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Notch-Wnt signal crosstalk regulates proliferation and
differentiation of osteoprogenitor cells during
intramembranous bone healing
S. Lee1,2, L. H. Remark1, A. M. Josephson1, K. Leclerc1, E. Muiños Lopez1, D. J. Kirby1, Devan Mehta1, H. P. Litwa1, M. Z. Wong1,
S. Y. Shin1 and P. Leucht 1,3✉

Adult bone regeneration is orchestrated by the precise actions of osteoprogenitor cells (OPCs). However, the mechanisms by which
OPC proliferation and differentiation are linked and thereby regulated are yet to be defined. Here, we present evidence that during
intramembranous bone formation OPC proliferation is controlled by Notch signaling, while differentiation is initiated by activation
of canonical Wnt signaling. The temporospatial separation of Notch and Wnt signal activation during the early stages of bone
regeneration suggests crosstalk between the two pathways. In vitro and in vivo manipulation of the two essential pathways
demonstrate that Wnt activation leads to initiation of osteogenic differentiation and at the same time inhibits Notch signaling,
which results in termination of the proliferative phase. Here, we establish canonical Wnt signaling as a key regulator that facilitates
the crosstalk between OPC proliferation and differentiation during intramembranous, primary bone healing.
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INTRODUCTION
Injuries to the musculoskeletal system are the most common
cause for disability. While the majority of fractures heal without
sequelae, about 5% of fractures result in non-union, which
subjects patients to pain, prolonged immobility, and revision
surgery1. To this point, there is no biological adjuvant for fracture
non-unions that reliably promotes fracture healing, alone or in
combination with revision surgery.
The burgeoning field of stem cell biology is an unambiguous

indicator of society’s interest in the regenerative potential of the
human body and new evidence reveals that stem cells derived
from adult tissues have the capacity to differentiate into a
multitude of cell types2. This regenerative potential of adult stem
cells suggest that these cells may be used in the future to fulfill the
mounting needs of patients with degenerative disease and
traumatic tissue loss. There are, however, significant gaps in our
understanding of stem cell biology that impede their widespread
use in treating skeletal conditions. For example, signaling path-
ways that control proliferation and differentiation have been
identified, but we are still in the early stages of understanding the
fine-tuned interplay between these individual pathways. During
skeletal repair this switch from proliferation to differentiation is
especially critical since the total number of available skeletal stem
and progenitor cells is fairly small (0.3% of all bone marrow cells3,4

in relation to the often-encountered size of the bony defect. Thus,
proliferation represents the mechanism by which the injury side is
provided with a sufficient number of osteogenic or chondrogenic
cells that will ultimately result in bone formation and restoration
of limb function.
Notch signaling is an evolutionarily conserved signaling path-

way in the development of multicellular organisms. Its temporal-
spatial expression specifies diverse cellular events including
proliferation, differentiation, apoptosis, stem cell self-renewal,
and binary cell-fate specification5,6. There are four Notch receptors

(Notch 1–4) and multiple ligands (Jagged1–2, DLL1,3,4). Notch
signaling requires cell-cell contact between the ligand and the
receptor, which in turn results in activation of the Notch
intracellular domain (NCID), a transcription complex that traffics
into the nucleus. Downstream targets include Hes-1and 5 (Hairy
Enhancer of Split), Hey 1 and 2 (Hairy/enhancer-of-split related
with YRPW motif protein)7,8. Recent studies have identified an
important role of Notch signaling during skeletal development
and bone homeostasis (reviewed in refs. 9–12), however little is
known about the role of Notch signaling in skeletal regeneration
and its potential integration and interaction with other pathways,
such as the Wnt signaling pathway during this process.
Wnts act as long-range, concentration-dependent morphogens

that bind to cell surface receptors encoded by the Frizzled and low-
density lipoprotein receptor related proteins (Lrp). Once bound,
Wnt ligands initiate a cascade of intracellular events that eventually
lead to the transcription of target genes through the nuclear
activity of beta-catenin and the DNA binding protein TCF (reviewed
in refs. 13–15). Wnts are involved in a wide variety of cellular
decisions associated with the program of osteogenesis16–18. For
example, Wnts regulate the expression level of sox919, which
influences the commitment of mesenchymal progenitor cells to a
skeletogenic fate20,21. In adult animals there is abundant evidence
that Wnt signaling regulates bone mass (reviewed in ref. 22). For
example, mutations in the human Wnt co-receptor LRP5 are
associated with several high bone mass syndromes including
osteopetrosis type I, and endosteal hyperostosis or autosomal
dominant osteosclerosis, as well as a low bone mass disease,
osteoporosis-pseudoglioma23–25.
Youngstrom et al. postulate that there is a temporospatial fate

switch that occurs during the continuum of bone regeneration26,
however, what regulates this molecular switch is still unknown. We
aimed to fill this knowledge gap by investigating how the two
pathways, Notch and Wnt signaling, cooperatively orchestrate

1Department of Orthopaedic Surgery, NYU Robert I. Grossman School of Medicine, New York, NY, USA. 2Institute of Comparative Molecular Endocrinology, Ulm University, Ulm,
Germany. 3Department of Cell Biology, NYU Robert I. Grossman School of Medicine, New York, NY, USA. ✉email: Philipp.leucht@nyulangone.org

www.nature.com/npjregenmed

Published in partnership with the Australian Regenerative Medicine Institute

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41536-021-00139-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41536-021-00139-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41536-021-00139-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41536-021-00139-x&domain=pdf
http://orcid.org/0000-0002-8409-8513
http://orcid.org/0000-0002-8409-8513
http://orcid.org/0000-0002-8409-8513
http://orcid.org/0000-0002-8409-8513
http://orcid.org/0000-0002-8409-8513
https://doi.org/10.1038/s41536-021-00139-x
mailto:Philipp.leucht@nyulangone.org
www.nature.com/npjregenmed


early osteoprogenitor cell proliferation and differentiation during
intramembranous bone healing. While much effort has been
exerted into identifying the effect of a singular growth factor on
bone regeneration, our research seeks to characterize the well-
coordinated interplay between two pathways to further develop
biologic therapeutics that mimic the physiology of bone
regeneration.
Here, we dissect the temporal and spatial role of Notch and Wnt

signaling during intramembranous bone formation, and by using
molecular pathway manipulation, we identify an interaction
between the two pathways resulting in a programmatic switch
from proliferation to differentiation.

RESULTS
Temporal separation of proliferation and differentiation
during bone regeneration
On a cellular level intramembranous bone healing is characterized
by an early proliferate phase (Fig. 1a–c, g), which is followed by a
wave of differentiation that leads to bony callus formation and
ultimately healing of the fracture with restoration of mechanical
integrity (Fig. 1d–f, h). During the early proliferative phase
(through postoperative day 7), bone-cartilage-stromal-progenitor
cell (BCSP)27–29 number increases until differentiation ensues, at

which point the number of BCSPs within the regenerate returns to
baseline (Fig. 1i and Supplementary Fig. 1). Here, we set out to
uncover the molecular switch that regulates proliferation and
differentiation during intramembranous bone healing.

Notch signaling is active during intramembranous bone
healing, followed by activated Wnt signaling
There is ample evidence in the literature that Notch signaling
regulates proliferation during tissue regeneration in a variety of
tissues30–34, including bone12,35. It is yet unknown whether Notch
signaling performs a similar function during intramembranous bone
healing of the appendicular skeleton. Therefore, we screened the
regenerate within the tibial defect site of tdTomato;Osx-creERT2
mice (iOsx/tdTom) at varying time points post-injury for the Notch
downstream target Hey1 using immunofluorescence staining, and
found that Hey1 was upregulated during the early, proliferative
phase (Fig. 2a and Supplementary Fig. 2). While most of the Hey1-
positive cells co-labeled with the osterix-positive and therefore the
osteogenic lineage, we confirmed this finding in a more stem/
progenitor cell specific assay. Skeletal stem cells (SSCs) and BCSPs
were isolated from injury sites at 1, 3, 5, 7, and 10 days post injury,
and Hey1 expression levels were determined using qRT-PCR. Again,
we observed increased expression of Hey1 between day 3 and 10 in
both skeletal stem and progenitor cells (Fig. 2b, c). RNAseq, FACS
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Fig. 1 Temporal separation of proliferation and differentiation during tibial defect healing. a Histological section of tibial mono-cortical
defects 5 days after injury, stained with Movat’s Pentachrome. The defect site is filled with soft tissue. b PCNA IHC shows active proliferation in
the periosteum and defect site at this early time point. c Alkaline phosphatase staining demonstrates only a small region of osteogenic
differentiation at the cortical edge. d After 14 days, the defects site is filled with woven bone, stained yellow-green with Pentachrome. e PCNA
staining reveals absence of proliferation within the injury. f Alkaline phosphatase staining indicating osteogenic differentiation throughout
the injury site. g Quantification of PCNA-positive cells in the injury site at POD 5 and 14. h Quantification of alkaline phosphatase staining at
POD 5 and 14. i Frequency of bone-cartilage-stromal progenitor cells (BCSPs) was analyzed over the time course of fracture healing by flow
cytometry using the following BCSP markers: CD45− Ter119− Tie2− CD51+ CD90− 6C3− CD105+. Scale bar= 100 μm. ALP alkaline
phosphatase, BCSP bone-cartilage-stromal progenitor cells, c cortical bone, PCNA proliferating cell nuclear antigen, POD postoperative day.
**p < 0.01. Data were represented as mean ± s.e.m.
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and immunofluorescence staining identified the Notch2 receptor as
the most dominant receptor, while Jagged-1 was the most highly
expressed ligand (Supplementary Fig. 3). These data provide
convincing evidence that Notch signaling is active in skeletal stem
and progenitor cells during the proliferative phase of intramem-
branous bone healing. Whether Notch activation causes proliferation
of osteoprogenitor cells (OPCs) is yet unknown. We therefore
activated Notch signaling in bone marrow stromal cells, grown on
Jagged1-coated plates, which resulted in increased Hey1 and Hes1
expression, confirming Notch activation (Fig. 2d, e). This Notch
activation led to an increased proliferation shown by BrdU (Fig. 2f),
confirming the proliferative effect of Notch signaling. We then
utilized a transgenic approach, in which Notch signaling is inhibited
by conditional deletion of RBPJ36 in Osx-expressing cells. RBPJ is a
major transcriptional effector of Notch signaling37 and when
knocked out in Osx-expressing OPCs38, we observed a reduction
in tdTom-positive cells, and thus Osx-expressing OPCs within the
injury site at postoperative day 3, further confirming the effect of
Notch signaling on proliferation (Fig. 2g). This reduction in the
number of OPC manifested itself as a smaller bone volume (BV) in
the regenerate at postoperative day 10 (Fig. 2h–j).

Wnt signaling has been shown to induce osteogenic differentia-
tion during bone regeneration39–42, however, it has yet to be
determined how the switch from proliferation to differentiation is
orchestrated. Using Axin2-creERT2/Rosa26-loxP-stop-loxP-eGFP (iAxin2/
GFP) reporter mice43, we surveyed the regenerate tissue at varying
time points to establish a temporal profile of Wnt responsiveness. At
postoperative day 5, only a few cells close to the cortical edge were
labeled with GFP, while at day 7 and 10, the majority of Osx-positive
cells within the defect site were GFP-positive, thus Wnt-responsive
(Fig. 2k and Supplementary Fig. 2). Again, we isolated SSCs and
BCSPs from the injury site by flow cytometry and confirmed the
increase in Wnt signaling using Axin2 expression as a proxy. Both
SSCs and BCSPs exhibited increased Axin2 expression during the
differentiation phase starting at POD 10 (Fig. 2l, m).

Wnt inhibition maintains Notch activation and prolongs the
proliferative response
We hypothesize that Wnt signaling is upstream of Notch and
regulates Notch signaling to initiate the switch from proliferation
to differentiation. Using an adenovirus expressing the
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Fig. 2 Notch signaling dominates the proliferative phase while canonical Wnt signaling governs the differentiation phase.
a Temporospatial expression profile of Notch downstream target Hey1 by immunostaning and co-localization with osterix-positive cells.
To label osterix-positive cells, iOsx/tdTom mice were pulsed by tamoxifen injection (1 mg/day/mouse) twice at 1 day before surgery and
1 day after surgery. b, c Temporal Notch downstream target gene expression during the early injury response (uninjured, POD 1–10) in SSCs
and BCSPs (n= 6–9). d, e Notch activation using Jagged1-coated tissue culture plates resulted in upregulation of the Notch target genes
Hey1 and Hes1. f In response to Notch activation, proliferation increased, shown by BrdU quantification. g The number of tdTomato-positive
(osx-positive OPCs) cells decreased in the POD 3 injury site after Notch inhibition in iOSX/tdTom/Rbpjfl/fl mice. Tamoxifen (1 mg/day/mouse)
was injected from day −1 until day 2. h Bone volume, i tissue volume, and j bone volume/total volume, at postoperative day 10 using
microCT histomorphometry demonstrates a smaller bone volume in the regenerate in the iOSX/tdTom/Rbpjfl/fl mice (tamoxifen (1 mg/day/
mouse daily) from day −1 to day 6). k Spatial expression of Wnt responsiveness within osx-positive (IF) OPCs using iAxin2/GFP reporter mice
(Tamoxifen administration: 1 day before euthanasia). Scale bar= 50 μm. l, m Axin2 gene expression SSCs and BCSPs in uninjured and POD
7–21 days (n= 4). BCSP bone-cartilage-stromal progenitor cells, Jag1 Jagged1, POD postoperative day, SSC skeletal stem cell. *p < 0.05, **p <
0.01, ***p < 0.001. Data were represented as mean ± s.e.m.
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Wnt-antagonist Dkk1, we aimed to show that inhibition of Wnt
signaling removes the inhibitory effect on Notch and thus
maintains Notch activation. iAxin2/GFP mice were treated locally
with either Ad-null or Ad-Dkk1 at the time of tibial defect surgery
(Fig. 3a). Dkk1 treatment led to a significant reduction of Axin2
expression in the regenerate, confirming successful Wnt inhibition
(Fig. 3a). At postoperative day 7, we observed an increase in NICD2
(activated Notch2 intracellular domain) immunostaining in the
injury sites treated with the Wnt antagonist Dkk1 (Fig. 3b),
indicating prolonged activated Notch signaling in the presence of
a Wnt antagonist. In addition, Hey1 and Hes1 expression was
increased in the Ad-Dkk1 treated group at postoperative day 7
(Fig. 3c, d), suggesting that Wnt inhibition resulted in continued
and increased Notch signal activation. If Notch is in fact regulating
OPC proliferation, then we would expect to observe increased
proliferation in the Ad-Dkk1 treated injuries. We performed qRT-
PCR for proliferating cell nuclear antigen (Pcna) and detected a
significantly increased expression level in Ad-Dkk1-treated injury
sites, suggesting that Wnt inhibition is sufficient to increase OPC
proliferation through activation of Notch signaling, which func-
tions as an activator of proliferation (Fig. 3e). If Wnt antagonism
results in prolonged activated Notch signaling, then we should be
able to detect an increase in the frequency of SSCs at the injury
site after Wnt inhibition. We performed FACS analysis of the

regenerate after Ad-Dkk1 treatment at POD 3, 7, and 10 and
quantified the number of SSCs (Fig. 3f). There was no difference at
day 3 between the control and Ad-Dkk1 injuries, as one would
expect as proliferation is just about to commence. At day 7 and 10,
however, we observed a significant increase in SSC number in the
Ad-Dkk1 treated injury sites, suggesting that Wnt inhibition results
in Notch activation, which in turn results in increased and
prolonged proliferation of SSCs in the injury site (Fig. 3f). We
confirmed these in vivo findings using an in vitro assay of primary
OPCs treated with Dkk1 protein or PBS. Immunofluorescence
staining for Hey1 revealed increased nuclear Hey1 staining in Dkk1
treated OPCs (Fig. 3g). qRT-PCR confirmed that Dkk1 treatment
resulted in Wnt inhibition, as shown by downregulation of Axin2
(Fig. 3h). In response to Wnt inhibition, Hey1 expression increased
(Fig. 3i), confirming the hypothesis that Wnt signaling regulates
Notch signaling in OPCs.

Activated Wnt signaling inhibits Notch signaling and
suppresses proliferation
We further dissected the Notch–Wnt interaction using purified
Wnt3a protein as a means to activate the Wnt pathway44. Bone
marrow stromal cells were treated in vitro with Wnt3a protein,
which resulted in Wnt pathway activation, as shown by Axin2
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expression (Fig. 4a). Immunohistochemistry for Hey1, a down-
stream target of the Notch signaling pathway, revealed decreased
Hey1 expression after Wnt signal activation (Fig. 4b, c). This was
confirmed by qRT-PCR (Fig. 4d), further establishing that Wnt
pathway activation suppresses Notch signaling. If Notch is
responsible for induction and maintenance of OPC proliferation,
then we would expect decreased proliferation after Wnt activa-
tion. We quantified proliferative activity after Wnt3a treatment
using two independent methods. qRT-PCR revealed decreased
Pcna expression (Fig. 4e) and BrdU labeling demonstrated a 57%
decrease in proliferation at day 2 after Wnt3a treatment and an
82% decrease at day 4 (Fig. 4f). Next, we aimed at investigating
whether Wnt activation is able to downregulate activated Notch
signaling. We treated bone marrow stromal cells grown on
Jagged1-coated plates (Notch activation) with Wnt3a and
observed an increase in the number of Wnt-responsive cells,
shown by nuclear localization of beta-catenin (Fig. 4g). This
increase in Wnt signal activity resulted in decreased proliferation
(Fig. 4h) and increased differentiation (Fig. 4i). These data
demonstrate that activated Wnt signaling can overcome activated

Notch signaling, and that the upstream position of Wnt results in a
switch from Notch-induced proliferation to Wnt-induced
differentiation.

In vivo inhibition of Wnt signaling prolongs Notch-induced
proliferative phase
Finally, we utilized a genetic strategy to abrogate Wnt signaling
during intramembranous bone healing using Osx-creERT2/Wlsfl/fl

(iOsx/Wlsfl/fl) conditional knockout mice45. Wntless (Wls) is a cargo
receptor protein that directs Wnt ligands from the Golgi apparatus
to the cell surface by interacting with the lipid-modified domains
in the ligands46–48. We crossed Osx-creERT2 mice with Wlsfl/fl to
generate an iOsx/Wlsfl/fl cKO that allows us to target Wnt secretion
during defined stages of intramembranous bone healing. We
injected Tamoxifen daily for 7 days in order to decrease Wnt
ligand secretion within the injury site (Fig. 5a). First, we assessed
the effect of decreased Wnt signaling on bone regeneration using
histomorphometry. In line with the previously published and
shown data, we observed impaired osteogenic differentiation with
a significantly smaller bony regenerate at POD10 (Fig. 5b, c).
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performed in triplicate and repeated at least twice. Data were represented as mean ± s.e.m.
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Further analysis revealed that the conditional Wnt inactivation led
to a prolonged Notch signal activation, shown by IF (Fig. 5d) qRT-
PCR for Hey1 confirmed the increased Notch downstream target
expression after Wls deletion (Fig. 5e). In line with our previous
data, the prolonged Notch activation resulting from Wnt inhibition
led to a sustained proliferative response (Fig. 5f).
In summary, our data provide convincing evidence that Notch

signaling is active during early intramembranous bone healing,
when Notch activation leads to osteoprogenitor cell proliferation.
Once Wnt signaling becomes active, Notch signaling is inhibited,
resulting in inhibition of proliferation and activation of differentia-
tion (Fig. 6).

DISCUSSION
While many aspects of bone regeneration in response to fracture
have been extensively characterized, certain facets are still
unknown. One such knowledge gap is the molecular mechanism
that orchestrates the switch from proliferation to differentiation.
Here, using in vitro pathway manipulations and in vivo models of
intramembranous bone healing, we provide evidence that
proliferation in response to injury is regulated by Notch signaling
and differentiation is initiated by Wnt signaling, which is, at the
same time, inhibiting Notch signaling. In the most general terms,
we uncovered the molecular machinery that regulates the
transition from skeletal progenitor cell proliferation to osteogenic
differentiation. We provide convincing evidence that Wnt

signaling is necessary and sufficient to terminate progenitor cell
proliferation and initiate osteogenic differentiation.
What is yet unknown is if there is a mechanism by which the

cellular environment in the injury site senses the total number of
OPCs available for differentiation. If such sensor exists, then the
proliferative response period, required to establish a certain
number of OPCs, would be unique for each injury site, rather than
being defined by a molecular clock mechanism that switches off
proliferation at an exact time after injury. Possible mechanisms by
which OPC density could be detected is through cell–cell
interaction, possibly between OPCs themselves or other surround-
ing cell types within the microenvironment of the early fracture
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Fig. 6 Graphical summary. After skeletal injury, Notch signaling
becomes active and initiates a proliferative response. Days later,
canonical Wnt signaling is activated in the injury site, leading to
active suppression of Notch signaling and its associated pro-
proliferative effect. Wnt signaling then induces differentiation.
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callus. Another potential mechanism could be based on a growth
factor gradient, similar to morphogens during development,
which would instruct effector cells to switch from proliferation
to differentiation. Wnt signaling is known to exert its effect
through generation of a spatial gradient, and thus would be a
prime candidate as a molecular switch regulating proliferation and
differentiation. Future research will focus on identifying Wnt
secreting cells within the injury site and testing whether their
presence and spatial distribution is responsible for the increased
Wnt activity around day 7 in the skeletal injury site, and if this
signal activity is the molecular switch governing proliferative
arrest and initiation of differentiation.
Antagonistic cross talk between the Notch and Wnt signaling

pathways is not without precedent. Regulation of proliferation and
differentiation during homeostasis and regeneration in the
liver49,50 and intestine51,52 is controlled by the balance of these
two pathways. In the zebrafish heart, Notch signaling is
responsible for cardiomyocyte proliferation after injury, and
artificial Wnt activation suppresses this Notch-related proliferative
response to injury34. Our data now add to this in the biological
context of skeletal regeneration where we propose that opposing
Wnt and Notch signals regulate progenitor cell proliferation and
subsequent differentiation into bone forming osteoblasts. Chen
et al. previously demonstrated that β-catenin dependent Wnt
signaling exerts disparate effects on mesenchymal cells and
committed osteoblasts with an increase in TCF-dependent
transcriptional activity during the initial phase of differentiation39.
These data confirm our temporal expression analysis of Wnt
responsiveness as well as corroborate the functional importance
of Wnt signaling as the initiating activator of differentiation.
Our selection of the monocortical defect model to study the

cellular and molecular events that regulate the transition from
proliferation to differentiation was based on our experience that
the temporal and spatial organization of the healing response is
fairly organized and chronologic in this model, which could be
considered a strength of this approach. However, results obtained
from this study have to be evaluated under the assumption that
this well-organized healing response of the monocortical defect
model does not reflect the rather heterogenous environment of a
fracture site, which usually heals through a mix of intramem-
branous and endochondral ossification. In particular, during
endochondral ossification, Wnt and Notch signaling may play a
different role than what was observed in this study, and most
likely BMP signaling will play a more dominant role in the
initiation of chondrogenic differentiation during the soft callus
phase53. Our data presented herein, aim to elucidate the role of
Notch and Wnt signaling during intramembranous ossification,
and as such cannot be extrapolated to endochondral ossification.
Yet, this approach may serve as a roadmap to study equal
contributions of the signaling pathways during endochondral
ossification.
In summary, we identified a molecular switch responsible for

the transition of progenitor cell proliferation to differentiation
during bone regeneration. These results will provide opportunities
for potential translational approaches aimed at controlling
proliferation and differentiation during fracture healing. If we
could control the proliferative activity of OPCs after fracture, then
we would be able to artificially expand the progenitor pool to a
number necessary and sufficient to allow for successful bone
healing. While Notch and Wnt signaling have been intensively
studied individually, this paper is the first that links their function
during tissue regeneration.

METHODS
Animals
C57BL/6 mice (Jax no. 000664), B6.129(Cg)-Axin2tm1(cre/ERT2)Rnu/J (Axin2-
creERT2, Jax no. 018867), Gt(ROSA)26Sortm1.1(CAG-EGFP)Fsh/Mmjax (R26RGFP,

Jax no. 32037-JAX), 129S-Wlstm1.1Lan/J (Wlsfl/fl, Jax no. 012888), and B6.Cg-Gt
(ROSA)26Sortm14(CAG-tdTomato)Hze/J (tdTomato, Jax no. 007914) were pur-
chased from Jackson Laboratory (Bar Harbor, ME). Floxed RBP-J mice
(Rbpjfl/fl, RBRC No. RBRC01071)36 were purchased from Riken BioResource
Center (Ibaraki, Japan). Osx-creERT2 mice were received from Dr. H. M.
Kronenberg, Massachusetts General Hospital. To induce recombination in
transgenic cre-ERT2 mice, tamoxifen (Sigma-Aldrich, St. Louis, MO, USA)
was administered intraperitoneally either 1 mg/day for 7 consecutive days
or single dose of 4 mg/day 1 day before euthanasia. Mice were maintained
on a 12-h light/dark cycle with food and water provided ad libitum.

Mono-cortical defects
All procedures followed protocols approved by the NYU Robert I.
Grossman School of Medicine Committee on Animal Research. Mice were
anaesthetized with an 1–4% Isoflurane inhalation. A 4-mm incision was
made over the proximal anteromedial tibia, and the tibial surface was
exposed while carefully preserving the periosteum. A 1.0-mm hole was
drilled through the anterior cortex with a high-speed dental drill
(10,000 rpm). Incisions were closed with 7–0 Vicryl sutures. Before and
after surgery, mice received subcutaneous injections of buprenorphine for
analgesia and were allowed to ambulate freely. Mice were euthanized at
indicated days after surgery.

Histology
After dissection, specimens were immediately fixed in 4% paraformalde-
hyde overnight at 4 °C and then decalcified in 19% ethylenediaminete-
traacetic acid (EDTA) at 4 °C. Specimens were either paraffin embedded
and cut into 10-μm-thick sections, or cryo embedded in a gelatin-based
solution as described and cut into 50-μm-thick sections54. Pentachrome
staining was performed on paraffin sections to identify osseous tissue as
previously described55. Histochemistry for alkaline phosphatase (ALP) was
conducted with BM Purple substrate (Roche, Indianapolis, IN, USA)
according to the manufacturer’s instructions. Immunostaining was
performed using Pcna (Cell Signaling Technology, #13110S, dilution
1:200, Danvers, MA, USA), Hey1 (Abcam, ab22614, dilution 1:100,
Cambridge, MA, USA), Osterix (Abcam, ab22552, dilution 1:150), and
cleaved N-terminus Notch2 (NICD2) (Millipore, 07-1234, Burlington, MA,
USA). Sections were examined and photographed using a Leica digital
imaging system (Leica, Wetzlar) or a Zeiss LSM 710 laser scanning confocal
and multiphoton microscope (Carl Zeiss AG, Oberkochen, Germany).
Immunofluorescence staining was also performed in bone marrow cells

cultured in chamber slides (Thermo Fisher Scientific, Waltham, MA, USA)
using Hey1 (Abcam, dilution 1:200) and β-catenin (Abcam, ab32572,
dilution 1:200).β-catenin positive nuclei were counted by imageJ software
(US National Institutes of Health, Bethesda, MD, USA).

μCT analyses
Samples were scanned using a high-resolution Skyscan μCT system
(SkyScan 1172, Bruker, Billerica, MA). Images were acquired at 9 μm
isotropic resolution using a 10MP digital detector,
About 10W energy (100 kV and 100 A), and a 0.5 mm aluminum filter

with a 9.7 μm image voxel size. A fixed global threshold method was used
based on the manufacturer’s recommendations and preliminary studies,
which showed that mineral variation between groups was not high
enough to warrant adaptive thresholding. The following parameters were
analyzed: total BV, total tissue volume (TV), respective mineralized volume
fraction (BV/TV), following the guidelines described by Bouxsein et al.56.
The volume of interest (VOI) included a region of the proximal tibia with
the defect centered, including 1mm proximal and distal to the injury site
in order to capture periosteal callus formation outside of the 1mm defect.
The VOI was contoured to capture the entire callus region and total
volume (TV) represents the entire callus volume within the above
mentioned VOI.

Isolation of skeletal progenitor cells from callus
Tibiae were harvested as previously described57. A 5 mm section including
the injury site was excised and cells were isolated by mechanical and
chemical digestion27. Briefly, each sample was crushed using mortar and
pestle and subjected to enzymatic digestion with 0.2% collagenase at 37 °C
under agitation. Cells were filtered through a 70-μm strainer, pelleted at
300 rcf at 4 °C. Red blood cells were lysed using NH4Cl (StemCell
Technologies, Vancouver, Canada), washed with staining media (HBSS
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(Thermo Fisher Scientific) containing 2% FBS (Thermo Fisher Scientific), 1%
HEPES (10mM) (Thermo Fisher Scientific), and 1% penicillin-streptomycin
(Thermo Fisher Scientific)) and pelleted.

Flow cytometry
Dissociated cell samples were stained with antibodies against CD45,
Ter119, Tie2, CD51, CD105, 6C3, CD90, and Notch receptors 1–4 and sorted
by flow cytometry (Beckman-Coulter Moflo XDP, Brea, CA, USA; FACSAriaTM

II, BD Biosciences, San Jose, CA, USA). CD45−Ter119−-
Tie2−CD51+CD90−6C3−CD105+ cells were identified as BCSPs27–29. All
used antibodies for flow cytometry are listed in Table 1.

Isolation and culture of OPCs
For the in vitro experiments, tibial and femoral bone marrow cells were
isolated by centrifugation from untreated 12-week-old C57BL/6 mice58.
Cells were resuspended in growth media (DMEM (Thermo Fisher Scientific)
containing 10% FBS and 1% penicillin-streptomycin) and then plated in 75-
ml tissue culture flasks. The cells were trypsinized, seeded, and treated with
Wnt3a 100 ng/ml (R&D, Minneapolis, MN, USA) or Dkk1 100 ng/ml (R&D) for
48 h. All cellular assays described below were performed at passage 1 from
at least three different mice in three technical replicates.

Proliferation assay
Cells were seeded in 96-well plates at a density of 2 × 104 cells per well.
BrdU assay (Abcam, Cambridge, UK) was performed according to the
manufacturer’s instruction. Wells were read on a Flex Station 3 microplate
reader (Molecular Devices, Sunnyvale, CA, USA) at 450 nm. Data were
collected with Soft Max Pro (Molecular Devices) software. Means and
standard error mean (SEM) were calculated in GraphPad Prism 8 software
(GraphPad Software, Inc., La Jolla, CA, USA).

RNA isolation and quantitative real-time PCR
RNA was isolated from either cells or callus using RNeasy Kit (Qiagen,
Germantown, MD, USA) according to the manufacturer’s instruction. cDNA
was synthesized using iScriptTM cDNA Synthesis Kit (Bio-Rad, Hercules, CA,
USA). Quantitative real-time PCR was carried out using the Applied
Biosystems Step One Plus detection system (Thermo Fisher Scientific) and
RT2 SYBR Green ROX PCR Master Mix (Qiagen). Specific primers were
designed using GETPrime 2.059. Results are presented as 2–ΔΔCt values
normalized to the expression of 18 S. Means and SEMs were calculated in
GraphPad Prism 8 software (Table 2).

RNAseq analysis
Libraries were sequenced on an Illumina HiSeq2500 sequencer. Sequen-
cing results were demultiplexed and converted to FASTQ format using
Illumina bcl2fastq software. The sequencing reads were aligned to the
mouse genome (build mm10/GRCm38) using the splice-aware STAR
aligner [http://www.ncbi.nlm.nih.gov/pubmed/23104886]. The feature-
Counts program [https://www.ncbi.nlm.nih.gov/pubmed/24227677] was
utilized to generate counts for each gene based on how many aligned
reads overlap its exons. These counts were then normalized and used to
test for differential expression using negative binomial generalized linear
models implemented by the DESeq2 R package [http://www.ncbi.nlm.nih.
gov/pubmed/25516281].

Adenovirus-mediated inhibition of Wnt signaling
Adenovirus expressing mouse Dkk1 and CMV-Null (control) were pur-
chased from Vector Biolabs (Malvern, PA, USA). Amplified adenovirus was
purified using Adeno-XTM Maxi Purification Kit and titered using Adeno-XTM

Rapid Titer Kit according to the manufacturer’s instruction (Takara Bio USA,
Mountain View, CA, USA). Wnt inhibition was achieved locally by adsorbing
106 ifu of adenovirus into 2 × 2 × 2-mm collagen sponge (DSI LTD, Azriqam
settlement, Israel) and inserting the sponge under a muscle flap over the
tibial defect site.

Statistical analysis
A priori power analysis to obtain statistical significance (p= 0.05, power
80%) resulted in an n of 4 for each group, expecting a 25% difference
between the groups. All cell culture-based assays were repeated at least
three times and representative results were shown.
Prism 8 (GraphPad Software, Inc.) was used for statistical computations.

A student’s t-test was used for all comparisons in which there were two
groups; ANOVA analyses followed by the Holms–Sidak correction for post
hoc testing was applied for analyses in which there were two or more
comparisons being made. Error bars represent SEMs. P < 0.05 was
considered to be statistically significant. An asterisk symbol (*) denotes a
p value < 0.05, unless denoted otherwise in figure legend.

Reporting Summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Table 1. Antibodies for flow cytometry.

Antibody Company Dilution

CD45-PE Miltenyi Biotec 1:200

Ter119-PE Miltenyi Biotec 1:200

Tie2-PE Thermo Fisher Scientific 1:200

CD51-Biotin Thermo Fisher Scientific 1:200

CD105-PE-Cy7 Thermo Fisher Scientific 1:200

6C3-PerCP-eFluor710 Thermo Fisher Scientific 1:200

6C3-PE Thermo Fisher Scientific 1:200

CD90-FITC Thermo Fisher Scientific 1:200

CD90-PE Thermo Fisher Scientific 1:200

Streptavidin-APC Thermo Fisher Scientific 1:200

Streptavidin-FITC Thermo Fisher Scientific 1:200

Notch1-APC Biolegend 1:200

Notch2-APC Biolegend 1:200

Notch3-APC Thermo Fisher Scientific 1:200

Notch4-APC Biolegend 1:200

DAPI Thermo Fisher Scientific 1:1000

Table 2. PCR primers.

Primer Name Sequence (5′-3′)

18 S FOR ACGAGACTCTGGCATGCTAACTAGT

18 S REV CGCCACTTGTCCCTCTAAGAA

Hes1 FOR TGCCAGCTGATATAATGGAG

Hes1 REV CTTTGATGACTTTCTGTGCTC

Hes5 FOR CGCATCAACAGCAGCATAGAG

Hes5 REV TGGAAGTGGTAAAGCAGCTTC

Hey1 FOR ACTACAGCTCCTCAGATAGTG

Hey1 REV AACTCAAGTTTCCATTCTCGTC

Hey2 FOR AGGGGGTAAAGGCTACTTTGA

Hey2 REV TGGCGCAAGTGCTGAGATG

Axin2 FOR CCTGGCTCCAGAAGATCAC

Axin2 REV TAGGTGACAACCAGCTCAC

Pcna FOR TGGAATCCCAGAACAGGAG

Pcna REV TCAGAGCAAACGTTAGGTG

Col1a1 FOR CAGTCGATTCACCTACAGCACG

Col1a1 REV GGGATGGAGGGAGTTTACACG

All primers were purchased from Integrated DNA Technologies.

S. Lee et al.

8

npj Regenerative Medicine (2021)    29 Published in partnership with the Australian Regenerative Medicine Institute

http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://www.ncbi.nlm.nih.gov/pubmed/24227677
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://www.ncbi.nlm.nih.gov/pubmed/25516281


DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request. The RNA sequencing data are deposited in GEO
(GSE173371).

Received: 20 December 2020; Accepted: 10 May 2021;

REFERENCES
1. Zura, R. et al. Epidemiology of fracture nonunion in 18 human bones. JAMA Surg.

151, e162775 (2016).
2. Steinert, A. F., Rackwitz, L., Gilbert, F., Nöth, U. & Tuan, R. S. Concise review: the

clinical application of mesenchymal stem cells for musculoskeletal regeneration:
current status and perspectives. Stem Cells Transl. Med. 1, 237–247 (2012).

3. Zhou, B. O., Yue, R., Murphy, M. M., Peyer, J. G. & Morrison, S. J. Leptin-receptor-
expressing mesenchymal stromal cells represent the main source of bone formed
by adult bone marrow. Cell Stem Cell 15, 154–168 (2014).

4. Josephson, A. M. et al. Age-related inflammation triggers skeletal stem/pro-
genitor cell dysfunction. Proc. Natl Acad. Sci. USA 116, 6995–7004 (2019).

5. Kopan, R. & Ilagan, M. X. The canonical Notch signaling pathway: unfolding the
activation mechanism. Cell 137, 216–233 (2009).

6. Artavanis-Tsakonas, S., Rand, M. D. & Lake, R. J. Notch signaling: cell fate control
and signal integration in development. Science 284, 770–776 (1999).

7. Iso, T., Kedes, L. & Hamamori, Y. HES and HERP families: multiple effectors of the
Notch signaling pathway. J. Cell Physiol. 194, 237–255 (2003).

8. Kokubo, H., Miyagawa-Tomita, S. & Johnson, R. L. Hesr, a mediator of the Notch
signaling, functions in heart and vessel development. Trends Cardiovasc. Med. 15,
190–194 (2005).

9. Tao, J., Chen, S. & Lee, B. Alteration of Notch signaling in skeletal development
and disease. Ann. N. Y Acad. Sci. 1192, 257–268 (2010).

10. Novak, S. et al. Modulation of Notch1 signaling regulates bone fracture healing. J.
Orthop. Res. https://doi.org/10.1002/jor.24650 (2020).

11. Goel, P. N. et al. Suppression of Notch signaling in osteoclasts improves bone
regeneration and healing. J. Orthop. Res. 37, 2089–2103 (2019).

12. Wang, C. et al. NOTCH signaling in skeletal progenitors is critical for fracture
repair. J. Clin. Invest. 126, 1471–1481 (2016).

13. Clevers, H., Loh, K. M. & Nusse, R. Stem cell signaling. An integral program for
tissue renewal and regeneration: Wnt signaling and stem cell control. Science
346, 1248012 (2014).

14. Nelson, W. J. & Nusse, R. Convergence of Wnt, beta-catenin, and cadherin
pathways. Science 303, 1483–1487 (2004).

15. Gordon, M. D. & Nusse, R. Wnt signaling: multiple pathways, multiple receptors,
and multiple transcription factors. J. Biol. Chem. 281, 22429–22433 (2006).

16. Song, D. et al. Inducible expression of Wnt7b promotes bone formation in aged
mice and enhances fracture healing. Bone Res. 8, 4 (2020).

17. Chang, L. et al. Lineage-specific Wnt reporter elucidates mesenchymal Wnt sig-
naling during bone repair. Am. J. Pathol. 188, 2155–2163 (2018).

18. Leucht, P., Lee, S. & Yim, N. Wnt signaling and bone regeneration: can’t have one
without the other. Biomaterials 196, 46–50 (2019).

19. Gregory, C. A. et al. How Wnt signaling affects bone repair by mesenchymal stem
cells from the bone marrow. Ann. N. Y Acad. Sci. 1049, 97–106 (2005).

20. Akiyama, H. et al. Osteo-chondroprogenitor cells are derived from Sox9 expres-
sing precursors. Proc. Natl Acad. Sci. USA 102, 14665–14670 (2005).

21. Mori-Akiyama, Y., Akiyama, H., Rowitch, D. H. & de Crombrugghe, B. Sox9 is
required for determination of the chondrogenic cell lineage in the cranial neural
crest. Proc. Natl Acad. Sci. USA 100, 9360–9365 (2003).

22. Hartmann, C. A Wnt canon orchestrating osteoblastogenesis. Trends Cell Biol. 16,
151–158 (2006).

23. Henriksen, K. et al. Osteoclasts from patients with autosomal dominant osteo-
petrosis type I caused by a T253I mutation in low-density lipoprotein receptor-
related protein 5 are normal in vitro, but have decreased resorption capacity
in vivo. Am. J. Pathol. 167, 1341–1348 (2005).

24. Kwee, M. L. et al. An autosomal dominant high bone mass phenotype in asso-
ciation with craniosynostosis in an extended family is caused by an LRP5 mis-
sense mutation. J. Bone Min. Res. 20, 1254–1260 (2005).

25. Cheung, W. M. et al. A family with osteoporosis pseudoglioma syndrome due to
compound heterozygosity of two novel mutations in the LRP5 gene. Bone 39,
470–476 (2006).

26. Youngstrom, D. W. et al. Intraoperative delivery of the Notch ligand Jagged-1
regenerates appendicular and craniofacial bone defects. NPJ Regen. Med. 2, 32
(2017).

27. Gulati, G. S. et al. Isolation and functional assessment of mouse skeletal stem cell
lineage. Nat. Protoc. 13, 1294–1309 (2018).

28. Chan, C. K. F. et al. Identification and specification of the mouse skeletal stem cell.
Cell 160, 285–298 (2015).

29. Marecic, O. et al. Identification and characterization of an injury-induced skeletal
progenitor. Proc. Natl Acad. Sci. USA 112, 9920–9925 (2015).

30. Brack, A. S., Conboy, I. M., Conboy, M. J., Shen, J. & Rando, T. A. A temporal switch
from notch to Wnt signaling in muscle stem cells is necessary for normal adult
myogenesis. Cell Stem Cell 2, 50–59 (2008).

31. Conboy, I. M., Conboy, M. J., Smythe, G. M. & Rando, T. A. Notch-mediated restoration
of regenerative potential to aged muscle. Science 302, 1575–1577 (2003).

32. Grotek, B., Wehner, D. & Weidinger, G. Notch signaling coordinates cellular pro-
liferation with differentiation during zebrafish fin regeneration. Development 140,
1412–1423 (2013).

33. Zhao, L. et al. Notch signaling regulates cardiomyocyte proliferation during
zebrafish heart regeneration. Proc. Natl Acad. Sci. USA 111, 1403–1408 (2014).

34. Zhao, L., Ben-Yair, R., Burns, C. E. & Burns, C. G. Endocardial Notch signaling
promotes cardiomyocyte proliferation in the regenerating zebrafish heart
through Wnt pathway antagonism. Cell Rep. 26, 546–554 (2019).

35. Dishowitz, M. I., Terkhorn, S. P., Bostic, S. A. & Hankenson, K. D. Notch signaling
components are upregulated during both endochondral and intramembranous
bone regeneration. J. Orthop. Res. 30, 296–303 (2012).

36. Han, H. et al. Inducible gene knockout of transcription factor recombination
signal binding protein-J reveals its essential role in T versus B lineage decision.
Int. Immunol. 14, 637–645 (2002).

37. Lake, R. J., Tsai, P. F., Choi, I., Won, K. J. & Fan, H. Y. RBPJ, the major transcriptional
effector of Notch signaling, remains associated with chromatin throughout
mitosis, suggesting a role in mitotic bookmarking. PLoS Genet. 10, e1004204
(2014).

38. Maes, C. et al. Osteoblast precursors, but not mature osteoblasts, move into
developing and fractured bones along with invading blood vessels. Dev. Cell 19,
329–344 (2010).

39. Chen, Y. et al. Beta-catenin signaling plays a disparate role in different phases of
fracture repair: implications for therapy to improve bone healing. PLoS Med. 4,
e249 (2007).

40. Bao, Q. et al. An appropriate Wnt/beta-catenin expression level during the
remodeling phase is required for improved bone fracture healing in mice. Sci.
Rep. 7, 2695 (2017).

41. Kim, J.-B. et al. Bone regeneration is regulated by wnt signaling. J. Bone Min. Res.
22, 1913–1923 (2007).

42. Minear, S. et al. Wnt proteins promote bone regeneration. Sci. Transl. Med. 2,
29ra30 (2010).

43. van Amerongen, R., Bowman, A. N. & Nusse, R. Developmental stage and time
dictate the fate of Wnt/beta-catenin-responsive stem cells in the mammary
gland. Cell Stem Cell 11, 387–400 (2012).

44. Dhamdhere, G. R. et al. Drugging a stem cell compartment using Wnt3a protein
as a therapeutic. PLoS ONE 9, e83650 (2014).

45. Carpenter, A. C., Rao, S., Wells, J. M., Campbell, K. & Lang, R. A. Generation of mice
with a conditional null allele for Wntless. Genesis 48, 554–558 (2010).

46. Franch-Marro, X., Wendler, F., Griffith, J., Maurice, M. M. & Vincent, J. P. In vivo role
of lipid adducts on Wingless. J. Cell Sci. 121, 1587–1592 (2008).

47. Franch-Marro, X. et al. Wingless secretion requires endosome-to-Golgi retrieval of
Wntless/Evi/Sprinter by the retromer complex. Nat. Cell Biol. 10, 170–177 (2008).

48. Belenkaya, T. Y. et al. The retromer complex influences Wnt secretion by recycling
wntless from endosomes to the trans-Golgi network. Dev. Cell 14, 120–131
(2008).

49. Boulter, L. et al. Macrophage-derived Wnt opposes Notch signaling to specify
hepatic progenitor cell fate in chronic liver disease. Nat. Med. 18, 572–579 (2012).

50. Huang, M. et al. Antagonistic interaction between Wnt and Notch activity
modulates the regenerative capacity of a zebrafish fibrotic liver model. Hepa-
tology 60, 1753–1766 (2014).

51. Kwon, C. et al. Notch post-translationally regulates beta-catenin protein in stem
and progenitor cells. Nat. Cell Biol. 13, 1244–1251 (2011).

52. Tian, H. et al. Opposing activities of Notch and Wnt signaling regulate intestinal
stem cells and gut homeostasis. Cell Rep. 11, 33–42 (2015).

53. Marsell, R. & Einhorn, T. A. The role of endogenous bone morphogenetic proteins
in normal skeletal repair. Injury 40, S4–S7 (2009).

54. Kusumbe, A. P., Ramasamy, S. K., Starsichova, A. & Adams, R. H. Sample pre-
paration for high-resolution 3D confocal imaging of mouse skeletal tissue. Nat.
Protoc. 10, 1904–1914 (2015).

55. Brugmann, S. A. et al. Wnt signaling mediates regional specification in the ver-
tebrate face. Development 134, 3283–3295 (2007).

56. Bouxsein, M. L. et al. Guidelines for assessment of bone microstructure in rodents
using micro-computed tomography. J. Bone Min. Res. 25, 1468–1486 (2010).

S. Lee et al.

9

Published in partnership with the Australian Regenerative Medicine Institute npj Regenerative Medicine (2021)    29 

https://doi.org/10.1002/jor.24650


57. Bradaschia-Correa, V. et al. The selective serotonin reuptake inhibitor fluoxetine
directly inhibits osteoblast differentiation and mineralization during fracture
healing in mice. J. Bone Min. Res. 32, 821–833 (2017).

58. Kelly, N. H., Schimenti, J. C., Patrick Ross, F. & van der Meulen, M. C. A method for
isolating high quality RNA from mouse cortical and cancellous bone. Bone 68,
1–5 (2014).

59. David, F. P., Rougemont, J. & Deplancke, B. GETPrime 2.0: gene- and transcript-
specific qPCR primers for 13 species including polymorphisms. Nucleic Acids Res.
45, D56–D60 (2017).

ACKNOWLEDGEMENTS
We thank Dr. H. M. Kronenberg for providing the Osx-creERT2 mice. Cell sorting/flow
cytometry technologies were provided by NYU Langone’s Cytometry and Cell Sorting
Laboratory, which is supported in part by grant P30CA016087 from the National
Institutes of Health/National Cancer Institute. This work was supported by a
K08AR069099 from the National Institutes of Health/National Institute of Arthritis
and Musculoskeletal and Skin. P.L. is also supported by an R01AG056169 and a gift by
the Patricia and Frank Zarb Family.

AUTHOR CONTRIBUTIONS
P.L. conceived the project strategy; S.L., A.M.J., L.H.R., K.L., D.J.K., E.M.L., H.P.L., M.Z.W.,
S.Y.S., and P.L. designed, performed, and interpreted data, contributed to writing and
editing of manuscript, and preparation of figures. P.L. analyzed data and wrote the
manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41536-021-00139-x.

Correspondence and requests for materials should be addressed to P.L.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

S. Lee et al.

10

npj Regenerative Medicine (2021)    29 Published in partnership with the Australian Regenerative Medicine Institute

https://doi.org/10.1038/s41536-021-00139-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Notch-Wnt signal crosstalk regulates proliferation and differentiation of osteoprogenitor cells during intramembranous bone healing
	Introduction
	Results
	Temporal separation of proliferation and differentiation during bone regeneration
	Notch signaling is active during intramembranous bone healing, followed by activated Wnt signaling
	Wnt inhibition maintains Notch activation and prolongs the proliferative response
	Activated Wnt signaling inhibits Notch signaling and suppresses proliferation
	In vivo inhibition of Wnt signaling prolongs Notch-induced proliferative phase

	Discussion
	Methods
	Animals
	Mono-cortical defects
	Histology
	&#x003BC;CT analyses
	Isolation of skeletal progenitor cells from callus
	Flow cytometry
	Isolation and culture of OPCs
	Proliferation assay
	RNA isolation and quantitative real-time PCR
	RNAseq analysis
	Adenovirus-mediated inhibition of Wnt signaling
	Statistical analysis
	Reporting Summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




