assays have been widely used to identify 

potential  substrates of PTPs [192]. Mutations of a conserved cysteine residue (Fig 1-8) to serine  
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Fig 1-8 Catalytic mechanism of PTPs, and mutations shown to result in substrate trapping.  

The active site residues and chemical reactions occurring within PTPs is shown upon substrate 

binding (left) and release (right).  Several mutations to conserved residues, including Cys459/Ser, 

Gln506/Ala, and Asp485/Ala (shown with dashed arrows) have been exploited for affinity-based 

approaches to PTP substrate identification (Adapted and modified from Ref. [193]).  
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(C/S) within the PTP signature motif (I/V)HCSAGxxR(S/T)G renders the PTP catalytically 

inactive, and has led to new substrate identification for  SHP1, PTP1B and CD45 [194,195,196]. 

Also, mutations of a conserved aspartate to alanine (D/A) within the WPD loop, leads to delayed 

release of substrates and was used to identify other PTP substrates [197,198,199].  However, 

combining the D/A mutant with a conserved glutamine to alanine (D/A: Q/A) mutation leads to a 

more robust substrate trapping ability than single D/A or C/S mutants.  This double mutant 

allowed identification of p190RhoGAP and ASK1 as SHP2 substrates, and EGFR as a PTP1B 

substrate [159,200,201].  Using the SHP2
D/A:Q/A

 substrate trapping mutant, SHP2 was implicated 

in regulating muscle differentiation by dephosphorylating the negative regulator p190RhoGAP, 

leading to activation of RhoA GTPase [202].  In addition, this mutant also led to identification of 

proapoptotic protein ASK1 as a SHP2 substrate, and dephosphorylation leads to stabilization of 

ASK and enhanced cell death in endothelial cells [201].  

1.3.2 Roles of SHP2 in KIT signaling 

 KIT receptor is essential for proliferation and survival of hematopoietic stem cells (HSCs) 

as evidenced by defective hematopoiesis in W and Sl mutant mice [138,181,182]. SHP2 also 

plays  key roles in maintainance of HSCs, as SHP2 GOF mutants (e.g. D61G, D61Y and E76K) 

show reduced quiescence and apoptosis [163,183,184,185].  Recent studies using inducible 

deletion of SHP2 in HSCs led to severe cytopenia due to a reduced survival of HSCs in the 

absence of SHP2 [181] [182]. Zhu et al. showed that SHP2 promotes KIT expression in HSCs by 

regulating the transcription factor GATA-2 [181].  Chan et al. identified SHP2 as a key 

suppressor of the proapoptotic protein Noxa in vivo [181].  Since KIT expression and signaling is 

critical for MC differentiation, survival and homeostasis, it was important to study contributions 
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of SHP2 to this signaling axis in MCs.  An initial study of Gab2/SHP2 signaling downstream of 

KIT in BMMCs, reported that SHP2 positively regulated Ras and Rac GTPase activation and cell 

proliferation [89].  A more substantive study of Gab2 was also performed, which included 

evidence that Gab2 and PI3K cooperate to promote MC homeostasis in mice [89].  However, a 

complete characterization of SHP2’s role in KIT signaling required further in vivo studies. 

1.4 Hypotheses and objectives 

 MCs are implicated in several pathophysiological processes including allergic 

inflammation and tumor progression which involve MC accumulation and mediator release at the 

disease site.  Thus, understanding molecular mechanisms leading to MC recruitment and mediator 

release may lead to new modes of treatment. KIT signaling is central to the development, survival 

and migration of MCs towards its ligand SCF.  Several inflammatory conditions and carcinomas 

release SCF to recruit MCs and thereby enhance disease pathogenesis. Small molecule inhibitors 

of KIT have shown some promise in SCF/KIT-driven diseases, but these agents are not curative, 

and resistance to these agents develops frequently.  Thus, it is vital to define key downstream 

signaling pathway nodes that may be exploited for future treatment strategies. Ideally, these 

targets should have well defined functions in SCF/KIT signaling in vitro and in vivo. SHP2 is a 

potential target within the SCF/KIT pathway since it positively regulates growth, survival and 

motility responses in growth factor pathways in other cell types.  SHP2 was also implicated in 

promoting SCF/KIT signaling to enhance proliferation of BMMCs in vitro [89].  However, the 

role of SHP2 in MC functions in vivo was unknown at the start of this thesis project.  Although 

we hypothesized that SHP2 would play a key role in mediating SCF/KIT signaling in MCs in 

vivo, we required a model for selective SHP2 deletion in MCs.  Fortunately, Scholten et al. 
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developed MC specific Cre (Mcpt5-Cre) transgenic mice that switched on a EYFP reporter 

specifically in in CTMCs [13]. They provided us with this strain of mice to cross with SHP2
fl/fl 

mice kindly provided by Dr. G.S.Feng, that we had previously used to characterize SHP2 

function in mediator release downstream of FcεRI in BMMCs [203].  Since SHP2 is a positive 

regulator of Ras-ERK and other survival pathways  HSCs, HER2
+
 breast cancers, and trophoblast 

stem cells [171,180], I hypothesized that SHP2 would be required for MC homeostasis by 

enhancing SCF/KIT-driven survival signals within their tissue microenvironment.  In addition, 

SHP2 signaling upstream of Rac GTPase in BMMCs [89] also led us to hypothesize that SHP2 

may promote MC recruitment within tissues that upregulate SCF.  Blockade of the SCF/KIT axis 

was previously shown to reduce MC recruitment and improve disease outcomes in allergic 

asthma [204], and tumor progression models [57].  These results attest to the significance of MC 

chemotaxis in pathogenesis of these diseases.  Previous studies identified KIT juxtamembrane 

(Y567) signaling as key for SCF-induced chemotaxis [92], and for activation of SHP2 

downstream of KIT and Gab2 [89].  These findings led me to hypothesize that SHP2 is required 

for SCF-induced chemotaxis of MCs.  

 Acquired mutations in KIT also acts as a driver mutation in several types of cancer [65], 

including the malignant transformation of MCs via upregulation of the Stat5/PI3K/AKT 

pathways by KIT D816V [205].  Since KIT inhibitors such as Imatinib are ineffective for treating 

aggressive SM [137], we wished to test whether SHP2 could be a useful downstream target. My 

hypothesis is that SHP2 will be required for oncogenic KIT signaling to growth and survival 

pathways in SM cell lines and animal models.   
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To test these hypotheses, the objectives of my thesis project were to: 

1. Develop MC-specific SHP2 KO mice to test its role in MC homeostasis    

2. Define the contribution of SHP2 to SCF/KIT-driven MC chemotaxis 

3. Identify the role of SHP2 in oncogenic KIT signaling in SM 
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Chapter 2 

SH2 Domain-containing Phosphatase-2 is a Critical Regulator of 

Connective Tissue Mast Cell Survival and Homeostasis in Mice 

2.1 Abstract 

Mast cells require KIT receptor tyrosine kinase signaling for development and survival. 

Here, we report that SH2 domain-containing phosphatase-2 (SHP2) signaling downstream of 

KIT, is essential for mast cell survival and homeostasis in mice. Using a novel mouse model with 

shp2 deletion within mature mast cells (MC-shp2 KO), we find that SHP2 is required for 

homeostasis of connective tissue mast cells.  Consistent with loss of skin mast cells, MC-shp2 

KO mice fail to mount a passive late phase cutaneous anaphylaxis response.  To better define the 

phenotype of shp2-deficient mast cells, we used an inducible shp2 knock-out approach in bone 

marrow-derived mast cells (BMMCs) or cultured peritoneal mast cells, and found that SHP2 

promotes mast cell survival. We show that SHP2 promotes KIT signaling to ERK mitogen-

activated protein kinase and downregulation of the pro-apoptotic protein Bim in BMMCs.  Also, 

SHP2-deficient BMMCs failed to repopulate mast cells in mast cell-deficient mice.  Silencing of 

Bim partially rescued survival defects in shp2-deficient BMMCs, consistent with the importance 

of a KIT SHP2 Ras/ERK pathway to suppress Bim and promote mast cell survival.  Thus, 

SHP2 is a key node in a mast cell survival pathway, and a new potential therapeutic target in 

diseases involving mast cells. 
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2.2 Introduction 

 Mast cells produce a multitude of mediators during innate and adaptive immune 

responses that alter vascular permeability, leukocyte recruitment and activation [206].  Although 

mast cells are key effectors of allergic inflammation, there are numerous reports that mast cells 

are primarily protective during immune responses to bacteria, parasites, and in resolving 

inflammation in the skin [207]. Mast cell progenitors arise from common myeloid progenitors in 

bone marrow [8], reside in the spleen [208], and traffic to target tissues such as mucosa and 

connective tissues where they differentiate into mature mucosal mast cells (MMCs) and 

connective tissue mast cells (CTMCs), respectively [209]. CTMCs can be distinguished from 

MMCs on the basis of their mediators stored in granules, and their expression profiles of mast 

cell proteases. In mice, MMCs in the gut express only Tryptase family peptidases (e.g. MCP-6, 

MCP-7), while CTMCs in peritoneum and skin express both Tryptase and chymase-like serine 

peptidases MCP-4 and MCP-5 (encoded by Mcpt4 and Mcpt5 genes, respectively) [210].   

KIT receptor tyrosine kinase signaling is critical for mast cell development and survival 

of mature mast cells.  KIT activation occurs via binding its ligand Stem cell factor (SCF), causing 

dimerization and autophosphorylation of KIT [211,212].  Mice with loss-of-function mutations in 

the white spotting (W) locus encoding KIT receptor (e.g. Kit
W-sh/W-sh

), or within the Steel locus 

encoding SCF, exhibit variable degrees of mast cell-deficiency [213,214]. Further studies using 

knock-in mutations of individual KIT tyrosine residues identified key signaling pathways 

required for mast cell development [89,98,103,114,215].  Phosphorylation of KIT Y719 allows 

recruitment of the p85α regulatory subunit of Class IA phosphatidylinositol 3-kinase (PI3K) 

[216].  Blocking p85α recruitment to KIT Y719 in mice leads to reduced mast cell numbers in 

peritoneum but not in skin [114].  More severe mast cell deficiencies were reported in p85α null 
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mice [104], consistent with an additional PI3K recruitment pathway via Gab2 adaptor protein 

downstream of KIT.  Gu and co-workers showed that the KIT Y567/Y569-Gab2 and Y719-PI3K 

pathways have overlapping functions in mast cell development [89].  SHP2 (encoded by ptpn11) 

is recruited to tyrosine phosphorylated Gab2 following KIT activation, and promotes activation of 

Ras and Rac GTPases, Jnk mitogen-activated protein kinase (MAPK), and proliferation in 

BMMCs [89].  However, the role of SHP2 on mast cell development or function in vivo has not 

been reported.   

SHP2 is a non-receptor PTP that signals downstream of diverse receptors in various 

tissues during embryonic development and in adults [148].  In mice, shp2 null mutations result in 

early embryonic lethality at the peri-implantation stage, with defects in trophoblast stem cell 

proliferation and survival observed [180].  Hypomorphic alleles of SHP2 are also embryonic 

lethal, but die at midgestation [217,218].  More recently, diverse roles of SHP2 in adult mice have 

been identified by Cre recombinase/LoxP-mediated deletion of shp2 exon 4 or exon 11 [180,186].  

In post-mitotic neurons, SHP2 regulates energy balance and early onset obesity [186,219], 

whereas SHP2 KO in neural stem cells results in defective differentiation and early postnatal 

lethality [220].  SHP2 is essential for survival of hematopoietic stem cells in mice [90,182].  

Conversely, expression of human juvenile myelomonocytic leukemia (JMML)-associated shp2 

mutants in mouse hematopoietic stem/progenitor cells results in development of a fatal JMML-

like disorder [184,221].  Overexpression of SHP2 mutants led to hyperactivation of ERK and 

AKT kinases in IL-3-treated BMMCs [221], and increased survival of hematopoietic stem cells 

[184].  Overall, SHP2 plays key roles in multiple cell types and pathways required for normal 

physiology and disease pathologies [149,222]. 
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To directly test the role of SHP2 in mature mast cell homeostasis and function in vivo, we 

crossed shp2 exon 4 flox mice [186] to a strain with mast cell-specific transgenic expression of 

Cre, in which Cre is driven by the Mcpt5 promoter [13].  Here, we report that CTMC-specific KO 

of shp2 (MC-shp2 KO) leads to a severe deficiency in the numbers of mature mast cells in 

peritoneum, and skin, compared to control mice.  Consistent with this defect in mast cell 

numbers, MC-shp2 KO mice fail to mount an IgE-mediated cutaneous reaction, compared to that 

of control mice.  To gain more insight into the function of SHP2 in mast cells, we used a temporal 

deletion approach to generate shp2 KO BMMCs and peritoneal mast cell cultures.  SHP2-

deficient mast cells showed survival defects upon removal of cytokines. Similar results were 

observed with SHP2 inhibitor treatment, suggesting the phosphatase activity of SHP2 contributes 

to survival signaling in mast cells.  SHP2-deficient BMMCs were also defective in repopulating 

of mast cells in Kit
W-sh/W-sh 

mice.  Thus, SHP2 promotes survival of BMMCs in vitro, and is 

critical for CTMC homeostasis in vivo.  

2.3 Material and Methods 

 Mice. Transgenic mice expressing Cre under the control of the Mcpt5 gene regulatory 

elements (Tg
Mcpt5-Cre

)
 
have been described previously [13].  Mice with floxed shp2 exon 4 [186], 

were crossed with Tg
Mcpt5-Cre

 and their progeny set up in breeding pairs to generate control 

(shp2
fl/fl

) and experimental (Tg
Mcpt5-Cre

:shp2
fl/fl

; referred to here as MC-shp2 KO) mice.  

Generation of Tg
CreER

:shp2
fl/fl

 and Tg
CreER

:shp2
+/+

 on a C57BL/6 background was described earlier 

[203].   Mast cell-deficient Kit
W-sh/W-sh

 mice on C57BL/6 background were obtained from The 

Jackson Laboratory.  All animals were housed and maintained at Queen’s Animal Care Services. 

All mouse studies were approved by the Queen’s University Animal Care committee. 
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 Shp2 flox and null allele detection. Genotyping of shp2 flox and null alleles were 

described previously [186,203].  For enhanced detection of the shp2 null allele, nested PCR was 

performed using shp2 null primers for 15 cycles [186], followed by the 30 cycles with the 

following nested shp2 primers:  forward  5' TTCACTAAATGCAACAACTGGC 3', reverse 5' 

GGACAGGTACTAGGCTCCATCCC 3'.   

 Derivation of BMMCs. Femural bone marrow from shp2 
fl/fl 

, Tg
CreER

:shp2
+/+ 

 and 

Tg
CreER

:shp2 
fl/fl

  mice were flushed with IMDM (Iscove’s modified Dulbecco’s medium) 

complete media (IMDM, 10%  (v/v) fetal bovine serum, 1mM  sodium pyruvate (Invitrogen), 1% 

(v/v) antimicrobial-antimycotic solution (Invitrogen), 1% (v/v) non-essential amino acid 

(Invitrogen), 1% (v/v) L-glutamine,  2% (v/v) conditioned media from X63-IL-3 cells,  and 50 

µM α-monothioglycolate (Sigma-Aldrich) and cultured for 4-6 weeks. Maturity of BMMC 

cultures were determined by high expression of KIT and FcεRIα via flow cytometry. 

 Inducible shp2 deletion in BMMCs. BMMCs were established by culture in IL-3 

conditioned media for 4-6 weeks and tested for maturity (KIT
+
FcεRI

+
), as previously described 

[203].  Mature BMMCs from shp2
fl/fl

, Tg
CreER

:shp2
+/+

 and Tg
CreER

:shp2
fl/fl

  genotype were treated 

with IMDM complete media supplemented with 200 nM 4-hydroxytamoxifen (4TM; Sigma-

Aldrich) for 3 days to derive wild-type (WT) and shp2 knock-out (KO) cultures, respectively.  

For SCF stimulation experiments, BMMCs (5x10
6
/sample) were starved of IL-3 for 6 h, washed 

twice in Tyrode’s buffer (10 mM HEPES (pH 7.5), 130 mM NaCl, 5 mM KCl, 1.4 mM CaCl2,1 

mM MgCl2, 5.6 nM Glucose, 0.1% bovine serum albumin) and stimulated with or without SCF 

(50 ng/ml; Peprotech) for 5 or 15 minutes at 37°C.  Lysates were prepared and analyzed by 

immunoblotting as previously described [223].   



 

 

42 

 

 Immunoblotting. The following commercial antibodies were employed:  rabbit anti-

AKT (C67E7; 1:1,000; Cell Signaling Technology), rabbit anti-phospho-AKT (T308; C31E5E; 

1:1,000, Cell Signaling Technology), rabbit anti-Bim (C34C5; 1:1000; Cell Signaling 

Technology), rabbit anti-ERK (K23; 1:1,000; Santa Cruz Biotech Inc.), rabbit anti-KIT (1:1,000, 

Cell Signaling Technology), rabbit anti-phospho-KIT (Y719; 1:1,000; Cell Signaling 

Technology), rabbit anti-SHP2 (C18; 1:1,000; Santa Cruz Biotech Inc.), mouse anti-α-Tubulin 

(1:1,000; Sigma).  HRP-conjugated secondary antibodies to mouse and rabbit IgG were from GE 

Healthcare, and immunoblots were revealed by ECL (Perkin Elmer).  

 Analysis of tissue resident mast cells in mice. Thin tissue sections (4 µm) from 

formalin-fixed, paraffin-embedded skin (ear and back), and glandular stomach were stained with 

1% alcian blue (pH 2.5 in 3% acetic acid) and 0.1% nuclear fast red (Kernechtrot; Poly Scientific 

R&D Corp.).  Images were acquired by microscopy, and mast cells were scored for 10-15 fields 

of view for each mouse tissue.  Peritoneal cells were obtained by lavage in IMDM complete 

medium and peritoneal mast cells were identified by staining with APC-anti-KIT or FITC-anti-

KIT and PE-anti-FcεRIα (both from Cedarlane Biotech) followed by FACS analysis.  To assess 

other major cell types, peritoneal cells were also stained with PE/Cy5-anti-B220, FITC-anti-Gr-1, 

and PE-anti-CD11b (all from Cedarlane Biotech.) followed by FACS analysis. Isotype controls 

were employed in all experiments.   

 IgE-mediated late-phase passive cutaneous reaction. IgE-mediated passive cutaneous 

reactions which are dependent on mast cells,[224] were performed essentially as described 

previously [225].  Control (shp2 fl/fl) and MC-shp2 KO mice (n=5/genotype from 2 separate 

experiments) were sensitized by tail vein injection of anti-DNP-IgE (2 µg in 0.1 ml saline).  After 

24 hours, cutaneous reactions were initiated by topical application of 20 µl of 
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dinitrofluorobenzene (DNFB; 0.2% w/v in acetone:olive oil (4:1)) on right ear skin and right hind 

paw of each mouse.  As a control, vehicle was applied to left ear and left hind paw of each 

mouse.  After 24 hours, mice were sacrificed and the difference in thickness between DNFB and 

vehicle treated ear skin and paws were measured using digital calipers.  Tissues were formalin 

fixed, paraffin-embedded and sections stained with Hematoxylin/Eosin (H&E).  Images were 

acquired with on an Olympus BX51 microscope equipped with a Q Color5 digital camera (20× 

objective; images acquired using Q CapturePro software).   

 Repopulating mast cells in Kit
W-sh/W-sh

 mice. Mature BMMC derived from shp2
fl/fl 

 and 

Tg
CreER

:shp2
fl/fl

 were treated with 200 nM 4TM for 3 days to generate WT and shp2 KO cultures, 

respectively. Kit
W-sh/W-sh

 mice (n=6 per genotype; 4-6 week old) were reconstituted with WT and 

shp2 KO BMMCs by intraperitoneal (i.p.; 5x10
6
 in 200 µl PBS) and intradermal (i.d.) injections 

in ear (5x10
5
 in 20 µl PBS).  Recipient mice were analyzed after day 1 and 4 weeks for mast cell 

numbers in peritoneum and ear skin as described above (3 experimental replicates with similar 

results observed).  

 BMMC survival assays. For survival assays, WT and KO BMMCs (5 x 10
5
/sample; 

prepared as described above) were maintained in complete BMMC media (IL-3), or without IL-

3/SCF (starved), or with SCF (25 or 50 ng/ml) for 72 hrs.  Cell survival was assessed by staining 

with FITC-Annexin V (BD Biosciences) and propidium iodide (PI) followed by FACS analysis.   

Survival assays were also conducted to compare effects of vehicle (DMSO) or SHP2 inhibitor II-

B08 [191] using WT BMMCs.  Following cytokine starvation overnight, BMMCs were treated 

with vehicle or II-B08 (15 µM; added fresh each day) for 72 hrs, prior to FITC-Annexin V/PI 

staining and FACS analysis as above. 
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 BMMC lentiviral transduction and survival assays.  Lentiviral vectors (pGIPZ) were 

obtained encoding a GFP reporter cassette along with shRNAs against mouse Bim (RMM3532, 

Open Biosystems), or a non-targeting (NT) control (RHS4346, Open Biosystems).  Lentiviruses 

were produced by transfection of HEK293 cells (grown on 100mm plates) with pGIPZ-based 

plasmid (4.2 µg), pCMV∆R8.91 packaging plasmid (4.2 µg), and pMD.2G envelop plasmid (2 

µg) using TransIT-LT1 transfection reagent (Mirus).  Two batches of conditioned media were 

collected at 48 and 72 hours, filtered through 0.45μm sterile filters, and stored at -80 °C in 

aliquots. Virus titre was determined by transduction of P815 mouse mastocytoma cells followed 

by FACS analysis (% GFP-positive).  Following selection with puromycin (2 µg/ml) for 5 days, 

cell pools were derived for each virus and lysates obtained.  Immunoblots with anti-Bim (C34C5, 

Cell Signaling Tech.) were performed, and the most effective Bim shRNAs were identified as:  

shRNA1 (clone B3, target sequence:  5 ‘ CGGCCTTTGTACTTAAATATAT 3’; 

V2LMM_220682), shRNA2 (clone G8, target sequence:  5’ 

AGCGGATCGGAGACGAGTTCAA 3’, V3LMM_483928).  For studies in BMMCs, lentiviral 

transduction of BMMCs from Tg
CreER

:shp2
fl/fl 

mice was achieved by spin-infection (2 x 10
6
 

cells/viral supernatant; 1500 g for 90 min).  BMMCs were treated with or without 4-TM to 

generate KO or WT cultures, respectively, and subjected to survival assays as described above 

(except using PE-conjugated Annexin V).  

  Peritoneal cell-derived mast cell cultures.  Peritoneal cell-derived mast cell (PCMC) 

cultures were established as described previously [226]. Briefly, peritoneal cells from shp2
fl/fl

 , 

Tg
Mcpt-Cre

:shp2
fl/fl 

, Tg
CreER

:shp2
+/+

 and Tg
CreER

:shp2
fl/fl 

mice were collected by lavage with IMDM 

complete media supplemented with 5% SCF conditioned media (v/v) obtained from HEK293-

KLS cells. PCMC cultures were supplemented with fresh media after every 4 days until mature 
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cultures (4week) were obtained. Maturity of PCMC cultures were determined by high expression 

of KIT and FcεRIα via flow cytometry.  

 PCMC viability assay.  The Alamar blue assay was used to assess cell viability or 

survival, based on color change in the reducing environment of metabolically active cells [227].  

Assays were conducted as per the manufacturer’s instructions (Invitrogen).  Briefly, PCMC 

(8x10
4
 cells/well) with or without cytokines were grown for 72 hrs in 100 µl of IMDM complete 

media devoid of IL-3 and SCF in a 96 well flat bottom plate.  Alamar blue (10 µl) was added to 

each well for 12 hrs, prior to reading the absorbance at 570 nm (reference wavelength 600 nm) 

using a plate reading spectrophotometer (Multiskan Spectrum, Thermo Electron Corp.).  

Reference corrected values were subtracted from blank (DMEM + Alamar blue) and expressed as 

percent reduced (viable) compared to values for shp2
fl/fl

 PCMC in cytokine-containing media. 

 Statistical analysis. Differences between experimental groups were tested for statistical 

significance (defined as P ≤ 0.05 (indicated by *) or P ≤ 0.01 (indicated by **)) using paired 

Student’s t-test in Excel (Microsoft, Redmond, WA). 

2.4 Results 

2.4.1 SHP2 is required for peritoneal mast cell homeostasis. 

 To investigate the role of SHP2 in mature CTMCs in vivo, we crossed Mcpt5-Cre 

transgenic (Tg
Mcpt5-Cre

) mice [13] with shp2
fl/fl

 mice [186], to generate mast cell-specific shp2 KO 

(MC-shp2 KO) mice.  MC-shp2 KO mice are viable with no overt phenotypes, consistent with 

the restricted expression of Cre in CTMCs that was previously described [12,13].  To test for 

evidence of shp2 deletion, we isolated genomic DNA from bone marrow (BM), peritoneal cells 

(PC) and several other tissues from Tg
Mcpt5-Cre

 mice with wild-type (+/+), heterozygous (+/fl), or 
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homozygous (fl/fl) shp2 alleles.  Using the previously published method [186], we detected the 

expected pattern of shp2 wt and flox alleles in PCR samples from BM and PC (Fig. 2-1A, lower 

panel).  As expected, shp2 null alleles were detected in shp2
+/fl

 and shp2
fl/fl

 PC samples, along 

with a positive control prepared from 4-hydroxytamixofen (4TM)-treated Tg
CreER

:shp2
fl/fl

 

BMMCs (Fig.2-1A, top panel, pos ctl).  We did not detect shp2 null alleles in BM cells (Fig. 2-

1A), which is consistent with Mcpt5-Cre-driven expression of an enhanced yellow fluorescent 

 protein (EYFP) reporter in mature CTMCs, but not in BM progenitors or MMCs [12,13].  To 

confirm the specificity of shp2 deletion, we characterized shp2 alleles in PC from heterozygous 

mice (with or without Mcpt5-Cre transgene) that were sorted into negative and positive pools 

based on peritoneal mast cell markers (KIT
+
/FcεRIα

+
 cells).  shp2 null alleles were strongly 

detected in peritoneal mast cells, and undetectable in other peritoneal cells, or in peritoneal cells 

from mice lacking the Mcpt5-Cre transgene (Fig. 2-1B).  As reported previously [13], no loss of 

peritoneal mast cells is associated with expression of the Mcpt5-Cre transgene (Fig. 2-1B).  
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Fig 2-1 SHP2 is required for maintenance of peritoneal mast cells in vivo. 

 (A) shp2 alleles were assessed by PCR analysis of genomic DNA isolated from bone marrow and 

peritoneal lavage fluid from wild-type (Tg
Mcpt5Cre

:shp2
+/+

), heterozygous (Tg
Mcpt5-Cre

:shp2
+/fl

) and 

homozygous (Tg
Mcpt5-Cre

:shp2
fl/fl

, or MC-shp2 KO) mice.  All bands corresponded to the expected 

sizes of PCR products for the shp2 null allele (1 kb), wild-type (wt; 0.3 kb), and shp2 flox alleles 

(0.4 kb; see arrows on the right).  Genomic DNA from 4TM-treated BMMCs (Tg
CreER

:shp2
fl/fl

) 

was included as a positive control (pos ctl). (B) Peritoneal mast cells (KIT
+
/FcεRIα

+
 cells) in 

peritoneal lavage fluid from shp2
+/fl

 or Tg
Mcpt5-Cre

:shp2
+/fl

  mice were sorted by FACS, and shp2 

alleles analyzed as above for positive and negative cells. (C) Representative FACS histograms for 

peritoneal mast cells (KIT
+
/FcεRIα

+
 cells) from control (shp2

fl/fl
) and MC-shp2 KO (Tg

Mcpt5-

Cre
:shp2

fl/fl
) mice (% of total cells).  (D) Absolute numbers of peritoneal mast cells (mean ± SEM) 

were scored for 6 mice of each genotype.  A significant difference between genotypes was 

observed (P < 0.01; indicated by asterisks).  (E) Peritoneal cells from Tg
Mcpt5-Cre

 mice with 

shp2
+/+

, shp2
+/fl

 and shp2
fl/fl

 alleles were stained with PE-KIT and FITC-FcεRIα and analyzed by 

flow cytometry.  (F) Peritoneal cells from shp2
fl/fl

 and MC-shp2 KO mice were stained with 

FITC-Gr-1, PE-CD11b, and PE-B220 and analyzed by flow cytometry.  Graph depicts mean (± 

SD) for 3 mice per genotype. (G) PCMC cultures from shp2
fl/fl

 and MC-shp2 KO mice were 

established as described in Material and Methods. FACS histograms for KIT
+
/FcεRIα

+
 cells 

obtained from shp2
fl/fl

 and MC-shp2 KO mice after 4 weeks of culture in SCF.  (H) PCR analysis 

of shp2 null and flox alleles in genomic DNA isolated from control (shp2
fl/fl

) and MC-shp2 KO 

PCMCs. 
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To test the potential effect of shp2 deletion on peritoneal mast cells, we compared 

peritoneal mast cell populations in control mice (shp2
fl/fl

) and MC-shp2 KO mice by FACS, and 

observed a striking defect in mast cells in MC-shp2 KO mice (Fig. 2-1C).  This defect in mast 

cells correlates with shp2 genotype and is not due to Mcpt5-Cre transgene expression (Fig. 2-1E).  

No differences in other resident peritoneal cell types, including peritoneal macrophages, 

neutrophils, and B cells, were observed in MC-shp2 KO mice (Fig. 2-1F).  Quantification of these 

results for multiple mice of each genotype revealed a significant decrease in absolute numbers of 

peritoneal mast cells upon SHP2 deletion (Fig. 2-1D; n=6 mice/genotype).  This is not a complete 

loss of peritoneal mast cells in MC-shp2 KO mice, as a limited number of PCMCs were 

generated from these mice (Fig. 2-1G).  However, these cells showed only partial deletion of 

shp2, evidenced by remaining flox alleles in these SCF-driven cultures (Supplementary Fig. 2-

1H).  Taken together, these results indicate that SHP2 is required for peritoneal mast cell 

homeostasis.  

2.4.2 Reduced mast cells in skin but not mucosa of MC-shp2KO mice. 

To further characterize the MC-shp2 KO model, shp2 deletion was tested in other tissues. 

We detected shp2 null alleles in genomic DNA from lung, ear, and back skin tissues, but not in 

liver from heterozygous or homozygous mice (Fig. 2-2A). This is consistent with restricted 

Mcpt5-Cre-driven shp2 deletion in CTMCs [12].  Next, we compared the numbers of mast cells 

in skin sections stained with Alcian blue for control and MC-shp2 KO mice.  Interestingly, MC-

shp2 KO mice had fewer mast cells in ear skin compared to controls (Fig. 2-2B, see arrows). 

Quantification of these results for multiple mice revealed a significant reduction in mast cells (≈3-

fold) in the ear of MC-shp2 KO mice compared to control (Fig. 2-2C, n=9 mice/genotype).  
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Similar mast cell defects were observed in back skin tissue sections from MC-shp2 KO mice 

compared to control (Fig. 2-2D, see arrows).  Quantification of these results revealed a significant 

reduction in the average numbers of mast cells per field within the dermis and hypodermis of 

MC-shp2 KO mice (Fig. 2-2E, 2F; n=6 mice/genotype).  Taken together, these results are 

consistent with SHP2 playing a key role in KIT signaling required for mast cell homeostasis 

within connective tissues. 

To further characterize the mast cell populations in MC-shp2 KO mice, we scored mast 

cells in the glandular stomach from control and MC-shp2 KO mice (Fig. 2-3A).  We detected 

similar numbers of mast cells in the mucosa (Fig. 2-3B), but reduced mast cells in the submucosa 

in MC-shp2 KO mice (Fig. 2-3C).  This is consistent with shp2 deletion in CTMCs, and not in 

MMCs.  This is consistent with Mcpt5-Cre transgenic mice driving Cre expression in CTMCs 

and not in MMCs [12].  Thus, the deficit in mast cells in the connective tissues of MC-shp2 KO 

mice is likely due to growth or survival defects within the mature CTMCs, and not due to defects 

in mast cell progenitors which retain SHP2 function and allow for normal MMC development. 
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Fig 2-2 SHP2 is required for mast cell homeostasis in ear and back skin.   

(A) Genomic DNA was isolated from lung, liver, ear and back skin tissue samples from control 

(shp2
fl/fl

) and MC-shp2 KO (Tg
Mcpt5-Cre

:shp2
fl/fl

) mice and analyzed for shp2 null and flox alleles 

by nested PCR.  A no template control (neg ctl) and a positive control (pos ctl) from 4TM-treated 

Tg
CreER

:shp2
fl/fl 

BMMCs were also included.  The positions of shp2 null, flox, and wild-type (wt) 

alleles are indicated by arrows on the right. The positions of DNA size markers are shown on the 

left in kb. (B) Ear tissue sections from shp2
fl/fl

 and MC-shp2 KO mice were stained with alcian 

blue/nuclear fast red to visualize mast cells (indicated by arrows).  (C) A dot plot representing the 

average of mast cells per field (10-15 fields/mouse; n=9 mice per genotype), which were 

significantly reduced in MC-shp2 KO mice compared to control (P <0.01).  (D) Mast cell staining 

in back skin tissue sections from shp2
fl/fl

 and MC-shp2 KO mice (indicated by arrows).  (E, F)  

Dot plots representing the average of mast cells per field (10-15 fields; n=6 mice per genotype) in 

dermis (E) and hypodermis (F).   The horizontal lines in dot plots represent the means, which 

were significantly reduced in MC-shp2 KO mice compared to control (P < 0.01).  
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2.4.3 MC-shp2 KO mice fail to mount an IgE-mediated late-phase cutaneous response. 

To directly address whether MC-shp2 KO mice have a functional defect in CTMCs, we analyzed 

their response to IgE-mediated late-phase reactions in skin, which is an IgE- and mast cell-

dependent response [12,224].  Control (shp2
fl/fl

) and MC-shp2 KO mice were sensitized with anti-

DNP-IgE prior to inducing cutaneous reactions with topical application of dinitrofluorobenzene 

(DNFB; right ear and paw), or the vehicle control (left ear and paw).  After 24 hours, we detected 

swelling of DNFB-treated ears and paws of control mice, compared to vehicle control-treated 

tissues (Fig. 2-4A).  In contrast, MC-shp2 KO mice showed a significant defect in swelling of the 

DNFB-treated ears and paws, compared to control mice (Fig. 2-4A; n=5 mice/genotype).  This 

defect was further evident in tissues sections, whereby DNFB-treated skin showed extensive 

inflammatory infiltrates and edema compared to vehicle-treated skin (Fig. 2-4B).  In contrast, no 

overt changes in tissue swelling or histology were observed for DNFB-treated skin from MC-

shp2 KO mice (Fig. 2-4B).  The severity of the defective cutaneous reactions in MC-shp2 KO 

mice were similar to those recently reported for new models of inducible and constitutive mast 

cell deficiency [12].  Taken together, these results are consistent with reduced numbers of skin 

mast cells in MC-shp2 KO mice, and point to a functional defect in mast cell-mediated responses 

in these mice. 
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Fig 2-3 MC-shp2 KO mice have normal numbers of mucosal mast cells in stomach.  

 (A) Glandular stomach tissue sections of shp2
fl/fl

 and MC-shp2 KO mice were stained with alcian 

blue/nuclear fast red to visualize mast cells (CTMCs indicated by open arrow heads, MMCs 

indicated by black arrows). (B) The numbers of mast cells per field (mean ± SD; 10 fields/mouse; 

n=3 mice per genotype) was scored in mucosa and submucosa.  A significant difference between 

genotypes (P<0.01; indicated by the asterisk) was observed in the submucosa. 
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Fig 2-4 MC-shp2 KO mice are defective in IgE-mediated late-phase cutaneous response.   

Control (shp2
fl/fl

) and MC-shp2 KO mice (n=5/genotype; from 2 experiments) were sensitized by 

tail vein injection with 2 µg anti-DNP-IgE 24 hours prior to topical application of DNFB (0.2% 

w/v) to right ear and paw, or vehicle (acetone:olive oil, 4:1) to left ear and paw.  After 24 hours, 

mice were culled and difference in thickness of DNFB-treated and vehicle-treated ears and paws 

were recorded with digital calipers.  (A) The average increase in thickness is presented (± SD) for 

ears and paws.  A significant difference was observed between genotypes (* indicates P < 0.05; 

** indicates P < 0.01).  (B) Histologic changes in ears of control and MC-shp2 KO mice treated 

as above.  Representative tissue sections stained with H&E are shown.  Scale bar depicts 100 µm. 
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2.4.4 SHP2 promotes mast cell survival signaling by SCF/KIT axis.   

To better characterize the phenotype of SHP2-deficient mast cells, we used 4TM 

treatment to induce shp2 deletion (KO) in BMMCs from Tg
CreER

:shp2
fl/fl

 mice, compared to 4TM-

treated control BMMCs from shp2
fl/fl

 mice (WT).  As we reported previously [203], no defects in 

KIT or FcεRI expression levels were observed in shp2 KO BMMCs (data not shown).  In these 

cultures, shp2 KO BMMCs display almost complete conversion of shp2 flox alleles to null alleles 

upon 4TM treatment (Fig. 2-5A).  This leads to a significant reduction in SHP2 protein levels in 

shp2 KO BMMCs compared to WT (Fig. 2-5B).  To further characterize the role of SHP2 in KIT 

signaling, we analyzed SCF-induced KIT autophosphorylation at Y719 (pY719), and observed no 

defects between genotypes (Fig. 2-5C).  KIT signaling to AKT kinase was slightly reduced at 

early time points in shp2 KO BMMCs, but not at later times (Fig. 2-5C).  However, SCF/KIT 

signaling to ERK kinase was significantly reduced in shp2 KO BMMCs, compared to WT 

BMMCs (Fig. 2-5C).   

 In trophoblasts, SHP2 promotes survival by enhancing ERK activation and 

downregulation of the proapoptotic protein Bim [180].  In mast cells, Bim plays a key role in 

triggering apoptosis following cytokine withdrawal, and is downregulated by SCF signaling to 

ERK and AKT pathways [228,229].  Next, we tested if SHP2 regulates Bim levels in mast cells.  

Interestingly, levels of Bim isoforms (BimEL, BimL and BimS) were significantly elevated in shp2 

KO BMMCs compared to WT (Fig. 2-5C).  These results suggest that SHP2 promotes SCF/KIT 

signaling to ERK kinase and suppression of pro-apoptotic Bim protein in mast cells. 
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Fig 2-5 SHP2 promotes KIT signaling to ERK kinase to suppress Bim in mast cells.   

BMMCs from shp2
fl/fl

 and Tg
CreER

:shp2
fl/fl

 mice were treated with 4TM (200 nM) for 3 days to 

generate WT and shp2 KO BMMCs, respectively.  (A) PCR analysis of shp2 null and flox alleles 

in genomic DNA isolated from WT and shp2 KO BMMCs.  (B) Lysates were prepared from WT 

and KO BMMCs, and subjected to immunoblot (IB) with SHP2 and ERK antibodies. Positions of 

relative mass markers (in kDa) are shown on the left.  (C) BMMCs were starved of IL-3 for 6 h 

and treated with or without SCF (50 ng/ml) for 5 and 15 min. Lysates were prepared and 

subjected to IB with phospho-Y719-KIT (pY719-KIT), KIT, phospho-ERK (p-ERK), ERK, 

phospho-AKT (pT308-AKT), AKT, Bim and tubulin antibodies. Densitometry was performed to 

determine the relative phosphorylation levels (WT at 5 min was set as 1.0; Bim levels are relative 

to tubulin).  Results are representative of three separate experiments.  Positions of relative mass 

markers (in kDa) are shown on the left.  
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To test the relevance of Bim upregulation in shp2 KO BMMCs to their phenotype, we 

assayed mast cell survival in the absence and presence of cytokines IL-3 and SCF.  WT 

(Tg
CreER

:shp2
+/+

) and shp2 KO BMMCs were cultured for 72 hours in the absence of cytokines 

(starved), in the presence of SCF (25 or 50 ng/ml), or maintained in complete media (IL-3).   

Interestingly, shp2 deletion resulted in a significant increase in cell death (% Annexin V-

positive), compared to WT BMMCs (Fig. 2-6A).  Similar results were obtained with shp2
fl/fl

 

BMMCs as control cells (data not shown), suggesting that shp2 deletion, and not CreER 

expression alone, is causing the survival defects in this model.  The prosurvival signals 

transduced by SCF/KIT and IL-3/IL-3 receptors were partially impaired in shp2 KO BMMCs 

compared to control (Fig. 2-6A).  We prepared cell lysates from BMMCs that were treated as 

above for the survival assay, but harvested at 24 hours (as compared to 72 hours in Fig. 2-6A).  

We observed low levels of Bim in BMMCs growing in IL-3 compared to those starved of 

cytokines (Fig. 2-6B).  Interestingly, Bim levels were elevated in shp2 KO BMMCs compared to 

control cells, with largest differences in starved cells (Fig. 2-6B; tubulin served as a loading 

control).  Thus, SHP2 enhances ERK activation and survival, at least in part, by promoting Bim 

downregulation in cultured mast cells.  With the recent development of cell-permeable SHP2 

inhibitor II-B08 [191], we tested whether SHP2 regulates mast cell survival via its phosphatase 

activity.  WT BMMCs were subjected to survival assays as described above, with daily addition 

of vehicle (DMSO) or II-B08 (15 µM), and Annexin V-positive cells analyzed by flow 

cytometry.  Interestingly, SHP2 inhibitor caused increased apoptosis of BMMCs starved of 

cytokines, but had no effect in SCF or IL-3 conditions (Fig. 2-6C).  These results suggest that 

SHP2 regulates mast cell survival via dephosphorylation of substrates that important for survival 

signaling.   
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Fig 2-6 SHP2 suppresses Bim and promotes survival of BMMCs.  

 (A) WT (Tg
CreER

:shp2
+/+

) and shp2 KO BMMCs (prepared as above) were starved of cytokines, 

or treated with SCF (25 ng/ml or 50 ng/ml), or maintained without cytokine starvation (IL-3) for 

72 h.  Cell survival was assayed by FITC-Annexin V and propidium iodide (PI) staining and 

FACS analyses in triplicate. Graph depicts Annexin V
+
 cells (mean ± SD) under each culture 

condition. A significant difference between genotypes was observed (P < 0.01; indicated by an 

asterisk).  (B) WT and shp2 KO BMMCs (prepared as above) were starved of cytokines, or 

treated with SCF (25 ng/ml or 50 ng/ml), or maintained without cytokine starvation (IL-3) for 24 

h.  Lysates were prepared and subjected to IB with Bim and Tubulin antibodies. Positions of 

relative mass markers (in kDa) are shown on the left.  (C) shp2
fl/fl

 BMMCs were starved of IL-3 

overnight, and either maintained in starvation media (starved), or SCF-containing media (50 

ng/ml, SCF-50), or complete media (IL-3) for 72 hours.  Cells were treated with either vehicle 

(DMSO) or II-B08 (15 µM) for 3 days (added each day). Cell survival was assayed by FITC-

Annexin V/PI staining and FACS analyses in triplicate. Graph depicts Annexin V
+
 cells (mean ± 

SD) under each culture condition. A significant difference between treatments was observed for 

starved cells (P < 0.05; indicated by an asterisk).    
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To determine whether SHP2 also regulates survival in CTMCs, we established SCF-

driven PCMC cultures from control (shp2
fl/fl

) and Tg
CreER

:shp2
fl/fl

 mice prior to 4TM treatment 

(WT and KO, respectively).  Genomic PCR on PCMCs revealed that 4TM treatment of KO 

cultures produced shp2 null alleles, and a partial reduction in flox alleles (Fig. 2-7A).  PCMCs 

cultures from both genotypes yielded mature mast cells (Fig. 2-7B).  Consistent with our studies 

in BMMCs (see Fig. 2-6), we observed defects in viability of KO PCMCs in both the presence 

and absence of SCF (Fig. 2-7C).  Since CTMCs are highly dependent on the SCF/KIT signaling 

axis for survival, these results are consistent with mast cell deficiency in MC-shp2 KO mice. 

2.4.5  SHP2 is required for repopulating CTMCs in mast cell deficient mice.   

To determine whether these defects in survival of shp2 KO mast cells in vitro coincides with mast 

cell homeostasis defects in vivo, we attempted to repopulate Kit
W-sh/W-sh

 mice with WT and shp2 

KO BMMCs by intraperitoneal and intradermal injections.  While Kit
W-sh/W-sh

 mice injected with 

WT and KO BMMCs showed a detectable population of mast cells 1 day after injection (Fig. 2-

8A, upper panels), no such population was observed for shp2 KO BMMCs at 30 days (Fig. 2-8A, 

lower panels).  Quantification of these results from two separate experiments revealed a 

significant defect in the ability of shp2 KO BMMCs to repopulate peritoneal mast cells, 

compared to that of WT BMMCs (Fig. 2-8B; n=8 mice per BMMC genotype).  To further test the 

requirement of SHP2 for repopulating mast cells in skin, we also performed intradermal 

injections of Kit
W-sh/W-sh

 mice with WT and shp2 KO BMMCs.  After 4 weeks, alcian blue-stained 

mast cells were readily detectable in ear skin injected with WT BMMCs (Fig. 2-8C).  In contrast, 

practically no skin mast cells were observed for mice injected with shp2 KO BMMCs (Fig. 2-

8C).  Quantification of these results from two separate experiments revealed a significant defect  
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 Fig 2-7 SHP2 promotes survival of cultured peritoneal mast cells.  

(A) Peritoneal cells from shp2
fl/fl

 and Tg
CreER

:shp2
fl/fl

 mice were cultured in SCF to generate 

PCMCs, and treated with 4TM to generate WT and KO, respectively.  Genomic DNA was 

analyzed by PCR for shp2 null and flox alleles.  (B) Surface expression of KIT and FcεRIα on 

PCMCs of both genotypes was measured by flow cytometry.  (C)  Viability of WT and KO 

PCMCs were assessed with or without SCF (50 ng/ml) using Alamar blue, as described in 

Materials and Methods (* indicates a significant difference between genotypes, P < 0.05). 
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in the ability of shp2 KO BMMCs to repopulate skin mast cells, compared to WT BMMCs (Fig. 

2-8D).  Taken together, these findings provide novel evidence that SHP2 plays an essential role in 

promoting CTMC survival and homeostasis in vivo compared to WT cells transduced with NT 

control (Fig. 2-9B).  Bim silencing in KO BMMCs (with two separate shRNAs) corrected this 

defect to WT BMMC levels (Fig. 2-9B).  Using P815 mouse mastocytoma cells transduced with 

this panel of lentiviruses, we detected reduced Bim levels with Bim shRNA1 and shRNA2, 

compared to NT control (Fig. 2-9C). Taken together, our results implicate SHP2 as a key 

amplifier of SCF/KIT signaling to Ras/ERK pathway that inhibits Bim to promote the survival of 

mast cells (Fig. 2-9D). 

2.5 Discussion 

 KIT receptor tyrosine kinase signaling is critical for mast cell development and survival 

[230].  Since mast cells play key roles in both mounting and controlling inflammation [207], it is 

important to define key nodes in the KIT signaling pathway that may be exploited to either 

elevate or dampen mast cell numbers or mediator release.  Previously, SHP2 phosphatase was 

implicated in promoting KIT signaling to the Rac/JNK pathway that drives proliferation of 

BMMCs [89].  Here, we provide new insights into how SHP2 contributes to KIT signals required 

for mast cell homeostasis in connective tissues.  Using the Mcpt5-Cre system [12,13], and shp2 

flox mice [186], we generated mast cell-specific shp2 KO mice.  These mice have severe defects 

in mature CTMCs in skin and peritoneum, compared to littermate controls.  Mast cells are known 

to be required for IgE-mediated late-phase cutaneous responses in mice [224], and consistent with 

our scoring of skin mast cells in MC-shp2 KO mice, these mice fail to mount a late phase passive 

cutaneous anaphylaxis reaction.  From these observations, we conclude that SHP2 is a key 
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Fig 2-8 SHP2-deficient mast cells fail to repopulate mast cell-deficient mice. 

 (A) Kit
W-sh/W-sh

 mice were injected (intraperitoneal; i.p.) with WT and shp2 KO BMMCs (n=6 per 

BMMC genotype from 2 experimental replicates), as described in Materials and Methods. 

Representative FACS histograms for peritoneal mast cells (KIT
+
/FcεRIα

+
 cells) in peritoneal 

lavage fluid from Kit
W-sh/W-sh

 mice 4 weeks after intraperitoneal (i.p.) injection with WT or shp2 

KO BMMCs.  (B) The percentage of mast cells (mean ± SEM) within the peritoneum was scored 

(% of total cells; n=8).  A significant difference between BMMC genotypes was observed (P < 

0.01; indicated by asterisks).  (C) Representative images of alcian blue/nuclear fast red staining of 

ear skin from Kit
W-sh/W-sh

 mice 4 weeks after intradermal (i.d.) injection with WT or shp2 KO 

BMMCs.  Arrows indicate positions of mast cells. Scale bar depicts 100 µm.  (D) Graph depicts 

numbers of mast cells per field (mean ± SEM) detected in the ear skin (5 fields/mouse; n=6) 4 

weeks after injection (i.d.).  A significant difference between genotypes was observed (P < 0.01; 

indicated by asterisks).   
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 Fig 2-9 Bim silencing partially rescues survival defects in shp2 KO BMMCs. 

(A) BMMCs from Tg
CreER

:shp2
fl/fl

 mice were transduced with GFP-expressing lentiviruses to 

drive expression of non-targeting (NT) or Bim shRNAs were treated without or with 4TM (200 

nM for 3 days) to generate WT and KO cells, respectively.  Following removal from IL-3, cells 

were incubated in either starvation media or SCF (50 ng/ml) for a further 72 hours.  

Representative histograms for PE-Annexin V binding and GFP fluorescence are shown.  (B) 

Graph depicts Annexin V median fluorescence intensity (MFI) for GFP
+
 cells (mean ± SD) for 

triplicate samples of the indicated genotype and shRNA.  (C) Immunoblot (IB) analysis of Bim 

levels in P815 cells stably transduced with the indicated lentiviruses (ERK IB served as a loading 

control). Positions of relative mass markers (in kDa) are shown on the left.  (D) A simplified 

pathway model relating SHP2 to mast cell survival.  SHP2 is a positive regulator of SCF/KIT 

signaling to the Ras/ERK pathway that suppresses the pro-apoptotic Bim protein in mast cells. 
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downstream effector of KIT signaling to maintain the CTMC population in mice.  To gain insight 

into the molecular mechanisms, we used an inducible shp2 KO approach in BMMCs and PCMCs.  

These studies revealed that SHP2 promotes survival of mast cells in vitro, at least in part by 

suppressing Bim levels.  Bim was previously implicated in apoptosis of mast cells following 

cytokine withdrawal, and this was countered by SCF signaling to MEK/ERK and PI3K/AKT 

pathways [228,229].  Since SHP2-deficient BMMCs fail to repopulate mast cells in Kit
W-sh/W-sh

 

mice, we conclude that SHP2 is required for mast cell survival in vivo.  Direct testing of our 

hypothesized KIT SHP2 ERK Bim pathway (Fig. 9D) using lentiviral delivery of Bim 

shRNAs in shp2 KO BMMCs revealed that Bim silencing can reduce Annexin V binding to WT 

levels.  Taken together, our results identify SHP2 as a key node in the SCF/KIT signaling axis 

governing mast cell survival and homeostasis.  

Previous studies using knock-in approaches have identified KIT signaling pathways from 

Y567, and to a lesser extent Y719, as critical for development of peritoneal and dermal mast cells 

[89,98,103,114,215].  Gab2 adaptor protein signals downstream of Y567 and SFKs, and is 

essential for SHP2 recruitment to the KIT pathway [89].  PI3K is recruited directly to KIT Y719 

[216], and also via binding to Gab2.  Both of these recruitment sites must be lost to see a similar 

mast cell defect to that observed in p85α
-/-

 class IA PI3K-deficient mice [89,114].  The MC-shp2 

KO mice have a similar deficit in peritoneal mast cells to that described for mice lacking KIT 

Y567 signaling [215].  This is consistent with SHP2 being a critical downstream effector of the 

KIT Y567 pathway.  The remaining dermal mast cells in MC-shp2 KO mice likely reflect that the 

KIT Y719/PI3K pathway remains intact.  Consistently, we observed no change in KIT pY719 

levels or downstream activation of AKT after SCF stimulation in SHP2-deficient BMMCs (this 

chapter). A previous study of SCF/KIT signaling in SHP2-deficient BMMCs reported defects in 
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signaling to Ras, Rac, and JNK, and reduced proliferation [89].  The current study provides 

evidence that SHP2 deletion in BMMCs also leads to survival defects, likely due to reduced 

targeting of Bim to the proteosome following phosphorylation by ERK or JNK kinases in SHP2-

deficient mast cells, as shown in trophoblast stem cells [180].  Bim phosphorylation by ERK or 

JNK triggers its degradation leading to increased survival signaling by Bcl-2/Bcl-XL proteins 

[231].  Bim downregulation via the SCF/KIT axis is important for survival in normal and 

malignant mast cells.[229,232]  Indeed, Bim levels were elevated in shp2 KO BMMCs, compared 

to control, and this correlated with reduced survival during cytokine withdrawal (this Chapter).  

The survival defect in shp2 KO BMMCs was only partially rescued by SCF or IL-3, suggesting 

SHP2 promotes survival signaling downstream of both KIT and IL-3 receptors.  This role likely 

involves SHP2 phosphatase activity, since we observed reduced survival of BMMCs in the 

absence of IL-3 or SCF (this chapter).  Further studies will be required to identify these SHP2 

substrates that are involved in pro-survival signaling.  Consequently, mast cells lacking SHP2 

failed to repopulate mast cell-deficient mice, suggesting that SHP2 is critical for survival of mast 

cells in vivo.  Although elevated Bim levels may largely explain this defect, it is unlikely to be 

the sole contributor, since Bim silencing led to only a partial rescue of trophoblast survival [180].  

Indeed, we show that Bim silencing in shp2 KO BMMCs could reduce Annexin V binding to 

levels of WT cells, but could not protect all cells from apoptosis.  Interestingly, a recent study 

implicates enhanced proteosomal degradation of Bim as a key factor in promoting survival of 

mast cell leukemia cells with oncogenic KIT
D816V

 alleles [232].  Thus, SHP2 may also be a valid 

therapeutic target to limit survival of malignant mast cells.   

SHP2 may also regulate mitochondrial functions directly, since SHP2 protein and activity 

were detected in mitochondrial fractions [233].  In fibroblasts, gain or loss of SHP2 function 
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resulted in defects in Cytochrome c oxidase activity, reactive oxygen species, and mitochondrial 

membrane potential [182].  Src kinase also localizes to mitochondria and regulates Cytochrome c 

oxidase activity in osteoclasts [234,235].  SHP2 can promote activation of Src family kinases via 

dephosphorylation of inhibitory C-terminal phosphorylation sites directly [90], and indirectly by 

blocking recruitment of C-terminal Src kinase [171].  Whether SHP2 regulates phosphorylation 

of mitochondrial proteins directly in mast cells will require further studies.    

Here we describe the utility of Mcpt5-Cre transgenic mice [13] to generate a novel 

CTMC-restricted KO model that provides new insights into mast cell biology.  Recently, new and 

improved models of inducible or constitutive mast cell deficiency were reported using Mcpt5-Cre 

mice crossed with simian diphtheria toxin transgenic mice [12].  The Mcpt5-Cre system was also 

used to drive expression of Kit
D814V

 in mature mast cells, leading to mastocytosis in the skin that 

increased with age, and progressed to mast cell tumors and skin lesions [236].  Crossing these 

mice with shp2
fl/fl

 mice would allow for testing the role of SHP2 in mastocytosis in vivo.  We 

predict that SHP2 will be required for survival of malignant mast cells and for the development of 

mastocytosis in mice.  Future studies will be required to test if SHP2 inhibitors can limit mast cell 

responses in allergy models, or in systemic mastocytosis models. 
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Chapter 3 

SHP2 Phosphatase Promotes Mast cell Chemotaxis towards SCF via 

Enhancing Activation of the Lyn/Vav/Rac Signaling Axis 

3.1 Abstract 

SHP2 protein-tyrosine phosphatase (encoded by Ptpn11) positively regulates KIT 

signaling in mast cells (MCs), and is required for MC survival and homeostasis in mice.  In this 

study, we investigated the potential role of SHP2 in regulating chemotaxis signals downstream of 

KIT.  Stable SHP2 knock-down (KD) derivatives of Baf/3-KIT cells showed impaired 

chemotaxis towards SCF compared to control cells. Since Src family kinases participate in KIT-

induced chemotaxis, we tested whether SHP2 is required for activation of Src family kinases as 

reported in other pathways. Indeed, we observed elevated phosphorylation of Lyn at a C-terminal 

residue (pY507) that inhibits activation in SHP2 KD cells compared to control. Substrate trapping 

assays revealed that Lyn is indeed a direct substrate of SHP2 in the KIT pathway. Defects in 

migration and Lyn activation were also confirmed using bone marrow-derived MCs (BMMCs) 

with inducible SHP2 knock-out (KO) compared to wild-type (WT) BMMCs.  Further analyses 

revealed defects in phosphorylation of the Lyn substrate Vav1, and downstream activation of 

Rac1 GTPases in KO BMMCs. Consistent with these signaling defects, SCF-induced cell 

spreading and F-actin polymerization was significantly delayed in KO BMMCs. SHP2 inhibitor 

II-B08 treatment of WT BMMCs also led to impaired chemotaxis, consistent with SHP2 

promoting SCF-induced chemotaxis of MCs via a phosphatase-dependent mechanism.  Thus, 

SHP2 inhibitors may be useful to limit MC accumulation in MC-related disorders.  
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3.2 Introduction: 

Mast cells (MCs) are innate immune cells that serve as sentinels within tissues exposed to 

the external environment and release a multitude of mediators that coordinate the immune 

response. However, the aberrant accumulation and activation of MCs can also result in 

progression of some inflammatory disorders [14].  MCs also accumulate at the periphery of solid 

tumors and contribute to a microenvironment that facilitates tumor progression and metastasis 

[3].  These studies imply that blocking MC recruitment mechanisms in these diseases may be an 

effective way to limit disease progression.  Although MCs migrate towards distinct chemotactic 

factors depending on their degree of maturation and sensitization to antigens, the Stem cell factor 

(SCF)/KIT signaling axis plays a key role [237].  Blockade of the SCF/KIT axis has shown 

promise in limiting MC recruitment and mediator release leading to less disease progression 

[55,121].  

KIT receptor is a receptor tyrosine kinase that promotes crucial MC functions, including 

differentiation, survival, proliferation, migration and homeostasis [238].  KIT also promotes 

homing of MC progenitors to target organs and the differentiation and survival of mature MCs 

within connective tissues [9].  Overexpression of SCF and KIT receptor and elevated MCs were 

detected in airways of asthma patients [239,240], and blockade of SCF/KIT improved airway 

function [122,204].  KIT receptor blockade has also improved symptoms in allergic rhinitis, 

scleroderma, and rheumatoid arthritis [121].  MCs are also recruited to a variety of solid tumors 

that secrete SCF [57,58,241] and this triggers MC release of mediators enhancing tissue 

remodeling and immunosuppression.  These studies suggest that inhibitors of MC chemotaxis and 

mediator release may improve outcomes in these diseases with MC involvement.  
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SH2 domain containing phosphatase 2 (SHP2) is a protein tyrosine phosphatase (PTP) 

that signals downstream of KIT in hematopoietic stem cells (HSCs) and MCs.  Recently, SHP2 

was implicated in KIT signaling pathways leading to survival and homeostasis of HSCs 

[181,182].  In addition, SHP2 also promotes KIT mediated MC homeostasis via enhancing 

survival through ERK-Bim pathways [140].  KIT juxtamembrane (pY567/569) pathway signaling 

leads to SHP2 recruitment and activation via Shc/Grb2/Gab2 adaptor proteins, leading to 

enhanced Rac-JNK pathway activation by an unknown mechanism [89].  KIT pY567/569 

signaling has also been implicated in regulation of cell migration through enhancing Lyn kinase 

activation and calcium mobilization [92].  However, the contribution of SHP2 to the chemotaxis 

of MCs has not been previously reported.  It is conceivable that SHP2 may also promote MC 

migration through this pathway and could be a relevant therapeutic target.  

Here, we investigated the role of SHP2 in MC migration induced by the SCF/KIT axis.  

Silencing of SHP2 in Baf3-KIT cells, caused impaired chemotaxis towards SCF, likely due to 

impaired dephosphorylation of an inhibitory site in Lyn (pY507) in SCF-treated SHP2 KD cells.  

These results were confirmed using an inducible SHP2 KO BMMC model [140,203].  

Downstream signaling from Lyn to the Rac GEF Vav1 and Rac GTPase in SHP2 KO BMMC 

correlated with reduced spreading and F-actin polymerization upon SCF treatment.  SHP2 

phosphatase activity is required for promoting BMMC chemotaxis since a SHP2 inhibitor caused 

similar defects in WT BMMCs. 

3.3 Material and Methods 

Mice:  Transgenic Tg
CreER

:Shp2
fl/fl

 and Shp2
fl/fl

 mice (C57BL/6 background) were 

previously described (1).  All animals were housed and bred at Queen’s University Animal Care 
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Services and all procedures were approved by the Queen’s University Animal Care Committee in 

accordance with Canadian Council on Animal Care guidelines.  

Reagents:  The following primary antibodies were used:  mouse anti-Rac1 (Millipore), 

mouse anti-active Rac (NewEast Biosciences), rabbit anti- pY507-Lyn (Epitomics), rabbit anti-

pY416-Src (Cell Signaling Technologies (CST)), rabbit anti-pY527-Src (CST; cross reacts with 

pY-528-Fyn), anti-Fyn (Santa Cruz Biotechnology (SCBT), rabbit anti-Vav1 (C-14; SCBT), 

rabbit anti-ERK (SCBT),  anti-actin (SCBT), anti-tubulin (Sigma), mouse anti-pY99 (SCBT), 

rabbit anti-SHP2 (SCBT), and anti-FcεRIα (kindly provided by J. Rivera, NIAMS)  Secondary 

antibodies were Alexa Fluor 488-conjugated goat anti-mouse IgG (Invitrogen), Alexa Fluor 568-

conjugated goat anti-rabbit IgG (Invitrogen),.  Other reagents included: recombinant murine SCF 

(Peprotech), CellTracker green and CellTracker orange (Invitrogen), bovine fibronectin (Roche 

Diagnostics), TRITC-and Alexa Fluor 488- conjugated phalloidin (Invitrogen). 

BMMC cultures:  BMMC cultures were established from femoral bone marrow cells as 

described previously [203].  In the presence of IL-3 conditioned media (CM), non-adherent cells 

at 4-6 weeks were mature MCs based on high expression of Kit and FcεRIα tested by flow 

cytometry.  Mature BMMCs from Shp2
fl/fl 

and  Tg
CreER

:Shp2
fl/fl

 mice were treated with 4-hydroxy 

Tamoxifen (4TM; Sigma Aldrich) for 3 days to  obtain WT and KO cultures, respectively. The 

extent of SHP2 inactivation was determined by SHP2 immunoblot and PCR analysis of genomic 

DNA as previously described [140]. 

Baf/3-KIT cells and SHP2 silencing:  Baf3-KIT cells were previously reported [92], 

and were grown in RPMI/10% FBS/2% (v/v) IL-3 CM.  Baf3-KIT cells were transduced with 

pGIPZ-based lentiviruses expressing non-targeting (NT) or mouse SHP2-specific short hairpin 

RNAs (shRNAs; Invitrogen). Lentiviral packaging, transduction, and titer evaluation was 
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accomplished as described previously (2).  Single clones of each transduced shRNAs were 

identified and isolated based on sorting of GFP positive cells by FACS.  The most effective 

shRNAs (shRNA1: clone A9 (V3LMM_430009), mature antisense 

TTATCTGTGGTCTCAGCCA; shRNA2: clone C2 (V2LMM_782273), mature antisense 

ATATTGGTATATTCATGTC) were determined following immunoblot analysis and correspond 

to KD1 and KD2 cell lines, respectively. 

SCF treatment and immunoblotting:  For SCF stimulation, BMMCs (5 x 10
6
/sample) 

were starved of IL-3 for 6 h, washed twice in Tyrode’s buffer (10 mM HEPES (pH 7.5), 130 mM 

NaCl, 5 mM KCl, 1.4 mM CaCl2,1 mM MgCl2, 5.6 nM Glucose, 0.1% bovine serum albumin) 

and stimulated with or without SCF (50 ng/ml; Peprotech) for 5 or 15 minutes at 37°C. Lysates 

were prepared as previously described [203].  Immunoprecipitations (IPs) were performed with 

rabbit  anti-Vav IgG overnight at 4°C, recovered using GammaBind sepharose (GE Healthcare), 

and washed prior to immunoblotting (IB) with indicated antibodies. Signals were revealed by 

using appropriate HRP-conjugated secondary antibodies and enhanced chemiluminescence 

reagenets (Pierce, Thermo Scientific). 

Transwell migration assay:  Transwell filters (BD Biosciences) were used to assess 

chemotaxis of BMMC (3 µm pore) or Baf3-KIT (8 µm pore) cells as reported previously [242]. 

Briefly, filters were coated with fibronectin (20 µg/ml) overnight at 4°C, and cells starved of IL-3 

(4 x 10
5
/well) were plated in the upper chamber and allowed to migrate towards media containing 

SCF (25 ng/ml) in the lower chamber for 4 h at 37°C.  Non-migrating cells in the upper chamber 

were removed with a cotton swab prior to fixation of migrating cells with 4% paraformaldehyde 

(PF) and staining with 4',6- diamino-2-phenylindole (DAPI; 300 nM).  Filters were imaged using 

an epifluorescence microscope and images analyzed using Image J (NIH) to score migrating cells. 
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In case of Baf3-KIT cells, migrating cells within the lower chamber were scored using an 

automated cell counter. 

Agarose drop migration assay:  The protocol for these assay was adapted and modified 

for BMMC as previously described (4, 5).  Briefly, an SCF containing agarose drops were 

mounted on dried coverslips previously coated with fibronectin (20 µg/ml) and stabilized at 4°C 

for 15 min. Starved BMMCs (4 x 10
6
) were slowly added to each well and allowed to migrate for 

18-24 hours.  Subsequently, agarose drops were carefully removed and cells on the coverslip 

were fixed with cold 4% PF, prior to staining with DAPI to visualize cell nuclei.  To quantify 

migration of cells under the agarose drop, epifluorescence micrographs were acquired using 

DAPI staining and analyzed using Image J software.  For live cell imaging using the agarose drop 

assay, we performed and analyzed these assays as previously described. [58]  Briefly, starved WT 

and KO BMMCs were stained with CellTracker™ orange and green (Invitrogen; 10 µM), 

respectively. The WT and KO cells were then mixed in 1:1 ratio (total cells; 1x10
6
), and allowed 

to migrate for 18 h in a chamber mounted on a WaveFX spinning disc confocal microscope (10X 

objective, 21 z-axis slices, Quorum Technologies Inc.; images were acquired every 2 min for 

multiple fields spanning the edge of the agarose drop).  Metamorph software was used to compile 

overlay images and videos, while the calculation of migration parameters (distance, velocity) was 

performed by tracking individual cells using Image J software. 

Immunofluorescence:  For spreading assays, starved WT and KO BMMCs were plated 

on fibronectin (20 µg/ml)-coated coverslips in SCF (25 ng/ml) containing media for 45 min. 

Immunofluorescence staining was performed after fixation in cold 4% PF, permeablization in  

PBS/0.2% Triton X-100, and incubated with anti-active Rac1 antibody (1:75) overnight at 4°C. 

Active-Rac1 and F-actin were detected using TRITC-phalloidin (1:200) and AlexaFluor-488-
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conjugated goat anti-mouse IgG (1:200) or TRITC-phalloidin alone for 1 h at room temperature.  

After washing 3 times with PBS, cells on coverslips were stained with DAPI (300 nM) for 10 

mins at room temperature, followed by mounting coverslips on glass slides.  Confocal 

micrographs were acquired using a Leica TCS SP2 Multi Photon confocal microscope (HCX PL 

APO DIC 63×/1.32 Oil CS objective). 

Substrate trapping:  Baf/3-KIT SHP2 KD2 cells (2x10
8
 cells) were stimulated with SCF 

(50 ng/ml) for 5 min and lysed with substrate trapping buffer (20 mM Tris, pH 7.5, 100 mM 

NaCl, 1% Triton X-100, 10% glycerol, 5 mM iodoacetic acid, 1 mM vanadate, 10 μg 

aprotinin/mL, 10 μg leupeptin/mL, 100 μM phenylmethyl sulfonyl fluoride) to obtain lysates. 

Excess iodoacetic acid was denatured with 10 mM Dithiothereitol (DTT) for 15 min at 4°C, prior 

to incubation with GST or a GST fusion to human SHP2 PTP domain (with D425A/Q506A 

(D/A:Q/A) substrate trapping mutations [202]) that were prebound to glutathione sepharose 4B 

beads.  After incubation overnight at 4°C, beads were washed 3 times with ice cold substrate 

trapping buffer supplemented with 1 mM EDTA and denatured with SDS-PAGE sample buffer 

and analyzed by IB with indicated antibodies. 

Statistical analysis: Differences between control and SHP2 KO or KD cells were 

analyzed using paired T-test, and statistically significant differences (p<0.05) are indicated within 

figures. All assays were conducted with experimental and assay replicates included.  

3.4 Results 

3.4.1 Lyn is a substrate of SHP2 downstream of KIT  

Previous studies using Baf/3 pre-B cells expressing mouse KIT (Baf/3-KIT) has led to 

identification of key pathways controlling chemotaxis towards SCF.  To test whether SHP2 
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participates in SCF/KIT-induced chemotaxis, we transduced Baf/3-KIT cells with non-targeting 

(NT) control and two separate SHP2-specific shRNAs (KD1 and KD2) using lentiviral 

transduction.  Cell lysates were subjected to immunoblot (IB) analysis, which revealed reduced 

levels of SHP2 protein in KD1 and KD2 (40% and 70% reductions, respectively) compared to NT 

control (Fig. 3-1A).  Using transwell migration assays, we observed significant reductions in 

migration of SHP2 KD cells towards SCF compared to NT control (Fig. 3-1B).  It is worth noting 

that both SHP2 shRNAs yielded similar migration defects, but the more complete silencing of 

SHP2 in KD2 yielded a larger deficit in migration.  These results are consistent with SHP2 

promoting KIT signaling to induce chemotaxis.   

Previously, KIT juxtamembrane signaling to Src family kinases (SFK) including Lyn and 

Fyn kinases have been shown to enhance chemotaxis of cells towards SCF [92,95,223].  To test 

whether SHP2 regulates KIT signaling to Lyn and Fyn, we compared levels of inhibitory 

phosphorylation sites in Lyn (pY507) and Fyn (pY528) kinases in NT and SHP2 KD2 cells 

treated with SCF.  As expected, SCF treatment of Baf/3-KIT NT control cells led to rapid 

dephosphorylation of Lyn at Y507, consistent with Lyn activation downstream of KIT (Fig. 3-

1C).  In contrast, SCF-treated SHP2 KD2 cells had 2-3 fold higher levels of pY507-Lyn 

compared to NT controls (Fig. 3-1C).  In parallel studies of Fyn, we observed no differences in 

SCF/KIT-induced dephosphorylation of Y528 in Fyn between NT and SHP2 KD2 cells (Fig. 3-

1C, lower panels).  These results are consistent with SHP2 acting upstream of Lyn in the KIT 

pathway, but does not address whether this is a direct effect of SHP2 phosphatase.  The lack of 

involvement of SHP2 in Fyn activation is consistent with a recent study implicating PTPα in Fyn 

but not Lyn activation downstream of KIT in BMMCs [243].  
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Fig 3-1 SHP2 promotes migration and Lyn activation in Baf/3-KIT cells treated with SCF 

(A) Analysis of SHP2 protein levels in Baf/3-KIT NT, SHP2 KD1 and KD2 cell lysates. (B) 

Transwell chemotaxis assays for Baf/3-KIT NT, SHP2 KD1 and KD2 cells carried out in 

presence of SCF (25 ng/ml). Graph depicts percentage of cells (mean ± SD) that had migrated to 

the lower chamber (triplicate samples; * indicates statistically significant difference between NT 

and KD cells based on paired student t-test (p <0.05)). (C) Baf/3-KIT NT and SHP2 KD2 cells 

were starved of IL-3 overnight and stimulated with or without SCF (50 ng/ml) for indicated 

times.  Immunoblot (IB) analyses were conducted using anti-phospho-Y507-Lyn (pY507-Lyn), 

anti-Lyn, anti-phospho-Y528- Fyn (pY527 Src antibody cross react with pY528 Fyn), and anti-

Fyn. Relative phosphorylation (pY/total) values were determined by densitometry and are 

representative of 3 separate assays. (D) Lysates were prepared from SCF-treated Baf/3-KIT SHP2 

KD cells (50 ng/ml for 5 min), and incubated with either GST or GST-PTP
D/A:Q/A

 bound to beads 

overnight at 4ºC.  Mock reactions were performed with including lysates.  IB analyses were 

carried out with antibodies indicated on the right. 
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Although SHP2 is known to promote SFK activation indirectly via dephosphorylating 

recruitment sites for Csk in a variety of growth factor pathways [171], a recent study identified 

pY507-Lyn as a direct substrate of SHP2 in the G-CSF receptor pathway [90].  To test this for the 

SCF/KIT pathway, substrate trapping assays were conducted on lysates prepared from SCF-

treated SHP2 KD Baf/3-KIT cells, which are likely to accumulate higher level phosphorylation of 

potential SHP2 substrates. The PTP domain of SHP2 with substrate trapping mutations 

(D/A:Q/A) [201,202] was expressed and purified as a GST fusion (GST-PTP
D/A:Q/A

) and used 

along with GST as a negative control to conduct pull-down assays in the absence (mock) and 

presence of SCF-treated cell lysates (+ lysate). Both pY507-Lyn and total Lyn were recovered at 

much higher levels with GST-PTP
D/A:Q/A

 compared to GST alone (Fig. 3-1D). Other proteins 

including a previously identified SHP2 substrate (p190B RhoGAP) were not recovered in these 

assays, although we could detect p190BRho GAP in the lysate.  Taken together, these results 

identify SHP2 as a key PTP involved in Lyn activation within the SCF/KIT pathway, and this 

likely contributes to defects in chemotaxis of Baf/3-KIT SHP2 KD cells.  

3.4.2 SHP2 promotes chemotaxis of BMMCs towards SCF 

In addition to promoting development and survival of MCs, the SCF/KIT axis also regulates MC 

migration [244].  To test the role of SHP2 in migration of MCs towards SCF, we generated WT 

and SHP2 KO MCs by treating shp2
fl/fl

 and Tg
Cre-ER

:shp2
fl/fl

 BMMCs with 4-hydroxytamoxifen 

(4TM, 200 nM) for 3 days as described previously [140,203].  Genomic DNA from WT and KO 

BMMCs was subjected to PCR for flox and null Shp2 alleles, and as expected null alleles were 

only detected in KO BMMCs (Fig 3-2A).  SHP2 protein levels were also greatly reduced in KO 

BMMC lysates compared to WT (Fig 3-2B).  Next, we tested whether SHP2 also promotes 
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SCF/KIT-induced migration in BMMCs.  WT and KO BMMCs were placed in transwell 

chambers for chemotaxis towards SCF as described above. In these assays, we observed 54% 

reduction in migrating KO BMMCs compared to WT (Fig. 3-2C).  To extend on these findings, 

we analyzed WT and KO BMMC chemotaxis towards SCF-embedded agarose drops by time 

lapse microscopy, as previously described [58].  To simultaneously analyze WT and KO BMMCs 

under identical conditions, WT and KO cells were stained with CellTracker™ orange (WT) or 

green (KO), and mixed briefly prior to addition to wells containing fibronectin-coated coverslips 

containing SCF-embedded agarose drops.  Both WT and KO BMMCs adhered to the coverslips 

surrounding the agarose drops within 30 minutes, then coverslips were mounted in imaging 

chambers (37 C, 5% CO2), and live cell imaging performed by confocal microscopy for up to 16 

hours.  We observed increased numbers of WT BMMCs that migrated under the agarose drop 

compared to KO BMMCs (Fig. 3-2D; see arrows). Quantification of individual WT and KO cells 

from multiple fields of view revealed significant defects in migration distance and velocity of 

SHP2 KO BMMCs (Fig. 3-2E/F).  Overall, these results identify SHP2 as a positive regulator of 

KIT-driven chemotaxis of MCs. 

3.4.3 SHP2 promotes KIT signaling to Lyn/Vav/Rac pathway in BMMCs 

Although an earlier study of SHP2 in SCF/KIT signaling implicated SHP2 in promoting 

signaling to Rac GTPase in BMMCs [89], the mechanism involved in this pathway remains 

unclear.  Since Lyn promotes BMMC chemotaxis towards SCF [95], and is a SHP2 substrate in 

Baf/3-KIT cells (Fig. 3-1), we tested whether SHP2 signals via Lyn in BMMCs.  SCF stimulation 

of WT BMMCs led to dephosphorylation of Lyn Y507 within 5 minutes and return to baseline 
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Fig 3-2 SHP2 promotes chemotaxis of BMMCs. 

BMMCs obtained from Shp2
fl/fl 

and  Tg
CreER

:Shp2
fl/fl  

were treated with 4-TM (200 nM) for 3 days 

to generate WT and KO BMMCs, respectively. (A) PCR analyses of Shp2 null and flox alleles 

for genomic DNA isolated from WT and KO BMMCs. Position of DNA size markers (kb) are 

shown on the left. (B) IB analysis for WT and KO BMMC lysates probed with SHP2 and ERK 

antibodies. Positions of relative mass markers (kDa) are shown on the left.  (C) Transwell assays 

were performed to measure WT and KO BMMC chemotaxis towards SCF (25 ng/ml).  Graph 

depicts the number of cells per field (mean ± SD, n=3 replicates, triplicate samples; * indicates 

significant difference between genotypes (p <0.05)). (D) WT and KO BMMCs were stained with 

CellTracker™ orange and green, respectively, and mixed prior to subjecting to SCF-embedded 

agarose drop chemotaxis assay, as described in Materials and Methods. Representative confocal 

micrographs showing the positions of WT and KO BMMCs at the indicated times (0-16 hours) 

during the time lapse are shown (margin of agarose drop indicated by dashed white line). White 

and yellow arrows depict positions of WT and KO BMMCs, respectively that had migrated under 

the agarose at 16 hours.  (E) Cells from multiple fields (n=5, > 30 cells/genotype) were tracked 

individually to calculate migration distances (µm). Graph depicts mean migration distance (± SD) 

for WT and KO BMMCs (* indicates significant difference between genotypes (p <0.05)). (F) 

Graph depicts the average velocity (µm/min) for the same set of WT and KO BMMCs described 

in (E) (* indicates significant difference between genotypes (p<0.05). 
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levels at 15 minutes (Fig. 3-3A).  However, in SHP2 KO BMMCs that were starved or stimulated 

with SCF showed significantly higher levels of pY507-Lyn compared to WT (Fig. 3-3A). 

Together with our results in Baf/3-KIT cells, loss of SHP2 leads to defects in Lyn activation 

downstream of KIT. 

Vav1 is a highly expressed Rac GEF that is recruited to activated KIT and its GEF 

activity is enhanced via tyrosine phosphorylation (pY), in a SFK-dependent manner 

[243,245,246].  To test whether Lyn activation defects observed in SHP2 KO BMMCs impair 

downstream signaling to Vav1, we compared Vav1 pY in WT and KO BMMCs treated with or 

without SCF.  Although Vav1 pY increased upon SCF treatment of WT BMMCs, this increase 

was less evident in SHP2 KO (Fig. 3-3B).  These defects in Vav may contribute to the previous 

observation of reduced Rac
GTP

 levels in SHP2 deficient BMMCs treated with SCF [89]. 

 Due to reduced phosphorylation of Vav in KO BMMCs, we tested whether this results in 

less accumulation of active Rac at the cell periphery where dynamic F-actin polymerization 

occurs during MC chemotaxis.  WT and KO BMMCs were stimulated with SCF to induce 

adhesion to fibronectin-coated coverslips which promotes translocation of active Rac to 

membranes [247], cell spreading and polarization [223]. Using an antibody specific for active 

conformation of Rac (Rac
GTP

), immunofluorescence staining and confocal microscopy was 

performed.  In WT BMMCs, active Rac was readily detected at the cell periphery and was co-

localized with F-actin (Fig. 3-4A).  In contrast, KO BMMCs showed less active Rac at the cell 

periphery, and less evidence of membrane ruffling and cell polarization (Fig. 3-4A, lower panels).  

To test membrane translocation of Rac using another method, we isolated detergent-resistant-

membrane fractions (DRM) that primarily contain translocated active Rac [248,249], 
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Fig 3-3 SHP2 promotes Lyn activation and phosphorylation of Vav1 

(A) WT and KO BMMCs were starved of IL-3 for 6 h and stimulated with SCF (50 ng/ml) for 

indicated times. Lysates were subjected to IB analysis with pY507-Lyn and Lyn antibodies. (B)  

Lysates prepared as above were subjected to immunoprecipitation (IP) with anti-Vav1 prior to IB 

analysis using anti-pY (PY99) and anti-Vav1. Positions of relative mass markers (kDa) are shown 

on the left.   
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Fig 3-4 Reduced plasma membrane RacGTP in SHP2 KO BMMCs treated with SCF 

(A) WT and KO BMMCs were starved of IL-3 for 6 hr and plated on fibronectin-coated 

coverslips in presence of SCF (25 ng/ml for 45 min).  Fixed and permeabilized cells were 

subjected to immunofluorescence staining with anti-active Rac1 (Rac1
GTP

 conformation-specific), 

TRITC-phalloidin and DAPI.  (B) Cytokine starved WT and KO BMMCs were stimulated with 

SCF (50 ng/ml) for 5, 15 and 30 mins. Lysates and detergent resistant membrane fractions were 

prepared as described in Materials and Methods, and subjected to IB with anti-Rac1 and anti-

actin. (C) IB analysis with antibodies against FcεRIβ and tubulin as markers of membrane and 

soluble fractions, respectively. 
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and performed IB with pan Rac antibody.  We observed increased Rac within DRM fractions 

from SCF-treated WT BMMCs compared to KO (Fig. 3-4B; actin served as a loading control).  

The extent of our separation of cytosolic and DRM fractions was evident by IB with tubulin 

(Tub) and FcεRIα antibodies (Fig. 3-4C). 

3.4.4 SHP2 promotes cell spreading and F-actin polymerization in BMMCs 

SCF/KIT signaling to Rac promotes cross-talk with integrins, and promotes MC 

adhesion, spreading and motility [223,250].  Impaired activation and membrane translocation of 

Rac in SHP2 KO BMMCs may lead to defects in F-actin polymerization and cell spreading.  To 

assess this, WT and KO BMMCs were allowed to attach and spread on fibronectin-coated 

coverslips in the presence of SCF.  At early times (15 min), no differences in BMMC attachment 

were observed between genotypes (data not shown).  However, at later times (60 min) the 

majority of WT BMMCs had undergone cell spreading, and this was less frequently observed in 

KO BMMCs (Fig. 3-5A).  Quantification of these cell spreading assays revealed a significant 

difference in WT BMMCs (69 ± 3.7%) compared to KO BMMCs (47 ± 7.4%; Fig. 3-5B).  These 

results suggest that SHP2 positively regulates cell spreading downstream of KIT activation in 

BMMCs.   

Cell spreading, polarization and motility require coordinated changes in the actin 

cytoskeleton, including both F-actin polymerization and depolymerisation.  To further investigate 

the role of SHP2 in actin cytoskeletal rearrangements, the changes in total F-actin were measured 

for BMMCs treated with or without SCF.  WT and KO BMMCs treated with SCF (0-30 min), 

permeabilized and stained with Alexa Fluor
488

-conjugated  
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Fig 3-5 Defective cell spreading and F-actin polymerization in SHP2 KO BMMCs treated 

with SCF 

(A)  WT and KO BMMCs were starved of IL-3 for 6h and seeded on fibronectin-coated 

coverslips in presence of SCF (25 ng/ml for 60 min).  Cells were fixed, permeabilized and stained 

with TRITC-phallodin. Representative epiflourescence micrographs are shown for F-actin 

staining (arrows indicate nonspreading cells).  (B)  Graph depicts the percentage of cells that had 

spread for multiple fields for WT and KO BMMCs (n=4 > 200 cells; mean ± SD; triplicate 

samples; * indicates significant difference between genotypes (p <0.05)). (C)  Cytokine starved 

WT and KO BMMCs were stimulated with SCF (100 ng/ml) for indicated times, fixed and 

permeablized prior to staining with Alexa Fluor488-conjugated phalloidin.  Graph depicts the 

percentage change in F-actin mean fluorescence intensity (mean ± SD; triplicate samples) for WT 

and KO BMMCs compared to 0 min (* indicates significant difference between genotypes (p 

<0.05). 
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phalloidin prior to fixation and analysis by flow cytometry.  As observed previously, SCF 

treatment of WT BMMCs leads to rapid increase in total F-actin levels compared to untreated 

cells (Fig. 3-5C).  In contrast, KO BMMCs showed a net loss of F-actin at early times (2-10 min), 

prior to net gains in F-actin at later times that approached the levels of WT BMMCs (Fig. 3-5C).  

This delay in SCF-induced F-actin polymerization likely contributes to cell spreading and 

motility defects we observed, and are consistent with SHP2 enhancing the KIT/Lyn/Vav/Rac 

pathway in MCs. 

3.4.5 SHP2 inhibitor treatment limits SCF-induced chemotaxis  of BMMCs  

To investigate whether SHP2 scaffolding function or phosphatase activity was 

responsible for its role in promoting BMMC chemotaxis towards SCF, we used the recently 

described SHP2 inhibitor II-B08 [140,191].  BMMCs were pretreated with either vehicle 

(DMSO) or II-B08 (50 µM) prior to SCF treatment for 0-15 min.  Lysates were subjected to IB 

with anti-phospho-ERK (pERK), since ERK activation is positively regulated by SHP2 

downstream of KIT in BMMCs [251].  Indeed, less pERK was observed in SCF-treated BMMCs 

in the presence of II-B08 (Fig. 3-6A).   

Next, we tested whether SHP2 inhibitor II-B08 altered MC chemotaxis using both 

transwell and agarose drop assays.  BMMCs were treated with either DMSO or II-B08 (50 µM) 

prior to loading in transwell chambers and allowed to migrate towards lower chamber containing 

media supplemented with SCF.  We observed a significant reduction in BMMCs that had 

migrated in the presence of II-B08 compared to DMSO control (Fig. 3-6B). Parallel studies using 

the agarose drop assay revealed that II-B08 treated cells adhered to coverslips surrounding the 

SCF-embedded agarose drop, but fewer cells had migrated underneath the drop 
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Fig 3-6 SHP2 phosphatase activity promotes chemotaxis of BMMCs towards SCF. 

(A)  Cytokine starved BMMCs were pretreated with vehicle (DMSO) or SHP2 inhibitor (II-B08; 

50 µM) for 1 hour prior to SCF (50 ng/ml) treatment for 5 and 15 mins.  Lysates were subjected 

to IB analysis with anti-phospho-ERK (pERK) and ERK antibodies. (B)  BMMCs were 

pretreated with DMSO or II-B08 as above, and subjected to transwell migration assays for 4 

hours, as described in Materials and Methods. Graph depicts migrating cells per filter (mean ± 

SD; triplicate samples; * indicates significant difference between genotypes (p <0.05)).  (C) 

Cytokine starved WT and KO BMMCs were allowed to adhere to fibronectin-coated coverslips 

containing SCF-embedded agarose drops and after 18 hours, cells were fixed and stained with 

DAPI.  Representative epifluorescence micrographs at low and high magnification are shown for 

boxed area below (dashed line indicates margin of agarose drop). (D)  Graph depicting the total 

number of BMMCs that had migrated under each SCF-embedded agarose drop (n=3 replicates, 

triplicate samples; * indicates statistical significant difference between the genotype (p <0.05).  
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after 18 hours (Fig. 3-6C).  Quantification of these results revealed a 40% reduction in migrating 

BMMCs treated with SHP2 inhibitor II-B08 compared to vehicle control.  Taken together, these 

results implicate SHP2 phosphatase activity being at least partially responsible for its role in 

enhancing MC migration downstream of SCF/KIT.   

3.5 Discussion 

SHP2 is a key mediator of SCF/KIT signaling to promote MC proliferation, survival and 

homeostasis [89,140].  SCF also acts as a potent chemoattractant of MCs both in vitro and in vivo, 

where localized SCF production leads to MC accumulation at sites of inflammation and 

tumorigenesis [55,252].  Here, we report that SHP2 is a positive regulator of MC chemotaxis 

towards SCF using genetic and pharmacological approaches.  Using both SHP2 gene silencing in 

Baf/3-KIT cells, and SHP2 KO BMMCs, we observed reduced chemotaxis towards SCF.  KIT 

juxtamembrane signaling to SFKs was previously implicated in chemotaxis towards SCF [92].  

Since SHP2 enhances SFK activation in several growth factor pathways [171], we tested its 

effects on Lyn and Fyn kinases that both contribute to MC chemotaxis [95,223].  In both Baf/3-

KIT and BMMCs models, SHP2 was found to promote dephosphorylation of inhibitory Y507 in 

Lyn upon SCF treatment.  In contrast, Fyn kinase dephosphorylation downstream of KIT was 

independent of SHP2, and is consistent with PTPα being responsible for Fyn but not Lyn 

activation downstream of KIT [243].  Further analysis by substrate trapping identified Lyn as a 

direct substrate of SHP2 in SCF-treated cells.  This is consistent with another recent study 

implicating SHP2 in dephosphorylating Lyn pY507 to promote Lyn activation downstream of G-

CSF receptor [90].  The coordination of SHP2 and Lyn signaling downstream of KIT is consistent 

with both proteins being required for optimal chemotaxis of MCs towards SCF [95](this chapter). 
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Rac GTPases play key roles in SCF/KIT signaling to gene expression and cytoskeletal 

regulation in MCs [253]. KIT signaling to Rac GEFs and GAPs leads to temporal and spatial 

control of a pool of active Rac (Rac
GTP

) that signals to downstream effectors in MCs.  A previous 

study identified SHP2 as a positive regulator of KIT signaling to Rac [89], although the signaling 

mechanism was unclear.  Here, we extend on these analyses to show that SHP2 enhances the 

plasma membrane pool of RacGTP in SCF-treated BMMCs undergoing cell spreading and 

polarization.  This finding suggests that SHP2 either promotes activation of Rac GEFs or 

inhibition of a Rac GAP.  Previous studies implicated SFKs in promoting Rac activation and 

tyrosine phosphorylation of the Rac GEF Vav [186,223,243].  Consistent with reduced Lyn 

activation in SCF-treated SHP2 KO BMMCs, we also observed less Vav1 pY in these cells 

compared to WT BMMCs.  This is consistent with a KIT/SHP2/Lyn/Vav1/Rac pathway to 

regulate chemotaxis of MCs.  SHP2 may also regulate Rho GAPs, and although p190B RhoGAP 

was previously identified as a SHP2 substrate in muscle cells [202], we did not detect p190B 

RhoGAP in substrate trapping assays in our cell models.  However, SHP2 may regulate Rac 

GAPs indirectly via SFK activation.  For example, β2-Chimaerin is a Rac GAP and SFK 

substrate involved in breast cancer progression, that could be tested in SHP2 KO cells [254].  Rac 

effectors include key regulators of F-actin polymerization and branching, including 

PAK/Cortactin/Arp2/3 and WAVE/Scar/Arp2/3 complexes [255].  Our findings that SHP2 KO 

BMMCs show delayed F-actin polymerization upon SCF treatment is consistent with the 

observed defects in signaling and RacGTP at the plasma membrane.  This is expected to 

contribute to the defects in cell spreading and motility we observed in SHP2-deficient MCs. 

A number of studies highlighted the role of KIT receptor and its downstream effector 

including SFKs, PI3K and Gab2 in MC migration. Here, we report that SHP2 promotes both the 
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intrinsic velocity and persistence of MC chemotaxis towards SCF, as measured by live cell 

imaging.  Importantly, these agarose drop assays allowed us to simultaneously visualize 

chemotaxis of WT and KO BMMCs, and provided additional evidence for direct regulation of 

motility by SHP2.  The additional testing of SHP2 inhibitor II-B08 in BMMC chemotaxis 

towards SCF revealed that SHP2 PTP activity is largely responsible for its pro-migratory role.  

This is consistent with SHP2 recruitment and activation to KIT-Grb2-Gab2 complexes following 

MC exposure to SCF, and this likely co-localizes active SHP2 with an inhibited pool of Lyn 

(pY507-Lyn) at the plasma membrane. Subsequent dephosphorylation of Lyn leads to 

phosphorylation of downstream substrates such as Vav, and Rac signaling to actin regulatory 

proteins that promote cytoskeletal reorganization and motility.  It is certainly possible that SHP2 

silencing or KO also impairs signaling that requires SHP2 scaffolding functions, as reported for 

signaling by LEOPARD syndrome mutations in SHP2 [161,162].  Future studies will be required 

to directly test the relative effects of genetic and pharmacological blockade of SHP2 function in 

MCs in vitro and in vivo.  Of particular interest would be testing SHP2 inhibitors in cancer 

models, whereby SHP2 inhibition within both tumor cells and stromal MCs, might lead to 

reduced tumor progression.  Recently, both genetic and pharmacological approaches demonstrate 

that SHP2 is a key driver of KIT
D814V

-driven myeloproliferative disease in mice and that SHP2 is 

a druggable target [251].  Future studies will also be required to test the effects of SHP2 inhibitors 

on recruitment of MCs within the tumor microenvironment, and whether it reduces the 

progression to metastatic disease.  SHP2 inhibitors may also reduce accumulation of MCs at sites 

of allergic inflammation, and should be tested in these disease models as well. 
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Chapter 4 

SHP2 Phosphatase Promotes KIT D814Y-driven Systemic Mastocytosis 

in Mice 

4.1 Abstract 

Acquired oncogenic mutations in KIT receptor tyrosine kinase (e.g. D816V) are frequent 

in mastocytosis and inhibition of this pathway could prevent development of systemic 

mastocytosis (SM).  However, currently approved KIT inhibitors (e.g. Imatinib) are ineffective in 

targeting KIT
D816V

 kinase activity in vitro and SM in vivo.  SH2 domain containing phosphatase-2 

(SHP2) signals downstream of KIT to promote survival, and was recently shown to be a potential 

therapeutic target in myeloproliferative diseases induced by KIT
D814V

 in mice.  Here, we show 

that silencing of SHP2 in the P815 mouse mastocytoma cell line that harbors KIT
D814Y 

led to 

impaired cell growth and survival in vitro.  This correlated with decreased survival signaling via 

the Ras/ERK pathway downregulating the pro-apoptotic protein Bim in vitro.  Syngeneic DBA/2 

mice were injected with P815 cell transduced with lentivirus encoding non-targeting (NT) or  

SHP2 knock-down shRNA (KD), and the emergence of aggressive SM was monitored.  

Aggressive SM developed in mice injected with P815 NT cells, with evidence of mastocytoma in 

bone marrow, blood and spleen within 14 days.  However, mice injected with P815 SHP2 KD 

cells showed a significant reduction in mastocytoma burden in bone marrow and reduced 

splenomegaly compared to NT control.  Mice injected with SHP2 KD cells also showed a striking 

reduction in liver mastocytoma burden compared to NT control.  Overall, these results identify 
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SHP2 as a key downstream effector of oncogenic KIT signaling, and as a potential therapeutic 

target in aggressive SM. 

4.2 Introduction 

Systemic mastocytosis (SM) is a rare disease characterized by expansion of malignant 

mast cells in bone marrow, skin, spleen, gastrointestinal tract and liver.  Subtypes of SM include 

indolent SM (ISM), aggressive SM (ASM) and mast cell leukemia (MCL), and these cancers are 

frequently associated with activating mutations in the KIT receptor.  For example, the KIT 

D816V mutation is found in 90% cases of in adults with SM,  but is also detected at lower 

frequency in acute myeloid leukemia (AML) and testicular carcinoma [124,256,257].  Unlike 

wild-type KIT that requires its ligand SCF for activation, KIT
D816V

 signals in an SCF-independent 

manner, and is considered to a driver mutation in these cancers.  Ectopic expression of KIT
D816V

, 

or the analogous mutation in mice (KIT
D814V

), within hematopoietic stem cells (HSCs) leads to 

myeloproliferative disease (MPD) in mice [258,259]. Transgenic mice expressing KIT
D814V

 in 

HSCs develop an aggressive SM at an early age, while expression in mature mast cells led to 

similar disease, but with delayed onset [236].  Although KIT inhibitors have been tested in SM 

models, existing inhibitors such as Imatinib mesylate are completely ineffective.  Other broad 

spectrum kinase inhibitors such as Dasatinib show promise in vitro, but have yielded 

disappointing results for treating SM patients [137]. Thus, identification of a downstream effector 

of oncogenic KIT might provide better therapeutic advantage in treatment of SM.  

SHP2 is a tyrosine phosphatase that participates in a diverse array of signaling pathways, 

and is critical for HSC survival, metabolism, cardiac and muscle development, and connective 

tissue MC homeostasis [140,149,182,186].  Gain-of-function mutations in SHP2 occur in Noonan 
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Syndrome and leukemias.  SHP2 also promotes survival of KIT
D814V

-driven leukemia cell lines 

via enhancing Ras/MEK/ERK pathway activation and downregulation of Bim [128,260].  

Recently, a small molecule inhibitor of SHP2 (II-B08) was shown to reduce malignant 

transformation of HSCs by KIT
D814V

 and along with a PI3K inhibitor was able to delay onset of 

MPD in mice [251]. These studies provided rationale to further test the role of SHP2 in 

aggressive SM driven by oncogenic KIT mutations.  

Here, we report that SHP2 promotes the growth and colony formation in methyl cellulose 

of the P815 mouse mastocytoma cell line harboring KIT
D814Y

.  Furthermore, P815 cells with 

SHP2 knock-down (KD) show enhanced apoptosis in the presence of a KIT inhibitor (SU11652), 

and defective ERK signaling to downregulate Bim.  In addition, SHP2 KD resulted in delayed 

onset of aggressive SM upon injection of P815 cells in syngeneic mice compared to control cells.  

SHP2 silencing reduced mastocytoma growth in bone marrow, spleen and liver, suggesting that 

SHP2 is a valid therapeutic target in SM. 

4.3 Material and Methods 

Reagents: P815 cells were purchased from ATCC (VA, USA) and maintained in 

complete Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) at 37 ºC in 5% CO2 incubator. The KIT inhibitor SU11652 was purchased from 

Calbiochem.  The following primary Antibodies were used: rabbit anti-phospho-Bim (Ser69; 

1,1000; Cell Signaling Technology (CST)), rabbit anti-Bim (C34C5; 1,1000; CST), mouse anti-

phospho-ERK1/2 (E4; 1:1,000; Santa Cruz Biotech Inc. (SCBT)), rabbit anti-ERK (K23; 1:1,000; 

SCBT), rabbit anti-SHP2 (C18; 1:1,000; SCBT). Other reagents included: Horseradish 

peroxidase-conjugated goat anti-mouse IgG and anti-rabbit IgG (GE Healthcare, UK); ECL 



 

 

94 

 

reagent (Perkin Elmer).  Antibodies for flow cytometry included:  PE-conjugated anti-mouse 

CD117 (2B8; BD Bioscience), PEcy5-conjugated anti-mouse CD45 (eBioscience), PE conjugated 

anti-mouse CD11b (M1/70; Biolegend), PEcy5-conjugated anti-mouse CD45R (B220) (RA3-

6B2; Biolegend), FITC anti-mouse Gr1 (RB6-8C5; Cedarlane). 

Lentiviral transduction of P815 cells: pGIPZ-puro vector expressing shRNAs targeting 

SHP2 (shRNA1: clone C2 (V2LMM_782273), mature antisense ATATTGGTATATTCATGTC; 

shRNA2: clone F11 (V3LMM_430010), mature antisense TGAGCTCGATAACATCTCC)), and 

a non-targeting (NT) shRNA control were from Open Biosystems.  Lentiviral production and 

transduction were performed as previously described [140]. Briefly, lentiviral supernatants 

encoding shRNA against SHP2 or NT control were incubated with P815 cells for 48 h and 

followed by selection with puromycin (500 µg/ml) for 5 days. Stable cell pools were screened for 

the most effective shRNA clones via subjecting lysates from repeated passages to immunoblot 

(IB) analysis.  

Survival assays:  P815-NT, P815-KD1 and P815-KD2 were incubated with DMSO or 

SU11652 (250 nM) for 18 h. Cell survival was calculated following staining with FITC-Annexin 

V and propidium iodide staining.  Apoptotic cells were identified as Annexin V
+
PI

-
 cells by flow 

cytometry. 

Cell lysate preparation:  P815-NT, -KD1 and -KD2 (5 x 10
6
) cells were plated in serum 

free DMEM for 2 h followed by replacement with complete DMEM for 1h. Soluble cell lysates 

(SCL) were prepared by incubating cells in ice cold Magnesium lysis buffer (50 mM Tris-HCL-

pH 7.5, 150mM NaCl, 1% (v/v) Triton X-100, 0.25% Sodium deoxycholate (w/v),10% glycerol,  

25mM NaF, 10mM MgCl2, 5mM EDTA ,10 μg aprotinin/mL, 10 μg leupeptin/mL, 1 mM 

vanadate, 100 μM phenylmethyl sulfonyl fluoride) for 15 min, followed by centrifugation at 
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13000rpm for 15 min.  In some experiments, cells were pretreated with either vehicle (DMSO) or 

SU11652 (1 µM) for 4h in serum free DMEM prior to lysate preparation as above.  

Cell proliferation and colony formation assay:  P815-NT, -KD1 and -KD2 (1 x 10
5
) 

cells were plated in complete DMEM in triplicate wells, and total cell numbers were scored at 24, 

48 and 72 hours using an automated cell counter (Beckman Coulter Z2 particle analyzer).  For 

colony formation assays, P815-NT and -KD2 (2 x 10
4
) cells were suspended in MethoCult media 

(M3231; Stem Cell Technologies) and plated in a 35 mm sterile tissue culture plate as per 

manufacturer’s instructions.  Colonies were manually counted after 8 days by phase contrast 

microscopy (Nikon Eclipse TS 100 light microscope). 

Mouse model of aggressive SM: DBA/2 mice (6-8 week old) were purchased from 

Charles River Laboratories (Raleigh, NC, USA), and housed at Queen’s Animal Care Services 

according to protocols approved by the Queen’s University Animal Care committee in 

accordance with Canadian Council on Animal Care guidelines.  P815-NT or -KD2 (5 x 10
3
/100 

µl of PBS) were injected into the retro-orbital sinus using 27 gauge needle under anesthesia 

(isoflurane).  Mice had become moribund by day 13-16, and were anesthetized prior to cardiac 

puncture, and sacrificed prior to collection of bone marrow, spleen and liver tissues.  Single cell 

suspensions were obtained from bone marrow, blood and spleen prior to red blood cell (RBC) 

lysis and staining with PE-conjugated anti-mouse CD117, PEcy5-conjugated anti-mouse CD45 to 

identify mastocytoma cells.  PE-conjugated anti-mouse CD11b, PEcy5-conjugated anti-mouse 

CD45R (B220) and FITC-conjugated anti-mouse Gr1 staining were used to identify 

macrophages, B cells and neutrophils, respectively.  All samples were analysed using Flowjo 

software.  Liver samples were analyzed by hematoxylin and eosin (H&E) staining. 
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Statistical analysis:  Differences between P815-NT and P815-KD cells were tested using 

paired student T-test, and significance differences were indicated by p <0.05 (Microsoft Excel).  

 

4.4 Results 

4.4.1 SHP2 promotes proliferation and colony formation in KIT
D814Y

 driven mastocytoma 

cells 

To study the function of SHP2 in the oncogenic KIT pathway, we transduced P815 

mouse mastocytoma cells carrying the KIT
D814Y

 mutation with either a non-targeting (NT) 

shRNA or two separate shRNAs against mouse SHP2.  Stable cell pools resistant to puromycin 

were established, and levels of SHP2 was assessed by immunoblot (IB) for P815-NT and P815-

KD1 and –KD2 (Fig. 4-1A).  Using ERK as a loading control, we observed a 50-60% reduction 

in SHP2 levels in KD1 and KD2 cell lysates compared to NT control based on densitometry.  We 

investigated whether SHP2 regulates proliferation of P815 cells under normal 2D cell culture 

conditions.  Interestingly, both P815-KD1 and -KD2 cell pools showed significantly reduced 

growth rates compared to P815-NT cells (Fig. 4-1B).  Similar phenotypes obtained with each 

SHP2 shRNA suggests that this phenotype is due to downregulation of SHP2 and not off-target 

effects. To test whether SHP2 alters the malignant phenotype of P815 cells, we measured 

mastocytoma colony formation in semi-solid media in the absence of cytokines or colony-

stimulating factors.  P815-NT and P815-KD2 cells, which had the most complete SHP2 KD, were 

plated in methyl cellulose and allowed to form colonies (Fig. 4-1C).  We observed efficient 

colony formation in P815-NT control cells, and only a limited number of similar sized colonies in  
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Fig 4-1 SHP2 promotes growth and colony formation in P815 mouse mastocytoma cells. 

(A)  Lysates from P815 cells transduced with non-targeting (NT) control shRNA (P815-NT), 

SHP2 shRNA1 (P815-KD1), and SHP2 shRNA2 (P815-KD2) were subjected to IB with SHP2 

and ERK antisera.  Positions of relative mass markers in kilodaltons are shown on left.  (B)  

Equal numbers of P815-NT, -KD1 and –KD2 were seeded in triplicate wells on day 0, and 

counted daily until day 3.  The line graph depicts the average cell number (mean ± SD) for each 

time point (* indicates significant difference between NT and KD1 or KD2 cells, p <0.05). (C)  

Representative phase contrast micrograph for P815 colonies (shown by arrows) formed in 

semisolid methyl cellulose medium at day 8 for P815-NT and P815-KD cells.  (D) The graph 

depicts average colony numbers (mean ± SD) for P815-NT and P815-KD cells in methyl 

cellulose medium at day 8 (triplicate samples; * indicates significant difference between NT and 

KD, p <0.05). 
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P815-KD2 cells. Quantification of these results for multiple experiments revealed a significant 

reduction in mastocytoma colonies with SHP2 silencing (Fig. 4-1D).  Together, these results 

identify SHP2 as a positive regulator of KIT
D814Y

-driven mastocytoma growth in 2D and 3D 

culture conditions. 

4.4.2 SHP2 enhances KIT
D814Y

 signaling to ERK and Bim to promote cell survival  

We recently showed that SHP2 enhanced SCF/KIT signaling to ERK MAPK leading to 

downregulation of the pro-apoptotic protein Bim in mature MCs [140].  To test if this is also the 

case in neoplastic MCs, we tested whether SHP2 silencing affects levels of ERK phosphorylation 

(pERK) in regular growth conditions.  Indeed, SHP2 KD cell lysates had reduced pERK levels 

compared to NT control (Fig. 4-2A).   

Previous studies in trophoblast stem cells and MCs identified a pro-survival pathway 

mediated by ERK kinase phosphorylating Bim and targeting it for degradation via the proteasome 

[140,180,229]. To determine whether KIT
D814V

-driven phosphorylation of the ERK substrate Bim 

was also affected by SHP2 silencing, we compared Bim phosphorylation and total protein levels 

in P815-NT and P815-KD1 and –KD2 cell lysates by IB (Fig. 4-2A).  We observed reduced 

phosphorylation of the BimEL isoform, and a slight increase in its levels with SHP2 KD compared 

to NT control suggesting that SHP2 also promotes ERK-Bim pathways in neoplastic mast cells in 

addition to MCs carrying WT KIT receptor. Defective ERK-Bim signaling in MCs leads to 

increased apoptosis following cytokine deprivation, and this was rescued by KIT or IgE receptor 

activation [228,229].  We recently reported that SHP2 enhances SCF/KIT-driven survival in MCs 

[140], and oncogenic KIT-driven survival in human and mouse leukemia cell models [251].  To  
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Fig 4-2 SHP2 promotes ERK signaling to Bim and KIT
D814Y

-induced survival of P815 cells. 

(A) Lysates from P815-Vec, -KD1 and –KD2 cells were subjected to IB analyses using anti-

phospho-ERK (pERK), anti-ERK, anti-phospho-Bim (pBim) and anti-Bim. Positions of relative 

mass markers in KDa are shown on the left.  (B) P815-NT, –KD1, and –KD2 cells were treated 

with either vehicle control (DMSO) or KIT inhibitor (SU11652; 250nM) for 18h, stained with 

Annexin V and propidium iodide (PI) and analyzed by flow cytometry.  Graph depicts percent 

apoptotic cells (Annexin V
+
PI

-
 ; mean ± SD; triplicate samples; * indicates significant differences 

between treatments or cell lines as indicated, p <0.05).  (C) Lysates were prepared from serum 

starved P815-NT, -KD1 and -KD2 cells treated with either vehicle control (DMSO) or SU11652 

(1 µM) for 4h and subjected to IB analyses with anti-phospho-Ser473-AKT (pAKT), anti-AKT, 

anti-pERK and anti-ERK. Relative mass markers in KDa are shown on the left.       
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identify the role of SHP2 in survival of neoplastic MCs, P815-NT and P815-KD cells were 

pretreated with either vehicle (DMSO) or the KIT tyrosine kinase inhibitor SU11652 (250 nM) 

for 18 hours, and stained with Annexin V and PI prior to analysis by flow cytometry.  As 

expected, KIT inhibitor SU11652 caused increased apoptosis (Annexin V
+
PI

-
 cells) compared to 

DMSO control for each cell line (Fig. 4-2B).  However, P815-KD1 and -KD2 cells had 

significantly higher levels of apoptosis compared to P815-NT control (Fig. 4-2B).  To test the 

effects of SU11652 treatment on oncogenic KIT signaling, P815-NT and P815-KD cells treated 

with DMSO or SU11652 (1 µM) were tested for KIT
D814Y

 signaling to AKT and ERK kinase 

pathways.  As expected, KIT inhibitor treatment reduced AKT phosphorylation (pAKT) to 

undetectable levels for each cell line (Fig. 4-2C, upper panel).  KIT inhibitor also diminished 

ERK phosphorylation (pERK) levels, but to a lesser extent than that of pAKT (Fig. 4-2C, third 

panel).  However, SHP2 KD cells treated with SU11652 showed greater impairment of pERK 

compared to NT control cells (Fig. 4-2C).  These results are consistent with SHP2 enhancing 

Ras/ERK signaling downstream of KIT
D814Y

 leading to Bim phosphorylation and downregulation 

to promote survival of mastocytoma cells.  

4.4.3 SHP2 silencing impairs development of aggressive SM in mice 

To test the role of SHP2 in progression of aggressive SM in vivo, we employed a previously 

described model involving injection of P815 cells into the retro-orbital sinus of syngeneic DBA/2 

mice [261].  In this model, a rapid and fatal expansion of mastocytomas occurs within weeks, 

characterized by extensive infiltration of bone marrow (BM), spleen, blood and liver with 

mastocytomas, leading to splenomegaly and liver damage [261].  We injected DBA/2 mice with 

P815-NT or P815-KD cells (5 x 10
3
; 3-4 mice/group; 2 experiments), and mice receiving P815-



 

 

101 

 

NT cells appeared moribund within 13 days, whereas those injected with P815-KD cells showed 

no overt phenotypes (data not shown).  Mice from both groups were sacrificed on day 13, and 

peripheral blood and tissues harvested to monitor development of SM.  BM cells were stained 

with fluorescent antibodies to resident BM populations, including neutrophils (Gr1
+
/ CD11b

+
), 

macrophages (CD11b
+
Gr1

-
) and B-lymphocytes (B220

+
), and also with markers of P815 

mastocytoma cells (CD45
+
KIT

+
).  Subsequent analyses by flow cytometry revealed no significant 

differences in BM neutrophils, macrophages or B cells between mice injected with P815-NT 

versus P815-KD (Fig. 4-3A; values reflect mean ± SD for n=4/group).  In contrast, BM from 

mice injected with P815-NT cells showed higher levels of mastocytoma infiltration compared to 

P815-KD (Fig. 4-3A, lower histograms).  Quantification of the absolute numbers of mastocytoma 

cells in BM from all mice (n=7/group) revealed a trend towards reduced mastocytoma in BM 

with SHP2 silencing (Fig. 4-3B; p=0.07).   

Similar analyses of peripheral blood cells from mice injected with P815-NT or P815-KD 

cells revealed no differences in absolute numbers of neutrophils (Gr1
+
/CD11b

+
), monocytes 

(CD11b
+
/Gr1

-
), and B lymphocytes (B220

+
) for all mice in each group (Fig. 4-4A; n=7).  

Consistent with route of injection, mastocytoma cells were detected in peripheral blood at similar 

frequencies for the control and SHP2 KD groups (Fig. 4-4B/C).  These results suggest that SHP2 

silencing does not lead to rapid loss of circulating P815 mastocytoma cells. 

Analysis of gross appearance of organs revealed clear evidence of splenomegaly in mice 

injected with P815-NT cells (Fig. 4-5A), which was previously reported for parental P815 cells 

[261].  However, mice injected with P815-KD cells had normal spleen size (Fig. 4-5A). 

Quantification of spleen weights for all mice revealed a significant decrease with SHP2 silencing  
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Fig 4-3 SHP2 KD limits mastocytoma infiltration of bone marrow in a mouse model of 

ASM.  

(A)  Single cell suspensions of BM were isolated at day 13 post injection of P815-NT or P815-

KD cells (5 x 10
3
) in DBA/2 mice as described in Materials and Methods.  Staining with 

indicated antibodies was analyzed by flow cytometry. Representative histograms are shown with 

values inserted (mean ± SD) for 4 mice/group. (B)  Graph depicts the absolute numbers of 

mastocytoma cells (mean ± SD; n=7) in BM (p =0.07). 
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(Fig. 4-5B; n=7).  In addition, we observed increased total cellularity in spleen for mice injected 

with P815-NT compared to P815-KD (data not shown).  Further analyses by flow cytometry 

revealed no overt differences in absolute numbers of B cells in the spleen between groups, or with 

macrophages and neutrophils (Fig. 4-5C).  We did, however, observe a slight reduction in splenic 

mastocytoma cells in mice injected with P815-KD cells compared to control (Fig. 4-5D).  

Although the overall absolute numbers trended lower, the difference was not significant (Fig. 4-

5E).  These results demonstrate that SHP2 silencing lessens development of splenomegaly in 

mice with aggressive SM. We also analyzed liver, which was previously shown to be a site of 

P815 mastocytoma infiltration [261].  Although the previous study observed hepatomegaly, we 

injected fewer cells and did not observe liver enlargement or differences between P815-NT and 

P815-KD groups (1.26 ± 0.15 vs 1.19 ± 0.22, respectively; n=7).  However, we did observe 

macroscopic nodules on the surface of livers within the P815-NT group, but not P815-KD group 

(data not shown).  Further histological staining revealed these nodules as tumors with clear, 

defined margins (shown with an arrow at 40x magnification) with amorphous core (Fig. 4-6; 

images from 3 separate mice).  Metastatic cells in these tumors were poorly differentiated and 

exhibited  high nucleus/cytoplasm ratio indicative of high mitotic activity (Fig. 4-6; see dashed 

arrows in 400x panels).  In contrast, livers from mice injected with P815-KD cells had only small 

cell aggregates resembling micro-metastases, and no large tumors were detected in any of these 

mice (Fig. 4-6).  Taken together, these results implicate SHP2 in positively regulating the 

progression of mastocytoma to aggressive SM, with particular requirement for growth of 

mastocytomas in liver.  
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Fig 4-4 SHP2 KD does not affect mastocytoma progression in peripheral blood.  

(A)  Single cell suspensions of blood samples isolated at day 13 after injection of P815-NT and 

P815-KD cells were analyzed by flow cytometry. Graph depicts absolute cell numbers (mean ± 

SD, n=4) for Gr1, CD11b and B220 markers in blood, representing neutrophils, monocytes and 

B-lymphocytes, respectively. (B)  Flow histogram depicting double positive population shown in 

box represents accumulation of neoplastic MCs in blood. (C)  Graph shows the absolute 

mastocytoma cells (mean ± SD; n=7) in blood. 
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Fig 4-5 SHP2 promotes splenomegaly and mastocytoma progression in spleen. 

(A)  Bright field micrograph depicting splenomegaly in mice injected with P815-NT cells 

compared to P815-KD cells.  (B)  Graph illustrating average weight of spleen (mean ± SD; n=7) 

from mice injected with P815-NT or –KD cells (* indicates significant difference between 

groups, p <0.05). (C)  Single cell suspensions of splenocytes isolated at day 13 after injection of 

P815-NT and P815-KD cells were analyzed by flow cytometry. Bar graph depicts absolute cell 

numbers (mean ± SD, n=4) for Gr1, CD11b and B220 cells in spleen. (D)  Flow histogram 

illustrating double positive population in box represents accumulation of neoplastic MCs in 

spleen. (E) Graph shows the absolute mastocytoma cell numbers (mean ± SD; n=7) in spleen. 



 

 

106 

 

4.5 Discussion 

SM is an orphan disease with limited treatment options.  The only established treatment for SM 

limits the adverse side effects due to increased mediator release by neoplastic MCs. Although 

several multi-tyrosine kinase inhibitors (e.g. Midostaurin (PKC412), Ponatinib, Sunitinib, 

Dasatinib) can inhibit KIT
D816V

 and suppress growth of neoplastic MCs in vitro, they have largely 

failed in clinical trials [131,132,262,263,264].  A phase II clinical trial of Dasatinib in patients 

with various myeloid disorders including SM, showed only partial response rates in SM (33%) 

associated with improved symptoms, but failed in patients with KIT
D816V

 mutations [265,266].  

The development of resistance to these kinase inhibitors also complicates the treatment strategies 

for SM, including emergence of other pathways (e.g. Stat5, Ras, SFKs, Tec/Btk kinases) that 

promote proliferation and survival independent of KIT
D816V

 in resistant tumors [267,268,269]. A 

recent study identifies combination treatments with multi-tyrosine kinase inhibitors Ponatinib and 

Dasatinib, and shows improved efficacy by targeting KIT
D816V

, Lyn, Stat5 and Btk activation 

[132]. Despite these encouraging findings with multi-tyrosine kinase inhibitors, neoplastic MCs 

rapidly develop resistance to them, and new drug targets may provide alternative strategies for 

new ASM therapies. SHP2 phosphatase may be a valid target based on recent studies using 

genetic and pharmacological approaches in mouse and human models of KIT-driven leukemias 

[251].  Here, we show that SHP2 promotes growth and survival of a mouse mastocytoma model 

(P815 cells) that express KIT
D814Y

. Silencing of SHP2 impaired ERK activation and 

phosphorylation of Bim in P815 cells, and this led to accumulation of Bim and increased 

apoptosis.  To test the role of SHP2 in an aggressive SM model, we injected P815 cells with or  
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 Fig 4-6 SHP2 KD attenuates mastocytoma tumor growth in liver.  

(A) Livers from mice injected with P815-NT or P815-KD cells at day 13 were formalin fixed and 

paraffin embedded. H&E staining was performed and representative micrographs are shown at 

40X, and 400 X magnification (solid arrows denote mastocytomas and mitotic figures in 400X 

are shown by dashed arrows).  
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without stable SHP2 KD in syngeneic mice and monitored disease progression.  SHP2 silencing 

led to a significant delay in ASM development and markedly reduced tumor burden in the liver.  

Overall, this study identifies SHP2 as a therapeutic target in SM driven by activating KIT 

mutations.   

Recent studies using theSHP2 inhibitor II-B08 have provided evidence that SHP2 

promotes proliferation and survival of leukemic cells harboring KIT and FLT3 mutations 

[176,251].  These findings are consistent with roles of SHP2 in wild-type KIT signaling to 

Ras/ERK that enhances proliferation and survival of mature MCs that are acutely dependent on 

KIT signaling [89,140]. SHP2 also promotes activation of Lyn kinase and Stat5 pathways 

[90,251], that are implicated in mechanisms to escape KIT inhibitor treatments [132].  Thus, 

SHP2 inhibitors may be effective in targeting these resistant SM tumors, or more likely to be used 

in combination with multi-tyrosine kinase or PI3K inhibitors. In KIT
D814Y

-driven MPD models, 

combination treatment with SHP2 and PI3K inhibitors was much more effective in promoting 

survival than single agent therapies in mice [251]. 

Our study used a genetic approach to identify potential roles of SHP2 in ASM 

development in mice, and signaling in vitro.  Future studies involving testing of SHP2 inhibitors 

alone or in combination with those targeting KIT or PI3K/AKT pathways could allow for direct 

testing of the potential of SHP2 acting as a druggable target in ASM.  Extending the time course 

of the mouse model of ASM will allow for testing potential treatments on overall survival, and 

whether resistance develops.  It will also be important to determine if the suppressive effect of 

SHP2 silencing on mastocytoma progression could be due to defects in homing of neoplastic 

MCs in BM and spleen, as previously reported for SHP2 KO HSCs homing to BM [181].  In 

contrast, we observed no defect in the blood compartment between the genotypes probably due to 



 

 

109 

 

analysing the disease at later stages. Probably, most of the vector control neoplastic MCs are 

already homed to their respective niches with a few in circulation at advanced levels of disease 

which might be equal to the total disease induced by SHP2 KDs in blood compartment. Thus, we 

should investigate the progression of disease in the blood compartment at an early stage of 

disease development. Consistent with role of SHP2 in homing and proliferation of cells, we found 

well defined large macroscopic tumors in livers of P815-NT control mice compared to only 

micro-metastases in the livers of mice engrafted with SHP2 silenced P815 cells. Overall, these 

results suggest that SHP2 promotes mastocytoma progression downstream of oncogenic KIT, and 

is a potential therapeutic target.  

A previous study showed that expression of KIT
D816V

 under the control of a mast cell-

specific Cre (Mcpt5-cre) led to development of SM with delayed onset compared to expression in 

HSCs [236]. Considering the role of SHP2 in homeostasis of mature MCs that we observed using 

the Mcpt5-Cre:shp2
fl/fl

 mice [140], it would be interesting to cross them with the transgenic 

KIT
D816V

 mice described above.  This would provide a genetic model to study contributions of 

SHP2 to SM onset, progression and overall survival in mice.  
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Chapter 5 

General Discussion and Conclusions 

MCs are critical contributors to the initiation of inflammatory responses against several 

types of allergens and pathogens via modulating the immune response.  Aberrant activation 

and/or enhanced recruitment of MCs in some pathological conditions (e.g. asthma, allergic 

rhinitis, and scleroderma) exacerbate inflammation and associated symptoms [14]. In addition, 

MCs are also implicated in regulating tumor progression, with positive or negative roles observed 

depending on cancer type, stage and location within the tumor microenvironment [107]. These 

findings have led research towards deciphering molecular mechanisms controlling MC functions 

to develop therapeutic strategies to treat diseases with MC involvement.  Blocking SCF/KIT 

receptor function in MCs has proven partially effective in relieving some symptoms related to 

MC mediator release in some diseases, including asthma, allergic rhinitis, and experimental 

carcinoma models [57,121].  KIT-independent pathways also regulate MC recruitment and 

mediator release (e.g. IgE receptor, chemokine receptors) and are also important in the 

pathogenesis of MC mediated diseases. However, KIT signaling controls MC development, 

survival and recruitment within tissues, and also modulates mediator release downstream of IgE 

receptor [121].  Thus, identification of a downstream target that is involved in several pathways 

in MCs might be a suitable approach to target MC mediated disease pathogenesis.  In a similar 

manner, neoplastic MCs pose rather identical problems where treatments involving KIT inhibitors 

are frequently ineffective due to acquired resistance of cancers arising from gain of function 

mutations in KIT receptor [137] [132,269].  Limitations of KIT inhibitors to treat disease caused 
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by neoplastic MCs could also be addressed by identifying downstream effectors that could block 

KIT-dependent and -independent pathways simultaneously.    

SHP2 has been thoroughly investigated for its role in several aspects of normal 

development and pathogenesis of diseases, especially in carcinogenesis due to its unique role as a 

proto-oncogene and PTP [145]. Targeting SHP2 with PTP inhibitors has been challenging due to 

its ubiquitous expression and structural similarities with other PTPs.  Early SHP2 inhibitor 

studies were complicated by lack of specificity in targeting highly conserved active sites.  

However, next generation inhibitors have recently been developed that target catalytic residues in 

the active site and sub-pockets around it [190]. These inhibitors such as II-B08 have improved 

selectivity for SHP2 and have been successfully used in combination with PI3K inhibitors to 

improve survival in a mouse model of KIT
D814V

-induced MPD [251].  We and others have 

previously identified the role of SHP2 in KIT-dependent and -independent MC functions 

[89,140,203].  This thesis dealt with functional roles of SHP2 in KIT dependent processes 

including MC homeostasis, survival and migration of normal MCs in their niche.  In addition, my 

thesis also analyzed SHP2 as an effector of oncogenic KIT signaling in neoplastic MCs.  Function 

in normal and neoplastic MCs and a well described role in KIT-independent pathways establishes 

it as a suitable target to consider in MC mediated pathogenesis (Fig 5-1). Future research to test 

the role of SHP2 in MC biology will warrant development of new tools that could provide 

unambiguous results in vivo.  

5.1 Implications of MC deficiency models in future research 

A vast amount of MC biology research has relied on MC-deficient mice that harbor 

mutations in KIT.  Since KIT is required for survival and function of HSCs, germ cells, gut  
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Fig 5-1 Central Roles of SHP2 in MCs and oncogenic KIT pathways: a new 

druggable target? 

SHP2 phosphatase activation and signaling occurs downstream of diverse receptors on 

normal and malignant MCs.  In MCs activated by IgE/antigen, SHP2 signaling promotes 

ERK activation and TNFα release.  SHP2 also promotes ERK activation and 

downregulation of pro-apoptotic protein Bim downstream of normal and oncogenic KIT 

receptors in MCs and mastocytomas.  SHP2 also signals downstream of integrins and 

KIT receptor to positively regulate Rac activation, F-actin polymerization, and migration 

of MCs.  These pathways are required for recruitment of MCs to sites of inflammation, 

tumor formation and metastasis of neoplastic MCs. Blocking SHP2 activity using 

pharmacological inhibitors such as II-B08 could be considered, likely in combination 

with KIT inhibitors to limit MC accumulation and mediator release in cancers and MC-

related inflammatory disorders.    
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pacemaker cells, and MCs, these KIT mutant mice have serious limitations.  This includes 

sterility, anemia, gut motility, neutrophilia, and depletion of basophils.  Advent of new genetic 

recombination techniques has allowed the development of MC-deficient mice that are not 

dependent on blocking KIT signaling, thus are not limited by associated defects. These new MC-

deficient models have challenged the previously identified role of MCs in contact 

hypersensitivity, and autoantibody-induced arthritis observed using KIT mutant MC-deficient 

models.  Although we have also identified depletion of MCs in our Mcpt5-Cre:shp2
fl/fl 

mice in 

various compartments, this is not a complete MC deficiency, and are not an ideal  MC-deficient 

model.  However, we have established a new MC deficiency model in our lab by crossing 

transgenic mice carrying Mcpt5-Cre with ROSA-DTA (Cre-inducible Diptheria toxin-a) 

transgenic mice.  Pilot experiments that I performed to characterize these mice showed complete 

MC deficiency in peritoneum and skin. Using these Mcpt5-Cre:DTA
+
 mice, I plan to study the 

role of SHP2 in SCF/KIT induced recruitment of MCs in vivo.  To achieve this goal, B16 mouse 

melanoma cells will be engrafted in Mcpt5-cre: DTA
+
 mice (syngeneic with C57BL/6 

background). B16 cells and derived tumors secrete SCF and attract MCs to the tumor 

microenvironment.  The role of SHP2 in recruitment of MCs around these tumors would be 

investigated by injecting tumor bearing mice with WT or SHP2 KO BMMCs.  These cells can 

also be labeled with CellTracker to track them within tumors by intravital microscopy or tissue 

imaging after sacrificing the mice.  In addition to investigating the role of SHP2 in MC migration 

in vivo, these mice will also be used to re-investigate the role of MCs in tumor progression. 

Previously, MCs were found to promote tumor progression in B16-induced melanoma model 

using KIT
W-sh/W-sh

 as the MC deficient model [270]. Recently, a study identified SHP2 as a 

therapeutic target in melanoma, since SHP2 limits efficacy of interferon (IFN-α2b) therapy by 
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inhibiting STAT1 activation [271]. It would be interesting to study the contribution of SHP2-

deficient MC in tumor progression in this melanoma model. In a preliminary study, development 

of B16 melanoma tumors in Mcpt5-Cre: DTA
+
 mice was delayed compared to DTA- mice, but 

this observation was only made once with limited numbers of mice available.  However, this is 

consistent with a positive role for MCs in melanoma progression, as shown previously in KIT
W-

sh/W-sh 
mice [270]. Reconstitution of Mcpt5-Cre:DTA

+
 mice with TgCreER:shp2

fl/fl 
 BMMCs  

would allow me to induce depletion of SHP2 in a localized and temporal manner by applying 

tamoxifen to the skin of melanoma bearing mice.  Effects of SHP2 KO within skin MCs would 

provide additional insights into whether SHP2 is also a valid target in stromal cells linked to 

melanoma progression. This model could potentially be combined with studying the effect of 

IFN-α2b-mediated anti-melanoma therapy with depletion of SHP2 only in MCs. On a similar line 

for future research in MC biology, these recently developed MC deficient mice would be 

extremely important to not only identify the new roles of MCs but also reconfirming the 

previously described MC role in disease pathogenesis.  

5.2 SHP2 inhibitors: possibilities and limitations 

This thesis identified roles of SHP2 in migration and survival to promote homeostasis of 

MCs [140].  This has implications for diseases, including allergic disorders, cancer, and 

immunity.  Using MC-SHP2 KO mice, we observed less contact hypersensitivity responses in 

skin [140], but also impaired responses to acute bacterial peritonitis (data not shown).  In the case 

of SHP2 promoting survival and migration of MCs, we observed similar phenotypes with SHP2 

KO and a SHP2 inhibitor (II-B08).  These studies imply that SHP2 inhibitors could be a valuable 

tool in limiting MC mediated pathogenesis. Previously, KIT inhibitors were used to limit several 
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inflammatory conditions including arthritis, asthma and acute anaphylaxis-like reaction. Imatinib 

mesylate was shown to induce mast cell apoptosis and reduce TNFα production in synovial tissue 

culture models [272]. Similarly, treatment of cockroach allergen-induced asthma using Imatinib 

resulted in reduced inflammation, release of MC mediators (e.g. cytokines, chemokines), and 

reversal of pulmonary fibrotic changes [273]. In addition, Nilotinib was shown to reduce MC-

mediated allergic anaphylaxis reactions [274]. Likewise, SCF-neutralizing antibodies were shown 

to attenuate MC recruitment to airways in models of asthma and allergic rhinitis [204,275]. The 

role of the SCF/KIT axis in MC recruitment to the tumor periphery and in promotion of tumor 

angiogenesis by releasing several pro-angiogenic factors has been reported previously [56,57]. 

Consistently, neutralizing antibodies to KIT, vascular endothelial growth factor A, and 

angiopoietin-1 caused reduced tumor growth [276].  Although blocking the SCF/KIT axis 

partially perturbed the recruitment and chemotaxis of MCs towards the site of inflammation, 

incomplete blockage suggests existence of other KIT independent pathways.  Primarily, these 

KIT independent pathways include IgE and integrin receptor pathways that regulate MC 

recruitment and activation during immune and pathological conditions. The IgE receptor pathway 

is implicated in regulating antigen induced chemotaxis [277].  In addition, SCF and IgE receptor 

cooperate to induce chemotaxis towards antigens [278]. The IgE receptor also cooperates with 

prostaglandin and adenosine to enhance antigen induced chemotaxis [279,280]. The integrin 

receptor, specifically α4 and β7, has been shown to drive mucosal MC homing to their niche in the 

intestines [281].  Integrin β7 also contributes to MC recruitment and hyperplasia in the lungs after 

allergen challenge in ovalbumin sensitized mice [282]. Chemokine receptor CXCR2 has also 

been implicated in regulating MC migration under pathophysiological conditions in vivo 

[281,283]. Furthermore, binding of IgE to FcRI also promotes survival of MCs in culture by 
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enhanced secretion of interleukin-3 and up-regulation of anti-apoptotic protein Bcl-xL and Bcl-2 

[284,285].  In addition to enhancing MC recruitment and survival, TLR signaling also leads to 

crosstalk with the KIT pathway to promote tumor growth [286]. These studies implicate KIT 

independent pathways in regulating MC-mediated pathogenesis, thus KIT inhibitors alone may 

not be the best choice to modulate MCs function in disease.  

Our previous study identified SHP2 as a positive regulator of IgE receptor signaling 

leading to TNFα production in MCs [203].  SHP2 has also been implicated in integrin signaling 

and regulation of cell spreading and migration in a variety of cell types [287,288].  For example, 

SHP2 enhances integrin-induced focal adhesion formation via activation of Rho kinase II [289].  

SHP2 also dephosphorylates p190RhoGAP, a negative regulator of RhoA GTPase signaling 

[202,290]. Together with our findings that SHP2 promotes MC migration via the SCF/KIT axis 

(Chapter 3), SHP2 inhibitors may be effective in limiting MC recruitment and survival induced 

by KIT-dependent and -independent pathways.  

Since SHP2 plays diverse and important roles in many tissues and cell types, it may be 

difficult to effectively target SHP2 without causing unwanted side effects (e.g. loss of HSCs, 

energy balance).  However, a recently developed SHP2 inhibitor, II-B08, was used in mice, and 

did not show overt toxicity or side effects while improving survival in an MPD model [251]. 

Thus, this inhibitor could be utilized to study the effects of inhibition of SHP2 on MC recruitment 

and survival in an allergen-induced asthma model or a B16 melanoma-induced tumor progression 

model.  However, next generation SHP2 inhibitors, with nM rather than low M inhibitory 

concentration50 (IC50) values, are likely needed before they can be properly tested in vivo.  It will 

be interesting to combine SHP2 inhibitors with recent KIT inhibitors including Dastanib or 

Nilotinib in these models to assess additive or synergistic relationships. Recently, a new inhibitor 
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of SHP2, tautomycetin was identified that was able to block hyper-proliferation signals from a 

gain-of-function mutant of SHP2. A co-crystal structure of SHP2 bound to tautomycetin indicated 

that this inhibitor occupies the catalytic site of SHP2 in a similar manner to peptide substrates.  

Although tautomycetin has a lower IC50 towards SHP2 than II-B08, it is less selective and 

previously reported to inhibit other PTPs and Ser/Thr phosphatases [291].   It would be ideal to 

test improved SHP2 inhibitors as they become available for their effects on normal and malignant 

MC functions using our cell and mouse models in the future.  

5.3 Co-targeting multiple pathways in tumor progression 

Using selective kinase inhibitors vs multi-targeted kinase inhibitors to prevent tumor progression 

has both advantages and disadvantages.  On one hand, selective inhibitors may block single 

pathways and have fewer side effects as a result.  However, they may not be able to inhibit all 

tumor promoting pathways or development of resistance.  On the other hand, multi-targeted 

inhibitors may hit multiple pathways and yield better efficacy, but may cause severe side effects 

as well.  In addition, with most of kinase inhibitors, acquired resistance against them due to 

secondary mutations at their binding site renders them inactive and has been a major limitation on 

their use in cancer therapies.  Imatinib mesylate has been successfully used to treat some KIT-

driven cancers including GIST and metastatic melanoma.  However, secondary mutations in 

GIST patients are found that made these patient refractory to the inhibitor. In addition, Imatinib 

has no efficacy in cancers carrying constitutively activating mutation in the kinase domain of the 

KIT receptor (D816V) observed in AML and SM [292,293]. Moreover, clinical trials using multi-

targeted kinase inhibitor including Dastanib and Midostaurin have largely failed due to limited 

responses with rapid relapse [133,294,295]. These inhibitors likely fail due to the emergence of 
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KIT independent pathways in these cancers. This theory is supported by the fact that although 

indolent SM patients have KIT
D816V

 mutations, they have mild symptoms, and also implies that 

additional hits are required to develop aggressive SM.  Thus, co-targeting of these KIT-dependent 

and -independent pathways would be a better approach to treat these cancers. Consistently, 

combination of submaximal doses of multi-kinase inhibitors Dasatanib and Midostaurin, leads to 

effective suppression of both KIT
D816V

 activity and downstream KIT-independent targets (e.g. 

Lyn and Btk kinases) required for growth and survival of neoplastic MCs in vitro [269]. 

Although, this combination therapy is promising, the chances of developing resistance are high 

due to both inhibitors acting on the same class of targets (tyrosine kinases). Thus, identification of 

non-kinase downstream targets that could inhibit most of the tumor pathways in SM would be 

beneficial for treatment and less likely to acquire secondary mutations.  SHP2 provides a 

potential target to exploit in SM as it is a PTP that regulates KIT-dependent and -independent 

pathways. SHP2 is also required for proliferation and survival of oncogenic MCs. As this thesis 

identified its role in mastocytoma progression in mice, this is clearly a target worth pursuing in 

the future.  Would SHP2 inhibitors be more effective as single or combination therapies? Initial 

studies using II-B08 would suggest combination therapies, since SHP2 and PI3K inhibitors were 

much more effective in suppressing MPD in mice [251]. It would be worth testing a combination 

of multi-kinase inhibitors (e.g. Dasatanib, Midostaurin) with SHP2 inhibitors, and test whether 

this elicits desired effects on proliferation and survival of KIT-driven cancers in vitro and in vivo 

using our ASM model. A careful consideration would be required in selecting these combinations 

as inhibitors with similar target profile may yield unexpected toxicity.  It is worth further testing 

of PI3K inhibitors since blocking PI3K activation downstream of oncogenic KIT (Y719F mutant) 

caused reduced tumorigenicity in mice [258]. However, clinical trials using inhibitors of PI3K, 
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AKT and mTOR (with or without Imatinib) have had limited success for GIST patients [296]. On 

the other hand, Mali et al. showed combined use of PI3K and SHP2 inhibitors resulted in 

synergistic effects in protecting mice from developing KIT-driven MPD [251]. Recently, it was 

shown that oncogenic KIT suppresses a pro-apoptotic protein, Bim to promote survival of 

leukemic cells in vitro. Thus, targeting the pro-survival protein Bcl2 with BH3 mimetics (mimics 

pro-apoptotic proteins like Bim) should perturb the enhanced survival of cells carrying oncogenic 

KIT [128]. We and others have shown that SHP2 inhibition results in up regulation of Bim under 

normal and oncogenic KIT [128,140](Chapter 4), thus SHP2 could be an ideal target to control 

KIT positive malignancies.  In search of novel targets to regulate the mutant KIT receptor, 

proteins that specifically interact with oncogenic KIT could be a viable target. Heat shock 

protein-90, is a chaperone protein that interacts with mutant KIT to protect it from ubiquitination 

and proteosomal degradation. Targeting Heat shock protein-90 with pharmacological inhibitors 

induced considerable degradation of mutant KIT receptor and apoptosis in cells carrying 

oncogenic KIT
D816V

 or GIST mutations [297,298].  In addition, in GIST tumor xenograft models, 

Heat shock protein-90 inhibitors and KIT inhibitors showed synergistic effects in limiting tumor 

growth, and  progression [298]. A clinical trial of Heat shock protein-90 inhibitors in GIST 

patients reported encouraging results [296], however, similar studies in SM patients are lacking. 

Another protein, PP2A, a serine/threonine phosphatase is suppressed in several cancers including 

breast, lung, colon and CML. Reactivation of PP2A by a pharmacological approach resulted in 

reduced oncogenic KIT
D816V

-derived tumor growth in vivo and also reduced growth of AML 

blasts carrying oncogenic KIT
D816V/Y

 [299,300]. These studies suggested that this strategy could 

also work for resistant KIT-positive tumors and other type of cancers as well.  



 

 

120 

 

Cancer stem cells are tumor initiating cells possess the ability of self-renewal and 

differentiation, and are resistant to chemotherapy as well as radiation. In hematological 

malignancies including CML, the leukemia stem cell population is found that resistant to standard 

tyrosine kinase inhibitors treatment. It has been suggested that some additional pathways along 

with tyrosine kinase inhibitors responsive BCR-ABL- and KIT-mediated signaling pathways need 

to be targeted to kill the leukemia stem cell population [301]. Recently, SHP2 has been shown to 

promote the growth of breast tumor initiating cells and a signaling pathways responsible for the 

growth and survival of tumor initiating cells and the expression of a set of ‘SHP2 signature genes’ 

have been identified in tumors [168]. These signature genes were over-expressed in several 

primary HER2
+
 and triple negative breast tumors. It is conceivable that targeting SHP2 or some 

of the signature genes in cases of KIT-driven hematological malignancies could reduce relapse 

due to the presence of cancer stem cells and improve outcomes. 

 In conclusion, our studies have provided insights into the signaling mechanisms and 

cellular processes controlled by SHP2 in MCs and malignant MCs.  Combined with recent studies 

from other research groups, there is growing interest in the potential for SHP2 inhibitors in the 

treatment of a variety of diseases linked to MCs.   
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