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Differential signaling requirements for the Ca2+ and MEK/ERK pathways

2. DIFFERENTIAL SIGNALING REQUIREMENTS FOR THE CA2+ 
AND MEK/ERK PATHWAYS IN IL-3 AND GM-CSF-TREATED HSC 
AND PROGENITOR CELLS

2.2. INTRODUCTION

Interleukin-3 (IL-3) and granulocyte-macrophage colony-stimulating factor (GM-
CSF) are cytokines from the type I superfamily group and have broad effects on 
hematopoietic cells1,2. These cytokines couple to the extracellular portion of their 
cognate membrane receptors and activate intracellular signaling3-5. Type I superfamily 
receptors lack tyrosine kinase activity; however dimerization of the α and β receptor 
subunits recruits Janus kinases which have this function2,3,6,7. Upon intracellular β-chain 
phosphorylation, docking sites for other molecules are created, triggering numerous 
intracellular pathways, such as JAK/STAT, phospholipase C (PLCγ)/Ca2+, MAPK/ERK and 
PI3K1,2. It is not completely clear however how these intracellular pathways functionally 
interact to regulate primitive hematopoietic populations. Primitive hematopoietic 
populations, such as hematopoietic stem cells (HSCs) and progenitors, stand in the 
upper portion of the hematopoietic hierarchy and have essential roles in hematopoietic 
maintenance throughout life8,9. Proliferation and differentiation processes must be 
tightly regulated in these cells and IL-3 and GM-CSF are relevant in this context10.

IL-3 targets roughly the whole hematopoietic spectrum, with few exceptions11-13, 
inducing mature cell activation11,14, myeloid differentiation10 and myeloid survival13,15. The 
mechanisms involved in these events seem to vary depending on the differentiation 
stage of the cell16. In primitive cells, IL-3 elicits JAK activation13,15,17 followed by transient 
PLCγ2 and MEK1/2 phosphorylation, moderate cytoplasmic Ca2+ oscillations and strong 
ERK1/2 activation, which seem to be related to myeloid differentiation18,19, although PKC 
dependent proliferation was also observed in primitive cell lines treated with IL-320,21.

GM-CSF, on the other hand, seems to produce sustained PLCγ2 and MEK1/2 
activation, followed by mild Ca2+ oscillations and reduced ERK1/2 phosphorylation18,19. 
Myeloid differentiation, proliferation and mobilization are described outcomes of 
GM-CSF treatment16,19,22-25 in primitive hematopoietic cells, although it does not seem 
linked to PKC activation18.

More precise knowledge on the intracellular mechanisms involved in primitive 
hematopoietic maintenance and myeloid differentiation can be useful for our 
understanding of hematopoiesis, hematopoietic malignances and imbalances of the 
ageing individuals. In this context, our aim was to investigate responses to IL-3 and 

GM-CSF treatment in HSCs and in progenitors to better understand how intracellular 
signaling is wired towards differentiation, to understand potential differences between 
these cell populations and to establish potential divergent effects of IL-3 and GM-CSF 
on these cellular outcomes.

2.3. METHODS

2.3.1. ANIMALS

Adult (2 to 4 months old) C57Bl/6J specified pathogen-free mice of both sexes were 
used for this study. Mice were housed at CEDEME (Centro de Desenvolvimento de 
Modelos Experimentais para Biologia e Medicina, from UNIFESP – Universidade 
Federal de São Paulo, Brazil) and kept in a controlled habitat under a 12/12 h dark-light 
cycle, with food and water ad libitum. All experimental procedures followed ethical 
research guidelines and were approved by the ethical committee (license 1522060515).

2.3.2. HEMATOPOIETIC CELL EXTRACTION

To obtain hematopoietic cells, animals were euthanized by cervical dislocation or 
by deep anesthesia using ketamine/dexdomitor following rapid exsanguination via 
the abdominal aorta. Afterwards, femurs were collected and femoral content was 
flushed out with a syringe filled with IMDM (Iscove Modified Dulbecco Medium) 
medium. The femoral content was homogenized and the homogenate was incubated 
at 37°C for 2 h in order to reduce the presence of adherent mononuclear cells in the 
supernatant. Afterwards, the supernatant was separated; cells were counted and 
used for experiments.

2.3.3. COLONY FORMATION (CFU) ASSAY

We investigated hematopoietic progenitor potential using the colony forming 
unit (CFU) assay, in which 5x104 bone marrow cells were seeded into a semi-solid 
medium (MethoCult M3134, StemCell Technologies – Vancouver, Canada) and the 
number of resulting colonies were counted manually using a light microscope at 10X 
magnification35. Cells were plated in 1 mL of this medium supplemented with 10% 
fetal bovine serum (FBS), 0,1% bovine serum albumin and 1% penicillin/streptomycin 
and incubated at 37°C and 5% CO2 for 2 weeks for the first round of colony reading. 
The treatments were done with the cytokines IL-3 (10 ng/mL) and GM-CSF (10 ng/mL), 
in the absence and presence of pharmacological inhibitors: AG490, U73122, 2APB, 
KN62, Calmidazolium, BAPTA, GF-109203X, Chelerythrine, UO126, PD98059, FR180204, 
wortmannin and Ly294002. A table with the pharmacological inhibitors, concentration 
and targets are provided below. The concentrations were used according to literature.
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Table 1. Pharmacological inhibitors, concentrations used and respective targets

Pharmacological inhibitor Intracellular target Concentration
AG490 JAK 10 µM
U73122 PLC 5 µM
2APB IP3R 10 µM
KN62 Calmodulin 3 µM
Calmidazolium Calmodulin kinase 0.5 µM
BAPTA Ca2+ quelator 10 µM
GF-109203X PKC 3 µM
Chelerythrine PKC 1 µM
UO126 MEK1 and MEK2 1 µM
PD98059 MEK1 1 µM
FR180204 ERK1/2 0.3 µM
Wortmannin PI3K 2 µM
Ly294002 PI3K 2 M

2.3.4. CO-CULTURE METHODS

Co-culture methods mimic the in vivo microenvironment and are essential for research 
in the hematopoietic system. The co-culture method closest to the in vivo situation 
is the Dexter stroma, in which cells collected from the internal femoral channel are 
cultivated for 2 months at 37°C and 5% CO2. The cells are fed with IMDM medium, 
supplemented with 12,5% FBS and 12,5% fetal horse serum (FHS), 1% penicillin and 
streptomycin and 1 µg/mL of hydrocortisone26. Hydrocortisone stimulates adipocyte 
formation and growth factor production27,28. The maintenance of the cells is done 
by change of half of the medium weekly. After the full stromal formation, freshly 
isolated hematopoietic cells can be added to the stroma. In our experiments, 106 
hematopoietic cells were incubated for 1 week prior the treatment with IL-3 (10 ng/
mL) and GM-CSF (10 ng/mL). Treatment lasted 3 days. IMDM was supplement with 
10% FBS 1%, 1 µg/mL hydrocortisone and 1% penicillin and streptomycin.

We also used the co-culture method with cell line stroma. For this, we used the 
MS-5 (DSMZ #ACC441) mouse cell line cultivated in DMEM high glucose 10% medium, 
supplemented with 10% FBS and 1% penicillin and streptomycin until 50% confluence 
was reached. After this, freshly isolated cells could be added (106 cells) and similar 
experiments were done as described above for Dexter’s stroma.

2.3.5. POPULATION CHARACTERIZATION ASSAY

After cytokine treatment, cells were collected and marked with antibodies for population 
characterization, such as Lin-, Lin+, overall progenitor (Lin-Sca-1-c-Kit+) primitive general 
LSK population (Lin-Sca-1+c-Kit+) populations. Cytometry gating strategy is shown in 

Figure 1. Cellular content from each well was separated into two samples, one for 
population quantification and one for cell death analysis. Population quantification 
was done by the use of the following panel: Lin cocktail (PE – CD3, B220, Ly-6G/Ly-6C, 
CD11b and TER119), Sca-1 (PE-Cy7) and CD117 or c-Kit (APC). For the cell death analysis, 
the panel: Lin (PE), c-Kit (APC), Annexin V (FITC) and 7-AAD was used. The readings 
were done by multicolored flow cytometry and using the BD Accuri C6 equipment.

Figure 1. Gating strategy to characterize Lin- and Lin-Sca-1+c-Kit+ populations in flow cytometry 
analysis.

2.3.6. PHOSPHO-SPECIFIC PROTEIN ANALYSIS

Freshly isolated cells were stimulated with IL-3 (10 ng/mL) and GM-CSF (10 ng/mL) at 
37°C under gentle shaking for different times (15 minutes if nothing specified). The cells 
were fixed with concentrated BD FACS lysing solution for 30 min (paraformaldehyde 
final concentration 2%), washed with 0.1 M glycine and permeabilized with 0.001% 
triton X-100. Another washing round was done before the application of antibodies. 
The antibodies used were: p-JAK1Tyr1034/1035 (#3331), p-JAK2Tyr1008 (#8082), p-STAT3Tyr705 
(#557814), p-STAT5Tyr694 (#9359 and #3939), p-PKCSer660 (#9371), p-PKCThr514 (#9379), 
p-CaMKIIThr286 (#12716), p-ERK1/2Thr202/Tyr204 (#612592), p-p38Thr180/Tyr182 (#9215), 
p-AKTThr308 (#2965 and #13038), p-PTENSer380 (#9551), p-PTENSer380/Thr382/383 (#9549) 
and p-GSK3βSer9 (#5558). Antibody incubation duration varied between antibodies. 
The antibodies were purchased from Cell Signaling, with exception of p-STAT3 and 
p-ERK1/2, which was purchased from BD Biosciences. The cells which received 
non-conjugated antibodies (all from Cell Signaling) were subsequentially incubated 
with goat Anti-Rabbit Alexa Fluor 488 secondary antibody (A-11034, Invitrogen). In 
some experiments, cells were incubated with Lin cocktail (PE), Sca-1 (PE-Cy7) and 
c-Kit (APC) for population analysis of protein phosphorylation (Krutzik 2003). Results 
were compared with an FMO (fluorescence minus one) sample, which contained all 
antibodies with exception of the primaries, to control for unspecific fluorescence. The 
fluorescence ratio of treated and untreated cells was calculated as a way to assess 
phosphorylation of the target by the cytokine.

2



42 43

Chapter 2 Differential signaling requirements for the Ca2+ and MEK/ERK pathways

2.3.7. STATISTICAL ANALYSIS

For normally distributed data we used a Student’s t test to compare differences 
between means. In case of non-normally distributed data (for example the colony 
size data), a nonparametric Mann-Whitney U test was used. When the comparison 
included more than 2 groups, One-Way ANOVA, with Tukey’s test as post hoc was 
used. Values are presented as mean ± standard error, with exception of the colony 
size data, for which the median and distribution were plotted.

2.4. RESULTS

IL-3 and GM-CSF have similar effects on myeloid-biased colony formation in semi-solid 
medium

Initially we treated the bone marrow cells with IL-3 and GM-CSF at increasing 
concentrations (1, 10, 50 and 100 ng/mL) and evaluated the colony formation (total 
number of colonies formed and colonies subtypes). The subtypes of myeloid colonies 
formed by IL-3 and GM-CFU formation were: GM-CFU (granulocyte-macrophage-
colony formation unit), M-CFU (macrophage-colony formation unit) and G-CFU 
(granulocyte-colony formation unit). As can be seen in Figure 2A, nearly no colonies 
are formed in the absence of cytokines (Untreated group).

For cells treated with IL-3, on the other hand, we observed a concentration-
dependent colony formation (although statistical analysis was not performed), with 
10 ng/mL having the highest efficiency (mean of 44.5 colonies formed). In light of 
these results, we chose the 10 ng/mL concentration for subsequent experiments for 
both cytokines (Figure 2A).

A further comparison of the colonies formed with 10 ng/mL IL-3 and GM-CSF 
treatment is depicted on Figure 2B. No statistical difference was observed between 
the total number of colonies formed between these cytokines. For the colony sizes, 
there was also no significant difference comparing all colonies together (3.85x105 for 
IL-3 and 4.72x105 for GM-CSF; p=0.06 – Figure 2C) or individually GM-CFU (7.81x105 
for IL-3 and 1.12 x106 for GM-CSF; p=0.13 – Figure 2D) and M-CFU (4.69x105 for IL-3 
and 4.28x105 for GM-CSF; p=0.12 – Figure 1E). For G-CFU however, larger colonies 
were observed in presence of GM-CSF (1.14x105 for IL-3 and 2.52x105 for GM-CSF; 
p<0.01 – Figure 2F).

Figure 2. Evaluation of colony formation assay by IL-3 and GM-CSF. Non-adherent bone marrow 
cells (5x104 per well) were cultivated for 14 days in semi-solid medium. A) Colony formation assay 
in the presence of IL-3 and GM-CSF at 1, 10, 50 and 100 ng/mL. Untreated group: no cytokine 
added. White bars represent GM-CFU, grey, M-CFU and black, G-CFU. N=2. B) Colonies formed 
after IL-3 and GM-CSF treatments using the 10 ng/mL concentration. Bar colonies represent 
same colonies subtypes as above cited. N=8. C) Size of all colonies together in presence of IL-3 
and GM-CSF, or of the individual colonies: GM-CFU (D), M-CFU (E) and G-CFU (F). N=5. Values 
are presented as mean ± SEM for graphs A and B, and as distribution and median, in graphs C-F. 
*p<0.05.

Divergent effects of IL-3 and GM-CSF on the maintenance of uncommitted popula-
tions in Dexter’s stroma

To investigate the effects of IL-3 and GM-CSF on hematopoietic maintenance in 
stroma, two different co-culture methods were used: Dexter and MS-5. For the 
first, primary mice bone marrow cells were cultivated for 8 weeks until monolayer 
confluence was reached and adipocytes were present, for the latter, we used the 
mouse bone marrow stromal cell line MS-5. The analysis of the main populations - 
Lin+ and Lin- - showed no effect on Lin+ population by any of the treatments in the 
MS-5 stroma, whereas in Dexter’s stroma, IL-3 and GM-CSF induced decrease in this 
population (Supplementary Figure 1A), as well as increase in Lin- and Lin-/Lin+ 
ratio (Supplementary Figures 1B and C). With these results, we could conclude 
that MS-5 stroma influences hematopoietic cells in a way that hides cytokines roles, 
hampering our investigation. Because of this, in subsequent experiments we only 
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used the Dexter’s co-culture method since this stroma was best for exposing the 
effects of IL-3 and GM-CSF, although this type of stroma also produce cytokines. For 
the overall progenitor population, little effect of the IL-3 was observed, in comparison 
with the untreated group, whereas there was a slight decrease in the presence of 
GM-CSF (Figure 3A). A decrease was also observed for the more primitive general 
LSK population, which was seen for both cytokines (Figure 3B).

Viability was determined in subsequent experiments by flow cytometry, using 
Annexin V and 7AAD. Analyzing the whole population, we observed a higher viability 
of cells treated with GM-CSF in comparison with untreated cells with a decreased 
proportion of cells positive for both Annexin V and 7AAD (Figure 3C) and an increased 
proportion of cells negative for both markers (Figure 3D). Within the Lin- population, 
again we observed a decreased number of Annexin V+7AAD+ cells in the presence of 
GM-CSF (Figure 3E). Interestingly, IL-3 had effects on decreasing cell death in the Lin- 
population as well (Figure 3F), although no difference was observed in viable cells in 
the Lin- population (Figure 3G).

Figure 3. Quantification of populations after IL-3 and GM-CSF treatment in Dexter’s co-culture. 
106 non-adherent bone marrow cells/well were cultivated for 1 week in Dexter’s stroma and 
then, treated with cytokines (IL-3 and GM-CSF) or not (untreated group – Untr). A) Percentage of 
progenitor (Lin-Sca-1-c-Kit+) population in absence (Untr group) and presence of IL-3 and GM-CSF. 
B) Percentage of LSK (Lin-Sca-1+c-Kit+) population in absence (Untr group) and presence of IL-3 and 
GM-CSF. C) Percentage of Annexin V+7AAD+ population in the absence (Untr group) and presence 
of IL-3 and GM-CSF. D) Percentage of Annexin V-7AAD- population in the absence (Untr group) and 
presence of IL-3 and GM-CSF. E) Percentage of Annexin V+7AAD+ population in the Lin- population, 
in the absence (Untr group) and presence of IL-3 and GM-CSF. F) Percentage of Annexin V+7AAD+ 
population in the Lin- population, in the absence (Untr group) and presence of IL-3 and GM-CSF. 
G) Percentage of Annexin V=7AAD- population in the Lin- population, in the absence (Untr group) 
and presence of IL-3 and GM-CSF. N=3-4. Values are presented as mean ± SEM. *p<0.05.

JAK is essential for IL-3 and GM-CSF-driven colony formation

To investigate whether IL-3 and GM-CSF induced colony formation by divergent 
mechanisms, we evaluated the colony formation in presence of pharmacologic inhibitors 
of a variety of proteins involved in different signaling pathways (Figure 4A). First, the 
role of JAK activation was investigated, since it is the first step after ligand coupling and 
receptor heteromerization 1,29,30. As can be seen in Figure 4B, inhibition of JAK, using 
AG490, significantly decreased total, GM-CFU, M-CFU and G-CFU formation, for both 
cytokines (values obtained after inhibition are depicted in Supplementary table 1).

Unfortunately, it was not possible to confirm JAK2 phosphorylation in the cells that 
supposedly form colonies (Figure 4C and D), such as progenitors and HSC, but for STAT3, 
a significant increase in phosphorylation was observed after 15 min of IL-3 treatment 
in comparison with untreated cells in both progenitors and HSC (Figure 4C). GM-CSF 
activated STAT3 in progenitors as well but had no significant effect in HSC. Interestingly, 
p-STAT5 had quite a different pattern of activation: no activation was observed at 
HSC population, but in progenitors, IL-3 induced significant STAT5 phosphorylation.

Figure 4. JAK activation is important for IL-3 and GM-CSF-driven colony formation. A) Schematic 
representation of the initial steps of intracellular signaling triggered by IL-3 and GM-CSF (altered 
from van der Laar 2012). After cytokine coupling to receptor, there is dimerization of the α and β 
chains of the receptor. The receptors then associate to JAK molecules, which have tyrosine kinase 
activity. JAK phosphorylates tyrosine residues in the receptor, establishing docking sites for other 
molecules. B) CFU assay after cytokine (IL-3 and GM-CSF) treatment, in the absence and presence 
of pharmacological inhibitors of JAK (AG490) and PLC (U73122). White bars represent GM-CFU, grey, 
M-CFU and black, G-CFU. Numbers above bars represent percentage of decrease, in comparison to 
group treated only with cytokine. Results are presented as mean ± SE; * p<0.05 for all comparisons. 
Numbers above bars indicate the percentage decrease caused by the pharmacological inhibitor. 
C and D) Ratio between untreated and treated cells for STAT3 and STAT5 phosphorylation 
levels, respectively, after 15 min of incubation. Results are presented as mean ± SE. *p<0.05.
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Effects of IL-3 and GM-CSF on Ca2+/CaMKII and PKC signaling

PLC activation leads to DAG (diacylglycerol) and IP3 (inositol 1,4,5-trisphosphate) 
formation, and subsequent calcium (Ca2+) release from the internal stores via IP3 
receptors (IP3R). As can be seen in Figure 5A, 2APB, an IP3R inhibitor, decreased all 
types of colonies formed by both GM-CSF and IL-3.

As observed for IP3R inhibition (with 2APB), there was a significant decrease 
in colony formation in the presence of the Ca2+ chelator BAPTA-AM after GM-CSF 
treatment, both for total colony number and for each subtype individually. In the 
presence of IL-3, total colony number and M-CFU and G-CFU were all reduced whereas 
the GM-CFU subtype was unaffected by BAPTA-AM.

Calmodulin and Ca2+ calmodulin kinase II (CaMKII) were inhibited by calmidazolium 
and KN-62, respectively. Again, significant decreases in total GM-CSF induced colony 
formation and in each of the colony subtypes was reached, unlike what was seen for 
IL-3, in response to which GM-CFU was unaffected.

Figure 5. IL-3 and GM-CSF depend differently of Ca2+ signaling to form colonies. A) CFU assay after 
cytokine (IL-3 and GM-CSF) treatment in the absence and presence of pharmacological inhibitors 
of Ca2+ signaling-related molecules: PLC (U73122), IP3 receptor (2APB), Ca2+ chelator (BAPTA) and 
calmodulin/CaMKII (calmidazolium and KN-62). White bars represent GM-CFU, grey, M-CFU and 
black, G-CFU. Numbers above bars represent percentage of decrease, in comparison to group 
treated only with cytokine. Results are presented as mean ± SE. * p<0.05 for all comparisons – 
GM, M, G and total colonies formed and #p<0.05 for 3 or less populations. Numbers above bars 
indicate the percentage decrease caused by the pharmacological inhibitor. B-C) Phospho-protein 
analysis of CaMKII after treatment with GM-CSF (B) or IL-3 (C) for 10, 15 and 20 min. Black bars 
refer to HSC and striped bars to progenitors. D) Phospho-protein analysis of PKC (serine 660) 
after treatment with IL-3 and GM-CSF for 15 min. Black bars refer to HSC and striped bars to 
progenitors. E) Phospho-protein analysis of PKC (threonine 514) after treatment with IL-3 and 
GM-CSF for 15 min. Black bars refer to HSC and striped bars to progenitors. Results are presented 
as mean ± SE. * p<0.05.

PKC also act as a Ca2+ sensor, and can signal independently from CaMKII to downstream 
biological responses. Chelerythrine and GF109203X inhibit PKC. For GM-CSF, both 
inhibitors significantly decreased all colonies and each subtype individually. For IL-3, 
chelerythrine tended to affect GM-CFU colony formation (p=0.056), and significantly 
inhibited M-CFU, G-CFU and total colony number. GF109203X inhibited total and 
subtype-specific colony numbers after stimulation with IL-3.

In line with these observations, we evaluated CaMKII phosphorylation in HSC 
cells at different times of GM-CSF treatment (Figure 5B). No CaMKII phosphorylation 
was observed in the progenitor population, but GM-CSF induced an increase of 
phosphorylation after 15 min in HSC population (Figure 5B). IL-3 did not induce 
significant changes in CaMKII phosphorylation (Figure 5C).

We analyzed PKC phosphorylation at two residues, Ser660 and Thr514. For the 
Ser660 residue (Figure 5D), we observed significant increases in PKC phosphorylation 
for both the HSCs and the progenitors after treatment with IL-3, but not after treatment 
with GM-CSF. At Thr514, both IL-3 and GM-CSF induced phosphorylation in both the 
HSCs and in the progenitors (Figure 5E).

MAPK and PI3K are essential for IL-3 and GM-CSF colony formation

Other intracellular pathways widely associated to cytokine function that might be 
activated by JAK2 or tyrosine phosphorylation include MAPK and PI3K39. As can be 
seen in Figure 6A, inhibition of MEK signaling significantly inhibited colony growth for 
most of the read-outs, although there were exceptions. The MEK1 inhibitor PD98059 
inhibited total colony formation, M-CFU and G-CFU in the presence of IL-3; however 
GM-CFU was not influenced. For GM-CSF, a similar pattern was observed, with 
GM-CFU not being influenced by PD98059, a trend for G-CFU (p=0.053), and strong 
inhibition of M-CFU and total CFU. A very similar pattern was observed for the dual 
MEK1/2 inhibitor U0126.

MEK1/2 activation triggers ERK1/2 phosphorylation and the participation of these 
proteins was analyzed using MEK1/2 (PD98058 and UO126) and ERK1/2 inhibitors 
(FR180204). As observed for MEK, the inhibitor did not influence GM-CFU formation 
driven by IL-3 stimulation yet reduced the number of all other colonies. The same 
was observed for GM-CSF-driven colonies, for which no effect was observed on the 
GM-CFU population although all others were reduced (Figure 6A).

These results suggest little participation of ERK1/2 signaling in the most primitive 
colony subtype, mainly for IL-3. In line with this contention, we did not observe ERK1/2 
phosphorylation in HSC after 15 min of stimulation of IL-3 (Figure 6B). The more 
committed colony subtypes (M and G-CFU) were not only affected by MEK1/2 and 
ERK1/2 inhibition, but their progenitors also presented significant ERK phosphorylation 
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in response to IL-3. Unexpectedly, GM-CSF did not induce any ERK phosphorylation, 
either for HSC or progenitors after 15 min.

p38 is another member of the MAPK family targeted by MEK (but not MEK1 or 2) 
activation31. Interestingly, for this protein, phosphorylation was observed in both 
populations after 15 min of IL-3 stimulation, but only on HSC after treatment with 
GM-CSF (Figure 6C).

Figure 6. MAPK and ERK pathways are involved in IL-3 and GM-CSF-driven colony formation.
A) CFU assay after cytokine (IL-3 and GM-CSF) treatment, in the absence and presence of 
pharmacological inhibitors of MAPK signaling-related molecules: MEK1 (PD98059), MEK1/2 
(UO126) and ERK1/2 (FR180204). White bars represent GM-CFU, grey, M-CFU and black, G-CFU. 
Numbers above bars represent percentage of decrease, in comparison to group treated only 
with cytokine. Results are presented as mean ± SE. * p<0.05 compared to untreated #p<0.05 
for 3 or less populations. Numbers above bars indicate the percentage decrease caused by the 
pharmacological inhibitor. B) Phospho-protein analysis of ERK1/2 after 15 min treatment with 
IL-3 and GM-CSF. C) Phospho-protein analysis of p38 after 15 min treatment with IL-3 and GM-
CSF. D) CFU assay after cytokine (IL-3 and GM-CSF) treatment, in the absence and presence of 
pharmacological inhibitors of PI3K signaling: wortmannin and LY294002. Numbers above bars 
represent percentage of decrease, in comparison to group treated only with cytokine. E) Phospho-
protein analysis of PTEN (serine 380) after treatment with IL-3 and GM-CSF for 15 min. F) Phospho-
protein analysis of PTEN (serine 380, threonine 382/383) after treatment with IL-3 and GM-CSF 
for 15 min. G) Phospho-protein analysis of GSK3β after treatment with IL-3 for 10, 15 and 20 min. 
H) Phospho-protein analysis of GSK3β after treatment with GM-CSF for 10, 15 and 20 min. Black 
bars refer to HSC and striped bars to progenitors. Results are presented as mean ± SE. * p<0.05.

The PI3K pathway was inhibited as well in the CFU assay, as can be seen in Figure 
6D, for which we used two different pharmacological inhibitors, wortmannin and 
LY294002. Both compounds significantly repressed total and subtype-specific 
colony formation for both IL-3 and GM-CSF; however, significant increases in PTEN 
phosphorylation (Figure 6E) at serine 380 were observed for both populations after 
IL-3 and GM-CSF. This was specific for the serine 380 residue, since phosphorylation 
of threonine 382 and 383 was not observed (Figure 6F).

Another PI3K-pathway protein we studied was GSK3β (Figure 6G and H). Although 
no phosphorylation was observed after GM-CSF treatment in HSC or progenitors, 
there was a significant increase in phosphorylation in progenitors treated with IL-3.

2.5. DISCUSSION

Myelopoiesis is responsible for the production of erythrocytes, platelets, granulocytes, 
monocytes, mast and dendritic cells32. The investigation of the regulatory mechanisms 
involved in it are relevant in view of the importance of these cells in hematopoiesis, 
and in ageing-associated hematopoietic diseases such as leukemia and anemia. 
Cytokines such as IL-3 and GM-CSF have significant roles in myelopoiesis33,34, although 
the cell-specific mechanisms involved are not completely elucidated. Our data show 
similarities between these cytokines in their function and initial steps of signaling 
and divergences later on.

Colony growth, our main method for functional cytokine investigation, is not only 
a matter of stimulation of cell cycling, but also of avoidance of cell death, for which 
these cytokines have described roles35-38. Both cytokines avoid cell death in Dexter’s 
co-culture model, although GM-CSF seems to act on apoptosis and IL-3, on cell death 
by other means. This result indicates differences between IL-3 and GM-CSF and is in 
agreement with literature10,39-42. Co-culture methods are used to mimic the in vivo micro-
environment26,43,44. Our data indicate MS-5 and Dexter’s co-cultures have opposite 
effects on Lin- and Lin+ population maintenance, probably by the production of cytokines 
by MS-5 stroma45 or a related molecule45,46, in addition to other cytokines47, not being 
topic of our research. In Dexter’s culture we observed a significant maintenance of the 
Lin- population after IL-3 and GM-CSF treatment, indicating roles on non-committed 
populations. To better investigate this in the least differentiated populations 
(progenitors and LSK cells – here, referred as HSC), we performed the CFU assay.

In both populations (HSC and progenitors) and treatments, signaling started with 
cytokine coupling to the receptor and JAK and PLC activation. Similarities in these initial 
steps can be explained by the sharing of a common β-chain in the receptor1,48. JAK2 is 
the JAK subtype most related to IL-3 and GM-CSF signaling30,39,49,50, which phosphorylates 
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tyrosine residues in the receptor β-chain51. STAT3 is an activator of transcription widely 
associated to JAK2 and cytokine signaling7,52. After IL-3 or GM-CSF treatment, STAT3 
was clearly activated, although IL-3 activated STAT3 in both populations, whereas 
GM-CSF did so only in progenitors. At the same time, we see little activation of STAT5. 
Activation of STAT3 and STAT5 were described to enhance survival53, so they might 
be acting together in IL-3-stimulated progenitors. STAT3 is associated to normal cell 
growth53 and proliferation54, which may be the role in of IL-3 and GM-CSF in HSC.

Other molecules besides JAKs that can be involved in STATs phosphorylation 
include PLCγ55. PLC was inhibited by U73122, which abrogated colony formation. 
PLCγ activation is associated to the activity of JAK2, since it needs docking sites in 
the receptor β-chain19,55-57. PLCγ phosphorylation leads to the cleavage of membrane 
phosphatidylinositol 4,5-bisphosphate (PIP2) into DAG and IP3

56,57. For IL-3 and GM-
CSF, and other cytokines, PLCγ2 appears to be the main PLC subtype activated19,55.

In line with a role for IP3, colony formation was reduced in the presence of 2APB 
(IP3R inhibitor) for both cytokines, although GM-CFU stimulated by IL-3 was not 
affected. There is evidence of IP3R activation after IL-3 or GM-CSF stimulation in 
hematopoietic cells 18, followed by Ca2+ release from internal stores19. GM-CSF driven 
colonies were more dependent on Ca2+ signaling than IL-3 driven colonies. Indeed, 
there is evidence of both cytokines inducing low magnitude Ca2+ oscillation18, but 
GM-CSF seems to induce longer and more frequent signals than IL-318.

Downstream of Ca2+ release, inhibition of either calmodulin or CaMKII caused a 
significant decrease in GM-CSF-driven colony formation, reinforcing the need for Ca2+ 
signaling, whereas for IL-3, there was no change in the GM-CFU. These results suggest 
different modulating mechanisms for GM-CFU in comparison to the committed 
subtypes of colonies (when stimulated by IL-3) and provide insights into differences 
between IL-3 and GM-CSF. PKC inhibition with GF109203X had the same pattern, 
which, together with the PKC phosphorylation data further reinforces the dispensable 
role for Ca2+ in IL-3 effects on GM-CFU. GF109203X is a specific inhibitor58, whereas 
chelerythrine is an older compound, a bit discredited by its broad range of PKC-
independent activities, such as Bcl-X activation, reactive oxygen species formation and 
apoptosis induction58-60. The similar results with GF109203X and chelerythrine suggest 
little participation of these extra pathways (triggered by chelerythrine) in our context.

JAK2 activation and β-chain phosphorylation can lead to MAPK and PI3K pathway 
activation as well. The MAPK pathway is composed of numerous kinases which act 
sequentially and have roles in cell cycle regulation and differentiation61. For MAPK 
activation, Ras-Raf1 signaling activates MEK1 and 2. PKC activation can also contribute 
to the activation of Raf-1 62,63. There are overlapping roles for these MEK kinases, and 
in IL-3 and GM-CSF-driven myelopoiesis, both subtypes are likely to be involved19,64,65. 

Inhibition of MEK1/2 (by PD98059 and U0126) significantly decreased IL-3 and GM-
CSF-driven colony formation, although U0126 had stronger effects in both cases. 
The selectivity profile of U0126 which inhibits both MEK1 and MEK2 versus PD98059, 
which is selective for MEK1, probably explains these differences. Interestingly, IL-3-
driven GM-CFU was not affected by any of the MEK inhibitors. This result suggests an 
independency on MEK signaling for the most primitive cells in the presence of IL-3. 
Similar results were observed for the ERK inhibitor (FR180204), which did not affect 
GM-CFU as well. In line with this contention, IL-3 induced ERK1/2 phosphorylation 
occurred only in the progenitor population, and not in the HSC. Similar findings 
were obtained for GM-CSF. In contrast to the MEK/ERK pathway, inhibition of the 
PI3K pathway using wortmannin and Ly294002 caused significant decreases of all 
population subtypes in the presence of IL-3 and GM-CSF.

We here show divergences between IL-3 and GM-CSF intracellular signaling, and 
propose a model in which cells in distinct differentiation stages have specific responses 
to these stimuli (Figure 7). The similar functional outcomes of IL-3 and GM-CSF 
treatments in the CFU assay may mask such intracellular divergences. However, such 
divergent effects may explain why IL-3 is associated to acute myeloid leukemia66,67, 
whereas GM-CSF is not, and may account for why GM-CSF can be used for progenitor 
mobilization into peripheral blood68, whereas this is not the case for IL-3. HSC treated 
with IL-3 appear to be independent upon Ca2+ and ERK signaling, whilst its more 
differentiated counterparts, rely on both pathways to induce colony formation. For GM-
CSF, again ERK independency is observed in HSC, which is not for the progenitors. STATs, 
ERK and Ca2+ may be key proteins in intracellular translation of extracellular signals. 
Our studies show some discrepancies between these cytokines, what may explain 
specific roles of them and improve our understating on hematopoietic regulation.

Figure 7. Schematic representation of divergences between IL-3 and GM-CSF intracellular sig-
naling triggering in HSC and progenitors according to our results.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Quantification of Lin+ (A) and Lin- (B) populations after 106 non-ad-
herent bone marrow cells were cultivated by one week in Dexter’s or MS-5 stroma and then, 
treated for 3 days with IL-3 and GM-CSF (10 ng/mL). N=3-4. C) Ratio between the previous two 
graphs. White bars represent co-culture with the cell line MS-5 as feeder layer and black bars, 
Dexter’s. N=3-4. *p<0.05.

Supplementary table 1. Values of colony formation after treatment with cytokine (IL-3 or GM-
CSF) and pharmacologic inhibitors. N=3-9. Values are depicted as mean ± SEM and *p<0.05.

Cytokine Pharmacologic inhibitor Total GM-CFU M-CFU G-CFU
IL-3 AG490 0.17±0.2* 0.00±0.0* 0.00±0.0* 0.17±0.2*

U73122 0.83±0.5* 0.17±0.2* 0.33±0.2* 0.33±0.2*
2APB 2.00±0,6 0.00±0.0 1.00±0.6* 1.00±0.0*
BAPTA 14.67±1.2* 8.00±0.0 3.33±0.7* 3.33±0.9*
Calmidazolium 18.00±1.2* 7.00±0.8 6.25±0,6* 4.75±0.4*
KN-62 13.83±4.1* 5.00±1.3 4.17±1.2* 4.67±2.2*
Chelerythrine 6.67±0.9* 2.00±0.4 3.33±0.5* 1.33±0.2*
GF109203X 7.50±2.2* 3.67±1.1* 1.83±0.6* 2.00±0.6*
PD 98059 21.33±1.1* 8.56±0.5 7.56±0.8* 5.22±0.9*
UO126 13.20±5.7* 6.00±2.6 3.20±1.4* 4.00±1.7*
FR 180204 17.00±1.6* 6.60±1.2 5.20±0.7* 520±1.1*
Wortmannin 8.50±0.9* 3.00±0.7* 2.75±0.6* 2.75±0.8*
Ly294002 4.67±2.2* 1.00±0.6* 1.67±1.2* 2.00±0.6*

GM-CSF AG490 0.00±0.0* 0.00±0.0* 0.00±0.0* 0.00±0.0*
U73122 3.67±1.9* 1.00±0.6* 1.50±0.9* 1.17±0.7*
2APB 2.33±1.2* 0.33±0.3* 0.67±0.3* 1.33±0.7*
BAPTA 7.67±2.2* 4.00±1.2* 2.33±0.9* 1.33±0.3*
Calmidazolium 11.00±1.1* 5.75±0.5* 2.00±0.4* 3.25±0.8*
KN-62 9.33±2.3* 4.50±1.3* 3.17±0.8* 1.67±0.4*
Chelerythrine 4.33±1.7* 1.33±0.7* 1.33±0.3* 1.67±0.9*
GF109203X 8.17±0.9* 3.67±0.4* 2.33±0.2* 2.17±0.5*
PD 98059 22.33±1.6* 10.33±0.6 5.33±0.6* 6.67±0.8
UO126 10.00±5.2* 4.75±2.5* 2.50±1.4* 2.75±1.3*
FR 180204 19.00±1.1* 8.20±0.6 5.40±0.4* 5.40±0.4*
Wortmannin 5.00±1.2* 2.40±0.5* 1.60±1.0* 1.00±0.5*
Ly294002 7.40±2.3* 3.00±1.2* 1.60±0.7* 2.80±0.6*
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