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Abstract
Little is known about a regulatory role of CaMKK2 for hematopoietic stem (HSC) and progenitor (HPC) cell function. To 
assess this, we used Camkk2−/− and wild type (WT) control mouse bone marrow (BM) cells. BM cells were collected/
processed and compared under hypoxia (3% oxygen; physioxia) vs. ambient air (~21% oxygen). Subjecting cells collected 
to ambient air, even for a few minutes, causes a stress that we termed Extra Physiological Shock/Stress (EPHOSS) that 
causes differentiation of HSCs and HPCs. We consider physioxia collection/processing a more relevant way to assess HSC/
HPC numbers and function, as the cells remain in an oxygen tension closer physiologic conditions. Camkk2−/− cells col-
lected/processed at 3% oxygen had positive and negative effects respectively on HSCs (by engraftment using competitive 
transplantation with congenic donor and competitor cells and lethally irradiated congenic recipient mice), and HPCs (by 
colony forming assays of CFU-GM, BFU-E, and CFU-GEMM) compared to WT cells processed in ambient air. Thus, with 
cells collected/processed under physioxia, and therefore never exposed and naïve to ambient air conditions, CaMKK2 not 
only appears to act as an HSC to HPC differentiation fate determinant, but as we found for other intracellular mediators, the 
Camkk−/− mouse BM cells were relatively resistant to effects of EPHOSS. This information is of potential use for modula-
tion of WT BM HSCs and HPCs for future clinical advantage.

Keywords CaMKK2 · Hypoxia cell collection/processing · CaMKK2 knockout mice · Hematopoietic stem (HSCs) and 
progenitor (HPCs) cells · Phenotypic and functional assessment of HSCs and HPCs

Introduction

Regulation of hematopoiesis and hematopoietic stem 
(HSCs) and progenitor (HPCs) cells is mediated in large 
part by cytokines, chemokines, and additional growth factors 
(GFs) [1, 2]. This regulation is influenced by receptors on 
the cell surface of the HSCs, HPCs, and other mature cells 
through intracellular activation of effector molecules in a 
positive or negative fashion [1–3]. While much is known 
about intracellular mediators, there is still much more to 
be uncovered, for optimal undertaking of HSC and HPC 
regulation especially under their collection and processing 
under physioxia conditions of low oxygen (5%) tension, for 
potential future clinical use.

Calcium  (Ca2+) binds its primary intracellular recep-
tor, calmodulin, to trigger downstream pathways involving 
 Ca2+/calmodulin-dependent kinase kinase 2 (CaMKK2) in 
certain cell types [4–13]. However, very little is known of 
a role for CaMKK2 in the regulation of HSCs and HPCs 
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[14, 15], nothing was known when cells were collected/
processed under low (3%; physioxia) oxygen tensions, 
which we believe is a more relevant physiological means 
to assess a role for CaMKK2 in regulation of hematopoie-
sis [16]. CaMKK2 is involved in energy balance, adipos-
ity, and glucose homeostasis in non-hematopoietic cells 
[5]. In hematopoietic cells collected and studied in non-
physiological oxygen conditions of ambient air (~21% 
oxygen tension) Camkk2 was found to regulate myeloid 
cells functions relevant for the inflammatory response and 
tumor-induced immunosuppression [17–19]. While func-
tions of Camkk2 have been suggested in terms of its poten-
tial for therapeutic intervention [5], for this to be involved 
in hematopoiesis and HSCs and HPCs, it is necessary 
to better understand how Camkk2 influences growth of 
HSCs and HPCs in physioxia. To this end we used Camkk2 
knockout (Camkk2−/−) mouse bone marrow (BM) cells 
[13] collected/processed in hypoxia (3% oxygen) vs. ambi-
ent air, as previously published by us to assess relative 
resistance to the effects of Extra Physiological Shock/
Stress (EPHOSS), and effects on HSC to HPC differentia-
tion fate decisions [16, 20–23] for wild-type (WT) control 
mice [16] and previously for certain mouse knock-out BM 
cells, such as HIF-1α−/−, cyclophilin D−/−, p53−/− and 
miR21−/−, where some were found to be relatively resist-
ant to EPHOSS [16]. This comparison with hypoxia col-
lected/processed cells has not previously been reported for 
Camkk2−/− mice.

Collection/processing of mouse bone marrow (BM) 
cells at physioxia (3% oxygen) offers a more physio-
logic atmosphere similar to that present in BM in vivo 
[16], and thus a likely more relevant view of how HSCs 
and HPCs would behave in their normal in  vivo BM 
microenvironment.

Methods

Mice

Animal studies were approved by Indiana University 
School of Medicine (IUSM) Institutional Animal Care 
and Use Committee (IACUC) and all experiments were 
performed in compliance with NIH guidelines on the 
use and care of laboratory and experimental animals. 
Camkk2−/− mice were previously generated through the 
targeted deletion of exons 2-4 of the mouse Camkk2 gene 
[24]. Wild-type (WT) and CaMkk2−/− mice (both on a 
C57BL/6 strain background; WT also on a BoyJ or F1 
background) were housed in the IUSM Laboratory Animal 
Resource Center (Indianapolis, IN) under 12 h light/dark 
cycle. Food and water were provided ad libitum.

Flow Cytometry

For analyzing HSCs and HPCs phenotype in mouse BM, 
cells were aliquoted at a concentration of ~2-3 ×  106 cells 
per tube, washed in PBS, incubated in fluorescently-
conjugated anti-mouse antibody cocktail for 20 min at 
room temperature, washed in PBS, and then fixed in 1.5% 
formaldehyde. Samples were analyzed on an LSRII flow 
cytometer (BD Biosciences). Single color compensation 
and isotype controls were included for each experiment. 
Data analysis was performed using FlowJo 7.6.3 software 
(TreeStar, WA, USA). Percent of each population was 
used to calculate absolute numbers of each population per 
femur. Phenotyping markers used were FITC-mouse line-
age cocktail (CD3, Gr-1, CD11b, CD45R, Ter119; BioLe-
gend; cat. # 133302), PE-CF594-anti-Ly6A/E (a.k.a. Sca1; 
clone D7; BD Biosciences), APC-H7-anti-CD117 (a.k.a. 
cKit; clone 2B8; BD Biosciences), APC-anti-CD135 
(a.k.a. Flt3; clone A2F10.1; BD Biosciences), PE-anti-
CD34 (clone RAM34; BD Biosciences), and PerCP-
Cy™5.5-anti-CD16/CD32 (a.k.a. FcγII/IIIR; clone 2.4G2; 
BD Biosciences). HSC and HPC populations [16, 22, 23, 
25] were defined as follows: LSK cells  Lin−  Sca1+  cKit+, 
long-term (LT)-HSC: LSK  Flt3−  CD34−, short-term (ST)-
HSC: LSK  Flt3−  CD34+, multipotent progenitor (MPP): 
LSK  Flt3+  CD34+, common myeloid progenitor (CMP): 
 Lin−  Sca1−  cKit+ (LK) FcγII/IIIRlo  CD34+, granulocyte-
macrophage progenitor (GMP): LK FcγII/IIIRhi  CD34+, 
and megakaryocyte-erythrocyte progenitor (MEP): LK 
FcγII/IIIR−  CD34−/lo. For all antibodies used in these stud-
ies, the validation for the relevant species and applications 
can be found on the indicated manufacturer’s website.

Engraftment Studies

Camkk2-/- and WT mice (n = 4 per group) on a C57BL/6 
background (CD45.2 + CD45.1-) were sacrificed and 
BM was harvested by flushing with DPBS in a 3%  O2, 
5%  CO2 hypoxia chamber [16]. Half of the harvested BM 
cells from each mouse were split in the hypoxia chamber 
and moved to ambient 21%  O2 and allowed to equilibrate 
in ambient air for 2 h [16]. Cells from 4 donor mice per 
group were combined to make donor pools. Cells were 
transplanted by injecting 200,000 BM donor cells via 
tail vein to lethally-irradiated recipient F1 mice (dual 
CD45.2 + CD45.1+). Recipient mice of hypoxia isolated 
cells were injected within the 3%  O2, 5%  CO2 hypoxia 
chamber using a special device so that the cells are not 
exposed to ambient air during the injection procedure 
[16], while recipients of ambient air exposed cells were 
injected in ambient air [16]. For all mice, a second tail 
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vein injection was performed within 2 h of initial injec-
tion to transplant 200,000 competitor cells (competitive 
transplant setting), which were BM cells from BoyJ back-
ground mice (CD45.2-CD45.1+). At months 1, 2, 4, and 
6 post-transplant, peripheral blood (PB) was taken from 
all recipient mice via submandibular bleeding. At month 
6, mice were euthanized post PB collection, and BM from 
one femur per recipient was harvested by flushing. For 
PB samples, red blood cells were lysed with 1X RBC 
Lysis Buffer (Biolegend) and cells were washed twice 
with PBS. For all samples, cells were stained with anti-
CD45.1 (clone A20, BD Biosciences) and anti-CD45.2 
(clone 104, BD Biosciences). BM cells were also stained 
with anti-B220 (clone RA3-6B2, BioLegend), anti-CD3e 
(clone 145-2C11, BD Biosciences), and anti-CD11b (clone 
M1/70, BD Biosciences). Cells were incubated for 20 min 
at room temperature with antibody cocktail, washed in 
PBS, and then fixed in 1.5% formaldehyde. Samples were 
analyzed on an LSRII flow cytometer (BD Biosciences). 
Chimerism was reported as % CD45.2 + CD45.1- relative 
to all cells expressing donor mouse CD45 for PB cells 
and as % CD45.2 + CD45.1- for BM cells. Myeloid/Lym-
phoid ratios were reported as the number of CD11b + cells 
divided by the sum of B220+ cells plus CD3e + cells.

Colony Formation in Vitro to Assess Numbers 
of Functional HPCs in Camkk2−/− Mice and Wildtype 
(WT) Control Mice

BM cells were harvested from femur(s) by flushing with 
DPBS (BioWhittaker). Whole bone marrow cells were 
plated at 5 ×  104 cells/ml in 1% methylcellulose/Iscove’s 
Modified Dulbecco’s Medium (IMDM) with 30% FBS 
(Corning), 1u/ml erythropoietin (Amgen), 5%(v/v) poke-
weed mitogen spleen cell conditioned medium (PWM-
SCM), 50 ng rmSCF (R&D Systems), and 0.1 mM Hemin 
(Sigma). Cultures were incubated for 6-7 days at 37 °C in 
a 5%  CO2/5% lowered oxygen tension humidified environ-
ment while cells were collected at 3% or ambient air (~21%) 
oxygen. The plates for colonies from both 3% and ~ 21% 
oxygen were incubated at 5% oxygen as we have previously 
used this oxygen tension for plating to maximize detection 
of colony numbers. Cultures were scored for colony forming 
unit (CFU) – granulocyte (G), macrophage (M), burst form-
ing unit (BFU)-erythroid (E)/colony forming unit (CFU) 
- granulocyte, erythrocyte, macrophage, megakaryocyte 
(GEMM) [16, 21–23, 25].

Collection/Processing of Mouse BM Cells in Hypoxia/
Physioxia (5% Oxygen)

We have previously shown in detail that collection/pro-
cessing of mouse BM cells in hypoxia (3% oxygen) vs. in 

ambient air (~21%  O2) allows for increased numbers of 
WT HSCs by phenotypic analysis and engrafting capabil-
ity in a competitive transplant assay of lethally-irradiated 
recipients (dual F1, CD45.2+/CD45.1+ mice) with donor 
and competitor respectively CD45.2+ and CD45.1 (Boy J) 
mice [16]. The engrafting assay to detect functional HSCs 
through chimerism analysis of donor cells, used a 1:1 ratio 
of donor and competitor cells. Both Camkk2−/− and WT 
mice were on a CD45.2+ mouse strain background. Mouse 
BM cells were first collected in 3% oxygen in a hypoxic 
chamber [16] then split into two parts, with half remaining 
in hypoxia for processing and the other half being moved to 
normoxia (~21%; oxygen) for 2 h before further processing. 
After the 2 h acclimation, both hypoxia and normoxia cells 
were cultured for CFU HPC assays at lowered (5% oxygen) 
[16, 23]. All reagents and supplied used in hypoxia were 
first equilibrated in the 3% hypoxia chamber for at least 16 h 
prior to their use. For the transplant experiments, hypoxia 
collected BM cells were injected i.v. to recipient mice in the 
hypoxia chamber with a special restraint device so that the 
donor hypoxia collected BM are not subjected to ambient air 
while allowing survival of recipient [16, 23].

Results

As mentioned in the Methods Section, collection/processing 
of mouse BM cells in hypoxia/physioxia (3% oxygen) picks 
up differences in HSCs and HPCs compared to BM cells 
exposed to normoxia (~2%1 oxygen), which may be more 
relevant in vivo effects than that seen by other publications 
[16, 20–23]. Hence, WT and Camkk2−/− BM cells were 
comparatively analyzed at 3% vs. ambient air (~21%) oxy-
gen levels to pick up potential differences in phenotypic and 
functional HSCs and HPCs.

Phenotypic Analysis of WT and Camkk2−/− Mouse 
BM Cells

We analyzed numbers of rigorously defined phenotyped 
long-term (LT)-HSCs, short-term (ST)-HSCs, multipotential 
progenitor (MPP) common myeloid progenitor (CMP), gran-
ulocyte macrophage progenitor (GMP) and myeloid eryth-
roid progenitor (MEP) cells (Fig. 1). As reported in previous 
papers [16, 21–23], there are significantly greater numbers 
of WT LT-HSCs when BM cells are collected/processed in 
low (3%) oxygen (Fig. 1A). Of interest, in air processing, 
there was no significant differences in Camkk2−/− vs. WT 
LT-HSCs, and no significant differences in Camkk2−/− cells 
between those collected/processed in hypoxia than in air, 
and the Camkk2−/− cells were significantly decreased in 
hypoxia collection/processing than that of the WT LT-HSCs 
and similar to air and hypoxia collected Camkk2−/− cells. 
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This data suggests that CaMKK2 might serve as a posi-
tive regulator of phenotyped LT-HSCs under ambient air 
collection and processing, and under these conditions the 
genetic deletion of Camkk2 may negatively impact the res-
ervoir of quiescent LT-HSC. Further, the reduced sensitiv-
ity of Camkk2−/− cells to the air exposure also pinpoints 
CaMKK2 as a relevant component of the mechanism respon-
sible for the loss of LT-HSC associated with the collection 
of BM cells in the presence of air. Except for numbers of 

Camkk2−/− CMP cells where there were slightly greater 
numbers than those of WT cells than in hypoxia (Fig. 1D) 
none of the other progenitors (Fig. 1B-F) showed significant 
differences. In in vivo relevant oxygen collection conditions 
(3% oxygen), however, phenotypical analysis of HSCs/HPCs 
while of some use may not necessarily recapitulate the func-
tional activities of these cells [26]. Hence, it is extremely 
important to assess competitive engrafting capacity of these 

Fig. 1  Phenotypic analysis of Camkk2−/− bone marrow hematopoi-
etic stem (HSC) and progenitor (HPC) cells isolated under hypoxia 
then processed under ambient air (21% O2) versus hypoxia (3% 
O2). In a hypoxic glove box (acclimated to 3%  O2 for 18  hours) 
BM from femurs of 8 week-old wildtype (WT) or Camkk2−/− mice 
was flushed in sterile PBS, counted, and split in half so that one 
half remained under hypoxia and the other half was removed from 
hypoxia and acclimated to ambient air for 2 h. Nucleated cells were 
then analyzed by flow cytometry to determine the number of HSCs 
and HPCs. (A) Long-term (LT)-HSC were defined as  Lin−  Sca1+ 

 cKit+ (LSK)  Flt3−  CD34−. (B) Short-term (ST)-HSC were defined as 
LSK  Flt3−  CD34+. (C) Multipotent progenitors (MPP) were defined 
as LSK  Flt+  CD34+. (D) Common myeloid progenitors (CMP) were 
defined as  Lin−  Sca1−  cKit+ (LK) FcγII/IIIRlo  CD34+. (E) Granu-
locyte-macrophage progenitors (GMP) were defined as LK FcγII/
IIIRhi  CD34+. (F) Megakaryocyte-erythrocyte progenitors (MEP) 
were defined as LK FcγII/IIIR−  CD34−/lo. (A-F) Data are pooled 
from three independent experiments, 3-4 mice each (n = 9-10 total per 
group). Stats: two-way ANOVA and post-hoc Tukey’s multiple com-
parisons. **p < 0.01; ***p < 0.001;****p < 0.0001
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cells to detect functional activity of engrafting HSCs, in the 
context of physioxia.

Functional Analysis of WT and Camkk2−/− HSC BM 
as Assessed by Competitive Transplant Studies

As shown in Fig. 2, BM chimerism of WT cells collected/
processed in air were compared to that of Camkk2−/− cells 
in hypoxia (3% oxygen; more physioxic conditions). Not 
shown in Fig. 2 is the WT hypoxia information, as in all pre-
vious studies [16, 20–23], the WT hypoxia engrafting HSCs 
were always about 2-fold increased for WT hypoxia vs. WT 
air collected/processed BM cells, and we were limited by 
recipient mouse numbers. PB cells were collected from 
these engrafted mice at months 1 (Fig. 2A), 2 (Fig. 2B), 4 
(Fig. 2C), and 6 (Fig. 2D), and also from BM at month 6 
(Fig. 1E). Months 1-6 PB showed enhanced engraftment 
of Camkk2−/− cells at hypoxia vs. ambient air compared 
to that of WT cells collected/processed at ambient air, with 
similar results for month 6 BM cells (Fig. 2E). Moreover, 
the Camkk2−/− BM was resistant to effects of ambient air 
EPHOSS. Thus, with differences between phenotypic LT-
HSCs (Fig. 1A) where CaMKK2 showed a positive regula-
tory effect on LT-HSCs, analysis of the functional engraft-
ment of short (months 1 and 2) and longer term engraftment 
(4-6 months; Fig. 2A-E), the functionally engrafting HSCs 
collected/processed in hypoxia demonstrate that CaMKK2 
has a negative regulatory effect on HSC function. Further, 
this data suggests that CaMKK2 has a role as a fate deter-
minant in the context of extra physiologic stress, where it 
is apparently required for the EPHOSS induced rapid dif-
ferentiation of HSCs. Thus, phenotypic and engrafting 
HSCs show divergent effects and the functional activity 
of HSCs collected in ambient air are not nearly fully func-
tional for Camkk2−/− engrafting capability. Also, BM from 
month 6 Camkk2−/− engrafting cells (Fig. 2F) show a sig-
nificant decrease in ambient air and a trend to decrease of 
Camkk2−/− in hypoxia compared to WT cells in ambient 
air in the myeloid/lymphoid ratio, demonstrating a myeloid 
skew associated with CaMKK2. The selective expression 
of CaMKK2 in the myeloid lineage further supports this 
hypothesis, suggesting that CaMKK2 may have a key role 
in the development and differentiation programs of myeloid 
cells [15, 17]. Since function outweighs phenotype when 
cells are collected/processed in hypoxia (3% oxygen; physi-
oxia), we suggest that CaMKK2 has a negative regulatory 
role on functional engrafting HSCs [16, 20–23, 25]. Accord-
ingly, genetic deletion of Camkk2 or its functional blocking 
by small molecules inhibitors may be leveraged to stimulate 
HSC engraftment and blood cell regeneration [15].

Functional Analysis of HPCs from Camkk2−/− 
and WT BM in Hypoxia Vs. Ambient Air as Assessed 
by HPC CFU Analysis

While there were no significant differences in total 
nucleated BM cells between the WT control and 
Camkk2−/− cells (Fig. 3A), CFU-GM, BFU-E, and CFU-
GEMM, as noted before [16] show decreased numbers of 
WT HPCs when collected/processed in air (with CFU-GM 
in this instance demonstrating a strong trend to decrease in 
hypoxia (Fig. 3B-D). Camkk2−/− CFU-GM (Fig. 3B) in 
air showed increased numbers compared to WT cells in air, 
suggesting CaMKK2 is a negative regulator of CFU-GM in 
extra physiologic conditions, with no significant change for 
BFU-E and CFU-GEMM. However, CFU-GM, BFU-E and 
CFU-GEMM of Camkk2−/− HPCs collected/processed in 
hypoxia vs. ambient air show significant decreases in CFU-
GM, BFU-E, and CFU-GEMM compared to those exposed 
to ambient air (Fig. 3B-D). The CFU-GM under ambient 
air conditions is similar to reports of others [14]. Impor-
tantly, and in contrast to ambient air isolated cells, func-
tional HPC CFU numbers were modestly but insignificantly 
decreased in Camkk2-/- compared to WT when isolated 
under physioxia. This suggests that CaMKK2 acts as a 
positive regulator of HPCs or has little regulatory effect on 
HPCs in physioxia, and it also demonstrates that CaMKK2 
plays a role in HPC fate determination specifically in the 
presence of extra physiologic oxygen stress. Phenotypic 
HPCs (Fig. 1) showed contrasting changes compared to 
functional HPCs. This may in part be due to those HPCs 
detected by phenotype not being exactly equivalent to those 
HPCs defined by colony assay, and it does demonstrate 
that phenotype identification of HPCs does not in this case 
equate with HPCs detected by function. It has recently been 
reported [19] that CaMKK2 during ambient air conditions 
regulates the response to reactive oxygen species (ROS). 
ROS has been implicated in ambient air vs. hypoxic collec-
tion/processing of mouse BM HSCs/HPCs [16, 23].

Discussion

Very little is known about a role for CaMKK2 as a signal 
transduction factor in regulation of HSCs and HPCs, and the 
available data indicate a role for this kinase in mechanisms 
regulating quiescence and differentiation of HSC [15] under 
ambient air collection/processing of cells. Further, nothing is 
known regarding this in context of collection/processing these 
cells in hypoxia/physioxia assessed during in vivo oxygen 
conditions for normal WT BM [16, 19, 22, 23] and mobilized 
PB [21], vs. ambient air conditions. Collection/processing in 
low oxygen was also used to evaluate P53−/−,  Hif1a−/−, 
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Cyclophilin D−/−, the hypoximer, Mir210−/− [16] and fan-
conia anemia (Fanca−/− and  Fancc−/−) mice [22]. Herein, 
we suggest that CaMKK2 controls responsiveness of LT-HSC 

to supraphysiological levels of oxygen, and deletion of this 
kinase prevents loss of LT-HSC during the collection step 
(Fig. 1). Moreover, our data indicate that under physioxia, 

Fig. 2  Engraftment advantage for Camkk2−/− HSC/HPC iso-
lated in hypoxia or exposed to ambient air. A-G) WT and/or 
CaMkk2−/− mice (n = 4 per group; 8  week-old) on a C57BL/6 
(CD45.2 + CD45.1-) background were sacrificed and BM was har-
vested in a 3%  O2, 5%  CO2 chamber (CaMkk2−/− Hypoxia). Half 
of BM cells from each mouse were split to ambient air 21%  O2 and 
allowed to equilibrate for 2 h. BM cells from respective donor geno-
types were combined to make donor pools. Cells were transplanted 
by injecting 200,000 whole BM donor cells via tail vein to recipient 
F1 mice (CD45.2 + CD45.1+). “CaMkk2−/− Hypoxia” cells were 
injected into recipient mice within the 3%  O2, 5%  CO2 chamber [16], 
while cells from the “WT Air” and “CaMkk2−/− Air” condition 
were injected in ambient air. For all mice, a second tail vein injec-

tion was then done in ambient air to transplant 200,000 competitor 
cells, which were BM cells from BoyJ background mice (CD45.2-
CD45.1+). A-D) At months 1, 2, 4, and 6 post injection, blood was 
collected from recipient mice. Red blood cells were lysed, and cells 
were stained for CD45.2 and CD45.1 cell surface expression and 
analyzed by flow cytometry. Donor chimerism is shown as a percent-
age of cells that are CD45.2 + CD45.1- relative to all CD45 express-
ing cells in the peripheral blood. E-F) At month 6 post-injection, BM 
cells were harvested from one femur per recipient mouse and cells 
were stained for donor chimerism (CD45.2 + CD45.1- relative to total 
BM cells) and myeloid/lymphoid ratio (CD11b+/ sum (B220+ and 
CD3e+). Stats: 1-way ANOVA and post-hoc Tukey’s multiple com-
parisons. *p < 0.05; **p < 0.01; ***p < 0.001
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CaMKK2 acts as a negative regulator for functionally engraft-
ing and regeneration of HSCs (Fig. 2). Under physiologi-
cally relevant physioxia, CaMKK2 acts as a positive regu-
lator of functional CFU-GM, BFU-E, and CFU-GEMM. 
This negative regulation of CaMKK2 for functional engraft-
ing HSCs assessed by engraftment in a competitive set-
ting (Fig. 2A-E) and positive regulation of CaMKK2 for 
functional HPCs (CFU-GM, BFU-E and CFU-GEMM) 
(Fig. 3A-D) suggest that CaMKK2 under physioxia can 
serve as an HSC to HPC differentiation fate determinant, 
having negative and positive effects respectively on HSCs 
and HPCs. Moreover, similar to some intracellular signaling 
knockout mice, CaMKK2 deficient HSCs appear resistant 
to effects of EPHOSS. This work demonstrates the need to 

compare WT and gene −/− mouse studies by collection/
processing cells in low (3%) oxygen/physioxia vs. ambi-
ent air to get an accurate read-out of how these cells likely 
behave in an in vivo relevant condition of low oxygen that 
mimics the lowered oxygen tension in BM [16].

While further studies are warranted, this information 
presents new data, not previously published and could 
unlock more information on a role for CaMKK2 in reg-
ulation of HSCs and HPCs, and possible uses of small 
CaMKK2 molecule reagents to assess their effects and 
inhibitors of CaMKK2, such as Profeta [27], on in vivo 
and ex-vivo effects of hematopoiesis by injecting them into 
WT mice, and for effects on ex-vivo expansion on physi-
ologically relevant numbers of HSCs and HPCs. This may 

Fig. 3  Nucleated cellularity and in  vitro colony formation by 
wildtype (WT) and CaMkk2−/− bone marrow hematopoietic pro-
genitor cells (HPC) isolated under hypoxia (3% O2) and then plated 
in ambient air (21% O2) versus hypoxia (3% O2). In a hypoxic glove 
box bone marrow from the femur of WT or KO mice was harvested 
in sterile PBS, counted, and split in half so that one half remained 
under hypoxia and the other half was acclimated to ambient air for 
2 hours. Nucleated cells were counted and methylcellulose cultures 
established to enumerate CFU-GM, BFU-E, and CFU-GEMM. Cells 
were plated at 5 ×  104 nucleated cells per ml containing fetal bovine 

serum (30% v/v), PWMSCM (5% vol/vol), mSCF (50 ng/ml), eryth-
ropoietin (1 U/ml), and Hemin (0.1 mM). Cultures were incubated for 
6 days at 5%CO2/5% oxygen in a humidified environment. All culture 
reagents used to plate cells remaining in hypoxia were acclimated in 
the hypoxia chamber for 16-18  h. Results are shown for 2 separate 
experiments with a total n = 7. (A) Nucleated cellularity, (B) CFU-
GM, (C), BFU-E, and (D) CFU-GEMM are shown. Statistical analy-
sis was performed using t-tests (A) or two-way ANOVA with Tukey 
post hoc tests (B-D). *p < 0.05; **p < 0.01; ***p < 0.001
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eventually lead to useful translational means to modulate 
mouse, and later human hematopoiesis, for normal and 
malignant and non-malignant hematopoiesis.
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