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Post natal bone repair elicits a regenerative mechanism that restores the injured tissue to its pre-injury
cellular composition and structure and is believed to recapitulate the embryological processes of bone
formation. Prior studies showed that Nanog, a central epigenetic regulator associated with the mainte-
nance of embryonic stem cells (ESC) was transiently expressed during fracture healing, Bais et al. [1].
In this study, we show that murine bone marrow stromal cells (MSCs) before they are induced to undergo
osteogenic differentiation express ~50x the background levels of Nanog seen in murine embryonic fibro-
blasts (MEFs) and the W20-17 murine marrow stromal cell line stably expresses Nanog at ~80x the MEF
levels. Nanog expression in this cell line was inhibited by BMP7 treatment and Nanog lentivrial ShRNA
knockdown induced the expression of the terminal osteogenic gene osteocalcin. Lentivrial ShRNA knock-
down or lentiviral overexpression of Nanog in bone MSCs had inverse effects on proliferation, with
knockdown decreasing and overexpression increasing MSC cell proliferation. Surgical marrow ablation
of mouse tibia by medullary reaming led to a ~3-fold increase in Nanog that preceded osteogenic differ-
entiation during intramembranous bone formation. Lentiviral ShRNA knockdown of Nanog after surgical
ablation led to an initial overexpression of osteogenic gene expression with no initial effect on bone for-
mation but during subsequent remodeling of the newly formed bone a ~50% decrease was seen in the
expression of terminal osteogenic gene expression and a ~50% loss in trabecular bone mass. This loss
of bone mass was accompanied by an increased ~2- to 5-fold adipogenic gene expression and observed
increase of fat cells in the marrow space. In summary these data show that Nanog is expressed during
surgically induced marrow bone formation and is functionally involved in post natal marrow stromal cell
maintenance and differentiation.
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1. Introduction

The homeotic gene Nanog is a key mediator of embryonic stem
cell (ESC) maintenance [2,3]. BMP in combination with LIF has been
shown to maintain ESCs in an undifferentiated state, which is
achieved by BMP’s up regulation of ID that blocks neural tissue dif-
ferentiation, while LIF through the up regulation of Nanog blocks
mesodermal/endodermal differentiation [4]. In subsequent studies
Nanog’s functions were further elucidated and shown to block
BMP induced mesodermal differentiation of ESC, by interacting with
Smad1 thereby interfering with its interaction with other activating
Smads [5]. Thus Nanog acts like a rheostat to modulate BMP activi-
ties and the initial fate decisions of the ESC. While the global deletion
of Nanog causes early embryonic lethality, conditional deletion after
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the blastocyst stage only affects spermatogenesis [4]. While Nanog
has not been shown to have any functions in the post natal animals,
a handful of studies have demonstrated that Nanog is expressed in
various populations of mulitpotential post natal mesenchymal stem
cells [6-10].

In previous studies [ 1], we identified that Nanog was upregulated
during fracture healing. This observation led us to hypothesize that
Nanog might play a functional role in the maintenance of skeletal
stems populations during periods of post natal bone regeneration.
Based on this circumstantial evidence, we examined the functional
role of Nanog in post natal skeletal stem cell populations.

2. Materials and methods
2.1. Materials
W20-17 murine marrow stromal cells were from ATCC (CRL-

2623™) and they were cultured as previously described [11].
Expression plasmids for Nanog, and Nanog promoter were from
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Addgene, Cambridge, MA, USA (plasmid 18920 and 16337). All len-
tivirus based shRNA DNA clones and packaging cell lines that were
used for making the viral transduction particles were from Sigma-
Aldrich Inc., St. Louis, MO, USA.

2.2. Surgical models

Research was conducted in conformity with Federal and USDA
guidelines, under an IACUC approved protocol. All studies were
performed on male 8-10 weeks old C57 BL/6] (B6) mice. Surgical
marrow ablation was carried out by reaming of the marrow space
as described in Gerstenfeld et al. [12].

2.3. MSC culture and osteoinduction

Marrow stromal cell cultures were prepared from C57 BL/6]
(B6) male mice of 8-10 weeks of age (Jackson Laboratories, Bar
Harbor, ME) and osteoinduction was carried out as previously de-
scribed [13].

2.4. Micro computer assisted tomography (uCT)

Specimens were scanned at 16 pm resolution using a Scanco
LUCT 40 system (Scanco Medical, Basserdorf, Switzerland) using a
region of interest (ROI) as defined in studies by Bais et al. [13]. To-
tal Bone volume and average mineral density were each compared
across groups using a Kruskal-Wallis test (analysis of variance by
ranks) [14].

2.5. Demineralized histology

For histological assessment, the tibiae were fixed, decalcified
and sectioned as previously described [13]. Serial sections were
generated and slides were taken every 100 puM. Slides were stained
with either hematoxylin and eosin or Goldener Trichrome.

2.6. Lentivirus preparation and particle transduction

All work with lentiviruses was performed under BL2 conditions.
All procedures for viral preparation and transduction of either pri-
mary MSC or after surgical marrow ablation transduction were as
previously described [13].

2.7. Murine embryonic fibroblast cultures

MEFs were obtained using standard culture methods [15] for
their isolation and expansion, from E13.5 mouse embryos (Charles
River; strain #023; CF-1). All results shown are from passage 5
MEFs.

2.8. Messenger RNA analysis

Marrow ablation specimens were prepared by removing the
distal cartilage condylar surfaces of the operated tibia and cutting
approximately at the center of the mid-diaphyseal region. All bone
tissues were collected into liquid nitrogen and stored at —80 °C un-
til used for RNA extraction. RNA was prepared from both cell cul-
tures and from bone tissues and qRT-PCR was carried out as
previous described [13].
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Fig. 1. Characterization of Nanog expression in bone marrow stromal cells. (A) The relative mRNA expression in adherent mouse marrow stromal cells isolated one day after
plating in tissue culture, 6 days after plating but before switching to osteoinductive media and at 21 days in culture (15 days in osteoinductive media) when they are fully
differentiated. (B) Comparison of undifferentiated marrow stromal cells (MSCs) to W20-17 marrow stromal cell line. Levels are expressed relative to murine embryonic
fibroblasts that have been used as a null expressing reference to which ESC are compared. (C) Evaluation of relative 2.5 Kb Nanog promoter activities in MEFs and W20-17 cell
line. (D) BMP-7 down regulation of Nanog promoter activity with exogenous addition of BMP7 protein at 10, 100 and 300 ng concentration compared to control in W20-17
cell line. (E) Effect of lentiviral Nanog shRNA particle transduction on endogenous Nanog mRNA within W20-17 cells. (F) Functional effect of Nanog shRNA mediated
knockdown on Osteocalcin mRNA expression. NT = transduced with non target virus. Error bars represent standard deviation from replicate measurements from three

experiments.
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3. Results

3.1. Nanog has a functional role in the maintenance of the
undifferentiated state of marrow stromal cells

Nanog levels were assessed in the total population of cells that
were initially flushed from the marrow space, at 6 days after plat-
ing when all the non adherent cells were removed but before
osteoinductive media had been added to the cultures, and at the
end of culture period when the cells have undergone full osteo-
genic differentiation. Nanog expression was increased ~10-fold
during the period when the cells first attached and expanded in
culture and this peak level of expression was about 20-fold that
seen after the cultures have undergone full osteogenic differentia-
tion. A comparison of Nanog mRNA expression found in primary
bone marrow stromal cells was made to the bone marrow stromal
cell line (W20-17) that had previously been used to assess BMP2
function in promoting osteogenic differentiation. The W20-17
marrow cell line showed ~1.5-fold higher levels of Nanog expres-
sion than seen than in MSCs and ~85-fold higher levels compared
to the background levels seen in null expressing MEFs [15]. Using a
2.5 Kb Nanog promoter/luceriferase construct, we verified that the
increased steady state mRNA levels of Nanog were reflective of in-
creased transcriptional activity (Fig. 1B). Since one of the known
mechanisms of action of Nanog in controlling the mesodermal/
endodermal differentiation of ESCs is through blocking BMP inter-
action with its target genes, we next tested whether increasing
concentrations of BMP would lead to inhibition of the Nanog pro-
moter activity in the W20-17 cells (Fig. 1C). True to its known
mechanisms of regulation in ESCs, addition of increasing levels of
BMP down regulated Nanog promoter activity by more than 60%
in the W20-17 cells. In the final experiment of this series, we tested
whether knock down of Nanog expression with lentivirus shNanog
particles in W20-17 would mimic the actions of BMP by relieving
its repression of osteocalcin, a gene known to be induced by BMP
during osteogenic differentiation of MSC. This experiment lead to
~6-fold increase in the level of expression of this terminal osteo-
genic marker compared to non target shRNA transduced cells
(Fig. 1D).

3.2. Assessment of Nanog function on the proliferation in primary
marrow stromal cells

While Nanog is primarily involved in the maintenance of pluri-
potency in ESCs [16], it also affects the overall proliferative capac-
ity when it is overexpressed in other cell type [3,17]. In order to
assess if it has a similar effect in MSCs, we assessed the effect of
overexpression and knockdown of Nanog in primary cultures of
MSCs (Fig. 2). Transduction of lentivirus Nanog shRNA particles
inhibited the proliferation of MSCs by 35% and 28.2% on day 14
and 21, respectively. In contrast to the knockdown studies, Nanog
overexpression increased the proliferation by 16%, 33%, and 24% on
days 10, 14 and 21, respectively. Thus, the loss of Nanog reduced
the overall cell number that grew out from the subpopulation of
adherent MSCs, whereas ectopic overexpression increased cell
number of these primary cells.

3.3. In vivo assessment of Nanog function in marrow stromal stem cells
during induced bone formation after surgical bone marrow ablation

While our previous studies had shown that fracture would in-
duce the expression of Nanog, we wanted to assess if a different
model of injury induced bone regeneration (surgical marrow abla-
tion by reaming) would show a similar inductive effect. Unlike
fracture healing this model only undergoes a process of intramem-
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Fig. 2. Effect of Nanog knockdown and overexpression on bone marrow stromal cell
proliferation (top panel). Effect of Nanog shRNA and Nanog OE lentiviral particles
transduction on proliferation. The temporal effect of nanog overexpression on cell
proliferation was assessed by MTT assay. Horizontal line indicates control level.
Mean values are measurements made from three separate preparations of cells.
(bottom panel) Effect of lentivirus shRNA or Nanog OE particle transduction on
expression of Nanog mRNA expression on days 10, 14 and 21. Error bars represent
standard deviation from replicate measurements from three experiments. p-Value
reflects the comparison of different treatment groups calculated by t-test and
denoted as *p <0.05. NT = transduced with non target virus. shRNA = lentivirus
shRNA to Nanog. OE = overexpression lentivirus for Nanog. NT = non target lentiv-
iral vector. Separate NT viral constructs were used for the shRNA and OE
experiments so that the backbone vector that was used for each control was
different between experimental groups.

branous bone formation devoid of a cartilage phase. The cells that
contribute to bone healing in this model would also presumably be
similar to the population of MSCs that are grown out in the pri-
mary cultures of adherent marrow cells. The histological events
of the regenerative process are seen in Fig. 3A. After 5 days the re-
amed space fills with an extensive amount of fibrous tissue and by
7 days these fibrous cells condense and almost completely fill the
medullary space with newly formed trabecular bone. Over the next
2 weeks this tissue is extensively remodeled and reestablishes its
hematopoietic and myolid tissues. Molecular analysis (Fig. 3B)
showed that Nanog expression was strongly induced at 5 days post
surgery preceding Runx2 and Osteocalcin expression at 7 days. As-
say of the RankL and TRAP5b expression showed that the expres-
sion of RANKL comes up slightly earlier than OC and Runx2
consistent with its known expression during very early osteogenic
differentiation. This was followed by a broad period of expression
that both preceded and then overlapped with the induction of
TRAP5b which peaks at day 14 consistent with the period of cou-
pled remodeling. Thus, in this model Nanog shows an early induc-
tion at the time of the first wave of proliferative expansion and
regeneration of the stem cell population that is used during the ini-
tial round of induced bone formation. While Nanog levels dimin-
ishes over the time they continue to be slightly elevated from
their baseline level as bone remodeling continues.

3.4. Loss of Nanog expression leads to diminished bone formation
during coupled remodeling and increased adipogenesis

The role of Nanog in osteogenic differentiation in vivo was as-
sessed by introducing lentiviral particles expressing Nanog shRNAs
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Fig. 3. Time course of Nanog expression during bone regeneration after surgical marrow ablation. (A) Histological assessment of endosteal bone formation in response to
surgical marrow ablation on days 5, 7, 14 and 21. All images are orientated with the proximal end of the bone at the top. (B) Steady state mRNA expression of Nanog, Runx2,
Osteocalcin, RankL and TRAP over a 21 day time course of primary bone formation and coupled remodeling following surgical bone marrow ablation. Error bars represent

standard deviation from replicates measurements from three different mice.

into the marrow space at the time of surgery (Fig. 4A and B). Micro-
CT analysis of newly formed bone tissue showed robust osteogen-
esis in non targeted virus group, whereas in the group injected
with shNanog lentivirus particles, osteogenesis was impaired.
The quantitation of bone formation is shown in Fig. 4A whereas
3D reconstruction is shown in Fig. 4B. On day 7, there was a
~10% decrease in trabecular bone that was formed relative to
non-targeted shRNA group; whereas by day 21, there is a ~60%
(p =0.003) reduction in trabecular bone formed in the Nanog len-
tiviral shRNA treated group. Histological analysis of the tissue at
seven and 21 days post surgery confirmed the microCT results
(Fig. 4C) showing dense sclerotic bone in the shRNA treated sam-
ples compared to the controls at day seven but a marked decrease
in trabecular bone being observed at day 21. Interestingly the day
21 histological analysis of the shRNA treated tissues showed exten-
sive adipocyte formation replacing the bone compared to the con-
trol NT samples (Fig. 4C) suggesting that loss of Nanog in MSCs
lead to increase in adipogenic differentiation.

The final evaluation examined the underlying effect of inhibition
of Nanog on the mRNA expression of a set of genes related to control
of MSC differentiation (Fig. 4D). The efficacy of the Nanog shRNA len-
tiviral knockdown was first evaluated by examining Nanog expres-
sion on days 7 and 21. These results showed that there was ~60% to
~70% knock down of Nanog relative to nontargeted shRNA group at
both time points. A series of transcription factor regulators of osteo-
genic MSC differentiation (smad1, Sox9, Osterix, DIx5 and Runx2)
and terminal osteoblast function (OC) were next examined. At day
7 all of these factors were upregulated ~2-fold while OC levels were
minimally reduced. By 21 days post injection, Smad 1, DIx5, Runx2
and Osteocalcin levels were all reduced from 40 to 60% consistent
with micro-CT and histology data. Interestingly Sox9 (5-fold) and
Osterix (2.5-fold) expression were up regulated relative to non tar-
get ShRNA group. The key mediators of adipogenesis such as adipsin
and PPAR gamma are also increased by 4.5 and 2-fold, respectively in

Nanog shRNA group compared to non-target shRNA also consistent
to the observation that down regulation of Nanog leads to increase in
the observed adipogenesis.

4. Discussion

Our results are consistent with prior studies showing that MSCs
prepared from various species and multiple tissue including cardiac
tissues, adipose tissues, dermis, and the bone marrow all express Na-
nog [6-10,18-20]. Consistent with the known mechanisms of how
Nanog functions in ESCs our data showed that Nanog expression
was down regulated as MSCs undergo differentiation and that
knockdown of Nanog expression alone could induce osteogenic gene
expression in the absence of BMP treatment. In this context, these
results are functionally similar to Nanog’s regulatory response to
BMP signaling during mesodermal cell layer differentiation during
embryogenesis [5]. We also show that Nanog regulates the prolifer-
ation of MSCs with the knockdown of Nanog decreasing the prolifer-
ation of bone MSCs while overexpression induced increased
proliferation, similar to results that have shown that Nanog contrib-
utes to maintaining embryonic stem cell self renewal [3,16,17,20]. A
possible explanation for the modest effects of altering Nanog
expression on proliferation in the primary bone MSC cultures, is that
the cultures are heterogeneous and contain a number of different
cells types that give rise to both hematopoietic and mesenchymal
(stromal) cellular lineages.

The most striking results from our study came from the knock-
down down of Nanog expression during bone regeneration induced
by surgical marrow ablation. While the knockdown of Nanog
expression initially appeared to promote more osteogenic differen-
tiation, during the subsequent periods of remodeling there was a
loss of bone and an increase in adipose tissues. We interpret these
results to suggest that the knockdown of Nanog lead to increased
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Fig. 4. Functional effect of Nanog shRNA knockdown on bone regeneration following
surgical bone marrow ablation. (A) Graphical assessment of percent bone tissue
volume (BV/TV) as determined from quantitative pCT analysis MicroCT. (B) Represen-
tative LCT 3D renderings of bone formation from control mice and mice injected with
NT and Nanog shRNA lentiviral particles are shown in the bottom panels. All images are
orientated with the proximal end of the bone at the top and are from 7 to 21 days after
the time of surgery. The comparisons for all pairs using one way ANOVA showed
statistical significant difference in mean in shNanog group. p < 0001 Denoted as ***
showing significant differences in each group (n = 10/ group). (C) Histological analysis
of bone formation in response to surgical marrow ablation in NT shRNA and Nanog
shRNA injected group on day 7 and day 21. Sections were cut in longitudinal
orientations and selected sections from the central region of the bone are presented in
the space occupied by the regenerating marrow. Sections were stained with Goldners
trichome stain. (D) Effect of nanog shRNA lentiviral treatment on the expression of
various genes involved in regenerative response in skeletal and adipose tissue lineages
within marrow tissues formed after surgical ablation. Effect of nanog shRNA treatment
relative to NT shRNA on expression of genes involved in skeletal lineage shown in panel
on left and major genes involved in adipogenesis are shown in right panel. Levels of
expression are relative to unoperated control tibia bones. Error bars represent standard
deviation from replicates measurements from pooled three experiments.

numbers of MSCs cells that are initially committed to terminally dif-
ferentiate, but as the bone starts to remodel there was a deficiency in
the numbers of stem cells that had self renewed and are able to com-
mit to the next round of osteogenesis accompanying remodeling.
While adipocytes and osteoblasts are believed to be derived from a
common stem cell [21], the increased numbers of adipocytes that
were observed in the mice in which Nanog was knocked down sug-
gest that Nanog may have differing effects on the stem maintenance
of osteogenic progenitors over those that give rise to apidogenic
cells. In this context, several separate studies suggest that Nanog
may have a specific function in MSC differentiation associated with
the development of skeletogenic cells compared to adipogenic cells.
In studies of by Katsara et al. [22], Nanog was shown to decrease in
expression during adipogenesis much more significantly that than
during osteogenesis. In other studies, long-term culturing of mouse
bone MSCs was shown lead to the loss of their potential to differen-
tiate into osteocytes or chondrocytes while the cells retained their
ability to differentiate into adipocytes [23]. In a review to the MSC
literature, Sethe et al. [24], reported that in almost all the studies
of MSCs independent of species or origin tended to lose their osteo-
genic potential with age while their adipogenic potential was found
to either remain unaltered or to increase with age. Finally studies of
Lui et al. [20], showed that the overexpression of Nanog in MSCs lead
to increased proliferative capacity but decreased the potential of the
cells to undergo adipogenic differentiation.

While the conditional deletion of Nanog in post natal mice
showed no overt phenotype except for deficient spermatogenesis
[4], our studies provide the first demonstration that Nanog might
play a role in post-natal skeletal tissue regeneration in response
to injury. Although our data appear to be contrary to these prior
findings, these previous studies had not examined Nanog function
in either an aging context or in animals in which large numbers of
stem cells would be mobilized such as happens after repair. In this
context, some studies have shown that fracture healing potential
decreases with age [25-27] although whether this is consequence
of deficient numbers of stem cells [25] or other factors such as defi-
cient vascularization [26] or increased resorption relative to forma-
tion [27] has not been fully resolved.
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