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ABSTRACT
Signal peptide-CUB-EGF domain-containing protein 2 (SCUBE2) belongs to a secreted andmembrane-tethered multidomain SCUBE
protein family composed of three members found in vertebrates and mammals. Recent reports suggested that zebrafish scube2
could facilitate sonic hedgehog (Shh) signaling for proper development of slowmuscle. However, whether SCUBE2 can regulate the
signaling activity of two other hedgehog ligands (Ihh andDhh), and the developmental relevance of the SCUBE2-induced hedgehog
signaling inmammals remain poorly understood. In this study, we first showed that as compared with SCUBE1 or SCUBE3, SCUBE2 is
the most potent modulator of IHH signaling in vitro. In addition, gain and loss-of-function studies demonstrated that SCUBE2
exerted an osteogenic function by enhancing Ihh-stimulated osteoblast differentiation in the mouse mesenchymal progenitor cells.
Consistent with these in vitro studies and the prominent roles of Ihh in coordinating skeletogenesis, genetic ablation of Scube2 (–/–)
caused defective endochondral bone formation and impaired Ihh-mediated chondrocyte differentiation and proliferation as well
as osteoblast differentiation of –/– bone-marrow mesenchymal stromal-cell cultures. Our data demonstrate that Scube2
plays a key regulatory role in Ihh-dependent endochondral bone formation. © 2015 American Society for Bone and Mineral
Research.
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Introduction

Signal peptide–complement protein C1r/C1s, Uegf, and Bmp1
(CUB)–epidermal growth factor (EGF) domain-containing

protein 2 (SCUBE2) is the second member of a newly identified
SCUBE gene family that has been evolutionarily conserved from
zebrafish to humans.(1–10) Three different human genes (SCUBE1,
SCUBE2, and SCUBE3) have been described. They encode
polypeptides of approximately 1000 amino acids organized in
a modular fashion with five protein domains: an NH2-terminal
signal peptide sequence; nine tandem repeats of EGF-like
motifs; a large spacer N-glycosylated region; three cysteine-rich
repeats; and one CUB domain at the COOH terminus.(1,11) When
overexpressed, recombinant SCUBE2 protein forms oligomers
that are secreted into the conditioned medium or remain
tethered on the cell surface, where it behaves like a peripheral
membrane (not membrane-spanning) protein.(1,2) Thus, SCUBE2
may function differently depending on its expression as a
soluble or surface-associated protein.
Mouse Scube2 is expressed in embryonic neuroectoderm,

developing face, heart, and the perichondrium of endochondral
skeletal structures, including developing ribs, lumbar vertebrae,
and long bones of limbs.(7,12) The perichondrium, composed of

undifferentiated mesenchymal cells surrounding growth-plate
cartilage, differentiates into osteoblasts that populate future
cortical and trabecular bone.(13,14) However, whether Scube2 is
involved in endochondral bone formation or other develop-
mental processes remains largely unknown in mammals.

Zebrafish genetic studies suggested that scube2 is essential
for proper hedgehog (HH) signaling in development of slow
muscle and ventral spinal cord fates.(8–10) The HH signaling
pathway, originally found in Drosophila, is also conserved in
vertebrates. The fly has only one HH, whereas the mammalian
HH family consists of three protein ligands—sonic (SHH), Indian
(IHH), and desert (DHH)—involved in embryonic development
of multiple tissues and organs.(15,16) For example, prenatal IHH,
expressed mainly in prehypertrophic chondrocytes, acts in
coordinating chondrocyte proliferation and differentiation and
signals perichondrial mesenchymal cells to differentiate into
osteoblasts during skeletal development.(17–21) Postnatally,
chondrocyte-derived IHH is essential for maintaining growth
plate and sustaining trabecular bone and skeletal growth.(22)

In agreement with zebrafish genetic studies, we and others
recently demonstrated that SCUBE2 can positively regulate SHH
signaling via two distinctive modes of action. First, the soluble
form of SCUBE2 can act on the ligand-producing cells to
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facilitate the release (possibly as protease enhancers) and
solubilization of dual-lipidated SHH ligand for distant signal-
ing.(23–25) In addition, membrane-anchored SCUBE2 within the
raft microdomains can bind, concentrate, and facilitate the
presentation of SHH to the PTCH1 receptor in signal responding
cells.(1) However, whether SCUBE2 could also modulate the
signaling activity of other HH ligands remains largely unknown.
Most importantly, the developmental importance of SCUBE2-
enhanced HH signaling in vivo has not been formally addressed.

In this study, we first showed that as comparedwith SCUBE1 or
SCUBE3, SCUBE2 is themost activemodulator for IHH signaling in
vitro. In agreement with our in vitro studies and the predominant
roles of Ihh in regulating skeletogenesis,(26) genetic ablation of
Scube2 impaired Ihh-dependent chondrocyte differentiation and
proliferation as well as osteoblast differentiation during endo-
chondral ossification in mice. Thus, SCUBE2 may be a key
regulator in Ihh-mediated endochondral bone formation.

Materials and Methods

Cells and transfection

C3H/10T1/2, NIH/3T3, and Shh-LIGHT2 mouse embryo fibro-
blasts were from the American Type Culture Collection
(Manassas, VA, USA). Human embryonic kidney (HEK)-293T cells
or Shh-LIGHT2 cells were transfected by use of Lipofectamine
2000 (Life Technologies, Grand Island, NY, USA) or FuGENE HD
(Promega, Madison, WI, USA), respectively.

Gli (glioma-associated oncogene/zinc finger protein
family)-dependent luciferase reporter assay

Assays for HH-pathway activation in Shh-LIGHT2 cells, an NIH/
3T3 cell line stably incorporating firefly luciferase and constitu-
tive Renilla luciferase reporters, were as described.(27)

Western blot analysis

Primary antibodies were anti-SCUBE2 (GeneTex, Irvine, CA, USA),
anti-HH, and anti-osteocalcin (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Secondary antibodies were horseradish peroxi-
dase-conjugated goat anti-rabbit or anti-mouse IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA).

Lentiviral preparation and infection

C3H/10T1/2 cells were engineered with the full-length SCUBE2
expression vector or empty vector (control) by a self-inactivating
lentiviral transduction system.(28) We used the vector-based short
hairpin RNAs (shRNAs) generated by The RNAi Consortium(29) to
knock down the endogenous SCUBE2 in the C3H/10T1/2 cell line.
Lentiviral infection involved incubating the desired amount of
virus preparationwithC3H/10T1/2 cells in culture, typically 0.5mL
per 5� 105 cells, for 12hours, then the medium was changed.

RNA extraction and gene expression analysis

Total RNA was obtained from cultured cells by the TRIzol
method (Life Technologies, Grand Island, NY, USA). First-strand
cDNA synthesis with SuperScript II reverse transcriptase (Life
Technologies) involved 5mg RNA. One-tenth of the first-strand
cDNA reaction was used for each PCR as a template. Primers are
listed in Supporting Table 1.

Determination of alkaline phosphatase activity

Cells were washed with phosphate buffered saline and lysed
with 0.05% Triton X-100 solution. Alkaline phosphatase (ALP)

activity in lysates was determined with p-nitrophenol-phos-
phate used as a substrate.(30)

Generation of Scube2 knockout (–/–) mice

The targeting vector (as described in Supporting Fig. S1) was
electroporated into the mouse embryonic stem (ES) cell R1 line.
The correctly targeted ES cell clones were injected into
blastocysts and implanted into pseudopregnant C57BL/6
females. Heterozygous global Scube2+/– (þ/–) mice were
generated by crossing male protamine (Prm)-Cre;(31)

Scube2Flox/+ mice to wild-type (WT) female mice. The targeted
allele was backcrossed with C57BL/6 females for at least six
generations before experiments. Mice homozygous for the
WT (þ/þ) allele or null (–/–) allele were obtained by
interbreeding þ/– offspring and verified by PCR. All experimen-
tal procedures were approved by the Institutional Animal Care
and Utilization Committee at Academia Sinica, Taiwan. Only
male mice (þ/þ or –/–) were used for this study. In addition,
n¼ 5 (or more as indicated) animals in each genotype group
were used for all phenotyping analyses.

Radiography, micro–computed tomography, and bone
densitometry

Radiography and 3D reconstructed CT images were obtained by
scanning calcified bone by micro–computed tomography (mCT)
(Skyscan 1076; Skyscan, Antwerp, Belgium) at 50 kV, 200mA, 0.4-
degree rotation, 0.5-mm Al filter, and 9-mm/pixel scan
resolution. Bone mineral density (BMD) analysis was at 50 kV,
200mA, 1-degree rotation, 0.5-mm Al filter, and 35-mm/pixel
scan resolution. Cross-sections were reconstructed by using a
cone-beam algorithm (software Cone_rec; Skyscan). Files were
imported into CTAn software (Skyscan) for 3D analysis and
image generation. BMD for each femur was measured by use of
CTAn, by calibration with phantoms with known BMD (0.25 to
0.75 g/cm3).

Dual calcein labeling for measurement of dynamic bone
formation rate

In vivo double labeling with calcein was performed as
described.(32) Six-week-old –/– mice and þ/þ littermates were
injected subcutaneously with calcein (25mg/kg body weight)
13 days and 3 days before euthanasia. Femur specimens were
harvested and fixed in formal saline. Undecalcified bone sections
(10-mm-thick) on glass slides were used to examine double-
labeled fluorescence under a fluorescence microscope.

Alizarin red/Alcian blue staining of skeleton

Bone and cartilage of –/– newborns and þ/þ littermates were
stained with Alizarin red S (Sigma) or Alcian blue (Sigma) as
described.(33)

Primary mouse bone marrow stromal cell culture and
Alizarin red S staining

Bone marrow stromal cells (BMSCs) were obtained from 4-week-
old –/– mice and þ/þ littermates as described.(34) At late
osteogenic differentiation, calcium depositionwas quantified by
Alizarin red S staining. Briefly, cultured cells were washed with
cold phosphate-buffered saline, fixed for 15min in 10% formalin,
and stained with 40mM Alizarin red S solution for 20min.
Stained cells were washed with deionized water to remove the
nonspecific precipitation. Positive red staining represented
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calcium deposits on the cells. Photographs were obtained for
analysis of late-stage osteogenic differentiation. Matrix mineral-
ization was quantified by extracting the Alizarin red S staining
with 100mM cetylpyridinium chloride at room temperature for
3 hours. The absorbance of the extracted Alizarin red S stain was
measured at 570 nm.

Statistical analyses

Data are mean� SD and analyzed by two-tailed paired t tests. A
value of p < 0.05 was considered statistically significant.

Results

Scube2 is the most effective enhancer for IHH signaling
and is involved in IHH-dependent osteoblast
differentiation

To evaluate the effects of SCUBE members on the signaling
activity of each HH ligand, we cotransfected expression plasmids
encoding each SCUBE member with the expression construct
encoding IHH, SHH, or DHH in Shh-LIGHT2 cells, an NIH/3T3-
derived cell line that responds to HH ligands by activating an
integrated Gli-dependent firefly luciferase and control Renilla
luciferase reporter(27) (Fig. 1A). Expression of each HH ligand
alone could increase Gli-dependent luciferase reporter activity
by twofold to fivefold as compared with the empty vector
(Fig. 1B); however, coexpression of SCUBE2 further enhanced the
HH-induced transcriptional activation by an additional 1.6-fold
to 3.4-fold. SCUBE2 had the greatest effect on facilitating the
signaling activity of IHH as compared with SHH or DHH (3.4-fold
versus 1.6-fold; Fig. 1B). A similar result was independently
verified in HeLa cells (Supporting Fig. S1).
Because overexpressed SCUBE2manifested as a soluble or cell

surface-tethered protein,(1,2) we examined whether SCUBE2-
enhanced IHH signaling was attributed to its soluble form. We
first harvested soluble SCUBE proteins in conditioned medium
with HEK-293T cells overexpressing each SCUBE member
(Fig. 2A, B), then added this medium (after ultracentrifugation
at 100,000 g for 2 hours to sediment the membrane-associated
but not soluble protein) to NIH/3T3 cells stably expressing IHH or
SHH (Fig. 2A, B). In agreement with the cotransfection experi-
ments (Fig. 1), the addition of soluble SCUBE2 increased the
amount of secreted IHH and SHH protein in the medium and
prominently enhanced the signaling activity of medium
incubated with cells expressing IHH or SHH (Fig. 2C, D). Again,
we observed a greater effect of soluble SCUBE2 on augmenting
the signaling activity of IHH by increasing its secretion as
compared with SHH (4.3-fold versus 2.4-fold) (Fig. 2D). Interest-
ingly, coimmunoprecipitation experiments demonstrated that
SCUBE2 can form a complex with IHH ligand and its receptor
PTCH1, suggesting that SCUBE2 may facilitate IHH signaling or
enhance IHH secretion through these direct molecular inter-
actions (Supporting Fig. S2).
Because genetic and cell biological studies demonstrated that

IHH plays important roles in bone development and osteoblast
differentiation(17,19,35,36) and our results showed that SCUBE2 can
increase IHH signaling activity (Figs. 1 and 2), we then examined
the effect of SCUBE2 on IHH-stimulated osteoblast differentiation
by measuring the induced activity of ALP, a marker of osteoblast
differentiation, in the mouse mesenchymal progenitor cell line
C3H10T1/2. Ectopic SCUBE2 overexpression in C3H10T1/2 cells as
compared to SCUBE1 or SCUBE3 overexpression had the greatest
effect on IHH-promotedALPactivity (Fig. 3A,B). To further confirm

the osteogenic role of Scube2, we used two independent Scube2-
targeting short hairpin RNA lentiviruses (SCUBE2-shRNA #1 and
#2) to inhibit endogenous Scube2 expression in C3H10T1/2 cells.
As a negative control, cells were infectedwith an shRNA lentivirus
targeting bacterial b-galactosidase (control shRNA). The efficien-
cy and specificity of shRNA-mediated knockdown of mRNA
expressionof Scube2 (but not Scube1 and Scube3) were verifiedby
RT-PCR analysis (Fig. 3D). IHH-induced ALP activity was
concomitantly suppressed with Scube2 knockdown (Fig. 3E).
Furthermore, the expression of osteogenic marker genes Runt-
related transcription factor 2 (Runx2, a transcriptional activator of

Fig. 1. SCUBE2 is the most potent enhancer for IHH signaling. (A)
Experimental scheme to test the effects of different SCUBE proteins on
HH signaling. Shh-LIGHT2 reporter cells (Shh-responsive cells stably
incorporating Gli-dependent firefly luciferase and constitutive Renilla
luciferase reporters) transfected with an empty vector or the expression
plasmid encoding FLAG-tagged SCUBE1, SCUBE2, or SCUBE3 along with
an empty vector or an expression construct encoding IHH, SHH, or DHH.
Two days after transfection, HH signal activity was measured and
reflected as Gli-Luc reporter activity. (B) SCUBE2 promotes HH signaling,
with a stronger effect on IHH than with SHH or DHH. The experiments
were performed three times in triplicate with similar results. Data are
mean� SD relative luciferase activity (firefly luciferase/Renilla internal
control). Note that each HH protein can induce a significant Gli-Luc
activity as compared to the vector control (#p < 0.05). *p < 0.05, **p <

0.01 compared to the vector control. Comparable expression of SCUBE
and HH protein was verified by Western blot analysis (bottom panel).
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Fig. 2. Secreted SCUBE2 protein enhances the release and mobilization of HH protein for long-range signaling. (A) Experimental scheme to test for the
effects of secreted SCUBE proteins on the release of HH. HEK-293T cells were transfected with an empty vector (Vector) or the expression plasmid
encoding the FLAG-tagged SCUBE1, SCUBE2, or SCUBE3 protein (top panel). Two days after transfection, the conditionedmedia from Vector-transfected,
SCUBE1-transfected, SCUBE2-transfected, or SCUBE3-transfected cells was centrifuged at 100,000g for 2 hours and added to cultured medium of the
empty vector (Vector)-expressing, IHH-expressing, or SHH-expressing stable NIH/3T3 cells for 2 days (middle panel). HH-conditioned medium was
centrifuged at 100,000g for 2 hours. Activity was measured in Shh-LIGHT2 reporter cells and twofold dilution of conditioned medium with DMEM
containing 0.5% fetal bovine serum (bottom panel). (B) Production of soluble SCUBE protein. Conditioned media from HEK-293T cells transduced with
vector or SCUBE expression plasmid was immunoblotted with anti-FLAG antibody to verify the comparable expression of secreted SCUBE protein (FLAG-
tagged). Ponceau red staining of membranes confirmed relative loading of total proteins for each sample. (C) Secreted SCUBE2 stimulates the release of
HH proteins. HH-expressing cells were incubated with vector or SCUBE-containing conditionedmedia. SCUBE2-containing conditionedmedia increased
the release of HH proteins, as detected by anti-HH immunoblotting. Ponceau red staining of membranes confirmed the relative loading of total proteins
for each sample. (D) Signaling activities of the released HH proteins in conditionedmedia from HH-expressing cells. After incubation for 2 days with Shh-
LIGHT2 cells, relative reporter activity (firefly luciferase/Renilla internal control) was normalized to relative reporter activity produced by media collected
fromNIH/3T3 cells transducedwith an empty vector cultured in the absence of SCUBE protein. All assays were performed three times with similar results.
Data are mean� SD. *p < 0.05, **p < 0.01.
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Fig. 3. SCUBE2 is involved in IHH-induced osteoblast differentiation. (A, B) Overexpression of SCUBE2 enhances IHH-induced osteoblast differentiation.
C3H10T1/2 cells were engineered with the full-length SCUBE1–SCUBE3 expression vector or empty vector (Vector) by a lentiviral transduction system.
Cell lysates fromC3H10T1/2 vector or SCUBE1–SCUBE3-expressing cells were immunoblottedwith antibodies for anti-FLAG (for SCUBE proteinmembers
expression) or b-actin (an internal control), respectively (A). C3H10T1/2 vector or SCUBE1–SCUBE3-expressing cells were cultured without or with IHH
(800 ng/mL) for 7 days, then analyzed for ALP activity (an osteoblast differentiationmarker). Data aremean� SD. **p< 0.01 comparedwith vector (B). (D,
E) Knockdown of SCUBE2 reduced IHH-stimulated osteoblast differentiation in C3H10T1/2 cells. Endogenous SCUBE2 expression was suppressed by two
independent SCUBE2-targeting shRNA lentiviruses (SCUBE2-shRNA #1 or #2) in C3H10T1/2 cells. A luciferase shRNA lentivirus was a negative control
(Control-shRNA). The efficiency and specificity of mRNA knockdown for Scube2 but not Scube1 and Scube3was confirmed by RT-PCR because we lacked
effective antibodies for Western blot analysis. GapdhmRNA level was an internal control (D). C3H10T1/2 control-shRNA or SCUBE2-knockdown (SCUBE2
shRNA #1 and #2) cells were cultured without or with IHH (800 ng/mL) for 7 days. Cells were then analyzed for ALP activity. The experiments were
performed three times in triplicate with similar results. Data are mean� SD. **p< 0.01 compared with control (E). (C, F) Quantitative real-time RT-PCR of
osteoblastic marker genes in SCUBE2-overexpressing (C) or SCUBE2-knockdowned C3H10T1/2 cells (F). Expression of osteoblast marker genes Runx2,
Cola1, Alpl, Sp7, and Ibsp was normalized to GapdhmRNA level. The experiments were performed three times in triplicate with similar results. Data are
mean� SD. *p < 0.05, **p < 0.01. ALP¼ alkaline phosphatase; shRNA¼ short hairpin RNA; mOD405¼milli absorbance units at 405 nm; Runx2¼ Runt-
related transcription factor 2; Cola1¼ type I collagen a1 chain; Alpl¼ alkaline phosphatase; Sp7¼ osterix; Ibsp¼bone sialoprotein.
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osteoblast differentiation), type I collagen a1 chain (Col1a1),
alkaline phosphatase (Alpl), osterix (also named Sp7, a bone
specific transcription factor essential for osteoblast differentiation
and bone formation), and bone sialoprotein (Bsp, also known as
integrin-binding sialoprotein Ibsp; a major structural protein of
the bonematrix) was broadly in line with SCUBE2 overexpression
or knockdown, respectively (Fig. 3C, F). Together, ourdata suggest
that SCUBE2 exerts osteogenic action by modulating IHH-
stimulated osteoblast differentiation, at least in vitro.

Generation of Scube2 knockout (–/–) mouse strain

To further evaluate the osteogenic function of Scube2 in vivo, we
generated a new genetically altered mouse model lacking the

functional Scube2 gene (see Materials and Methods and
Supporting Fig. S3). Mice homozygous for the WT (þ/þ) allele
or the null (–/–) Scube2 allelewere obtained by interbreeding the
heterozygous (þ/–) offspring and verified by genomic PCR
(Supporting Fig. S3D). In addition, RT-PCR analysis of the mRNA
expression of Scube2-knockout (–/–) mouse embryonic fibro-
blasts (MEFs) at day E12.5 or an array of adult (8-week-old)
organs followed by direct sequencing of the PCR product
revealed completely deleted coding sequences for nine tandem
epidermal growth factor-like domains, the spacer region, three
cysteine-rich repeats, and the CUB domain (Fig. 4A, B, D).
Furthermore, themRNAexpression of other Scube genes (Scube1
and Scube3) remained unaltered between þ/þ and –/– MEFs or
organs (Fig. 4B, D). Consistent with the Scube2–/– mRNA

Fig. 4. Targeted disruption of Scube2 at both mRNA and protein levels. (A) Graphic illustration of protein structure encoded by WT or null transcript.
Locations of oligonucleotide primers used for RT-PCR and peptide antigen used to raise anti-SCUBE2 antibody forWB. Note that the null transcript joined
the exons 1 and 22, which resulted in a frameshift to encode a polypeptide sequence (dashed line and hatched box) completely different from that of the
WT locus. (B, C) The homozygous null mice lacked both mRNA and protein expression of Scube2. The first-strand cDNA (B) or protein lysates (C) fromWT
(þ/þ), heterozygous (þ/–), and homozygous null (–/–) MEFs at day E12.5 was used for RT-PCR (primers F4þ R4 or F5þ R5were used forWT or Null allele,
respectively) or WB, respectively. Note that knockout of Scube2 did not affect the expression of the two other Scube genes (Scube1 and Scube3).
Expression ofGapdh orb-actin was an internal control for RT-PCR orWB, respectively. Ponceau red staining ofmembranes confirmed the relative loading
of total proteins in each sample. (D) Expression of Scube genes in major organs inþ/þ and –/– adult animals. RT-PCR analysis of the expression of Scube
genes. The first-stand cDNAs from several major organs of þ/þ or –/– mice used for RT-PCR with primers specific for each Scube gene. Expression of
Gapdhwas an internal control. (E) Protein expression of SCUBE2 inþ/þ and –/– adultmice. Protein lysates isolated from heart, lung, and testis inþ/þ and
–/– animals were immunoblotted with anti-SCUBE2 antibody. Expression of a-tubulin, b-actin, or GAPDH in heart, lung, or testis, respectively, was an
internal control. WT¼wild-type; WB¼Western blot analysis; MEF¼mouse embryonic fibroblast.
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Fig. 5. Decreased body length and bone formation in –/– compared to þ/þ mice. (A) Eight-week-old þ/þ and knockout (–/–) mice. Representative
photographs showing the size of –/–mice compared toþ/þ littermates. Scale bar¼ 1 cm. (B) Whole-body radiographs. X-ray images of 8-week-oldmale
þ/þ and –/– mice. The nose-to-anus body lengths are marked. (C) Quantification of body weight from 4-week-old to 8-week-old þ/þ (n¼ 9) and –/–
(n¼ 11) mice. Data are mean� SD. *p < 0.05. (D–F) Quantification of body (D), femur (E), and tibia (F) length of 8-week-old þ/þ and –/–mice. Data are
mean� SD. *p< 0.05, **p< 0.01. (G, I)mCT of the distal femur and proximal tibia of 8-week-oldþ/þ and –/–mice. Reconstructed images of the proximal
tibia and the distal femur (G) or the longitudinal view of the epiphyseal andmetaphyseal regions (I, left panel) and the cross-sectional view of the cortical
bone (mid-shaft) of the femur (I, right panel) are shown. (H, J) Quantification of mean BMD, BV/TV, Tb.Th, Tb.N, and Ct.Th. Data are mean� SD (n¼ 5 in
each group). *p< 0.05, **p< 0.01. (K) Double fluorochrome and calcein labeling of cortical femora of 6-week-oldþ/þ and –/–mice. Scale bar¼ 100mm.
(L) BFR/BS. Data are mean� SD (n¼ 5 in each group). **p < 0.01. BMD¼bone mineral density; BV/TV¼bone volume per tissue volume; Tb.
TH¼ trabecular thickness; Tb.N¼ trabecular number; Ct.Th¼ cortical thickness; BFR/BS¼bone formation rate per bone surface.
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transcript, SCUBE2 protein expression was completely eliminat-
ed in –/– MEFs (Fig. 4C) or adult –/– organs (Fig. 4E) including
heart, lung, and testis where Scube2mRNAwas highly expressed
(Fig. 4D). Furthermore, immunohistochemical localization
showed that anti-SCUBE2 staining was present in the perioste-
um, proliferative/prehypertrophic chondrocytes, and the trabec-
ular region ofþ/þ tibia, whereas anti-SCUBE2 immunoreactivity
was absent in –/– bones (Supporting Fig. S4). Together, we
succeeded in producing Scube2-knockout animals that lacked
the expression of functional SCUBE2 at both the mRNA
and protein levels (Fig. 4). Mice with the –/– allele were
backcrossed with WT C57BL/6 mice for at least six generations
before phenotyping analyses.

Loss of endogenous soluble Scube2 decreases the
release and mobilization of HH ligands for long-range
signaling

Previous reports showing the augmentation effect of SCUBE2
on the secretion of SHH ligand were mainly assessed by

overexpression of SCUBE2 or the addition of exogenous
SCUBE2 protein in a heterologous cell system.(23–25) We
evaluated whether disruption of endogenous Scube2 expres-
sion affected the release of SHH for long-range action in a
“non-contact” co-culture (paracrine signaling) system. NIH/
3T3 cells endogenously expressing HH protein were grown
on six-well plates, and þ/þ or –/– MEFs (infected with the
empty or ectopic SCUBE2-carrying lentivirus) were co-
cultured on Transwell inserts (Supporting Fig. S5A). This
Transwell co-culture system allowed for the two cell
populations to grow together in the same well but prevented
direct cell–cell contact. Thus, soluble SCUBE2 proteins
secreted from MEFs may diffuse through the pore of the
membrane (3mm) and act on NIH/3T3 cells in a paracrine
fashion for the release of HH proteins. Two days after co-
culturing, conditioned medium was collected and centri-
fuged at 100,000g for 2 hours to remove membranous
remnants. The amount of secreted SHH ligand and its
signaling activity were measured by ELISA and with Shh-
LIGHT2 reporter cells, respectively.

Fig. 6. Deficiency of Scube2 impairs IHH-mediated signaling and endochondral bone formation. (A, B) Skeletons ofþ/þ and –/– newborns stained with
Alizarin red (calcified tissue) and Alcian blue (cartilage). The nose-to-anus body lengths are marked. (C) Hindlimbs of þ/þ and –/– animals stained with
Alizarin red andAlcian blue. Tibial bone lengths aremarked. (D) Quantification of tibial bone length. Data aremean� SD (n¼ 5 in each group). **p< 0.01.
(E, F) Quantitative real-time RT-PCR of HH signaling components and osteogenic phenotypemarkers in long bones of hindlimbs fromþ/þ or –/– animals.
Expression of HH pathway genes including Ihh, Shh, Gli1, Ptch1, and Pthlh. The latter three genes Gli1, Ptch1, and Pthlh are direct targets of HH signal
activity (E). Expression of osteoblast marker genes Runx2, Cola1, Alpl, Ostcn, Sp7, and Ibsp was normalized to GapdhmRNA level (F). Data are mean� SD
(n¼ 6 in each group). **p < 0.01. fe¼ femur; t¼ tibia; fi¼ fibula. Ihh¼ Indian hedgehog; Shh¼ sonic hedgehog; Pthlh¼parathyroid hormone-related
protein; Runx2¼ Runt-related transcription factor 2; Cola1¼ type I collagen a1 chain; Alpl¼ alkaline phosphatase; Ostcn¼ osteocalcin; Sp7¼osterix;
Ibsp¼bone sialoprotein.
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Fig. 7. Effects of Scube2 knockout on the length of growth plates and chondrocyte proliferation and differentiation in the limbs by BrdU labeling or
chondrocyte micromass cultures. (A) Hematoxylin-eosin staining of proximal tibia with PZ and HZ of growth-plate chondrocytes. Magnified views of the
boxed regions are shown in the same columns. Scale bar¼ 100mm. (B, C) Quantification of the length of the HZ (B) and PZ (C) in growth plates ofþ/þ and
–/– animals. Data are mean� SD (n¼ 5 in each group). **p < 0.01. (D) Immunohistochemistry of tibiae from BrdU-labeled þ/þ and –/– neonatal pups
using anti-BrdU antibody. Magnified views of the boxed periarticular regions are shown in the same columns. BrdU-positive cell number was counted
and expressed as BrdU-positive cells/field in the periarticular regions of each section (low panel). *p< 0.05 (n¼ 5 animals in each genotype group). Scale
bar¼ 100mm. (E) Chondrocyte micromass cultures of mesenchymal cells from E11.5 þ/þ and –/–mouse limbs treated with anti-IHH antibody (5E1) or
isotype control IgG for 9 days (left panel). Alcian blue staining was quantified by solubilizing the sample in 6M guanidine hydrochloride, followed by
OD620 measurement by spectrophotometry (right panel). Data are mean� SD. **p < 0.01. PZ¼proliferative chondrocyte zone; HZ¼hypertrophic
chondrocyte zone; OD620¼ optical density 620 nm.
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Loss of endogenous SCUBE2 in –/– MEFs clearly diminished
soluble SCUBE2-mediated release of mature SHH from cultured
cells and its long-range signaling activity (Supporting Fig. S5B
and C, left panel). Most importantly, this defective activity of –/–
MEFs could be rescued by lentivirus-mediated overexpression of
SCUBE2 (Supporting Fig. S5B and C, right panel). Thus, deletion
of endogenous soluble SCUBE2 reduced the release and
mobilization of HH ligands for distal action.

Scube2 is dispensable for Shh-mediated developmental
processes

Shh is essential for the development of the central nerve system,
digit number and identity, and proper organogenesis of the
heart, lung, and pancreas.(15) However, after heterozygous
interbreeding, we produced mouse offspring withþ/þ ,þ/–, or
–/– genotype with the expected Mendelian ratio; 0.96:2.1:0.94
(n¼ 350). Consistently, we observed no apparent abnormalities
in –/– embryos at days E10.5 to 13.5 (Supporting Fig. S6A). In
addition, the digit numbers and identities of forelimbs and
hindlimbs appeared normal in –/– embryos (Supporting
Fig. S6B). Furthermore, histological analyses of craniofacial
tissues and heart, lung, and pancreas at E13.5 (Supporting
Fig. S6C) or a number of adult organs including brain, eye, heart,
lung, spleen, and testis (Supporting Fig. S7) confirmed normal
development of these regions and organs in –/– mice as
compared with þ/þ littermates. Therefore, Scube2 is not
required for Shh-dependent developmental processes in vivo

even though SCUBE2 has repeatedly been shown to augment
the secretion and signaling of the dually lipid-modified SHH
ligand in vitro.(1,23–25) Therefore, we examined the effects of
Scube2 on Ihh-dependent endochondral osteogenesis because
Scube2 mRNA expression was restricted to the perichondrial
cells that differentiate into osteoblasts in the long bones(12) and
SCUBE2 protein was expressed in the periosteal progenitor cells,
proliferative/prehypertrophic chondrocytes as well as trabecular
osteoblast cells (Supporting Fig. S4), and because SCUBE2 had
the greatest effect on enhancing IHH signaling (Figs. 1 and 2)
and promoted IHH-stimulated osteoblast differentiation in vitro
(Fig. 3).

Deficiency of Scube2 impairs IHH-mediated signaling and
endochondral bone formation

In analyzing the –/– mouse phenotype, body size was lower in
such mice as compared with their þ/þ littermates (Fig. 5A). In
addition, the general skeletal structure (skull, axial skeleton, ribs,
pelvis, and long bones) of –/– mice, as revealed by whole-body
radiography, appeared grossly normal but was smaller thanþ/þ
animals (Fig. 5B). The shorter stature of –/–mice was seen at the
time of weaning (3 weeks old) and persisted up to adulthood
(Fig. 5C). Quantification of –/– and þ/þ mice revealed reduced
body weight (22.14� 0.98 versus 24.72� 0.79 g), nose-to-anus
body length (9.25� 0.17 versus 9.79� 0.11 cm), femoral bone
length (15.62� 0.19 versus 14.89� 0.26mm), and tibial bone
length (18.55� 0.29 vs 17.74� 0.23mm) in adult mice (Fig. 5C–

Fig. 8. Ex vivo osteogenic differentiation of þ/þ or –/– BMSCs as assessed by ALP activity, osteocalcin expression, and Alizarin red staining. (A) ALP
activity ofþ/þ and –/– BMSCs under osteoblast differentiation conditions at days 3, 7, and 14. The experiments were performed three times in triplicate
with similar results. Data are mean� SD. **p < 0.01. (B) The protein and mRNA expression of osteocalcin in þ/þ and –/– BMSCs under osteoblast
differentiation conditions at day 7. Two independent BMSC cultures (#1 and #2) were used for Western blot and RT-PCR analyses. (C) Bone nodule
formation in BMSC cultures under osteoblast differentiation conditions (right). Quantification of Alizarin red staining (left). The experiments were
performed 3 times in triplicate with similar results. Data are mean� SD. **p< 0.01. (D) The mRNA expression of direct targets of HH signal activity (Gli1
and Ptch1) and osteoblast marker genes (Alpl and Ostcn) in þ/þ and –/– BMSCs under osteoblast differentiation conditions at day 7. The experiments
were performed three times in triplicate with similar results. Data are mean� SD. **p < 0.01. BMSC¼bone marrow stromal cell; ALP¼ alkaline
phosphatase; mOD405¼milli absorbance units at 405 nm.
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F). In agreement with these findings, mCT of the metaphyseal
regions of distal femur and proximal tibia demonstrated lower
trabecular bone and reduced cortical thickness for –/–mice than
þ/þ littermates (Fig. 5G, I). Likewise, further histomorphometric
analyses showed a significant reduction of trabecular volumetric
bone mineral density (–22%), trabecular bone volume (–41%),
trabecular thickness (–14%), trabecular number (–33%), and
cross-sectional cortical thickness (–18%) in –/– animals com-
pared to þ/þ littermates (Fig. 5H, J). Double calcein and
fluorochrome labeling revealed lower dynamic bone formation
rate (–72%) in –/–mice than þ/þmice (Fig. 5L, K). Furthermore,
double staining for ALP-positive osteoblasts and tartrate
resistant acid phosphatase (TRAP)-positive osteoblasts showed
that ALP-positive osteoblast cell number was significantly
reduced whereas TRAP-positive osteoclast cell number re-
mained unaltered in trabecular bone of the neonatal –/– tibias
compared toþ/þ controls (Supporting Fig. S8). Together, these
results suggested that compromised endochondral ossification
may be caused by defected bone formation rather enhanced
resorption in Scube2-knockout mice.
At birth, –/– animals were invariably shorter than their þ/þ

littermates (Fig. 6A, B). Skeletons were stained with Alizarin red
and Alcian blue to detect calcified tissues (hypertrophic cartilage
and bone) and cartilage. Again, the skeletal elements of the –/–
animals were present in the right position and in the right
number. However, skeletogenesis was clearly abnormal, with all
appendicular (the upper and lower limbs) and axial (the skull, the
vertebral column, and the rib cage) skeletal elements smaller in
–/– than þ/þ mice (Fig. 6A–D). For instance, the length of tibia
was slightly (10%) but significantly lower in –/– than þ/þ
animals (Fig. 6C, D).
To further confirm and quantify the HH signaling activity in

–/– mice, microdissected long bones from the lower limbs
from þ/þ and –/– newborns were examined by quantitative
real-time RT-PCR. HH ligand (Ihh and Shh) expression was
similar between þ/þ and –/– animals, but the levels of Ihh
target genes Gli1, Ptch1, and parathyroid hormone-related
protein (Pthlh) were greatly reduced in –/– long bones
(Fig. 6E). In addition, the expression of osteogenic marker
genes Runx2, Col1a1, Alpl, osteocalcin (Ostcn, the most specific
marker of mature osteoblasts), osterix (Sp7), and bone
sialoprotein (Ibsp) was markedly lower in –/– than þ/þ long
bones (Fig. 6F).
Histological analysis also revealed a marked reduction in the

length of the proliferative (–20%) and hypertrophic (–15%)
chondrocyte zone of –/– growth plates as compared with þ/þ
growth plates (Fig. 7A–C). In addition, we further analyzed
chondrocyte proliferation in the þ/þ and –/– limbs by BrdU
labeling, and showed that chondrocyte proliferation (as
measured by the number of BrdU-positive cells) in the tibiae
was significantly reduced in the –/–mice compared to the þ/þ
animals (Fig. 7D). In addition, chondrocyte differentiation was
evaluated by high-density micromass cell cultures of embryonic
limb mesenchymal cells from þ/þ and –/– embryos. Likewise,
the –/– mesenchymal cells have a much less extent to undergo
chondrogenic differentiation comparedwithþ/þmesenchymal
cells. Notably, treatment with anti-IHH antibody (5E1) reduced
chondrocyte differentiation inþ/þ cells to the level comparable
with that of –/– cells (Fig. 7E). Together, these data suggest that
Scube2 plays a critical role in Ihh-dependent endochondral bone
formation through regulating the osteogenic differentiation
(Fig. 6) as well as the chondrogenic differentiation and
proliferation (Fig. 7).

Ex vivo differentiation of osteoprogenitors supports that
Scube2 acts as an enhancer of osteoblastogenesis

To further examine whether þ/þ and –/– mice differed in the
ability to undergo osteoblast differentiation, BMSCs from þ/þ
and –/–mice were cultured in osteogenic differentiation media,
and the degree of ex vivo osteogenic differentiation was
evaluated by osteoblast phenotype markers including ALP
activity, osteocalcin expression, or Alizarin red staining for
matrix mineralization. ALP activity increased over time and
peaked at day 7 in BMSC cultures for both genotypes, with lower
level for –/– thanþ/þ cultures on days 3, 7, and 14 (by 36%, 38%,
and 34%, respectively; Fig. 8A). Similarly, bothmRNA and protein
levels of osteocalcin were greatly reduced in –/– BMSC culture
(>90%) (Fig. 8B), as was Alizarin red staining (�55%) as
compared with þ/þ BMSC culture (Fig. 8C, top). Of note,
inactivation of Scube2 does not affect the proliferation rate of –/–
osteoprogenitor cells compared to þ/þ cells (Supporting
Fig. S9). Therefore, inactivation of Scube2 impeded the
osteogenic differentiation but not proliferation of BMSCs,
analogous to the in vivo –/– phenotype (Figs. 5–7).

To further investigate the involvement of IHH signaling in
Scube2-mediated osteogenic differentiation, we used loss-of-
function and gain-of-function experiments specifically targeting
the IHH signal pathway. We first pharmacologically blocked IHH
signaling in the ex vivo system described above in Fig. 8Awith a
HH signaling inhibitor (cyclopamine) or by direct IHH blocking
with the neutralizing monoclonal antibody 5E1.(37) Treatment
with these IHH signaling inhibitors greatly decreased osteogenic
calcification, as measured by Alizarin red staining, in þ/þ BMSC
cultures to the level of –/– BMSCs under osteogenic differentia-
tion conditions (Fig. 8C, middle), so IHH signaling was required
for þ/þ BMSCs to differentiate into mature osteoblasts. Most
importantly, supplementation with IHH or soluble SCUBE2
protein further enhanced osteogenic maturation in þ/þ BMSCs
and completely restored matrix mineralization in –/– BMSC
culture (Fig. 8C, bottom). In addition, similar results were
obtained when the Scube2-floxed osteoprogenitor cells were
isolated and inactivated by Cre-mediated excision of the floxed
alleles, excluding the potential involvement of unknown
systemic factors in defected osteogenic differentiation (Sup-
porting Fig. S10). Consistent with these findings, –/– BMSC
osteogenic culture showed reduced IHH signal activity (de-
creased Gli1 and Ptach1 mRNA expression) and impaired
osteogenic differentiation (reduced Alpl and Ostcn expression);
such defects could be rescued by the exogenous addition of IHH
and soluble SCUBE2 protein (Fig. 8D). These data demonstrate
that IHH signaling is indeed involved in Scube2-mediated
osteoblast differentiation and bone matrix production in þ/þ
BMSC osteogenic cultures.

Discussion

Zebrafish genetic(8–10) and biochemical studies(1,23–25) have
implicated SCUBE2 in modulating SHH signaling activity for
proper development of slow muscle; however, the precise
functions of mammalian SCUBE2 in regulating the activity of
other HH ligands such as IHH or DHH and the developmental
significance of the SCUBE2-mediated secretion andmobilization
of SHH signals remain poorly understood. In this study, we first
systemically examined the effect of each SCUBE member on
signaling activity of all three HH ligands and found that SCUBE2
had the greatest effect on promoting IHH signaling in a Gli-
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driven reporter cell line (Figs. 1 and 2). In addition, gain and loss-
of-function experiments suggested that SCUBE2 is critical for
IHH-stimulated osteogenic differentiation in mouse mesenchy-
mal progenitor cells (Fig. 3). Further knockout studies showed
that loss of Scube2 impaired endochondral bone formation and
IHH-induced osteoblast differentiation in –/– BMSC cultures
(Figs. 5–8). In agreement with the reduction of growth-plate
chondrocytes in –/– bones, our BrdU labeling and chondrocyte
micromass culture assays further revealed that Scube2 is also
involved in the regulation of Ihh-dependent chondrocyte
differentiation and proliferation (Fig. 7). Therefore, it is tempting
to speculate that SCUBE2 protein expressed in perichondrial
cells may be secreted and modulate the prehypertrophic
chondrocyte-derived IHH signals by facilitating the release
and mobilization of IHH for differentiation into osteoblasts
during endochondral bone formation. Together, our results
agree with in vitro studies,(1,23–25) revealing that mammalian
SCUBE2 can act cell-autonomously and non-cell-autonomously
to coordinate skeletogenesis by fine-tuning IHH signal activities
in prechondrium/osteoblasts or chondrocytes for their differen-
tiation and/or proliferation.

However, the shortcoming of the global mutant mice is that
these skeletal phenotype including overall reduced length and
weight of mutant mice as well as their smaller growth plates
could be results of an unknown systemic Scube2-deficient effect,
rather than being the direct consequence of loss of Scube2 in
cells of the osteoblast and/or chondrocyte lineages. Further
investigations by using the osteoblast-specific (Col1a1-Cre) and/
or chondrocyte (Col2a1-Cre)-specific Scube2-knockout mouse
lines are warranted to validate the relative contribution of
osteoblasts or chondrocytes on the observed bone phenotypes.

Of note, the Scube2-deficient embryos appeared normal in
Shh-dependent developmental processes, including the devel-
opment of the central nerve system, digit number, and identity,
and organogenesis of the heart, lung, and pancreas,(15) so
SCUBE2-mediated release of SHH ligand for distant signaling is
dispensable for normal development and survival and points to
a possible redundant role of other Scube genes (Scube1 or
Scube3) in maintaining proper SHH signal intensities during
embryonic development in Scube2-deficient mice. Double or
triple knockout of these Scube genes may be required to further
elucidate their cooperative roles in Shh-induced developmental
processes.

Alternatively, remaining SHH ligand released or transported
by SCUBE2-independent molecules such as the family of
metalloproteases, a disintegrin and metalloprotease domain
(ADAM),(38,39) or Dispatched, a transporter-like protein with a
role in the secretion of lipid-modified HH signals,(40) may be
sufficient for delicate Shh-mediated developmental processes in
Scube2-deficient embryos. Similarly, such residual SCUBE2-
independent secretion or solubilization of the IHH signal may
account for the modest osteogenic and chondrogenic pheno-
types observed in –/– skeletons.

One interesting observation is that although SCUBE family
members share an overall similar protein domain organization,
including signal peptide sequence, epidermal growth factor-like
repeat, spacer-region, cysteine-rich, and CUB domains, SCUBE2
is the most potent enhancer of IHH signals (Figs. 1–3).
Nonetheless, the amino acid sequences of the spacer region
and the distribution of potential N-linked glycan sites are
divergent and distinctive in SCUBE2 as compared with SCUBE1
or SCUBE3. These unique features of SCUBE2 might determine
its specific targeting to membrane lipid rafts that contain dually

lipidated HH ligands and its signaling component PTCH1 in
these microdomains,(1,41,42) and contribute to its uppermost
activity on promoting IHH secretion or signaling. However,
further investigations are needed to verify this hypothesis.

In summary, our results demonstrate that SCUBE2 plays a critical
role in modulating IHH signals during endochondral ossification.
Apart from its expression inmultiple sites of endochondral skeletal
structures, Scube2 transcript was also found in a wide spectrum of
developing tissues including neuroectoderm, craniofacial region,
heart and vasculature.(7,12) Further studies are required to fully
elucidate the subtle involvement of Scube2 in these developing
tissues and its roles in HH-related human pathologies such as
skeletal disorders and cancer progression.
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