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Figure 3. Dual-labelmg inmmnoﬂuoresoenoe stammg of synovial* tls-._‘
sues with anti-interleukin-22 (grecn) A and E), ann-CDﬁS ({red) (B),:
and anti-CD3 (red) (F), and staining of niclei wrth Dapi (blue) (C and:

G). Merged images are shown m D (merger ‘of A, B, and C) and I{
{merger of E, F, and G)

(Figure 5F). In contrast we d1d not observe cells double-_

positive for IL- 22R1 and CDé&8 (Figures SG-J). IL-22R1

was also expressed i cells in the subimmg Iayer, pre-:'_

iL-22R1

B-actin

RA1

RA2 RA3 RA4  HepG2

Figure 4. Interleukin-22 receptor 1 (IL-22R1) mRNA expression in
rheumatoid arthritis (RA) syrovial tissues. Reverse transcription—
polymerase chain reaction for IL-22R1 or g-actin was performed using
mRNA exiracted from the synovial tissues of 4 RA patients (RA1-
RA4). HepG2 cells were used as a positive control.
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“Figure 5 Muﬁbh}steldgm lecéluhnoﬂ of IL-22R1 in synovial tissue

from either patients with RA (4, C-J) or paticnts with osteoarthritis

‘(BY. Dual-labeling immunofluoréscence staining of RA synovial tissues

(C-)) was done with anti-IL-22R1 {green) (C and G), antivimentin
(red) (D), and anti-CD68 (red) (H). Staining of nuclei was done with
Dapi (blue) (E and I). Merged images are shown in F (merger of C, D,
and E) and J {merger of G, H, and I). See Figure 4 for definitions.
(Counterstained with hematoxylin; original magnification X 200.)

sumably in the fibroblasts (Figure 5B). Collectively,
these results show that IL-22R1 was expressed by syno-
vial fibroblasts and suggest that such expression is
constitutive, regardiess of inflammatory or noninflam-
matory conditions.

IL-22 and IL-22R1 expression in RASF. Immu-
nohistochemical analysis showed that synovial fibro-
blasts express both I1-22 and IL-22R1. We next exam-
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Figure 6. Expression of IL-22 (A) and IL-22R1 (B and C} in synovial
fibroblasts established from RA tissue (RASF) obtained from 4 RA
patients (RA1-RA4). Reverse transcription-polymerase chain reac-
tion for 1L-22 (A), IL-22R1 (B), or B-actin was performed using
mRNA extracted from RASF. Western blot was performed using
specific antibodies against IL-22R1 (C). Peripheral blood mono-
nuclear cells from normal donors, stimulated with phytohemagglutinin
(PC) or without phytohemagglutinin (NC), were used as positive and
negative controls, respectively (A). HepG2 was used as a positive
control for IL-22R1 (B and C). Se¢ Figure 4 for other definitions.

ined whether cultured RASF express IL-22 and IL-
22R1. From 4 cell lines of RASF, each established from
a different patient’s synovial samples, mRNA was iso-
lated and RT-PCR was performed using specific primers
against IL-22 or 1L-22R1. As shown in Figures 6A and
B, mRNA of both IL-22 and IL-22R1 was detected in all
4 RASF samples. PBMCs stimulated either with or
without PHA-L were used as positive and negative
controls for IL-22, respectively, HepG2 was used as a
positive control for IL-22R1. To confirm IL-22R1 ex-
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pression at the protein level, Western blotting was
performed. As shown in Figure 6C, significant levels of
IL-22R1 were found to be expressed in RASF, although
at lower levels than in HepG2.

Effects of rIL-22 on RASF via synovial fibroblast
proliferation and production of chemokines. After con-
firming ‘that IL-22R1 is expressed in RASF, we exam-
ined the effect of rIL-22 on RASF. RASF were incu-
bated with variable concentrations of IL-22 for 72 hours.
As shown in Figure 7A, treatment with rTIL-22 increased
proliferation of RASF in a dose-dependent manner. In
contrast, IL-10 ‘or IL-20, another novel IL-10 family
cytokine (19) used as a control, did not have an effect on
RASF. ) '

MCP-1 is thought to play a pivotal role in mac-
rophage infiltration. Previous studies have shown that
MCP-1 could be secreted by RASF and contribute to
joint destruction in RA (20). RASF were stimulated with
rIL-22 for various lengths of time and MCP-1 produc-
tion in the supernatants was examined by ELISA. As
shown in Figure 7B, IL-22 induced a dose-dependent
up-regulation of MCP-1. IL-22 at 100 ng/ml induced a
3-fold increase in MCP-1 above the value in medium
controls, MCP-1 mRNA was also examined by real-time
PCR. IL-22 induced an up-regulation of MCP-1. A
maxima} increase in MCP-1 was observed at 12 hours
after stimulation (Figure 7C).

. ERK-1/2 and p38 MAPK activation by rIL-22. A
recent study has shown that IL-22 can activate kinases
such as ERK-1/2 and p38 MAPK, activation of which are
key events leading to proliferation and MCP-1 produc-
tion. Therefore, we next examined whether rIL-22 di-
rectly induces activation of ERK-1/2 or p38 MAPK. To
this end, we performed Western blot using specific
antibodies against phosphorylated ERK-1/2 or phos-
phorylated p38 MAPK. As shown in Figure 8, phospho-
ERK-1/2 or phospho~p38 MAPK expression was in-
creased after 30 minutes of stimulation with 100 ng/m! of
1L-22,

DISCUSSION

I1-22 is a recently identified IL-10 family cyto-
kine, but its pathophysiologic function is not well known,
and neither its expression nor its role in buman inflam-
matory diseases has been explored. In this study, we
found that IL-22 was expressed by the synovial fibro-
blasts and macrophages of the rheumatoid synovium,
and that IL-22R1 was expressed by rheumatoid synovial
fibroblasts. In vitro, cultured RASF expressed both
IL-22 and IL-22R1. Recombinant IL-22 induced prolif-
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Figure 7. Increased proliferation of RASF and increased RASF production of monocyte chemoattractant
protein 1 (MCP-1) by IL-22. RASF were incubated in various concentrations of 1L-22, IL-16, or I1.-20 for 72
hours. Cell growth was determined by alamer blue assay (A). MCP-1 synthesis in the supernatant was determined
by enzyme-linked immunosorbent assay after 72 hours (B). For mRNA expression, cells were cultured in 100
ng/ml of IL-22 for the indicated time periods. Real-time polymerase chain reaction was performed to determine
MCP-1 mRNA expression (C). The fold increase in MCP-1 expression at each time point, relative to 0 hours, is
shown after correction for f-actin expression. Bars show the mean and SEM results representative of 3 separate
experiments. See Figures 4 and $ for other definitions.

eration and expression of MCP-1 by RASF. Based on
these findings, we propose that IL-22, produced by
synovial fibroblasts and macrophages, may promote
inflammatory responses in RA synovial tissues by induc-
ing synovial fibroblast proliferation and production of
chemokines. RASF expressed both I1-22 and 11-22R1,
suggesting that IL-22 works in an autocrine as well as a
paracrine manner,

IL-22 was originally identified as a cytokine that
1s produced by T cells stimulated with IL-9 (6). There-
fore, we first expected that activated T cells in the
rheumatoid synovium might produce IL-22; however,
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macrophages and synovial fibroblasts, but not T cells,
expressed high levels of IL-22. Immunofluorescence
studies showed that both vimentin-positive synovial fi-
broblasts and CD68-positive macrophages were positive
for IL-22. Cultured RASF also expressed IL-22, as
confirmed by RT-PCR. Previous data have suggested
that 1L-22 is produced by hematopoetic cells, which in
turn affect nonhematopoetic mesenchymal cells (9). In
this context, our findings are unique in that IL-22 could
be produced not only by hematopoetic cells, but also by
mesenchymal cells.

In contrast to IE-22, IL-22R1 expression in the
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Figure 8, IL-22 induction of the expression of activated ERK-1/2
(p-ERK 1/2) and activated p38 MAPK (p-p38MAPK). RASF were
incubated in 100 ng/ml IL-22 for the indicated times, and Western
blotting was performed for the expression of p-ERK 172, total ERK
172, p-p3SMAPK and total p38MAPK. Results are representative of 3
separate experiments. See Figures 4 and 6 for other definitions.

RA synovium, detected by immunohistochemical analy-
sis, was limited to vimentin-positive synovial fibroblasts.
Macrophage-lineage cells did not express IL-22R1. In
vitro, cultured RASF expressed IL-22Ri both at the
mRNA and the protein level. The functional IL-22
receptor complex consists of IL-22R1 and IL-10R2 (10).
Since previous studies have shown that RASF express
IL-10R2, it is conceivable that RASF could respond to
I1.-22 in the presence of IL-22R1 (21). Indeed, we found
that rIL-22 induced RASF proliferation and production
of MCP-1 by RASF. Because synovial fibroblast prolif-
eration and macrophage infiltration by chemokines are
key events in the development of synovitis in RA, these
are important findings in that they presume the promo-
tion and progression of rheumatoid inflammation by
IL-22. Induction of cell growth by IL-22 is shown in
other cell types. For example, IL-22 induces prolifera-
tion of IL-22R1-transfected Baf3 cells (10). Aggarwal et
al showed that IL-22R1 is expressed by the pancreas,
and that IL-22 stimulates isolated primary pancreatic
acinar cells and the acinar cell line 266-6 to up-regulate
mRNA of osteopontin, a chemotactic factor for macro-
phages (22). Collectively, these previous findings sup-
port our hypothesis that IL.-22 can induce cell growth
and production of molecules with chemotactic activity.

IL-22 has 25% amino acid homology to IL-10 (8).
Whereas IL-10 is regarded as an antiinflammatory and
immunosuppressive cytokine, previous studies, as well as
our own investigations, have suggested that 1IL-22 works
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as a proinflammatory cytokine. Molecular mechanisms
explaining the difference of the effect between I11.-1¢ and
IL-22 have been partially elucidated. IL-10 exerts its
function by acting on IL-10 receptors, which consist of
IL-10R! and IL-10R2 (23). Upon IL-10 binding, IL-
10R-associated tyrosine kinases (JAK1 and Tyk2) are
activated, followed by phosphorylation of STAT-1 and
STAT-3 (23). Phosphorylated STAT-1 and STAT-3
transiocate regulatory molecules such as SOCS, which
results in the antiinflammatory properties of I11-10.
Although IL-22 exerts its effect mainly through activa-
tion of STAT-1, STAT-3, and STAT-5, a recent study
has shown that IL-22 can also activate other important
kinases such as ERK-1/2 and p38 MAPK (16). Activa-
tion of ERK-1/2 and p38 MAPK are key events leading
to proliferation or inflammatory responses, including
chemokine production. It is plausible that in our system,
H.-22 induced proliferation and MCP-1 production
through the activation of ERK and p38 MAPK, respec-
tively. Consistent with this hypothesis, we found that
[L-22 induced activation of both ERK-1/2 and p38
MAPK (Figure 8).

Given that IL-22 is a potent inflammatory cyto-
kine in RA, an important question is whether IL-22 ¢an
be a therapeutic target. In RA, a variety of cytokines,
including TNFe, IL-18, and IL-6, are thought to con-
tribute to tissue injury. This has been proven by the fact
that blocking these cytokines is beneficial for patients
with RA (24). The relative contribution of these inflam-
matory cytokines in RA can differ, In this context, it
should be examined whether blocking IL-22 impedes the
progression of arthritis in animal models of RA. The
naturally occurring soluble molecule IL-22RA, which
has blocking activity, has been reported (12,25) and
would be an interesting tool for therapeutic application.

In conclusion, our results suggest that IL-22,
produced by synovial fibroblasts and macrophages, pro-
motes inflammatory responses in RA by inducing the
proliferation of synovial fibroblasts and production of
chemokines by synovial fibroblasts. Further studies are
necessary to establish the pathophysiologic role of 1L-22
in RA.
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&35, PIP;i3 Akt 2EEMHLL, EHL Akt 12 7°) 2 —
FwyF—AFxF—~E3a(GSK3a)BLUGSK3g
PEMET 2, Akt TCR Ik g ka7 oF
4 v%+—¥ C8 (protein kinase C4: PKCA) L
i NF-»B R 2 EMAT 2. &7z, EHEAEGSK3a/
GSK3 g NFAT o¥i» o MilaE ~ 0BT 2INE 3
5, Z0L3wLT, PI-K BEERFOEMELEZAL
T, THRRISEO®EE - #5eii53 3 (H6).

2, Vavigtsik

CD23 pZEEIr & D Vav iM% 213 5, Vaviz C
KR 2@OSHI R A4 YL IBOSHZF A4 %
HY 2757y —EAT, NRE#hciE Vav oF
EEDHEBO Ty BREXSUEBEN A4 v 2FT35 (B
0). CODRBDOHEIEYF A4 Y ItfFEETHp56 %L D
Vav O Tyr 28 YEMEEZ T 3 EREMME L Sh T
w3, Vav @ DBL RE 0 & — F £ 4 > GEF (guanine
nucleotide exchange} & %#H L, Racl, Rac2 & ¥m
Rho 7 7 3 Y —HH® GTPase FH 2 HE T 5. —H
TCRAEBC L b ZAP 70 (Zeta-associated protein 70
kDa) »iEM AL 3 h, HEHAEZAPTO K & » GEM
(glycolipid-enriched membrane microdomain) =7
T2RBEAETHS LAT (linker for activated T
cells) BEX*SLP 76 (SH 2 domain containing leuko-

PL &M

Fe¥
[m=)

cyte protein of 76 kDa) 3V > E{k %2 F, Gads, Grb 2,
7R 710 28—+ Cy-1 (phospholipase Cy-1:
PLCy-1) e b c@EHERRT 3. 0O LAT-
SLP76 &R TCR ¥ 7 F M CEDEELHETH
D, Neck BXUCDBOREB IV EHRLEEZGT
Vav § LAT-SLP 76 &R Z&EE& L, Rac1/2, WASP
{(Wiskott-Aldrich syndrome protein), ARP 2/3 21L
TP 27 FDEGEFHET 2 LERK GEM osaicH
5725 (HO).

1. TEC #+—HEH#IL
TEC & U ITK (IL-2-inducible T-cell kinase) k
TCRFBUz L VB ERT 2 F 0y v $F+—¥Th
%, &ML TEC 8L UFITK i2 PLCy-1 #iEMALL, A
FP Ca #8R L5, Ras/Raf/ERK #E#5iEM1k, Rac 1/2,
WASP, ARP2/3 %/ L1727 F »EHER23 |88 T
(). 30z F=3 £ 512, CD 28 AFOMBEIGE R A4 ¥
Wik TEC 8 L U ITK DHEEMULTEEL, CD 28 D32
BRIVTECBIFITK B Z O Y 70—+ 3
ha, Ll TCRIUBOBEES L 24D, CD28 OEED
& Tk PLCy-1 i&1&AL, #8583/ Ca BEF LR, Ras/Raf/
ERK EEMAL, 72 F B YREES WL, L
7z535T, CD 28 DI & 5 TEC 8 XU ITK #Eik1k
b, FRFC®i 2 TCRFIMKRFESIC 2 OBAEMRIE S
NHEFBELONTHE,

CH H AC DH = PH = ZF

PPP SH3 SH2 SH3

GEF &f¢

SLP-76

Grb-2 .

0 EDRS
Ba

@O Vav Oi&H & AL (Rudd CE ef al, 20037 X D 2Z531F)
THREENEOBEERZT ¥75 —STTH5 Vav ld, #AH=rRE0Y—F 24 »(CH), BN AL
¥ (Ac), DBL-kEO¥—F 24> (DH), PH F A4, In74 v H—HF ALY (ZF), 7o) v-
Y w F4EIR (PPP), 2ENDSH3 F A4y, 1ADSH2 FAL oo asng, THHEN B2
BERUORE BT DVWTHRLE. PL=7 4271V E Y F
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EnFEseniz®,

D SLEE®F V< ATHS MRL/lpr v 7 AL
WTCD2BEETFERAS L LI, Vv HilERE
B L83, IREAEE A L B 220°TCRas* T M2 a3
L7, M IgG i dsDNA #ifk - IgG vV 7=+ 4 FH
TRIETL, BREOBELED SN, £ BMmEL-.
BAEN& b Mk L 72,
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e ERRENLR 2 EH DNAFKOEECF S
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SLE(= & |+ 3CD28 4 3, CD80/CD 86
SFDEIR

SLE BERMn TG 5103 CD28 RHEERFL

(5% @ UIVFHRREY THIEERFRE )

T &R T, CD47CD 28*T #k2, CD 8*CD 28T o
HE B & UHRISREECHELTETL T W 38
Eah T, —%, SLEZBWITH dsDNA itk
EEHMENZR/TILHEIN TS CDICD4
CD 8§~ (DN {(double negative)] TCRap*T 2O EIE
¥ SLE BETHBIH {,CD 2R 2 &b~ —n —
(CTLA-4, HLA-DR, CD69) Bt EE Iz LR LT
Wiz SLEQEEHCBLTR, RIEETHABE
CD80/CD86 2+ HEL, KEREETMEsCD28 4+
ZEBALTW, BECLD, K280 CD80/CD 86 #
BRIMET L7, #ikgzE o CD 28 4+ F it shedding %
), AEY CD 28 AF & Y ERINEDICHFET 5.
SLEEE « vz— 7V U ERBBEMBE R T TiEE
CD28 o FEEELID LEMETCHFEET I L LRE
ERTVEW, '

SLE (=513 CD 28 ST aR S

SLE BEHRMM T MEOBERIT 2B I 2 EBRT
i1, TCR #H S TIEETHRO ¥ 7 F A 115t
a7 55% (PMA (phorbol myristate acetate) + #
WY LAX 7 TR E)EAVEIES L, TCR %4t
L7-HE (3 CD 3 9UE+H1 CD 28 il &) £ A v 535
EMnH5, SLE T3 TCR ¢ O RBIET =H T 2EH
2EED & 41, TCR B T 2 RICUHRESHES LT
Wi, EILO 2 EFEORIMATEC X 2 BITER L
FTLL—FLAw, £/, THAREBEL TAWIIES
LYURIR TR (BEER - BERE) R &T¢FMMmY >k
EFRVLIIGETIE, SROZELNSER TR
LOJEEENH L, RO L 512 CD28 B F & L1-EIH]
BEE T THE»EEbLsns &, THRIEOEHE, &
BERTFEEL, YA A4 rE2h A VEERYOR
ICHFEDBNE, ChoDREEIEELLT, SLEE
7% CD 288 A FOBEEITRRSEE SN TV S,

Alarcon-Segovia & @ 7 —7Wi3 SLE R T #1
fa% 3 B CD 3 #uds + 41 CD 28 Bt THIE L, SLE
TREBECEWH-FI Vv rRYAaRESNLAI L
HELTW3, bhbh O TH, SLE KB T ke
1331 CD 3 itk + 1 CD 28 FiARIBI ML TR IS %
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Ror2, a member of the mammalian Ror family of re-
ceptor tyrosine kinases, plays important roles in devel-
opmental morphogenesis, although the mechanism un-
derlying activation of Ror2 remains largely elusive. We
show that when expressed in mammalian cells, Ror2
associates with casein kinase le¢ (CKle), a crucial regu-
lator of Wnt signaling. This association occurs primarily
via the cytoplasmic C-terminal proline-rich domain of
Ror2. We also show that Ror2 is phosphorylated by CKle
on serine/threonine residues, in its C-terminal serine/
threonine-rich 2 domain, resulting in autophosphoryla-
tion of Ror2 on tyrosine residues. Furthermore, it was
found that association of Ror2 with CKle is required for
its serine/threonine phosphorylation by CKle. Site-di-
rected mutagenesis of tyrosine residues in Ror2 reveals
that the sites of phosphorylation are contained among
the five tyrosine residues in the proline-rich domain but
not among the four tyrosine residues in the tyrosine
kinase domain. Moreover, we show that in mammalian
cells, CKIe-mediated phosphorylation of Ror2 on serine/
threonine and tyrosine residues is followed by the tyro-
sine phosphorylation of G protein-coupled receptor ki-
nase 2, a kinase with a developmental expression
pattern that is remarkably similar to that of Ror2. In-
triguingly, a mutant of Ror2 lacking five tyrosine resi-
dues, including the autophosphorylation sites, fails to
tyrosine phosphorylate G protein-coupled receptor ki-
nase 2. This indicates that autophosphorylation of Ror2
is required for full activation of its tyrosine kinase ac-
tivity. These findings demonstrate a novel role for CKle
in the regulation of Ror2 tyrosine kinase.
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Receptor tyrosine kinases (RTKs)! play important roles in
developmental morphogenesis by regulating growth, differen-
tiation, motility, adhesion, and death of many types of cells (1).
It has been well documented that the interactions of RTKs with
their cognate ligands trigger their dimerization or oligomeriza-
tion, resulting in tyrosine autophosphorylation and tyrosine
kinase activation of RTKs. This induces various intracellular
signaling events. In contrast, it has been reported that tyrosine
autophosphorylation and the tyrosine kinase activities of sev-
eral RTKs, including the insulin and epidermal growth factor
receptors, can be negatively regulated by ligand-independent
transphosphorylation of these RTKs by cytoplasmic serine/
threcnine kinases (2-8). However, little is known about the
positive regulation of RTK tyrosine autophosphorylation and
tyrosine kinase activation caused by cytoplasmic serine/threo-
nine kinases.

The mammalian Rer family of RTKs, consisting of two struc-
turally related proteins, Rorl and Ror2, are orphan RTKs,
characterized by several conserved domain structures, the ex-
tracellular Frizzled-like cysteine-rich domains, and the mem-
brane-proximal Kringle domains that are assumed to mediate
protein-protein interactions (9—13). It has been reported that
in nematodes and mammals, Ror family RTKs play crucial
roles in various developmental processes. CAM-1, the Caenorh-
abditis elegans ortholog of Ror2, is implicated in cell migration,
asymmetric cell division, and axon outgrowth during embryo-
genesis, and these processes may be either tyrosine kinase-de-
pendent or -independent (14). Previous studies with Ror2-de-
ficient mice have further revealed that Ror2 plays crucial roles
in the development of the skeletal, genital, and cardiovascular
systems (15-17). In humans, Ror2 is responsible for two heri-
table skeletal disorders; recessive Robinow syndrome and dom-
inant brachydactyly type B (BDB) (18—23). Interestingly, it has
recently been reported that the developmental pathology of
Ror2™/" mice can explain many of the developmental malfor-
mations found in patients with Robinow syndrome (24).

We have recently shown that Ror2 associates with the mel-
anoma-associated antigen family protein, Dlxin-1, which exhib-
its a similar developmental expression pattern with Ror2 and
is known to bind to the homeodomain proteins Msx2 and DIx5.
Ror2 appears to affect transcriptional functions of Msx2 and
DIx5 by regulating intracellular distribution of Dixin-1 in a
tyrosine kinase-independent manner (25). Furthermore, our

* The abbreviations used are: RTK, receptor tyrosine kinase; CKle,
casein kinase I¢; GRK2, G protein-coupled receptor kinase 2; BDB,
brachydactyly type B; GST, glutathione S-transferase; HA, hemagglu-
tinin; WT, wild-type; GMCSF, granulocyte macrophage colony-stimu-
lating factor; WCL, whole celi lysate.

This paper is available on line at http://www.jbc.org

Ln



Regulation of Ror2 by CKle

recent genetic and biochemical analyses have indicated that
Ror2 interacts with Wnt5a both physically and functionally to
activate the noncanonical Wnt5a/JNK pathway in a tyrosine
kinase-independent manner (16). In Xenopus, Xror2, a putative
Xenopus ortholog of Ror2, has also been shown to interact with
Xenopus Wnts and to modulate convergent extension move-
ments of axial mesoderm and neuroectoderm by modulating
the planar cell polarity pathway of Wnt signaling in a tyrosine
kinase-independent manner (26). However, nothing is known
about the molecular mechanisms underlying Ror2 tyrosine ki-
nase activation and the consequent tyrosine kinase-dependent
functions of Ror2.

To gain insights into new functions of Ror2, we performed
yeast two-hybrid screening using Ror2 as bait to identify a
candidate molecule(s) that interacts with Ror2. From this
screen, we identified casein kinase Ie (CKle), a member of the
CKI family of protein serine/threonine kinases, as a molecule
that interacts with Ror2. Recently, much attention has been
paid to CKle as a crucial regulator of the eanonical Wnt sig-
naling, although its exact role(s) in this regulation remains
controversial (27). It has been demonstrated that CKle can
phosphorylate various Wnt signaling mediators, including Dvl
(Dishevelled), adenomatous polyposis coli, axin, and p-catenin,
thereby contributing to the regulation of the canonical Wnt
pathway (28-33). Here we show that Ror2 associates with and
is phosphorylated on serine/threonine residues by CKle when
expressed in mammalian cells. Interestingly, serine/threonine
phosphorylation of Ror2 by CKIe is followed by the autophos-
phorylation of Ror2 tyrosine residue(s) within its cytoplasmic
Pro-rich domain. Moreover, Ror2 associates with G protein-
coupled receptor kinase 2 (GRK2) and tyrosine phosphorylates
it following activation of Ror2 by CKle. These results indicate
that the tyrosine kinase activity and tyrosine autophosphoryl-
ation of Ror2 can be positively regulated by CKle. We further
provide evidence indicating that tyrosine autophosphorylation
of Ror2 is required for activation of Ror2 tyrosine kinase.

EXPERIMENTAL PROCEDURES

Plasmid Constructions—Wild-type and mutant ¢cDNAs were con-
structed in the mammalian expression vector pcDNA3 (Invitrogen).
Expression vectors encoding the FLAG-tagged Ror proteins were con-
structed as described previously (25). The Ror2 mutant construets (AC,
BDB, RS, T¢c, A883, Apro, AS/T1, AS/T2, and AS/T1,2) were generated by
deleting amino acids 788944, 749-944, 502-944, 434-944, 883-944,
183-859, 744-782, 860882, T44-782 and 860-882, respectively, in
the C-terminal region of Ror2. An expression vector encoding a kinase-
dead mutant of Ror2 was constructed by replacing lysine 507, crucial for
ATP binding, with arginine. Ror2 mutants bearing substitutions of
serine and threonine with alanines, Ror2 135/TA (S860A, S861A,
5864A, S866A, SB68A, S8T0A, S879A, and 58824; T869A, T8T1A,
T875A, T876A, and T881A) were constructed by site-directed mutagen-
esis. Ror2 mutants bearing substitutions of tyrosines with phenylala-
nines, Ror2 4YF (Y641F, Y845F, Y846F, and Y722F)} and Ror2 5YF
(Y818F, Y824F, Y830F, Y833F, and Y838F), were also constructed by
site-directed mutagenesis. The ¢cDNA fragment corresponding to CKle
was obtained by PCR and inserted into pcDNA3. The expression vector
pcDNA-HA-CKIe DX, encoding a kinase-dead mutant of CKle, was
constructed by replacing lysine 38, crucial for ATP binding, with argi-
nine. The plasmids encoding the GST fusion proteins, GST-CKle WT
and GST-CKle DK, were constructed using the pGEX plasmids {Amer-
sham Bigsciences). Bovine GRK2 ¢DNA (kindly provided by Dr. Haga,
Gakushuin University and Dr. Lefkowitz, Duke University) was sub-
cloned into peDNA3 together with the influenza hemagglutinin (HA)
protein epitope tag at its C terminus (pcDNA-GRK2-HA).

Antibodies, Cells, and Transfection—Rabbit polyclonal anti-mouse
Ror2 antibody was raised against GST mouse Ror2 (amino acids 726-
945). The mouse monoclonal antibodies M2 (Sigma) and 12CAS5 {Roche
Applied Science)} recognize the FLAG peptide and human influenza HA
protein peptide sequence. Mouse monoclonal anti-CKle antibody was
purchased from Transduction Laboratories. The mouse monoclonal an-
ti-phosphotyrosine antibodies PY20 and 4G10 were purchased from
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Cell Signaling and Upstate Biotechnology, Inc., respectively. Rabbit
polyclonal anti-phosphoserine and anti-phosphothreonine antibodies
were from Zymed Laboratories and Cell Signaling, respectively.
HEK293T (293T) and NIH3T3 (3T3) cells were maintained in Dulbee-
co’s modified Eagle’s medium (Nissui) supplemented with 10% (vAn
fetal calf serum. Transient ¢cDNA transfection was performed using the
calcium phosphate method (12).

Immunoprecipitation and Immunoblotting—The cells were solubi-
lized with lysis buffer (50 mM Tris-HC), pH 7.4, 0.5% (v/v) Nonidet P-40,
150 mm NaCl, 5 mm EDTA, 50 mM NaF, 1 mMm NayvVO,, 1 mM phenyl-
methylsulfony! fluoride, 10 ng/m! leupeptin, and 10 ug/ml aprotinin),
and the cell lysates were prepared by centrifugation at 12,000 X g for 15
min. The cell lysates were precleared for 1 h at 4 °C with protein
A-Sepharose (Amersham Biosciences). The precleared supernatants
were then immunoprecipitated with anti-FLAG or anti-HA antibody
conjugated to protein A-Sepharose beads for 2 h at 4 °C. The immuno-
precipitates were washed five times with 1 ml of the above lysis buffer
and eluted with Laemmli sample buffer. Immunoprecipitates or whole
cell lysates were separated by SDS-PAGE (9% PAGE) and transferred
to polyvinylidene difluoride membrane filters (Immobilon, Millipore).
The membranes were immunoblotted with the respective antibodies,
and the bound antibodies were visualized with horseradish peroxidase-
conjugated anti-mouse IgG antibodies using chemiluminescence re-
agents {Western Lightning; PerkinElmer Life Sciences) as described
previously {12).

Expression and Purification of GST Fuysion Proteins—The GST fu-
sion proteins, GS8T-CKIe WT and GST-CKle DK, expressed in Esche-
richia coli DH5a were extracted with phosphate-buffered saline con-
taining 1% (v/v) Triton X-100, 1 mm EDTA, 1 mu phenylmethylsulfonyl
fluoride, 10 pg/ml leupeptin, and 10 pg/ml aprotinin and were isolated
with glutathione-Sepharose beads (Amersham Biosciences). Fusion
proteins were then eluted from beads by 25 mM glutathione (reduced),
followed by dialysis prior to use in kinase assays.

In Vitro Kinase Assay—TFor in vitro kinase assay, 293T cells were
solubilized 60 h after transfection, and Ror2 WT-FLAG or Ror2 DK-
FLAG proteins were immunoprecipitated as described above. Precip-
itates were washed five times with lysis buffer and resuspended in 50
] kinase buffer containing 50 muM Tris-HCI, pH 7.5, 10 mm MgCl,,
and 40 puM ATP. The in vitro kinase reaction was initiated by the
addition of purified GST-CKIe¢ WT or GST-CKI¢ DK and allowed to
incubate for 30 min at 30 °C. The reaction was terminated by the
addition of Laemmli sample buffer, and the samples were separated
by SDS-PAGE (10% PAGE) and transferred to polyvinylidene diflu-
oride membrane filters, followed by immunoblot analysis with anti-
phospho-serine/threonine antibodies.

In Situ Hybridization—In situ hybridization analyses were per-
formed essentially as deseribed previously (34). The 0.86-kb HincII/
EcoRI fragment of Ror2 or the 0.87-kb Hinell/Apal fragment of GRK2
were utilized as templates to synthesize single strand RNA probes,

RESULTS

Ror2 Associutes with CKle—To identify a Ror2-interacting
protein(s}, we performed a yeast two-hybrid screening using
the cytoplasmic region of Ror2 as bait (25). From this screen we
identified a protein serine/threonine kinase, CKle (data not
shown). To determine whether Ror2 associates with CKle in
mammalian cells, FLAG-tagged wild-type Ror2 (Ror2 WT) and
HA-tagged CKle were coexpressed in 293T cells. As shown in
Fig. 1A, HA-tagged CKle was coimmunoprecipitated with
FLAG-tagged Ror2, indicating that Ror2 associates with CKle
in vivo, We also found that endogenous CKle was detected in
anti-Ror2 immunoprecipitates from 3T3 cells, confirming asso-
ciation between endogenous Ror2 and CKle (Fig. 1B).

Next, to identify a cytoplasmic domain(s) within Ror2 re-
quired for its association with CKle, we generated a series of
truncated mutants of Ror2 (Fig. 1C) and evaluated their abil-
ities to associate with CKle in 293T cells. As shown in Fig. 1D,
the Ror2 mutants Ror2 AC and Ror2 BDB (Fig. 1C) exhibited
apparently decreased levels of CKIe binding compared with the
Ror2 WT. To map more precisely an association domain within
the C-terminal portion of Ror2, we generated additional dele-
tion mutants of Ror2 (A883, AS/T2, Apro, AS/T1, and AS/T1,2)
(Fig. 1C) and tested their abilities {0 associate with CKle. As
shown in Fig. 1E, among them only the Ror2 Apro exhibited
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FiG, 1. Ror2 associates with CKle in vivo. A, association of Ror2 with CKle in 293T cells. FLAG-tagged Ror2 protein was expressed
transiently in 293T cells with or without HA-tagged CKle protein, as shown in the panel. Whole cell lysates (WCLs) or anti-FLAG immunopre-
cipitates were analyzed by anti-CKle or anti-FLAG immunoblotting. B, association of endogenous Ror2 with CKle in NIH3T3 cells. WCLs or
immunoprecipitates with anti-Ror2 or control (preimmune serum) antibodies were prepared from 3T3 cells and were analyzed by anti-Ror2 (upper
panels) or anti-CKle (lower panels) immunoblotting analyses, as shown in the panel. C, schematic representations of the WT and a series of deletion
mutant forms of Ror2. The numbers indicate the positions of the amino acid residues and the putative functional domains within Ror2 are labeled.
Serines (860, 861, 864, 866, 868, 870, 879, and 852) and threonines (869, 871, 875, 876, and 881) were replaced with alanines in the 13S/TA mutant.
D and E, determination of a domain(s) within Ror2 protein that is required for the interaction with CKle. WCLs were prepared from 293T cells
expressing FLAG-tagged WT or the respective mutants of Ror2 proteins along with HA-tagged CKle protein, as shown in the panel. The association
of the CKle with WT and the respective mutant Ror2s were examined as described for A.

drastically decreased levels of CKle binding. The result indi-
cates that the proline-rich domain of Ror2 is required critically
for association with CKIe. On the other hand, the Ror2 RS and
Ror2 Te (Fig. 10), both lacking the tyrosine kinase domain,
failed to associate with CKle, suggesting that the tyrosine
kinase domain of Ror2 is also required for association (Fig. 1D).
Because we have previously shown that Ror2 associates with
Dixin-1 (NRAGE) via the proline-rich domain of Ror2 (25), we
also examined whether or not association of CKIe and Dixin-1
with Ror2 is competitive, It was found that association of CKle
with Ror2 was unaffected by ectopic coexpression of Dixin-1
vice versa (see first supplemental figure).

Serine/Threonine Phosphorylation of Ror2 by CKIe—We next
examined whether or not Ror2 is phosphorylated on serine/
threonine residues by CKle in mammalian cells. To this end,
FLAG-tagged Ror2 was expressed along with either HA-tagged
wild-type (WT) or kinase inactive mutant (DK) of CKle in 293T
cells, and serine/threonine phosphorylation of Ror2 was exam-
ined by anti-FLAG immunoprecipitation followed by anti-phos-
phoserine/threonine immunoblotting (see “Experimental Pro-
cedures”). As shown in Fig. 2A, Ror2 was phosphorylated on
serine/threonine residues in cells coexpressing CKie WT but
not CKle DK, indicating that the kinase activity of CKle is
required for serine/threonine phosphorylation of Ror2, We also
examined whether Dlxzin-1 is phosphorylated on serine/threo-
nine residues by CKle in the presence of Ror2, It appeared that
DIxin-1 was not phosphorylated by CKle (see second supple-
mental figure), suggesting that Ror2 may transduce signals via
CKle and Dilxin-1 separately.

To test whether CKle could phosphorylate Ror2 directly,
GST-CKIe WT and GST-CKle DK proteins purified from E. coli

(see “Experimental Procedures”) were subjected to in vitro ki-
nase assay using FLAG-tagged WT or kinase-inactive Ror2
mutant (DK) as substrates. As shown in Fig. 2B, GST-CKle
WT, but not GST-CKle DE, could phosphorylate serine/threo-
nine residues within both Ror2 WT and Ror2 DK in vitro,
supporting the idea that CKlIe phosphorylates Ror2 directly.

We also examined the phosphorylation status of the Ror2
AS/T1, AS/T2, AS/T1,2, and Apro in mammalian cells coex-
pressing CKle. The Ror2 AS/T2, AS/T1,2, and Apro exhibited a
complete loss of serine/threonine phosphorylation of Ror2,
whereas the Ror2 AS/T1 showed somewhat weak, yet apparent
serine/threonine phosphorylation of Ror2, compared with the
Ror2 WT (Fig. 2C).

Next, we attempted to identify serine/threonine phosphoryl-
ation sites within Ror2 by CKle. Because serine/threonine
phosphorylation of Ror2 was found in the Ror2 AS/T1 but not
Ror2 AS/T2 mutants, we generated the Ror2 135/TA mutant in
which all of the serines and threonines in the S/T2 domain of
Ror2 were replaced with alanines (Fig. 1C). As shown in Fig.
2C, the Ror2 135/TA mutant could associate with CKle but
failed to be phosphorylated by CKle, indicating that CKle phos-
phorylates primarily serine/threonine residues in the S/T2 do-
main of Ror2.

Tyrosine Autophosphorylation of Ror2 Following Its Serine/
Threonine Phosphorylation by CKIe—To better understand the
biological consequence of Ror2 phosphorylation by CKle, we
transiently coexpressed FLAG-tagged Ror2 WT with either
CKle WT or CKIe DK in 293T cells. Tyrosine phosphorylation
of Ror2 was detected when Ror2 and CKle WT were coex-
pressed, but not when Ror2 was expressed alone or coexpressed
with CKle DK (Fig. 3A). The results indicate that CKle kinase
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Fig. 2. Phosphorylation of serine/threonine residues within the serine/threonine rich 2 domain of Ror2 following expression of
CKle. A, serine/threonine phosphorylation of Ror2 following expression of CKIe WT but not CKIe DK, FLAG-tagged Ror2 protein was expressed
transiently in 293T cells along with either the WT or kinase inactive mutant (DK) of CKle proteins. WCLs or anti-FLAG immunoprecipitates (IP)
from the respective WCLs were analyzed by anti-phosphoserine/threonine {top panel), anti-FLAG (second panel), or anti-CKle (third and bottom
panels) immunoblotting. B, Ror2 serine/threonine residues are phosphorylated in vitro by purified CKIe WT, but not CKle DK. FLAG-tagged Ror2
WT and Ror2 DK were prepared by overexpressing the respective proteins in 293T cells followed by anti-FLAG immunoprecipitation. In vitro
kinase assay was performed as described under “Experimental Procedures.” Top, middle, and boftom panels indicate anti-phosphoserine/threonine,
anti-FLAG, and anti-CKIe immunoblot analyses of kinase reactions, respectively. C, serine/threonine phosphorylation within the serine/threonine-
rich 2 domain of Ror2 by CKle. WCLs were prepared from 2937 cells expressing FLAG-tagged W or a series of Ror2 mutant proteins along with
HA-tagged CKle¢ protein, as shown in the panel. Serine/threonine phosphorylation of Ror2 WT and the respective Ror2 mutants were examined as

described for A.

activity is required for tyrosine phosphorylation of Ror2. Next,
FLAG-tagged Ror2 WT or Ror2 DK was expressed along with
CKle WT, and Ror2 tyrosine phosphorylation was evaluated.
Tyrosine phosphorylation of Ror2 WT, but not Ror2 DK, was
observed under the same experimental setting, although Ror2
DK was also associated with and serine/threonine-phosphoryl-
ated by CKle to similar extents when compared with Ror2 WT
(Fig. 3B). Thus, CKle-mediated tyrosine phosphorylation of
Ror2 requires the intrinsie tyrosine kinase activity of Ror2.
We further attempted to identify tyrosine phosphorylation
sites within Ror2 induced by coexpression of CKIe. We have
previously shown that the tyrosine kinase domains of the Ror
family RTKs are most similar to those of the neurotrophin
receptor Trk family of RTKs and that the four autophosphoryl-
ated tyrosine residues found in the activation loops within the
tyrosine kinase domains of the Trk family RTKs are also con-
served in Ror2 (Tyr®?!, Tyr®45, Tyr®8, and Tyr™?%) (12). We also
found that coexpression of CKle failed to induce tyrosine phos-
phorylation of RorZ AC (data not shown). The Ror2 AC lacks
the C-terminal portion of Ror2, which contains six tyrosine
residues, including five (Tyr®8, Tyr®24, Tyr®0, Tyr®%3, and
Tyr®3%) that are found in the Pro-rich domain. Thus, we gener-
ated the two Ror2 mutants, 4YF and 5YF (Fig. 3C and see

“Experimental Procedures”), in which the tyrosines were re-
placed with phenylalanines. When FLAG-tagged Ror2 4YF and
5YF were expressed in 293T cells along with CKle, it was found
that both the Ror2 4YF and 5YF could associate with CKle and
were phosphorylated on serine/threonine residues to a similar
extent as Ror2 WT (Fig. 3D). Interestingly, when coexpressed
with CKIe, Ror2 4YF but not Ror2 5YF was found to be phos-
phorylated on tyrosine residues (Fig. 3D). This indicates that
the sites of tyrosine autophosphorylation are among the five
tyrosine residues contained within the Pro-rich domain but not
among the four tyrosine residues contained within the tyrosine
kinase domain. We then examined whether serinefthreonine
phosphorylation of Ror2 by CKle is required for tyrosine auto-
phosphorylation of Ror2, For this purpose, tyrosine phospho-
rylation status of the 135/TA was monitored in the presence of
CKle. When Ror2 WT and 135/TA mutant were expressed in
293T cells along with CKle, tyrosine autophosphorylation of
Ror2 was found in Ror2 WT but not 13S/TA (Fig. 3E). This
result indicates that serine/threonine phosphorylation of Ror2
by CKle is required for subsequent tyrosine autophosphoryla-
tion of Ror2.

Tyrosine Phosphorylation of GRK2 by Ror2 Following Coex-
pression of CKle—The Ror2-interacting proteins, CKle and
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Fic. 3. Phosphorylation of tyrosine residues within the C-terminal proline-rich domain of Ror2 following expression of CKle. A,
Ror2 is tyrosine-phosphorylated following coexpression of CKIe WT but not CKle¢ DK. FLAG-tagged Ror2 protein was expressed transiently in 293T
cells along with either the WT or a kinase-inactive mutant (DK) CKle, as shown in the panel. WCLs or anti-FLAG immunoprecipitates (IP) from
the respective cell lysates were analyzed by anti-phosphotyrosine (top panel), anti-phosphoserine/threonine (second panel), anti-FLAG (third
panel), or anti-CKle (bottom parel) immunoblotting. B, tyrosine phosphorylation of Ror2 following expression of CKle requires Ror2 kinase activity.
FLAG-tagged WT or DK Ror2 was expressed transiently in 293T cells with or without CKle protein, as shown in the panel. Tyrosine and
serine/threonine phosphorylation of Ror2 were monitored as described in A. C, schematic representations of the Ror2 mutants (Ror2 4YF and Ror2
5YF) containing different substitutions of tyrosines with phenylalanines. Tyrosines 641, 645, 646, and 722 were replaced with phenylalanines in
the 4YF mutant and tyrosines 818, 824, 830, 833, and 838 were replaced with phenylalanines in the 5YF mutant. The numbers indicated represent
the positions of the respective amino acid residues. D, five tyrosine residues within the proline-rich domain of Ror2 are required for tyrosine
phosphorylation of Ror2 following expression of CKIe. FLAG-tagged WT or the tyrosine-substituted Ror2 mutants (4YF and 5YF} were expressed
transiently in 293T cells with or without CKle protein, as shown in the panel. Tyrosine and serine/threonine phosphorylation of Ror2 were
monitored as described in A. E, tyrosine phosphorylation of following expression of CKle requires Ror2 serinefthreonine phosphorylation in the
serine/threonine rich 2 domain of Ror2, FLAG-tagged WT or Ror2 13S/TA was exzpressed transiently in 293T cells along with CKle protein, as
shown in the panel. Tyrosine and serine/threonine phosphorylation of Ror2 were monitored as described for A.

Dlxin-1(see Fig. 5A), were not tyrosine-phosphorylated by Ror2
when coexpressed with CKle (data not shown). We therefore
searched for other candidate molecule(s) that could be tyrosine-
phosphorylated by Ror2 under the same experimental condi-
tions. The gene encoding the GRK2 was reported to exhibit a
developmental expression pattern very similar to those of Ror2
(Fig. 44) and Dlxin-1 {data not shown), as verified by whole
mount in situ hybridization analyses on mouse embryos at
embryonic day 10.5 (Fig. 4A; data not shown), (34, 35, 36). In
particular, Ror2 and GRK2 exhibited remarkably similar ex-
pression patterns in the pharyngeal arches and developing
limb buds at embryonic day 10.5 (Fig. 44). We therefore exam-
ined whether or not Ror2 could associate with GRK2. As shown
in Fig. 4B, HA-tagged GRK2 coimmunoprecipitated with
FLAG-tagged Ror2, indicating that Ror2 associates with GRK2
in vivo. In addition, it was found that the association of Ror2
with GRK2 was unaffected by coexpression of CKle {(data not
shown).

To examine whether or not GRK2 or Dlxin-1 could be ty-
rosine-phosphorylated by Ror2 following coexpression of CKle,
FLAG-tagged Ror2 and HA-tagged CKle were coexpressed in
293T cells along with HA-tagged GRK2 or Dlzin-1. As shown in
Fig. 54, GRK2, but not Dlxin-1, was tyrosine-phosphorylated
when Ror2 and CKle were coexpressed. Under the same exper-
imental conditions, tyrosine phosphorylation of CKle by Ror2
was not detected (data not shown). These results reveal that

. coexpression of Ror2 and CKle leads to the tyrosine phospho-

rylation of GRK2. Next, we examined whether or not tyrosine
phosphorylation of GRK2 correlates with CKle-induced tyro-
sine autophosphorylation of Ror2. Consistent with the result
shown in Fig. 54, coexpression of Ror2 WT and CKle WT
resulted in the tyrosine phosphorylation of GRK2, whereas
Ror2 WT or CKle WT alone did not {(Fig. 5B). Furthermore,
coexpression of Ror2 WT plus CKle DK or Ror2 DK plus CKle
WT failed to induce tyrosine phosphorylation of GRK2. These
results indicate that tyrosine phosphorylation of Ror2, follow-
ing coexpression of Ror2 and CKle, leads to Ror2-mediated
tyrosine phosphorylation of GRK2.

Next, we examined whether tyrosine autophosphorylation of
Ror2 is required for Ror2-mediated tyrosine phosphoerylation of
GREK2. As shown in Fig. 5C, tyrosine phospherylation of GRK2
was observed when Ror2 WT or Ror2 4YF, but not Rer2 5YF,
was coexpressed with CKle. This indicates that autophospho-
rylation of one or more of the five tyrosine residues within the
Pro-rich domain of Ror2 is required for tyrosine phosphoryla-
tion of GRK2 by Ror2. Finally, we also examined whether
serine/threonine phosphorylation of Ror2 by CKle is indeed
required for Ror2-mediated tyrosine phosphorylation of GRK2.
As expected, tyrosine phosphorylation of GRK2 was detected in
cells expressing Ror2 WT, but not 135/TA, along with CKle
(Fig. 5D}. The result indicates that serine/threonine phospho-
rylation of Ror2 by CKle is also required for tyrosine phospho-
rylation of GRK2 by activated Rox2.
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Fic. 4. Ror2 associates with GRK2 in vive. A, developmental
expression patterns of Ror2 and GRKZ. In situ hybridization of whole
mouse embryos (embryonic day 10.5) was performed as described under
“Experimental Procedures.” Ror2 (left panel) and GRK2 (right panel}
were expressed in a similar manner in the pharyngeal arches and
developing limbs. B, association of Ror2 with GRK2 in 293T cells.
FLAG-tagged Ror2 protein (WT) was expressed transiently in 293T
cells with or without HA-tagged GRK2 protein, as shown in the panel,
WCLs or anti-FLAG immunoprecipitates {IP) from the respective WCLs
were analyzed by anti-FLAG (top panel) or anti-HA immunoblotting
(middle and bottom panels).

DISCUSSION

The receptor tyrosine kinase Ror2 plays important roles in
developmental morphogenesis, including the development of
skeletal, genital, and cardiorespiratory systems (15, 17). Ge-
netic analyses in nematodes have revealed that CAM-1, the
C. elegans ortholog of Ror2, possesses both tyrosine kinase-de-
pendent and -independent functions in development (9, 13, 14).
However, little is known about the tyrosine kinase-dependent
functions of Ror2, in particular, the mechanisms underlying
tyrosine kinase activation of Ror2. In fact, WntSa stimulation
of Ror2, antibody-mediated cross-linking of Ror2, and granulo-
cyte macrophage colony-stimulating factor (GMCS¥F)-induced
dimerization of a chimeric GMCSF/Ror2 receptor (GMCSF re-
ceptor extracellular region/Ror2 transmembrane and intracel-
lular regions) fail to induce Ror2 tyrosine autophospherylation
or tyrosine kinase activity (data not shown). Here we show that
tyrosine autophosphorylation and tyrosine kinase activation of
Ror2 are induced by the cytoplasmic protein serine/threonine
kinase CKle-mediated phosphorylation of Ror2 (Fig. 3).

Our structure-function analyses of Ror2 indicate that Ror2
associates with CKle primarily via its C-terminal proline-rich
domain (Fig. 1, D and E) and that Ror2 is phosphorylated by
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CKlein its C-terminal S/T2 domain (Fig. 2C). Because all of the
deletional mutants of Ror2 lacking the proline-rich domain,
Ror2 AC, BDB, RS, Te (data not shown), and Apre (Fig. 20},
exhibited both drastically decreased levels or complete loss of
CKle binding and of serine/threonine phospherylation by CKle
(Fig. 2C; data not shown), it is likely that association of Ror2
with CKle is required for its phosphorylation by CKIe, Further-
more, we present evidence indicating that phosphorylation of
Ror2 by CKle is prerequisite to induce autotyrosine phospho-
rylation and activation of Ror2 (Figs. 3 and 5). In fact, the Ror2
135/TA mutant, which is assumed to lack serine/threonine
phospherylation sites by CKle, can associate with CKle but fail
to be autotyrosine-phosphorylated or activated by CKle (Figs.
2C, 3E, and 5D). It is of importance to determine the pivotal
serine/threonine residues within the S/T2 domain of Ror2 that
are phosphorylated by CKle. Ror2 mutants lacking the C-
terminal portion (e.g. Ror2 AC and BDB) are also neither au-
totyrosine-phosphorylated nor activated by CKie (data not
shown). Interestingly, mutant Ror2 proteins from BDB pa-
tients lack this C-terminal portion of Ror2, suggesting that the
pathogenesis of BDB may be attributable to a defect in tyrosine
autophosphorylation and activation of Ror2 tyrosine kinase
activity.

To clarify the mechanism of tyrosine kinase activation of
Ror2 following phosphorylation by CKle, we attempted to iden-
tify the sites of tyrosine autophosphorylation within the cyto-
plasmic region of Ror2. It had been reported that autophospho-
rylation of the tyrosine residues in the activation loop of the
tyrosine kinase domains of the Trk family RTKs is required for
activating the Trk family RTKs (38), the closest relatives of Ror
family RTKs. However, we mapped the Ror2 tyrosine autophos-
phorylation sites to the proline-rich domain, not the activation
loop (Fig. 31). Further study will be required to identify more
precisely the autophosphorylated tyrosine residue(s). In this
study, we also identified the cytoplasmic protein serine/threo-
nine kinase GRK2, as a substrate for activated Ror2 (Fig. 5).
Interestingly, the Ror2 5YF, but not 4YF, failed to tyrosine
phosphorylates GRK2 (Fig. 5C), indicating that autophospho-
rylation of tyrosine residue(s) within the proline-rich domain of
Ror2 is required for (full) activation of Ror2 tyrosine kinase. We
have previously shown that Rorl, in addition to Ror2, plays an
important role in developmental morphogenesis and that most
functions of Rorl during mouse development can be compen-
sated for by Ror2 (37). We found that Rorl could also associate
with CKle in vivo and is phosphorylated on serine/threonine
residues by CKle (data not shown). However, at present tyro-
sine autophosphorylation and tyrosine kinase activation of
Rorl have not been detected, probably because of a very low
level of Rorl expression compared with Ror2 in our transfection
experiments. The results also suggest that the mechanism
underlying activation of Ror2 tyrosine kinase may be distinct
from those of other Trk family RTKs.

Qur results demonstrate that the tyrosine kinase activity of
Ror2 is regulated by CKle. It has been reported that several
RTKSs can be transphosphorylated by cytoplasmic protein ki-
nases. For example, the insulin receptor is phosphorylated by
cAMP-dependent protein kinase (7), protein kinase C (8), and
casein kinase 2 (6}, and the epidermal growth factor receptor is
phosphorylated by cAMP-dependent protein kinase (2}, protein
kinase C {4, 5), and calmodulin-dependent protein kinase II (3).
In these cases, serine/threonine phosphorylation of these RTKs
results in the drastic down-regulation of their auto-tyrosine
phosphorylation and tyrosine kinase activities. Compared with
these RTKs, Ror2 RTK is rather unique in that serine/threo-
nine phosphorylation of Ror2 by CKle results in the stimula-
tion of its tyrosine autophosphorylation and tyrosine kinase
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FiG. 5. Tyrosine phosphorylation of GRK2 by Ror2 following coexpression of CKle. A, tyrosine phosphorylation of GRK2 following
coexpression of Ror2 and CKle. FLAG-tagged Ror2 and HA-tagged CKle proteins were coexpressed transiently in 293T cells with or without
HA-tagged GREK2 or Dixin-1, as shown in the panel. Anti-HA or anti-FLAG immunoprecipitates (IP) from the respective WCLs were analyzed by
anti-phosphotyrosine (top and bottom panels), anti-HA (second panel), anti-CKle (¢hird parel), and anti-FLAG (fourth panel) immunoblotting. B,
tyrosine phosphorylation of GRK2 induced by coexpression of Ror2 and CKle requires Ror2 and CKle kinase activities. HA-tagged GRK2 protein
was expressed transiently in 293T cells singly or in combination with FLAG-tagged Ror?2 proteins (WT or DK) and/or HA-tagged CKle proteins (WT
or DK), as shown in the panel, WCLs and anti-HA immunoprecipitates were analyzed by immunoblotting as deseribed for A. C, tyrosine residues
within the C-terminal proline-rich domain of Ror2 are required for tyrosine phosphorylation of GRK2 by Ror2 in the presence of CKle.
FLAG-tagged WT or the tyrosine-substituted Ror2 mutants (4YF and 5YF) were expressed transiently in 293T cells along with HA-tagged GRK2
and CKle proteins, as shown in the panel. Anti-HA or anti-FLAG immunoprecipitates from the respective WCLs were analyzed by immunoblotting
as described for A. D, serine/threonine phosphorylation within the serine/threonine rich 2 domain of Ror2 are required for tyresine phosphorylation
of GRK2 by Ror2 in the presence of CKle. FLAG-tagged Ror2 WT or Ror2 13S5/TA were expressed transiently in 293T ceils along with both
HA-tagged GRK2 and CKle proteins, as shown in the panel. Anti-HA or anti-FLAG immunoprecipitates from the respective WCLs were analyzed

by immunoblotting as described for A.

activity. Importantly, it has been reported that CKle regulates
the canonical Wnt pathway by interacting both physically and
functionally with various Wnt signal mediators (28-30, 32, 33).
Taken together with our findings, we envisage that there may
be significant cross-talk between the Ror2 and canonical Wnt
signal pathways. Although we have previously shown that
Ror2 is also involved in the noncanonical Wnt pathway (16), it
is currently unclear whether or not CKle is likewise involved in
noncanonical Wnt signaling. The rat Frizzled-2 (rFz2) is a
putative receptor for Wnt5a and has been shown to activate
several protein serine/threcnine kinases, including protein ki-
nase C, CaMKII, TAK1, and NLEK, which mediate the nonca-
nonical Wnt signaling pathway following engagement of up-
stream receptors (39-42). It would therefore be of interest to
examine whether or not these protein kinases may also be able
to phosphorylate and regulate Ror2 tyrosine kinase.

GRK2 is known as a key modulator in the internalization of

seven transmembrane-spanning G protein-coupled receptors.
Following agonist stimulation, GRK2 phosphorylates the most
C-terminal cytoplasmic region of G protein-coupled receptors,
resulting in the recruitment of B-arrestin and eventual agonist-
induced internalization of the G protein-coupled receptors (43).
It has previously been shown that the kinase activity and/or
stability of GRK2 can also be modulated by tyrosine phospho-
rylation by the Src protein tyrosine kinase (44 —47). Therefore,
it is important to determine whether tyrosine phosphorylation
of GRK2 by Ror2 may affect GRK2 kinase activity and conse-
quent endocytosis of G protein-coupled receptors. We have
shown that Ror2 forms a complex with rFz2 or human Frizzled
5 (hFz5), putative seven transmembrane-spanning type recep-
tors for Wnt5a (16). Furthermore, it has recently been reported
that mouse Frizzled 4 (mFz4), another putative seven trans-
membrane-spanning type receptor for Wnt5a, can be internal-
ized following stimulation with Wnt5a and phorbol myristoyl
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acetate, a potent activator of protein kinase C, and that phos-
phorylated Dvl 2 recruits g-arrestin 2 to mediate internaliza-
tion of mFz4 (48). The Ror2-associated CKle may be located in
proximity to the putative seven transmembrane-spanning type
receptors for Wniba (mFz4, rFz2, and hF'z5) (16). In addition,
CKIe has been shown to phosphorylate the Dvl proteins (30, 32,
49). Therefore, it is conceivable that the Dv] proteins may be
phosphorylated by Ror2-associated CKle, recruit f-arrestin to
these WntSa receptors, and thereby mediate internalization of
these receptors. Alternatively, activated Ror2 tyrosine kinase
may phosphorylate and regulate the function of GRK2, which
in turn phosphorylates these receptors, resulting in their in-
ternalization. Further study will be required to clarify the
biological significance of Ror2 tyrosine kinase activation.
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