
 1 

Title: Inositol phosphatase SHIP2 enables sustained MAP kinase activation by fibroblast 

growth factor via recruiting SRC kinases to the FGF-receptor signaling complex 

 

Authors: Bohumil Fafilek1,4¶, Lukas Balek1¶, Michaela Kunova Bosakova1,4, Miroslav 

Varecha1,4, Alexandru Nita1, Tomas Gregor3, Iva Gudernova1, Jitka Krenova1, Somadri 

Ghosh5, Martin Piskacek2, Lucie Jonatova1, Nicole H. Cernohorsky1, Jennifer T. Zieba6, 

Michal Kostas7,8, Ellen Margrethe Haugsten7,8, Jørgen Wesche7,8, Christophe Erneux4, Lukas 

Trantirek2, Deborah Krakow6,9,10, Pavel Krejci1,4,11*  

 

Affiliations: 

1Department of Biology, 2Department of Pathological Physiology, Faculty of Medicine, 

3Central European Institute of Technology, Masaryk University, 62500 Brno, Czech Republic 

4International Clinical Research Center, St. Anne's University Hospital, 65691 Brno, Czech 

Republic  

5IRIBHM, Université Libre de Bruxelles, 1070 Bruxelles, Belgium 

6Departments of Orthopaedic Surgery, 9Human Genetics, and 10Obstetrics and Gynecology, 

David Geffen School of Medicine, University of California Los Angeles, California 90095, 

USA  

7Department of Tumor Biology, Institute for Cancer Research, The Norwegian Radium 

Hospital, 0379 Oslo, Norway 

8Institute of Clinical Medicine, Faculty of Medicine, University of Oslo, 0379 Oslo, Norway 

11Institute of Animal Physiology and Genetics of the CAS, 60200 Brno, Czech Republic 

*correspondence to: krejcip@med.muni.cz  

¶equal contribution 

 

https://maps.google.com/?q=808+route+de+Lennik+1070+Bruxelles,+Belgium&entry=gmail&source=g
mailto:krejcip@med.muni.cz


 2 

Abstract  

Sustained activation of ERK MAP kinase drives pathologies caused by mutations in FGF-

receptors (FGFRs), but the processes underlying these mechanisms remain unresolved.  Using 

methodologies to identify novel mediators of FGFR signaling, we found that the inositol 

phosphatase SHIP2 (INPPL1) acts as an interactor and phosphorylation target of FGFR1, 

FGFR3 and FGFR4. Loss of SHIP2 effectively converted FGF-mediated sustained ERK 

activation into a transient signal, and rescued cell phenotypes triggered by pathologic FGFR-

ERK signaling. Inhibition of inositol phosphatase activity did not impair SHIP2’s association 

with FGFRs or FGF-mediated ERK activation, demonstrating that the adapter rather than 

catalytic activity of SHIP2 is important for maintenance of sustained ERK signal. SHIP2 

recruited SRC-family kinases to the FGFRs, which assisted FGFRs in phosphorylation and 

assembly of protein complexes that relay signal to ERK. The findings showed that SHIP2 

interacted with FGFRs, was phosphorylated by active FGFRs and regulated FGFR-ERK 

pathway at the level of adapter phosphorylation and PTPN11 recruitment. Thus, SHIP2 is an 

essential component of canonical FGF-FGFR signal transduction and a potential therapeutic 

target in FGFR-related disorders.    

 

Key words: SHIP2; INPPL1; fibroblast growth factor; FGF; MAP kinase; adapter; signal 

transduction. 
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Introduction 

Maintenance of tissue homeostasis depends on complex intercellular signaling networks that 

govern basic cell functions. The FGF system represents a major molecular toolkit of such cell-

to-cell communications. Four FGFRs exist (FGFR1-4) and respond to extracellular signals 

delivered by at least 18 FGF ligands during development, life and disease. The importance of 

FGFR signaling is emphasized by their role in pathological functions. Numerous disorders arise 

from mutations, gene fusions, increased copy numbers, and other lesions affecting FGFR 

genes. These include cancer, developmental defects, and bone and skin disorders. The 

activating mutations in FGFR3 alone are associated with five severe skeletal dysplasias, nine 

types of cancer and two skin syndromes (1–4).  

The ERK MAP kinase pathway is implicated in most cellular phenotypes regulated by 

FGF signaling. As an example, in human embryonic stem cells (hESC) or induced pluripotent 

cells, a balance of FGFR-mediated ERK activation was critical for either maintenance of 

undifferentiated phenotype, or induction of differentiation (5–7). Activation of ERK represents 

the predominant mechanism by which FGFRs trigger cell proliferation in fibroblasts, 

endothelial cells, myoblasts, mesenchymal stem cells, neural progenitors, and lung and lens 

epithelial cells (1). However, abnormal sustained ERK activation mediates FGFR oncogenic 

signaling in FGFR4-driven prostate cancer, BaF3 cells stably expressing the TEL-FGFR3 

fusion protein, leukemic KG1 cells expressing the FOP2-FGFR1 fusion protein or KMS11 

multiple myeloma cells overexpressing FGFR3 as a result of a t(4;14)(p16.3;q32) translocation 

(8–11). ERK drives much of the pathology underlying FGFR3-related skeletal dysplasias that 

include achondroplasia (ACH) and thanatophoric dysplasia (TD). Sustained ERK activation 

due to heterozygosity for FGFR3 activating mutations that cause ACH and TD, produced 

decreased chondrocyte proliferation, loss of extracellular matrix and altered chondrocyte 

differentiation (12, 13). Similarly, increased ERK signaling mediated premature fusion of 
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synchondroses in the developing vertebrae producing narrowing of the spinal canal at the 

foramen magnum furthering skeletal complications seen ACH (14). Expression of 

constitutively-active MEK1 also leads to an ACH-like dwarfism in mice (15) supporting that 

downstream of ERK in the pathway, overexpression of MEK1 produced similar phenotypic 

consequences.  

FGFRs recruit ERK pathway via adapter-mediated translocation of the RAS guanine 

nucleotide exchange factor SOS1 to the cell membrane. The FGFR substrate 2 (FRS2) 

represents a major adapter involved in this process. FGFRs phosphorylate FRS2 on at least six 

tyrosine residues that serve as binding sites for SOS1 complexed with GRB2, directing a 

substantial amount of SOS1 to the cell membrane where it activates RAS (16, 17).  

In chondrocytes or hESC, FGFR activation leads to strong FRS2 tyrosine 

phosphorylation and corresponding sustained ERK activation lasting for more than 8 hours 

(18). The processes regulating the maintenance of sustained ERK activity in FGFR signaling 

are poorly characterized, yet they lead to severe pathology. In this study, we show that FGFRs 

interacted with and phosphorylated the inositol phosphatase SHIP2 (or INPPL1), which in turn 

recruited SRC-family kinases to the FGFR signaling complex, where they assisted FGFR-

mediated phosphorylation of FRS2 and GAB1 adapters that relayed the signal to ERK pathway. 

Loss of SHIP2 converted sustained FGF-mediated ERK activation into a transient signal, 

demonstrating that SHIP2 is an essential component of FGF signaling and necessary for the 

maintenance of FGF-mediated ERK activation.  

 

Results  

To further our understanding of FGFR signaling in cells, we used proteomics to identify 

proteins phosphorylated upon activation of endogenous FGFR2 and FGFR3 (19) signaling in 

cultured rat chondrosarcoma (RCS) chondrocytes. As detailed previously (20), the tyrosine 
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phosphorylated proteins were purified from cells treated with the FGF ligand FGF2 by 

immunoprecipitation with a pan-pTyr antibody, and subjected to tandem mass spectrometry. 

Inositol phosphatase SHIP2 was among the most frequent proteins phosphorylated at tyrosine 

upon FGFR activation, being found in 4/6 of the experiments carried out. 

 

FGFRs interact with SHIP2 and target SHIP2 to focal adhesions 

Both wildtype FGFR3 and its activating mutant FGFR3-K650M, associated with TD (21), co-

immunoprecipitated with SHIP2 when expressed in 293T cells (Fig. 1A). FGFR3 induced 

SHIP2 phosphorylation at Tyr986/7 and Tyr1135 in 293T cells (Fig. 1A) as well as in cell-free 

kinase assays utilizing recombinant FGFR3 as a kinase and recombinant SHIP2 as a substrate 

(Fig. 1B, lane 4). Addition of recombinant SHIP2 did not affect FGFR3 activity in a kinase 

assay, as demonstrated by no change in FGFR3 autophosphorylation in the presence of SHIP2 

(Fig. 1C). Similarly, FGFR3 did not alter the inositol phosphatase activity of SHIP2, as 

demonstrated by a cell-free SHIP2 activity assay based on colorimetric detection of phosphate 

released during hydrolysis of phosphoinositide PtdIns(3,4,5)P3 to PtdIns(3,4)P2 (Fig. 1D). 

These experiments established that FGFR3 interacts with SHIP2 and acts as a SHIP2 kinase. 

The experiments also show that FGFR3-SHIP2 interaction does not affect the catalytic activity 

of either protein.   

 SHIP2 contains three clearly distinguished domains according to structural data available at 

the PDB database (ww.pdb.org): a N-terminal SRC-homology 2 (SH2) domain (PDB: 2MK2), 

a central inositol phosphatase (PS) domain (PDB: 4A9C) and a sterile alpha motif (SAM) 

domain located at the C-terminus (PDB: 2K4P). In addition, we identified two proline rich 

(PR) domains in SHIP2, located between residues 123-160 (PR1), and 935-1105 (PR2) in 

human SHIP2 (Fig. 2A). A series of C-terminally V5-tagged truncated SHIP2 variants was 

generated and subjected to co-immunoprecipitations with FGFR3. Deletion of the PS or PR1 
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domains produced no effect on SHIP2 co-immunoprecipitation with FGFR3 (Fig. 2, B and C). 

In contrast, individual deletion of SH2 or SAM domains substantially impaired FGFR3-SHIP2 

association (Fig. 2, D and E; arrows), suggesting a bipartite SHIP2-FGFR3 interaction 

involving both SH2 and SAM domains. No co-immunoprecipitation of wildtype SHIP2 with 

catalytically-inactive K508M mutant of FGFR3 (Fig. 2F), suggesting that SHIP2 associates 

preferentially with active FGFR3.  

Having found that SHIP2 interacts with FGFR3, we asked whether it associates with 

other FGFRs. In 293T cells, SHIP2 co-immunoprecipitated with FGFR1 and FGFR4; no 

interaction with FGFR2 was found (Fig. 3A). We next used osteosarcoma U2OS cells stably 

expressing C-terminally GFP-tagged FGFR1 to probe SHIP2 association with FGFR1. By 

proximity ligation (PLA) assay, an association of endogenous SHIP2 with FGFR1 was found 

using SHIP2 antibody in combination with GFP antibody (Fig. 3, B, C). Similar data were 

obtained using PLA with FGFR1 and SHIP2 antibodies (Fig. 3, D, C). No significant PLA 

signal was found in isogenic negative controls to both experiments, i.e. U2OS cells stably 

expressing FGFR1-HA (for GFP:SHIP2 PLA), and U2OS cells stably expressing FGFR4-GFP 

(for FGFR1:SHIP2 PLA). 

Treatment of RCS cells with FGF2 triggered phosphorylation of endogenous SHIP2 at 

Tyr986/7 (Fig. 4A), and targeted SHIP2 to the cell periphery where it partially co-localized with 

the focal adhesion marker vinculin (Fig. 4, B, C and E). Similar translocation and association 

with peripheral focal adhesions were observed for the p130CAS signaling adapter (Fig. 4, D 

and E), which was previously found phosphorylated at multiple tyrosines in FGF2-treated RCS 

cells (20). Because SHIP2 and p130CAS interacted with FGFR3 and are FGFR3 substrates, it 

is likely that they are phosphorylated by the FGFR3 and transit to focal adhesions together. 

Supporting this hypothesis was the finding that p130CAS and SHIP2 interact via the substrate 

domain of p130CAS and localize to lamellipodia together (22).  
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SHIP2 is part of the integrin adhesome and is known to interact with various cytoskeletal 

proteins (23). Previous data obtained in human fibroblasts show that cell migration is 

significantly decreased in SHIP2 null fibroblasts derived from opsismodyplasia patients (24). 

To establish the role of SHIP2 in FGF-mediated cell migration, we used the CRISPR/Cas9 

system to disrupt the Ship2 gene in RCS cells. Four RCS clones with Ship2 loci targeted by 

CRISPR/Cas9 (SHIP2Crispr cells) were selected, their genotypes characterized by sequencing 

and their SHIP2 expression determined by western blot (clone names and genotypes: Ship2c-/-

, Ship2a+/-, Ship2g-/- and Ship2f+/-) (Fig. 4F). Using fibronectin-coated glass bottom chambers, 

we compared the cell migration velocity between wildtype and SHIP2Crispr cells. In the presence 

of 10% serum, the migration was inhibited in two SHIP2Crispr cell lines, when compared with 

wildtype cells (Fig. 4G). In contrast, SHIP2 deletion lead to significantly increased migration 

in cells treated with FGF2 in the absence of serum. Therefore, SHIP2 controls cell migration 

in RCS cells, and acts as a negative regulator of FGF-mediated migration.  

 

SHIP2 deletion rescues cellular phenotypes triggered by FGFR activation 

RCS cells represent a well-established chondrocyte model to study pathologic increased 

FGFR3 signaling as seen in ACH or TD caused by activating FGFR3 mutations. The cells 

respond to activation of endogenous FGFR signaling with complex changes in cell behavior 

manifested by growth arrest, diminished collagen and proteoglycan extracellular matrix 

(ECM), induction of premature senescence and alteration in cell shape (12, 13, 25, 26). When 

compared to wildtype cells, the SHIP2Crispr cells responded to FGF2 with significantly less 

potent growth arrest (Fig. 5A). This phenotype was not due to clonal variation, because three 

randomly selected RCS clones with wildtype SHIP2 genotypes responded to FGF2 with growth 

arrest comparable to wildtype cells (Fig. 5, B and C). The SHIP2Crispr cells also showed less of 

the FGF2-mediated ECM loss, determined by western blot for collagen 2 and alcian blue 
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staining for sulfated proteoglycans, respectively (Fig. 5, D and E, and fig. S1A). Finally, FGF-

mediated induction of premature senescence was also less pronounced in SHIP2Crispr cells 

compared to wildtype controls, as demonstrated by western blot for presence of the senescence 

marker caveolin 1 (Fig. 5D) (12). These experiments established that SHIP2 deletion renders 

RCS cells less responsive to FGF stimulus during multiple FGF-mediated cellular phenotypes. 

In contrast, SHIP2 deletion did not affect FGF-induced changes in cellular shape, manifested 

as cell flattening and enlargement (Fig. 5F and fig. S1B) due to cytoskeletal remodeling with 

abundant formation of actin stress fibers (Fig. 5G) (18). The SHIP2 translocation to peripheral 

focal adhesions in response to FGF2 (Fig. 4, B and C) is therefore not essential for FGF-

mediated cell spreading and cytoskeletal remodeling.   

 

SHIP2 deletion converts FGF-mediated sustained ERK activation into a transient signal 

First, we asked whether the lack of response to FGF2 in SHIP2Crispr cells may simply stem from 

FGFR downregulation. No substantial changes in FGFR2 or FGFR3 protein amounts were 

found among wildtype and SHIP2Crispr cells, ruling-out this possibility (fig. S2). Because 

sustained ERK activation accounts for the majority of cellular phenotypes triggered by FGF in 

RCS cells (27), we next examined the kinetics of ERK activity in SHIP2Crispr cells. All four 

SHIP2Crispr cell lines showed markedly impaired FGF-mediated ERK activation, which 

progressed with time, resulting in almost completely diminished ERK signal in cells treated 

with FGF2 for over four hours (Fig. 6A and fig. S3, A to C). In contrast, wildtype cells 

maintained phosphorylated ERK amount for at least 10 hours. Thus, the SHIP2Crispr cells 

responded to FGF-mediated ERK activation normally but failed to maintain ERK activity over 

prolonged periods of time. The defective maintenance of ERK activation clearly explains the 

rescue of the FGF-mediated changes in cell behavior observed in SHIP2Crispr cells.  

We next asked whether the defect in FGF-mediated ERK activation in SHIP2Crispr cells 
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may be restored by addition of SHIP2 protein. Western blot with recombinant SHIP2 was used 

to determine the amount of SHIP2 protein in cells (287,546±37,305 molecules/cell, 

mean±SEM; n=9) (Fig. 6B). Two SHIP2Crispr cell lines were microinjected with amount of 

recombinant SHIP2 (recSHIP2) of approximately 1/10th (~25,000 molecules/cell) of the 

endogenous SHIP2, together with dTomato transcriptional reporter to ERK activity 

(pKrox24(MapErk)dTomato) (28) (Fig. 6C). Cells were treated with FGF2 and the induction of 

dsTomato expression was analyzed 24 hours later and plotted. Injection of recSHIP2 increased 

the FGF ability to activate ERK in the SHIP2Crispr cells (Fig. 6, D and E). 

To test whether other receptor tyrosine kinases also require SHIP2 to activate ERK, RCS 

cells were transfected with full-length wildtype human Tropomyosin receptor kinase (TRKA) 

or Epidermal Growth Factor Receptor (EGFR), and treated with the TRKA and EGFR ligands 

NGF and EGF, respectively. The TRKA- or EGFR-mediated ERK activation was compared 

between wildtype cells and two SHIP2Crispr cell lines. No substantial differences in ERK 

activation were found among wildtype and SHIP2Crispr cells (fig. S4), suggesting that, TRKA 

and EGFR do not require SHIP2 for ERK activation, conferring specificity to FGFR signaling.  

FGFRs relay their signal to the ERK pathway via adapters such as FRS2 and GAB1, 

which undergo tyrosine phosphorylation upon FGF treatment of cells and complex with 

PTPN11 (SHP2) adapter/tyrosine phosphatase to activate the RAS-ERK signaling module. 

FGF2 triggered abundant tyrosine phosphorylation of FRS2(Tyr436) and GAB1(Tyr627) in RCS 

cells (27) (Fig. 6A and fig. S3, A to C), which was impaired in SHIP2Crispr cells. These data 

suggest that the defect in ERK activation in SHIP2Crispr cells may stem from poor recruitment 

of PTPN11 onto underphosphorylated adapters. We could not immunoprecipitate GAB1 from 

RCS cells (despite multiple attempts) due to technical difficulties. However, the FRS2-PTPN11 

co-immunoprecipitation experiments showed impaired association of FRS2 with PTPN11 

upon FGF2 treatment in SHIP2Crispr cells, when compared to wildtype cells (Fig. 6F and fig. 
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S3D).  

 

SHIP2 promotes association of SRC kinases with FGFR3  

The SRC-family kinases BLK, FGR, FYN, HCK, LCK, LYN and YES were amongst the most 

frequent proteins found in MS analyses of the FGFR3 interactome (20). The FGFR3 

association with FYN, LYN, FGR, BLK, and LCK was confirmed by co-immunoprecipitations 

carried out in 293T cells (Fig. 7A and fig. S5). The bimolecular fluorescence complementation 

(BiFC) was used to visualize the FGFR3 and FYN interaction in cells. For this analysis, LYN 

cDNA was C-terminally fused with cDNA encoding for Venus N-terminal 1-158 amino acid 

residues (29) (LYN-V1), while FGFR3 cDNA was fused to Venus cDNA encoding its C-

terminal 159-239 amino acid residues (FGFR3-V2). Figure 7, B and C demonstrates the direct 

interaction of FGFR3 with LYN in 293T cells.   

Inhibition of endogenous SRC catalytic activity by two unrelated chemical inhibitors 

(AZM475271, A419259) abolished ERK activation triggered by addition of exogenous FGF2, 

in both RCS and 293T cells (Fig. 7, D and E). The ERK inhibition was accompanied by the 

inhibition of FRS2 phosphorylation, suggesting that SRC kinases are recruited to FGFRs and 

participate in FGFR-mediated adapter phosphorylation and ERK activation.   

Having established that SHIP2 deletion and SRC inhibition both impaired FGF-mediated 

ERK activation, we speculated that SHIP2 promotes association of SRC kinases with FGFRs. 

The PLA was used to probe FGFR3 interaction with the SRC kinase YES in RCS cells of 

differing Ship2 backgrounds. Expression of FGFR3 in RCS cells lead to its spontaneous 

activation (Fig. 7F), and association with co-expressed YES at the cell membrane (Fig. 7, G 

and H). This association was reduced by 40% and 61% in the two tested SHIP2Crispr cell lines 

(Fig. 7I), suggesting that SHIP2 facilitates FGFR3 interaction with SRC kinases.  

 



 11 

Inositol phosphatase activity of SHIP2 is not necessary for FGF-mediated ERK activation  

The truncated SHIP2 variant lacking the entire inositol phosphatase domain (SHIP2-∆PS) 

interacts normally with FGFR3 (Fig. 2B). Similarly, FRS2, LYN, LCK and FGR co-

immunoprecipitated normally with SHIP2-∆PS or with the phosphatase-defective SHIP2 triple 

mutant (P686A/D690A/R691A) (SHIP2-PD) (30) (Fig. 8, A to C, and fig. S6). Thus, the 

interaction with FGFR3 or members of its signaling complex does not require SHIP2’s inositol 

phosphatase domain or its catalytic activity.  

To test whether the catalytic function is required for the role of SHIP2 in FGF-ERK 

signaling, RCS cells were treated with a chemical inhibitor of SHIP2 inositol phosphatase 

activity (AS1949490) (31). Since SHIP2 acts as a negative regulator of PI3K/AKT pathway, 

the AS1949490 should increase AKT signaling. AS1949490 treatment produced no changes in 

basal phosphorylation of AKT(Ser473) or its direct substrate FoxO1(Thr24) (32) in FGF2-naïve 

cells. However, the well documented inhibition of AKT activity (and corresponding lack of 

FoxO1 phosphorylation) by prolonged FGFR signaling in RCS cells (33, 34) was prevented by 

AS1949490 (Fig. 8D, arrows), confirming that the inhibition of SHIP2 upregulated AKT 

activity. AS1949490 did not alter FGF-mediated FRS2 phosphorylation and, surprisingly, 

enhanced rather than suppressed the FGF-mediated ERK phosphorylation (Fig. 8D). Next, 

ERK activity in RCS cells was monitored by a pKrox24(MapErk)Luciferase reporter designed to 

record quantitative changes in ERK pathway activation by FGF signaling (19). The FGF-

mediated pKrox24 transactivation was enhanced in cells transfected with wildtype SHIP2, 

compared to untransfected controls (~13 fold vs. ~9 fold) (Fig. 8E). Interestingly, the pKrox24 

transactivation was enhanced up to ~17 fold in cells transfected with SHIP2-∆PS, altogether 

suggesting that lack of SHIP2 catalytic activity does not account for diminished FRS2 

phosphorylation and ERK activation in FGF-treated SHIP2Crispr cells. Thus, the loss of SHIP2 

leading to decreased FGF-mediated ERK activation likely results from its role as a physical 
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adaptor in the signalling cascade. 

 

Discussion 

Most of the twenty established receptor tyrosine kinases (RTK) families use the ERK 

pathway as major effector of their signal transduction. The magnitude and duration of ERK 

activation appear critical for cell decisions during the physiological processes regulated by 

RTKs. In PC12 pheochromocytoma cells for instance, the transient ERK activation by EGFR 

leads to increased proliferation in contrast to growth arrest and neuronal differentiation induced 

by sustained ERK activation via TRK signaling (35, 36). In pathological conditions, sustained 

ERK activation is almost invariantly the major driver of cell phenotypes caused by RTK 

deregulation. The FGFRs are no exception from this paradigm, but the mechanisms associated 

with constant ERK activation in FGFR signaling remain unclear. Deepening our understanding 

of the mechanisms associated with ERK activation, will aid in progress towards treatments for 

FGFR-related conditions.  

FGFRs relay their signal to ERK via adapters such as FRS2. FGFRs phosphorylate FRS2 

at several tyrosine residues that serve as binding sites for GRB2-SOS1 (Tyr196/306/349/392) and 

PTPN11-GRB2-SOS1 (Tyr436/471) complexes, directing SOS1 guanine nucleotide exchange 

factor to the cell membrane where it activates RAS (16, 17). Adapters not only relay the signal, 

but also act as its amplifiers, since the phosphorylation of several adapter molecules by single 

FGFR substantially increases the docking interface for cytoplasmic SOS1 at the cell membrane. 

Thus, RTK families such as FGFR or TRK that use adapters, tend to produce higher and longer 

ERK activation when compared to RTKs that engage their downstream signaling directly (37).  

 Although FGFRs induce strong ERK activation in general, the actual magnitude and 

duration of ERK activity fluctuates substantially among different cell types, ranging from 1-2 

hours in fibroblasts to persistent signal for at least 24 hours in chondrocytes (33). The 
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mechanisms maintaining this ERK activity are poorly understood. According to the existing 

paradigm, FGFR activation leads its rapid internalization and degradation. This is followed by 

a period where a given cell is insensitive to FGF, before new FGFR molecules become present 

at the cell surface (4, 38–40). In some pathologies, continuous presence of FGFRs at the cell 

surface contribute to sustained ERK activity. These include gastric and lung cancer cells, where 

Fgfr1 and Fgfr2 are frequently amplified, leading to constant FGFR expression or multiple 

myeloma, where FGFR3 is overexpressed as a result of t(4;14)(p16.3;q32) translocation 

placing an immunoglobulin promotor upstream of the Fgfr3 gene (41–43). Although the high 

abundance of FGFR3 are part of the chondrocyte differentiation program, experimental 

evidence demonstrated rapid FGFR3 downregulation following its activation (26). Thus, the 

persistence of FGFRs at the membrane is unlikely to account for sustained ERK activation in 

chondrocytes. 

The adaptors used for ERK activation may attenuate the ERK signal. FRS2 represents 

such a site of potent negative feedback. First, tyrosine phosphorylated FRS2 mediates the 

interaction of ubiquitin ligase cCBL with FGFR, leading to its ubiquitin-mediated degradation 

(44). Second, active ERK phosphorylates FRS2 at multiple threonine residues adjacent to the 

phosphorylated tyrosines, leading to diminished PTPN11-GRB2-SOS1 recruitment and 

downregulation of ERK activity (45, 46). The components of the ERK-FRS2 negative feedback 

loop exists in chondrocytes, but there is no corresponding downregulation of ERK activity (27). 

Moreover, analyses of transcriptional changes triggered by FGFR activation in chondrocytes 

(18), demonstrated a potent induction of ERK phosphatase DUSP6 as well as members of the 

Sprouty family of RAS-ERK pathway inhibitors (47, 48). Thus, FGF-mediated ERK activation 

persists for many hours despite the induction of negative feedback mechanisms, suggesting the 

existence of other cellular processes capable of overriding established negative feedback 

mechanisms. Our study describes one such mechanistic pathway, linking the inositol 
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phosphatase SHIP2 to the FGFR signaling complex in regulation of sustained ERK activation. 

Our findings showed that SHIP2 interacted with FGFRs, was phosphorylated by active FGFRs 

and regulated the FGFR-ERK pathway at the level of adapter phosphorylation and PTPN11 

recruitment (Fig. 8F).  

The SRC kinases are known to participate in a pleiotropic array of FGF-regulated 

events including cell proliferation, shape changes, migration, adhesion, and differentiation   

(49–56). The mechanism of FGFR-mediated recruitment of SRCs is somewhat unclear, 

although earlier studies demonstrate direct SRC interaction with FGFRs, or recruitment via 

FRS2 (57–59). Similarly, although most of the cellular phenotypes caused by FGF-SRC 

signaling are dependent on ERK (49, 60), it is not clear how SRCs mechanistically integrate 

into the FGF-ERK pathway. We showed that SRC kinases are recruited to the FGFR signaling 

complex by SHIP2. Inhibition of SRC activity abolished FGF-mediated ERK activation and 

FRS2 phosphorylation, suggesting that SRCs assist FGFRs in adapter phosphorylation and 

signal relay to the ERK pathway, together enabling for a robust, negative feedback-resistant 

relay of the FGFR signal to the RAS-ERK pathway. Our experiments thus establish SHIP2 as 

an essential component of canonical FGFR signaling that enables sustained FGFR-mediated 

ERK activation by recruiting SRC kinases to the FGFR signaling complex (Fig. 8F). 

 The major physiological function attributed to SHIP2 is the regulation of insulin 

signaling. Ship2 knock-out mice showed increased sensitivity to insulin, causing 

hypoglycaemia, deregulated expression of genes involved in liver gluconeogenesis, and 

perinatal death (61). A later study did not confirm such a severe phenotype, but reported a 

resistance of Ship2-/- animals to weight gain, due to the decreased cellular response to insulin 

(62). In addition to altered insulin signaling, the Ship2-/- mice are approximately half in size of 

their wildtype littermates, suggesting a role of SHIP2 in regulation of axial and appendicular 

skeleton. Interestingly, loss of function mutations in SHIP2 cause opsismodysplasia, an 
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autosomal recessive skeletal dysplasia characterized by severe shortening of all the 

appendicular bones with radiographic evidence of endochondral ossification delay, extremely 

short hands, poor mineralization  flattening of the spine, and severe midface hypoplasia (63–

65). Histologic analyses of cartilage growth plate morphology due to mutations in SHIP2 

showed poorly organized zone of proliferating chondrocytes, nearly absent zone of 

hypertrophic chondrocytes and increased vascular invasion (66, 67).  

Molecular analyses demonstrated that the negative role of SHIP2 on metabolic insulin 

signaling is caused by SHIP2-mediated inhibition of PI3K/Akt signaling (30, 62). This was 

mediated by SHIP2 dephosphorylation of membrane phosphoinositide PtdIns(3,4,5)P3 to 

PtdIns(3,4)P2, which reduced AKT binding sites, restricting recruitment and subsequent AKT 

activation by PDK1 (3-phosphoinositide-dependent protein kinase-1) at the cell membrane 

(68). Similar to the role of SHIP2 in insulin metabolism, opsismodysplasia stems from the lack 

of catalytic SHIP2 function since several patients with opsismodysplasia have been shown to 

harbor missense mutations localized in the catalytic domain (69, 70). Because IGF signals 

primarily through the PI3K/AKT pathway (71) it is likely that the mutations in SHIP2 

producing opsismodyplasia do so through deregulation of IGF-AKT mitogenic signaling. 

Impaired insulin-like growth factor (IGF) signaling is major growth promoting signal for 

skeleton (72). Analyses of IGF or its receptor IGF-1R knockout models showed growth 

retardation with poor mineralization and an abnormal cartilage growth plate that shared 

similarities to the human SHIP2-/- cases that included disorganized proliferating chondrocytes 

and shortened hypertrophic zone, supporting that hypothesis abnormal insulin signaling effects 

the growth plate (73, 74). Beyond PI3K/AKT signaling, IGF-1R interacts with the Parathyroid 

hormone-related peptide/Indian hedgehog pathway (PTHrP/IHH) adding complexity to direct 

and indirect effects on loss of SHIP2 on the chondrocyte cellular behavior that now includes 

regulatory effects on FGFR signaling (74).   
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However, the SHIP2-mediated regulation of FGF signaling in chondrocytes appears to 

be independent of SHIP2 catalytic activity and the AKT pathway. First, deletion or 

downregulation of SHIP2 in SHIP2Crispr cells did not increase AKT signaling as expected when 

assuming that the role of SHIP2 is solely the inhibition of the PI3K/AKT pathway. Second, 

chemical inhibition of SHIP2 phosphatase activity increased AKT phosphorylation but did not 

downregulate FGF-mediated ERK activation or adapter phosphorylation. Third, genetic 

inactivation or deletion of the SHIP2 catalytic domain did not affect its association with the 

FGFR signaling complex. It thus appears that SHIP2’s catalytic function is important for 

mitogenic IGF signaling in growth plate cartilage, whereas its adapter function is critical for 

the growth inhibitory signaling of FGFR3 in the same tissue. Further experiments should 

unravel the interesting and yet unknown biology behind how the two growth factor systems, 

i.e. IGF and FGF, integrate SHIP2 into their downstream signaling in order to achieve their 

opposing effects on cell proliferation. These studies should also illuminate the therapeutic 

potential of modulation of SHIP2 activity in developmental conditions caused by activating 

mutations in FGFRs.  

 

Material and Methods  

Cell culture, vectors, transfection and luciferase assay 

293T (ATCC, Manassas, VA), U2OS and RCS cells (obtained from B. de Crombrugghe) (75) 

were propagated in DMEM media, supplemented with 10% FBS and antibiotics (Invitrogen, 

Carlsbad, CA). To obtain cells stably expressing FGFR4-GFP, U2OS cells were transfected 

with pEGFP-N1-FGFR4 plasmid (76) using Fugene liposomal transfection reagent according 

to the manufacturer’s protocol. Clones were selected with 1 mg/ml geneticin and their FGFR4-

GFP expression levels were analyzed by immunofluorescence and western blot. A homogenous 

clone with moderate FGFR4-GFP expression level was chosen for further studies. U2OS cells 



 17 

stably expressing FGFR1-GFP and FGFR1-BirA-HA were described recently (77). For cell 

migration assay, cells were plated on fibronectin coated 8 chambered μ-slide wells and allowed 

to migrate for 15 hours as reported before (24, 78). Cells were analyzed with Leica DM6000B 

microscope, using 10X magnification objective for live-cell imaging. Each cell was tracked 

over the period of time using the manual tracking plugin of the ImageJ software.  FGF2, NGF 

and EGF were from RnD Systems (Minneapolis, MN), heparin was from Sigma-Aldrich (St. 

Louis, MO), AZM475271, A419259 and AS1949490 were from Tocris Bioscience (Ellisville, 

MO). Cells were transfected using FuGENE6 reagent according to manufacturer’s protocol 

(Promega, Madison, WI). Vectors expressing FGFR3 were described elsewhere (19). Vectors 

expressing BLK, FYN, FGR, LYN, LCK and YES were obtained from ImaGenes (Berlin, 

Germany); EYFP vector was from Clontech (Mountain View, CA). For generation of truncated 

SHIP2 variants, the C-terminal Myc-DDK tag in pCMV6-hShip2 vector (OriGene, San Diego, 

CA) was replaced by V5-HIS tag using NEBuilder HiFi DNA assembly kit (New England 

Biolabs, Ipswich, MA). Truncated SHIP2 constructs were generated by PCR mutagenesis. 

Catalytically-inactive 5’-phosphatase-defective (PD) SHIP2 was created by introducing 

P686A, D690A and R691A substitutions into the inositol phosphatase domain via site-directed 

mutagenesis (Agilent, Santa Clara, CA). For dual-luciferase assay, the pKrox24(2xD-

E_inD)Luc firefly luciferase reporter (19) was transfected together with the pTK-RL vector 

(Promega) in 3.2/1 (g DNA) ratio. Cells were treated with FGF2 for 24 hours and the 

luciferase amount was determined using dual luciferase assay (Promega).  

 

Microinjection 

Cells were microinjected using Femtojet 4i microinjector with micromanipulator Injectman 4 

(Eppendorf, Germany). Each cell was injected with 200 fl of PBS containing ~25,000 

molecules of recombinant SHIP2 (recSHIP2; SignalChem, Canada) together with fluorescence 
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marker Dextran Alexa Fluor™ 647 (Thermo Fisher Scientific, USA) and 100 molecules of 

pKrox24(MapErk)dTomato reporter developed for detection of ERK activity (79). Samples were 

treated for 24 hours with 10 ng/ml FGF2 to activate ERK pathway. Fixed cells were imaged 

for pKrox24 transactivation, using automatic microscope TissueFAXsi (TissueGnostics, 

Austria) with 20x air objective. Percentages of injected cells positive for dTomato were 

determined by Fiji free software.  

 

Immunoprecipitation, western blot and activity assays  

Cells were lysed in buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% NP-40, 

0.25% sodium deoxycholate, 2 mM EDTA and 1 mM Na3VO4, supplemented with protease 

inhibitors. Lysates were cleared by centrifugation and supernatants were incubated for 1 hour 

with antibodies. Immunocomplexes were collected on A/G-agarose (Santa Cruz 

Biotechnology, Santa Cruz, CA) in overnight incubation. For the western blot, cell lysates were 

resolved by SDS-PAGE, transferred onto a PVDF membrane and visualized by 

chemiluminiscence (Thermo Scientific, Rockford, IL). Table S1 lists antibodies used in the 

study. For kinase assays, 200 ng of recombinant FGFR3 was incubated for 30 minutes at 30°C 

with recombinant SHIP2 (SignalChem, Richmond, CA) as a substrate, in 50 l of kinase buffer 

(60 mM HEPES pH 7.5, 3 mM MgCl2, 3 mM MnCl2, 10 M Na3VO4, 1.2 mM DTT) 

supplemented with 10 M ATP.  For the SHIP2 activity assay, 300 ng FGFR3 and 400 ng 

SHIP2 was incubated with 50 M PIP3 (Echelon Biosciences, Salt Lake City, UT) for 30 

minutes at 30°C. The reaction was then incubated with Biomol Green Reagent (Enzo Life 

Sciences, Exeter, United Kingdom) and optical density at 620 nm was determined by 

spectrophotometer.  Crystal violet staining was carried out as described before (80).  

 

CRISPR/Cas9  
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SHIP2 ablation in RCS cells using CRISPR/Cas9 technology was carried out as described (81). 

CHOPCHOP tool was used to design sgRNAs for a pair of SpCas9n (D10A) nickases, which 

targeted 5´-GTGTGGGGCACCGAGTCCCG-3´, 5´-GTCACGGTGATACCAGGCAG-3´ 

sites in the first exon of the Ship2 gene (82). Together with a pair of Crispr/Cas9n plasmids, 

RCS cells were electroporated also with a GFP based Crispr Reporter (designed GReP, a 

generous gift from V. Korinek) where the targeted sequence was cloned amidst the GFP coding 

sequence. Successful targeting restored the GFP-reading frame and GFP-positive cells were 

manually picked and expanded. Individual clones were screened on western blot for SHIP2 

presence, and the targeted locus was PCR amplified using 5´-

AGCCTCCACTCCAAGCTTCC-3´, 5´-AAGGTCTCCACTCACGGTGG-3´, inserted into 

pGEM T-Easy vector (Promega) and sequenced for determination of Ship2 genotype. 

 

Immunocytochemistry, alcian blue staining and proximity ligation assay (PLA) 

Cells were fixed in 4% paraformaldehyde and incubated with primary antibodies at 4°C 

overnight. Secondary antibodies were Alexa Fluor 488/594-conjugated secondary antibodies 

(Life Technologies, Grand Island, NY). Polymerized actin was visualized using AlexaFluor 

594-conjugated Phalloidin (Life Technologies) and vinculin stained with vinculin-FITC 

antibody according to the manufacturer's protocol (Sigma). For Duolink® PLA (Sigma), cells 

were transfected with vectors expressing FGFR3-Flag together with YES-YFP or YFP, fixed 

and stained according to manufacturer´s protocol. PLA events were calculated in YFP-positive 

cells in 3D and normalized to YFP signal. For alcian blue staining, cells were fixed with 

paraformaldehyde, stained with 1% alcian blue (Sigma) and mounted. Images were taken using 

a confocal inverted microscope Carl Zeiss LSM 700 (Jena, Germany) with 63x oil immersion 

objective. Images shown in Figures 3B-E and 4H represent maximum projections of several 

acquired z-sections. Brightfield images of alcian blue samples (Fig. 4F and fig. S1A) were 



 20 

taken using Olympus microscope IX71 (Tokyo, Japan). Phase contrast images were taken using 

Carl Zeiss Axio Observer microscope. The contrast, brightness, and gamma were adjusted.  

 

Statistical analysis 

We used Welch's t-test for statistical analysis of significance due to unequal variances in our 

samples. Where appropriate we used Bonferroni's correction of p values. Statistical methods 

were discussed and approved by renowned biostatistician.   

 

Supplementary Materials 

Supplementary figure S1. Ship2 deletion or downregulation by CRISPR/Cas9 impairs FGFR3 

ability to induce extracellular matrix (ECM) degradation but not cell spreading in RCS cells. 

Supplementary figure S2. Ship2 deletion or downregulation by CRISPR/Cas9 does not affect 

FGFR2 and FGFR3 abundance in RCS cells. 

Supplementary figure S3. Deletion or downregulation of Ship2 impairs FGF2-mediated adapter 

phosphorylation and activation of ERK MAP kinase. 

Supplementary figure S4. No substantial impairment of NGF- or EGF-mediated in ERK 

activity was found in SHIP2Crispr cells. 

Supplementary figure S5. FGFR3 interacts with SRC-family kinases FYN, LYN, FGR and 

BLK. 

Supplementary figure S6. FGR associates with both wild-type (WT) and catalytically-inactive 

(PD) SHIP2. 

Supplementary table S1. Antibodies used in the study. 

Supplementary table S2. Expression vectors used in the study. 
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Figure Legends 

Figure 1 FGFRs interact with SHIP2 and phosphorylate SHIP2 in cells  

(A) 293T cells were transfected with V5-tagged wildtype (WT) FGFR3 or FGFR3-K650M 

together with FLAG-tagged SHIP2 and subjected to V5 or FLAG immunoprecipitation (IP) 24 

hours later. Note the SHIP2 phosphorylation in cells transfected with activating K650M 

FGFR3 mutant (SH. SHIP2, FG. FGFR3). Immunoblot with SHIP2 antibody shows both 

endogenous and transgenic SHIP2. (B) Cell-free kinase assay utilizing recombinant FGFR3 as 

a kinase and recombinant SHIP2 as a substrate demonstrate SHIP2 phosphorylation by FGFR3. 

Sample with ATP omitted serves as negative control. 4G10, pan-specific phosphotyrosine 

antibody. (C) Cell-free kinase assay demonstrating no effect of recombinant SHIP2 on FGFR3 

activity determined as the level of FGFR3 autophosphorylation in samples where FGFR3 was 

inhibited by addition of FGFR inhibitor (SU5402) for 20 minutes. Data are representative for 

three independent experiments. (D) Cell-free colorimetric SHIP2 phosphatase activity assay 

determining the SHIP2-mediated hydrolysis of phosphoinositide PtdIns(3,4,5)P3 (PIP3) to 

PtdIns(3,4)P2 (PIP2), carried out as described in Material and Methods. Recombinant active 

SHIP2 and FGFR3 were added to reaction buffer. Samples with omitted ATP serve as negative 

controls for FGFR3 activity. Note that addition of FGFR3 does not significantly alter SHIP2 

catalytic activity (n.s., Welch's t-test). Columns show compilation of three independent 



 34 

experiments (n) with indicated SD. For each of them the values were calculated as averages 

from two technical duplicates, each measured three times.  

 

Figure 2 SHIP2 interacts with FGFR3 via SH2 and SAM domains  

(A) Schematic representation of generated truncated SHIP2 constructs. V5 epitope was added 

for immunoprecipitation (IP). SH2, SRC-homology domain 2; PR, proline-rich domain; PS, 

inositol phosphatase; SAM, sterile alpha motif. (B-E) SHIP2 variants were expressed with 

wildtype FGFR3 in 293T cells, immunoprecipitated and analyzed by western blotting (WB). 

Actin serves as a loading control. Input, total cell lysates used for IP. Note the normal 

association of SHIP2 lacking PS or PR1 domain with FGFR3 (B, C), compared to diminished 

association of variants lacking SH2 domain or N-terminal SAM domain (D, E, arrows). (F) No 

co-immunoprecipitation of SHIP2 with catalytically-inactive K508M mutant of FGFR3 was 

found. Data are representative for three independent experiments.  

 

Figure 3 SHIP2 interacts with FGFR1 

(A) 293T cells were transfected with V5-tagged wildtype FGFR1, FGFR2 and FGFR4 together 

with FLAG-tagged SHIP2 and subjected to FLAG immunoprecipitation (IP) 24 hours later. 

Note that FGFR1 and FGFR4 but not FGFR2 interact with SHIP2. (B-E) U2OS cells stably 

expressing FGFR1-GFP were treated with 25 ng/ml FGF2 for 15 minutes, fixed and subjected 

to proximity ligation assay (PLA) using antibodies detecting SHIP2 and GFP (B, C), or SHIP2 

and FGFR1 (D, E). U2OS cells stably expressing FGFR1-BirA-HA or FGFR4-GFP were used 

as negative controls in A, C and B, D, respectively. Data are mean±SEM. Statistical 

significance was determined by Welch’s t-test with Bonferroni's correction of p values (n.s. 

p>0.05, ***p<0.001). Scale bar, 20 µm; n, number of independent experiments.  
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Figure 4 FGF signaling targets SHIP2 to focal adhesions 

(A) Phosphorylation of endogenous SHIP2 triggered by activation of FGF signaling in RCS 

cells treated with FGF2 for indicated times. (B) FGF2 triggers translocation of phosphorylated 

(p) SHIP2Y986/7 to the peripheral focal adhesions (arrows), where it co-localizes with vinculin 

(C; arrows). (D) Similar effect is observed on p130CAS phosphorylated at Tyr410 upon FGF2 

treatment (pp130CAS). Bar, 25 m. (E) Higher magnification of squares selected in C and D. 

(F) Genotype and corresponding SHIP2 protein amounts in four SHIP2Crispr RCS cell lines, 

compared to wildtype RCS cells. (G) To measure migration, wildtype RCS cells and SHIP2Crispr 

cell lines were starved overnight, treated with 10% FCS or FGF2 [25 ng/ml] for 8 hours, and 

individually tracked for 15 hours. Data are mean ± SEM. Statistical significance was 

determined by Welch’s t-test with Bonferroni's correction of p values, ***p<0.0001. Data are 

representative for three independent experiments.  Christophe is G representative for 3 

experiments or compilation of three independent experiments? Please check   

 

Figure 5 Loss of SHIP2 rescues cell phenotypes regulated by FGF signaling  

 (A) A rescue of the FGF2-mediated inhibition of RCS proliferation (FGF2 treatment for 96 

hours) in four different SHIP2Crispr cell lines, determined by crystal violet staining. Data 

represent averages from 8 wells with indicated standard deviation. Statistically significant 

differences are highlighted (***p<0.001, Welch's t-test). (B, C) No rescue is observed in three 

randomly selected RCS clones with normal SHIP2 amount. (D, E) The rescue of FGF2-

mediated loss of RCS cartilaginous extracellular matrix (ECM) in SHIP2Crispr cells, determined 

by collagen 2 western blot for collagen ECM (D; treatment with 25ng/ml FGF2 for 48 hours), 

and alcian blue staining for sulfated proteoglycan ECM (FGF2 treatment for 72 hours) (E; fig. 

S1). (D) Poor FGF2-mediated induction of senescence marker caveolin 1 in SHIP2Crispr cells is 

also shown. (F) Evidence for spreading in cells treated with FGF2 for 72 hours, due to the 
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formation of actin stress fibers, visualized by phalloidin staining (G). This phenotype is not 

rescued SHIP2Crispr. Scale bars 20 m. Data are representative for three independent 

experiments.  

 

Figure 6 Loss of SHIP2 impairs FGFR-ERK signaling  

(A) Wildtype (WT) and SHIP2Crispr (Ship2a+/-) RCS cells were treated with FGF2 (20 ng/ml) 

for indicated times and analyzed for phosphorylated (p) forms of FRS2, GAB1, AKT and ERK 

by western blot. Note the impaired FGF2-mediated phosphorylation of FRS2 and GAB1 

adapters with corresponding under-phosphorylation of ERK. Actin and total level of given 

protein serve as loading controls. Additional analyses carried out in other SHIP2Crispr cell lines 

are shown at figure S3, A to C. Data are representative for at least three independent 

experiments. (B) Quantification of SHIP2 protein in wildtype RCS cells using western blot of 

RCS lysates and serial dilutions of recombinant (rec) SHIP2. Densitometry was used to 

quantify the band intensities and to obtain information on cellular SHIP2 numbers 

(287,546±37,305 molecules per single cell, mean±SEM; n=9). (C) Two SHIP2Crispr cell lines 

were microinjected with amount of recombinant SHIP2 (recSHIP2) of approximately 1/10th 

(~25,000 molecules/cell) of the endogenous SHIP2, together with dTomato transcriptional 

reporter to ERK activity (pKrox24(MapErk)dTomato). Cells were treated with FGF2 and the 

dsTomato expression was analyzed 24 hours later and plotted. (E) RecSHIP2 rescued the FGF 

ability to activate of ERK pathway in SHIP2Crispr cells (Student´s t-test, ***p˂0.001, 

**p˂0.01). Scale bars, 20 μm (C) and 200 μm (E); Ph2, phase contrast. (F) Wildtype and 

Ship2a+/- RCS cells were treated with FGF2 for indicated times, FRS2 was immunoprecipitated 

(IP) and its immunocomplexes were analyzed for PTPN11 presence by western blot. Note the 

impaired FRS2-PTPN11 association in FGF2-treated SHIP2Crispr cells.   
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Figure 7 SHIP2 promotes association of SRC-family kinases with FGFR3 

(A) 293T cells were transfected with FLAG-tagged wildtype (WT) FGFR3 or K650E 

activating mutant of FGFR3 together with SRC-family kinase LCK. FGFR3 was 

immunoprecipitated (IP) 24 hours later and immunocomplexes were analyzed for FGFR3 and 

LCK by western blot. Note the FGFR3 association with LCK. Additional experiments show 

association of other SRC kinases such as FYN, LYN, FGR and BLK with FGFR3 (fig. S5). 

(B) RCS cells were transfected with vectors expressing FGFR3-Venus2 (V2) and Lyn-Venus1 

(V1), fixed 24 hours later, counterstained visualize Venus expression (ICC), and the percentage 

of transfected cells complementing Venus was calculated and plotted (C). (mean±SEM). Note 

the Venus fluorescence at the cell membrane, in the cytosol and Golgi. Scale bar, 10 µm. (D) 

RCS cells and (E) 293T cells were treated with 20 ng/ml of FGF2 (1.5 hour) alone or in the 

presence of SRC inhibitors AZM475271 and A419259 and analyzed for FRS2 and ERK 

phosphorylation (p). Total FRS2 and ERK amounts serve as loading controls. Note the 

inhibition of FRS2 and ERK phosphorylation by SRC inhibitors. (F) Expression of wildtype 

FGFR3 in RCS cells causes its activation evidenced by western blot for autophosphorylated 

(p) FGFR3. This phosphorylation is sensitive to inhibition of FGFR3 catalytic activity by 

treatment with FGFR inhibitor AZD4547 (AZD.). (G) Representative images of FGFR3 

interaction with SRC kinase YES (tagged with YFP) in RCS cells, probed by proximity ligation 

assay (PLA). Scale bar, 10 M. Note the PLA dots at the cell membrane, illuminating the site 

of FGFR3-YES interaction. (H) Compilation of three (n) independent PLA experiments 

demonstrating lesser extent of FGFR3-YES interaction in two SHIP2Crispr cell lines (Ship2c-/-, 

Ship2a+/-), compared to wildtype RCS cells. Transfections containing empty vector and vector 

expressing YFP serve as negative control for PLA assay. Data represent averages with 

indicated SEM (*p<0.05, ***p<0.001; Welch's t-test with Bonferroni's correction of p values).   
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Figure 8 Inositol phosphatase activity of SHIP2 is not necessary for its association with FGFR 

signaling complex and for FGF-mediated ERK activation  

(A-C) Co-immunoprecipitation (IP) analyses of SHIP2 and its partners expressed in 293T cells 

demonstrate that catalytically inactive SHIP2, due to P686A/D690A/R691A substitutions 

(SHIP2-PD) or deletion of an entire inositol phosphatase domain (SHIP2-PS), associates 

normally with FRS2 or with SRC kinases LCK and LYN. Non-transfected cells or those 

transfected with GFP serve as negative IP controls. Actin serves as loading control. (D) RCS 

cells were treated with inhibitor of SHIP2 phosphatase activity AS1949490 (AS19.) and FGF2 

(40 ng/ml) for indicated times and analyzed for phosphorylated (p) forms of indicated proteins 

by western blot. Actin and total level of given protein serve as loading controls. Note the 

AS1949490-mediated increase in phosphorylation of AKT and its substrate FoxO1 in cells 

treated with FGF2 for 6-10 hours (arrows). The activating phosphorylation of ERK is also 

increased. (E) RCS cells were transfected with wildtype SHIP2 or SHIP2-PS together with 

firefly luciferase pKrox24 reporter plasmid and Renilla luciferase pTK-RL control plasmid. 

Cells were treated with FGF2 for 24 hours and the FGF2-mediated pKrox24 transactivation 

was determined by dual-luciferase assay. Note the enhanced response to FGF2 in cells 

transfected with SHIP2, compared to cells transfected with empty plasmid. This phenotype is 

more pronounced in cells transfected with catalytically inactive SHIP2. Data are compilation 

of three independent experiments, four biological and two technical replicates were analyzed 

in each experiment. Bars are averages with indicated SD (**p<0.01, ***p<0.001; Welch's t-

test with Bonferroni's correction of p values). (F) A role of SHIP2 in canonical FGFR-ERK 

signaling. Activated FGFRs phosphorylate SHIP2 and recruit SHIP2 to the FGFR signaling 

complex at the cell membrane. SHIP2 knock-out by CRISPR/Cas9 technology effectively 

converts FGF-mediated sustained ERK activation into the transient one and rescues the cell 

phenotypes induced by sustained FGFR-ERK signaling (premature senescence, ECM 
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degradation, growth arrest). This is due to under-phosphorylation of GAB1 and FRS2 adapters 

in SHIP2Crispr cells, resulting in diminished recruitment of PTPN11-SOS1 complexes which 

activate of RAS-ERK signaling module. SHIP2 associates with SRC-family kinases and bring 

SRC kinases to the FGFR signaling complexes where they assist FGFR-mediated ERK 

activation by increasing adapter phosphorylation.   
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Figure 1 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 8  
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Supplementary figure S1  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(A) The rescue of FGF2-mediated loss of RCS cartilaginous ECM in two SHIP2Crispr cell lines 

(Ship2a+/-, Ship2g-/-), compared to wild-type (WT) RCS cells, visualized by alcian blue staining 

for sulfated proteoglycans (brightfield, 10x objective). (B) Evidence for spreading in cells 

treated with FGF2 for 72 hours. This phenotype is not rescued by SHIP2 removal (phase 

contrast, 20x objective). 
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Supplementary figure S2 

 

 

 

 

 

 
 

Western blot analysis of endogenous FGFR2 and FGFR3 amount in wildtype RCS cells, and 

four SHIP2Crispr cell lines.  
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Supplementary figure S3  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A-C) Wildtype (WT) and three SHIP2Crispr RCS cell lines (Ship2g-/-, Ship2c-/-, Ship2f+/-) were 

treated with FGF2 for indicated times and analyzed for phosphorylated (p) forms of FRS2, B1 

AKT and ERK by WB. Note the lack of FGF2-mediated FRS2 and GAB1 adapter 

phosphorylation with corresponding under-phosphorylation of ERK. Actin and total level of 

given protein serve as loading controls. (D) WT and Ship2c-/- cells were treated with FGF2, 

FRS2 was immunoprecipitated (IP) and its immunocomplexes analyzed for SHP2 presence by 

WB. Note the impaired FRS2-SHP2 association in Ship2c-/- cells. Actin serves as quantity 

control for IP input.  
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Supplementary figure S4 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A, B) Wildtype (WT) RCS cells and two SHIP2Crispr cell lines (Ship2g-/-, Ship2c/-) were 

transfected with TRKA or EGFR for 24 hours, treated with NGF (50 ng/ml; 2 hours) or EGF 

(50 ng/ml; 30 minutes), and analyzed for ERK phosphorylation by western blot. Actin serves 

as loading control. No substantial impairment of NGF- or EGF-mediated in ERK activity was 

found in SHIP2Crispr cells.  
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Supplementary figure S5 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

293T cells were transfected with FLAG-tagged wildtype (WT) FGFR3 or K650E FGFR3 

together with YFP-tagged FYN, FGR and BLK or HIS-tagged LYN. FGFR3 was 

immunoprecipitated (IP) 24 hours later and its immunocomplexes were analyzed for FGFR3 

and the given SRC kinase by WB. Cells transfected with GFP-expressing vector serve as a 

control for IP. Actin serves as a loading control for IP input.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 53 

Supplementary figure S6 
 

 

 

 

 

 

 

 

 

 

 

 

 

293T cells were transfected with FLAG-tagged SHIP2 and YFP-tagged FGR, SHIP2 was IP-

ed 24 hours later and its immunocomplexes analyzed for FGR presence by WB. Note the FGR 

association with both wild-type (WT) and catalytically-inactive (PD) SHIP2. Cells transfected 

with GFP plasmid serve as transfection control.  
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Supplementary table S1: Antibodies used in the study 
 

 

 

 

 

 

 

 

 

 

 

  

  

Antibody Phosphorylated motif Catalog # Manufacturer 

Actin 3700 Cell Signaling 

AKT 9272 Cell Signaling 

pAKTS473 4060 Cell Signaling 

BLK 3262 Cell Signaling 

Caveolin 1 3238 Cell Signaling 

Collagen 2 CL50241AP Cedarlane 

ERK 9102 Cell Signaling 

pERKT202/Y204 4376 Cell Signaling 

FLAG F1804 Sigma-Aldrich 

pFGFRY653/Y654 3476 Cell Signaling 

FGFR2 sc-122 Santa Cruz Biotechnology 

FGFR3 sc-123, sc-13121 Santa Cruz Biotechnology 

FGR 2755 Cell Signaling 

pFoxO1T24/pFoxO3aT72 9464 Cell Signaling 

FRS2 sc-8318 Santa Cruz Biotechnology 

pFRS2Y436 3861 Cell Signaling 

FYN 4023 Cell Signaling 

GAB1 3232 Cell Signaling 

pGAB1Y627 3231 Cell Signaling 

GFP sc-53882 Santa Cruz Biotechnology 

LCK 2752 Cell Signaling 

LYN 2732 Cell Signaling 

p130CAS 610271 BD Biosciences 

pp130CASY410 4011 Cell Signaling 

SHIP2 ab166916 Abcam 

pSHIP2Y497 NBP2-24461 RnD Systems 

pSHIP2Y986/Y987 2008 Cell Signaling 

pSHIP2Y1135 5445 Cell Signaling 

PTPN11 610621 BD Biosciences 

V5 R960-25 Invitrogen 

Vinculin-FITC F7053 Sigma-Aldrich 
pY (4G10) 05-321 Millipore 

   SHIP2 
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Supplementary table S2: Expression vectors used in the study  
To all – please check this carefully 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vector Insert Backbone Source/Reference 

Lyn D Lyn (∆67-218aa) pDEST26 Origene 

Lyn DD Lyn (∆127-218aa) pDEST26 Origene 
P37L Venus V1 with Linker pDEST-ORF-V1 Addgene 

P38L Venus V2 with Linker pDEST-ORF-V2 Addgene 

Lyn-V1 Lyn-Venus 1 P37L Addgene, customized 
FGFR3-V2 FGFR3-Venus 2 P38L Addgene, customized 

SHIP2-WT SHIP2-V5 pCMV6-Entry-Myc-DDK Origene 

SHIP2-ΔPS SHIP2(∆419-739aa)-V5 pCMV6-Entry-Myc-DDK Origene 
SHIP2-ΔPR1 SHIP2(∆123-410aa)-V5 pCMV6-Entry-Myc-DDK Origene 

SHIP2-N1 SHIP2(∆419-1258aa)-V5 pCMV6-Entry-Myc-DDK Origene 

SHIP2-N2 SHIP2(∆1-122, 419-1258aa)-V5 pCMV6-Entry-Myc-DDK Origene 
SHIP2-C1 SHIP2-V5 (∆1-739aa) pCMV6-Entry-Myc-DDK Origene 

SHIP2-C2 SHIP2-V5 (∆1-739, 1190-1258aa) pCMV6-Entry-Myc-DDK Origene 

SHIP2-PD SHIP2-V5 (P686A, D690A, R691A) pCMV6-Entry-Myc-DDK Origene 
SHIP2-WT SHIP2 pCR3.1-FLAG Invitrogen 

TRKA TRKA-V5 pDEST26-His6 
Gudernova et al., 2017 

all eLIFE 
EGFR EGFR-V5 pDEST26-His6 Gudernova et al., 2017 

FGFR3 FGFR3-V5 pcDNA3.1/V5-His Gudernova et al., 2017 
FGFR3-K650M FGFR3-K650M-V5 pcDNA3.1/V5-His Gudernova et al., 2017 

FGFR3-K650E FGFR3-K650E-FLAG pRK7 
Krejci et al., 2007, 

JBC 

FGFR3-K508M FGFR3-508M-FLAG pRK7 
Krejci et al., 2007, 

JBC 

YES-YFP YES-YFP pdEYFP-Clamp-YFP ImaGenes 
LCK LCK pDEST26-His6 ImaGenes 

LYN LYN pDEST26-His6 ImaGenes 

FYN-YFP FYN-YFP pdEYFP-Clamp-YFP ImaGenes 
FGR-YFP FGR-YFP pdEYFP-Clamp-YFP ImaGenes 

BLK-YFP BLK-YFP pdEYFP-Clamp-YFP ImaGenes 

FRS2 FRS2-FLAG …. Origene 
EYFP   Clontech 


