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                                                                                                                        Abstract

                                                            Germinal center lymphoma is a heterogeneous human lymphoma entity. Here we report that constitutive activity of SHP2 (PTPN11) and its downstream kinase ERK is essential for the viability of germinal center lymphoma cells and disease progression. Mechanistically, SHP2/ERK inhibition impedes c-Myc transcriptional activity, which results in the repression of proliferative phenotype signatures of germinal center lymphoma. Furthermore, SHP2/ERK signaling is required to maintain the CD19/c-Myc loop, which preferentially promotes survival of a distinct subtype of germinal center lymphoma cells carrying the MYC/IGH translocation. These findings demonstrate a critical function for SHP2/ERK signaling upstream of c-Myc in germinal center lymphoma cells and provide a rationale for targeting SHP2 in the therapy of germinal center lymphoma.
                                                            
                                                            Introduction
The germinal center (GC) within secondary lymphoid organs is crucial for the generation of thymus-dependent humoral immune responses.1 B cells that enter the GC proliferate and undergo somatic hypermutation and class switch recombination to generate high-affinity antibodies or go towards the apoptotic program.2 However, both somatic hypermutation and class switch recombination are major threats to GC B-cell genomic integrity and stability.3 Thus, the beneficial features of GC B cells are, to some extent, counterbalanced by their potential adverse roles in lymphomagenesis because the majority of malignant lymphomas derive from GC B cells (GC lymphoma).54 Prototypic examples include the translocation which places oncogenic MYC under the control of the IGH promoter in Burkitt lymphoma6 and some diffuse large B-cell lymphomas7 as well as the BCL2/IGH translocation in follicular lymphoma and GC B-cell-like diffuse large B-cell lymphoma.8
The entry of B cells into the GC requires stimulation by foreign pathogens through both BCR/CD19/CD219 and antigen-specific T helper cell/CD40L/CD40 signals.10 GC B cells use multiple stimulatory signals, but their corresponding contributions remain poorly understood to date. The B-cell membrane antigen CD19 modulates low-affinity B-cell receptor signals and enhances GC formation in adaptive immunity through PI3K signaling.1211 Although CD19 overexpression in B cells inducing autoantibody production in CD19 transgenic mice and the preferential cell expansion of malignant B cells expressing high intensity CD19 are attributed to their competitive advantage in eliciting a response to external and internal antigens,1513 the regulation of CD19 signals controlling B-cell transformation is still difficult to define clearly. Co-aggregate B-cell receptor and CD19/CD21 co-receptors are required for the survival of both resting and cycling B cells by regulating the cellular accumulation of the anti-apoptotic protein Bcl-2.1716 Additionally the B-cell receptor, by stabilizing the amount and activity of the oncoprotein c-Myc,1918 might facilitate B-cell lymphomagenesis through the CD19/RAS/ERK pathway, which can promote the expression of anti-apoptotic proteins.2019 Indeed, previous experimental data acquired through the use of Eμ-Myc transgenic mice demonstrated that the c-Myc/ERK/CD19 feedback signaling loop is important for the malignant transformation of B cells and in determining the severity of lymphomas.2019 Chromosomal overexpression of translocation-elicited c-Myc induces the transcription of cyclin and cyclin-dependent kinase (CDK) genes which also relies significantly on CD19/ERK cascade-mediated phosphorylation of c-Myc on Ser62.19 Specifically, CD19-mediated MYC/IGH translocation-induced (MYC/IGH+) B-cell lymphomagenesis can be inhibited by deleting the scaffold protein kinase suppressor of RAS-1 (KSR1) or treatment with MEK/ERK inhibitors.20 Nevertheless, it remains unclear whether CD19 expression itself contributes alone to the regulation of c-Myc protein stability and activity in GC lymphoma, or whether CD19 expression is directly regulated by c-Myc transcriptional activity. The characterization of these molecular mechanisms might provide novel insights into the biology of GC lymphoma and reveal prognostic factors and therapeutic targets.
The first identified ubiquitous protein tyrosine phosphatase SHP2 (encoded by PTPN11) has a critical but poorly defined function in the regulation of immune responses.2221 SHP2 binds to receptor tyrosine kinases, either directly or through scaffolding adapter molecules such as IRS2 and GAB family proteins.2423 It then undergoes phosphorylation at regulatory tyrosines in its C-terminus, particularly the signal-initiating Tyr542 or Tyr580 and recruits the GRB2/SOS complex to the plasma membrane,25 which in turn leads to ERK activation. SHP2 mediates most cytokine- and growth factor-stimulated activation of the MAPK/ERK pathway.26 Other kinase pathways such as JAK-STAT and PI3K regulated by SHP2 are cell-specific and/or receptor-specific.2926 In malignancies, SHP2 is aberrantly activated downstream of oncoproteins or by mutation.3330 Germline and somatic gain-of-function mutations of SHP2 are found in nearly 50% of the instances of Noonan syndrome and 35% of cases of juvenile myelomonocytic leukemia but are rarely reported in solid tumors.3534 Overexpression of SHP2 is also detected in samples from patients with leukemia and diffuse large B-cell lymphoma.3836 However, the relative expression and functional impact of SHP2 in B-cell lymphomagenesis remains unknown.
This study provides evidence that SHP2/ERK signaling is essential for viability and c-Myc activation in GC lymphoma lines. Furthermore, the CD19/c-Myc signaling loop, which is preferentially associated with GC lymphoma lines that carry the MYC/IGH translocation, are dependent on SHP2 catalytic activity. This strongly suggests that specific biological features of GC lymphoma are likely to be determined by the simultaneous activation of the SHP2/ERK pathway.
Methods
This study was approved by the Ethics Committee of Zhejiang University School of Medicine. The methods used for quantitative real-time polymerase chain reaction analysis of GC lymphoma proliferative signatures are described in detail in the Online Supplementary Methods and in Online Supplementary Table S1. The Online Supplementary Methods section also includes information on the cell cultures, antibodies, chemical reagents, short-hairpin RNA, procedures for immunohistochemistry, chromatin immunoprecipitation, luciferase activity assay and MTT assay.
Cell viability, proliferation and cell cycle assays
Cell viability was quantified by counting cells up to 5 days after trypan blue staining.20 Cell cycle analysis was determined by flow cytometry after staining with 50 μg/mL propidium iodide (Invitrogen). Cell proliferation rate was also determined, at the indicated times, by flow cytometry after staining with carboxyfluorescein succinimidyl ester (CFSE; Invitrogen). Cells were acquired on a FC 500 MCL (Beckman Coulter) and analyzed using FlowJo software (Tree Star, Inc.).
Confocal immunofluorescence staining
Primary antibodies anti-CD19, anti-SHP2, and anti-GAB2 (all from Cell Signaling Technology) were diluted 1:50 before use. Nuclei were stained for 10 min at room temperature with 300 ng/mL DAPI (Sigma). All sections were independently evaluated with a LSM 700 confocal microscope (Carl Zeiss) by three investigators.
Immunoblotting, immunoprecipitation and electrophoretic mobility shift assay
Cells were lysed on ice for 30 min with 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and protease inhibitors (Roche). Immunoblotting and immunoprecipitation analysis were performed as described previously.38 The electrophoretic mobility shift assay (EMSA) was conducted with P-dATP-labeled oligonucleotide probes (Online Supplementary Table S2) and the products were separated on a native polyacrylamide gel.
Statistical analysis
Statistical analyses were performed using the Student t test with 95% confidence intervals.
Results
SHP2 is necessary for the progression of germinal center lymphoma
To monitor whether SHP2/ERK signaling was activated in B-lymphoma cells, we first assessed the phosphorylation status of SHP2 and ERK in six lymphoma lines whose cell of origin was known (Figure 1A, Online Supplementary Table S3). The four GC lymphoma lines expressed high levels of total and activated forms of SHP2 protein, whereas SHP2 was activated at very low levels in two non-GC lymphoma lines; however, ERK1/2 and its phosphorylation were similar in all six lymphoma lines. We also detected significant amounts of either total or activated AKT in GC lymphoma and non-GC lymphoma lines, whereas GC lymphoma lines had very little phosphorylation of AKT. Activation of IκBα and STAT3 was detected in GC lymphoma (Pfeiffer) and non-GC lymphoma lines, but not in GC lymphoma (SU-DHL5) and GC lymphoma lines.


Figure 1.SHP2 regulates GC lymphoma cell proliferation. (A) GC lymphoma and non-GC lymphoma lines were immunoblotted with antibodies against SHP2, p-Tyr542 SHP2, tubulin, ERK1/2, p-Thr202/Tyr204-ERK1/2, AKT1/2, p-Ser473-AKT, IκBα, p-Ser32- IκBα, STAT3, p-Tyr705-STAT3 (p-, phosphorylated). Tubulin and total form of ERK1/2, AKT, IκBα, and STAT3 were used as loading controls. Data are representative of three independent experiments. (B) GC lymphoma and non-GC lymphoma lines expressing (CTRL) shR, SHP2 shR1 or SHP2 shR2 (10,000 cells each) were cultured in RPMI-1640/10% fetal bovine serum in 96-well plates, and the total number of viable cells was assessed by trypan blue dye exclusion for 5 days. *P<0.05, **P<0.01 (CTRL shR compared to SHP2 shR1). #P<0.05; ##P<0.01 (CTRL shR compared to SHP2 shR2). Data represent mean ± s.e.m. of three independent experiments. (C) CFSE dilution profiles of GC lymphoma and non-GC lymphoma lines expressing CTRL shR, SHP2 shR1 or SHP2 shR2 for 5 days. Data are representative of three independent experiments. (D) GC lymphoma cells expressing CTRL + CTRL shR (CTRL), SHP2 shR2 + CTRL (SHP2 shR2) or SHP2 shR2 + SHP2 rescue (SHP2 rescue) (10,000 cells each) were cultured in RPMI-1640/10% fetal bovine serum in 96-well plates, and the total number of viable cells was assessed by trypan blue dye exclusion for 5 days. *P<0.05, **P<0.01 (SHP2 shR2 compared to SHP2 rescue). Data represent mean ± s.e.m. of three independent experiments. (E) CFSE dilution profiles of GC lymphoma cells expressing CTRL, SHP2 rescue or SHP2 shR2 for 5 days. Data are representative of three independent experiments.
To extend our study to primary lymphomas, we also assessed the phosphorylation status of SHP2 and ERK1/2 using immunohistochemical methods on 56 paraffin-embedded biopsies from B-lymphomas. As expected, we observed that virtually all GC lymphomas stained positive for SHP2 Tyr542 phosphorylation (Online Supplementary Figure S1A,B). Conversely, non-GC lymphoma cases had very few phospho-Tyr542 SHP2-positive stained malignant cells (Online Supplementary Figure S1A,B). There was no significant difference ERK1/2 phosphorylation status between the two groups of B-lymphomas (Online Supplementary Figure S1A,B).
To determine the role of SHP2 in the progression of GC lymphomas, we constructed lentiviral vectors expressing two independent short hairpin RNA (shRNA) targeting SHP2 (SHP2 shR1 and shR2) and obtained stable B-lymphoma lines expressing SHP2 shRNA (SHP2Δkd). Two SHP2 shRNA were highly toxic for four GC lymphoma lines with or without MYC/IGH translocation but not for two non-GC lymphoma lines (Figure 1B,C and Online Supplementary Figure S2A). Consistent with the depletion of SHP2, Erk1/2 phosphorylation was also reduced in most B-cell lymphoma lines except OCI-LY3 cells (Online Supplementary Figure S2A). In subsequent survival assays, two MEK inhibitors (U0126 and PD0325901) were toxic for four GC lymphoma lines but not for two non-GC lymphoma lines, whereas LY294002 (PI3K inhibitor) and BAY 11-7082 (IκBα inhibitor) were selectively toxic to two non-GC lymphoma cell lines (Online Supplementary Figure S2B). Our results also showed that depletion of SHP2 resulted in a consistent downregulation of the GC lymphoma phenotype protein BCL6 in GC lymphoma cells, whereas the non-GC lymphoma cells had very little BCL6 protein (Online Supplementary Figure S2A). After inhibition of either SHP2 or ERK, the gene expression of GC lymphoma proliferative phenotype signatures was significantly downregulated (Online Supplementary Figure S3A,B and Online Supplementary Tables S4 and S5). To exclude off-target effects, we rescued the proliferation of GC lymphoma cells by expressing a non-targetable SHP2 complementary DNA (rescue) in cells expressing SHP2 shR2 (Figure 1D,E and Online Supplementary Figure S4A), thereby confirming that SHP2/ERK signaling inhibition blocks GC lymphoma cell proliferation.
To identify whether the observed low growth rate in GC lymphoma cells was due to cell cycle arrest, propidium iodide incorporation was assessed. Cell cycle analysis revealed that SHP2 knockdown led to a significant increase in the G1 phase and a corresponding decrease in the S and G2-M phases in GC lymphoma cells (Figure 2A). In addition, we stained for the proto-oncogene c-Myc, proliferation marker PCNA, cell cycle regulator cyclin D2, CDK inhibitor p27 and apoptotic markers caspase 3 and cytochrome C in GC lymphoma cells expressing control or SHP2 shR2 (Figure 2B). SHP2 knockdown resulted in down-regulation of c-Myc, cyclin D2 and PCNA and up-regulation of p27. However, the levels of cytochrome C, caspase 3 and its cleaved forms were not changed in GC lymphoma cells. These GC lymphoma proliferative phenotype markers, including BCL6, cyclin D2 and PCNA, and SHP2/ERK signaling had been rescued by exogenous SHP2 (Figure 2A and Online Supplementary Figure S4B,C). These data indicate that a lack of SHP2 prevents the hyperproliferative phenotypes of GC lymphoma cells grown in culture without affecting apoptosis of the cells.


Figure 2.SHP2 regulates GC lymphoma cell cycle progression. (A) Flow cytometry profiles of propidium iodide-stained GC lymphoma cells expressing control (CTRL), SHP2 shR2 or SHP2 rescue. *P< 0.05, **P<0.01. Data represent mean ± s.e.m. of three independent experiments. (B) GC lymphoma cells expressing CTRL shR or SHP2 shR2 were immunoblotted with antibodies against cyclin D2, p27kip1, PCNA, pro-caspase 3, cleaved caspase 3, cytochrome C and tubulin (loading control). Data are representative of three independent experiments.
Active CD19 signaling controls viability and proliferation of distinct MYC/IGH+GC lymphoma cells
Active CD19 signaling promoted constitutive ERK/c-Myc signaling in various MYC/IGH+B-lymphoma samples,19 but whether CD19 signaling contributes to other types of B-lymphoma remained unclear. Here, a similar expression pattern of CD19 and its activated form was detected in all six B-lymphoma lines and 56 paraffin-embedded B-lymphoma biopsies, which did not correlate with cell of origin status (Figure 3A and Online Supplementary Figure S1A,B). A CD19 shRNA was selectively toxic for MYC/IGH+GC lymphoma lines but not for MYC/IGH−GC lymphomas or for non-GC lymphoma lines (Figure 3B–D, Online Supplementary Figure S3A and Online Supplementary Table S4). The ERK/c-Myc pathway was activated by CD19 signaling only in MYC/IGH+GC lymphoma lines since knockdown of CD19 impaired ERK1/2 phosphorylation and depressed the expression of ERK target c-Myc (Figure 3B, Online Supplementary Figures S2C and S5A) and proliferation in MYC/IGH+GC lymphoma lines but not in MYC/IGH− GC lymphoma or the non-GC lymphoma lines (Figure 3C,D). In addition, CD19 signaling had no effect on the AKT, IκBα, STAT3 kinase pathways in these cells (Figure 3B). CD19 knockdown also decreased SHP2 Tyr542 phosphorylation, but not total amount of SHP2 in MYC/IGH+GC lymphoma lines (Figure 3E). These data suggest a critical role for CD19/ERK/c-Myc signaling in maintaining the viability and proliferation of distinct MYC/IGH+GC lymphomas.


Figure 3.CD19 shR is toxic to MYC/IGH+GC lymphoma cells. (A) GC lymphoma and non-GC lymphoma lines were immunoblotted with antibodies against CD19, p-Tyr531 CD19 and tubulin (loading control). p-, phosphorylated. Data are representative of three independent experiments. (B) GC lymphoma and non-GC lymphoma lines expressing control (CTRL) shR or CD19 shR were immunoblotted with antibodies against CD19, c-Myc, tubulin, ERK1/2, p-Thr202/Tyr204-ERK1/2, AKT1/2, p-Ser473-AKT, IκBα, p-Ser32-IκBα, STAT3, p-Tyr705-STAT3 (p-, phosphorylated). Tubulin and total form of ERK1/2, AKT, IκBα, and STAT3 were used as loading controls. Data are representative of three independent experiments. (C) GC lymphoma and non-GC lymphoma lines expressing CTRL shR or CD19 shR (10,000 cells each) were cultured in RPMI-1640/10% fetal bovine serum in 96-well plates, and the total number of viable cells was assessed by trypan blue dye exclusion for 5 days. *P<0.05 (CTRL shR compared to CD19 shR). Data represent mean ± s.e.m. of three independent experiments. (D) CFSE dilution profiles of GC lymphoma and non-GC lymphoma lines expressing CTRL shR or CD19 shR for 5 days. Data are representative of three independent experiments. (E) GC lymphoma and non-GC lymphoma lines were immunoblotted with antibodies against CD19, SHP2, p-Tyr542 SHP2 and tubulin (loading control). Data are representative of three independent experiments.
SHP2 depletion impairs CD19-induced ERK and SRC activity in MYC/IGH+GC lymphoma cells
CD19 cytoplasmic tyrosines mediate the recruitment of signaling regulatory molecules, such as protein tyrosine kinases, PI3K, and GRB2, to the B-cell surface in normal and malignant hematopoiesis.4039 SHP2 has a positive effect on MAPK signaling mainly through its scaffolding adapter proteins GAB2 and GRB2 in the hematopoietic system.382524 CD19 deficiency resulted in a loss of SHP2 catalytic activity and was associated with a reduction in MYC/IGH+GC lymphoma cell proliferation but not in either MYC/IGH−GC lymphoma or non-GC lymphoma lines. We then explored whether SHP2 was phosphorylated in a complex with CD19 in the MYC/IGH+ GC lymphoma lines. CD19 ligation resulted in the recruitment of SHP2 and GAB2 to CD19 in two MYC/IGH+GC lymphoma lines but not in either MYC/IGH−GC lymphoma or non-GC lymphoma lines (Figure 4A,B and Online Supplementary Figure S6A,B). CD19 engagement with anti-CD19 led to a strong interaction of SHP2 with GRB2 in MYC/IGH+GC lymphoma lines (Figure 4A), which had been described to interact with CD19 in the Daudi cell line.39 CD19 ligation also regulated SHP2 Tyr542 and GAB2 Tyr452 phosphorylation in MYC/IGH+GC lymphoma lines (Figure 4C). Thus, it was shown that CD19 formed a complex with SHP2, GAB2 and GRB2, and that SHP2 phosphorylation was partially correlated with CD19 ligation in MYC/IGH+GC lymphoma cells.


Figure 4.SHP2 is required for CD19-mediated SRC, ERK and AP-1 activation in MYC/IGH+GC lymphoma cells. (A) SHP2 and GAB2 co-precipitate with CD19 and SHP2 co-precipitates with GRB2 in wild-type MYC/IGH+GC lymphoma cells before and after CD19 crosslinking (10 μg/mL). (IP, immunoprecipitate). Data are representative of three independent experiments. (B) Confocal immunofluorescence images showing the cellular localization of CD19 (green), DAPI (blue), and SHP2 (red) or GAB2 (red) in wild-type MYC/IGH+GC lymphoma cells before and after CD19 crosslinking (10 μg/mL). (C) Immunoblot analysis of MYC/IGH+GC lymphoma cells incubated with anti-CD19 (10 μg/mL) for 0 and 30 min, assessed with anti-CD19, anti-p-Tyr531-CD19, anti-SHP2, anti-p-Tyr542 SHP2, anti-GAB2, anti-p-Tyr452-GAB2, and anti-tubulin (loading control). (p-, phosphorylated). Data are representative of three independent experiments. (D) MYC/IGH+GC lymphoma cells expressing CTRL shR or SHP2 shR2 were stimulated with anti-CD19 (10 μg/mL) and lysates were analyzed by immunoblot to measure expression of MAPK and SRC. Total form of ERK1/2, p38, JNK and SRC were used as loading controls. Data are representative of three independent experiments. (E) MYC/IGH+GC lymphoma cells expressing CTRL shR or SHP2 shR2 were stimulated with anti-CD19 (10 μg/mL) for 0 or 24 hours (h) and lysates were analyzed by immunoblot to measure expression of p-Ser63/73 c-Jun, c-Jun, p-Ser374 c-Fos, c-Fos and tubulin (loading control). Data are representative of three independent experiments.
Furthermore, we examined CD19-induced MAPK signaling pathways in these MYC/IGH+GC lymphoma cells. SHP2 knockdown impaired activation of ERK and SRC in response to treatment with anti-CD19 in MYC/IGH+GC lymphoma cells. In contrast, MYC/IGH+GC lymphoma cells showed no substantial defects in anti-CD19-induced activation of c-Jun N-terminal kinases or p38 kinases (Figure 4D). Thus, SHP2 is involved in CD19-induced activation of ERK and SRC and makes little or no contribution to CD19-induced activation of p38 or c-Jun N-terminal kinases.
Next we explored the basis of signaling for the defective cell cycle progression of MYC/IGH+GC lymphoma cells. ERK activation led to phosphorylation and activation of the AP-1 component c-Fos and c-Jun transcription factors, which in turn activated the transcription of the cyclin D gene and controlled cellular proliferation and survival in Hodgkin lymphoma and Burkitt lymphoma cells.4241 In fact, compared with control cells, MYC/IGH+GC lymphoma cells showed defective CD19-induced expression of c-Fos, c-Jun and phosphorylation of c-Fos Ser374 and c-Jun Ser63/73 in these cells (Figure 4E). To determine whether ERK and SRC phosphorylation was necessary for the regulation of the CD19/SHP2 complex-induced MYC/IGH+GC lymphoma cell cycling and proliferation of stimulus-responsive genes encoding mRNA stability, MYC/IGH+GC lymphoma cells were treated with dasatinib, PD0325901 and U0126. As anticipated, real-time polymerase chain reaction analyses showed that dasatinib, PD0325901, and U0126 enhanced CDKN1B gene expression at the mRNA transcription level and inhibited CCND2, FOS and JUN transcriptional levels in MYC/IGH+GC lymphoma cells (Online Supplementary Figure S7A). Similar patterns were observed for cyclin D2, c-Fos, c-Jun and p27 protein expression (Online Supplementary Figure S7B). Given the known requirement of the ERK/AP-1/cyclin D2 pathway for GC B-cell proliferation,4341 these results might explain the defective progression of MYC/IGH+GC lymphoma cells.
SHP2 regulates the c-Myc and CD19 functional synergistic network in germinal center lymphoma cells
Due to the absence of SHP2, CD19 signaling was impaired in MYC/IGH+GC lymphoma cells, most notably SHP2 was required for ERK1/2 activation. It was, however, robustly induced upon SHP2 re-expression and could form a SHP2-dependent positive feedback loop that enhanced the transcription factor c-Myc and oncogenic RAS expression in some solid cancers.30 Because the well-known synergy of c-Myc and CD19 aberrant expression in Eμ-Myc transgenic mice was necessary for malignant B-cell transformation,19 we examined using immunoblot analyses, whether SHP2 commonly contributed to the reciprocal regulation of CD19 and c-Myc by transcriptional activation and subcellular localization in GC lymphoma cells. As expected, lack of SHP2 resulted in suppression of both CD19 and c-Myc protein and their activation in GC lymphoma cells (Figure 5A), whereas CD19 knockdown had no effect on the expression of SHP2 in GC lymphoma cells but significantly inhibited its Tyr542 phosphorylation in MYC/IGH+GC lymphoma cells (Figure 3E). In addition, GC lymphoma cells expressing exogenous CD19 protein were unable to reverse the impairment of ERK/c-Myc signaling (Figure 5B and Online Supplementary Figure S5B).


Figure 5.SHP2 regulates the synergistic function between CD19 and c-Myc in GC lymphoma cells. (A) GC lymphoma cells expressing control (CTRL) shR or SHP2 shR2 were immunoblotted with antibodies against SHP2, p-Tyr531 CD19, CD19, p-Thr58/Ser62 c-Myc and tubulin (loading control). Data are representative of three independent experiments. (B) GC lymphoma cells expressing CTRL, SHP2 shR2 or SHP2 shR2 + CD19 rescue (CD19 rescue) were immunoblotted with antibodies against SHP2, CD19, c-Myc, and tubulin (loading control). Data are representative of three independent experiments. (C) GC lymphoma cells expressing CTRL shR or c-Myc shR were immunoblotted with antibodies against c-Myc, CD19, p-Tyr531 CD19, SHP2, p-Tyr542 SHP2, PAX5 and tubulin (loading control) (p-, phosphorylated). Data are representative of three independent experiments. (D) GC lymphoma expressing CTRL shR, c-Myc shR (10,000 cells each) were cultured in RPMI-1640/10% fetal bovine serum in 96-well plates, and the total number of viable cells was assessed by trypan blue dye exclusion for 5 days. *P<0.05, **P<0.01 (CTRL shR compared to c-Myc shR). Data represent mean ± s.e.m. of three independent experiments. (E) CFSE dilution profiles of GC lymphoma expressing CTRL shR, c-Myc shR for 5 days. Data are representative of three independent experiments. (F) GC lymphoma cells expressing CTRL, c-Myc shR + CTRL (c-Myc shR), c-Myc shR + SHP2 rescue (SHP2 rescue) were immunoblotted with antibodies against CD19, c-Myc, SHP2 and tubulin (loading control). Data are representative of three independent experiments.
We further evaluated the effect of c-Myc on cell viability, proliferation and the activation of CD19 and SHP2 in GC lymphoma cells. A c-Myc shRNA killed all four GC lymphoma lines (Figure 5C–E) and reduced the GC lymphoma proliferative phenotype compared to that in control cells (Online Supplementary Figure S3A,B and Online Supplementary Tables S4 and S5). Phosphorylated Tyr531 and total CD19 protein were decreased in GC lymphoma cells (Figure 5C). SHP2 Tyr542 phosphorylation was reduced in c- lymphoma lines with MYC/IGH translocation (Raji, OCI-LY8) but not in two others cell lines (SU-DHL5, Pfeiffer), which correlates with its phosphorylation and activity induced by ligation of CD19 in MYC/IGH+GC lymphoma cells (Figure 4C), while c-Myc inhibition had no influence on SHP2 protein expression in any of the GC lymphoma lines (Figure 5C). Notably, although the transcription factor PAX5 was required for CD19 expression in normal B cells,44 the diminished CD19 expression and phosphorylation in  lymphoma cells did not correlate with an obvious change in PAX5 expression relative to cells treated with control shRNA (Figure 5C). However, overexpression of exogenous SHP2 in GC lymphoma cells did not rescue the block to CD19 that resulted from c-Myc deficiency (Figure 5F), indicating that CD19 might be the direct target of c-Myc and that SHP2 regulates CD19 expression which relies, at least partly, on c-Myc transcriptional activity.
SHP2/ERK signaling maintains c-Myc transcriptional activity in germinal center lymphoma cells
Given our results suggesting that survival and proliferation of GC lymphoma cells depended on the constitutive activation of canonical SHP2/ERK signaling, and GC lymphoma cells are sensitive to inhibition of c-Myc function, we then investigated whether SHP2/ERK signaling contributes to c-Myc pro-survival transcriptional responses in GC lymphoma cells. Consistent with the fact that ERK-mediated phosphorylation of c-Myc on Ser62 stabilizes c-Myc protein and promotes its transcriptional activity,4519 we observed that inhibition of SHP2/ERK signaling reduced c-Myc protein levels with a corresponding decrease in phospho-Ser62 in GC lymphoma lines (Figure 6A,B). Because c-Myc Thr58 phosphorylation mediated by GSK3β is directly associated with the degradation of c-Myc,45 changes in the phosphorylation levels c-Myc Thr58 and GSK3β Ser389 were detected in GC lymphoma lines. c-Myc Thr58 phosphorylation and GSK3 β Ser389 dephosphorylation were observed following SHP2 knockdown or ERK inhibition in GC lymphoma lines (Figure 6A,B). These results were consistent with previous reports that ERK could phosphorylate GSK3β at the C-terminal serine to make it inactive, which protects c-Myc from Thr58 phosphorylation by GSK3β and subsequent degradation.4645 Next we measured c-Myc DNA binding by EMSA competition. Intriguingly, GC lymphoma cell treatment with either SHP2 shR2 or the MEK inhibitor U0126 specifically decreased the amount of c-Myc DNA binding in four GC lymphoma lines (Figure 6C,D). It was, therefore, presumed that SHP2/ERK inhibition could induce c-Myc destabilization and proteolysis, which suppress the entry of c-Myc into the nucleus to activate transcription in GC lymphoma lines.


Figure 6.SHP2/ERK signaling is required for c-Myc transcriptional activation in GC lymphoma cells. (A) GC lymphoma cells expressing control (CTRL) shR or SHP2 shR2 were immunoblotted with antibodies against c-Myc, p-Ser62 c-Myc, p-Thr58 c-Myc, p-Ser389 GSK3β, GSK3β and tubulin (loading control) (p-, phosphorylated). Data are representative of three independent experiments. (B) Immunoblot analysis of GC lymphoma cells left unstimulated or stimulated for 6 h with U0126 (10 μM). Cell lysates were analyzed by antibodies to c-Myc, p-Ser62 c-Myc, p-Thr58 c-Myc, p-Ser389 GSK3β, GSK3β and tubulin (loading control). Data are representative of three independent experiments. (C) c-Myc DNA binding was analyzed by EMSA of extracts of GC lymphoma cells transfected with CTRL shR or SHP2 shR2. Migration of c-Myc is indicated. (D) c-Myc DNA binding was analyzed by EMSA of extracts of GC lymphoma cells treated with U0126 (10 μM) for the indicated times. Migration of c-Myc is indicated. (E) EMSA for detection of the activity for c-Myc binding to E-box1 or E-box2 in the CD19 gene, the arrows representing the specific formation of complexes with nuclear extract and E-box1 or E-box2 probes.
Two conserved c-Myc binding sites (E-boxes) recognized by c-Myc were also identified upstream of the CD19 promoter (Online Supplementary Figure S8A). In reporter assays, either a 176-bp (containing E-box1) or a 209-bp (containing E-box2) fragment of the CD19 5′ flanking region was observed to activate the luciferase gene in a c-Myc-dependent manner in GC lymphoma cells (Online Supplementary Figure S8B). We then performed anti-c-Myc chromatin immunoprecipitation and EMSA to verify that c-Myc was recruited to the CD19 5′ flanking region in GC lymphoma cells. Using specific primers that flank E-box1 or E-box2, we observed a significant enrichment by polymerase chain reaction of the DNA fragments immunoprecipitated with a c-Myc-specific antibody in GC lymphoma cells compared with that of the controls (Online Supplementary Figure S8C). We then used EMSA to determine whether c-Myc bound specifically to these E-boxes. The two E-box oligonucleotide binding activities of nuclear extracts from GC lymphoma cells were both significantly reduced relative to those of control cells (Figure 6E), which suggests that c-Myc directly regulates CD19 transcription by binding to E-box1 and E-box2 in the CD19 5′ flanking region. These data indicate that a high level of nuclear c-Myc in GC lymphoma cells is controlled by SHP2/ERK signaling.
Our findings suggest that SHP2 increases CD19 and c-Myc expression levels in GC lymphomas. To test this model directly, we investigated whether restoring the expression of c-Myc or CD19 rescued the effects of SHP2 deletion. Notably, restoration of c-Myc, but not CD19, could abolish the effects of SHP2 knockdown on the growth of GC lymphoma cells (Figure 7A,B). Moreover, exogenous c-Myc re-expression restored the expression of several known c-Myc target genes, including BCL6, cyclin D2, and PCNA, and decreased expression of the cell cycle inhibitor p27 in GC lymphoma cells lacking SHP2 (Figure 7C). Thus, our data demonstrate that c-Myc is essential for maintaining GC lymphoma cell viability and proliferation which depend on SHP2-mediated pro-survival signaling (Figure 7D).


Figure 7.c-Myc rescues the effects of SHP2 knockdown on GC lymphoma cell growth. (A) GC lymphoma cells expressing control (CTRL), SHP2 shR2, CD19 rescue or c-Myc rescue (10,000 cells/each) were cultured in RPMI-1640/10% fetal bovine serum in 96-well plates, and the total number of viable cells was assessed by trypan blue dye exclusion for 5 days. *P< 0.05; **P<0.01 (c-Myc rescue compared to SHP2 shR2). Data represent mean ± s.e.m. of three independent experiments. (B) CFSE dilution profiles of GC lymphoma cells expressing CTRL, SHP2 SHP2 shR2, CD19 rescue or c-Myc rescue for 5 days. Data are representative of three independent experiments. (C) GC lymphoma cells expressing CTRL, CTRL shR, SHP2 shR2 or c-Myc rescue were immunoblotted with antibodies against SHP2, c-Myc, cyclin D2, p27kip1, PCNA, BCL6 and tubulin (loading control). Data are representative of three independent experiments. (D) Model of the mechanism of action of SHP2/ERK/c-Myc signaling in GC lymphoma lines.
Discussion
The signal transduction networks influencing B-cell lymphomagenesis are not well defined, although their characterization might lead to the development of targeted, potentially curative lymphoma therapies. SHP2 is highly expressed in hematopoietic cells and SHP2 phosphatase positively regulates hematopoietic cell development.22 Dysregulation of SHP2 signaling is associated with the transformation of blood disorders, including hematologic malignancies.3633 Our results here show that SHP2 signaling was required for the survival and progression of GC lymphomas but not of non-GC lymphomas. Our work has also led to the discovery of a SHP2-dependent GC lymphoma proliferative signature comprising a set of genes that are overexpressed in GC lymphomas.65 Depletion of SHP2 led to a similar impairment of GC lymphoma proliferative phenotype signature expression, demonstrating that SHP2 is a high-quality target in GC lymphomas.
Mechanistically, we found that the effects of SHP2 on GC lymphomas require activation of the ERK pathway. In addition, our data indicate that SHP2 activation of ERK1/2 might be responsible for the transcriptional activation of c-Myc, which mediates an increase in the expression of “GC lymphoma phenotype proteins”.65 SHP2/ERK signaling mediated c-Myc Ser62 phosphorylation thus stabilizing c-Myc protein and enhancing its transcriptional activity.3019 Conversely, ERK activation phosphorylates GSK3β Ser389 in the C-terminus, which causes GSK3β inactivation and inhibits c-Myc Thr58 phosphorylation from mediating c-Myc proteolysis.4645 Thus, we believe that SHP2 affected c-Myc activity and stability via a direct signaling mechanism involving activation of the ERK pathway and SHP2/ERK activation-induced c-Myc protein stabilization and entry into the nucleus to initiate gene transcription in GC lymphomas.
Mature conventional B cells in various peripheral lymphoid tissues have a similar surface density of CD19, and activation of B cells with anti-IgM or lipopolysaccharide does not significantly change CD19 expression.48 As with normal B cells, CD19 is expressed at relatively high levels in nearly all B-cell malignancies.49 The involvement of ERK signaling and c-Myc in CD19 signaling and biological responses involved in B-lymphomagenesis has been explored.19 However, isolated enhanced CD19 expression is independent of B-cell lymphomagenesis, and malignant transformation of GC B cells remains a c-Myc-dependent process.19 Our results here shed new light on the mechanism by which CD19 mediates the activation of ERK and c-Myc in B-lymphomas. Inhibition of CD19 was selectively toxic for MYC/IGH+GC lymphoma but not for MYC/IGH−GC lymphoma, nor for non-GC lymphoma cells. In MYC/IGH+GC lymphoma cells, the Tyr531 of CD19 was progressively phosphorylated and SHP2 was recruited to the CD19 signaling complex, most likely through its association with GAB2. Although our results ruled out the possibility that AKT, IκBα and STAT3 are downstream effectors of CD19, activation of ERK1/2 is severely compromised in the absence of CD19 in MYC/IGH+GC lymphoma cells, and SHP2 is a critical regulator of SRC and ERK activation in response to CD19 ligation on MYC/IGH+GC lymphoma cells, each of which precedes the induction of c-Myc.30 Immunoblot analysis also revealed that the reduction of CD19 impaired SHP2 Tyr542 phosphorylation, and that Tyr542 is the major GRB2 binding site.25 These results are consistent with results of published studies showing that SHP2 acts upstream of the SRC and ERK MAPK pathway,2726 possibly by recruiting the GRB2/SOS complex.39 We also demonstrated that SHP2 could induce the activation of AP-1 after CD19 stimulation through the recruitment and activation of ERK and SRC.2726 Given the known requirement of AP-1 activation for progression of Burkitt lymphoma, and ERK1/2 signaling for the activation of AP-1 transcription factors, the involvement of AP-1 in the induction of genes that encode cyclin proteins and in the suppression of p27 gene transcription following mitogenic stimulation,50 the stronger repression of pro-survival genes such as AP-1, c-myc and cyclin D2 might explain the prior sensitivity of MYC/IGH+GC lymphoma cells toward CD19/SHP2/ERK inhibition.
Since our data indicate that the SHP2-dependent CD19/ERK/c-Myc loop provides a pathological signal in MYC/IGH+GC lymphomas, targeting SHP2 might be effective in GC lymphoma patients with MYC/IGH translocation, particularly those who are dependent on active CD19/c-Myc signaling1918 which requires SHP2 for full activation of ERK. Interestingly, SHP2/ERK/c-Myc signaling has also been shown to promote the survival and proliferation of GC lymphoma cells without MYC/IGH translocation in which SHP2 is hyperactivated, and our findings suggest the need for further experiments to address whether SHP2 influences other B-cell surface markers and signaling elements essential for the maintenance and progression of GC lymphoma. In fact, SHP2 might be important because of its connection with other non-CD19-dependent signals in GC lymphoma lines.
In summary, our data indicate that SHP2 is an important mediator of the CD19/c-Myc signaling loop in distinct MYC/IGH+GC lymphomas and is required for the propagation of GC lymphomas.
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