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The cellular substrate underlying aberrant craniofacial connective tissue accumulation that occurs in dis-
orders such as congenital infiltration of the face (CILF) remain elusive. Here we analyze the in vivo prop-
erties of a recently identified population of neural crest-derived CD31-:CD45-:alpha7-:Sca1+:PDGFRa+
fibro/adipogenic progenitors (NCFAPs). In serial transplantation experiments in which NCFAPs were pro-
spectively purified and transplanted into wild type mice, NCFAPs were found to be capable of self-
renewal while keeping their adipogenic potential. NCFAPs constitute the main responsive FAP fraction
following acute masseter muscle damage, surpassing the number of mesoderm-derived FAPs (MFAPs)
during the regenerative response. Lastly, NCFAPs differentiate into adipocytes during muscle regenera-
tion in response to pro-adipogenic systemic cues. Altogether our data indicate that NCFAPs are a popu-
lation of stem/primitive progenitor cells primarily involved in craniofacial muscle regeneration that can
cause tissue degeneration when the damage co-occurs with an obesity inducing diet.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

A number of craniofacial pathologies such as congenital
infiltrating lipomatosis of the face (CILF) [1,2] and Graves’ ophthal-
mopathy (also known as Thyroid Eye Disease, TED) [3] are charac-
terized by excessive local accumulation of fat and connective
tissue. While the signals involved may vary, both CILF and TED
share a common feature: the aberrant accumulation of adipocytes
and connective tissue is restricted to the head, with little or no
signs of abnormal fat expansion or fibrosis in other parts of the
body. This anatomical attribute strongly suggests that cells from
the neuroepithelium lineage may be specifically affected in both
disorders.

We have recently identified a population of neural crest-derived
CD31-:CD45-:a7-:Sca1+:PDGFRa+ fibro/adipogenic progenitor
(NCFAP) cells by means of lineage tracing, using a transgenic
mouse in which expression of recombinant yellow fluorescent pro-
tein (YFP) is driven by the neuroectoderm marker WNT1 [4,5].
Neural crest-derived FAPs (NCFAPs) specifically reside in the
stromal fraction of head and craniofacial tissues including fat and
muscle, are phenotypically similar to mesoderm-derived FAPs
(MFAPs) [5], and become activated early after the occurrence of
acute craniofacial muscle damage [5]. During muscle regeneration
FAPs exert a pro-regenerative effect, increasing myoblast matura-
tion/differentiation in vitro [6] and in vivo [7], possibly through
the secretion of pro-myogenic factors [5,6]. NCFAPs proliferate fol-
lowing craniofacial muscle damage and infiltrate the damaged
area, a process during which recapitulation of the neural crest gene
program occurs [5]. When exposed to a local degenerative environ-
ment, however, FAPs adopt the adipogenic lineage and contribute
to intramuscular fat accumulation and tissue degeneration
[5,6,8]. In order to further characterize the properties of NCFAPs,
we tested their ability to self-renew, undergo preferential expan-
sion following acute damage and to produce ectopic fat in response
to metabolic systemic cues, in vivo.
2. Materials and methods

2.1. Animals and muscle damage

Wnt1-Cre::Rosa26-YFP mice were generated by crossing WNT1-
Cre+/� (The Jackson Laboratory) with R26-YFP+/� mice (The Jackson
Laboratory). R26-YFP littermates were used as controls. Adult
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(>8 weeks) C57BL/6J-CMV-b actin-EGFP transgenic mice were used
as donors in transplantation experiments. PDGFRa-H2B::EGFP
mice (The Jackson Laboratory) were used for flow cytometry anal-
ysis. For muscle damage experiments, Wnt1-Cre::Rosa26-YFP and
control mice were anesthetized with 0.5–2% isofluorane, and the
damage was induced by intramuscular injection of 0.15 lg notexin
(Latoxan) into the masseter muscle. All mice were maintained in a
pathogen-free facility and all experiments were performed in
accordance to the University of British Columbia Animal Care
Committee regulations.
2.2. Flow cytometry

Sample preparation and flow cytometry were performed as pre-
viously described [6]. The following monoclonal primary antibod-
ies were used: anti-CD31 (clones MEC13.3, Becton Dickenson,
and 390, Cedarlane Laboratories), anti-CD34 (clone RAM34, eBio-
science), anti-CD45 (clone 30-F11, Becton Dickenson), anti-Sca-1
(clone D7, eBiosciences) and anti-a7 integrin (produced in-house).
The antibody dilutions were as previously reported [6]. Analysis
was performed on LSRII (Becton Dickenson) equipped with three
lasers. Data were collected using FacsDIVA software. Sorts were
performed on a FACS Vantage SE (Becton Dickenson) or FACS Aria
(Becton Dickenson), both equipped with three lasers. Sorting gates
were strictly defined based on isotype control (fluorescence minus
one) stains. Data analysis was performed using FlowJo 8.7 (Tree-
star) software.
2.3. Transplantation

CD31-:CD45-:a7-:Sca1+:PDGFRa+:YFP+ cells were prospec-
tively purified from intact masseter muscles of Wnt1-Cre::Rosa26-
YFP mice and collected in cold DMEM and collected by centrifuga-
tion at 450g for 5 min. Cells were resuspended in 25 ll Matrigel
and loaded into an ice-cold needle and syringe immediately before
injection. Cells were injected either into the subscapular region or
intramuscularly into the TAs of WT recipient mice.
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Fig. 1. (A) Serial transplantation of NCFAPs. A total of 200,000 CD31-:CD45-:a7-:Sca
Cre::Rosa26-YFP mice and injected subcutaneously in the subscapular region of WT recip
observed. (C) The fat pads were dissected and digested and the stromal vacular fraction w
and endothelial progenitors (CD31) by FACS. (D) Sca1+ YFP+ cells were prospectively pu
recipient mice. Two weeks after transplantation, the newly formed fat blobs were dissecte
antibody anti-perilipin.
3. Results

One of the main questions regarding the ‘‘stemmness’’ of pro-
genitor cells is their ability to reconstitute/maintain the niche. To
test the ability of NCFAPs to renew the progenitor cell (e.g.
Sca1+) niche we performed a serial transplantation experiment
(Fig. 1A). We prospectively purified NCFAPs from the subcutaneous
cephalic fat depot of 6 week-old Wnt1::ROSA-YFP mice and trans-
planted them into WT mice by means of subcutaneous injection.
This method allows the easy tracing of neuroepithelium-derived
cells by detection of YFP reporter expression. Three weeks after
transplantation, fat fads of approximately 2 mm of diameter were
observed at the site of injection (Fig. 1B). As previously reported,
those pads were enriched in YFP+ adipocytes [5]. Importantly
too, YFP+ cells that did not show signs of adipogenic differentiation
were also observed in the stromal vascular fraction (SVF) of the
newly formed fat pads. Analysis of the NC-derived fraction of the
SVF revealed that 92% of the cells were Sca1+, while 7% expressed
a7 integrin (Fig. 1B). On the other hand, CD31+ cells were not
detected (Fig. 1B), indicating that NCFAPs do not give raise to endo-
thelial cells in vivo. Altogether this analysis revealed that while a
small percentage of NCFAPs present in the SVF of the engraftments
adopted the myofibroblast (a7+) lineage, the vast majority of NCF-
APs remained undifferentiated. In order to test whether those
undifferentiated cells retained the potential to differentiate
in vivo, we purified Sca1+ YFP+ cells from the SVF of the primary
engraftments and injected them subcutaneously into secondary
recipients. After three weeks the engraftments were dissected
and the presence of YFP+ adipocytes was detected by immunoflu-
orescence (Fig. 1D). This result indicated that a subset of NCFAPs
remains undifferentiated within the niche, yet the cells retain their
adipogenic potential.

Our previous data indicated that NCFAPs adopt the adipogenic
lineage in response to local signals during craniofacial muscle
regeneration [5]. We next asked whether NCFAPs can respond to
metabolic systemic cues. To this end we induced acute damage
in the TAs of mice that had been kept under either high fat diet
(HFD) or normal diet for two weeks (Fig. 2). NCFAPs were purified
from the cephalic fat depot in the neck area and injected into the
α7 integrin CD31
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Fig. 2. NCFAPs differentiate to adipocytes in response to metabolic systemic
signals. NCFAPs were prospectively purified from the cephalic fat depot and
injected into the TAs of recipient mice that had been previously kept under either
high fat diet (HFD) or normal diet (ND) for two weeks. 100,000 cells were injected
into the TAs along with the injury-causing agent notexin (NTX). The NCFAPs were
also injected into control non-damaged TAs (D0) from animals on HFD. The TAs
were collected seven days after damage/transplantation and processed for immu-
nofluorescence histology. An antibody against the adipocyte marker perilipin was
used to detect adipogenic differentiation.
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TAs along with notexin (i.e. at the time of damage). The TAs were
dissected one week after the induction of damage and injection
of cells. NCFAP-derived adipocytes were observed in the regenerat-
ing muscles of HFD-fed mice, but not in the muscles of normal diet
(ND) fed mice (Fig. 2). Importantly, only undifferentiated NCFAPs
were observed in non-damaged TAs of mice under HFD (Fig. 2).
This result indicated that systemic metabolic cues associated with
an obesity-inducing diet trigger NCFAP differentiation during the
regenerative response.

A feature unique to NCFAPs is that even though their number
declines throughout life, this subpopulation remains the most
responsive in the event of muscle damage. NCFAPs constitute
100% of the craniofacial FAP population one week after birth, but
in 8-week old and 20 week-old mice those cells comprise 30%
and 20% of the craniofacial FAP population, respectively [5]. We
next tested whether NCFAPs are still responsive to craniofacial
muscle damage in adult mice. To this end, we measured the expan-
sion of both FAP populations in vivo following injection of the
snake venom notexin into the masseter muscle of 8 week-old mice.
We found that the damage triggers an asymmetric expansion of
NCFAPs, which initially accounted for 30% of the FAPs and grew
to 70% of the total FAP population by day 3 post-damage (Fig. 3).
This result indicated that despite constituting the smaller
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Fig. 3. Flow cytometry analysis of NCFAPs and MFAPs in the masseter muscle of adul
(healthy) masseteres vs. masseters on day 3 post notexin injection (regeneration). M
population was quantified for each subpopulation. ⁄p < 0.05 vs. healthy NCFAPs. n = 4.
subpopulation, NCFAPs remain the FAP fraction most responsive
to acute injury.

4. Discussion

In the present study we have gained further insight into the
dynamics of NCFAP activation and differentiation in vivo. The
asymmetric response to damage in which NCFAP expansion pre-
vails over MFAP expansion suggests that the signals involved in
craniofacial FAP activation are different from the ones involved
in limb muscle regeneration. Alternatively, the same signals might
be present in regenerating craniofacial and limb structures, yet
NCFAPs are more responsive to them than MFAPs. In support of
the first hypothesis, the expression of endothelin receptor type A
(ETA) increases in NC-FAPs following facial muscle damage [5],
suggesting a role for the endothelin axis in NCFAP activation and
expansion. Activation of ETA by endothelin 1 (ET1-1) stabilizes
Snail and contributes to the repression of E-Cadherin (ECad) during
endothelial-to-mesenchymal transition (EMT) [9,10]. The endothe-
lin system plays an important role in craniofacial development
with mesoderm-derived ET-1 contributing to NC migration and
cell survival [11,12]. Activation of the pathway has also been linked
to the development of tumor invasiveness and metastasis in cer-
tain types of cancer, including nasopharyngeal and oral cancers
[13,14]. In this regard, therapies aimed at inhibiting the ET-ETA
axis have been used with encouraging results in the treatment of
various cancers [10]. In particular, the orally bioavailable ETA
antagonist ZD4054, has been shown to inhibit the growth breast
cancer cells in vitro and in vivo [10]. Taking into account the activa-
tion of the ET pathway during NCFAP proliferation, a therapeutic
strategy including the use of ETA antagonists may prove effective
in the treatment of orbitofacial infiltration caused by fibroblasts
and adipocytes.

A key characteristic of NCFAPs is their ability to infiltrate cra-
niofacial tissue and to differentiate. As observed during craniofacial
muscle regeneration under healthy conditions, the NCFAP popula-
tion contracts after a few days and returns to pre-damage levels
[5]. In the presence of systemic or local pro-adipogenic signals,
however, NCFAPs undergo in situ adipogenesis, giving rise to ecto-
pic fat deposition and extensive adipogenic infiltration of craniofa-
cial muscles (Fig. 3) [5]. This functional characteristic, in addition
to the fact that NCFAPs proliferate more aggressively than their
mesoderm-derived counterpart, leads to the fact that neural
crest-derived adipocytes are predominantly found within the infil-
trated craniofacial structures (Fig. 4) [5].

In sum, NCFAPs represent the predominant adipogenic popula-
tion in the craniofacial region. On the basis of its reactivity to
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Fig. 4. Model of NCFAP behavior in healthy and damaged craniofacial muscle. In the
healthy adult masseter, NCFAPs (gray cells) constitute the smaller fraction of the
resident FAP population. Following damage, however, NCFAPs expand to become
the predominant FAP subpopulation, and participate in masseter regeneration via
secretion of pro-regenerative cytokines. When exposed to systemic and/or local
pro-adipogenic signals, NCFAPs differentiate into adipocytes during the regenera-
tive process, causing fatty muscle infiltration.
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injury, robust fibrogenic capacity, and its ability to infiltrate the
muscles, this progenitor population represents an ideal target for
the study of the cellular mechanisms of CILF and TED.

References

[1] D. Kamal, P. Breton, P. Bouletreau, Congenital infiltrating lipomatosis of the
face: report of three cases and review of the literature, J. Craniomaxillofac Surg.
38 (2010) 610–614.

[2] S.A. Slavin, D.C. Baker, J.G. McCarthy, A. Mufarrij, Congenital infiltrating
lipomatosis of the face: clinicopathologic evaluation and treatment, Plast.
Reconstr. Surg. 72 (1983) 158–164.
[3] M.R. Soeters, C.J.J. Van Zeijl, A. Boelen, R. Kloos, P. Saeed, T.M. Vriesendorp,
et al., Optimal management of Graves orbitopathy: a multidisciplinary
approach, Neth. J. Med. 69 (2011) 302–308.

[4] Y. Chai, X. Jiang, Y. Ito, P. Bringas Jr., J. Han, D.H. Rowitch, et al., Fate of the
mammalian cranial neural crest during tooth and mandibular morphogenesis,
Development 127 (2000) 1671–1679.

[5] D.R. Lemos, B. Paylor, C. Chang, A. Sampaio, T.M. Underhill, F.M.V. Rossi,
Functionally convergent white adipogenic progenitors of different lineages
participate in a diffused system supporting tissue regeneration, Stem Cells
Dayton Ohio. 30 (2012) 1152–1162.

[6] A.W.B. Joe, L. Yi, A. Natarajan, F. Le Grand, L. So, J. Wang, et al., Muscle injury
activates resident fibro/adipogenic progenitors that facilitate myogenesis, Nat.
Cell Biol. 12 (2010) 153–163.

[7] S.J. Mathew, J.M. Hansen, A.J. Merrell, M.M. Murphy, J.A. Lawson, D.A.
Hutcheson, et al., Connective tissue fibroblasts and Tcf4 regulate
myogenesis, Dev. Cambridge Engl. 138 (2011) 371–384.

[8] A. Uezumi, S. IchiroFukada, N. Yamamoto, S. Takeda, K. Tsuchida, Mesenchymal
progenitors distinct from satellite cells contribute to ectopic fat cell formation
in skeletal muscle, Nat. Cell Biol. 12 (2010) 143–152.

[9] L. Rosanò, R. Cianfrocca, F. Spinella, V. Di Castro, M.R. Nicotra, A. Lucidi, et al.,
Acquisition of chemoresistance and EMT phenotype is linked with activation of
the endothelin A receptor pathway in ovarian carcinoma cells, Clinical Cancer
Res. 17 (2011) 2350–2360.

[10] A. Bagnato, L. Rosanò, The endothelin axis in cancer, Int. J. Biochem. Cell Biol.
40 (2008) 1443–1451.

[11] D.E. Clouthier, S.C. Williams, R.E. Hammer, J.A. Richardson, M. Yanagisawa,
Cell-autonomous and nonautonomous actions of endothelin-A receptor
signaling in craniofacial and cardiovascular development, Dev. Biol. 261
(2003) 506–519.

[12] M. Bonano, C. Tribulo, J. De Calisto, L. Marchant, S.S. Sanchez, R. Mayor, et al., A
new role for the Endothelin-1/Endothelin-A receptor signaling during early
neural crest specification, Dev. Biol. 323 (2008) 114–129.

[13] K.-W. Lo, Y.-S. Tsang, J. Kwong, K.-F. To, P.M.L. Teo, D.P. Huang, Fast track
promoter hypermethylation of the ednrb gene in nasopharyngeal carcinoma,
Int. J. Cancer J. Int. Du Cancer 98 (2002) 651–655.

[14] L. Zhou, X. Feng, W. Shan, W. Zhou, W. Liu, L. Wang, et al., Epigenetic and
genetic alterations of the EDNRB gene in nasopharyngeal carcinoma, Oncology
72 (2007) 357–363.

http://refhub.elsevier.com/S0006-291X(14)01331-X/h0011
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0011
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0011
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0010
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0010
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0010
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0015
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0015
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0015
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0020
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0020
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0020
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0025
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0025
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0025
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0025
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0030
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0030
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0030
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0035
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0035
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0035
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0040
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0040
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0040
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0045
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0045
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0045
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0045
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0050
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0050
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0055
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0055
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0055
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0055
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0060
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0060
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0060
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0065
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0065
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0065
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0070
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0070
http://refhub.elsevier.com/S0006-291X(14)01331-X/h0070

	In vivo characterization of neural crest-derived fibro/adipogenic progenitor cells as a likely cellular substrate for craniofacial  fibrofatty infiltrating disorders
	1 Introduction
	2 Materials and methods
	2.1 Animals and muscle damage
	2.2 Flow cytometry
	2.3 Transplantation

	3 Results
	4 Discussion
	References


