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Abstract 
 

Erythropoiesis is principally controlled through erythropoietin (Epo)-receptor 

signaling, which involves JAK2 and Lyn tyrosine kinase; both important for regulating red 

blood cell development. Negative regulation of Lyn involves Csk-mediated phosphorylation 

of its C-terminal tyrosine, facilitated by the transmembrane adaptor Csk-binding protein 

(Cbp). While Cbp has significant functions in controlling Lyn levels and activity in erythroid 

cells in vitro, its importance to primary erythroid cell development and signaling has 

remained unclear. To address this, we assessed the consequence of loss of Cbp on the 

erythroid compartment in vivo, and whether Epo-responsive cells isolated from Cbp 

knockout mice exhibited altered signaling. Our data show that male Cbp-/- mice display a 

modest but significant alteration to late erythroid development in bone marrow with 

evidence of increased erythrocytes in the spleen, while female Cbp-/- mice exhibit a 

moderate elevation in early erythroid progenitors (not seen in male mice) which does not 

influence the later steps in red blood cell development. In isolated primary erythroid cells 

and cell lines generated from Cbp-/- mice, survival signaling through Lyn/Akt/FoxO3 was 

elevated, resulting in sustained viability during differentiation. The high Akt activity 

disrupted GAB2/SHP-2 feedback inhibition of Lyn, however the elevated Lyn activity also 

increased inhibitory signaling via SHP-1 to restrict the Erk1/2 pathway. Interestingly, while 

loss of Cbp led to mild changes to late red blood cell development in male mice, this was 

not apparent in female Cbp-/- mice, and is potentially due to their elevated estrogen, which 

is known to facilitate early progenitor self-renewal.  

 
 

 

Key words: Erythropoiesis, Erythropoietin, Lyn, Csk-binding protein, signaling, cell survival.  
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Introduction 
Signalling downstream of the erythropoietin receptor (EpoR) requires the activation 

of JAK2, but also involves Src family kinases (SFK) to facilitate dynamic signaling.1-7 We 

have shown that the SFK Lyn is important for viability and differentiation signals elicited by 

erythropoietin (Epo) in erythroid progenitors from Lyn knockout mice, signalling principally 

through Akt/FoxO3.8-12 Further, erythroid cells expressing a gain-of-function mutant form of 

Lyn (Lynup, Y508F) showed pronounced Akt/FoxO3 signaling that enhanced viability but 

delayed differentiation.10 Lyn also appears critical for providing negative feedback via 

SHP-1 to restrict Erk1/2 signalling and JAK2 activation.11, 13 Consequently, the regulation 

of Lyn activity is important for controlling erythropoiesis, with gain- and loss-of-function Lyn 

mutant mice showing significant erythroid phenotypes.9-11, 13  

Controlling SFK activity, including that of Lyn, is mediated by phosphorylation of 

activating and inhibitory sites, as well as by protein-protein interactions.14 In its inactive 

form, Lyn has two main intramolecular interactions, its SH3 domain binds to a site linking 

the SH2 and kinase domains, and its SH2 domain binds to the phosphorylated C-terminal 

tyrosine motif (Y508 site). The principal kinase mediating phosphorylation of the inhibitory 

C-terminal Y508 site and inactivation of the enzyme is C-Src kinase (Csk).15-18 In the active 

configuration, Lyn is dephosphorylated on Y508 and phosphorylated on the activation loop 

tyrosine (Y397), thereby rendering the enzyme’s SH3 and SH2 domains available to ligate 

high affinity motifs in adaptor/scaffold molecules. The subcellular location of Lyn is also 

regulated by ligation of its SH3/SH2 domains and lipid modification of its N-terminus; 

myristoylation and palmitoylation promote compartmentalization in to lipid rafts.19, 20  

Csk-binding protein (Cbp, also known as PAG1 for phosphoprotein associated with 

GEMs; glycosphingolipid enriched microdomains) is primarily restricted to lipid rafts and is 

phosphorylated by activated SFKs (including Lyn), which mediates high affinity SH2 

domain-directed binding of SFKs and Csk to specific pY motifs on Cbp, to orchestrate 

dynamic localized inactivation of activated SFKs.17, 18, 20-22 Within erythroid cells we have 

shown that Epo-induced activation of Lyn mediates phosphorylation of Cbp to recruit Csk 

to achieve the spatial/temporal signalling dynamics of Lyn.17 However, the critical 

importance of Cbp for primary erythroid cell development and signaling has remained 

unclear. Consequently, we anaysed the loss of Cbp on the erythroid compartment in vivo 

and erythroid cell signaling. We found significant alterations to late erythroid development 

in the bone marrow of male Cbp-/- mice, and in isolated primary erythroid cells and cell 

lines generated from Cbp-/- mice, viability signaling through Akt/FoxO3 was increased that 

resulted in increased viability during differentiation. The high Akt activity in Cbp-/- cells 



  

Page 4 of 24 

   

 

disrupted GAB2/SHP-2 feedback inhibition of Lyn and the elevated Lyn activity also 

increased inhibitory signaling via SHP-1 to restrict the Erk1/2 pathway. Interestingly, 

alterations to late red blood cell development was only apparent in male mice, potentially 

due to the elevated estrogen in female mice which facilitates more early progenitor self-

renewal.23 Taken together, these biological and biochemical experiments suggest that Cbp 

has a critical role in erythroid cells to facilitate control of Lyn activity downstream of the 

Epo-receptor, for its promotion of viability signaling to Akt/FoxO3 and negative feedback of 

Erk1/2 and JAK2 via SHP-1/2. 
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Methods 
 

 Mice, primary erythroid cell analysis and erythroid cell line generation 
 C57BL/6J and Cbp-/- (on a C57BL/6J background, backcrossed >20 generations)24 

mice were used at day 12.5-13.5 of embryonic development for the generation of erythroid 

cell lines,25 and as 8-15 week old adults for flow cytometric analysis of bone marrow, 

spleen and blood parameters. Heparinised paediatric tubes were used for blood collection 

and blood cell parameter determination on an Advia 120 (Siemens, Deerfield, IL). 

Immortalized erythroid cell lines were generated as described25 and analysed as described 

in Supplemental material. Male and female lines were generated and showed no 

significant gender-specific alterations to cell biology or signaling parameters. For analysis 

undertaken here we utilized only female cell lines (Supplemental Figure S1). Primary cell 

isolation and analysis for signaling experiments were as previously described26 and in 

Supplemental material. Cell morphology was examined microscopically, following 

cytocentrifugation and Wright’s Giemsa staining with, or without, neutral benzidine staining 

for haemoglobin27. All animal experiments were performed in accordance with National 

Health and Medical Research Council of Australia guidelines for animal experimentation, 

with approval from the Royal Perth Hospital, Perth (Western Australia). 

 

 Flow cytometry 
 Flow cytometry of single cell suspensions of bone marrow, spleen and cultured 

erythroid cells was employed to assess cell surface expression using fluorophor-

conjugated antibodies as described in Supplemental material. 

 
 Cell lysis, immunoblotting and immunoprecipitation 
 HEK293T cells (cultured in DMEM/10% FCS) were used for transient expression 

experiments with plasmids transfected using Lipofectamine2000 (Life Technologies) as 

per the manufacturer’s instructions. HEK293T and erythroid cells were lysed and analysed 

by immunoblotting and immunoprecipitation as described in Supplemental material.   

 

Recombinant protein expression, purification and interaction analysis 
 All plasmid constructs were generated by site directed mutagenesis, using 

oligonucleotides (sequences available upon request), and subcloned into the appropriate 

vector and confirmation by Sanger sequencing. The myc-tagged Cbp expression 

constructs (pCMV-Cbp) were generously provided by Dr. M. Okado (Osaka University, 
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Japan)22. The construction of the murine Lyn expression plasmid pCA-LynY508F has been 

previously described.8 The generation, expression, purification and subsequent analysis of 

recombinant protein interaction by bio-layer interferometry was undertaken as described in 

Supplemental material. 

 

Statistical analysis 
For general statistical analysis experiments were repeated as three biological replicates 

and analysed by student’s t-test or ANOVA with two-tailed analysis (GraphPad Prism, 

v6.0f, GraphPad Software, San Diego, CA). 
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Results 
 

Cbp knockout mice have altered erythropoiesis. 
 To examine the role of Cbp in erythroid development we analysed the blood, bone 

marrow and spleen of adult mice, comparing C57BL/6 control mice to Cbp-/- mice.28 Since 

it is now known that there are sex differences in erythropoiesis,23 mice were analysed 

according to sex and genotype. Blood parameters comparing Cbp-/- and control mice, 

irrespective of sex, showed no major alterations (no alterations to MCV or MCH), but 

female Cbp-/- displayed elevated RBC numbers compared to male Cbp-/- mice 

(Supplemental Figure S2A, B). While total cell counts of bone marrow were not 

significantly different between control and Cbp-/- (male or female) mice, the bone marrow 

from male Cbp-/- mice displayed a clear relative reduction of mature (haemoglobin positive) 

red blood cells (RBC) (Figure 1A), which was not seen in female mice, and could be 

quantitated by a significant reduction of Ter119+/CD71- mature erythrocytes as a 

proportion of total bone marrow cells (Figure-1B). We observed a significant reduction in 

committed expanding/differentiating erythroblasts (Ter119+/CD71low-high), but elevated pro-

erythroblasts (Ter119-/CD71+) in the bone marrow of male mice (Figure 1B). This 

suggested maturation dynamics was altered in the bone marrow of male Cbp-/- mice. We 

then analysed the size (FCS) and CD44 expression of Ter119+/CD71low-high cells to 

subdivide the erythroblasts into distinct maturation stages (Figure 1B).29 This showed bone 

marrow erythroblasts from male Cbp-/- mice had significantly retarded maturation, which 

was not seen in female mice (Figure 1B, Supplemental Figure S2C, D). We then analysed 

bone marrow differentiation capacity ex vivo and found that all showed significantly 

elevated hemoglobin production in the presence of Epo (Supplemental Figure 3A). 

However, bone marrow from male Cbp-/- mice had reduced hemoglobin production 

compared to male control animals, while female Cbp-/- mice showed no such deficit 

(Supplemental Figure 3A). 

While male mice displayed no significant differences in early progenitors within the 

bone marrow, namely the common myeloid progenitor (CMP), granulocyte/macrophage 

progenitor (GMP) and megakaryocyte/erythroid progenitor (MEP) (Supplemental Figure 

S2E), we observed a significant elevation of GMP and a trend (p=0.088) for increased 

MEP in the bone marrow of female Cbp-/- animals compared to controls (Figure 1C). 

 Having observed gender-specific abnormalities in the bone marrow of Cbp-/- mice, 

we then analysed their spleen, for extramedullary emergency erythropoiesis. Male Cbp-/- 

mice had significantly heavier spleens relative to total body weight than female Cbp-/- 
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animals (Figure 1D), which also appeared to contain more mature erythrocytes than wild-

type male mice (Figure 1E). Indeed, the spleen from male Cbp-/- mice showed increased 

numbers of mature erythrocytes compared to control animals (Figure 1F). However, no 

significant increase in erythroid progenitors or alterations to erythroid development was 

detected in the spleens of male or female Cbp-/- mice (Figure 1F, and data not shown). 

 

Erythroid cell lines from Cbp knockout mice show increased Epo-independent 
viability and exhibit elevated differentiation. 
 Foetal liver erythroblasts express both Lyn and Cbp, however during their 

maturation, Lyn levels increase and Cbp expression is essentially lost (Supplemental 

Figure S4A, B). We generated immortalized cell lines from foetal liver pro-erythroblasts of 

Cbp-/- and control mice to study their biology and signaling. Microscopic analysis and cell 

surface expression illustrated that the wild-type (J2-WT) and Cbp-/- (J2-Cbp-/-) cell lines 

were at an equivalent pro-erythroblast stage (Figure 2A, B). 

 In full growth media, and in differentiation media (IMDM with T3-depleted FCS) in 

response to Epo (1 U/ml), both cell lines (J2-WT and J2-Cbp-/-) displayed high viability and 

proliferated at equivalent rates (Figure 2C). However, when placed into differentiation 

media, only J2-Cbp-/- cells maintained a high viability in the absence of Epo (Figure 2D, 

Supplemental Figure S7). 

 Significantly, J2-Cbp-/- cells showed a greater propensity to differentiate in terms of 

the number of cells producing haemoglobin, as assayed by Benzidine staining (Figure 2E), 

as well as the total amount of haemoglobin produced (Figure 2F). Interestingly, both J2-

WT and J2-Cbp-/- cell lines showed similar dynamics in response to Epo of the rate-limiting 

haem synthesizing erythroid enzyme ALAS-E (Figure 2G). However, J2-Cbp-/- cells had 

more robust globin production during differentiation (Figure 2G). Interestingly, more J2-

Cbp-/- cells appeared to maintain cell surface expression of the transferrin receptor (CD71) 

in response to Epo during differentiation, compared to J2-WT cells (Figure 2H). 

Consequently, the increased differentiation of J2-Cbp-/- cells may be due to an increased 

capacity to import transferrin/Fe as well as increased synthesis of globin protein. 

Additionally, the increased viability of J2-Cbp-/- cells would allow more cells to proceed 

through differentiation especially at lower Epo levels, which would also result in increased 

numbers of differentiating cells, as was observed. 

 

Lyn phosphorylates Cbp and mediates direct binding of SFKs (Lyn, Src) and Csk, 
and Cbp-/- erythroid cell lines have elevated lipid raft associated SFK activity. 
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 Utilizing the isolated Lyn kinase domain30 and the purified cytoplasmic region of 

Cbp, we show that Cbp is phosphorylated directly by Lyn (Figure 3A). This 

phosphorylation of Cbp generates high affinity binding sites for the SH2 domains of Src 

and Lyn with similar real-time binding kinetics (Figure 3B). Using the purified SH2 domain 

of Csk labeled with HRP as a direct Western blotting reagent, we show that it binds 

strongly to Cbp that has been phosphorylated by constitutively active Lyn (LynY508F) only 

when the Y314 site is present within Cbp (Figure 3C). Further, the level of phosphorylation 

of this site, as measured by SH2 domain binding, is markedly enhanced when the 

Y381/409 sites are present, which mediate strong interaction with the SH2 domain of Lyn. 

This suggests that Lyn does not readily phosphorylate the Y314 site directly, unless Lyn is 

in a strong complex with Cbp through its SH2 domain. When the Y314 site of Cbp is 

phosphorylated, it directs high affinity binding of the SH2 domain of Csk (Figure 3D). 

These, and other data,15, 17, 18, 21, 22, 31 strongly implicate Cbp as a major mediator of 

inactivation of Lyn, consequently its loss in erythroid cells should also result in elevated 

Lyn activity. Indeed, in J2-Cbp-/- erythroid cells we found substantially elevated levels of 

active Lyn as evidenced by its phosphorylation within the activation loop (SFK-Y416 motif, 

Y397 in Lyn), particularly in lipid rafts (Figure 3E, R-fraction). Significantly, this elevated 

Lyn activity in Cbp-deficient erythroid cells also elicited an enhanced activation of STAT5 

upon Epo-R ligation suggesting there are major down-stream ramifications for the elevated 

Lyn activity in these cells for Epo signaling (Figure 3E), especially as the Epo-R signaling 

complex and STAT5 can be recruited to lipid rafts that contain active Lyn.32 Indeed, a 

survey of global phospho-tyrosine alterations during Epo-induction in WT and Cbp-/- cells 

showed that several proteins had marked changes in their intensity and dynamics during 

stimulation (Figure 3F). 

 

Elevated Akt and SHP-1 pathway activation in erythroid cell lines from Cbp 
knockout mice. 
 We next investigated known down-stream pathways of Lyn and Epo-R in more 

detail (Figure 4). Here we found that JAK2 activation was essentially normal, however, the 

Epo-R itself displayed substantially reduced phosphorylation in J2-Cbp-/- cells (Figure 4A). 

This may suggest that activation of the Epo-R/JAK2 complex was normal but its 

inactivation was elevated in J2-Cbp-/- cells. Further, both STAT5 and Akt showed 

enhanced activation; while Erk1/2 displayed reduced activation in J2-Cbp-/- cells compared 

to J2-WT cells in response to Epo (Figure 4A). 
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 We then looked at signaling intermediates and other down-stream components that 

influence the Epo-R cascade (Figure 4B). Importantly, cells lacking Cbp failed to switch on 

Epo-induced downregulation of Lyn via phosphorylation of the inhibitory C-terminal 

tyrosine (Y508) of Lyn, supporting the role of Cbp in recruiting Csk to mediate 

phosphorylation of this inhibitory site (Figure 4B). Putting both the activation loop and 

inhibitory C-terminal site phosphorylation dynamics together shows that Epo-induced a 

strong dynamic activation followed by inhibition in J2-WT cells, while J2-Cbp-/- cells have 

constitutively activated Lyn (Supplemental Figure S5). The phosphatase SHP-1, an 

important substrate of Lyn, was prominently and constitutively activated in J2-Cbp-/- cells, 

which could explain the reduced Epo-R phosphorylation and Erk1/2 activation in these 

cells (Figure 4A, B).33, 34 No major alteration to SHP-2 phosphorylation dynamics was seen 

in J2-Cbp-/- cells (Figure 4B). The adaptor GAB2 has inhibitory serine phosphorylation 

mediated by Akt and activation tyrosine phosphorylation facilitated by Lyn.10, 11, 35-38 

Interestingly, in J2-Cbp-/- cells the elevated Akt activity appeared to dominate over the 

enhanced Lyn activity resulting in enhanced inhibitory S159 phosphorylation and loss of 

the activation Y452 phosphorylation (Figure 4B). In J2-Cbp-/- cells, the elevated Akt activity 

correlated with enhanced and more sustained phosphorylation of FoxO3, but did not 

mediate a significant alteration to GSK3 phosphorylation (Figure 4B, Supplemental Figure 

S6). Lyn also intersects the phospholipase-Cg1/2 (PLCg1/2) pathways,39, 40 and J2-Cbp-/- 

cells showed elevated PLCg1 phosphorylation after Epo addition (Figure 4B). We then 

looked at the level of Bcl-2 and SOCS family members that may account for viability 

alterations. Interestingly, no significant changes to BAD, Bcl-XL, SOCS1, SOCS3 or CIS 

were noted in the J2-Cbp-/- cells compared to J2-WT cells (Figure 4C). 

 

Erythroid cell lines from Cbp knockout mice show elevated Akt signaling to 
translational regulators, and increased interaction of Akt and Lyn. 
 One of the major pathways regulated by Akt is that of translation control.44 Elevated 

Akt activity in J2-Cbp-/- cells correlated with activation of several pathway components that 

promote translation (i.e. p70S6K, eIF4E and 4E-BP1), but also increases in an inhibitory 

marker (i.e. phosphorylation of eIF2a) (Figure 5A). Overall, phosphorylation of the 

proximal translation regulator S6 was not significantly elevated in J2-Cbp-/- cells, with a 

delayed but equivalent maximal activation of S6 phosphorylation in J2-Cbp-/- cells (Figure 

5A). 

A link between Akt and Lyn has been suggested in previous studies, both directly 

and indirectly,41, 42 and with Akt and Lyn both activated in J2-Cbp-/- cells, we investigated 
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the degree of interaction of these two proteins. In both J2-WT and J2-Cbp-/- cells Lyn and 

Akt could be co-immunoprecipitated, however, the interaction was significantly enhanced 

in the J2-Cbp-/- cells at the 0 and 1.5 min time points (Figure 5B). Further, the potential for 

direct activation of Akt by tyrosine phosphorylation43 by Lyn in these complexes was 

supported by the observation that in J2-Cbp-/- cells, significant Y315 site phosphorylation 

of Akt could be observed after Epo stimulation (Figure 5A). 

 

Enhanced Akt/FoxO3 signaling in erythroid cell lines from Cbp knockout mice 
during differentiation. 
 Here we undertook immunoblot analysis of J2-WT and J2-Cbp-/- cells at 0 and 48 h 

in differentiation media with and without Epo (Figure 6A). The elevated Akt activity 

observed in short-term Epo-induction was also observed in long-term differentiation 

conditions in the J2-Cbp-/- cells, which also correlated with phosphorylation of FoxO3 (and 

a moderate increase in GSK3 phosphorylation) (Figure 6A). Interestingly, even in the 

absence of exogenous Epo, J2-Cbp-/- cells displayed substantial activation of Akt and 

phosphorylation of FoxO3, suggesting that the elevated Lyn activity in J2-Cbp-/- cells was 

linked to Akt/FoxO3 independent of ligation of the Epo-R. Activation of STAT5 was fully 

dependent on Epo addition, as was maintaining a pro-viability ratio of BclXL to BAD. Both 

J2-WT and J2-Cbp-/- cells showed equivalent reduced Erk1/2 activation, and exit from the 

cell cycle (as marked by increased p27Kip1) during the Epo-induced differentiation 

process (Figure 6A). 

 

Primary erythroid cells from Cbp knockout mice have elevated Akt/FoxO3 signaling 
and SHP-1 pathway activation. 
 We next sought to determine if the signaling alterations observed in the 

immortalized erythroid cells were recapitulated in non-immortalized primary cells. Using 

splenic erythroblasts isolated from phenylhydrazine-treated mice (enriched for CFU-E/pro-

erythroblasts) we undertook short-term signaling analyses in response to Epo addition 

(Figure 6B). Importantly, the alterations observed in the immortalized cell lines were 

recapitulated in primary cells (compare Figure 4 and 6B). Specifically, in Cbp-/- cells the 

level of phosphorylation of the Epo-R was reduced, while STAT5 activation was enhanced. 

The Akt/FoxO3 pathway and SHP-1 phosphorylation were enhanced in Cbp-/- cells, while 

Erk1/2 activation was less pronounced. The elevated phospho-FoxO3 showed a strong 

increase when expressed relative to total FoxO3 levels which are reduced in the Cbp-/- 

cells (Figure 6B). Further, elevated inhibitory serine phosphorylation of GAB2 was also 
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observed in Cbp-/- cells, which correlated with reduced tyrosine phosphorylation, while no 

major changes to SHP-2 phosphorylation were seen (Figure 6B). We also assessed Akt 

phosphorylation dynamics in the bone marrow differentiation cultures from male and 

female Cbp-/- and control mice (Supplemental Figure 3S). While no gender-specific 

alterations to pAkt were observed, Cbp-/- lysates consistently showed higher pAkt levels 

compared to control bone marrow cultures (Supplemental Figure 3B). 
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Discussion 
 In this study we provide compelling evidence for the transmembrane adaptor Cbp 

(PAG1) being an important regulator of the SFK Lyn in erythroid cells through analysis of 

primary and immortalized Cbp-/- erythroid cells and the erythroid compartment of Cbp-/- 

mice. We show (summarized in Figure 7) that loss of Cbp results in increased Lyn activity 

that feeds into several down-stream pathways resulting in enhanced Akt/FoxO3 viability 

signaling, STAT5 phosphorylation, and elevated SHP-1 feedback inhibition of Epo-R 

phosphorylation and Erk1/2 activity. This results in increased viability of erythroid cells in 

vitro as they proceed through differentiation. At the physiological level, peripheral blood 

parameters were not significantly altered in Cbp-/- mice compared to control animals. 

However, there was a modest difference in RBC numbers between male and female Cbp-/- 

mice that is normally seem in the background strain used in these studies (C57BL6/J).45 

Further, we observed a mild alteration to the maturation dynamics of bone marrow 

erythroid cells in male Cbp-/- mice in vivo (with disproportionately relatively more early 

differentiating erythroid cells), and reduced ex vivo differentiation capacity, while in female 

Cbp-/- mice we saw moderate alterations to early multi-lineage progenitors. This gender-

biased physiological difference could potentially be explained by the estradiol regulation of 

stem/progenitor cell cycle, particularly of the erythroid lineage.23 Taken together, these and 

previous results support the notion that Cbp is important for regulating SFK activity, and 

that this does have detectable but modest functional biological consequences. 

 Previously we identified Lyn as key in regulating viability and differentiation during 

erythroid development using both Lyn knockout mice, as well as mice harbouring 

constitutively active Lyn.9-11, 13 These findings have also been strongly supported by other 

studies.6, 40, 46 Further, we identified Cbp as a very important regulator of Lyn activity and 

protein levels through recruiting Csk/Ctk and SOCS1 in the J2 erythroid cell line.17, 18 

Consequently, we speculated that Cbp deficient mice and their erythroid cells would 

display signaling and phenotypic alterations similar to those with elevated Lyn activity, 

such as the Lynup (Y508F) mice.10 Comparison of signaling in Cbp-/- and Lynup cells10 

shows many similarities; activation of Akt/FoxO3 viability, enhanced STAT5 

phosphorylation, elevated inhibitory serine phosphorylation of GAB2, and increased 

negative feedback inhibition of Epo-R and Erk1/2 via SHP-1 (Figure 7A). However, in Cbp 

deficient cells, signaling pathway changes were milder than those in Lynup cells. This is 

likely due to the Lyn protein in Cbp-/- cells still available for phosphorylation and inhibition 

by Csk/Ctk (indeed low Lyn-Y508 site phosphorylation could be detected in these cells) 

but this could not be regulated by Cbp and was not significantly altered by Epo-addition 
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(Figure 7B). In Cbp-/- erythroid cells this results in increased viability during differentiation. 

In contrast to Lynup erythroid cells that have enhanced viability but delayed 

differentiation,10 the Cbp-/- cells had enhanced viability but not at the expense of 

differentiation. Indeed, they were more responsive to Epo-induced differentiation than wild-

type cells. Interestingly, the physiological phenotypes of Cbp-/- and Lynup mice were 

distinct, with Lynup mice displaying major alterations to mature RBCs and strong activation 

of stress/emergency erythropoiesis, features that were not seen in Cbp-/- mice.10 This 

could be explained by the fact that Lyn is expressed throughout erythropoiesis, from 

progenitors to mature RBCs, and indeed is an important regulator of mature RBC 

function,10, 47, 48 while Cbp appears restricted to precursor cells.18 Additionally, in Cbp-/- 

erythroid cells Csk is still intact and capable of regulating Lyn to a degree through Cbp-

independent mechanisms, thus reducing the extent of signaling alteration and biological 

consequences, compared to Lynup cells/mice (where the Y508 site cannot be 

phosphorylated). 

 The Epo-stimulated viability of erythroid cells and their initiation of exit from the cell 

cycle during differentiation are in part mediated by Akt-directed phosphorylation of 

FoxO3.49-51 FoxO3 also appears important during the latter stages of differentiation for 

reducing oxidative stress triggered by high levels of haemoglobin that accumulate during 

erythroid differentiation as well as cell cycle exit.52 We observed that phosphorylated Akt 

and FoxO3 were clearly cytoplasmic 30 min post-Epo-stimulation of Cbp-/- cells. This is 

consistent with the inhibition of FoxO3 through phosphorylation and cytoplasmic 

compartmentalization (via binding 14-3-3 proteins) to promote viability. Interestingly, 

FoxO3 activation and nuclear localization in erythroid cells is needed late in their 

maturation when haemoglobin levels are high, to mitigate ROS accumulation.52  

 Other alterations to down-stream Epo-R pathways that were affected in Cbp-/- cells 

are consistent with previous studies where Lyn activity/levels have been manipulated, i.e. 

STAT5, GAB2, SHP-1 and Erk1/2.10, 11 Moreover, in hematopoietic cells in general it 

appears Lyn is important for the negative control of Erk1/2 through SHP-1, via several 

receptor systems.13, 33, 53, 54 

 Interestingly, the degree of activation of Lyn in Cbp-/- cells is significantly less than 

that of Lynup cells. This could be due to the fact that Csk/Ctk are still able to 

interact/inactivate Lyn as well as other SFKs in the Cbp-/- cells, or alternatively, Csk/Ctk 

adaptors could facilitate phosphorylation of the C-terminal SFK tyrosine residue. In this 

regard, it is clear that in T- and B-cells there are alternative transmembrane adaptors that 

can interact with SFKs and Csk that could well compensate for any Cbp deficiency (i.e. in 
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Cbp-/- mice)24, 55 and provide regulated control of SFK activity. Further, the mild phenotype 

of Cbp-/- mice is in stark contrast to the embryonic lethality of Csk-/- mice, further supporting 

alternative mechanisms that Csk can employ to regulate SFK activity in Cbp-/- cells.56 

Indeed, while SFKs are very important for T- and B-cell signaling and biology, the lack of 

major phenotypes of these compartments in Cbp-/- mice would initially appear surprising. 

However, several T- and B-cell expressed adaptors have sequence and/or functional 

overlap with Cbp that are known to bind Csk and could well provide additional negative 

regulatory control of SFKs, i.e. LIME57, 58 and SIT.59 It would be beneficial to address this 

important point of functional redundancy of these SFK-regulating transmembrane adaptors 

by analyzing cells/mice with Cbp and LIME/SIT deleted. There are several additional 

adaptors/scaffolds that can bind Csk (e.g. paxillin, IRS, caveolin-1, SgK223),60 which could 

also mediate subcellular specific regulation of SFKs through Csk, and thus provide partial 

functional redundancy for loss of Cbp within their respective signaling complexes. 

 An important additional mode of regulation of SFKs is via phosphatases, which can 

provide both activation through dephosphorylation of the negative C-terminal tyrosine (e.g. 

CD45), or inhibition through phosphatase activity towards the activation loop tyrosine (e.g. 

PEP).  Interestingly, Csk forms a strong complex with PEP via its SH3 domain,61 and thus 

when Csk interacts with Cbp via its SH2 domain (directed to the pY314 site), it would 

juxtapose a phosphatase (PEP) that can mediate inactivation as well as Csk’s 

phosphorylation of the C-terminal tail. Consequently, loss of Cbp would be expected to 

enhance SFK activity through reduced Csk-directed PEP-mediated inactivation. Indeed, 

consistent with this notion we did find increased phosphorylation of Lyn on its activation 

loop tyrosine in Cbp deficient cells (Figure 7). 

 Overall our findings illustrate that Cbp is an important regulator of Csk recruitment 

to the SFK Lyn in Epo-responsive erythroid cells. Consequently, loss of Cbp (Figure 7) 

results in elevated Lyn activity promoting the activation of down-stream pathways known to 

be regulated by this enzyme in erythroblasts (i.e. Akt/GAB2/FoxO3, STAT5, SHP-

1/Erk1/2), which results in their increased viability and enhanced differentiation. However, 

these biochemical alterations only induce mild changes to the differentiation profile of 

erythroblasts in the bone marrow of male Cbp-/- mice. 
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Figure legends 
 
Figure 1. Cbp-/- mice have altered bone marrow and spleen erythropoietic 
parameters. (A) Representative images of concentrated bone marrow aspirates from wild-

type (WT) and Cbp-/- male mice (10-15 weeks old). (B) Flow cytometric analysis of the 

erythroid compartment of wild-type (WT) and Cbp-/- male bone marrow aspirates (10-15 

weeks old). Bone marrow cells were stained for CD71, CD44 and Ter119 and pro-

erythroblasts (ProE; CD71high/Ter119-), erythroblasts (Ery; CD71low-high/Ter119+) and 

mature red blood cells (RBC; CD71-/Ter119+) were enumerated (left panels). The 

erythroblast population was further analysed using CD44 and FSC to delineate stages of 

differentiation (right panels, from early erythroblasts, EryE, through maturing populations 

EryA, EryB, EryC).29 (C) Analysis of myeloid progenitor populations in the bone marrow of 

wild-type (WT) and Cbp-/- female mice (10-15 weeks old). Common myeloid progenitors 

(CMP), granulocyte/macrophage progenitors (GMP) and megakaryocyte/erythrocyte 

progenitors (MEP) were enumerated by flow cytometry.62 (D) Spleen wet weight of wild-

type (WT) and Cbp-/- male and female mice (10-15 weeks old). (E) Representative images 

of spleen of wild-type (WT) and Cbp-/- male mice (10-15 weeks old). (F) Flow cytometric 

analysis of the erythroid compartment of wild-type (WT) and Cbp-/- male spleen cells (10-

15 weeks old), analysed as described in B above. All data is n=5 to 10, *p<0.05, **p<0.01, 

@p<0.10. 

 

 

Figure 2. Immortalized erythroblasts from Cbp-/- mice have enhanced viability and 
differentiation. (A) Morphological analysis of representative erythroid lines generated 

from Cbp+/+ (J2-WT) and Cbp-/- (J2-Cbp-/-) mice and stained with Wright’s-Giemsa (scale 

bar = 5µm). Bright field images were acquired at 40X magnification on an Olympus IX71 

microscope using an Olympus DP70 camera. (B) Flow cytometric analysis of cell surface 

expression of CD71, CD44, CD117 and CD11b for J2-WT and J2-Cbp-/- cells. (C) 

Proliferation rates of J2-WT and J2-Cbp-/- cells in differentiation media (IMDM/T3-depleted 

FCS) in the presence of Epo (1 U/ml). (D) Viability in response to Epo in differentiation 

media (IMDM/ T3-depleted FCS)63 of J2-WT and J2-Cbp-/- cell lines at 0 and 24 h. (E) 

Differentiation capacity (percentage of benzidine positive cells) of J2-WT and J2-Cbp-/- 

cells when cultured with Epo (1 U/ml) in differentiation media (IMDM/T3-depleted FCS) at 

the times indicated. (F) Total haemoglobin production of J2-WT and J2-Cbp-/- cells when 

cultured in the absence or presence of Epo (0.1-10 U/ml) in differentiation media 
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(IMDM/T3-depleted FCS), assayed by spectral scanning (OD418 nm/µg total protein) of 

cell lysates at the times indicated. (G) Immunoblot analysis of cell lysates of J2-WT and 

J2-Cbp-/- cells with and without Epo (1 U/ml) in differentiation media (IMDM/T3-deleted 

FCS) at the time points indicated. Membranes were probed with antibodies directed 

against the erythroid isoform of the rate-limiting haem synthesizing enzyme ALAS-E, b-

globin, GAPDH, the erythroid transcription factor GATA-1 and b-actin as a loading control. 

(H) Dose-response of Epo-induced maintenance of cell surface transferrin receptor levels 

(CD71) on J2-WT and J2-Cbp-/- cells cultured in differentiation media (IMDM/T3-depleted 

FCS). Both J2-WT and J2-Cbp-/- cells are >95% positive for CD71 at time 0 (see panel B), 

and without Epo, levels decrease rapidly in differentiation media. Experiments are 

performed in triplicate, *p<0.05. 

 

Figure 3. Lyn phosphorylates Cbp creating binding sites for Lyn/Src and Csk, and 
loss of Cbp increased Lyn activity and Epo-induced signalling. (A) Immunoblot 

analysis of phosphorylated GST-Cbp over time in the presence of the purified kinase 

domain of Lyn. The level of tyrosine phosphorylation was assayed by anti-pY (Y100) 

immunoblotting at the time points shown. Cbp levels were assayed by coomassie blue 

G250 staining. (B) Detection of high affinity direct binding of NusA fusions of the SH2 

domains of Lyn and Src to phosphorylated GST-Cbp using bio-layer interferometry. 

Controls using NusA, GST and un-phosphorylated GST-Cbp were included. Association of 

GST/GST-Cbp or GST-pCBP was commenced at time point “a” and disassociation 

commenced at time point “d”. (C) Immunoblotting and direct blotting analysis of lysates 

from HEK293T cells transfected with expression constructs for constitutively active Lyn 

(LynY508F) and myc-tagged Cbp (WT, Y314F, Y381/409F) as indicated. Lysates were 

analysed by immunoblotting to detect Cbp (myc-tag) expression and total pY levels of the 

expressed Cbp (pY100). Membranes were also probed with the fluorescently labeled 

NusA-fusion of the SH2 domain of Csk. (D) Detection of high affinity direct binding of the 

NusA fusion of the SH2 domain of Csk to phosphorylated GST-Cbp using bio-layer 

interferometry. The control was NusA with GST-pCbp. Association of GST-pCbp was 

commenced at time point “a” and disassociation commenced at time point “d”. (E) 

Immunoblot analysis of lysates from J2-WT and J2-Cbp-/- cells stimulated with Epo (5U/ml) 

for the times indicated. Raft (R) and non-raft (NR) membrane fractions were prepared as 

described in materials and methods. Blots were probed with antibodies directed against 

Lyn, the activation loop phospho-tyrosine motif of SFKs (Y416), and phosphorylated 

STAT5 (pSTAT5). Confirmation of membrane fractionation was undertaken using the non-
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raft marker transferrin receptor (TfR) and the raft-marker caveolin-1 (Cav-1), and b-actin 

was used as a loading control. (F) Immunoblot analysis of phospho-tyrosine dynamics 

during Epo induction in J2-WT and J2-Cbp-/- cells. Time course (0, 10, 30 min) of Epo-

induced (Epo, 5U/ml) total phospho-tyrosine protein changes. Prominent changes in 

phospho-proteins between the cell lines are indicated (arrow heads, grey=J2Cbp-/- 

prominent, black=J2-WT prominent). 

 

Figure 4. Immortalized erythroblasts lacking Cbp display enhanced STAT5, Akt, 
FoxO3, SHP-1, and PLCg1 tyrosine phosphorylation, as well as reduced Erk1/2 
activation, and GAB2 tyrosine phosphorylation. (A) Proximal Epo-R signaling 

dynamics during Epo induction in J2-WT and J2-Cbp-/- cells. Immunoblot analysis of cell 

lysates from J2-WT and J2-Cbp-/- cell lines for the signaling molecules indicated before 

and after 10 and 30 minutes of Epo-stimulation (5 U/ml). The phosphorylation status and 

total levels of Epo-R, JAK2, STAT5, Akt and Erk1/2 were analysed, with b-actin as a 

loading control. (B, C) Downstream Epo-R signaling dynamics during Epo induction in J2-

WT and J2-Cbp-/- cells. Immunoblot analysis of cell lysates of J2-WT and J2-Cbp-/- cell 

lines for the signaling molecules and down-stream effectors indicated before and after 10 

and 30 minutes of Epo-stimulation (5 U/ml). The phosphorylation status of the inactivation 

(Csk-mediated) Y508 site of Lyn, and total Lyn levels were analysed. Additionally, the 

phosphorylation status of SHP-1, SHP-2, GAB2, PLCg1, FoxO3, GSKa/b, BAD were 

analysed as well as total levels of SHP-2, GAB2, BAD, BclXL, SOCS1 and SOCS3, with b-

actin as loading control. Immunoblot analysis was performed on two independent 

experiments producing equivalent results. 

 

Figure 5. Cbp-/- cells have altered translational control signaling, and Akt shows a 
strong association with Lyn in Cbp-/- cells. (A) Immunoblot analysis of lysates from J2-

WT and J2-Cbp-/- cells with and without Epo (5 U/ml) at the time points indicated. Blots 

were probed with antibodies to the signaling (pEpoR/EpoR, pSFK416 motif, Lyn, 

pAktY315/pAktS473/Akt) and translational control proteins (p70S6K, peIF4E, p4BE-BP1, 

peIF2a, pS6) as indicated; b-actin was used as a loading control. (B) Immunoblot analysis 

of Akt-immunoprecipitates and cell lysates of J2-WT and J2-Cbp-/- cells with and without 

Epo (5 U/ml) at the time points indicated. Akt was immunoprecipitated from lysates at the 

indicated time points using anti-Akt antibodies/Protein-G agarose and blots probed for the 

association of Lyn and active Lyn/SFKs (pY416 motif), with Akt as a loading control. Blots 

of pSFK and Lyn from Akt-IPs were quantitated and levels relative to Akt in the IP is 
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shown. Values significantly different between J2-WT and J2-Cbp-/- time points are 

indicated (* p<0.05). Blots of lysates were also probed with antibodies to signaling 

molecules (pSTAT5/STAT5, pERK1/2/Erk1/2, pFoxO3, pAkt/Akt, Lyn, and b-actin as 

loading control) as indicated (lower panel). Immunoblot analysis was performed on two 

independent experiments producing equivalent results. 

 

Figure 6. Elevated Akt/FoxO3 signalling during Epo-induced differentiation of Cbp-/- 
cells, and signaling alterations in primary Cbp-/- erythroblasts. (A) Immunoblot 

analysis of cell lysates of J2-WT and J2-Cbp-/- cell lines, for the signaling molecules 

indicated (pAkt/Akt, pSTAT5/STAT5, pERK1/2/Erk1/2, pFoxO3, FoxO3, pGSKa/b, 

pBAD/BAD, BclXL, p27Kip1, and b-actin as loading control), cultured in differentiation 

media (IMDM/T3-depleted FCS) with and without Epo (1U/ml) at 0 and 48 h. Immunoblot 

analysis was performed on two independent experiments producing equivalent results. (B) 

Immunoblot analysis of cell lysates of Cbp+/+ and Cbp-/- spleen erythroblast cells isolated 

from PHZ-treated mice (day 4 post treatment), before and after 10 and 30 minutes of Epo-

stimulation (5 U/ml) for the signaling molecules indicated (pEpoR/EpoR, pSTAT5/STAT5, 

pAkt/Akt, pFoxO3/FoxO3, pErk1/2, Erk1/2, pSHP-1, pSHP-2/SHP-2, pGAB2/GAB2, with b-

actin as loading control). Blots of pFoxO3 and FoxO3 were quantitated and levels of 

pFoxO3 relative to total FoxO3 is shown. Values significantly different between J2-WT and 

J2-Cbp-/- time points are indicated (* p<0.05). 

 

Figure 7. Schematic of function and consequences of loss of Cbp on erythropoiesis. 
(A) Model of Cbp control of Lyn and intersection of Epo-R signaling. Thickness and 

darkness of arrows indicates proposed relative intensity of signaling connections. Green-

filled circle/Y indicates activating phospho-tyrosine events. Red-filled circle/Y indicates 

inhibitory phospho-tyrosine events. Red or black crosses indicate inhibitory actions. 

Yellow-filled circle/S indicates inhibitory serine phosphorylation events. (B) Model of the 

consequential effects of loss of Cbp on SFK/Lyn regulation and erythropoiesis. Left panel 

indicates the ability of Cbp to restrict SFK/Lyn activity and consequently maintain a 

transient viability signal during erythroid differentiation; right panel illustrates the effects of 

loss of Cbp on this process. 

 
 

 
















