
1580

ORIGINAL ARTICLES

*These authors contributed
equally to this work.

Acknowledgments: this work was
supported by a grant from the
Deutsche
Forschungsgemeinschaft
(DFG)/Sonderforschungsbereich
655 to AK, a grant from the DFG
(RA 1923/1-1), the MeDDrive
program of the Medical Faculty of
the TU Dresden, and the European
Calcified Tissue Society/AMGEN
fellowship to MR. LCH holds
grants from the DFG (TR67-pro-
ject B2, RA 1923/1-1 and the
Research Center and Cluster of
Excellence for Regenerative
Therapy Dresden).

Manuscript received on
February 16, 2011. Revised
version arrived on June 5, 2011.
Manuscript accepted 
on July 4, 2011.

Correspondence: 
Alexander Kiani, MD, Department
of Medicine IV, Klinikum Bayreuth
GmbH, Preuschwitzer Strasse
101, 09445 Bayreuth, Germany.
Phone: international 
+49-921-400-6302 
Fax: international 
+49-921-400-6309
E-mail: 
alexander.kiani@klinikum-
bayreuth.de

The online version of this article
has a Supplementary Appendix.

Background
Nuclear factors of activated T cells (NFAT) are transcription factors that are central to cytokine
production in activated T cells and regulate the development and differentiation of various tis-
sues. NFATc2 is expressed in hematopoietic stem cells and regulated during myeloid commit-
ment in a lineage-specific manner. The biological role of NFATc2 in hematopoiesis is, however,
unclear. 

Design and Methods
In the present study, we analyzed steady-state hematopoiesis in young (<3 months) and old
(>12 months) mice lacking NFATc2. Complete blood counts were performed in the peripheral
blood, bone marrow and spleen. Using cytological and histological analyses, the blood cell dif-
ferential was determined. Colony-formation assays were used to determine the differentiation
potential of hematopoietic cells. Bone cell cultures were derived from the bone marrow, and
bone remodeling markers were determined in the serum.  

Results
NFATc2-/- mice older than 12 months were anemic and thrombocytopenic. The bone marrows
of these mice showed a markedly reduced number of hematopoietic cells, of which megakary-
ocytic and erythroid lineages were most affected. While the number of hematopoietic progen-
itor cells in NFATc2-deficent bone marrow was reduced, the myeloid differentiation potential
of these cells remained intact. Aged NFATc2-/- mice showed ossification of their bone marrow
space and developed extramedullary hematopoiesis in the spleen. Ex vivo differentiation assays
revealed an intrinsic defect of NFATc2-deficient stromal cells, in which NFATc2-/- osteoblasts dif-
ferentiated more efficiently than wild-type cells, whereas osteoclast differentiation was
impaired. 

Conclusions
Our data suggest that NFATc2 may play a role in the maintenance of steady-state
hematopoiesis and bone remodeling in adult organisms. 

Key words: nuclear factor of activated T cells, anemia, thrombocytopenia, osteomyelosclerosis,
extramedullary hematopoiesis.
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Introduction

Hematopoietic stem cells (HSC) are defined by their
capacity to self-renew and differentiate into all types of
mature blood cells.1 In an adult organism, bone marrow is
the primary site of hematopoiesis, although extramedullary
hematopoiesis may take place in the spleen and liver during
periods of hematopoietic stress.2 Within the bone marrow,
HSC are located in specialized niches (endosteal and
perivascular niches) that provide an optimal microenviron-
ment of cytokines, growth factors, and other signals that
ensure long-term maintenance of the cells and regulate their
functions.3-5 
Various transcription factors have been identified that,

during hematopoiesis, control the gradual steps of lineage-
commitment and specifically change the gene expression
profile of HSC. This allows the adaptation of a new set of
genes which determines the specialized structure and func-
tion of each mature blood cell type.6 While some transcrip-
tion factors are essential for commitment to certain lineag-
es, such as globin transcription factor 1 (GATA-1) for the
erythroid lineage or PU-1 for the granulocytic and monocyt-
ic lineages, others act in concert with more abundantly
expressed transcription factors (e.g. AP-1 or STAT) to direct
lineage-specificity.7-10
The nuclear factor of activated T cells (NFAT) family of

transcription factors comprises five members (NFATc1-c4,
NFAT5), of which NFATc1-c4 are regulated by the calcium-
dependent phosphatase calcineurin, while NFAT5 reacts to
osmotic stress.11 Activation of NFATc1-c4 usually occurs
after binding of extracellular ligands to cell surface receptors
that are able to induce a sustained increase in intracellular
calcium levels. Upon dephosphorylation by calcineurin, a
nuclear-localization signal is unmasked and allows the
nuclear translocation and activation of NFAT proteins. Due
to the strict dependence on calcineurin in the NFAT activa-
tion process and the fundamental role of NFAT in the acti-
vation of T cells, calcineurin inhibitors such as cyclosporine
A and FK506 are potent immunosuppressants.12,13 Thus, cal-
cineurin inhibitors are used as first-line therapy in patients
after allogeneic stem cell or organ transplantation to prevent
or treat organ rejection. 
Although NFAT is best known for its function in T-cell

activation, specific family members also regulate various
developmental processes (e.g. heart valves, vasculature,
central nervous system) as well as the differentiation of a
multitude of cell types including cardiomyocytes, ker-
atinocytes, chondrocytes, and osteoclasts.14 However, a
potential role of NFAT in the maintenance of HSC proper-
ties and the regulation of hematopoiesis is largely
unknown. Our previous studies show that all members of
the NFAT family, except for NFATc4, are expressed in
CD34+ HSC and that their expression is differentially regu-
lated during the lineage-specific differentiation of myeloid
cells.15,16 For example, while NFATc4 is not expressed in HSC
and remains almost undetectable in differentiated neu-
trophil, eosinophil and erythroid cells, its expression is
strongly induced during megakaryocyte differentiation. In
contrast, the expression of NFATc2, which is abundantly
found in HSC, is rapidly and almost completely suppressed
upon their differentiation into neutrophil granulocytes, but
is maintained in the megakaryocyte lineage. Thus, the
exclusive expression pattern of NFAT members suggests a
participation in the lineage commitment and/or differentia-
tion of hematopoietic cells.

Design and Methods

Mice
NFATc2-/- and wild-type mice (C57BL/6 background) were held

under pathogen-free conditions at the animal facility of the
Technical University of Dresden.17,18 Twenty NFATc2-deficient
mice and their age- and sex-matched wild-type littermates were
divided into two age groups: younger than 3 months (n=9 pairs)
and older than 12 months (n=11 pairs). Before sacrifice, animals
were anesthetized by an intraperitoneal injection of a combination
of ketamine and xylazine. All animal protocols were approved by
the governmental and institutional animal care committees.

Hematologic analysis
Peripheral blood was collected by retro-orbital puncture into

heparinized capillary tubes, and complete blood counts were per-
formed (Sysmex, Norderstedt, Germany). The blood differential
was assessed by cytomophological analysis of blood smears
stained with May-Grünwald and confirmed by flow cytometry.
Slides were examined and imaged using a light microscope (Nikon
Eclipse E600 and Digital Sight DS-5M, Düsseldorf, Germany).

Isolation and assessment of cells from the bone marrow, 
spleen and liver
Liver and spleen were mashed with the bottom-side of a 5 mL

syringe, and bone marrow was flushed from both femora and tib-
iae. All cell lysates were passed through a 20 µm nylon mesh cell
strainer to obtain single cell suspensions. Afterwards, the cells
were subjected to cytospin and flow cytometry analysis to assess
the cellular morphology, the lineage commitment and the differen-
tiation stage of the hematopoietic cells. Flow cytometric analyses
were essentially performed as described elsewhere.19,20 The flow
cytometry details are provided in the Online Supplementary Design
and Methods. Colony-formation assays were performed as also
described in the Online Supplementary Design and Methods to deter-
mine the frequency of lineage-specific progenitors.

Differentiation of megakaryocytes
Megakaryocytes were differentiated from the blood of stem cell

donors as described previously.21 The details are provided in the
Online Supplementary Design and Methods. The study was approved
by the institutional review board of the Medical Faculty of the
Technical University of Dresden, and informed consent was
obtained from the donors. 

Histological analysis of bone marrow, liver and spleen
Spleens, livers and femora of NFATc2-/- and wild-type mice were

fixed in 4% PBS-buffered formalin for 24 h. Femora were addition-
ally decalcified in osteosoft (Merck, Darmstadt, Germany).
Following dehydration with an ascending ethanol series and xylol,
the tissues were embedded in paraffin. The sections were stained
with hematoxylin-eosin (H&E), Turnbull blue for the detection of
iron, Gomori for the visualization of reticular fibers, Giemsa for
osteoblasts, and tartrate-resistant acid phosphatase (TRAP) for
osteoclasts. Slides were examined and imaged using a light micro-
scope (Nikon Eclipse E600 and Digital Sight DS-5M, Düsseldorf,
Germany).

Generation and assessment of osteoblasts 
and osteoclasts, bone turnover markers
Bone cell differentiation assays were performed as described

previously22 and are described in the Online Supplementary Design
and Methods. Plasma levels of pro-collagen type I N-terminal pep-
tide (P1NP) were determined using a commercially available
enzyme-linked immunosorbent assay (ELISA; IDS Systems). 
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Statistical analysis
Data are presented as means ± standard error of the mean.

Statistical significance was tested using an unpaired Student’s T-
test. P-values less than 0.05 were considered statistically signifi-
cant.

Results 

Anemia, thrombocytopenia and lymphocytosis in aged
NFATc2-deficient mice

In order to assess the impact of NFATc2 on
hematopoiesis, complete blood counts of young (<3
months) and aged (> 12 months) wild-type (WT) and
NFATc2-/- (KO) mice were performed. The results are sum-
marized in Table 1. 
Aged KO mice were found to be consistently anemic

with a significant reduction in all parameters of the ery-
throid lineage, namely erythrocyte number, hemoglobin,
and hematocrit (Table 1). Likewise, the group of aged KO
mice showed a strong reduction in their platelet number by
about 50% (Table 1). Neutrophil counts were not signifi-
cantly different between WT and KO mice (Table 1). As
expected, a significant lymphocytosis was observed in the
peripheral blood of aged KO mice, consistent with a previ-
ously described defect in the termination of lymphoprolif-
erative responses in these mice.23,24 Peripheral blood abnor-
malities were less pronounced in the group of young KO
mice than in aged mice, but significant thrombocytopenia
as well as a tendency to anemia were noted (Table 1). 
Anemia in aged NFATc2 KO mice was characterized by a

decrease in the red blood cell indices mean corpuscular vol-
ume and mean corpuscular hemoglobin (Table 1). To
exclude that iron deficiency was the cause of the anemia,
bone marrow sections were stained with Turnbull blue. No
differences were seen between WT and KO mice (data not
shown). In contrast, the peripheral blood of KO mice
revealed an increase in the number of reticulocytes
(310±5¥106 versus 488±68¥106 cells/mL, P<0.05), confirmed
by the polychromatic appearance of reticulocytes in periph-
eral blood smears (Online Supplementary Figure S1).

NFATc2 deficiency leads to bone marrow hypoplasia and
osteomyelosclerosis
Because aged NFATc2-/- mice were anemic and thrombo-

cytopenic, we next set out to investigate the bone marrow
compartment as the origin of hematopoiesis in adult mice
(Figure 1). Upon macroscopic examination, femora of aged
KO mice already appeared paler than those of WT mice
(Figure 1A), and significantly fewer bone marrow cells
could be obtained (19.89±3.88¥106 versus 35.81±4.31¥106
cells/femur, P<0.001) (Figure 1B). Cytological differentiation
of the extracted bone marrow cells revealed a significant
decrease of all myeloid cells in the KO mice, which was
most pronounced in erythroid and megakaryocytic lineages
(Figure 1C). In contrast, the absolute number of lympho-
cytes, despite general marrow hypoplasia, remained largely
unaffected. Upon cytomophological examination of the
knockout cells, there was no evidence of the presence of
cellular dysplasia (e.g. abnormalities in size or shape,
nuclear or cytoplasmic atypia) or of an increase in blasts
counts.
Examination of histological sections of KO femora con-

firmed the presence of bone marrow hypoplasia as well as

the predominant reduction of erythroid cells and megakary-
ocytes (Figure 1D and E; compare panels a and c to panels b
and d, respectively). Furthermore, it revealed that trabeculae
had formed in the bone marrow space of aged KO mice
(Figure 1D), which was in sharp contrast to the bone mar-
row space of all WT as well as of young KO mice (data not
shown). Osteomyelosclerosis was found in all aged KO
mice, albeit to a variable extent, and the degree of ossifica-
tion appeared to correlate positively with the severity of the
hematologic abnormalities observed in peripheral blood
and marrow. To investigate whether the ossification of the
bone marrow cavity in aged KO was accompanied by fur-
ther alteration in the animals’ extracellular matrix, bone
marrow sections of WT and KO mice were stained for the
presence of reticular fibers. In addition to the presence of
bone trabeculae, increased formation of reticular fibers was
indeed found in the marrow space of four out of ten aged
NFATc2-deficient mice (Figure 1E). 
Femora of young KO mice were macroscopically indistin-

guishable from those of age-matched WT mice (Figure 1A),
and histological analysis did not show signs of
osteomyelosclerosis. However, as in aged mice, fewer cells
could be extracted from femora of young KO compared to
age-matched WT animals (23.19±4.82¥106 versus
33.61±5.73¥106 cells/femur, P<0.001) (Figure 1B), and these
cells also showed a quantitative reduction of all myeloid lin-
eages but not of lymphoid cells (data not shown).

Aged NFATc2-deficient mice display extramedullary
hematopoiesis 
Fibrosis and ossification of the bone marrow cavity along

with peripheral blood anemia and thrombocytopenia, as
detected in aged NFATc2-/- mice, are also found in the late
(hypocellular) stage of human primary myelofibrosis, a
clonal hematopoietic disorder, which is additionally charac-
terized by splenomegaly and the presence of
extramedullary hematopoiesis. We, therefore, next investi-
gated whether extramedullary hematopoiesis was present
in the spleens and livers of NFATc2-/- mice (Figure 2). Spleens
were variably, but consistently enlarged in aged KO com-
pared to WT mice. Notably, mice with highly ossified bone
marrow also had drastically enlarged spleens (Figure 2A).
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Table 1. Hematologic parameters of age-matched wild-type and NFATc2-/- mice.
Young (< 3 months) Old (> 12 months)

                                                Wild-type       NFATc2-/-        Wild-type       NFATc2-/-

Hemoglobin, mmol/L                   8.58±0.80        7.97±0.72         7.46±0.69       5.76±1.35*
Hematocrit, %                                47.5±0.4          45.7±0.4           44.1±0.0         35.8±0.0*
MCV, fL                                           52.64±4.06       54.37±3.1         56.36±2.3       52.36±3.4*
MCH , fmol                                     0.95±0.13        0.95±0.05         0.94±0.04     0.85±0.06**
Red cell count, ¥109/mL              9.03±0.47        8.42±0.81         8.10±0.69       6.99±1.21*
Platelet count, ¥106/mL               457±182          273±98*           648±112          347±149
White cell count, ¥106/mL          7.07±2.32        5.88±1.65          3.63±2.0        7.86±5.11*
Differential counts, ¥106/mL
Neutrophils                                 1.08±0.10        0.76±0.15         0.93±0.18        2.29±1.34
Lymphocytes                               5.54±0.95        4.86±0.76         2.31±0.38       4.77±0.62*
Monocytes                                   0.59±0.15        0.42±0.11         0.37±0.07       0.68±0.13*
Eosinophils                                  0.07±0.01        0.04±0.02         0.08±0.01        0.04±0.01
Number of mice                                   9                       9                        11                     11

Data are represented as mean ± SEM. *P<0.05, **P< 0.01. MCV: mean corpuscular volume, MCH:
mean corpuscular hemoglobin.



On average, the relative weight of KO spleens was found to
be significantly increased to about 200% of that of WT
spleens (Figure 2B). Consistent with this observation,
spleens of NFATc2-/- mice, upon homogenization, contained
three times more cells than did WT spleens (218±40¥106
versus 742±276¥106 cells/spleen) (Figure 2C).
Histological examination of the spleen sections showed

that the architecture of the parenchyma was destroyed in
aged KO mice but intact in WT mice (Figure 2D). Moreover,
sections of KO spleens revealed a notable prevalence of ery-
throid cells as well as the appearance of multiple megakary-
ocytes, which in comparison were rarely found in WT
spleens (Figure 2D; compare panels b and d to panels a and
c). Hematopoietic differentiation of homogenized spleen
cells showed that, while cells of all myeloid and lymphoid
lineages were present in increased numbers in KO spleens,
a predominant expansion of erythroid and megakaryocytic
cells was apparent (Figure 2E, left graph). As a result, spleens
of aged KO mice displayed a profoundly altered relative
proportion of myeloid (i.e. erythroid, granulocytic and
megakaryocytic) to lymphoid cells (WT ~1:6 versus KO
~1:1), which in the KO had drastically shifted in favor of the
myeloid compartment (Figure 2E, right graph). 
To analyze the frequency of myeloid progenitor cells in

spleens of aged WT and NFATc2-/- mice, colony-formation
assays were performed. The frequencies of granulocytic/
monocytic (CFU-GM/CFU-G/CFU-M), erythroid (BFU-E)
and megakaryocytic (CFU-MK) progenitors were all
markedly higher in the spleens of NFATc2-deficient than in
WT mice (Figure 2F). Increased frequencies of granulocyt-
ic/monocytic and erythroid progenitors were also found in
four out of five livers of aged NFATc2 KO animals (data not
shown). Together, these results demonstrate the presence of
extramedullary hematopoiesis in aged NFATc2-/- mice. As
for the formation of trabeculae in the bone marrow,
extramedullary hematopoiesis was not detected in young
NFATc2-/- mice, suggesting that both phenomena were age-
dependent and accumulated with some variability over the
life span of NFATc2-deficient animals.

Reduced frequency but preserved differentiation poten-
tial of hematopoietic progenitor cells in the bone marrow
of NFATc2-deficient mice
The term “hematopoietic niche” depicts the site of

hematopoiesis in the bone marrow, in which a network of
growth factors and membrane proteins, expressed by both
hematopoietic cells and stromal cells, regulates the self-
renewal of HSC and their differentiation into all
hematopoietic lineages. The fact that the total number of
hematopoietic cells was drastically reduced in the bone
marrow of aged NFATc2-/- mice (Table 1), while intact
hematopoiesis was clearly present in extramedullary organs
(Figure 2), suggested that the bone marrow hematopoietic
niche in NFATc2-/- mice may be disturbed. To further char-
acterize the bone marrow hematopoietic compartment in
these mice, we next analyzed the frequency of hematopoi-
etic progenitors cells as well as their capacity for myeloid
differentiation within their local bone marrow environ-
ment. As assessed by colony-formation assays, the num-
bers of granulocytic/monocytic, erythroid, and megakary-
ocytic precursor cells per femur was significantly lower in
aged NFATc2-/- mice than in WT mice (Figure 3A), so that
the reduction of the hematopoietic progenitor cells in the
KO correlated with the reduction of all myeloid cells in the
bone marrow. On the other hand, the local differentiation

efficacy of the remaining progenitor cells was intact, as the
relative distribution of morphologically more mature cells
of both erythroid and granulocytic lineages was comparable
in bone marrows of WT and NFATc2-/- mice (Figure 3B). 
We confirmed this observation by flow cytometric analy-

sis of erythroid cells, as reported by Asari et al.,19 which can
determine the maturation stage of erythroblasts (Ter119+)
by the loss of CD71 expression. While the total fraction of
Ter119+ erythroblasts within the bone marrow of NFATc2-
deficient mice was reduced, the differentiation of mature
Ter119+ CD71low erythroblasts (ratios of lower right to upper
right quadrants) was maintained and even a trend towards
increased maturation was observed in NFATc2-/- mice
(Figure 3C, upper panel). In contrast, in NFATc2-/- spleens
there was a substantial increase in the total number of ery-
throblasts, as expected, although with a left shift towards
more immature cells (Ter119+ CD71high) (Figure 3C, lower
panel). The latter observation is consistent with massively
stimulated extramedullary erythropoiesis in NFATc2 KO
spleens, and explains the aforementioned reticulocytosis in
the peripheral blood of these mice (Online Supplementary
Figure S1).
NFATc2 is expressed in hematopoietic progenitor cells,

and its expression is maintained throughout megakary-
opoiesis.15,16 We, therefore, set out to determine whether
NFATc2 was necessary for the intrinsic megakaryocytic dif-
ferentiation potential of hematopoietic progenitor cells, and
also extended this question to other NFAT family members.
Of note, activation of NFAT proteins strictly requires post-
translational modification (i.e. dephosphorylation) by cal-
cineurin and can, therefore, be effectively blocked by the
pharmacological calcineurin inhibitors cyclosporine and
tacrolimus (FK506).13 For this purpose, we cultured human
hematopoietic progenitor cells in the presence of throm-
bopoietin to induce their differentiation into megakaryocyt-
ic cells, and analyzed their differentiation efficacy in the
presence or absence of FK506. As shown in Figure 3D, the
continuous presence of FK506 during the culture did not
impair the intrinsic megakaryocytic differentiation efficacy
of the progenitor cells. Together, these results suggest that
the hematopoietic compartment of the NFATc2-/- bone mar-
row is characterized by a reduced frequency of hematopoi-
etic progenitor cells, but that these cells maintain their full
potential to differentiate along erythroid, granulocytic, and
megakaryocytic lineages.  

Lack of NFATc2 leads to increased bone formation 
Within the bone marrow hematopoietic niche, stromal

cells and hematopoietic cells are part of a complex network,
in which both cell types critically influence each other.25 For
example, the production of osteogenic factors by
megakaryocytes in the hypercellular phase of human pri-
mary myelofibrosis induces the proliferation of osteoblasts
and excessive deposition of extracellular matrix, which is
then followed by the hypocellular/fibrotic stage of the dis-
ease with progressive hematopoietic insufficiency. To fur-
ther characterize the stromal abnormalities (i.e.
osteomyelosclerosis and fibrosis) in aged NFATc2-/- mice,
sections of WT and KO femora were first analyzed for the
presence of osteoblasts and osteoclasts. The femoral shaft,
which is usually devoid of trabecular structures (Online
Supplementary Figure S2), of aged NFATc2-deficient mice
contained a highly connected trabecular network.
Numerous osteoblasts (Figure 4A) and osteoclasts (Figure
4B) were found adjacent to the bone surface, indicating the
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presence of active bone remodeling sites. Additionally, plas-
ma levels of pro-collagen type I N-terminal peptide (P1NP)
were increased 2-fold in NFATc2-/- mice, thus, further point-
ing towards an enhanced production of bone tissue (Figure
4C). To further assess the intrinsic differentiation potential
of the bone cells, ex vivo cell cultures were performed.
Osteoblasts derived from NFATc2-deficient mice deposited
more mineralized matrix after 21 days of culture compared
to WT osteoblasts (Figure 4D) and displayed a 2.5-3-fold
higher activity of alkaline phosphatase (data not shown), indi-
cating a higher osteogenic potential. The proliferation rate
of osteoblast progenitor cells was not, however, changed
(data not shown). In contrast, significantly fewer osteoclasts
formed from the bone marrow of NFATc2-deficient mice as
compared to WT mice (192±62 versus 296±60
osteoclasts/well, P<0.05) (Figures 4E). 

Discussion 

NFAT transcription factors are involved in the develop-
ment of several tissues and regulate the differentiation of a
multitude of specialized cells, such as cardiomyocytes and
skeletal cells.14 However, their role in the differentiation of
hematopoietic lineage cells is currently unclear. Our previ-
ous studies showed that members of the NFAT family are

expressed in hematopoietic progenitor cells and are regulat-
ed during myeloid commitment in a lineage-specific man-
ner.15,16 These results prompted us to investigate the role of
NFATc2 in hematopoiesis. 
Here we report that NFATc2-deficient mice older than

12 months acquire anemia, thrombocytopenia, and lym-
phocytosis. The bone marrow of aged NFATc2 KO mice
proved to be hypoplastic and displayed a significant loss
of erythroid, granulocytic, and megakaryocytic lineage
cells. Moreover, NFATc2-deficient mice developed
osteomyelosclerosis and, in some cases, osteomyelofibro-
sis. In parallel, splenomegaly due to extramedullary
hematopoiesis was observed in all aged NFATc2-deficient
mice. 
An apparent cause for the observed peripheral blood ane-

mia and thrombocytopenia was a production defect of
these cells in the bone marrow, which was only partially
compensated for by the extramedullary hematopoiesis in
the spleen and liver. The combination of bone marrow
hypoplasia with reticulocytosis and the presence of intact
hematopoiesis in extramedullary organs strongly argues
against a general defect of hematopoiesis in NFATc2-defi-
cient animals (e.g., by nutrient deficiency or mechanisms
intrinsic to hematopoietic stem cells) but rather points
towards a selective dysregulation of the hematopoiesis
within the local bone marrow microenvironment. The

W. Bauer et al.

1584 haematologica | 2011; 96(11)

Figure 1. Bone marrow
hypoplasia and
osteomyelosclerosis in
aged NFATc2-/- mice. (A)
Femora of young and
aged wild-type (WT) and
NFATc2 knock-out (KO)
mice. Note that femora
of aged KO mice appear
pale compared to WT
bones. (B) Numbers of
bone marrow cells
extracted from young
and old WT and KO femo-
ra. (C) Bone marrow dif-
ferentials. The numbers
of erythroblasts, granulo-
cytic cells, lymphocytes
and megakaryocytes
extracted from aged WT
and KO femora are
shown. Results are pre-
sented as means ± SEM.
*P<0.05; **P<0.01;
***P<0.001. (D)
Hematoxylin-eosin stain-
ing of femoral sections
from an aged WT and KO
mouse pair (a, c: WT; b,d:
KO). Note the highly ossi-
fied bone marrow space
in the KO femur. (E)
Gomori staining of
femoral sections from an
aged WT and KO mouse
pair (a, c: WT; b,d: KO).
Note the presence of
reticular fibers only in the
KO bone marrow.
Magnification, a,b: 100x;
inserts c,d: 400x.  
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detection of extramedullary, left-shifted erythropoiesis in
the spleens of NFATc2-deficient mice also explained the (at
first sight contradictory) reticulocytosis in the blood of the
mice, as erythropoietic precursor cells are prematurely
released from the spleen into the periphery.
We further specified the functional defect in the NFATc2-

deficient bone marrow and first focused on the hematopoi-
etic part. Hematopoiesis in the bone marrow is dependent
on the capability of hematopoietic progenitor cells to self-
renew and differentiate into various myeloid lineages, and
both functions are critically influenced by adjacent stromal
cells (e.g. osteoblasts and mesenchymal stem cells). Of note,
NFATc2 is expressed by both hematopoietic stem cells and
stromal cells.15,26,27 and thus both direct and indirect mecha-
nisms have to be considered as causes for the hematopoiet-
ic insufficiency in the bone marrow of NFATc2-deficient
animals. Our results suggest that NFATc2 is neither directly
nor indirectly involved in the myeloid differentiation of
hematopoietic progenitor cells, as the capacity for erythroid
and granulocytic differentiation of these cells was main-
tained in the absence of NFATc2, both within the local bone
marrow environment and in extramedullary organs.
Furthermore, NFAT activation was not required for
megakaryocytic differentiation in ex vivo cultures of normal

progenitors. These results are supported by those of a
recent study by Gallo et al., in which bone marrow transfer
experiments showed that the development of lymphocytes,
but not the differentiation of cells of various myeloid line-
ages, is dependent on the activation of NFAT signaling by
the calcineurin subunit B1.28
On the other hand, we found that the total number of

hematopoietic progenitor cells in the femora of aged
NFATc2 KO mice was reduced. At the same time, these
mice consistently exhibited ossification of their bone mar-
row (osteomyelosclerosis), although to a variable degree.
Notably, the extent of osteomyelosclerosis correlated with
the severity of hematologic defects and the extent of
extramedullary hematopoiesis. Therefore, dysregulation of
the stroma might represent the primary cause for the
reduced frequency of hematopoietic progenitor cells in the
bone marrow of NFATc2 KO mice. The precise mechanism
remains unclear: simple “outspacing” by excessive deposi-
tion of extracellular material (bone, fibers) is one possibility;
interference with chemotaxis or adhesion of hematopoietic
progenitors to the stroma are conceivable alternatives. 
Within the bone marrow hematopoietic niche,

hematopoietic and stroma cells influence each other, in that
dysfunction of hematopoietic cells (i.e. aberrant production
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Figure 2.
Splenomegaly and
e x t r am e d u l l a r y
hematopoiesis in
the spleen of
NFATc2-/- mice. (A)
Splenomegaly in an
exemplary KO
mouse with ossified
bone marrow. (B)
The spleens of KO
mice were twice as
heavy as those of
WT mice. Data are
presented as mean
± SEM. N = 6.
*P<0.05. (C) The
number of spleno-
cytes was increased
in KO mice. Data are
presented as mean
± SEM. N = 6. (D)
Exemplary hema-
toxylin-eosin stained
sections of the
spleen of WT and
KO mice. The nor-
mal architecture of
the parenchyma (a)
is destroyed in
NFATc2-/- mice (b).
Magnification: 100x.
(c, d) closer magnifi-
cation (400x) of (a,
b). Note the pres-
ence of megakary-
ocytes (arrows). 

(E) Differential of spleen cells. Cells of the erythroid, granulocytic,
lymphocytic, and megakaryocytic lineages were increased in
aged KO mice, whereas the percent increase of erythrocytes and
granulocytes was greater than that of lymphocytes (pie chart).
Results are given as mean ± SEM. N = 6. (F) Number of
hematopoietic colonies (CFU-G, CFU-M, CFU-GM, BFU-E, CFU-MK)
derived from 1x105 cells of the spleen. Three mouse pairs were
analyzed. Results are given as mean ± SEM.
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of cytokines) may cause stromal abnormalities, and vice
versa. For example, human primary myelofibrosis (WHO
2008) is a chronic myeloproliferative disease in which
hematopoietic insufficiency of the bone marrow is accom-
panied by the presence of bone marrow fibrosis/sclerosis
and extramedullary hematopoiesis. Primary myelofibrosis
is a clonal disorder of hematopoietic stem cells, which can
be experimentally transmitted and cured by allogeneic stem
cell transplantation.29-31 About 50 % of patients with pri-
mary myelofibrosis carry a mutation of the JAK2 gene,
which confers cytokine-independent proliferation and
expansion of the hematopoietic clone. In turn, cytokines
and growth factors produced by these cells (including
osteoprotegerin,32,33 transforming growth factor-b,34,35 and
platelet-derived growth factor36) alter the bone marrow
microenvironment in such a way that large deposits of
fibrous and osseous tissue are formed. 
The central role of hematopoietic cells in stromal

homeostasis is also supported by a number of transgenic
mouse models. For example, mice that over-express the

megakaryocytic growth factor thrombopoietin,37 or mice
that express low levels of the megakaryocytic transcrip-
tion factor GATA-1,38 develop a primary myelofibrosis-like
phenotype and, like NFAT2-deficient mice, do not display
any gross abnormalities below the age of 12 months. As in
human primary myelofibrosis, the genetic defect of these
mice points towards a hematopoietic cell (especially the
megakaryocyte) as the origin of the stromal abnormalities. 
Our ex vivo experiments with NFATc2-deficient

osteoblasts and osteoclasts suggest the presence of a cell-
intrinsic stromal defect in these mice, in which the differen-
tiation of both bone cell types is altered, with osteoblastic
differentiation or function being enhanced and osteoclastic
functions being suppressed. The in vivo consequence of this
observation is unclear; the presence of multiple osteoblasts
and osteoclasts at the sites of aberrant bone production
(bone marrow trabeculae) may indicate a disturbed balance
of bone remodeling. Whether alterations in the stromal
compartment in NFAT2-deficient mice cause the
hematopoietic abnormalities, or vice versa, is presently
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Figure 3. Reduced number but maintained differentiation capacity of NFATc2-deficient bone marrow hematopoietic progenitor cells. (A)
Colony-forming assays (CFU-G, CFU-M, CFU-GM, BFU-E, CFU-MK) of aged wild-type (WT) and knock-out (KO) mice. The number of colonies per
femur of three WT and KO mouse pairs are shown. Results are expressed as means ± SEM. (B) Exemplary distribution of maturation stages
of erythroid and granulocytic cells in the bone marrow of aged WT and KO mice, according to morphological criteria. E1, proerythroblasts;
E2, basophilic erythroblasts; E3/4, polychromatic and  orthochromatic erythroblasts; M1, myeloblasts and promyelocytes; M2, myelocytes
and metamyelocytes; M3/4, bands and segmented granulocytes. (C) Flow cytometric analysis of erythroblast maturation stages in the bone
marrow (BM) and spleen of aged WT and KO mice. Upper right quadrant (Ter119+ CD71high): basophilic erythroblasts; lower right quadrant
(Ter119+ CD71low): polychromatic and orthochromatic erythroblasts (E3/4) and reticulocytes. (D) Megakaryocytic differentiation was induced
from CD34+ hematopoietic progenitor cells in the presence or absence of FK506. At different time-points, the expression of megakaryocyte-
specific surface markers was analyzed. Results are represented as mean fluorescence intensities (MFI) ± SEM from three individual exper-
iments. 

A

C

D

B
250000

200000

150000

100000

50000

0

300

250

200

150

100

50

0

200

150

100

50

0

22000
20000
18000
16000
14000
12000
10000
8000
6000
4000
2000

0

450

400

350

300

250

200

150

100

50

0

100

50

20

10

0

Co
lo
ni
es
 p
er
 fe
m
ur

CF
U-
GM

/C
FU
-G
/C
FU
-M

Co
lo
ni
es
 p
er
 fe
m
ur

BF
U-
E

Co
lo
ni
es
 p
er
 fe
m
ur

CF
U-
M
K

M
ea
n 
pe
rc
en
ta
ge
 o
f m

at
ur
at
io
n 
st
ag
es
 [%

]

Granulopoiesis:
CFU-GM/CFU-G/CFU-M

WT

WT KO WT KO

WT KO

WT KO WT KO
E1 1.2% 0.8%
E2 13.0% 8.5%
E3/4 85.8% 90.7%

M1 6.6% 5.5%
M2 17.1% 14.5%
M3/4 76.3% 80.0%

WT KO

WT KO

CD
71

ter119

100 101 102 103 104

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

100 101 102 103 104

0 2 4 6 8 10 12 14 16
day

0 2 4 6 8 10 12 14 16
day

TPO
FK506

Erythropoiesis Granulopoiesis

M
FI
 C
D6
1+

M
FI
 C
D2
4b

+

100 101 102 103 104

BM

Spleen

KO

Erythropoiesis:
BFU-E

Megakaryopoiesis
CFU-MK



unclear. Reciprocal transplantation chimera experiments, in
which purified NFATc2-deficient HSC are transplanted into
lethally irradiated wild-type recipients, and vice versa, as
well as ex vivo co-culture experiments with NFATc2-defi-
cient stromal and hematopoietic cells, will help to define
the respective contribution of hematopoietic and stromal
cells for the observed phenotype in these mice.
Our results are in accordance with those of the study by

Ikeda et al., which showed that mice over-expressing
NFATc2 in osteoclasts develop an osteopenic phenotype.39
They are in seeming contrast to those reported by Koga et
al., who did not observe increased bone formation in the
absence of NFATc2; however, those mice were young and
had a different genetic background.27 The in vivo role of
NFAT in bone remodeling is complex, because the contribu-
tion of different NFAT family members, the function of
osteoblasts and osteoclasts, as well as indirect effects of

hematopoietic cells have to be considered. 
In conclusion, our data suggest that NFATc2 may play a

role in the maintenance of steady-state hematopoiesis and
bone remodeling in adult organisms. Further experiments
will be necessary to elucidate the exact mechanism and will
help to define the role of NFATc2 within the bone marrow
hematopoietic niche.
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Figure 4. NFATc2-deficiency leads to an intrinsic bone defect that favors bone formation. (A) Bone marrow section of the femoral shaft of
an aged NFATc2-/- mouse stained with Giemsa. Note the presence of multiple osteoblasts along the trabeculae (arrows). Magnification: 200x.
(B) Bone marrow section of the femoral shaft of an aged NFATc2-/- mouse stained for tartrate-resistant acid phosphatase (TRAP). Note the
abundant presence of osteoclasts (stained in pink, arrows). Magnification: 200x. (C) Plasma levels of the bone formation marker P1NP were
analyzed in aged wild-type and NFATc2-/- mice using an ELISA. N=10. (D) Alizarin red S staining of osteoblast cultures (day 21) derived from
wild-type (WT) or NFATc2 knock-out (KO) bone marrow stromal cells. Data are represented as means ± SEM. N = 5. **P<0.01. (E) Generation
of TRAP-positive osteoclasts from WT and KO mice. Magnification: 100x. (F) Quantification of osteoclasts shown in (E). TRAP-positive, multi -
nucleated cells were counted as osteoclasts. Results are expressed as means ± SEM of four mouse pairs. *P<0.05.
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