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Ror2 is an orphan receptor tyrosine kinase that
plays crucial roles in developmental morphogene-
sis, particularly of the skeleton. We have identified
human Ror2 as a novel regulator of canonical Wnt
signaling in osteoblastic (bone-forming) cells with
selective activities, enhancing Wnt1 but antagoniz-
ing Wnt3. Immunoprecipitation studies demon-
strated physical interactions between human Ror2
and mammalian Wnt1 and Wnt3. Functionally, Ror2
antagonized Wnt1- and Wnt3-mediated stabiliza-
tion of cytosolic �-catenin in osteoblastic cells.
However, Ror2 had opposing effects on a more
distal step of canonical Wnt signaling: it potenti-
ated Wnt1 activity but inhibited Wnt3 function as
assessed by changes in Wnt-responsive reporter
gene activity. Despite binding to Ror2, neither Wnt1
nor Wnt3 altered receptor activity as assessed by
levels of Ror2 autophosphorylation. The ability of

Ror2 to regulate canonical Wnt signaling in osteo-
blastic cells should have physiological conse-
quences in bone, because Wnt signaling is known
to modulate osteoblast survival and differentiation.
Expression of Ror2 mRNA was highly regulated in
a biphasic manner during human osteoblast differ-
entiation, being virtually undetectable in pluripo-
tent stem cells, increasing 300-fold in committed
preosteoblasts, and disappearing again in osteo-
cytes. Furthermore, Ror2 expression in osteo-
blasts was suppressed by the Wnt antagonist, se-
creted frizzled-related protein 1. The regulated
expression of Ror2 during osteoblast differentia-
tion, its inverse expression pattern with secreted
frizzled-related protein 1, and its ability to modu-
late Wnt signaling in osteoblastic cells suggest that
Ror2 may regulate bone formation. (Molecular En-
docrinology 19: 90–101, 2005)

ROR2 BELONGS TO a family of orphan receptor
tyrosine kinases that in mammals consists of two

members, Ror1 and Ror2. Ror receptors are most
closely related to Trk neurotropin receptors and mus-
cle-specific kinase (1). During mouse development,
Rors are expressed in many tissue types including
face, limbs, heart, brain, and lungs (2–4).

Mice lacking Ror2 exhibit dwarfism, short limbs and
tails, facial abnormalities, ventricular septal defects,
and respiratory dysfunction resulting in neonatal le-
thality (5–7). In humans, mutations within the Ror2
gene are responsible for brachydactyly type B, char-
acterized by hypoplasia/aplasia of distant phalanges,
and for Robinow syndrome characterized by short
stature, limb bone shortening, segmental defects of
the spine, and a dysmorphic facial appearance (8–12).

Thus, Ror2 plays important roles in developmental
morphogenesis, in particular in skeletal development.

Wnts are secreted glycoproteins that mediate fun-
damental biological processes such as embryogene-
sis, morphogenesis, and tumorigenesis (13, 14). They
bind to a membrane receptor Frizzled (FZ) and a co-
receptor, the low-density lipoprotein receptor-related
protein (LRP) and activate either the canonical �-cate-
nin pathway or one of at least two noncanonical path-
ways (15, 16). Which of the pathways gets activated
depends on the Wnt, FZ receptor, and the cell type
involved, with Wnt1 subfamily (e.g. Wnt1, Wnt3,
Wnt3a, Wnt8) activating the canonical pathway, and
Wnt5a subfamily (e.g. Wnt5a, Wnt11) activating the
noncanonical pathways. Signaling through the canon-
ical pathway depends on the levels of �-catenin in the
cell (reviewed in Ref. 15). Wnt binding to its membrane
receptor complex leads to inhibition of glycogen syn-
thase kinase-3� and subsequent stabilization of
�-catenin that translocates to the nucleus, where it
binds to and activates lymphoid-enhancer binding
factor/T cell transcription factors (TCF).

In osteoblasts, Wnt signaling mediates cell survival
and differentiation (17). Loss-of-function mutations in
the coreceptor of the canonical Wnt signaling, low-
density lipoprotein receptor related protein (LRP5),
cause a defect in bone accrual in humans that leads to
a low peak bone mass and premature fractures [os-
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teoporosis pseudoglioma syndrome (18)]. Disruption
of LRP5 gene in mice results in suppressed osteoblast
proliferation and activity that leads to diminished bone
formation and trabecular bone volume (19). In addi-
tion, mice lacking a Wnt antagonist secreted frizzled-
related protein 1 (sFRP1) exhibit diminished osteoblast
and osteocyte apoptosis, increased osteoblast activ-
ity, proliferation and differentiation, and increased tra-
becular bone mineral density and volume (20).

The Ror receptors contain an intracellular tyrosine
kinase domain and an extracellular cysteine-rich do-
main (CRD) that resembles the Wnt binding sites of FZ
proteins (21, 22). Recently, the ectodomain of Xeno-
pus Ror2 has been shown to bind Xenopus Wnt7,
Wnt8, and Wnt11 (23) and to inhibit convergent exten-
sion in Xenopus embryos, at least in part, through
stimulation of the noncanonical Wnt signaling (23). In
mammals, the extracellular domain of the mouse Ror2
has been demonstrated to bind mouse noncanonical
Wnt5a (24). In addition, the phenotypes of Ror2�/�
and Wnt5a�/� mice are strikingly similar, and Ror2
potentiates Wnt5a-induced activation of c-Jun N-
terminal kinase in cultured cells, suggesting that it may
be involved in noncanonical Wnt signaling in mammals
(24).

Here we identify Ror2 in a gene chip array analysis
of the late stages of human osteoblast differentiation
as a gene whose expression is significantly down-
regulated between preosteoblasts and osteocytes.
We then show that Ror2 expression is virtually unde-
tectable in pluripotent stem cells but increases 300-
fold in preosteoblasts before declining in osteocytes.
Furthermore, we find that Ror2 expression is down-
regulated by a Wnt antagonist sFRP1. We show that
Ror2 physically interacts with canonical Wnts, Wnt1
and 3, and inhibits Wnt-mediated stabilization of cy-
tosolic �-catenin. However, Ror2 has opposing effects
on a more distant step of Wnt signaling in osteoblastic
cells: Wnt-induced promoter activation, where it po-
tentiates Wnt1, but inhibits Wnt3-mediated activation
of TCF DNA-binding elements. Wnt1 potentiation and
the majority of Wnt3 inhibition require the tyrosine
kinase activity of the Ror2 receptor. Because Wnt is a
key mediator of osteoblast survival, the ability of Ror2
to differentially regulate Wnt activity may have com-
plex effects on bone formation.

RESULTS

We have previously developed a collection of condi-
tionally immortalized adult human osteoblastic cell
lines (HOB cells) representing different stages of dif-
ferentiation, including preosteoblasts, early and late
osteoblasts, and preosteocytes (25). We subsequently
performed gene chip analysis of polyA(�) RNA from
these cell lines on the Affymetrix Hu6800 chip and the
custom-made GIHuman1a chip enriched in bone and
cartilage cDNAs (26). Forty-seven genes were identi-

fied, the expression of which changed 3-fold or more
on both chips between preosteoblastic and preosteo-
cytic stages (26); but this analysis excluded the tran-
scripts for which probes were present on only one
chip, but not the other. We have now analyzed these
transcripts and found several mRNAs the expression
of which changed 3-fold or more between preosteo-
blasts and preosteocytes on the chip that reported
their expression. One of these transcripts encoded the
Ror2 kinase that attracted our attention, because it
contains a CRD domain that has been shown in other
proteins to bind Wnt growth factors that are critically
important for osteoblast proliferation, differentiation,
and survival. The Ror2 probes were present on the
GIHuman1a chip, and on this chip Ror2 expression
decreased 5-fold between preosteoblasts and preos-
teocytes. We confirmed and extended this result by
real-time RT-PCR using total cellular RNA from preos-
teoblasts (cell line HOB-03-C5), early and late osteo-
blasts (HOB-02-C2 and HOB-02-C1), preosteocytes
(HOB-01-C1), and osteocytes (HOB-05-T1). Evidence
demonstrating that these HOB cell lines indeed rep-
resent the corresponding stages of differentiation has
been summarized previously (25). As shown in Fig. 1A,
Ror2 expression was highest in preosteoblasts, de-
creased in early osteoblasts, increased in late osteo-
blasts, and then declined steadily as cells progressed
to osteocytes. Real-time RT-PCR showed that expres-
sion of Ror2 gene in untransformed adult human os-
teoblasts was closest to the early osteoblast in our
HOB model (Fig. 1A). Both gene chip analysis (data not
shown) and real-time RT-PCR (Fig. 1A) revealed that
expression of the other Ror family member, Ror1, de-
creased about 2-fold between preosteoblasts and os-
teoblasts and remained at this level for the remaining
stages of differentiation.

We next looked at expression of the Ror kinases
during early stages of differentiation from pluripotent
stem cells to committed preosteoblasts. We treated
human mesenchymal stem cells (hMSCs) with growth
medium or osteogenic medium for up to 21 d as
described in Materials and Methods and monitored
their alkaline phosphatase (AP) activity and osteocal-
cin secretion. During this time, the AP activity and
osteocalcin secretion in cells exposed to growth me-
dium remained undetectably low (data not shown). In
contrast, in cells treated with osteogenic cocktail, the
AP activity rose gradually during the first 21 d, but the
osteocalcin expression remained undetected (Fig. 1B,
inset), confirming differentiation from stem cells to
preosteoblasts. Ror2 expression was virtually unde-
tectable before the onset of differentiation and re-
mained unchanged when cells were incubated in
growth medium (data not shown). However, as is
shown in Fig. 1B, Ror2 expression increased more
than 300-fold in cells exposed to osteogenic medium,
whereas Ror1 expression remained unchanged. Thus,
Ror2 expression increases during early stages of os-
teoblast differentiation, peaks in committed proliferat-
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ing preosteoblasts, and then declines during terminal
osteocytic differentiation.

We have previously shown that an antagonist of Wnt
signaling sFRP1 promotes osteoblast apoptosis (27)
and that mice engineered to lack sFRP1 have in-
creased bone formation (20). Here we used real-time
RT-PCR to analyze Ror2 expression in HOB preosteo-
cytic cells stably overexpressing sFRP1 or control
vector. We examined three control clones and five
sFRP1 clones ranging in overexpression from 7- to
1500-fold and found that Ror2 expression was
strongly suppressed in all sFRP1 clones examined
(Fig. 2A). Gene chip analysis (data not shown) and
real-time RT-PCR (Fig. 2B) further demonstrated that

calvariae of sFRP1 knockout mice expressed 3-fold
more Ror2 message than did the wild-type controls,
revealing a reciprocal relationship between expression
of a Wnt antagonist sFRP1 and Ror2. In contrast, there
was no difference in Ror1 expression between control
and sFRP1-overexpressing clones or between wild-
type and sFRP1-null mice (data not shown).

To begin to assess the role of Ror proteins in os-
teoblast physiology, we cloned human Ror1 and Ror2
in collaboration with Invitrogen Corporation. Our
clones differed from sequences reported in GenBank
by several substitutions. Substitutions in Ror1 se-
quence (accession no. NM_005012) were T1928C
(M518T) and A3107G (K911R); substitutions in Ror2
sequence (accession no. NM_004560) were C2287T
(silent) and G2654A (V819I). To date, most of the work
in the field has been done with nonhuman Ror clones.
However, when transfected into mammalian cells, our
Ror2 clone produced a functional kinase of expected
molecular weight as previously reported with the Gen-
Bank sequences of human Ror2 (28).

Next, we generated expression plasmids shown in
Fig. 3A for full-length Ror1 and Ror2 and for several
Ror2 mutants, each containing a COOH-terminal flag
epitope tag for protein identification. In the Ror2 ki-
nase domain (Ror2KD) mutant, three lysines at posi-
tions 504 (in the putative ATP binding domain), 507,
and 509 were replaced with isoleucines (23). In the
Ror2�CRD mutant, the entire CRD domain except for
the last residue (C300) was deleted in frame. All ex-

Fig. 1. Ror2 Expression Peaks in Committed Preosteoblas-
tic Cells

A, Expression of Ror2 (solid line, circles) and Ror1 (dashed
line, triangles) in human cell lines representing late stages of
osteoblast differentiation. Hatched bar shows the level of
Ror2 expression in primary human osteoblasts. OB, Osteo-
blasts; OCy, osteocytes. B, Expression of Ror2 (solid line,
circles) and Ror1 (dashed line, triangles) in early differentia-
tion of hMSC treated with osteogenic medium for the indi-
cated time. Inset: Alkaline phosphatase (AP) activity and
osteocalcin (OC) secretion in the same cells. Both were as-
sessed as described in Materials and Methods, and values
observed at d 0 were set at 1. In A and B the expression of
Ror genes was assessed by real-time RT-PCR as described
in Materials and Methods using probes and primers listed in
Table 1, and the levels of mRNA were normalized to the
expression of 18S rRNA in each sample. The relative mRNA
expression in preosteoblastic cells (A) and before addition of
osteogenic medium (B) was set at 1. The data are presented
as means � SE of at least three RT-PCRs per point; the figure
shows representative traces of at least two independent
experiments.

Fig. 2. sFRP1 Suppresses Ror2 Expression
Results of the real-time RT-PCR analysis of Ror2 expres-

sion in conditionally immortalized preosteocytes stably over-
expressing empty vector or sFRP1 (A) and from calvarial
bones of wild-type (�/�) or sFRP1 �/� mice (B). The relative
mRNA expression in the vector-expressing cells and in wild-
type mice was set at 1. In A, three empty vector clones and
five independent sFRP1-overexpressing clones were ana-
lyzed, and the results are presented as means � SE. The
asterisk indicates significant changes from empty vector
clones (P � 0.001). Panel B shows means � SD of two mice
per group. Real-time RT-PCR was performed as described in
Materials and Methods using probes and primers listed in
Table 1, and the levels of mRNA were normalized to the
expression of glyceraldehyde-3-phosphate dehydrogenase
mRNA in each sample.
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pression plasmids were transiently transfected into
U2OS osteosarcoma cells that do not have endoge-
nous Ror expression as assessed by real-time RT-
PCR (data not shown). Western immunoblotting with
antiflag antibody showed that all Ror proteins express
at similar levels in U2OS cells (Fig. 3B). Both Ror2 and
Ror2KD could be precipitated out of U2OS extracts on
flag affinity agarose (Fig. 3C, bottom panel). The im-
munoprecipitated Ror2, but not Ror2KD mutant, could
phosphorylate itself in vitro in the presence of 32P-ATP
(Fig. 3C, top panel) confirming that Ror2KD has lost its
kinase activity.

To assess whether human Rors bind canonical
Wnts, we performed immunoprecipitation experi-
ments with lysates of U2OS cells cotransfected with
flag-tagged Rors and hemagglutinin (HA)-tagged
Wnts. Antiflag affinity agarose was used for immuno-
precipitation followed by immunoblotting with anti-HA
antibody. Equal levels of precipitation of different Ror
proteins were verified by immunoblotting with antiflag
antibody (data not shown). As shown in Fig. 4A, under
our experimental conditions, Ror1 did not precipitate
Wnt1 and precipitated Wnt3 very weakly. However,

both Wnt1 and Wnt3 were immunoprecipitated in
complexes with Ror2. The specificity of interactions
was demonstrated by the fact that antiflag antibody
failed to immunoprecipitate Wnts in the absence of
Ror2 coexpression. Loss of kinase activity did not
affect the ability of Ror2 to bind Wnt1 or Wnt3 (Fig. 4A).
As expected, deletion of the CRD domain that medi-
ates Wnt binding of FZ receptors (29, 30) completely
abolished Wnt1 binding to the Ror2 receptor (Fig. 4A).
However, the Ror2�CRD mutant retained some of its
Wnt3 binding capacity (Fig. 4A). On average, 30% of
Wnt3 binding was retained by the Ror2�CRD mutant
in three independent experiments (see Discussion).

To address the specificity of Ror2-Wnt interactions,
we performed the immunoprecipitation experiment
with a panel of different Wnt proteins (Fig. 4B). In this
experiment, ten different HA-tagged Wnts were over-
expressed in COS7 cells in the absence or presence of
Ror2. As is shown in Fig. 4B, we observed the best
binding of Ror2 to Wnt3a, followed by Wnt3, -4, -2, -1,
-5b, and -5a. Ror2 bound Wnt6 and 7a only weakly,
although Wnt6 expression in COS7 cells was not as
high as that of the other Wnts (Fig. 4B, bottom panel).

Fig. 3. Expression of Ror Proteins in U2OS Cells
A, Schematic representations of the full-length Ror1 and

Ror2 kinases and the Ror2 mutants described in the text.
FLAG, Flag epitope tag; CRD, cysteine-rich domain; M, trans-
membrane domain; Tyr Kin, tyrosine kinase domain. B, West-
ern immunoblot for the flag epitope tag of the whole-cell
protein extracts (30 �g/lane) from U2OS cells transfected
with the indicated Ror constructs. Ror1, Ror2, and Ror2KD
are marked by an arrowhead; Ror2�CRD is marked by an
arrow. C, The top panel shows an autoradiograph of the
results of in vitro autophosphorylation assay performed as
described in Materials and Methods using Ror2 or Ror2KD
immunoprecipitated on flag affinity agarose. In the bottom
panel, 10% of the flag-immunoprecipitated proteins were
separated by SDS-PAGE and analyzed by silver staining to
assess kinase levels in the autophosphorylation reactions.

Fig. 4. Analysis of Ror-Wnt Binding
A, U2OS cells were transiently transfected with the indi-

cated Ror (R) constructs tagged with flag epitope tag and
HA-tagged Wnts (W). The total amount of DNA was kept
constant by addition of pcDNA3.1(�) in place of Rors. At
24–48 h, lysates were analyzed by SDS-PAGE directly (bot-
tom) or after immunoprecipitation with antiflag antibody (top).
Immunoblotting was performed with anti-HA antibody. B,
COS7 cells were transiently transfected with the indicated
Wnts-HA and Ror2-Flag (�) or pcDNA3.1. At 24 h, lysates
were immunoprecipitated with antiflag antibody and ana-
lyzed for the presence of Wnts by anti-HA antibody (top). The
bottom panel shows Western blot analysis with anti-HA an-
tibody of the COS7 extracts containing the indicated Wnts
and the Ror2-flag (control for equal loading in the immuno-
precipitation reactions).
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Ror2 did not bind Wnt7b under our experimental con-
ditions. Thus, Ror2 shows specificity in its interactions
with Wnts.

When Ror2 is immunoprecipitated out of U2OS ex-
tracts, it has the ability to phosphorylate itself in vitro
(see Fig. 3C), presumably due to its intrinsic tyrosine
kinase activity. We asked whether coexpression of
Wnts affects the extent of Ror2 autophosphorylation.
U2OS cells were transiently transfected with Ror2 in
the presence of Wnt1, Wnt3, or a control plasmid, and
the whole-cell extracts were isolated 24 h later. Ror2-
flag was immunoprecipitated on flag affinity agarose
followed by in vitro phosphorylation in the presence of
32P-ATP. Figure 5A shows an autoradiograph followed
by Western immunoblot of the same membrane. In
Fig. 5B, results of at least three independent experi-
ments were quantitated using Quantity One 1-D Image
Analysis Software, and the radioactive signals were
normalized to the total amount of immunoreactive
Ror2 present in each reaction. There was no signifi-
cant difference in Ror2 autophosphorylation in the ab-
sence or presence of Wnt1 or -3, indicating that these
Wnts do not appear to affect Ror2 kinase activity.
However, we cannot assess the stoichiometry of the
immunoprecipitated complexes, and the amount of

Wnts in these complexes may represent only a fraction
of the amount of Ror2, thus obscuring the effects of
Wnts on the Ror2 autophosphorylation.

To assess whether binding of Ror2 can affect Wnt
signaling, we used a luciferase reporter assay that
measures activation of the canonical Wnt pathway.
Enzymatic activity of a luciferase reporter gene con-
taining 16 copies of the Wnt-responsive TCF binding
site was stimulated more than 20-fold after cotrans-
fection of U2OS cells with Wnt3 construct (Fig. 6A).
Ror2 by itself had no effect on promoter activity, but it
inhibited Wnt3-induced activation. sFRP1 suppressed
Wnt3 activity, and together sFRP1 and Ror2 sup-
pressed it even further. By contrast, when the same
promoter was activated by Wnt1, Ror2 potentiated

Fig. 5. Overexpression of Wnt1 and Wnt3 Has No Effect on
the Extent of Ror2 Autophosphorylation

A, The top panel shows an autoradiograph of the results of
in vitro autophosphorylation assay performed as described in
Materials and Methods using Ror2-flag immunoprecipitated
on flag affinity agarose out of U2OS cells cotransfected
with Ror2-flag, the indicated Wnts, or pUSEamp and
pcDNA3.1(�) (vectors). The bottom panel shows Western
immunoblotting of the same membrane with antiflag anti-
body. B, Autoradiographic signals were normalized to the
total amount of immunoreactive Ror2 protein in each reac-
tion, and the relative signal obtained in the absence of Wnts
was set at 1. The data are presented as means � SE of three
independent experiments.

Fig. 6. Ror2 Inhibits Wnt3, But Potentiates Wnt1 Activity
U2OS cultures were transiently transfected with a recom-

binant luciferase reporter gene containing 16 copies of the
TCF binding site cloned 5� to the thymidine kinase promoter.
In panel A, the promoter-reporter gene was cotransfected
with pcDNA3.1(�) (vector), Ror2 (R2), Wnt3 (w3), or Wnt3
plus Ror2 (40 ng per well of a 96-well plate) or sFRP1 (S) or
both. In panel B, the promoter-reporter gene was cotrans-
fected with pcDNA3.1(�), Wnt1 (w1), or Wnt1 plus Ror2 (2.5
ng per well of a 96-well plate) or sFRP1, or both. The trans-
fections were performed and relative luciferase activity (RLA)
was measured as described in Materials and Methods. Lu-
ciferase values measured after transfection of a reporter gene
in the presence of pcDNA3.1(�) have been arbitrarily given a
value of 1. The data are presented as means � SE of at least
three independent experiments with 24�n�32. The asterisks
indicate significant changes in luciferase activity compared
with the levels obtained with Wnt alone (*, significantly lower
than Wnt; **, significantly higher than Wnt; P � 0.001).
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Wnt1 activity (Fig. 6B). Once again, addition of sFRP1
overcame this potentiation and inhibited luciferase ac-
tivity (Fig. 6B). To assess whether the effects of Ror2
were concentration dependent, we performed the TCF
promoter-luciferase reporter assay in the presence of
increasing amounts of the Ror2 plasmid (Fig. 7). In Fig.
7, the TCF promoter activity observed in the presence
of Wnt alone was set at 100% and the Ror2-induced
changes were plotted as functions of Ror2 concentra-
tion. Cotransfection with Ror2 inhibited, in a dose-
dependent manner, Wnt3-induced activation of the
promoter with an IC50 � 5.8 ng/well and a maximum
suppression of 68% (Fig. 7A). In contrast, the effect on
Wnt1 activity was biphasic with maximal potentiation
of 140% at 2–10 ng/well (Fig. 7B).

To confirm that the observed promoter activity was
regulated through Wnt-responsive lymphoid-enhancer
binding factor/TCF transcription factors, we repeated
the dose-response experiments with the well-charac-

terized TOPflash TCF promoter and mutant FOPflash
promoter. Both Wnt3 and Wnt1 potentiated the TOP-
flash (9- and 4-fold, respectively), but not the FOPflash
promoter (data not shown). Ror2 potentiated Wnt1 in a
dose-dependent manner but inhibited Wnt3-induced
TOPflash activation (Fig. 8), confirming the results ob-
tained on the 16xTCF promoter. In contrast, Ror2 did
not potentiate FOPflash activity in the presence of
Wnt1, nor inhibited it in the presence of Wnt3 (data not
shown).

To confirm that the effect of Ror2 on the Wnt-
responsive promoter was mediated through Ror-Wnt
interactions, we performed luciferase reporter assays
using Ror2 lacking the CRD domain. Consistent with
the loss of 70% of Wnt3 binding (Fig. 4A), Ror2�CRD
lost approximately 60% of its ability to inhibit Wnt3
signaling. Indeed, it achieved a maximal suppression
of Wnt3 signaling of only 28% with an IC50 of 15.7
ng/well (Fig. 7A). Ror2�CRD failed to bind Wnt1 (Fig.
4A) and did not potentiate Wnt1 signaling at all con-
centrations tested (Fig. 7B). Thus, Wnt binding corre-

Fig. 7. Loss of Wnt Binding or Tyrosine Kinase Activity Im-
pairs the Ability of Ror2 to Modulate Wnt Signaling

The U2OS cells were cotransfected with the TCF promot-
er-luciferase reporter gene and Wnt3 (A) or Wnt1 (B) in the
presence of increasing amounts of the indicated Ror2 plas-
mids. Relative luciferase activity (RLA) was assessed as de-
scribed in Materials and Methods, and the TCF promoter
activity observed in the presence of Wnts alone was set at
100%, and the Ror2-induced changes were plotted as func-
tions of Ror2 concentration. The dashed curves were ob-
tained when Ror2KD was used in place of Ror2 and the
dotted lines were obtained using Ror2�CRD. The data are
presented as means � SE of at least three independent ex-
periments with 12�n�32. The asterisks indicate significant
changes in luciferase activity compared with the levels ob-
tained with Wnt alone (P � 0.05).

Fig. 8. Ror2 Inhibits Wnt3, But Potentiates Wnt1 Activity on
the TOPflash Promoter

The U2OS cells were cotransfected with the TOPflash
promoter-luciferase reporter gene and Wnt3 (A) or Wnt1 (B) in
the presence of increasing amounts of the Ror2 plasmid.
Relative luciferase activity (RLA) was assessed as described
in Materials and Methods, and the TOPflash promoter activity
observed in the presence of Wnts alone was set at 100% and
the Ror2-induced changes were plotted as functions of Ror2
concentration. The data are presented as means � SE of at
least three independent experiments with n � 12. The aster-
isks indicate significant changes in luciferase activity com-
pared with the levels obtained with Wnt alone (P � 0.05).

Billiard et al. • Ror2 Modulates Canonical Wnt Signaling Mol Endocrinol, January 2005, 19(1):90–101 95
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/19/1/90/2737885 by guest on 21 August 2022



lates well with the ability of Ror2 to modulate activity of
a Wnt-responsive promoter.

To investigate whether Ror2 kinase activity is re-
quired for modulation of Wnt signaling, we performed
a luciferase reporter assay in the presence of increas-
ing concentrations of the Ror2KD point mutant that
has no tyrosine kinase activity. Despite the fact that
Ror2KD construct expresses at about the same level
as wild-type Ror2 (Fig. 3B), the kinase domain mutant
did not potentiate Wnt1 signaling to the TCF promoter
(Fig. 7B) and only inhibited Wnt3-induced activation of
the promoter by about 24% (Fig. 7A). Thus, the ty-
rosine kinase activity of Ror2 is required for potentia-
tion of Wnt1 signaling and for approximately 60% of
Wnt3 inhibition.

As shown in Fig. 9A, Ror1 inhibited signaling by
Wnt3, with an IC50 of 9.6 ng/well and a maximum
inhibition of 56%. Given that in immunoprecipitation
experiments, Ror1 appears to bind Wnt3 more weakly
than does Ror2�CRD, some other downstream effects
must explain the stronger ability of Ror1 to inhibit Wnt3
signaling to the promoter. Consistent with its lack of
Wnt1 binding, addition of Ror1 at any dose examined
had no effect on Wnt1-stimulated transcription (Fig.
9B), nor did Ror1 by itself have any effect on the TCF
promoter activity (data not shown).

To address where in the canonical Wnt pathway that
Ror2 functions, we assessed the ability of the Ror2

kinase to affect Wnt-mediated stabilization of cytoso-
lic �-catenin. Upon transfection of Wnt1 or -3 into
U2OS cells, the cytoplasmic levels of �-catenin in-
creased by 1.6- or 2.4-fold, respectively (Fig. 10). Both
increases, although modest, were reproducible in at
least three independent experiments. Cotransfection
with increasing amounts of Ror2 inhibited, in a dose-
dependent manner, the ability of both Wnt1 and Wnt3
to stabilize cytosolic �-catenin. Ror2 by itself had no
effect on �-catenin levels at all concentrations tested
(data not shown). Interestingly, the kinase-dead Ror2
mutant was as potent as Ror2 in inhibiting �-catenin
stabilization, indicating that the kinase activity is not
required for this effect. Thus, Ror2-induced inhibition
of Wnt3 signaling on the TCF promoter can be due, at
least in part, to degradation of �-catenin. However,
Ror2 must potentiate Wnt1 signaling on the TCF pro-
moter by acting downstream of �-catenin stabilization.
Furthermore, this additional arm of Ror2 signaling has
to overcome the Ror2-induced decrease in �-catenin
levels.

Fig. 9. Ror1 Inhibits Wnt3, But Has No Effect on Wnt1 Ac-
tivity

The experiments were performed as in Fig. 7, except Ror1
was used in place of Ror2. The data are presented as
means � SE of at least three independent experiments with
24�n�32. The asterisks indicate significant changes in lucif-
erase activity compared with the levels obtained with Wnt
alone (P � 0.001). RLA, Relative luciferase activity.

Fig. 10. Ror2 Inhibits Wnt-Mediated Stabilization of Cytoso-
lic �-Catenin

U2OS cultures were transiently transfected with pcDNA
(lane a), Wnts (lane b), or Wnts plus increasing amounts of
Ror2 (lanes c and d) or Ror2KD (lanes e and f). The total
amount of DNA was kept constant by addition of
pcDNA3.1(�) in place of Ror. At 24 h, cytoplasmic proteins
were analyzed by Western immunoblotting with anti-�-cate-
nin antibody. The bar graphs in each panel present a sum-
mary of at least three independent experiments (means � SE).
Densitometric analysis was performed using Quantity One
1-D Image Analysis Software, the levels of �-catenin were
normalized to the levels of �-actin in the same extracts, and
the signal obtained in absence of Wnts was set at 1.
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DISCUSSION

Our current studies show that Ror2 receptor tyrosine
kinase modulates canonical Wnt signaling pathways.
Furthermore, we identify Ror2 as a possible regulator of
osteoblast survival and differentiation. Indeed, we show
that 1) Ror2 is expressed in human osteoblasts and is
strongly regulated during their differentiation, peaking in
committed proliferating preosteoblasts; 2) Ror2 modu-
lates canonical Wnt signaling pathway that regulates
survival and differentiation of osteoblastic cells; and 3)
Ror2 expression is suppressed by an antagonist of Wnt
signaling and inhibitor of bone formation, sFRP1.

Real-time RT-PCR revealed that Ror2 expression was
undetectable in human mesenchymal stem cells, in-
creased 300-fold as they differentiated into committed
preosteoblasts, and then declined sharply and disap-
peared in osteocytes. Previously, postnatal expression
of Ror2 has been assessed in mouse bones by replacing
the tyrosine kinase domain of the receptor with the LacZ
gene (7). The �-galactosidase (�-gal) staining was found
in articular cartilage and a subset of growth plate chon-
drocytes, but not in the bone tissue itself (7). Further-
more, the observed widespread skeletal abnormalities of
the Ror2-null mice, including dwarfism, short limbs and
tails, and facial defects, can be explained by the dis-
played defects in proliferation, maturation, and function
of chondrocytes (7). Here, in addition to finding Ror2
expression in human osteoblastic cell lines, we used
real-time RT-PCR to verify Ror2 expression in primary
human osteoblasts and in mouse calvarial bones.

Here we show, for the first time, physical and func-
tional interactions between the human Ror2 and the
mammalian Wnts of the canonical family including Wnt1,
-3, and -3a. The physical binding was demonstrated by
immunoprecipitation out of the whole-cell extracts of
U2OS or COS7 cells overexpressing full-length Ror2 and
Wnts. Previously, the bacterially expressed extracellular
domain of mouse Ror2 has been shown to bind a mem-
ber of the noncanonical Wnt family, Wnt5a, but failed to
bind the canonical Wnt3a in vitro (24). The lack of Wnt3a
binding observed previously could be due to structural
differences between human and mouse Ror2 receptors
or it could result from differences in experimental condi-
tions. In support of our data, the extracellular domain of
the Xenopus Ror2 was shown to bind not only the non-
canonical Xenopus Wnts 5a and 11, but also the canon-
ical Wnt8 (23). Surprisingly, Ror2 retained some of its
Wnt3 binding in the absence of the CRD domain. Dele-
tion of the CRD domain has been shown to abolish Wg
binding to Fz4 (31) and Wnt1 binding to sFRP3 (29), and
several three-amino acid insertions into the CRD domain
of DFz2 abolished binding of XWnt8 (30). However, to
date, no information has been available on the Ror2
domains mediating Wnt interactions. We cannot exclude
the possibility that Wnt3-Ror2�CRD binding seen here is
nonspecific; however, under our experimental conditions
Wnt1 did not bind Ror2�CRD and Wnt3 bound Ror1
extremely weakly. Our data seem to suggest that a por-

tion of Ror2-Wnt3 binding may be mediated through
non-CRD domains of Ror2 or through forming a complex
with other, possibly CRD-containing, proteins.

The functionality of the Ror2-Wnt interactions ob-
served here was demonstrated by the ability of Ror2 to
modulate canonical Wnt signaling monitored by activa-
tion of the TCF promoter and stabilization of �-catenin.
So far, Ror2 has been shown to potentiate the nonca-
nonical Wnt signaling pathways: the c-Jun N-terminal
kinase pathway in mice (24) and the planar cell polarity
pathway in Xenopus (23). The ability of Ror2 to modulate
the canonical Wnt signaling is of particular importance in
osteoblastic cells, where the canonical pathway poten-
tiates proliferation and activity (17). A role for noncanoni-
cal Wnt signaling in osteoblast function has not been
firmly established, although it has been suggested based
on the observed disparities in bone phenotypes of mice
lacking canonical Wnt mediator (LRP5) vs. mice deficient
in general Wnt inhibitor (sFRP1) (20). It is especially in-
triguing that Ror2 has opposing effects on Wnt1- and
Wnt3-dependent promoter activation, potentiating
Wnt1, but antagonizing Wnt3. To our knowledge, this is
the first factor reported to have the opposite effects on
Wnt1 and Wnt3 activity. Because Ror2 binds both Wnts
and down-regulates �-catenin, the molecular basis for
this discrimination must lie elsewhere in the pathway (see
later).

Our results indicate that the tyrosine kinase activity
of Ror2 is required for its ability to potentiate Wnt1
signaling and accounts for approximately 60% of its
inhibitory activity against Wnt3 signaling. Conflicting
evidence exists on the role of the tyrosine kinase ac-
tivity in Ror2 signaling. Mice lacking the entire Ror2
receptor (6) and those lacking only the tyrosine kinase
domain (7) appear to have indistinguishable pheno-
types, indicating that Ror2 has no residual activity in
the absence of the tyrosine kinase. Similarly, in hu-
mans, point mutations in the Ror2 tyrosine kinase
domain cause Robinow syndrome as severe as that
caused by deletion of almost the entire protein (8). On
the other hand, in Xenopus (23) and Caenorhabditis
elegans (32, 33) the extracellular domain of the Ror
receptor has been shown to have some function in-
dependent of the tyrosine kinase activity. The simple
explanation for this would be that Ror acts by binding
Wnt and sequestering it away from its receptor, but
Ror2 extracellular domain lacking the membrane-
anchoring portion was inactive in Xenopus, indicating
that an additional function of Ror2, perhaps as a cell
adhesion molecule, is required for signaling (23).

Figure 11 presents a working model for modulation
of canonical Wnt signaling by Ror2. Ror2 binds
Wnt1 and Wnt3 and sequesters them away from their
FZ receptors, resulting in increased degradation of
�-catenin. This process does not require the tyrosine
kinase activity of the Ror2 receptor. In addition, Wnt1
binding to Ror2 activates a Ror2 kinase-dependent
signaling pathway that ultimately results in potentia-
tion of TCF promoter activity. The fact that Wnt bind-
ing does not appear to modulate the Ror2 kinase
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activity suggests that Wnt1 initiates some other event
necessary for Ror2 activation, e.g. receptor dimeriza-
tion or other events, and that the background level of
Ror2 autophosphorylation is sufficient for its function.
Wnt3 binding does not appear to activate this addi-
tional signaling pathway, and Ror2 inhibits Wnt3 ac-
tivity on the TCF promoter. However, additional and at
least partially kinase-dependent events downstream
of �-catenin are required for this inhibition, because
kinase-dead Ror2 antagonizes �-catenin stabilization,
but loses 60% of its ability to inhibit the TCF promoter.
Thus, the net effect of Ror2 on Wnt signaling is deter-
mined by the particular Wnts expressed by the cell.

As more evidence emerges positioning Ror2 in the
Wnt signaling pathways, the important question arises of
whether Ror2 can function independently of Wnt. Muta-
tions in the Wnt-binding CRD domain of Xenopus Ror2
disrupt its function (23), and the single-point mutations in
the CRD domain of human Ror2 result in Robinow syn-
drome indistinguishable from that caused by deletions of
almost the entire protein (8), indicating that Wnt binding
is required for the Ror2 function. However, it is possible
that these mutations do not disrupt binding of at least

some Wnts, but instead disrupt binding of a different, yet
unidentified, Ror2 ligand or affect the three-dimensional
structure of Ror2 and thus its function. In addition, recent
published evidence proposes an alternative signaling
mechanism for the Ror2 receptor. Ror2 has been shown
to associate with and regulate nuclear localization of
Dlxin-1 (34), which is known to modulate transcriptional
activity of homeodomain proteins Msx2 and Dlx5. In-
triguingly, abundant evidence exists that both Msx2 and
Dlx5 modulate osteoblast differentiation (35–38), sug-
gesting a mechanism by which Ror2 can control osteo-
blast differentiation independently of Wnt signaling.

In summary, our results demonstrate that Ror2 is
expressed in human osteoblasts and is highly regu-
lated during their differentiation. Our studies uncover
the complex interactions between Ror2 and the ca-
nonical Wnt pathway that promotes osteoblast sur-
vival and differentiation. Because Ror2 has the ability
to both inhibit and potentiate Wnt activity depending
on the cellular context, additional studies will have to
unravel the net effect of Ror2 signaling on osteoblast
survival, differentiation, and function.

MATERIALS AND METHODS

Materials and Cells

Except where noted, tissue culture reagents were purchased
from Invitrogen Corp. (Carlsbad, CA); other reagents and
chemicals were purchased from either Sigma Chemical Co.
(St. Louis, MO) or Invitrogen. Antiflag M2 mouse monoclonal
antibody and antiflag M2 affinity agarose were obtained from
Sigma; anti-HA tag and anti-�-catenin rabbit polyclonal an-
tibodies and antiphosphotyrosine mouse monoclonal anti-
body, clone 4G10, were from Upstate Cell Signaling Solu-
tions (Charlottesville, VA); anti-�-actin mouse monoclonal
antibody was from Sigma; horseradish peroxidase-conju-
gated secondary antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA) or Amersham Bio-
sciences (Buckinghamshire, UK).

The U2OS human osteosarcoma cells were cultured in a
5% CO2-95% humidified air incubator at 37 C using McCoy’s
5A Modified Medium containing 10% heat-inactivated fetal
bovine serum (HI FBS) and 1% penicillin-streptomycin (PS).
COS7 cells were cultured at 37 C using DMEM containing
10% HI FBS and 1% PS.

Cloning and Plasmids

HA epitope-tagged Wnts in pUSEamp, pUSEamp(�), and
TOPflash and FOPflash TCF reporter plasmids were obtained
from Upstate Biotechnology, Inc. (Lake Placid, NY);
pcDNA3.1(�) was from Invitrogen; cytomegalovirus (CMV)
promoter-driven �-gal reporter gene (pCMV�) was from BD
Biosciences CLONTECH (Palo Alto, CA).

Luciferase reporter gene containing 16 copies of the TCF
DNA binding site fused 5� to a minimal thymidine kinase
promoter (16xTCF-luc) was constructed by Dr. Ramesh A.
Bhat (Wyeth Research). It contained four tandem copies of
the following sequence incorporating four TCF DNA binding
sites: 5�-CTAGCGAGAACAAAGGAGATTCAAAGGAGATCA-
AAGGAGATCAAAGGACTAGTTC-3�.

Flag-tagged human Ror1 was constructed as follows. The
human Ror1 was cloned by Invitrogen from human uterus
RNA and inserted into KpnI and NotI sites of pcDNA3.1(�) to

Fig. 11. Differential Effects of Ror2 on Wnt1 and Wnt3 Sig-
naling

A proposed model for Ror2 activity whereby Ror2 binds
both Wnts, sequestering them away from Frizzled receptors
and inhibiting their ability to stabilize �-catenin. In addition,
Wnt1 binding to the Ror2 receptor causes activation of an
unidentified signaling cascade that requires tyrosine kinase
activity of the Ror2 receptor and results in potentiation of
Wnt-responsive promoter activity. Wnt3 binding does not
stimulate the same cascade, but instead activates other ty-
rosine kinase-dependent events that lead to inhibition of
Wnt-responsive promoters. FZ, Frizzled receptor; GSK-3�,
glycogen synthase kinase �; �-cat, �-catenin; Lef/Tcf,
lymphoid-enhancer binding factor/T cell transcription factor.
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obtain hRor1-pcDNA3. This clone was further modified by
PCR-mediated mutagenesis to contain the flag epitope tag at
the 3�-end of cDNA before the stop codon.

Flag-tagged human Ror2 was made as follows. The partial
clone for human Ror2 containing the codons 58–2296 was
obtained from Invitrogen’s IMAGE clone collection (clone ID
3146587). The 3�-portion (codons 2297–2832) and the first 57
codons were produced by RT-PCR using HOB-03-C5 human
osteoblast RNA as a template and Ror2-specific primers.
After the entire coding region was verified by sequencing, the
flag epitope tag was added to the 3�-end of hRor2 cDNA
before the stop codon.

The Flag-tagged Ror2 kinase domain (Ror2KD) mutant
diagrammed in Fig. 3A was constructed by PCR-mediated
mutagenesis. The three-point mutations of lysines 507, 510,
and 512 to isoleucines were introduced into Ror2-pcDNA3
using the QuikChange XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA) according to the manufacturer’s
instructions. The top-strand primer containing the intended
mutations (bold) was: 5�-GGCTGTGGCCATCATAACGCT-
GATAGACATAGCGGAGGGGC-3�, and the bottom-strand
primer was complementary to the top: 5�-GCCCCTCCGCT-
ATGTCTATCAGCGTTATGATGGCCACAGCC-3�.

The Flag-tagged Ror2 mutant lacking the CRD domain
(Ror2�CRD) diagrammed in Fig. 3A was obtained from Ror2-
pcDNA by PCR-mediated mutagenesis. The 5�-portion of
Ror2 (bp 1–519) was amplified by PCR using the top-strand
primer containing the KpnI site (underlined) and the ATG
codon (bold) 5�-GACCTTGGTACCATGGCCCGGGGCTCG-
GCGCT-3� and the bottom strand primer containing the SphI
site (underlined) 5�-AGGTCGCATGCAGAACCCATCCTCGT-
GGTAATCATC-3�. The 3�-portion was cut out of Ror2-
pcDNA3 using an internal SphI site at the 3�-end of the CRD
domain. This strategy removed the entire CRD domain ex-
cept for the last residue (C300).

RNA Analysis

Gene chip analysis of HOB cell lines and calvarial bones of
sFRP1 knockout mice has been described previously (20, 26,
27). Primary human osteoblasts and the HOB cell lines were
generated and maintained as described (39–43). Total cellular
RNA was obtained using TRizol reagent (Invitrogen) per the
manufacturer’s protocol. hMSCs (BioWhittaker, Inc., San Di-
ego, CA) were maintained at 37 C in phenol red-free DMEM
medium containing 10% HI FBS and 1% PS (growth me-
dium). Cells were seeded at 3100/cm2 in six-well plates and
24 h later (d 0) the medium was changed for fresh growth

medium or osteogenic medium (0.1 �M dexamethasone, 0.05
mM ascorbic acid, and 10 mM �-glycerophosphate in growth
medium) for 21 d. Every 7 d, the total cellular RNA was
isolated using RNeasy mini kit (QIAGEN, Valencia, CA) and
the protocol of the manufacturer. RNA from primary human
osteoblasts, HOB cell lines, and hMSC were subjected to
real-time RT-PCR using the ABI PRISM 7700 Sequence De-
tection System (Applied Biosystems, Foster City, CA) accord-
ing to the manufacturer’s instructions. Sequences of primers
and probes used are listed in Table 1. Probes were obtained
from Applied Biosystems and labeled with the reporter fluo-
rescent dye FAM. Primers and probe labeled with the reporter
fluorescent dye VIC, specific for human 18S rRNA or human
or rodent glyceraldehyde-3-phosphate dehydrogenase
mRNA, were purchased from Applied Biosystems and used
in the same or parallel reaction as an internal control. The RT
step was performed at 48 C for 30 min, and the cDNA was
amplified for 40 cycles at the following conditions: 95 C for 15
sec and 60 C for 1 min. The mRNA amount for each gene was
calculated using the Standard Curve Method (Applied Bio-
systems) and normalized to the expression of 18S rRNA.

Alkaline Phosphatase and Osteocalcin Assays

hMSCs were seeded at 3100/cm2 in 96-well plates and
treated with growth medium or osteogenic medium for 21 d
as for RNA analysis. Alkaline phosphatase activity and os-
teocalcin secretion were assessed every 3 d as previously
described (42).

Reporter Gene Analysis

The U2OS cells were plated at 6.25 � 104/cm2 in 96-well
plates and transfected 24 h later with Lipofectamine 2000
transfection reagent (Invitrogen) per the protocol of the man-
ufacturer. Combinations of the following DNAs were used
[total DNA adjusted to 230 ng per well with pcDNA3.1(�)]:
180 ng 16xTCF-luc or TOPflash or FOPflash; 5 ng Wnt1 or
Wnt3; 15 ng SFRP1; 5 ng pCMV�; and the indicated amounts
of Ror plasmids. Cells were lysed 24 h after transfection, and
extracts were assayed for luciferase activity using the Lucif-
erase Assay Reagent (Promega) and for �-gal activity using
Galacto-Light (Applied Biosystems) as described by the man-
ufacturers. Light emission was measured by MicroLumat LB
96P luminometer (EG&G Berthold, Bandoora, Australia) by
integration over 10 sec for luciferase and 5 sec for �-gal. The
light emission values obtained for luciferase were normalized
to those for �-gal.

Table 1. Primers and Probes Used in the Real-Time RT-PCR Analysis

Kinase Sequence (5�–3�)

Human Ror1
Forward primer, 2993–3013 GTCGACTAGCACTGGCCATGT
Reverse primer, 3049–3074 CATGTGTGGTAGTAAAGGAATATTTGC
Probe, 3018–3044 AGCTTGCCCTCATCAGGATCCAATCAG

Human Ror2
Forward primer, 1149–1169 CGTACGCATGGAACTGTGTGA
Reverse primer, 1239–1259 CAAGCGATGACCAGTGGAATT
Probe, 1174–1198 CCCTCGTGTAGTCCCCGAGACAGCA

Mouse Ror1
Forward primer, 2350–2370 CCCCGATTTCCCAATTACATG
Reverse primer, 2402–2421 GCCAATGAAACCAGCGATCT
Probe, 2373–2395 CCCGAGCCAAGGGATTACACCCC

Mouse Ror2
Forward primer, 364–386 ATCCAAGACCTGGACACAACAGA
Reverse primer, 429–448 GAACCCCAGTGGCAGTGATG
Probe, 400–424 TCAGCCCGTTGGTAGCCACACACTG
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Transient Transfections and Western Immunoblotting

U2OS or COS7 cells were plated at approximately 90% con-
fluent density and transfected 24 h later with 40 �g of total
plasmid DNA per 143 cm2 using FuGENE 6 transfection reagent
(Roche Molecular Biochemicals, Indianapolis, IN) according to
instructions of the manufacturer. After 24 h, cells were solubi-
lized in lysis buffer [150 mM NaCl; 50 mM Tris-HCl, pH 7.5; 1 mM

EDTA; 1% Triton X100; protease and phosphatase inhibitor
cocktails (both from Sigma)], and the extracts were clarified by
centrifugation at 500,000 � g for 30 min at 4C. For assessing
�-catenin stabilization, U2OS cells were plated at 90% conflu-
ent density in six-well plates and transfected 24 h later using 6.9
�g of total plasmid DNA and Lipofectamine 2000 transfection
reagent following manufacturer’s protocol. After 24 h, the cyto-
plasmic protein extracts were prepared by solubilization in hy-
potonic buffer [10 mM Tris-HCl, pH 7.4; 200 �M MgCl2; protease
and phosphatase inhibitor cocktails (both from Sigma)] followed
by 40 passes in Dounce homogenizer and centrifugation at
100,000 � g for 90 min at 4 C. For immunoblotting, 50 �g of
total cell lysate protein or 19 �g of cytoplasmic extract were
resolved by SDS-PAGE under denaturing and reducing condi-
tions before transfer onto nitrocellulose membranes and West-
ern immunoblotting with specific antibodies.

Immunoprecpitation and in Vitro Autophosphorylation
Assay

U2OS cells were transfected as for Western immunoblotting,
and 24 h later solubilized in kinase lysis buffer [150 mM NaCl; 50
mM Tris-HCl, pH 7.5; 1% Triton; 20 mM NaF; 2 mM sodium
vanadate; protease inhibitor cocktail without EDTA (Sigma); 250
�M phenylmethylsulfonyl fluoride]. The extracts were clarified by
centrifugation at 500,000 � g for 30 min at 4 C. Total cell lysate
protein (1 mg) was incubated with 50 �l of M2 flag affinity
agarose (Sigma) for 1 h with rotation at 4 C. The beads were
collected by centrifugation, washed three times in kinase lysis
buffer containing 350 mM NaCl and three times in kinase lysis
buffer, and used for Western immunoblotting or autophosphor-
ylation assays. For the Westerns, the beads were boiled in 50 �l
of 2� LDS-PAGE buffer with reducing agent (Invitrogen), and
the solubilized proteins were separated by SDS-PAGE. The gels
were transferred onto nitrocellulose membrane before detection
with each specific antibody. For the autophosphorylation as-
says, the beads were washed two times in kinase reaction
buffer (10 mM MgCl2; 50 mM Tris-HCl, pH 7.5; 1 mM dithiothre-
itol). Where indicated, 10% of the beads were set aside for
SDS-PAGE analysis followed by silver staining with SilverQuest
kit (Invitrogen). The rest of the beads were resuspended in 50 �l
of kinase reaction buffer containing 1 mM ATP and 15 �Ci
[�-32P] ATP. The kinase reaction was allowed to proceed for 30
min at 30 C and stopped by boiling in 1� LDS buffer plus
reducing agent (Invitrogen). Proteins were resolved by SDS-
PAGE, transferred onto nitrocellulose membranes, and exposed
to x-ray film for 12 h. Where indicated, the membrane was
subsequently probed with antiflag antibody as described in
Western Immunoblotting, and images were quantitated using
Quantity One 1-D Image Analysis Software (Bio-Rad Laborato-
ries, Inc., Hercules, CA).

Statistical Analysis

Data are presented as means � SE. Statistical significance
was determined using Student’s t test. Results were consid-
ered statistically different when P � 0.05.
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