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Haematopoietic stem cells (HSCs) are self-renewing 
cells that sustain the production of all blood and immune 
cell lineages throughout life by residing at the top of 
the haematopoietic hierarchy. They first arise early in 
embryogenesis and their site of action changes during 
development. In adult mammals, HSCs reside in the bone 
marrow within a complex microenvironment termed 
the HSC niche (1). They are defined by their ability 
to completely repopulate the entire blood system of a 
recipient, resulting in the formation of red blood cells, 
megakaryocytes, myeloid cells and lymphocytes, and in 
order to do this they are able to undergo asymmetric 
division where one daughter cell remains as a HSC whilst 
the other becomes committed to differentiation (2). In the 
bone marrow, to prevent exhaustion and to preserve their 
ability to self-renew, HSCs are normally maintained in a 
dormant or quiescent state, from which they can be rapidly 
awakened in response to haematological stress (3). How this 
is regulated is an important issue and in a recent issue of Cell 
Stem Cell, Karigane et al. have shed new light on how the 
p38 MAPK pathway promotes stress-induced proliferation 
in HSCs (4).

HSCs are maintained in quiescence through tight 
regulation of their metabolic state, which is controlled 
by both cell intrinsic and extrinsic factors. Long-term 
HSCs (LT-HSCs) keep rates of energy consumption low 
through anaerobic glycolysis, resulting in low levels of 
reactive oxygen species (ROS) production (5). Maintaining 
minimal levels of ROS is thought to be key for maintaining 
the self-renewing capacity of stem cells and preventing 
HSC exhaustion (6). ROS production is limited in 

quiescent HSCs through the actions of hypoxia inducible 
factor 1α (HIF1α), which drives cellular metabolism 
towards anaerobic glycolysis instead of mitochondrial 
respiration (6,7). HIF1α controls the activation of pyruvate 
dehydrogenase kinase 2 (Pdk2) and Pdk4, which maintain 
glycolysis whilst actively suppressing mitochondrial 
metabolism in quiescent HSCs (5). 

Understanding the metabolic changes that underlie the 
switch from quiescence to proliferation could not only help 
to improve the methods and protocols for expanding and 
maintaining HSCs in vitro to prevent HSC exhaustion, but 
could also inform on how alterations in these cells underlie 
the development of stem cell diseases such as leukaemias (8). 
As quiescent cells have different energy requirements to 
active cells, changes in cellular metabolism are thought to 
be important in the transition from dormancy to cycling. 
This is reflected by the observation that whilst ROS levels 
are kept low in quiescent cells, elevating ROS production 
promotes HSC differentiation to enable repopulation (6). 

The p38α MAPK pathway has been suggested to 
act downstream of ROS in HSCs (9,10). p38 MAPKs 
form a subgroup of MAPKs, of which 4 isoforms exist in 
mammalian cells and of which p38α has been the most 
intensely studied. Interest in p38α in immunity was first 
stimulated by the finding that it was the cellular target of 
a group of pyridinyl imidazole drugs, such as SB203580, 
that could inhibit TNF production, however, since then 
a wide variety of functions for p38α have been uncovered 
(11,12). In mice, p38α knockout is embryonic lethal due to 
problems with extra-embryonic and placental development, 
impacting on cardiovascular development in the embryo 

Editorial

Stress-induced haematopoietic stem cell proliferation: new roles 
for p38α and purine metabolism

Victoria A. McGuire1, J. Simon C. Arthur2

1Photobiology Unit, Ninewells Hospital and Medical School, Dundee, DD1 9SY, UK; 2Division of Cell Signaling and Immunology, School of Life 

Sciences, University of Dundee, Dundee, DD1 5EH, UK

Correspondence to: J. Simon C. Arthur. Division of Cell Signaling and Immunology, School of Life Sciences, University of Dundee, Dundee, DD1 

5EH, UK. Email: j.s.c.arthur@dundee.ac.uk.

Received: 02 October 2016; Accepted: 13 October 2016; Published: 25 October 2016.

doi: 10.21037/sci.2016.10.07

View this article at: http://dx.doi.org/10.21037/sci.2016.10.07



Stem Cell Investigation, 2016

© Stem Cell Investigation. All rights reserved. Stem Cell Investig 2016;3:64sci.amegroups.com

Page 2 of 5

(13,14). Rescue of the extra-embryonic issues allowed 
p38α embryos to develop until term. One knockout study 
additionally reported an issue with erythropoiesis, however, 
this was not cell autonomous as HSCs from these mice could 
restore haematopoietic development in recipient mice (15). 
Together these results suggest that p38α is not critical for 
HSC development and homeostasis. Several studies have 
however indicated roles for p38α in HSCs following stress. 
Treatment of HSCs in culture with buthionine sulfoximine 
(BSO) to induce ROS production leads to activation of 
p38 and was linked to a decreased ability to maintain HSC 
quiescence (9). Significantly, mice with null mutations in 
ATM, Jak2 or FOXO3a show elevated levels of ROS in 
their HSC populations leading to a decreased repopulation 
capacity of these HSCs in adoptive transfer experiments 
in mice (9,10,16). The elevated ROS levels were linked to 
increased p38 activation, and long term treatment of the 
mice with SB203580 (which inhibits p38α and p38β) in vivo 
was able to restore the capacity of these HSCs to repopulate 
the HSC compartment in lethally irradiated mice (9,10). 
To investigate if p38α also played a similar role in wild 
type HSCs, serial transfer of LSK cells was used. In these 
experiments, strong elevations in ROS were only apparent 
after the 3rd transfer, and this correlated to increase to 
p38α activation and a reduction in the capacity of the 
cells to repopulate the HSC compartment (9). Together 
these results suggest that when HSCs are exposed to high 
levels of ROS, p38α activation has a negative effect on the 
capacity of cells to maintain an HSC phenotype. 

p38α is, however, activated in response to many other 
stimuli in addition to ROS and it is possible that it may have 
different functions in HSCs depending on the context or 
upstream stimuli. An early indication that this might be the 
case came from studies on the p38α activated kinase MK2, 
where bone marrow or LSK cells from mice deficient in MK2 
showed a reduced capacity to repopulate the bone marrow 
relative to wild type cells (17). Work by Karigane et al. has now 
uncovered a new mechanism by which p38 MAPK signalling 
regulates HSC metabolism in response to haematological 
stress, under conditions that are unlikely to be driven by 
ROS (4). In a series of experiments, they reveal a novel 
p38α dependent pathway that regulates the metabolic 
status of HSCs and promotes cellular proliferation via 
activating purine metabolism. After initially identifying 
p38α as the major p38 MAPK isoform expressed in HSCs, 
they analysed haematopoietic phenotypes in an inducible 
conditional p38α mouse knockout model. Global deletion 
of p38α induced by intra-peritoneal injection of tamoxifen 

was found to be ~99% effective in HSCs compared to 
wild-type controls, and under steady-state conditions the 
frequencies of all types of HSCs and progenitors analysed 
were indistinguishable between p38α∆/∆ and p38α+/+ 
mice. Importantly, compensatory increases in the other p38 
isoforms was not observed in the p38α∆/∆ animals.

In contrast to their findings under steady state 
haematopoiesis where p38α did not play a major role, p38α 
was found to be important in the response of HSCs to 
haematological stress, with loss of p38α equating to defective 
stem cell capacity. In competitive transfer of LSK cells into 
lethally irradiated mice, p38α∆/∆ HSCs displayed lower 
donor-derived chimerism than p38α∆/∆ cells, despite the 
differentiation status being comparable between genotypes. 
This difference was enhanced when a 2nd serial repopulation 
experiment was performed. Furthermore, the stress 
resistance of p38α∆/∆ mice in response to the chemotherapy 
drug 5-fluorouracil (5-FU), which induces proliferation of 
quiescent HSCs by eliminating differentiated hematopoietic 
cells, was compromised as shown by a greater than 50% 
increase in mortality compared to p38α+/+ control animals. 
Importantly, the defective function of p38α∆/∆ HSCs in 
response to haematological stress was not attributable to 
altered homing, apoptosis or production of ROS.

p38α phosphorylation was found to be increased in all 
haematopoietic cell fractions in response to haematological 
stress following 5-FU injection of mice and in transplanted 
BM cells following BMT. Analysis of cell cycle progression 
in p38α∆/∆ HSCs showed delayed cell division after BMT 
and, in agreement with this, wild-type cells incubated 
in the presence of the p38 inhibitor SB203580 showed 
dose-dependent reductions in cell proliferation. Gene 
set enrichment analysis showed that the defects in cell 
cycle progression and proliferation observed in p38α∆/∆ 
LT-HSCs following bone marrow transplantation were 
associated with a significant reduction in proliferation 
and HSC-marker genes, indicating a key role for p38α in 
regulating cell cycle progression in HSCs in response to 
haematological stress.

In order for HSCs to shift from a quiescent state to 
proliferation under homeostatic conditions they are 
required to alter their metabolic activity, and accordingly the 
metabolic state of HSCs has been linked to control of cell 
cycle activity (5,18). To investigate potential mechanisms for 
the action of p38α in regulating stress-induced metabolic 
change, the authors performed mass spectrometry based 
metabolomic analysis of p38α∆/∆ and p38α+/+ lineage 
negative, Sca1+, c-Kit- (LSK) cells isolated from naive mice 
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or those that had undergone bone marrow transplantation. 
Of those metabolites that were upregulated in transplanted 
p38α+/+ LSK cells relative to cells at steady state, most 
showed lower levels in p38α deficient cells. Glycine and 
aspartic acid were exceptions to this and were upregulated 
to higher levels in transplanted p38α∆/∆ relative to p38+/+ 
LSK cells. Both glycine and aspartic acid can feed into purine 
metabolism and this, along with a reduced level of allantoin 
(a product of purine catabolism) in p38α∆/∆ cells, indicated 
that p38α was regulating purine metabolism during stress 
haematopoiesis. To establish the mechanism by which p38α 
regulates purine metabolism to induce HSC proliferation 
in response to haematopoietic stress, the authors analysed 
mRNA levels of enzymes controlling purine metabolism and 
found that both inosine-5-monophosphate dehydrogenase 
2 (Impdh2, the rate-limiting enzyme regulating guanosine 
monophosphate production) and guanosine monophosphate 
synthetase (Gmps, which catalyses the final step in GMP 
synthesis) were significantly reduced in p38α∆/∆ HSCs 
relative to p38α+/+ HSCs the day following transplantation. 
To provide further evidence for a role of p38α in purine 
metabolism the authors treated EML-C1 cells (a stem cell 
factor-dependent lympho-hematopoietic progenitor cell 
line) with the p38 inhibitor SB203580 and showed that this 
resulted in decreased GTP levels. Further confirmation of 
a role for Impdh in the HSC response to haematopoietic 
stress was achieved by employing the Impdh inhibitor 
mycophenolic acid (MPA), which dose-dependently blocked 
the proliferation and repopulation abilities of HSCs. 

The decreased levels of Impdh2 and Gmps transcripts 
in the p38α∆/∆ cells would be consistent with a role for 
p38α in regulating the expression of these genes, either 
directly or indirectly. A search of open-access databases for 
proteins that are expressed in HSCs and which regulate 
the transcription of purine-related enzymes revealed the 
microphthalmia-associated transcription factor (Mitf) as a 
candidate transcription factor. Transcript analysis indicated 
that Mitf expression was more highly expressed in HSCs 
than in differentiated cells, and that its expression in 
p38α∆/∆ HSCs was significantly lower than in wild-type 
cells following BMT. Further validation of Mitf as a target 
of p38α in HSCs was undertaken through the use of mice 
with the vitiligo-associated spontaneous point mutation in 
Mitf (Mitf vit/vit) that reduces its transcriptional activity. 
Mitf mutant cells displayed proliferation defects following 
BMT, along with significantly reduced expression of Gmps 
and Impdh2, the latter of which was consistently decreased 
steady state signifying a key role for Mitf in regulating basal 

Impdh2 expression. The p38α-Mitf pathway was further 
validated by demonstrating that Impdh2 overexpression by 
retroviral transduction restored the short-term defective 
proliferation in p38α∆/∆ LSK cells and Mitf vit/vit cells, as 
well as the long-term defects observed in Mitf mutant cells.

A key question is how p38 regulates Mitf transcripts in 
HSCs, as p38 is known to regulate both transcription and 
mRNA stability. In melanocytes, p38 has been reported to 
upregulate Mitf transcription via the transcription factor 
CREB (19,20). In line with this Karigane et al. found 
that high concentrations of the p38α inhibitor SB203580 
reduced CREB binding at the Mitf promoter in EML-C1 
cells by approximately 50%. These results do suggest some 
interesting questions, including how p38α regulates CREB in 
HSCs and if p38α also acts via additional mechanisms. While 
p38α can activate CREB dependent transcription, it does not 
directly phosphorylate CREB (21). Instead, p38α activates 
the CREB kinases MSK1 and MSK2, which phosphorylate 
CREB on serine 133 to increase its transcriptional activity. 
Both MSK1 and MSK2 are also activated by the MAPKs 
ERK1/2, and in many systems MSK1/2 integrate ERK1/2 
and p38 inputs into CREB (22). How this affects HSCs 
and Mitf expression is unknown. Via the phosphorylation 
of MK2, p38α has well established roles in regulating the 
stability and/or translation of transcripts containing AU-rich 
regulatory elements (23), and given that MK2 has reported 
effects on HSC repopulation (17), post-transcriptional 
regulation of Mitf mRNA by p38α is a possibility. While the 
current study shows that Mitf transcript levels are regulated 
downstream of p38α signalling, p38α may have additional 
post-translational roles. Intriguingly Mitf has been found 
to be activated by p38α in osteoclasts via phosphorylation 
on serine 307 (24) although the relevance of this in HSCs 
remains to be determined. 

Taken together, the elegant experiments reported 
by Karigane and co-workers describe a key role for a 
p38α-Mitf pathway in regulating purine metabolism and 
proliferation in response to haematopoietic stress, and 
highlight the importance of understanding how metabolic 
changes relate to HSC function. Whilst this work extends 
our knowledge of the dynamic roles of p38α in HSCs, a 
greater understanding of the mechanisms by which p38α 
is activated in response to haematological stress along with 
further details of exactly how p38α regulates Mitf in these 
cells is likely to lead to more efficient strategies to harness 
this pathway for therapeutic benefit. Given the recent 
identification of Mitf as a novel gene target regulated by 
treatment with the HIV protease inhibitor nelfinavir (25), it 
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will be exciting to see whether modulating Mitf expression 
is a viable approach for manipulating HSCs during ex-vivo 
expansion or during leukaemia chemotherapy. 

Acknowledgements

None.

Footnote

Provenance: This is an invited Editorial commissioned by 
Editor-in-Chief Zhizhuang Joe Zhao (Pathology Graduate 
Program, University of Oklahoma Health Sciences Center, 
Oklahoma City, USA).
Conflicts of Interest: The authors have no conflicts of interest 
to declare.

Comment on: Karigane D, Kobayashi H, Morikawa T, et al. 
p38α Activates Purine Metabolism to Initiate Hematopoietic 
Stem/Progenitor Cell Cycling in Response to Stress. Cell 
Stem Cell 2016;19:192-204.

 

References

1. Lo Celso C, Scadden DT. The haematopoietic stem cell 
niche at a glance. J Cell Sci 2011;124:3529-35. 

2. Orkin SH, Zon LI. Hematopoiesis: an evolving paradigm 
for stem cell biology. Cell 2008;132:631-44. 

3. Trumpp A, Essers M, Wilson A. Awakening dormant 
haematopoietic stem cells. Nat Rev Immunol 2010;10:201-9.

4. Karigane D, Kobayashi H, Morikawa T, et al. p38α 
Activates Purine Metabolism to Initiate Hematopoietic 
Stem/Progenitor Cell Cycling in Response to Stress. Cell 
Stem Cell 2016;19:192-204. 

5. Takubo K, Nagamatsu G, Kobayashi CI, et al. Regulation 
of glycolysis by Pdk functions as a metabolic checkpoint 
for cell cycle quiescence in hematopoietic stem cells. Cell 
Stem Cell 2013;12:49-61. 

6. Ludin A, Gur-Cohen S, Golan K, et al. Reactive oxygen 
species regulate hematopoietic stem cell self-renewal, 
migration and development, as well as their bone marrow 
microenvironment. Antioxid Redox Signal 2014;21:1605-19.

7. Wheaton WW, Chandel NS. Hypoxia. 2. Hypoxia 
regulates cellular metabolism. Am J Physiol Cell Physiol 
2011;300:C385-93.

8. Mendelson A, Frenette PS. Hematopoietic stem cell niche 
maintenance during homeostasis and regeneration. Nat 
Med 2014;20:833-46. 

9. Ito K, Hirao A, Arai F, et al. Reactive oxygen species act 
through p38 MAPK to limit the lifespan of hematopoietic 
stem cells. Nat Med 2006;12:446-51.

10. Miyamoto K, Araki KY, Naka K, et al. Foxo3a is essential 
for maintenance of the hematopoietic stem cell pool. Cell 
Stem Cell 2007;1:101-12. 

11. Arthur JS, Ley SC. Mitogen-activated protein kinases in 
innate immunity. Nat Rev Immunol 2013;13:679-92. 

12. Sabio G, Davis RJ. TNF and MAP kinase signalling 
pathways. Semin Immunol 2014;26:237-45.

13. Adams RH, Porras A, Alonso G, et al. Essential role of 
p38alpha MAP kinase in placental but not embryonic 
cardiovascular development. Mol Cell 2000;6:109-16.

14. Mudgett JS, Ding J, Guh-Siesel L, et al. Essential role for 
p38alpha mitogen-activated protein kinase in placental 
angiogenesis. Proc Natl Acad Sci U S A 2000;97:10454-9.

15. Tamura K, Sudo T, Senftleben U, et al. Requirement for 
p38alpha in erythropoietin expression: a role for stress 
kinases in erythropoiesis. Cell 2000;102:221-31.

16. Akada H, Akada S, Hutchison RE, et al. Critical role 
of Jak2 in the maintenance and function of adult 
hematopoietic stem cells. Stem Cells 2014;32:1878-89.

17. Schwermann J, Rathinam C, Schubert M, et al. 
MAPKAP kinase MK2 maintains self-renewal capacity of 
haematopoietic stem cells. EMBO J 2009;28:1392-406. 

18. Wang YH, Israelsen WJ, Lee D, et al. Cell-state-
specific metabolic dependency in hematopoiesis and 
leukemogenesis. Cell 2014;158:1309-23. 

19. Saha B, Singh SK, Sarkar C, et al. Activation of the Mitf 
promoter by lipid-stimulated activation of p38-stress 
signalling to CREB. Pigment Cell Res 2006;19:595-605.

20. Mizutani Y, Hayashi N, Kawashima M, et al. A single 
UVB exposure increases the expression of functional KIT 
in human melanocytes by up-regulating MITF expression 
through the phosphorylation of p38/CREB. Arch 
Dermatol Res 2010;302:283-94. 

21. Naqvi S, Martin KJ, Arthur JS. CREB phosphorylation 
at Ser133 regulates transcription via distinct mechanisms 
downstream of cAMP and MAPK signalling. Biochem J 
2014;458:469-79. 

22. Arthur JS. MSK activation and physiological roles. Front 
Biosci 2008;13:5866-79.

23. Tiedje C, Holtmann H, Gaestel M. The role of 
mammalian MAPK signaling in regulation of cytokine 
mRNA stability and translation. J Interferon Cytokine Res 
2014;34:220-32. 

24. Mansky KC, Sankar U, Han J, et al. Microphthalmia 
transcription factor is a target of the p38 MAPK pathway 



Stem Cell Investigation, 2016

© Stem Cell Investigation. All rights reserved. Stem Cell Investig 2016;3:64sci.amegroups.com

Page 5 of 5

in response to receptor activator of NF-kappa B ligand 
signaling. J Biol Chem 2002;277:11077-83. 

25. Smith MP, Brunton H, Rowling EJ, et al. Inhibiting 

Drivers of Non-mutational Drug Tolerance Is a Salvage 
Strategy for Targeted Melanoma Therapy. Cancer Cell 
2016;29:270-84.

doi: 10.21037/sci.2016.10.07
Cite this article as: McGuire VA, Arthur JS. Stress-induced 

haematopoietic stem cell proliferation: new roles for p38α and 
purine metabolism. Stem Cell Investig 2016;3:64.


