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ABSTRACT

Calcification of soft tissues, such as heart valves and tendons, is a common clinical problem
with limited therapeutics. Tissue specific stem/progenitor cells proliferate to repopulate injured
tissues. But some of them become divergent to the direction of ossification in the local patho-
logical microenvironment, thereby representing a cellular target for pharmacological approach.
We observed that HIF-2alpha (encoded by EPAS1 inclined form) signaling is markedly activated
within stem/progenitor cells recruited at calcified sites of diseased human tendons and heart
valves. Proinflammatory microenvironment, rather than hypoxia, is correlated with HIF-2alpha
activation and promoted osteochondrogenic differentiation of tendon stem/progenitor cells
(TSPCs). Abnormal upregulation of HIF-2alpha served as a key switch to direct TSPCs differentia-
tion into osteochondral-lineage rather than teno-lineage. Notably, Scleraxis (Scx), an essential
tendon specific transcription factor, was suppressed on constitutive activation of HIF-2alpha and
mediated the effect of HIF-2alpha on TSPCs fate decision. Moreover, pharmacological inhibition
of HIF-2alpha with digoxin, which is a widely utilized drug, can efficiently inhibit calcification
and enhance tenogenesis in vitro and in the Achilles’s tendinopathy model. Taken together,
these findings reveal the significant role of the tissue stem/progenitor cells fate decision and
suggest that pharmacological regulation of HIF-2alpha function is a promising approach for soft
tissue calcification treatment. STEM CELLS 2016;34:1083–1096

SIGNIFICANCE STATEMENT

Calcification of soft tissues, such as heart valves and tendons, is a common public health con-
cern with limited understanding and treatment options. Manipulating endogenous stem cells
with small molecules has been proposed as a therapeutic strategy, but practical approaches
are still unavailable. We have elucidated that HIF-2a acts as a crucial mediator of soft tissue
calcification, by directly inhibiting Scx expression and regulating stem cells lineage differentia-
tion. And we show that a pharmacological inhibitor of HIF-2a, digoxin, which is a widely uti-
lized drug, can efficiently inhibit calcification and enhance tenogenesis in Achilles tendinopathy
model. These findings are of great value on uncovering the mechanism of soft tissue calcifica-
tion and developing future therapeutics based on tissue stem cells fate regulation.

INTRODUCTION

Abnormal deposition of calcium in soft tissues
is known as calcification. Ectopic calcification
leads to elastic mismatch and mechanical
complications that can increase cardiac stress
and induce rupture in arteries and tendons,
resulting in substantial morbidity and mortality
[1]. Despite the clinical burden of ectopic
calcification-related human disease, treatment
options are still limited due to lack of knowl-
edge on its pathological mechanisms.

The causes of soft tissue calcification remain
unknown, although certain genetic components
and environmental factors are thought to play
key roles. Inflammation is considered to be
closely associated with soft tissue calcification.
Lymphocytes, macrophages, and dendritic cells

infiltrate into plaques and release cytokines that
induce calcification [2]. A positive feedback loop
may form when inflammation triggers minerali-
zation and mineralized crystals in turn induce

inflammation [3]. Meanwhile, hypoxia has also
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been proposed as an inductive factor of tendon calcification,
given that calcification mostly appears at the avascular area,
known as the “critical zone.” However, the underlying mecha-
nism behind the association of inflammation and hypoxia with
ectopic calcification has not yet been uncovered. HIF-2alpha is
one of the factors regulated by both inflammation and hypoxia,
which was reported to be associated with osteoarthritic calcifi-
cation [4, 5]. The GEO data we analyzed also showed that HIF-
2alpha was upregulated in human tendinopathy and implicated
its involving in soft tissues calcification.

Conversely, the roles of tissue stem/progenitor cells in soft
tissue calcification diseases have not yet been fully understood.
Previously, it was thought that soft tissue calcification is a pas-
sive and degenerative process, but it is now considered to be
an active tissue repair process mediated by local stem/progeni-
tor cells [6, 7], which in fact recapitulates many features of
embryonic endochondral ossification. Transcription factors such
as Scleraxis (Scx), EYA1/2, EGR1, and Mohawk (Mkx) have been
identified as crucial instructive factors for tendon differentiation
[8–10]. During embryonic development, the differentiation of
tenocytes and chondrocytes from the same progenitor pool are
well coordinated through transcriptional control by Scx and
SRY-box containing gene 9 (Sox9), an important regulator of car-
tilage formation [11, 12]. However, the underlying mechanism
by which stem/progenitor cells switch their lineage commit-
ment from tenogenesis to osteochondral ossification under
pathological conditions remains an enigma. Identification of
factors that regulate stem/progenitor cell differentiation path-
ways either directly or indirectly is crucial for developing new
therapies to prevent calcification in soft tissues.

Furthermore, in situ manipulation of stem/progenitor cells
may allow us to control their lineage fate, thereby providing a
novel therapeutic strategy. Some studies have attempted to
achieve this with growth factors, but this approach has not
been successful partly because of difficulties in delivering
growth factors and partly because of the nonspecific pleio-
tropic effects of growth factors on multiple signaling path-
ways. One alternative to growth factors are small molecules
that can promote stem cell self-renewal and/or differentia-
tion, which can be identified by high throughput screening
and molecular analysis of relevant signaling pathways.

Here, we investigated the roles of HIF-2alpha and endoge-
nous stem cells on soft tissues calcification. Moreover, the
underlying mechanism and its related therapeutic strategy for
soft tissue calcification were also systematically investigated.

MATERIALS AND METHODS

Study Approval

All procedures and protocols were informed consent and
approval from the by the Ethics Committee under 2nd Affili-
ated Hospital, School of Medicine, Zhejiang University. The
human tendon tissues (5–12mm cubic) were collected from
the damaged edge from ruptured tendon during the repara-
tive surgery: One was from the Achilles’s tendon of a 54-year-
old male, one was from supraspinatus tendon of 60-year-old
female. An independent control group was obtained compris-
ing four samples of Achilles’s tendon collected from patients
undergoing amputation. The five human mitral valves

(20–30mm cubic) were collected from patients with rheu-
matic heart disease undergoing valve replacement. The mean
age of the rheumatic heart disease patients was 62 years
(range 47–84 years).

Animal Experiments

All experiments were conducted with approval of the Zhejiang
University Institutional Animal Care and Use Committee.
Scleraxis-green fluorescent protein reporter (Scx-GFP) mice
and Scx homozygous knockout mice were kindly provided by
Dr. R. Schweitzer (Oregon Health & Science University, Ore-
gon, USA) [13] and breed in Model Animal Research Center of
Nanjing University. Type I collagenase (17100017,Gibco, Grand
Island, NY, http:// www.invitrogen.com) was injected into the
midpoint of the right and left Achilles tendons in 8-weeks-old
rats (50 U/leg) and Scx-GFP mice (12.5 U/leg). Then, digoxin
(1.5 ug/leg for rat, 0.375 ug/leg, Sigma 1200000, Sigma, St.
Louis, MO, http://www.sigmaaldrich.com) was injected subcu-
taneously into the right legs every 3 days up to 8 weeks after
the collagenase injection and the left leg was given sterile
saline (self control). Skin around Achilles tendons was lifted
up and drug was injected into loose connective tissue around
Achilles tendons without causing injury of the tendon tissue.
The animals were submitted to euthanasia at indicated time
period post operatively when x-ray examinations were taken
and tendon tissues were processed for histological, immuno-
histochemical, and gene expression studies.

Datasets Analysis

The dataset of EPAS1 expression in nonlesional and lesional
tendons from patients with tendinopathy was downloaded
from GSM 26051 (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc5GSM 26051) [14]. Expression data were available
for 23 samples.

X-ray and lCT Analysis

Achilles tendon were dissected from mice, fixed overnight in 4%
paraformaldehyde and analyzed by x-ray analysis (In Vivo F/FX,
Kodak, New York, American) and high-resolution lCT (lCT 100,
Scanco Medical, Basserdorf, Switzerland). Briefly, the micro-CT
imaging system was operated at 70 kVp and 114 lA, which was
equipped with a 5lm focal spot x-ray tube. Two-dimensional CT
images were reconstructed in 1024-1024 pixel matrices using a
standard convolution-back projection procedure. Images were
stored in 3D arrays with an isotropic voxel size of 12lm. The
resulting gray-scale images were segmented using a low-pass fil-
ter to remove noise, and a fixed threshold was used to extract
the mineralized bone phase. An equivalent hydroxyapatite den-
sity was calculated for the mineralized lesion based on the use
of a manufacturer-specific calibration curve. Micro-CT parame-
ters, whose definition and nomenclature were established by
the American Society of Bone and Mineral Research (ASBMR),
were measured using the image processing software version
V5.07a by Scanco Medical (Basserdorf, Switzerland) [15].

Histological and Histochemical Examination
of Calcific Samples

For histological analysis of calcific samples, tendons, or valves
fixed in 4% (paraformaldehyde 16005 sigma) paraformalde-
hyde for 1 day and then decalcified in 10% (EDTA E6758,
sigma) EDTA-decalcification solution for 14 days. After
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embedding in paraffin, sections were deparaffinized in xylene,
washed, and hydrated with washing ethanol. Finally, the
paraffin-embedded sections were stained with standard hema-
toxylin and eosinor safranin O staining. For fluorescence
observation, the histological sections were first stained with
hematoxylin h9627,sigma and the positive cells were observed
under fluorescence microscopy. General histological scoring
was performed using hematoxylin and eosin staining. Six
parameters (fiber structure, fiber arrangement, rounding of
nuclei, inflammation, vascularity, cell population) were semi-
quantitatively assessed. This scoring system is a modification
of a previous study. Safranin O staining and Bonar score scor-
ing was performed to examine tendon destruction. For immu-
nohistochemical staining of HIF-2alpha in cartilage tissue,
paraffin sections were deparaffinized in xylene, washed, and
hydrated with washing ethanol. Sections on slides were incu-
bated for 2 hours at room temperature with primary antibod-
ies (Supporting Information Table 1). Next, samples were
incubated with HRP horse radish peroxidase linked secondary
antibodies for 30 minutes. Then, we use DAB 3, 30-diamino-
benzidine solution to visualize Immunoreactive proteins.

Immunofluorescence Microscopy

We observed paraffin-embedded sections with HIF-2a ab199,
Abcam, Cambridge, UK and other antigens using standard immu-
nofluorescence microscopy. Specifically, Paraffin-embedded sec-
tions were deparaffainized, hydrated, permeabilized, and blocked
for 30 minutes with 0.1% (v v-1) Triton X-100 and 1% (w/v)
bovine serum albumin. After Sections were washed followed by
for 1 hour incubation with a primary antibody or control IgG.
Sections were incubated with fluorescein-conjugated secondary
antibody (invitrogen CA11008s, invitrogen, Invitrogen Inc., Carls-
bad, CA) for 30 minutes and observed under a fluorescence
microscope. Cell nuclei were stained with DAPI (blue).

Pixel intensity was calculated with Image-Pro Plus Soft-
ware (Media Cybernetics). For the correlation between the
expression of HIF-2alpha and ScxGFP, 130 areas (40–50 for
each mouse; three mice) were randomly selected in at least
five different sections, and the corresponding average pixel
intensities were quantified. The background pixel intensity
from sections stained with only the secondary antibodies was
subtracted. Linear regression and correlation (Pearson r) were
determined with GraphPad Prism 6.04 software.

Hypoxia Probe

To detect hypoxic cells in tendons, we used the reductive 2-
nitroimidazole compound pimonidazole PIM from hypoxypro-
betm-1 plus kit (HP1-100,Chemicon International, Temecula,
CA, which is a chemical marker for hypoxia, when adminis-
tered in vivo, forms stable adducts in hypoxic regions that
then can be identified with an anti-PIM antibody HP1-100,
Chemicon International [16]. After 1 week and 8 week of col-
lagenase injection, the mice were injected i.p. with PIM
hydrochloride (Chemicon International, Temecula, CA) at
120mg/kg dose, and the tendons and thymus harvested after
3 hours postinjection. The Achilles tendons and thymocytes
were embedded in paraffin. Sections were deparaffinized in
xylene, washed, and hydrated with washing ethanol. We
stained paraffin-embedded sections with a mouse monoclonal
anti-PIM antibody (Hypoxyprobe-1 Kit; Chemicon Interna-
tional, Temecula, CA) or a mouse IgG1 isotype control anti-

body for 1 hour at 37 C in the presence of a protein blocker
(DakoCytomation, Carpinteria, CA). Then, sections were incu-
bated with HRP linked secondary antibodies for 30 minutes.
Finally use DAB solution visualize Immunoreactive proteins.

Cell Culture

We obtained human fetal Achilles tendon samples from an
aborted embryo (age 5 months) following the approved
guidelines set by the Women’s Hospital School of Medicine
Zhejiang University Institutional Review Board and Institu-
tional Animal Care and Use Committe e [17]. Tenocytes were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, low
glucose; Gibco, Grand Island, NY, http://www.invitrogen.com)
with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA,
http://www.invitrogen.com-Gibco) and 1% penicillin-
streptomycin (Gibco). For TSPCs selection: the cells were cul-
tured in DMEM supplemented with 20% FBS and penicillin-
streptomycin to form colonies. Primary TSPCs were washed
three times with serum-starved medium and incubated for 3
hours with serum-starved medium (3% FBS). Serum-starved
TSPCs were either untreated or treated with IL-1b (5 ng/ml)
and digoxin (50 nM, 100 nM) for indicated time periods.
Newly confluent cells were maintained under normoxic condi-
tions or were exposed to hypoxia for 24 hours to 2 weeks in
a GasPak anaerobic chamber (BBL GasPak Pouch; Becton Dick-
inson, Sparks, MD) at 37 C with oxygen equal to 2%.

Infection and Transfection

Expression vectors encoding Epas1-CA and Epas1-DN were pur-
chased from addgene [18]. Sequence of Anti-EPAS1 short hairpin
RNA-1 (sh1): Forward oligo: 50 CCGGCAGCATCTTTGATAGCAGTCTC-
GAGACTG CTATCAAAGATGCTGTTTTTG 30; Reverse oligo: 50 AATT-
CAAAAACAGCATCTTTGATAGCAGTCTCGAGACTGCTATCAAAGATGCTG
30. Sequence of Anti-EPAS1 short hairpin RNA-2(sh2): Forward
oligo: 50 CCGGCGGGCCAGGTGAAAGTCTACTCGAGTAGACTTTCACC
TGGCCCGTTTTTG 30; Reverse oligo: 50 AATTCAAAAACGGGCCAGGT-
GAAAGTCTACTCGAGTAGACTTTCACCTGGCCCG 30. For retroviral
transductions, cells were passaged and seeded in six-well plates in
medium containing 75% retroviruscontaining supernatant (DMEM)
and 25% L-DMEM medium. After 12 hours, remove the virus-
containing medium. Four days after the transduction, cells were
replated in selection medium containing 2g/ml puromycin, then
used without further experiment.

Differentiation and Staining

We tested the multidifferentiation potential of the TSPCs of
osteogenesis and tenogenesis as described previously [19].
Primary TSPCs were either untreated or treated with IL-1b
(5 ng/ml) and digoxin (50 nM, 100 nM) during induction.
Osteogenic differentiation was induced by ascorbic acid, dexa-
methasone, and bglycerol phosphate. After 1 week, ALP activ-
ity was assayed using a BCIP/NBT alkaline phosphatase color
development kit (Beyotime Institute of Biotechnology). DAPI
(Beyotime Institute of Biotechnology) was used to stain
nuclei. Calcium deposits were detected by staining with 2%
alizarin red S (pH 4.2; Sigma) after 2 weeks. To quantify the
stained nodules, the stain was solubilized with 0.5ml 5% SDS
in 0.5 N HCl for 30 minutes at room temperature. Absorbance
was measured at 405 nm. Tenogenesis differentiation was
induced in confluent TSPCs cultures by treated with ascorbic
acid for 14 days.
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RT-PCR

Total cellular RNA was isolated by lysis in TRIZOL (Invitrogen)
and 1 lg of total RNA was used for cDNA synthesis (BioRad
Laboratories). cDNA samples were diluted 1:10 and real-time
PCR was performed using primers (Supporting Information
Table 2), SYBR Green Supermix (Takara) and the iCycler Real-
time PCR Detection System (Bio-Rad).

Western Blotting

All proteins were detected in whole cell lysates using follow-
ing antibodies: anti-HIF-2alpha (Abcam Inc.), anti-gapdh (Cell
Signaling, Danvers, MA), anti-actin (Cell Signaling, Danvers,
MA).

Statistical Analysis

All quantitative data are presented as means6 s.e.m. One-
way analysis of variance (ANOVA) and Student’s t test was
performed to assess whether there were statistically signifi-
cant differences in the results between groups. Values of
p< .05 were considered to be statistically significant. The sig-
nificance level is presented as either *, p< .05 or **, p< .01.

RESULTS

HIF-2alpha is Highly Expressed in Stem Cells Localized
Within Calcified Tendons and Mitral Valves

From a global gene expression profiling of human tendinop-
athy (GSE26051), which consists of 23 patients undergoing
surgical procedures for the treatment of chronic tendinopathy,
we selectively examined several important processes, such as
bone formation and vascularization, based on gene ontology
(GO) function enrichment analysis. Based on previous analyses
of other tissues [5], we further screened transcription factors
among the genes upregulated under pathological conditions
and selected HIF-2alpha as our primary target for detailed
investigations. EPAS1 was significantly upregulated in human
lesional tendons compared to nonlesional controls (Fig. 1A).
To explore the role of HIF-2alpha in soft tissue calcification,
we compared the expression levels of HIF-2alpha from uncal-
cified and calcified human tendons and mitral valves. We con-
firmed the calcific lesions in tendon and mitral valve biopsies
according to histological staining (Fig. 1B, 1C). Increased
EPAS1 protein levels were evident in calcific tissues as deter-
mined with immunostaining for HIF-2alpha (Fig. 1B, 1C), while
HIF-1alpha stabilized mostly in cells which located at un-
calcific sites rather than calcific sites (Supporting Information
Fig S2A-2C). To further confirm the dysregulation of HIF-
2alpha in tendinopathy, we induced tendinopathy in rats by
collagenase injection into Achilles’s tendons. By 8 weeks after
collagenase injection, rats developed calcified tendinopathy
[20], as evident from safranin O staining and Bonar Score [21]
(Fig. 1D). Immunostaining and Western blot analyses revealed
a similar upregulation of HIF-2alpha expression in calcific ten-
dons, as early as 2 weeks after collagenase injection (Fig. 1D-
1F and Supporting Information Fig. S1A). Notably, HIF-2alpha
was primarily localized in intermediate cells between healthy
tenocytes (which were stained light green in SO staining and
negative for OCN staining) and osteoblasts (which were

stained purple in SO staining and immunoactive for OCN
staining) (Fig. 1D).

To further characterize the cellular identity of these inter-
mediate cells, we utilized a transgenic reporter mouse strain
that expresses the GFP marker driven by Scleraxis promoter
(ScxGFP) [22], which is a marker for tenocytes and their pro-
genitors. Immunostaining analyses for the chondrogenic mas-
ter gene Sox9 in calcific tendons from ScxGFP mouse revealed
that loss of ScxGFP and gain of Sox9 expression gradually
spread from normal tendon tissues to the calcific regions,
with a transient Scx1/Sox91 stage (Fig. 1G). Previous studies
revealed a critical role of HIF-2alpha in chondrocytes hyper-
trophy and cartilage degradation in endochondral ossification
[4, 5], a process which has been partly recapitulated during
ectopic calcification [6, 7]. We examined HIF-2alpha activation
in chondrocytes which resides in calcific tendons by immuno-
staining for both HIF-2alpha and COL2A1, a marker of chon-
drocytes. Surprisingly, ovoid-like cells which express high level
of HIF-2alpha and chondrocytes which synthesis COL2A1
appeared to be two distinct populations that closely associ-
ated with each other (Fig. 1H and Supporting Information Fig.
S1B). To examine whether cells located at these transitional
regions contain tendon progenitor/stem cells (TSPCs), we per-
formed immunostaining for stro-1, CD90, and CD44 (markers
related to TSPCs [23]) to visualize their distribution through-
out the tendon. We observed a robust activation of HIF-
2alpha in TSPCs predominantly located in the vicinity of calci-
fied sites (Fig. 1I, 1J). Collectively, these findings demonstrate
that HIF-2alpha expression level is increased in stem/progeni-
tor cells localized within calcified tendons and heart valves.

HIF-2alpha is Activated by Pro-Inflammatory
Cytokines, not Hypoxia, in Tendinopathy

To mechanistically analyze how HIF-2alpha is induced in calci-
fied tissues, we examined EPAS1 mRNA and protein expres-
sion levels in primary human TSPCs cultured under
pathological conditions, such as hypoxia and interleukin (IL)-
1b treatment. As described previously, both the proinflamma-
tory cytokine IL-1b and hypoxia (2% O2) elevated EPAS1 pro-
tein expression levels in vitro, but only IL-1b enhanced EPAS1

mRNA levels (Fig. 2A, 2B, Supporting Information Fig. S3A and
3B). In contrast, HIF-1alpha only stabilized under hypoxia
treatment (Supporting Information Fig. S2D). To detect proin-
flammatory stress in vivo, we performed immunostaining for
v-rel avian reticuloendotheliosis viral oncogene homolog A
(p65 or RELA), since NF-jB is known to be potent regulators
of Epas1 expression induced by IL-1b [4, 5]. And to detect
hypoxic cells in calcified tendons, we utilized pimonidazol
(PIM) as a chemical marker of hypoxia, which forms stable
adducts in hypoxic regions after administration in vivo, and
which can be subsequently detected by immunostaining [24].
Interestingly, we find that high level of HIF-2alpha and accu-
mulation of p65 in transitional regions between healthy ten-
don tissues and calcified sites, whilst lacking staining of the
hypoxia marker PIM (Fig. 2C and Supporting Information Fig.
S4A-4F). This thus indicated that proinflammatory condition,
rather than hypoxia, is associated with HIF-2alpha activation
in vivo. Accordingly, we examined the association of tendinop-
athy phenotype with IL-1b expression and hypoxia. Various
metalloproteinases such as MMP3, MMP9 are upregulated in
diseased tendons, which contributes to degeneration of
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Figure 1. Upregulation of HIF-2alpha in human calcific mitral valves and tendons. (A): EPAS1 mRNA expression detected on microarray
analysis of human tendinopathy and normal tendon samples (*, p< .05, two-tailed Student’s test, n 5 23 per group). (B): Representative
images of Safranin O staining (left) and immunohistochemical staining of HIF-2alpha (right) in normal and calcific human tendons. Scale
bar, 200 lm. (C): H&E staining (left) and immunohistochemical staining of HIF-2alpha (right) in uncalcific and calcific human mitral
valves. Scale bar, 50 lm. (D): Safranin O staining (up), immunohistochemical staining of HIF-2alpha (middle) and OCN (down) of rat nor-
mal and tendinopathy samples. Areas of tenocytes (T), chondrocytes (C), and osteoblasts (O) are indicated in tendinopathy samples.
Scale bar, 200 lm. (E): Bonar score from both normal and tendinopathy rat Achilles’s tendons. Values are means6 s.e.m. (n� 6) (F) Up:
Western blot analyses of EPAS1 from both normal and calcified rat Achilles’s tendons. Down: The histogram provides a quantitative sum-
mary of the data in (D), presented as means6 s.e.m. (n� 3) (G): Safranin O staining and immunofluorescence staining showing SOX9
activation in calcific tendons of Scx-GFP mice. SCX1/SOX91 cells are indicated by white arrowheads. Scale bar, 50 lm. (H): Immunofluo-
rescence staining showing close association of HIF-2alpha (yellow arrowheads) and COL2A1 (white arrowheads) in calcific rat tendons.
Scale bar, 50lm. (I, J): Immunofluorescence staining showing HIF-2alpha activation in stem/progenitor cells (CD441/CD901/Stro-11) of
calcific human (I) and rat (J) tendons. Scale bar, 50 lm. The box is present to indicate an area which is zoomed in. Abbreviation: H&E,
hematoxylin and eosin.
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tendon extracellular matrix [25]. We found that IL-1b is asso-
ciated with significantly increased expression of MMP3 and
MMP9 in primary cultured human TSPCs, while hypoxia alone
is not (Fig. 2D). It indicated that IL-1b, rather than hypoxia,
contributes to degeneration of tendon extracellular matrix

through triggering expression of various catabolic factors. In
addition, IL-1b treatment increased calcification parameters in
primary cultured human TSPCs, which were decreased on
hypoxia treatment (Fig. 2E). These results are similar with the
findings that hypoxia maintain the stemness and decreases

Figure 2. Regulatory mechanisms of EPAS1 activation in tenocytes. (A, B): qPCR (A) and Western blot (B) analyses of EPAS1 in human TSPCs
treated with 2% O2 (H), 5 ng/ml IL-1b (I) or combined (HI) for 48 hours with actin as loading control. Values in (A) are means6 s.e.m. (n� 3).
*, p< .05 as compared to untreated control. (C): Safranin O staining and immunofluorescence staining of hypoxia probe (PIM), p65 and HIF-
2alpha in Scx-GFP mice calcific tendons. Examples of cells that were either PIM1, p651, HIF-2alpha1 are indicated with white arrowheads.
Scale bars, 50lm. The dash lines are present to indicate transitional area between uncalcified and calcified tissues. (D): qPCR analyses of
MMPs in human TSPCs treated 2% O2 (H), 5 ng/ml IL-1b (I) or combined (HI) for 48 hours. Values are means6 s.e.m. (n� 3). *, p< .05. (E):
ALP staining in human TSPCs cultured in osteogenesis induction medium in the presence of 2% O2 (H), 5 ng/ml IL-1b (I) or combined (HI) for
1 weeks. Values are means6 s.e.m. (n� 3). *, p< .05. One-way analysis of variance (ANOVA). Abbreviations: ALP, Alkaline phosphatase;
MMPs, matrix metalloproteinases; PIM, pimonidazole; TSPCs, tendon stem/progenitor cells.
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differentiation of mesenchymal stem cells [26, 27], while pro-
inflammatory cytokines promotes osteogenic differentiation
[28]. Taken together, these data suggests that HIF-2alpha acti-
vation in calcified tissues is due to proinflammatory cytokines,
rather than hypoxia.

HIF-2alpha Suppresses Tenogenesis and Promotes
Calcification of TSPCs In Vitro

TSPCs are identified as a cell population that possess self-
renewal capacity, as well as multipotent differentiation poten-
tial toward tenocytes, adipocytes, chondrocytes, and osteo-
cytes in vitro [23]. During development, Scx

1/Sox91

progenitors are distributed across the enthesis (tendon to
bone junction) and give rise to tenocytes and entheseal chon-
drocytes in vivo [11, 12]. Hence, we investigated whether HIF-
2alpha can alter cell fate specification of TSPCs. We con-
structed retroviral vectors carrying a small hairpin RNA
(shRNA) specific against HIF-2alpha. A significant reduction in

HIF-2alpha expression at the mRNA levels was observed for
cells transfected with both shRNAs relative to controls, with a
decrease of 78% and 65%, respectively (Fig. 3A). HIF-2alpha
knockdown had no effect on apoptosis and transfected cells
continued to proliferate (Data not shown). Knockdown of HIF-
2alpha significantly decreased alkaline phosphatase activity
and alizarin red staining of TSPCs cultured under osteoinduc-
tive conditions with IL-1b treatment (Fig. 3A). Under IL-1b
treatment, ectopic expression of HIF-2alpha by transfection
with HIF-2alpha mutants bearing mutation causing enhance-
ment of HIF-2alpha transactivation activity (P405A and P531A,
HIF2alpha-CA) resulted in increase of ossification parameters,
while all ossification parameters were decreased by overex-
pression of a mutant of HIF-2alpha causing abrogation of HIF-
2alpha transactivation activity (P405A, P531A and D820-870,
HIF2alpha-DN) (Fig. 3B). We then examined the effect of HIF-
2alpha on tenocyte lineage differentiation of human TSPCs.
Overexpression of constitutive-active forms of HIF-2alpha

Figure 3. HIF-2alpha promotes calcification and suppresses tenogenesis in human TSPCs. (A): ALP and ARS in human TSPCs retrovirally
transfected with control or shRNA specific for Epas1 after culture for 2 weeks with osteogenesis induction and IL-1b (5 ng/ml) treat-
ment. mRNA levels of HIF-2alpha were confirmed by qPCR. Values are means6 s.e.m. (n� 3). (B): Analyses of ALP and ARS in human
TSPCs retrovirally transfected with empty vector or HIF-2alpha mutants at oxygen-dependent hydroxylation residues causing enhance-
ment (P405A and P531A, HIF2alpha-CA) and abrogation (D820-870, HIF2alpha-DN) under the culture conditions used in (A). Protein lev-
els of HIF-2alpha were confirmed by Western blot, with the GAPDH level as loading control. Values are means6 s.e.m. (n� 3). (C):
qPCR analyses of SCX, MKX, EYA1, EYA2, SIX2, EPAH4, and COL14 in human TSPCs retrovirally transfected with empty vector, HIF2alpha-
CA, or HIF2alpha-DN after treated with tenogenesis induction and IL-1b (5 ng/ml) for 7 days. Values are means6 s.e.m. (n� 3). *,
p< .05, **, p< .01. One-way analysis of variance (ANOVA). Abbreviations: ALP, Alkaline phosphatase; ARS, Alizarin red staining; TSPCs,
tendon stem/progenitor cells.
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suppressed expression of tenogenic markers, such as SCX,

EYA1, and EYA2 during induction of tenogenesis (Fig. 3C). In
contrast, inhibition of HIF-2alpha dominant-negative mutant
rescued expression of tenogenic markers, such as SCX, EYA1,
and EYA2, during tenogenesis (Fig. 3C). These data suggest
that HIF-2alpha signaling plays a significant role in lineage
fate specification of tenocytes and osteoblasts derived from
TSPCs.

Scleraxis is Suppressed by HIF-2alpha During
Calcification

Although many studies have established the critical role of Scx
(Scleraxis) during tendon and heart valve development [8, 29],
there is little evidence of Scx function in the pathogenesis of
tendon degeneration [30]. We, therefore, investigated whether
loss of Scx function contribute to ectopic calcification pathoge-
nesis. ScxGFP was highly expressed in a majority of tenocytes
in normal ScxGFP mouse [31], but in calcific lesions it was
robustly downregulated (Fig. 4A and Supporting Information
Fig. S2A). Several potential hypoxia-responsive elements were
noted in the regulatory regions upstream and downstream of
the transcription start site of the human SCX gene (Supporting
Information Fig. S2B). In addition, we analyzed HIF-2alpha
expression by immunofluorescent staining and found that the
ScxGFP correlated with upregulation of HIF-2alpha in calcific
lesions (Fig. 4A), which indicates that the absence of Scx is
associated with activation of HIF-2alpha in vivo. We also found
that SCX transcription was downregulated in calcific tendons
compared with normal tendons (Fig. 4B) and in IL1b-treated
human TSPCs (Fig. 4C). SCX expression was significantly dere-
pressed in human TSPCs on HIF-2alpha inhibition with either
infection of HIF2alpha-DN (Fig. 4D) or anti-Epas1 siRNA (�70%,
Fig. 4E). These results suggest that Scx could be a direct target
of HIF-2alpha signaling.

To test the importance of Scx function directly in calcifica-
tion, we induced tendinopathy in Scx-knockout mice. As
homozygotes (Scx2/2) mouse line presented severe defects in
tendon formation, we utilized heterozygotes (Scx1/2) instead.
Achilles’s tendon in Scx1/2 mouse underwent more severe
calcification at 8 weeks after collagenase injection compared
to WT mouse (Fig. 4F). To understand the importance of Scx
as a HIF-2alpha target in calcification, we overexpressed Scx
in Epas1-CA transfected TSPCs and grew these cells in osteo-
genic medium. On Scx overexpression, the increase in ossifica-
tion parameters resulted from HIF-2alpha activation was
rescued (Fig. 4G). Together, these results provide evidence
that Scx is a key downstream effector of HIF-2alpha during
calcification. In response to proinflammatory stress, HIF-
2alpha-mediated downregulation of Scx lead to alteration of
TSPCs fate specification and ectopic calcification in tendons.

Digoxin Impedes Calcification and Promotes
Tenogenesis of TSPCs In Vitro Through Inhibition of
HIF-2alpha

Because digoxin inhibits the HIF-2alpha pathway in cancer
cells [32], we investigated whether it could also do the same
with TSPCs. A dose-response study revealed that exposure of
human TSPCs to digoxin at concentrations �50 nM for 24
hours inhibited IL1b-induced expression of HIF-2alpha protein
without inhibition of mRNA expression (Fig. 5A, 5B), which
indicated that digoxin inhibits HIF-2alpha at the translational

rather than the transcriptional level. We then cultured TSPCs
in 50 and 100 nM digoxin to investigate its effect on their
fate decision. Digoxin significantly decreased the activity of
alkaline phosphatase and Alizarin red staining of TSPCs under-
going osteogenic induction and IL1b treatment (Fig. 5C, 5D)
without significant effect on cell apoptosis and proliferation
(Data not shown). Digoxin treatment also downregulated
expression level of osteogenic gene, such as OCN, OPN, and
VEGF (Fig. 5E). In contrast, the expression levels of transcrip-
tional factors for tendon differentiation, such as SCX, MKX,

EYA1, and EYA2, were increased under digoxin treatment (Fig.
5F). Digoxin treatment also increased the synthesis of tendon
extracellular matrix, such as TNC and COL4, during tenogenic
induction (Fig. 5F). Taken together, these results indicate that
digoxin effectively inhibits HIF-2alpha upregulation induced by
IL1b and promotes tenogenesis and inhibits calcification of
TSPCs in vitro.

Digoxin Inhibits Calcification and Enhances
Tenogenesis In Vivo

Commitment of TSPCs toward tenogenic differentiation or
osteogenic and chondrogenic differentiation, plays a key role
in tendon regeneration and pathogenesis [23]. To evaluate
whether digoxin could provide any therapeutic benefit,
digoxin was subcutaneously injected into the loose connective
tissues around Achilles’s tendon and sterile saline was injected
into the other leg as control every 3 days for 8 weeks after
collagenase injection (Fig. 6A). To evaluate the delivery effi-
ciency, we analyzed protein expression levels of HIF-2alpha
after 8 weeks treatment and observed successful inhibition of
HIF-2alpha in digoxin treated animals (Fig. 6H). X-ray quantifi-
cation showed that compared with the self-controlled group,
digoxin administration led to less ectopic calcification in Achil-
les’s tendons (Fig. 6B, 6C). We observed a general reduction
of Safranin O-stained GAG deposition and Bonar score in ten-
dons of digoxin treated animals (Fig. 6D, 6E). Consistent with
the histological examination, the upregulation of COL2A1 (Fig.
6F) and a-SMA expression (Fig. 6H) was also attenuated by
digoxin treatment. When we focused on the tendon regenera-
tion, we also observed that digoxin treatment was able to
rescue the downregulation of tendon-specific transcription
factors Scx under pathological conditions (Fig. 6G). Further-
more, histological examination and immunostaining of tendon
extracellular matrix proteins, such as COL3, demonstrated that
digoxin treatment was beneficial for tendon matrix synthesis
(Fig. 6D, 6H). Hence, digoxin can promote teno-lineage fate
specification during tendon repair and inhibit calcification
progression.

DISCUSSION

The data presented in this study clearly demonstrated that
the endogenous stem cells and HIF-2alpha signaling play sig-
nificant roles in soft tissues calcification, and that ectopic cal-
cification can be inhibited by digoxin via modulation of the
HIF-2alpha signaling that control stem cell fate (Fig. 7). In par-
ticular, the major findings are as follows. First, data from both
our in vitro and in vivo studies indicate that HIF-2alpha activa-
tion in stem/progenitor cells of calcified tissues is due to
proinflammatory conditions. The gain- and loss- of function
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studies demonstrate that HIF-2alpha plays a crucial role in cell
fate decisions of TSPCs. Second, we showed that digoxin
inhibits the HIF-2alpha signaling pathway in human TSPCs and
that this inhibition effectively promotes tenogenesis, as well
as impedes calcification both in vitro and in vivo. Third, we
identified tendon-specific transcription factor Scleraxis (Scx) as

a critical target of HIF-2alpha. Hence, digoxin treatment act as
a modulator of the HIF-2alpha signaling during soft tissue
calcification.

Transitions between cellular states are known to play critical
roles in tissue development, homeostasis, and regeneration
[33–37]. The conception that aberrant behavior of resident

Figure 4. Scleraxis is suppressed by HIF-2alpha during calcification. (A): Safranin O staining (left) and HIF-2alpha immunofluorescence stain-
ing (right) in calcific tendons from Scx-GFP mice. Scale bar, 100 lm. The dash lines are present to indicate transitional area between uncalci-
fied and calcified tissues. The average intensity of each signal was evaluated in 130 randomly selected regions of calcific tendons. The
correlation between the values in each region is shown. Linear regression is indicated. Pearson r, 20.26 (p< .005; two-tailed t test). (B, C):
qPCR analyses of Scx expression in rat normal and tendinopathy samples (B) and primary human TSPCs cultured under IL-1b (5 ng/ml) for 48
hours (C). Values are means6 s.e.m. (n� 3). (D): qPCR analyses of Scx expression in human TSPCs retrovirally transfected with empty vector,
HIF2alpha-CA, or HIF2alpha-DN. Values are means6 s.e.m. (n� 3). (E): qPCR analyses of Epas1, Scx expression in human TSPCs whether
transfected with control siRNA or siRNA specific for EPAS1 and exposed to IL-1b (5 ng/ml) for 48 hours. Values are means6 s.e.m. (n� 3).
(F): MicroCT examination and bone density quantification of Achilles’s tendons sections from WT (1/1) and Scx1/2 mice after collagenase
injection for 8 weeks. Scale bar, 1mm. Values are means6 s.e.m. (n� 4). (G): ALP and ARS in human TSPCs transfected with HIF2alpha-CA
and empty vector or Scx after culture for 2 weeks with osteogenesis induction and IL-1b (5 ng/ml). mRNA levels of Scx were confirmed by
qPCR analyses. Values are means6 s.e.m. (n� 3). *, p< .05. Abbreviations: ALP: alkaline phosphatase; ARS, alizarin red staining; Scx-GFP,
scleraxis-green fluorescent protein reporter; TSPCs, tendon stem/progenitor cells.
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mesenchymal stem/progenitor cells is actively contributing to
the ectopic calcification is supported by the observation that
calcified valves and vessels are characterized by ectopic
osteoblast-specific gene expression [38, 39]. Mesenchymal stem
cells isolated from calcific vessels and tendons have been
reported to exhibit enhanced osteochondrogenic ability

[40–42]. Moreover, lineage tracing study shows that vascular
endothelial cells acquire multipotency and contribute to the
osteoprogenitor cells when genes important for inhibition of cal-
cification have been genetically ablated in mice [41]. Similarly,
our results showed the presence of a Sox91/Scx1 subpopula-
tion that is localized within calcified lesions of diseased tendons.

Figure 5. Digoxin inhibits HIF-2alpha to reduce calcification and promote tenogenesis of TSPCs. (A, B): qPCR (A) and Western blot anal-
yses (B) of HIF-2alpha in human TSPCs treated with IL-1b (5 ng/ml) and saline or digoxin (50 nM, 100 nM) for 24 hours with actin as a
loading control. Values are means6 s.e.m. (n� 3). (C, D): ALP and ARS in human TSPCs after culture for 2 weeks with osteogenesis
induction and IL-1b (5 ng/ml) in the presence of digoxin. Values are means6 s.e.m. (n� 3). (E): qPCR analyses of OPN, OCN, and VEGF
in human TSPCs after culture for 7 days with osteogenesis induction and IL-1b (5 ng/ml) in the presence of digoxin. (F): qPCR analyses
of SCX, EYA1, EYA2, MKX, COL14, TNC, and ELASTIN in human TSPCs after tenogenesis induction and IL-1b (5 ng/ml) in the presence of
digoxin for 7 days. Values are means6 s.e.m. (n� 3). *, p< .05. One-way analysis of variance (ANOVA). Abbreviations: ALP: alkaline
phosphatase; ARS, alizarin red staining; TSPCs, tendon stem/progenitor cells.
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This is similar as the unique Sox91/Scx1 progenitor pool that
gives rise to both tenocytes/ligamentocytes, as well as chondro-
cytes at tendon-to-bone junctions during the early stages of
musculoskeletal development [11]. It is possible that after ten-
don injury differentiated tenocytes could dedifferentiate back to
the multipotential Scx1/Sox91 embryonic stage, allowing these
cells to switch lineages. Collectively, these data supports the
notion that mesenchymal stem/progenitor cells play an impor-

tant role in ectopic calcification, both indirectly by giving rise to
a population that is less capable of regeneration and directly by
producing osteochondral lineage progeny.

Microenvironmental cues, such as extracellular matrix,
growth factors and cytokines, regulate the fate of tendon stem/
progenitor cells [12, 23, 43–45]. In this study, we identified that
active forms of IjB is accumulated within the transitional
regions from tendon to calcific site, whereas hypoxia probe was

Figure 6. Digoxin treatment inhibits calcification and promotes tenogenesis in vivo. (A): Protocol for administration of digoxin in rats
with tendinopathy induced by collagenase (n 5 4). Digoxin or saline was subcutaneously injected into connective tissues around Achil-
les’s tendon at 3 days after collagenase injection. Fifty microliters of a solution (65lg/ml) of digoxin or saline was applied every 3 days
for 8 weeks. (B, C): X-ray examination (B) and quantification (C) of calcium deposition from rats after treatment with digoxin or saline
for 8 weeks. Values are means6 s.e.m. (n 5 4). (D, E): Safranin O staining (D) of Achilles’s tendons sections and Bonar score (E) in rats
treated with digoxin or saline. Scale bar, 200 lm (left), 100 lm (right). Values are means6 s.e.m. (n 5 4). (F): Immunohistochemical
staining of COL2A1 from rats after treatment with digoxin or saline. Scale bar, 50 lm. (G): qPCR analyses of Scx from tendon samples of
rats after treatment with digoxin or saline. Values are means6 s.e.m. (n 5 4). (H): SO staining and immunohistochemical staining of HIF-
2alpha, a-SMA, and COL3 from rats after treatment with digoxin or saline. Scale bar, 50 lm.
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only detected in the central of calcific lesions in vivo. Consistent
with previous study [46], we also identified that TSPCs cultured
under hypoxia exhibit reduced osteochondrogenic differentia-
tion ability. Notably, we observed that overexpression of HIF-
2alpha alone does not promote osteochondrogenic differentia-
tion in TSPCs (Data not shown) unless combined with IL-1b
treatment. Collectively, these data suggests that proinflamma-
tory cytokines, rather than hypoxia, constitute one of the key
factors in early stage of ectopic calcification in tendons.

HIF-2alpha has been reported to participate in endochon-
dral ossification through transactivation of hypertrophic
markers in chondrocytes [4, 47]. Nevertheless, during calcifica-
tion in vivo, we have not observed a co-localization of HIF-
2alpha and COL2A1, the marker of chondrocytes, thus indicat-
ing that HIF-2alpha does not directly promote chondrocyte
hypertrophy in the context of tendon calcification. In contrast,
we found that HIF-2alpha is widely activated in stem/progeni-
tor cells recruited around calcific sites which suppresses Scx
expression and tenogenic program of TSPCs. Downregulation
of HIF-2alpha by siRNA or digoxin resulted in increased Scx
expression and enhanced tenogenic differentiation of TSPCs.
Previous studies also reported that HIF-2alpha promotes cell
survival and proliferation in various progenitor/stem cells [16,
48, 49]. Thus, we conclude that the shift to an osteochondral-
lineage of TSPCs could be partly attributed to continued pro-
liferation of cells that did not undergo tenocyte lineage differ-
entiation due to high levels of HIF-2alpha signaling that
suppressed Scx expression. HIF-2alpha may also directly pro-
mote osteochondral differentiation of TSPCs through transacti-
vation of master osteochondrogenic transcription factors, such
as Runx2 (Supporting Information Fig. S5C) [50–52]. Unfortu-

nately, HIF-2alpha knockout mice die prematurely at the
embryonic stage [53], the function of HIF-2alpha in TSPCs
need to be further validated in genetic knockout models in
future researches.

Our data reveals a previously undiscovered role of Scx in
the context of ectopic calcification, in addition to its well-
established role in teno-lineage specification during tendon
and heart valve development [29, 54]. In our previous work
[55, 56], we showed that Scleraxis could inhibit osteogenesis
through inhibition of BMP2 pathway. We find that pathologi-
cal HIF2alpha activation downregulates the expression of Scx
in tendinopathy, which could in turn enhance BMP2 signaling
and osteogenesis. Cross-antagonism, which has been discov-
ered in blood system, suggests that lineage-instructive regula-
tors not only induce gene expression within their own
lineages, but also inactivate key transcription factors of alter-
native cell types [57]. According to this, loss of transcription
factor function should be able to trigger differentiation and
promote lineage conversion [58]. This prediction is supported
by evidence gathered in the blood system, such as knockdown
of myeloid specifier PU.1 leading to ectopic formation of
hemoglobin-producing cells [58] and knockdown of B cell line-
age specifiers promoting B cell to macrophage conversion
[59]. Furthermore, enhanced osteogenic differentiation and
ectopic calcification in heart valves have been observed in
mice deficient for key regulator of chondrogenesis [60], indi-
cating that committed chondrogenic progenitors can be re-
specified into osteogenic progenitors when key regulator of
former lineage is ablated. Thus, ablation of the original line-
age transcription factors which results in increased conversion
toward osteogenic lineage might be a common initiating
phase during ectopic calcification in soft tissues.

There is considerable interest in the concept that de-
differentiation and re-differentiation of stem/progenitor cells
could be potential therapeutic targets in regenerative medi-
cine [61, 62]. The search for pharmacological agents that can
be used to manipulate the differentiation pathway of endoge-
nous adult stem cells has led to a number of recently pub-
lished chemical screens [62, 63]. In this study, we took a
different approach; by characterizing the role of the HIF-
2alpha signaling pathway in stem/progenitor cells differentia-
tion and then focusing on a widely-utilized drug, digoxin,
which inhibits this particular signaling pathway in cancer cells
[32]. Our data showed conclusively that digoxin does indeed
inhibit the HIF-2alpha signaling pathway, which promotes
tenogenesis and inhibits calcification in both human TSPCs
and an animal tendinopathy model. Cardiac glycosides can
increase calcium and phosphate excretion [64], thus raise the
possibility that the reductions in tendon calcification following
digoxin treatment could have been secondary to reduced
renal tubular reabsorption of calcium and phosphate ions. We
cannot rule out that local digoxin administration may also
affect reabsorption of calcium and phosphate ions in kidney.
Nevertheless, digoxin treated leg shared a same circulation
system with its matched control leg within the same individ-
ual, thus the reduction in tendon calcification on digoxin
treatment is probably not due to altered ions balance in circu-
lation system. Furthermore, we did not apply digoxin in heart
valve calcification treatment, in view of the fact that thera-
peutic plasma concentrations of digoxin in cardiac patients
(�10–30 nM) are typically lower than the concentration

Figure 7. Schematic representation of the mechanisms through
which digoxin may be affecting soft tissue stem/progenitor cells
fate decision. Inflammation or injuries in tendons or heart valves
result in the release of IL-1b and the downstream phosphoryla-
tion of NF-jB, causing HIF-2alpha activation. Increased level of
HIF-2alpha downregulates Scleraxis, leading to decreased teno-
lineage differentiation which in turn increases osteochondral line-
age differentiation of stem/progenitor cells. Digoxin regulates the
HIF2alpha and Scx function in stem/progenitor cells and
decreases ectopic calcification in Achilles tendinopathy model.
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(�50–100 nM) required for maximal inhibition of HIF-2alpha
expression in stem/progenitor cells after 24 hours of drug
treatment. However, combination therapy with an antioxidant
may result in synergistic effects and lead to increased efficacy
and decreased toxicity.

Our results collectively indicate that HIF-2alpha acts as a
crucial mediator of soft tissue calcification, by directly inhibi-
ting Scx function and influencing stem cell lineage fate. This
study therefore provides a clinically applicable therapeutic
approach to prevent soft tissue calcification, through manipu-
lation of the lineage specification in stem/progenitor cells
with digoxin. These findings are of great value in unraveling
the mechanism of soft tissue calcification, as well as in the
development of future therapeutics based on manipulating
stem cell lineage fate.

CONCLUSION

We have elucidated that lineage differentiation of TSPCs acts
W.-L.S. Provision of study material from patients, Collection of
data; as a crucial mediator of soft tissue calcification, which
can be modulated with a widely utilized drug digoxin by
inhibiting the function of HIF-2alpha.

ACKNOWLEDGMENTS

We thank Dr. Ronen Schweitzer (Oregon Health &
Science University) for providing Scx-GFP and Scx homozygous
knockout mice. We are grateful to The Core Facilities of Zhe-
jiang University School of Medicine for technical assistance.

This work was supported by was supported by the International
Science & Technology Cooperation Program of China
(2015DFG32130), National High Technology Research and Devel-
opment Program of China (863 Program) (2012AA020503). NSFC
grants (81330041, 81125014, 81522029, 31570987, 31271041,
81401781,81201396, 81271970, J1103603), Zhejiang Provincial
Natural Science Foundation of China (LR14H060001). Regenera-
tive Medicine in Innovative Medical Subjects of Zhejiang Prov-
ince. Medical and health science and technology plan of
department of Health of Zhejiang Province (2013RCA010). Key
scientific and technological innovation team of Zhejiang Province
(2013TD11). Fundamental Research Funds for the Central
Universities.

AUTHOR CONTRIBUTIONS

J.-J.H.: Conception and design, Collection and assembly of
data, Manuscript writing; Z.Y.: Conception and design, Collec-
tion and assembly of data; W.-L.S.: Provision of study material
or patients, Collection of data; Y.-B.X., T.Z., and P.L. Collection
and assembly of data; Y.-Z.C. and M.-J.K.: Provision of study.
M.-J.K.: Provision of study material from patients; B.C.H.:
Manuscript writing; Y.-T.Z. and W.-S.C.: Data analysis and inter-
pretation; X.C. and H.-W.O.: Conception and design, Data anal-
ysis and interpretation. J.-J.H. and Z.Y.: These authors
contributed equally to this work.

POTENTIAL CONFLICTS OF INTEREST

The authors indicate no potential conflicts of interest.

REFERENCES

1 Demer LL, Tintut Y. Vascular calcification:
Pathobiology of a multifaceted disease. Circu-
lation 2008;117:2938–2948.

2 Hjortnaes J, Butcher J, Figueiredo JL
et al. Arterial and aortic valve calcification
inversely correlates with osteoporotic bone
remodelling: A role for inflammation. Eur
Heart J 2010;31:1975–1984.

3 Nadra I, Mason JC, Philippidis P et al.
Proinflammatory activation of macrophages
by basic calcium phosphate crystals via pro-
tein kinase C and MAP kinase pathways: A
vicious cycle of inflammation and arterial cal-
cification. Circ Res 2005;96:1248–1256.

4 Saito T, Fukai A, Mabuchi A et al. Tran-
scriptional regulation of endochondral ossifi-
cation by HIF-2alpha during skeletal growth
and osteoarthritis development. Nat Med
2010;16:678–686.

5 Yang S, Kim J, Ryu JH et al. Hypoxia-
inducible factor-2alpha is a catabolic regula-
tor of osteoarthritic cartilage destruction. Nat
Med 2010;16:687–693.

6 Mohler ER 3rd, Gannon F, Reynolds C
et al. Bone formation and inflammation in
cardiac valves. Circulation 2001;103:1522–
1528.

7 Sage AP, Tintut Y, Demer LL. Regulatory
mechanisms in vascular calcification. Nat Rev
Cardiol 2010;7:528–536.

8 Brent AE, Schweitzer R, Tabin CJ. A
somitic compartment of tendon progenitors.
Cell 2003;113:235–248.

9 Liu H, Zhu S, Zhang C et al. Crucial tran-
scription factors in tendon development and
differentiation: their potential for tendon
regeneration. Cell Tissue Res 2014;356:287–
298.
10 Xu PX, Cheng J, Epstein JA et al. Mouse
Eya genes are expressed during limb tendon
development and encode a transcriptional
activation function. Proc Natl Acad Sci USA
1997;94:11974–11979.
11 Sugimoto Y, Takimoto A, Akiyama H
et al. Scx1/Sox91 progenitors contribute to
the establishment of the junction between
cartilage and tendon/ligament. Development
2013;140:2280–2288.
12 Blitz E, Sharir A, Akiyama H et al. Ten-
don-bone attachment unit is formed modu-
larly by a distinct pool of Scx- and Sox9-
positive progenitors. Development 2013;140:
2680–2690.
13 Schweitzer R, Chyung JH, Murtaugh LC
et al. Analysis of the tendon cell fate using
Scleraxis, a specific marker for tendons and
ligaments. Development 2001;128:3855–
3866.
14 Jelinsky SA, Rodeo SA, Li J et al. Regula-
tion of gene expression in human tendinop-
athy. BMC Musculoskelet Disord 2011;12:86.
15 Bouxsein ML, Boyd SK, Christiansen BA
et al. Guidelines for assessment of bone
microstructure in rodents using micro-
computed tomography. J Bone Miner Res
2010;25:1468–1486.
16 Pietras A, Hansford LM, Johnsson AS
et al. HIF-2alpha maintains an undifferenti-

ated state in neural crest-like human neuro-
blastoma tumor-initiating cells. Proc Natl
Acad Sci USA 2009;106:16805–16810.
17 Yin Z, Chen X, Chen JL et al. The regula-
tion of tendon stem cell differentiation by
the alignment of nanofibers. Biomaterials
2010;31:2163–2175.
18 Yan Q, Bartz S, Mao M et al. The
hypoxia-inducible factor 2alpha N-terminal
and C-terminal transactivation domains coop-
erate to promote renal tumorigenesis in vivo.
Mol Cell Biol 2007;27:2092–2102.
19 Chen X, Song XH, Yin Z et al. Stepwise
differentiation of human embryonic stem
cells promotes tendon regeneration by
secreting fetal tendon matrix and differentia-
tion factors. STEM CELLS. 2009;27:1276–1287.
20 Warden SJ. Development and use of ani-
mal models to advance tendinopathy
research. Front Biosci (Landmark Ed) 2009;
14:4588–4597.
21 Fearon A, Dahlstrom JE, Twin J et al. The
Bonar score revisited: Region of evaluation
significantly influences the standardized
assessment of tendon degeneration. J Sci
Med Sport 2013;17:346–350.
22 Pryce BA, Brent AE, Murchison ND et al.
Generation of transgenic tendon reporters,
ScxGFP and ScxAP, using regulatory elements of
the scleraxis gene. Dev Dyn 2007;236:1677–
1682.
23 Bi Y, Ehirchiou D, Kilts TM et al. Identifi-
cation of tendon stem/progenitor cells and
the role of the extracellular matrix in their
niche. Nat Med 2007;13:1219–1227.

Hu, Shen, Xie et al. 1095

www.StemCells.com VC AlphaMed Press 2016



24 Parmar K, Mauch P, Vergilio JA et al. Dis-
tribution of hematopoietic stem cells in the
bone marrow according to regional hypoxia.
Proc Natl Acad Sci USA 2007;104:5431–5436.
25 Riley G. Tendinopathy--from basic sci-
ence to treatment. Nat Clin Pract Rheumatol
2008;4:82–89.
26 Fehrer C, Brunauer R, Laschober G et al.
Reduced oxygen tension attenuates differen-
tiation capacity of human mesenchymal stem
cells and prolongs their lifespan. Aging Cell
2007;6:745–757.
27 Semenza GL. Hypoxia-inducible factors
in physiology and medicine. Cell 2012;148:
399–408.
28 Sonomoto K, Yamaoka K, Oshita K et al.
Interleukin-1beta induces differentiation of
human mesenchymal stem cells into osteo-
blasts via the Wnt-5a/receptor tyrosine
kinase-like orphan receptor 2 pathway.
Arthritis Rheum 2012;64:3355–3363.
29 Levay AK, Peacock JD, Lu Y et al. Scler-
axis is required for cell lineage differentiation
and extracellular matrix remodeling during
murine heart valve formation in vivo. Circ
Res 2008;103:948–956.
30 Nakahara H, Hasegawa A, Otabe K et al.
Transcription factor Mohawk and the patho-
genesis of human anterior cruciate ligament
degradation. Arthritis Rheum 2013;65:2081–
2089.
31 Maeda T, Sakabe T, Sunaga A et al. Con-
version of mechanical force into TGF-beta-
mediated biochemical signals. Curr Biol 2011;
21:933–941.
32 Zhang H, Qian DZ, Tan YS et al. Digoxin
and other cardiac glycosides inhibit HIF-
1alpha synthesis and block tumor growth.
Proc Natl Acad Sci USA 2008;105:19579–
19586.
33 Hsu YC, Pasolli HA, Fuchs E. Dynamics
between stem cells, niche, and progeny in
the hair follicle. Cell 2011;144:92–105.
34 van Es JH, Sato T, van de Wetering M
et al. Dll11 secretory progenitor cells revert
to stem cells upon crypt damage. Nat Cell
Biol 2012;14:1099–1104.
35 Sirko S, Behrendt G, Johansson PA et al.
Reactive glia in the injured brain acquire
stem cell properties in response to sonic
hedgehog. [corrected]. Cell Stem Cell 2013;
12:426–439.
36 Tata PR, Mou H, Pardo-Saganta A et al.
Dedifferentiation of committed epithelial
cells into stem cells in vivo. Nature 2013;503:
218–223.
37 Biressi S, Miyabara EH, Gopinath SD
et al. A Wnt-TGFbeta2 axis induces a fibro-

genic program in muscle stem cells from dys-
trophic mice. Sci Transl Med 2014;6:
267ra176.
38 Srivastava D. Making or breaking the
heart: From lineage determination to mor-
phogenesis. Cell 2006;126:1037–1048.
39 Thompson B, Towler DA. Arterial calcifi-
cation and bone physiology: Role of the
bone-vascular axis. Nat Rev Endocrinol 2012;
8:529–543.
40 Tintut Y, Alfonso Z, Saini T et al. Multili-
neage potential of cells from the artery wall.
Circulation 2003;108:2505–2510.
41 Yao Y, Jumabay M, Ly A et al. A role for
the endothelium in vascular calcification. Circ
Res 2013;113:495–504.
42 Asai S, Otsuru S, Candela ME et al. Ten-
don progenitor cells in injured tendons have
strong chondrogenic potential: The CD105-
negative subpopulation induces chondrogenic
degeneration. STEM CELLS 2014;32:3266–77.
43 Zhang J, Wang JH. Production of PGE(2)
increases in tendons subjected to repetitive
mechanical loading and induces differentia-
tion of tendon stem cells into non-tenocytes.
J Orthop Res 2010;28:198–203.
44 Millar NL, Reilly JH, Kerr SC et al.
Hypoxia: A critical regulator of early human
tendinopathy. Ann Rheum Dis 2012;71:302–
310.
45 Zhang J, Wang JH. BMP-2 mediates
PGE(2) -induced reduction of proliferation
and osteogenic differentiation of human ten-
don stem cells. J Orthop Res 2012;30:47–52.
46 Lee WY, Lui PP, Rui YF. Hypoxia-medi-
ated efficient expansion of human tendon-
derived stem cells in vitro. Tissue Eng Part A
2012;18:484–498.
47 Husa M, Liu-Bryan R, Terkeltaub R. Shift-
ing HIFs in osteoarthritis. Nat Med 2010;16:
641–644.
48 Li Z, Bao S, Wu Q et al. Hypoxia-induci-
ble factors regulate tumorigenic capacity of
glioma stem cells. Cancer Cell 2009;15:501–
513.
49 Das B, Bayat-Mokhtari R, Tsui M et al.
HIF-2alpha suppresses p53 to enhance the
stemness and regenerative potential of
human embryonic stem cells. STEM CELLS
2012;30:1685–1695.
50 Lafont JE, Talma S, Murphy CL. Hypoxia-
inducible factor 2alpha is essential for
hypoxic induction of the human articular
chondrocyte phenotype. Arthritis Rheum
2007;56:3297–3306.
51 Tamiya H, Ikeda T, Jeong JH et al. Analy-
sis of the Runx2 promoter in osseous and
non-osseous cells and identification of HIF2A

as a potent transcription activator. Gene
2008;416:53–60.
52 Thoms BL, Dudek KA, Lafont JE et al.
Hypoxia promotes the production and inhib-
its the destruction of human articular carti-
lage. Arthritis Rheum 2013;65:1302–1312.
53 Tian H, Hammer RE, Matsumoto AM
et al. The hypoxia-responsive transcription
factor EPAS1 is essential for catecholamine
homeostasis and protection against heart
failure during embryonic development. Genes
Dev 1998;12:3320–3324.
54 Murchison ND, Price BA, Conner DA
et al. Regulation of tendon differentiation by
scleraxis distinguishes force-transmitting ten-
dons from muscle-anchoring tendons. Devel-
opment 2007;134:2697–2708.
55 Chen X, Yin Z, Chen JL et al. Force and
scleraxis synergistically promote the commit-
ment of human ES cells derived MSCs to
tenocytes. Sci Rep 2012;2:977.
56 Liu H, Zhang C, Zhu S et al. Mohawk
promotes the tenogenesis of mesenchymal
stem cells through activation of the TGFbeta
signaling pathway. STEM CELLS 2015;33:443–
455.
57 Graf T, Enver T. Forcing cells to change
lineages. Nature 2009;462:587–594.
58 Rhodes J, Hagen A, Hsu K et al. Inter-
play of pu.1 and gata1 determines myelo-
erythroid progenitor cell fate in zebrafish.
Dev Cell 2005;8:97–108.
59 Morris SA, Cahan P, Li H et al. Dissecting
engineered cell types and enhancing cell fate
conversion via CellNet. Cell 2014;158:889–
902.
60 Peacock JD, Levay AK, Gillaspie DB et al.
Reduced sox9 function promotes heart valve
calcification phenotypes in vivo. Circ Res
2010;106:712–719.
61 Jopling C, Boue S, Izpisua BJC. Dediffer-
entiation, transdifferentiation and reprogram-
ming: Three routes to regeneration. Nat Rev
Mol Cell Biol 2011;12:79–89.
62 Fares I, Chagraoui J, Gareau Y et al.
Cord blood expansion. Pyrimidoindole deriva-
tives are agonists of human hematopoietic
stem cell self-renewal. Science 2014;345:
1509–1512.
63 Johnson K, Zhu S, Tremblay MS et al. A
stem cell-based approach to cartilage repair.
Science 2012;336:717–721.
64 Kupfer S, Kosovsky JD. Effects of cardiac
glycosides on renal tubular transport of cal-
cium, magnesium, inorganic phosphate, and
glucose in the dog. J Clin Invest 1965;44:
1132–1143.

See www.StemCells.com for supporting information available online.

1096 Manipulating Stem Cells to Treat Calcification

VC AlphaMed Press 2016 STEM CELLS


