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The hypoxia-inducible factor (Hif)-1a (Hif-1a) and Hif-2a (Epas1) have a critical role in
both normal development and cancer. von Hippel Lindau (Vhl) protein, encoded by a
tumor suppressor gene, is an E3 ubiquitin ligase that targets Hif-1a and Epas1 to the
proteasome for degradation. To better understand the role of Vhl in the biology of
mesenchymal cells, we analyzed mutant mice lacking Vhl in mesenchymal progenitors that
give rise to the soft tissues that form and surround synovial joints. Loss of Vhl in
mesenchymal progenitors of the limb bud caused severe fibrosis of the synovial joints and
formation of aggressive masses with histologic features of mesenchymal tumors. Hif-1a
and its downstream target connective tissue growth factor were necessary for the
development of these tumors, which conversely still developed in the absence of Epas1,
but at lower frequency. Human tumors of the soft tissue are a very complex and het-
erogeneous group of neoplasias. Our novel findings in genetically altered mice suggest
that activation of the HIF signaling pathway could be an important pathogenetic event in
the development and progression of at least a subset of these tumors. (Am J Pathol 2015,
185: 3090e3101; http://dx.doi.org/10.1016/j.ajpath.2015.07.008)

The ability of a cell to adapt to low oxygen tension (hypoxia)
is critical in normal development and differentiation and in
pathologic settings, such as cancer and ischemia. The
hypoxia-inducible factor (Hif)-1a and Hif-2a (Epas1) are
crucial mediators of the homeostatic responses that allow
hypoxic cells to survive and differentiate.1 In normoxia, the
E3 ubiquitin ligase von Hippel Lindau (Vhl) binds to Hif-1a
and Epas1 and targets them to the proteasome for degrada-
tion.2e4 Cells that lack functional Vhl are unable to degrade
the Hif-as, and this ultimately results in their progressive
accumulation.2,3,5,6 However, Vhl, which is a ubiquitously
expressed protein, has also a variety of biological activities,

including control of the cell cycle, regulation of matrix pro-
teins, and interaction with the cytoskeleton and the primary
cilia that are HIF independent.7,8

Notably, VHL is a tumor suppressor, and its deficiency is
a key pathogenetic event in a variety of human familial and
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sporadic tumors.9 However, to this end, it is still largely
unknown whether HIF-dependent or HIF-independent VHL
functions are critical for VHL-defective tumorigenesis.8

Moreover, the phenotypic identity of the cells that give
origin to VHL-deficient tumors is also the object of intense
debate. Along these lines, in VHL-deficient hemangio-
blastomas, genetic alterations consistent with a neoplastic
nature have been identified in the mesenchymal/stromal
component of these tumors.10,11 Moreover, a mesenchymal
cell origin has been provocatively suggested for VHL-
associated clear cell renal carcinomas.12

We previously reported that Vhl is critically important for
the proper development of cartilage and bone.13e16 To
better understand the role of Vhl in the biology of mesen-
chymal cells, we analyzed mutant mice that lacked Vhl in
mesenchymal progenitors that give rise to the soft tissues
that form and surround synovial joints. We thus found that
Vhl prevents the development of fibrosis and mesenchymal
tumors at these sites by regulating HIF activity.

Materials and Methods

All the experiments were performed using at least three
independent biological replicates.

Generation of Mice

Generation and genotyping of the Vhl (FVB/N), Hif1a
(FVB/N), Epas1 (C57/B6), floxed mice, Prx1-Cre (FVB/N),
Col2a1-Cre transgenic mice, and ROSA26 mT/mG (FVB/N)
reporter mice have been previously described.15,17e22

Connective tissue growth factor (Ctgf ) (C57/B6) floxed
mice were generated and characterized in the laboratory of
Dr. K.M. Lyons.23 Further details on Ctgf floxed mice are
given elsewhere. For all studies, cre-positive heterozygous
floxed mice and cre-negative homozygous floxed mice,
respectively, were used as controls.

Cartilage and bone phenotype of VHL, VHLeHIF-1, and
VHLeHIF-2 mice have been previously described.16

All procedures that involved mice were performed in
accordance with the NIH guidelines for use and care of live
animals and were approved by University of Michigan Com-
mittee on Use and Care of Animals (protocol PRO00005182).

Cryosections, Routine Histologic Analysis, Terminal
Deoxynucleotidyl Transferase-Mediated dUTP
Nick-End Labeling, in Situ Hybridization, and
Immunohistochemistry Detection on Paraffin Sections

Frozen sections from p14 hindlimbs and sternum were pre-
pared and cut as previously described.16 Frozen sections from
p21 COL2Cre-mTmG hindlimbs were prepared according to
Kowamoto Tape Transfer Kit (SECTION-LAB Co. Ltd.,
Hiroshima, Japan).24,25 Briefly, freshly isolated hindlimbs
were embedded in Super Cryo Embedding Medium and

frozen in cold hexane. Frozen blocks were positioned in the
cryostat, and a double-sided tape provided by the kit was
applied on the block. Ten-micrometer sections were then cut
with tungsten carbide blades and stored at �80�C.

Routine histologic analysis, terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling assay, and in situ
hybridization on embryonic stages E15.5 and E17.5, newborn
and postnatal ages p13-p28 forelimbs and hindlimbs were
performed as previously reported.16,26

For immunohistochemistry (IHC), paraffin sections from
forelimbs of p21 to p28 mice were treated with sodium citrate
buffer (pH 6) at 95�C for 15 minutes. Sections were then
incubated with the following primary antibodies: antie
cadherin-11 at 1:100 (71-7600, Invitrogen, Life Technolo-
gies, Grand Island, NY), anti-Ctgf at 1:100 (sc-14939, Santa
Cruz Biotechnology, Inc., Dallas, TX), anti-Vhl (BD556347,
BD Biosciences, San Jose, CA) overnight at 4�C, anti-CD31
at a 1:25 (DIA310, Dianova, Hamburg, Germany), anti-
desmin at 1:200 (AF3844, R&D Systems, Minneapolis, MN),
anti-S100 at 1:2500 (Z0311, Dako North America, Inc.,
Carpinteria, CA), anti-cytokeratin at 1:100 (M0821, Dako
North America), anti-vimentin at 1:200 (M7020, Dako North
America), antievon Willebrand factor at 1:200 (A0082,
Dako North America) for 30 minutes at room temperature,
and anti-CD45 at 1:200 (BD550539, BD Biosciences) for 1
hour at room temperature. After incubation with the

Figure 1 Cre is active in the soft tissues surrounding bone and cartilage
of PRX1-Cre mice. AeD: Detection of fluorescence in frozen sections of tibias
isolated from postnatal day 14 PRX1Cre-mTmG mice (A). Closeups of the
synovium (middle boxed area; B), perimysium and epimysium (top boxed
area; C), and one blood vessel (bottom boxed area; D) are shown. The
enhanced green fluorescent protein signal indicates tissues and cells in which
cre recombination occurred. Scale bars: 500 mm (A); 100 mm (BeD).
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appropriate biotinylated secondary antibody, binding was
detected using the labeled streptavidin biotin and the tyr-
amide amplification system (Perking Elmer, Waltham, MA)
following the manufacturer’s instructions.

Image Acquisition

Images were acquired with Eclipse E800 (Nikon, Tokyo,
Japan). Additional images were captured with a Leica DM LB
compound microscope (Leica Microsystems, Wetzlar, Ger-
many). For fluorescent images, frozen sections were dehydrated
at 4�C overnight, stained with DAPI (Life Technologies),
and then overlayed with coverslips onto ProLong Diamond

Antifade Mountant (Life Technologies). Selected photographs
were taken using a Nikon A1 confocal microscope (Nikon)
with filters for red fluorescent protein, fluorescein isothiocya-
nate, and DAPI. Representative images of each technique are
shown.

Figure 2 Deficiency of von Hippel Lindau (Vhl) in limb bud mesen-
chyme causes fibrosis of the synovial joints. Hematoxylin and eosin
staining of postnatal day (p) 20 shoulders (A and B), p17 elbows (C and D),
p17 wrists (E and F), and p18 knees (G and H) in control (CNTRL) (A, C, E,
and G) and VHL (B, D, F, and H) mice. The arrows indicate the fibrosis (B)
and point to the fibrotic infiltration (D). F: The white arrow indicates the
fusion of small cartilaginous elements and the black arrow indicates the
ectopic cartilage. The mutant knee joint is occupied by a massive fibrotic
infiltration in H. Scale bar Z 100 mm.

Figure 3 Aggressive synovial fibrosis in shoulder and elbow of von
Hippel Lindau (VHL) mutants. AeC: Hematoxylin and eosin (H&E) staining
of postnatal day (p) 18 scapulas in control (CNTRL) (A) and VHL (B) mice.
C: Higher magnification of B. Aggressive fibrotic lesions are present in the
shoulder of mutant mice. D: In situ hybridization for detection of Col1a1
mRNA of p18 scapula in VHL mice. These fibrotic lesions express Col1a1
mRNA. E and F: Radiographs of p21 forelimbs in CNTRL (E) and VHL (F)
mice. The white arrows (F) indicate the erosions of the ulna. The black
arrow (F) points to the persistent deformity of the humerus observed in
VHL mice. G and H: H&E staining of p20 elbows in CNTRL (G) and VHL (H)
mice. The black arrows (H) highlight the infiltration of the aggressive
fibrosis. Scale bars: 100 mm (AeD, G, and H); 0.5 cm (E and F).
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Radiography

Forelimbs were analyzed by radiography, using an XPERT
80- L Cabinet X-ray System (Kevex-90Kv; Kubtec X-ray,
Milford, CT) as previously reported.16 In addition, some
forelimbs were analyzed using a Faxitron X-ray cabinet
(Faxitron Bioptics, Tucson, AZ) as previously reported.27

Cell Isolation and Culture

For tumor cell isolation, the proximal joint between the
scapula and humerus of wild-type and mutant p22 mice and
the adjacent soft tissues were isolated in Dulbecco’s
phosphate-buffered saline and subjected to a short series of
0.25% trypsin digestions at 37�C to minimize contamination
with muscular tissue; after each digestion, the supernatant
was discarded. The samples were placed in tissue culturee
treated dishes and cut into smaller fragments to promote
migration from the segments onto the surface. Cells were
grown in Dulbecco’s modified Eagle’s medium and Gluta-
max supplemented with 10% fetal calf serum and 1%
penicillin-streptomycin. They were passaged twice before
collection to expand the population.

All cells were incubated at 5% CO2 under humidified
atmosphere, and media were changed every 2 to 3 days

before collection. Deletion of Vhlh was confirmed by PCR
analysis of the genomic DNA extracted from tumor cells
and wild-type cells in culture, as previously reported.15

Western Blotting

Protein extraction and Western blotting for Hif-1a and
Epas1 were performed as previously reported.16

Results

Loss of Vhl in Mesenchymal Progenitors of the Limb
Bud Causes Severe Fibrosis of the Synovial Joints

To investigate the role of Vhl in the biology of mesenchymal
progenitor cells, we pursued the conditional deletion of Vhl in
limb budmesenchyme by using Prx1-Cre transgenicmice.We
first analyzed cre activity in Prx1-Cre mice by taking advan-
tage of the mT/mG reporter.21 The mT/mG reporter mice have
loxP sites on either side of a membrane-targeted tandem dimer
tomato (mT) cassette and express red fluorescence in all tis-
sues.When bred to Prx1-Cremice (PRX1Cre-mTmG), themT
cassette is deleted, allowing expression of the membrane-
targeted enhanced green fluorescent protein (EGFP) (mG)
cassette in the tissues where cre is active. In p14 limbs of

Figure 4 Presence of tumors in forelimbs and hindlimbs of von Hippel Lindau (VHL) mice. The aggressive fibrosis postnatally was associated with the
formation of tumors. The development of these tumors mainly occurred in the scapula and elbow, and, sporadically, also in the knee. Radiographs revealed
that the VHL masses were partially mineralized and were highly heterogeneous with irregular borders. Radiographs of postnatal day (p) 21 to 28 elbows (AeE),
p21 to 28 shoulders (FeJ), and p21 knees (K and L) in control (CNTRL) (A, F, and K) and VHL (BeE, GeJ, and L) mice. Scale bar Z 0.5 cm.
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PRX1Cre-mTmG mice, a positive EGFP signal could be
clearly detected not only in cartilage, as previously reported,16

but also in bone, synovium, ligaments, tendons, perimysium,
epimysium, and, surprisingly, periendothelial cells within the
blood vessel walls, whereas the signal was consistently
negative in muscular tissue and endothelial cells (Figure 1).

We next generated Prx1-Cre;Vhlf/f mutants (VHL) as
previously described,16 and we analyzed the soft tissues that
formed and surrounded their synovial joints. VHL mice
were born with the expected mendelian frequency and
reached adulthood. However, they were smaller than control
littermates and died at approximately postnatal day 28
(p28), as already reported.16

In agreement with our previous findings,16 analysis of the
synovial joints revealed that loss of Vhl did not alter either the
joint specification (data not shown) or the joint cavitation
process in mutant mice when compared with control litter-
mates (Supplemental Figure S1). However, later in fetal
development and perinatally, the synovial space in mutant
mice appeared to be partially filled with fibrotic tissue
(Supplemental Figure S1, B, D, and F). Curiously, the pres-
ence of knee menisci was never detected in VHL mutants
either prenatally or postnatally (Supplemental Figure S1,
CeF, and Figure 2, G and H). After birth, fibrosis of the
synovial space was massive in VHL mice, and this was
associated with partial destruction of the articular surface
cartilage (Figure 2, AeF). The fibrotic lesions were particu-
larly aggressive in the shoulder and in the elbow joints of most
mutant mice (Figure 3). These aggressive lesions were formed
by numerous spindyloid cells and a few multinucleated
cellular elements; in addition, they had considerable accu-
mulation of an amorphic and acellular material (Figure 3, B
and C). Consistent with their fibroblastic appearance, spin-
dyloid cells within the lesions expressed collagen Ia (Col1a1)
mRNA (Figure 3, AeD, G, and H). The aggressive fibrosis
eventually penetrated and replaced the growth plate and the
adjacent bone (Figure 3, B and H). Fibrotic infiltrations of
bone also occurred at the tendon insertions, where they caused
erosions and destruction of bony structures, as seen on ra-
diographs (Figure 3, E and F).

Of note, we did not observe fibrosis of the synovial joints
in mutant mice in which Vhl had been deleted exclusively in
cells committed to either the chondrocyte13 or the osteoblast
lineage14,15 (Supplemental Figure S2, AeF) (some data not
shown). In agreement with these findings, analysis of
Col2a1-Cre;mTmGf/f (COL2Cre-mTmG) mice revealed
only a very low and spotted EGFP signal in the synovium,
tendon, and ligaments of the synovial joints (Supplemental
Figure S2G).

This finding is consistent with an early mesenchymal
population being the target of the Prx1 enhancer, and it
indicates that cells that give origin to the synovial fibrosis
are not osteochondroprogenitors.

In addition to the massive fibrosis, loss of Vhl in limb bud
mesenchyme led to the formation of foci of ectopic cartilage
in the soft tissue surrounding the cartilaginous structures

Figure 5 von Hippel Lindau (Vhl) deficiency leads to formation of
soft tissue tumors in proximity to the synovial joints. A: Macroscopic
appearance of a postnatal day (p) 28 elbow tumor in VHL mice. The
tumor appears as a whitish and multilobulated mass. B: Radiograph of
a p21 elbow tumor in VHL mice. C: Hematoxylin and eosin (H&E)
staining of the VHL elbow tumor shown in B. The tumor aggressively
invades adjacent tissues, such as cartilage, bone, and muscles. D and
E: Higher magnifications of p21 elbow tumor in VHL mice. The tumor
is formed by numerous spindyloid cells with irregular shape and by
rare multinucleated cells with an intense eosinophilic cytoplasm
indicated by the yellow arrows in E. F: In situ cell death detection of
a p21 VHL elbow tumor. The yellow arrows and the white arrows
point at terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labelingepositive cells in the growth plate and in the tumor,
respectively. G: Radiograph of a p21 shoulder tumor in VHL mice.
Note multiple erosions of the mutant olecranon. H: H&E staining of
the VHL shoulder tumor shown in G. An amorphic and acellular ma-
terial abnormally accumulates in the tumor. Scale bars: 0.5 cm (A, B
and G); 100 mm (CeF and H).
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(Figure 2D). These data are in agreement with the notion
that hypoxia signaling is not only necessary for chondro-
genesis,20 but it may also be sufficient.28

Lastly, fusion of small cartilaginous elements occurred in
both forelimb and hindlimb VHL mutant autopods
(Figure 2F) (some data not shown). Because no obvious
impairment of joint specification could be detected in
mutant samples at earlier time points,16 we concluded that
these fusions were not the result of a failure of synovial
joints to be specified.

Loss of Vhl in Mesenchymal Progenitors of the Limb
Bud Causes Soft Tissue Tumors Located in Close
Proximity to Synovial Joints

The aggressive fibrosis described above postnatally was
associated with the formation of discrete masses (Figures 4
and 5). The development of these masses mainly occurred in
the scapula and elbow (Figure 4, AeJ, and Figure 5) and,
sporadically, also in the wrist (data not shown), knee
(Figure 4, K and L), and sternum (Supplemental Figure S3,
BeE). Of note, as with the long bones of the hindlimbs and
forelimbs, the sternum originates from the lateral plate
mesoderm, as confirmed by cre activity at this site29

(Supplemental Figure S3A).
To systematically study these soft tissue lesions, VHL

mice and control littermates were analyzed by radiography
and histologic analysis at p7 to p28. These masses were
overall more frequent in forelimbs than in hindlimbs
(Figure 4), which is consistent with the finding that cre ac-
tivity in forelimbs is detectable earlier than in hindlimbs.19

Radiographs revealed that the VHL masses were partially
mineralized and were highly heterogeneous with irregular
borders (Figure 4, BeE, GeJ, and L, and Figure 5, B and G).
Macroscopically, they were whitish and multilobulated
(Figure 5A). Histologically, they appeared to aggressively
invade adjacent tissues, such as cartilage, bone, and muscles
(Figure 5, C and H), and, like the aggressive fibrosis, were
formed by numerous spindyloid cells with irregular shape
(Figure 5D) and by rare multinucleated cells with an intense
eosinophilic cytoplasm (Figure 5E). Interestingly, the spin-
dyloid cells did not have any obvious nuclear atypia, and
their overall proliferation rate was low (data not shown).
Lastly, an amorphic and acellular material abnormally
accumulated in the masses (Figure 5, C and H), most likely as
a consequence of both cell death (Figure 5F) and synovial
fluid being trapped within the lesions.

We next performed an IHC series to further phenotypically
characterize the cells that formed these masses. No positive
staining for desmin, CD31, von Willebrand factor, CD45, or
cytokeratin was detected, which indicates that these cells did
not belong to the muscular, endothelial, hematopoietic, or
epithelial lineage (Figure 6, A and B, and Supplemental
Figure S4, AeC). Conversely, they strongly stained positive
for S100 and vimentin (Figure 6, C and D), which are both
mesenchymal markers.30e34 In addition, they also expressed

Figure 6 von Hippel Lindau (VHL) tumors are mainly formed by Vhl-
deficient mesenchymal cells. A and B: Immunohistochemistry of CD31 (A)
and desmin (B) in VHL tumors. Spindyloid cells within the tumor are negative
for both CD31 and desmin, which indicates that these cells do not belong to
either the endothelial or the muscular lineage. CeF: IHC of S100 (C), vimentin
(D), and cadherin-11 (F) in VHL tumors. In situ hybridization for detection of
Col1a1 mRNA (E). These cells have a mesenchymal phenotype because they
strongly stain positive for S100, vimentin, and cadherin-11 and express high
levels of Col1a1 mRNA. G: Efficient recombination of Vhl floxed allele in cells
isolated from VHL tumors. Gels have been run under the same experimental
conditions. H:Western blot analysis of hypoxia-inducible factor (Hif)-1a (Hif-
1a) and HIF-2a (Epas1) in protein lysate from CNTRL periarticular soft tissue
and from cells isolated from VHL tumors, respectively. Detection of a-tubulin
was used as a loading control. Blots were run under the same experimental
conditions. Tumor cells have increased accumulation of Hif-1a and Epas1. I: In
situ hybridization for detection of phosphoglycerate kinase-1 (PGK1) mRNA in
a VHL tumor. The tumor expresses high levels of PGK1 mRNA, which is a classic
downstream target of Hif-1a. Scale bar Z 100 mm.
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high levels of Col1a1 mRNA (Figure 6E). In light of these
data, we thus concluded that the spindyloid cells that
formed the masses had a mesenchymal phenotype.

Notably, numerous spindyloid cells within the masses
stained positively for cadherin-11 (Figure 6F). Cadherin-11
is expressed in fibroblast-like synoviocytes, and it is
involved in the development of synovium and tendons.35,36

The positive staining results for cadherin-11 suggest that
cells within the masses, or at least a subset of these cells,
derived from the synovium and/or from tendon progenitors.
Interestingly, lack of hemosiderin deposits (data not shown)
ruled out the possibility that the masses observed in VHL
mice could be the murine equivalent of a human condition
known as pigmented villonodular synovitis,37 which is
characterized by overgrowth of the synovium, intense
inflammation, and accumulation of hemosiderin deposit. In
agreement with this conclusion, the virtual absence of CD3-
positive staining also excluded the presence of a significant
inflammatory component within the lesions (data not shown).

Intriguingly, cells surrounding the necrotic and amorphic
areas expressed high levels of secreted phosphoprotein 1
(SPP1) mRNA (Supplemental Figure S4D). SPP1 is
involved in numerous pathologic processes, and it is a
marker of highly hypoxic tumors.38,39

Taken together, our findings indicate that the masses
observed in VHL mutant mice were mainly formed by
mesenchymal cells and, despite the lack of nuclear atypia,
exhibited features consistent with low-grade malignant

tumors, such as local invasiveness, irregular margins, cell
death, presence of multinucleated cells, high cell density,
and cellular pleomorphism.
Xenotransplantation has become a widely used tool to

determine the tumorigenicity of cells.40 However, because it
is classically quite challenging to succeed in generating
xenografts with tumor fragments or cells isolated from low-
grade malignant tumors of the soft tissue,40 such an exper-
imental approach was not pursued.
Of note, recombination of theVhl conditional allele inmutant

cells isolated from the masses was confirmed by genomic PCR
analysis for the recombined (1-loxP) allele (Figure 6G). In
addition, as predicted, increased accumulation of Hif-1a and
Epas1 proteins occurred in these mutant cells when compared
with controls, as indicated by Western blot analysis
(Figure 6H). Moreover, most spindyloid cells within the tumors
did not express Vhl as indicated by IHC (Supplemental
Figure S5). Lastly, consistent with Hif-1a stabilization, high
levels of expression of mRNA encoding for phosphoglycerate
kinase-1, which is a classic downstream target of Hif-1a,20,41

were observed in the VHL masses (Figure 6I).

Soft Tissue Tumors and Synovial Fibrosis Still Develop
in Mutant Mice Lacking Both Vhl and Epas1 in
Mesenchymal Progenitors of the Limb Bud

In light of our findings, we next asked whether the devel-
opment of the VHL mesenchymal tumors was Epas1

Figure 7 Development of von Hippel Lindau
(VHL) tumors is mainly hypoxia-inducible factor
(Hif)-2a (Epas1) independent. Tumors are still
detectable in double mutant mice that lack both
VHL and Epas1. A and B: Hematoxylin and eosin
(H&E) staining of postnatal day (p) 21 wrists in
control (CNTRL) (A) and VHL-HIF2 (B) mice. B: The
black arrow and the white arrow indicate the
fibrosis and the fusion of cartilaginous elements,
respectively. C: Radiograph of a p21 shoulder
tumor in VHL-HIF2 mice. D: H&E staining of the
VHL-HIF2 shoulder tumor shown in C. Scale
bars: 100 mm (A, B, and D); 0.5 cm (C).
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dependent because it has been proposed that Epas1 is an
oncogene.12,42 For this purpose, we generated Prx1-
Cre;Vhlf/f;Epas1f/f mice, in which both Vhl and Epas1
were conditionally deleted in mesenchymal progenitors of
the limb bud (VHL-HIF2 mice). Optimal efficiency of
recombination of the Epas1 conditional allele was
confirmed as previously reported.16,43 Of note, VHL-HIF2
double mutant mice had an overall postnatal survival
similar to VHL mice.

No obvious foci of ectopic cartilage could be detected in
double mutants that lack both Vhl and Epas1 (data not
shown) at least up to p28, but fusion of small cartilaginous
elements still occurred in these double mutant mice (Figure 7,
A and B). Synovial fibrosis was ameliorated but not fully
corrected by loss of Epas1 (Figure 7B and Supplemental
Figure S6, A, B, F, and G). Notably, loss of Epas1 rescued
menisci formation; however, menisci appeared abnormally
fibrotic in VHL-HIF2 mice (Supplemental Figure S6, K
and L).

More importantly, VHL-HIF2 mutant mice still devel-
oped tumors in proximity to synovial joints (Figure 7, C and
D). These masses were phenotypically similar to the ones
observed in VHL single mutants as shown by macroscopic
inspection, radiographs (Figure 7C), and routine histologic
analysis (Figure 7D). However, the overall penetrance of
these lesions was 70% in the single VHL mutants but only
47% in the double mutants, as indicated by radiographs at
p21 to p28 (Figure 8D).

Notably, whereas tumors in VHL mice had been
observed both in proximity to the scapula and at the
elbow site with an overall distribution of 55% and 45%,
respectively, the totality of the VHL-HIF2 masses was
detected exclusively in the scapular region. The biolog-
ical relevance of this finding is elusive at this stage, but
it may be associated with a specific gene expression

profile along the proximal/distal axis of the developing
limb.44

All in all, these data indicate that Epas1 is not absolutely
necessary for the development of the tumors observed in
VHL mutant mice. However, loss of Epas1 considerably
reduced the onset of the tumors in VHL mice. Moreover,
Epas1 is also partially responsible for the fibrosis of their
synovial joints as its absence ameliorated the fibrotic infil-
tration of synovial joints observed in VHL mice.

Development of Soft Tissue Tumors in VHL Mutant Mice
Is Hif-1aeDependent

Since Epas1 is not absolutely necessary for the onset of the
mesenchymal tumors present in VHL mutant mice, we next
studied the involvement of Hif-1a in this process. For this
purpose, we generated Prx1-Cre;Vhlf/f;Hif1af/f mice (VHL-
HIF1), in which both Vhl and Hif-1a had been deleted in
mesenchymal progenitor of the limb bud. These mice were
born with the expected mendelian frequency, but, as with
VHL mice, premature death occurred at approximately p28,
and thus, we were not able to analyze and compare VHL
and VHL-HIF1 mutant mice at time points later than p28.

VHL-HIF1 double mutant mice were phenotypically similar
to mutant mice lacking only Hif-1a in limb bud mesenchyme45

(HIF1) (Figure 8, A and B). Of note, VHL-HIF1 synovial joints
were completely altered and characterized by severe disruption
of the articular surfaces and partial fusion of bony epiphysis
(Supplemental Figure S6, A, D, F, I, K, and N). Therefore,
synovial fibrosis, fusion of small cartilaginous elements, and
presence of ectopic cartilage andmenisci could not be evaluated
in these double mutant mice.

However, we were able to establish that VHL-HIF1 mice
did not develop soft tissue tumors at least up to p21 to p28,
as shown by X-rays (Figure 8, B and D).

Figure 8 Hypoxia-inducible factor (Hif)-1a
(Hif-1a) is necessary for the onset of von Hippel
Lindau (VHL) tumors. Tumors do not develop in
double mutant mice that lack both VHL and Hif-1a.
AeC: Radiographs of postnatal day (p) 21 fore-
limbs in HIF1 (A), VHL-HIF1 (B), and VHL-HIF1-
HIF2 (C) mice. D: Percentage of VHL, VHL-HIF2,
VHL-HIF1, and VHL-HIF1-HIF2 mice presenting
tumors detectable by radiography. Scale barZ 0.5
cm (AeC).

Vhl and Mesenchymal Tumors

The American Journal of Pathology - ajp.amjpathol.org 3097

http://ajp.amjpathol.org


To address any potential issue of redundancy and comple-
mentarity between Hif-1a and Epas1, VHL-HIF1-HIF2 triple
mutant mice were generated. These mutant mice were born
with the expected mendelian frequency, but they also died
prematurely around p28. Notably, none of the VHL-HIF1-
HIF2 triple mutant mice we studied showed any detectable
sign of soft tissue tumors by X-rays (Figure 8, C and D).
Similarly to HIF1 and VHL-HIF1 mice (Supplemental
Figure S6, C, D, H, I, M and N), triple mutant mice also

displayed extreme deformities of the limbs and fusion of
bony elements; presence of synovial fibrosis and menisci
could thus not be completely assessed (Supplemental
Figure S6, A, E, F, J, K, and O).
Taken together, these findings indicate that Hif-1a has an

essential and nonredundant role in the onset and develop-
ment of soft tissue tumors in mice that lack Vhl in mesen-
chymal progenitors of the limb bud.

Development of Soft Tissue Tumors in VHL Mutant Mice
Is Ctgf Dependent

It has been reported that both loss of Vhl and stabilization of
HIF cause fibrosis through a variety of molecular mecha-
nisms, including up-regulation of profibrotic cytokines such
as transforming growth factor-b1 and Ctgf.46

Ctgf (orCcn2) is amatricellular protein involved in numerous
biological processes, including cell proliferation, adhesion,
chemotaxis, and extracellular matrix production.46 Ctgf is also
necessary for proper endochondral bone development.47

More importantly, Ctgf is hypoxia inducible in a Hif-
1aedependent manner,46,48 and the expression of Ctgf is
up-regulated in a variety of fibrotic disorders.49,50

In light of these findings and in the attempt to understand
why Hif-1a is necessary for the formation of mesenchymal
tumors, we analyzed the role of Ctgf in the context of Vhl-
deficient limb bud mesenchyme.
IHC confirmed high levels of expression of Ctgf in the VHL

tumors (Figure 9A). We thus generated Prx1-Cre;Vhlf/f;Ctgff/f

(VHL-CTGF) mice lacking both Vhl and Ctgf in limb bud
mesenchyme.
VHL-CTGF double mutant mice had an overall postnatal

survival similar toVHLsinglemutants.We studied these double
mutants at p28 by radiography and routine histologic analysis.
Radiography revealed that none of the VHL-CTGF mice had
any evidence of the tumors found in the VHL single mutants
(Figure 9, B and C). Fibrosis of the synovial joint was still
present in both their forelimbs and hindlimbs, but it was
considerably milder than in VHL single mutants. In particular,
because it occurred in VHL single mutants, histologic analysis
revealed that the fibrotic lesions in VHL-CTGF double mutant
mice started around tendon/capsule insertions or in the prox-
imity of the synovium (Figure 9, D and E), and they invaded the
growth plate and the surrounding bony structures, causing
erosions detectable by radiography (Figure 9, B, F, and G). This
fibrotic process acquired a somehow more aggressive pheno-
type only in a small cohort of VHL-CTGF double mutant mice
(nZ 4 of 18), but it was never associated with the formation of
discrete masses.
Of note, as opposed to the VHL mice, the presence of

knee menisci was easily identifiable in VHL-CTGF double
mutant mice, although their structure was altered by the
fibrotic infiltration (Figure 9, H and I).
Taken together, these data indicate that loss of Ctgf

ameliorated the fibrotic phenotype observed in VHL mutant
mice and prevented the formation of mesenchymal tumors at

Figure 9 Connective tissue growth factor (Ctgf) is necessary for the
onset of von Hippel Lindau (VHL) tumors. Severity of the fibrosis markedly
decreases and tumor lesions are not detectable anymore in double mutant
mice that lack both VHL and Ctgf. A: Immunohistochemistry of Ctgf in a
VHL tumor. B: Radiographs of a postnatal day (p) 28 VHL-CTGF forelimb.
The black arrow indicates the initial erosion of the ulna. C: Percentage of
VHL-CTGF mice presenting tumors detectable by radiography (n Z 18).
Hematoxylin and eosin staining of p28 shoulders (D and E), p28 elbows (F
and G), and p28 knees (H and I) in control (CNTRL) (D, F, and H) and VHL-
CTGF (E, G, and I) mice. Black arrows point to the fibrosis in the synovial
space (E), infiltration of the fibrosis in the collapsing growth plate (G), and
menisci (I). Scale bars: 75 mm (A); 0.5 cm (B); 100 mm (DeI).
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least up to p28. These findings suggest that the aggressive
fibrosis and the formation of discrete soft tissue tumors
observed in VHL mutant mice is likely mediated by Hif-1a
through up-regulation of Ctgf.

Discussion

This is the first study reporting the development of severe
fibrosis of the synovial joints and Hif-1a� and Ctgf-
dependent soft tissue tumors on loss of Vhl in mesen-
chymal progenitor cells.

VHL deficiency has been correlated with the development of
proliferative lesions in various tissues and organs.10,11,51e54 In
particular, heterozygous missense mutations of the VHL gene
have been identified in the VHL syndrome.9 This syndrome is
characterized by a dominantly inherited tendency to develop
pheochromocytoma, clear cell renal carcinoma, and heman-
gioblastomas in the central nervous system and retina.9 Inter-
estingly, to this end, an augmented predisposition to develop
mesenchymal tumors of the soft tissue has not been reported in
patients with the VHL syndrome. Our findings, however,
suggest that activation of the hypoxia signaling pathway could
indeed be an important pathogenetic event in the development
of mesenchymal tumors of the soft tissue in humans. To test
this possibility, further investigations are warranted.

Notably, loss of Vhl in chondrocytes or in cells of the
osteoblast lineage did not cause any fibrosis or tumor of the
soft tissue.13e15 This finding indicates that the development of
fibrosis of the synovial joints and the formation of soft tissue
masses in mutant mice that lack Vhl in limb bud mesenchyme
are secondary to loss of this protein in an early and unique
mesenchymal population, rather than in chondrocytes, osteo-
blasts, or osteochondroprogenitors (Figure 10). Moreover, our
findings of IHC, such as the positive staining results for
cadherin-11, suggest that this unique subset of mesenchymal

cells could bemainly contributed by the progenitors of tendon,
ligament, or synovium cells, although a role for the peri-
endothelial cells cannot be excluded because they also express
the cre transgene in Prx1-Cre mice.

The tumors characterized in this study are often hyper-
cellular, as indicated by histologic findings. Paradoxically, a
significant impairment of proliferation of Vhl-deficient mu-
rine embryonic fibroblasts and of growth plate chondrocytes
has been previously reported.13,55e57 It is thus possible that
crosstalk between Vhl-deficient mesenchymal cells and the
microenvironment may be critical for the onset and devel-
opment of the masses observed in VHL mutant mice. Cells in
which Hif-1a and Epas1 are stabilized through the loss of
Vhl could represent a specific niche for additional cell types
that may contribute, with yet unknown mechanisms, to the
development of the soft tissue masses observed in VHL
mutant mice. Along these lines, it is intriguing that multi-
nucleated cells with intense eosinophilic cytoplasm are a
consistent histologic feature of the masses we report in this
study. The biological relevance of this finding requires further
evaluation. In any event, multinucleated cells are often pre-
sent in malignant mesenchymal tumors of the soft tissue.58

A specific role of Epas1 in the development of renal
fibrosis on loss of Vhl has been previously suggested.59 In
our genetic model, loss of Epas1 partially ameliorates the
massive fibrosis of the synovial space in VHL mutant mice.
Our data suggest that Epas1 overexpression in mesenchymal
progenitors, in association with Hif-1a stabilization, may
lead to fibrotic degeneration.

Moreover, our study indicates that Epas1 is not absolutely
necessary for the development of soft tissue tumors on
deletion of VHL in limb bud mesenchyme. However, loss of
Epas1 considerably reduced the penetrance of the VHL tu-
mors; thus, Epas1, in association with Hif-1a, may still play
a role in the onset of these mesenchymal tumors.

It has been reported that both loss of Vhl and stabilization
of HIF cause fibrosis through distinct mechanisms.60e64

Along these lines, up-regulation of profibrotic cytokines,
such as Tgfb1 and Ctgf,46 of inhibitors of metal-
loproteineases,46,65 and of enzymes involved in postransla-
tional modifications of collagens, such as lysyl oxidase and
collagen prolyl-4-hydroxylases,46,66,67 have been reported to
have an important function in mediating Vhl- or Hif-
dependent tissue fibrosis. Notably, Ctgf plays profound
roles in malignant tumors in major organs and tissues by
modulating the actions of key molecules involved in
tumorigenesis.68 Our study suggests that Hif-1aedependent
up-regulation of Ctgf is the critical event that leads to the
formation of fibrosis and soft tissue tumors in the specific
developmental setting of synovial joints on loss of Vhl.9

Acknowledgments

We thank Drs. M. Celeste Simon, Randall S. Johnson, and
Volker H. Haase for providing Epas1f/f, Hif1af/f, and Vhlf/f

Figure 10 Up-regulation of Hypoxia-inducible factor (Hif)-1a (Hif-1a)
and connective tissue growth factor (Ctgf) on loss of von Hippel Lindau
(Vhl) in a subset of mesenchymal progenitors leads to fibrosis of the
synovial joints and tumors of the soft tissue.

Vhl and Mesenchymal Tumors

The American Journal of Pathology - ajp.amjpathol.org 3099

http://ajp.amjpathol.org


mice, respectively; Sirisha Manam for excellent technical
support; and the Microscopy and Image-Analysis Lab at
University of Michigan for providing outstanding
instrumentation.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2015.07.008.

References

1. Dunwoodie SL: The role of hypoxia in development of the
Mammalian embryo. Dev Cell 2009, 17:755e773

2. Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, Salic A,
Asara JM, Lane WS, Kaelin WG Jr: HIFalpha targeted for VHL-
mediated destruction by proline hydroxylation: implications for O2
sensing. Science 2001, 292:464e468

3. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC,
Cockman ME, Wykoff CC, Pugh CW, Maher ER, Ratcliffe PJ: The
tumour suppressor protein VHL targets hypoxia-inducible factors for
oxygen-dependent proteolysis. Nature 1999, 399:271e275

4. Keith B, Johnson RS, Simon MC: HIF1alpha and HIF2alpha: sibling
rivalry in hypoxic tumour growth and progression. Nat Rev Cancer
2011, 12:9e22

5. Haase VH: The VHL tumor suppressor in development and disease:
functional studies in mice by conditional gene targeting. Semin Cell
Dev Biol 2005, 16:564e574

6. Kamura T, Sato S, Iwai K, Czyzyk-Krzeska M, Conaway RC,
Conaway JW: Activation of HIF1alpha ubiquitination by a recon-
stituted von Hippel-Lindau (VHL) tumor suppressor complex. Proc
Natl Acad Sci U S A 2000, 97:10430e10435

7. Hsu T: Complex cellular functions of the von Hippel-Lindau tumor
suppressor gene: insights from model organisms. Oncogene 2012, 31:
2247e2257

8. Kaelin WG Jr: The von Hippel-Lindau tumour suppressor protein: O2
sensing and cancer. Nat Rev Cancer 2008, 8:865e873

9. Kaelin WG: Von Hippel-Lindau disease. Annu Rev Pathol 2007, 2:
145e173

10. Park DM, Zhuang Z, Chen L, Szerlip N,Maric I, Li J, Sohn T, Kim SH,
Lubensky IA, Vortmeyer AO, Rodgers GP, Oldfield EH, Lonser RR:
von Hippel-Lindau disease-associated hemangioblastomas are derived
from embryologic multipotent cells. PLoS Med 2007, 4:e60

11. Vortmeyer AO, Gnarra JR, Emmert-Buck MR, Katz D, Linehan WM,
Oldfield EH, Zhuang Z: von Hippel-Lindau gene deletion detected in
the stromal cell component of a cerebellar hemangioblastoma asso-
ciated with von Hippel-Lindau disease. Hum Pathol 1997, 28:
540e543

12. Kaelin WG Jr: The von Hippel-Lindau tumor suppressor protein and
clear cell renal carcinoma. Clin Cancer Res 2007, 13:680se684s

13. Pfander D, Kobayashi T, Knight MC, Zelzer E, Chan DA, Olsen BR,
Giaccia AJ, Johnson RS, Haase VH, Schipani E: Deletion of Vhlh in
chondrocytes reduces cell proliferation and increases matrix deposi-
tion during growth plate development. Development 2004, 131:
2497e2508

14. Wang Y, Wan C, Deng L, Liu X, Cao X, Gilbert SR, Bouxsein ML,
Faugere MC, Guldberg RE, Gerstenfeld LC, Haase VH, Johnson RS,
Schipani E, Clemens TL: The hypoxia-inducible factor alpha pathway
couples angiogenesis to osteogenesis during skeletal development. J
Clin Invest 2007, 117:1616e1626

15. Rankin EB, Wu C, Khatri R, Wilson TL, Andersen R, Araldi E,
Rankin AL, Yuan J, Kuo CJ, Schipani E, Giaccia AJ: The HIF
signaling pathway in osteoblasts directly modulates erythropoiesis
through the production of EPO. Cell 2012, 149:63e74

16. Mangiavini L, Merceron C, Araldi E, Khatri R, Gerard-O’Riley R,
Wilson TL, Rankin EB, Giaccia AJ, Schipani E: Loss of VHL in
mesenchymal progenitors of the limb bud alters multiple steps of
endochondral bone development. Dev Biol 2014, 393:124e136

17. Gruber M, Hu CJ, Johnson RS, Brown EJ, Keith B, Simon MC:
Acute postnatal ablation of Hif-2alpha results in anemia. Proc Natl
Acad Sci U S A 2007, 104:2301e2306

18. Haase VH, Glickman JN, Socolovsky M, Jaenisch R: Vascular tu-
mors in livers with targeted inactivation of the von Hippel-Lindau
tumor suppressor. Proc Natl Acad Sci U S A 2001, 98:1583e1588

19. Logan M, Martin JF, Nagy A, Lobe C, Olson EN, Tabin CJ:
Expression of Cre Recombinase in the developing mouse limb bud
driven by a Prxl enhancer. Genesis 2002, 33:77e80

20. Schipani E, Ryan HE, Didrickson S, Kobayashi T, Knight M,
Johnson RS: Hypoxia in cartilage: HIF-1alpha is essential for chon-
drocyte growth arrest and survival. Genes Dev 2001, 15:2865e2876

21. Muzumdar MD, Tasic B, Miyamichi K, Li L, Luo L: A global
double-fluorescent Cre reporter mouse. Genesis 2007, 45:593e605

22. Ovchinnikov DA, Deng JM, Ogunrinu G, Behringer RR: Col2a1-
directed expression of Cre recombinase in differentiating chon-
drocytes in transgenic mice. Genesis 2000, 26:145e146

23. Nagashima T, Kim J, Li Q, Lydon JP, DeMayo FJ, Lyons KM,
Matzuk MM: Connective tissue growth factor is required for normal fol-
licle development and ovulation. Mol Endocrinol 2011, 25:1740e1759

24. Kawamoto T: Use of a new adhesive film for the preparation of multi-
purpose fresh-frozen sections from hard tissues, whole-animals, in-
sects and plants. Arch Histol Cytol 2003, 66:123e143

25. Ohishi M, Ono W, Ono N, Khatri R, Marzia M, Baker EK, Root SH,
Wilson TL, Iwamoto Y, Kronenberg HM, Aguila HL, Purton LE,
Schipani E: A novel population of cells expressing both hematopoi-
etic and mesenchymal markers is present in the normal adult bone
marrow and is augmented in a murine model of marrow fibrosis. Am
J Pathol 2012, 180:811e818

26. Provot S, Schipani E: Fetal growth plate: a developmental model of
cellular adaptation to hypoxia. Ann N Y Acad Sci 2007, 1117:26e39

27. Merceron C, Mangiavini L, Robling A, Wilson TL, Giaccia AJ,
Shapiro IM, Schipani E, Risbud MV: Loss of HIF-1alpha in the
Notochord Results in Cell Death and Complete Disappearance of the
Nucleus Pulposus. PLoS One 2014, 9:e110768

28. Portron S, Merceron C, Gauthier O, Lesoeur J, Sourice S, Masson M,
Fellah BH, Geffroy O, Lallemand E, Weiss P, Guicheux J,
Vinatier C: Effects of in vitro low oxygen tension preconditioning of
adipose stromal cells on their in vivo chondrogenic potential: appli-
cation in cartilage tissue repair. PLoS One 2013, 8:e62368

29. Kaufman MH: The Atlas of Mouse Development. San Diego, CA:
Harcourt Brace & Company, 1995, pp. 1e515

30. Guarino M, Tosoni A, Nebuloni M: Direct contribution of epithelium
to organ fibrosis: epithelial-mesenchymal transition. Hum Pathol
2009, 40:1365e1376

31. Strutz F, Okada H, Lo CW, Danoff T, Carone RL, Tomaszewski JE,
Neilson EG: Identification and characterization of a fibroblast marker:
FSP1. J Cell Biol 1995, 130:393e405

32. Kalluri R, Neilson EG: Epithelial-mesenchymal transition and its
implications for fibrosis. J Clin Invest 2003, 112:1776e1784

33. Franke WW, Grund C, Kuhn C, Jackson BW, Illmensee K: Forma-
tion of cytoskeletal elements during mouse embryogenesis. III. Pri-
mary mesenchymal cells and the first appearance of vimentin
filaments. Differentiation 1982, 23:43e59

34. Leader M, Collins M, Patel J, Henry K: Vimentin: an evaluation of its
role as a tumour marker. Histopathology 1987, 11:63e72

35. Richardson SH, Starborg T, Lu Y, Humphries SM, Meadows RS,
Kadler KE: Tendon development requires regulation of cell
condensation and cell shape via cadherin-11-mediated cell-cell
junctions. Mol Cell Biol 2007, 27:6218e6228

36. Lee DM, Kiener HP, Agarwal SK, Noss EH, Watts GF, Chisaka O,
Takeichi M, Brenner MB: Cadherin-11 in synovial lining formation
and pathology in arthritis. Science 2007, 315:1006e1010

Mangiavini et al

3100 ajp.amjpathol.org - The American Journal of Pathology

http://dx.doi.org/10.1016/j.ajpath.2015.07.008
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref1
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref1
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref1
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref2
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref2
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref2
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref2
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref2
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref3
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref3
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref3
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref3
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref3
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref4
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref4
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref4
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref4
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref5
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref5
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref5
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref5
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref6
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref6
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref6
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref6
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref6
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref7
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref7
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref7
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref7
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref8
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref8
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref8
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref9
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref9
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref9
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref10
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref10
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref10
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref10
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref11
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref11
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref11
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref11
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref11
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref11
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref12
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref12
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref12
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref13
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref14
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref14
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref14
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref14
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref14
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref14
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref15
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref15
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref15
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref15
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref15
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref16
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref16
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref16
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref16
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref16
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref17
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref17
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref17
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref17
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref18
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref18
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref18
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref18
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref19
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref19
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref19
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref19
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref20
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref20
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref20
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref20
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref21
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref21
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref21
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref22
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref22
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref22
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref22
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref23
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref23
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref23
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref23
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref24
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref24
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref24
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref24
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref25
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref26
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref26
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref26
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref27
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref27
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref27
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref27
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref28
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref28
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref28
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref28
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref28
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref29
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref29
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref29
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref30
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref30
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref30
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref30
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref31
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref31
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref31
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref31
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref32
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref32
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref32
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref33
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref33
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref33
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref33
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref33
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref34
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref34
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref34
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref35
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref35
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref35
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref35
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref35
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref36
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref36
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref36
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref36
http://ajp.amjpathol.org


37. Mendenhall WM, Mendenhall CM, Reith JD, Scarborough MT,
Gibbs CP, Mendenhall NP: Pigmented villonodular synovitis. Am J
Clin Oncol 2006, 29:548e550

38. Chakraborty G, Jain S, Behera R, Ahmed M, Sharma P, Kumar V,
Kundu GC: The multifaceted roles of osteopontin in cell signaling,
tumor progression and angiogenesis. Curr Mol Med 2006, 6:
819e830

39. Raja R, Kale S, Thorat D, Soundararajan G, Lohite K, Mane A,
Karnik S, Kundu GC: Hypoxia-driven osteopontin contributes to
breast tumor growth through modulation of HIF1alpha-mediated
VEGF-dependent angiogenesis. Oncogene 2014, 33:2053e2064

40. Tilkorn D, Daigeler A, Stricker I, Schaffran A, Schmitz I,
Steinstraesser L, Hauser J, Ring A, Steinau HU, Al-Benna S:
Establishing efficient xenograft models with intrinsic vascularisation
for growing primary human low-grade sarcomas. Anticancer Res
2011, 31:4061e4066

41. Li H, Ko HP, Whitlock JP: Induction of phosphoglycerate kinase 1
gene expression by hypoxia. Roles of Arnt and HIF1alpha. J Biol
Chem 1996, 271:21262e21267

42. Shen C, Kaelin WG Jr: The VHL/HIF axis in clear cell renal carci-
noma. Semin Cancer Biol 2013, 23:18e25

43. Araldi E, Khatri R, Giaccia AJ, Simon MC, Schipani E: Lack of HIF-
2alpha in limb bud mesenchyme causes a modest and transient delay
of endochondral bone development. Nat Med 2011, 17:25e26. author
reply 7e9

44. Taher L, Collette NM, Murugesh D, Maxwell E, Ovcharenko I,
Loots GG: Global gene expression analysis of murine limb devel-
opment. PLoS One 2011, 6:e28358

45. Provot S, Zinyk D, Gunes Y, Kathri R, Le Q, Kronenberg HM,
Johnson RS, Longaker MT, Giaccia AJ, Schipani E: Hif-1alpha
regulates differentiation of limb bud mesenchyme and joint devel-
opment. J Cell Biol 2007, 177:451e464

46. Higgins DF, Biju MP, Akai Y, Wutz A, Johnson RS, Haase VH:
Hypoxic induction of Ctgf is directly mediated by Hif-1. Am J
Physiol Renal Physiol 2004, 287:F1223eF1232

47. Ivkovic S, Yoon BS, Popoff SN, Safadi FF, Libuda DE,
Stephenson RC, Daluiski A, Lyons KM: Connective tissue growth
factor coordinates chondrogenesis and angiogenesis during skeletal
development. Development 2003, 130:2779e2791

48. Nishida T, Kondo S, Maeda A, Kubota S, Lyons KM, Takigawa M:
CCN family 2/connective tissue growth factor (CCN2/CTGF) regu-
lates the expression of Vegf through Hif-1alpha expression in a
chondrocytic cell line, HCS-2/8, under hypoxic condition. Bone
2009, 44:24e31

49. Igarashi A, Nashiro K, Kikuchi K, Sato S, Ihn H, Fujimoto M,
Grotendorst GR, Takehara K: Connective tissue growth factor gene
expression in tissue sections from localized scleroderma, keloid, and
other fibrotic skin disorders. J Invest Dermatol 1996, 106:729e733

50. Phanish MK, Winn SK, Dockrell ME: Connective tissue growth
factor-(CTGF, CCN2)ea marker, mediator and therapeutic target for
renal fibrosis. Nephron Exp Nephrol 2010, 114:e83ee92

51. Lee JY, Dong SM, Park WS, Yoo NJ, Kim CS, Jang JJ, Chi JG,
Zbar B, Lubensky IA, Linehan WM, Vortmeyer AO, Zhuang Z: Loss
of heterozygosity and somatic mutations of the VHL tumor sup-
pressor gene in sporadic cerebellar hemangioblastomas. Cancer Res
1998, 58:504e508

52. Lei L, Mason S, Liu D, Huang Y, Marks C, Hickey R, Jovin IS,
Pypaert M, Johnson RS, Giordano FJ: Hypoxia-inducible factor-
dependent degeneration, failure, and malignant transformation of
the heart in the absence of the von Hippel-Lindau protein. Mol Cell
Biol 2008, 28:3790e3803

53. Couve S, Ladroue C, Laine E, Mahtouk K, Guegan J, Gad S, Le
Jeune H, Le Gentil M, Nuel G, Kim WY, Lecomte B, Pages JC,

Collin C, Lasne F, Benusiglio PR, Bressac-de Paillerets B,
Feunteun J, Lazar V, Gimenez-Roqueplo AP, Mazure NM, Dessen P,
Tchertanov L, Mole DR, Kaelin W, Ratcliffe P, Richard S, Gardie B:
Genetic Evidence of a Precisely Tuned Dysregulation in the Hypoxia
Signaling Pathway during Oncogenesis. Cancer Res 2014, 74:
6554e6564

54. Kaelin WG Jr: The von hippel-lindau tumor suppressor protein: an
update. Methods Enzymol 2007, 435:371e383

55. Mack FA, Rathmell WK, Arsham AM, Gnarra J, Keith B,
Simon MC: Loss of pVHL is sufficient to cause HIF dysregulation in
primary cells but does not promote tumor growth. Cancer Cell 2003,
3:75e88

56. Young AP, Kaelin WG Jr: Senescence triggered by the loss of the
VHL tumor suppressor. Cell Cycle 2008, 7:1709e1712

57. Young AP, Schlisio S, Minamishima YA, Zhang Q, Li L,
Grisanzio C, Signoretti S, Kaelin WG Jr: VHL loss actuates a HIF-
independent senescence programme mediated by Rb and p400. Nat
Cell Biol 2008, 10:361e369

58. Fisher C: Diagnostic Pathology: Soft Tissue Tumors. Edited by
Osborn EHAG. 1 ed. Salt Lake City, UT: Amirsys Publishing, Inc.,
2011, pp. 3. 2-3:106

59. Schietke RE, Hackenbeck T, Tran M, Gunther R, Klanke B,
Warnecke CL, Knaup KX, Shukla D, Rosenberger C, Koesters R,
Bachmann S, Betz P, Schley G, Schodel J, Willam C, Winkler T,
Amann K, Eckardt KU, Maxwell P, Wiesener MS: Renal tubular
HIF-2alpha expression requires VHL inactivation and causes fibrosis
and cysts. PLoS One 2012, 7:e31034

60. Esteban MA, Tran MG, Harten SK, Hill P, Castellanos MC,
Chandra A, Raval R, O’Brien TS, Maxwell PH: Regulation of E-
cadherin expression by VHL and hypoxia-inducible factor. Cancer
Res 2006, 66:3567e3575

61. Evans AJ, Russell RC, Roche O, Burry TN, Fish JE, Chow VW,
Kim WY, Saravanan A, Maynard MA, Gervais ML, Sufan RI,
Roberts AM, Wilson LA, Betten M, Vandewalle C, Berx G,
Marsden PA, Irwin MS, Teh BT, Jewett MA, Ohh M: VHL promotes
E2 box-dependent E-cadherin transcription by HIF-mediated regula-
tion of SIP1 and snail. Mol Cell Biol 2007, 27:157e169

62. Higgins DF, Kimura K, Bernhardt WM, Shrimanker N, Akai Y,
Hohenstein B, Saito Y, Johnson RS, Kretzler M, Cohen CD,
Eckardt KU, Iwano M, Haase VH: Hypoxia promotes fibrogenesis
in vivo via HIF-1 stimulation of epithelial-to-mesenchymal transition.
J Clin Invest 2007, 117:3810e3820

63. Krishnamachary B, Zagzag D, Nagasawa H, Rainey K, Okuyama H,
Baek JH, Semenza GL: Hypoxia-inducible factor-1-dependent
repression of E-cadherin in von Hippel-Lindau tumor suppressor-
null renal cell carcinoma mediated by TCF3, ZFHX1A, and
ZFHX1B. Cancer Res 2006, 66:2725e2731

64. Rankin EB, Tomaszewski JE, Haase VH: Renal cyst development in
mice with conditional inactivation of the von Hippel-Lindau tumor
suppressor. Cancer Res 2006, 66:2576e2583

65. Norman JT, Clark IM, Garcia PL: Hypoxia promotes fibrogenesis in
human renal fibroblasts. Kidney Int 2000, 58:2351e2366

66. Aro E, Khatri R, Gerard-O’Riley R, Mangiavini L, Myllyharju J,
Schipani E: Hypoxia-inducible factor-1 (HIF-1) but not HIF-2 is
essential for hypoxic induction of collagen prolyl 4-hydroxylases in
primary newborn mouse epiphyseal growth plate chondrocytes. J Biol
Chem 2012, 287:37134e37144

67. Erler JT, Bennewith KL, Nicolau M, Dornhofer N, Kong C, Le QT,
Chi JT, Jeffrey SS, Giaccia AJ: Lysyl oxidase is essential for
hypoxia-induced metastasis. Nature 2006, 440:1222e1226

68. Kubota S, Takigawa M: Cellular and molecular actions of
CCN2/CTGF and its role under physiological and pathological con-
ditions. Clin Sci 2015, 128:181e196

Vhl and Mesenchymal Tumors

The American Journal of Pathology - ajp.amjpathol.org 3101

http://refhub.elsevier.com/S0002-9440(15)00436-8/sref37
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref37
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref37
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref37
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref38
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref38
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref38
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref38
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref38
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref39
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref39
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref39
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref39
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref39
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref40
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref40
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref40
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref40
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref40
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref40
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref41
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref41
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref41
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref41
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref42
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref42
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref42
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref43
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref43
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref43
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref43
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref43
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref43
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref44
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref44
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref44
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref45
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref45
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref45
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref45
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref45
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref46
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref46
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref46
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref46
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref47
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref47
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref47
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref47
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref47
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref48
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref48
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref48
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref48
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref48
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref48
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref49
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref49
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref49
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref49
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref49
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref50
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref50
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref50
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref50
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref50
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref51
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref51
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref51
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref51
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref51
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref51
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref52
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref52
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref52
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref52
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref52
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref52
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref53
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref54
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref54
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref54
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref55
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref55
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref55
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref55
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref55
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref56
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref56
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref56
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref57
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref57
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref57
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref57
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref57
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref58
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref58
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref58
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref59
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref59
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref59
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref59
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref59
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref59
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref60
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref60
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref60
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref60
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref60
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref61
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref62
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref62
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref62
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref62
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref62
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref62
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref63
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref64
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref64
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref64
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref64
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref65
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref65
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref65
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref66
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref66
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref66
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref66
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref66
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref66
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref67
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref67
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref67
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref67
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref68
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref68
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref68
http://refhub.elsevier.com/S0002-9440(15)00436-8/sref68
http://ajp.amjpathol.org

	Fibrosis and Hypoxia-Inducible Factor-1α–Dependent Tumors of the Soft Tissue on Loss of Von Hippel-Lindau in Mesenchymal Pr ...
	Materials and Methods
	Generation of Mice
	Cryosections, Routine Histologic Analysis, Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling, in Situ H ...
	Image Acquisition
	Radiography
	Cell Isolation and Culture
	Western Blotting

	Results
	Loss of Vhl in Mesenchymal Progenitors of the Limb Bud Causes Severe Fibrosis of the Synovial Joints
	Loss of Vhl in Mesenchymal Progenitors of the Limb Bud Causes Soft Tissue Tumors Located in Close Proximity to Synovial Joints
	Soft Tissue Tumors and Synovial Fibrosis Still Develop in Mutant Mice Lacking Both Vhl and Epas1 in Mesenchymal Progenitors ...
	Development of Soft Tissue Tumors in VHL Mutant Mice Is Hif-1α–Dependent
	Development of Soft Tissue Tumors in VHL Mutant Mice Is Ctgf Dependent

	Discussion
	Acknowledgments
	Supplemental Data
	References


