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Wnt signaling is involved in a wide range of developmental,
physiological, and pathophysiological processes and is nega-
tively regulated by Dickkopf1 (Dkk1). Dkk1 has been shown to
bind to two transmembrane proteins, the low density lipopro-
tein receptor-related proteins (LRP) 5/6 and Kremen. Here, we
show that Dkk1 residues Arg197, Ser198, and Lys232 are specifi-
cally involved in its binding to Kremen rather than to LRP6.
These residues are localized at a surface that is at the opposite
side of the LRP6-binding surface based on a three-dimensional
structure of Dkk1 deduced from that of Dkk2. We were sur-
prised to find that the Dkk1 mutants carrying a mutation at
Arg197, Ser198, or Lys232, the key Kremen-binding residues,
could antagonize Wnt signaling as well as the wild-type Dkk1.
These mutations only affected their ability to antagonize Wnt
signalingwhenbothLRP6andKremenwere coexpressed.These
results suggest that Kremen may not be essential for Dkk1-me-
diated Wnt antagonism and that Kremen may only play a role
when cells express a high level of LRP5/6.

TheWnt family of secretory glycoproteins is one of themajor
families of developmentally important signaling molecules and
plays important roles in embryonic induction, generation of
cell polarity, and specification of cell fate. Themembers are also
involved in regulation of a variety of physiological and patho-
physiological processes, including bone development, neuro-
nogenesis, adipogenesis, myogenesis, organogenesis, and lipid
and glucosemetabolism. The canonicalWnt signaling pathway
regulates gene transcription by stabilization of �-catenin,
which is otherwise degraded by a proteasome-mediated mech-
anism. This canonical Wnt/�-catenin signaling pathway is ini-
tiated by the binding ofWnts to their two coreceptors, LRP5/65
and frizzled proteins. LRP5 and LRP6 are single transmem-

brane proteins that contain four YWTD-epidermal growth fac-
tor repeat domains and three low density lipoprotein receptor
repeat domains in their extracellular domains. The frizzled pro-
teins are seven transmembrane proteins. Genome sequencing
projects have identified 19 Wnt genes in mammals (1–8).
Wnt signaling is also regulated by a number of naturally

occurring antagonists that include the Dkkmolecules. The first
Dkk (Xenopus Dkk1) was initially discovered as a Wnt antago-
nist that plays an important role in head formation (9). To date,
fourmembers of Dkk have been identified inmammals (10, 11).
However, only Dkk1, 2, and 4 have been documented to func-
tion as antagonists of canonical Wnt signaling (12–15). The
Dkk molecules contain two conserved cysteine-rich domains
(15). Work from our laboratory and others further demon-
strated that the second, but not the first, Cys-rich domains of
Dkk1 and Dkk2 inhibit canonical Wnt signaling (16, 17). Both
Dkk1 and Dkk2 have been shown to bind LRP5/6 with high
affinities (12–14). However, they do not appear to inhibit Wnt
signaling by directly competing with Wnt proteins because
Wnt signaling requires the first two YWTD-epidermal growth
factor repeat domains of LRP5/6, whereas Dkk inhibition
depends on the third YWTD repeat domain (12, 18).
In addition to LRP5/6, Dkk molecules were also found to

bind to another cell surface protein called Kremen (19). It was
shown that Dkk was able to simultaneously bind to LRP5/6 and
Kremen and that the ternary complex was rapidly endocytosed,
thus preventing the Wnt-LRP interaction. However, it is not
known how significant endogenous Kremen is in Dkk-medi-
atedWnt antagonism inmammalian cells, asmost of the obser-
vations were made with overexpression systems. In this report,
we mapped the LRP6- and Kremen-binding surfaces to the
opposite sides of the Dkk1molecules and revealed that Kremen
was not required for Dkk-mediated antagonism in 3T3 and
HEK293T cells.

MATERIALS AND METHODS

Cell Culture, Luciferase Assay, and Preparation of Condi-
tioned Medium (CM)—The human embryonic kidney cell line
HEK293T and the mouse fibroblast cell line NIH3T3 were
maintained and transfected as described previously (18, 20). For
luciferase assays, 3T3 cells in 24-well plates were seeded at 5 �
104 cells/well and transfected with 0.5 �g of DNA/well, con-
taining 75 ng of luciferase reporter, 25 ng of LEF-1, 150 ng of
green fluorescent protein, and 250 ng of LacZ plasmid, by using
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Lipofectamine Plus (Invitrogen). Twenty four h, after transfec-
tion, the cells were treated with Wnt3a and Dkk1 CM for 6 h
and then lysed directly. Luciferase activity was measured as
described previously (20). Luminescence intensity was normal-
ized against fluorescence intensity of green fluorescent protein.
For preparation of conditioned medium of wild-type Dkk1 and
its mutants, HEK293T cells were seeded in 6-well plates at 4 �
105 cells/well and transfected with 1 �g of DNA/well. Condi-
tioned medium was collected 48 h after transfection. Alkaline
phosphatase (AP) activity was then measured and adjusted to
the same by adding the control CM, which only transfected
with LacZ plasmid. Wnt3a CMwas generated from cells stably
expressing Wnt3a (ATCC).
Plasmids Construction—The wild-type and mutant forms of

mouse DKK1 were generated by PCR using the high fidelity
thermostable DNA polymerase PfuUltra (Stratagene) and ver-
ified by DNA sequencing. AP and FLAG tags were introduced
to the N termini of DKK1 and its mutants between the signal
peptide andDkk coding sequence. The expression of thesemol-
ecules was driven by a cytomegalovirus promoter. The LEF-1
reporter gene constructs were kindly provided by Dr. R. Gross-
chedl (21).
DKK1-AP Binding Assay—HEK293T cells seeded in 24-well

plates at 4 � 105 cells/well were transfected with LacZ or 20
ng/well LRP6 or 50 ng/well Kremen1 by using Lipofectamine
Plus; another LacZ was used to make the total DNA amount to
0.25�g/well. 24 h later, cells were washed once with cold wash-
ing buffer (Hanks’ buffered salt solution containing 1% bovine
serum albumin, 20 mM HEPES, and 0.5% NaN3) and incubated
with the washing buffer containing same amount of DKK1-AP
or AP-fused DKK1 mutant CMs on ice for 2 h. The cells were
thenwashed three times with the washing buffer and lysedwith
1%Triton X-100 and 20mMTris-HCl, pH 7.5. The lysates were
heated at 65 °C for 10min to inactivate endogenous AP, andAP
activity wasmeasured by using a Tropix luminescenceAP assay
kit.
Western Blot—Cells were lysed with 30 �l of 2� SDS loading

buffer/well in 24-well plates. The lysates were heated at 100 °C
for 5 min and then centrifuged at 13,000 rpm for 10 min. Then
protein samples were separated by electrophoresis gel and
transferred to nitrocellulosemembranes. Themembraneswere
blocked for 1 h with 5% nonfat dry milk in Tris-buffered saline/
Tween 20 (135 mM NaCl, 2.7 mM KCl, 24.8 mM Tris-HCl, and
0.05% Tween 20, pH 7.4) and then probed with antibody in
Tris-buffered saline/Tween 20 containing 0.25% bovine serum
albumin for 1 h at 25 °C. Mouse green fluorescent protein
(Covance) was used to probe enhanced green fluorescent pro-
tein, and mouse FLAG (Sigma) was used to probe DKK1-AP
protein. Blots were then rinsed with Tris-buffered saline/
Tween 20, incubated with the rabbit anti mouse IgG-horserad-
ish peroxidase second antibody (Pierce) for 1 h, rinsed with
Tris-buffered saline/Tween 20, and exposed with SuperSignal
West Pico stable peroxide solution (Pierce).
Data Analysis—Data are shown as the means � S.E. The AP

activity of wild-type Dkk1 in cells expressing Kremen or LRP6
was subtracted from that in cells expressing LacZ and taken as
100%. For Wnt activity data, the difference between the pres-
ence and absence of wild-type DKK1 was taken as 100%.

RESULTS AND DISCUSSION

We have previously shown that Glu721 on the third YWTD-
epidermal growth factor repeat domain of LRP5 plays a critical
role in DKK1 binding (18). Thus, we postulated that there
might be an opposite charged residue, namely a basic amino
acid residue, on the DKK1molecule that may form a salt bridge
withGlu721 and hence be required for LRP5/6 binding. Because
the second cysteine-rich domain of DKK1 is necessary and suf-
ficient for Wnt inhibition (16, 17), we decided to mutate all of
17 conserved basic amino acid residues within this domain to
Glu one by one and test the ability of these mutants to bind to
LRP6. We have previously used the Dkk-AP fusion proteins
to measure the binding of Dkk to LRP5 and LRP6 (18). Thus,
we generated all of these Dkk1 mutants as AP fusion pro-
teins. In addition to LRP5 and LRP6, Dkk1 can also bind to
Kremen with a high affinity via its second cysteine-rich
domain, and this interaction could also be detected by using
the Dkk-AP fusion proteins (19). Therefore, we tested these
Dkk1-AP mutants for their ability to bind to both LRP6 and
Kremen1 expressed in HEK293T cells compared with wild-
type Dkk1-AP fusion proteins. Fig. 1A shows the ability of
these 17 Dkk1 mutants to bind to Kremen1 relative to the
wild-type Dkk1, whereas Fig. 1B shows their binding to
LRP6. Because we have discussed the LRP-binding surface of
Dkk in the accompanying article (23), we focused on Kremen
binding in this study. Five Dkk1 mutants, including R197E,
R209E, K214E, K217E, and K232E, showed significant loss
(�50% reduction) in their binding to Kremen compared to
the wild-type DKK1 (Fig. 1A). Among these five mutants,
R197E and K232E retained the full ability to bind to LRP6,
whereas R209E and K214E show weakly compromised
(�40% reduction) and K217E strongly compromised (�90%
reduction) LRP6 binding (Fig. 1B).

FIGURE 1. Binding of DKK1 and its mutants to Kremen and LRP6. HEK293
cells were transfected with LacZ, Kremen1, or LRP6 and incubated with con-
ditioned medium containing Dkk1-AP or its mutants. The AP activity of the
conditioned medium was adjusted to the same. The AP activities of the bind-
ing of wild-type DKK1 to cells transfected with LacZ, Kremen1, and LRP6 are
2150, 7670, and 17420 RLUs, respectively. The binding activity of the wild-
type Dkk1 to cells expressing Kremen (A) or LRP6 (B) was subtracted by that to
cells expressing LacZ and taken as 100%.
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In the accompanying article (23), we described the solution
of the structure of the second Cys-rich domain of Dkk2 and
characterized the LRP6 interaction surface. Because Dkk1 and
Dkk2 are highly conserved (64.5% identity), we were able to
deduce the Dkk1 structure by molecular modeling (Fig. 2) and
found that Arg197, Arg209, Lys214, and Lys232 are located at the
opposite side of the LRP6-binding surface that is centered at
residues Arg242 andHis210. The localization of the LRP-binding
and Kremen-binding surfaces to opposite sides of the Dkkmol-
ecule is consistent with the observation that both LRP and Kre-
men can bind to Dkk simultaneously (19). It is interesting to
note that Arg197, Arg209, Lys214, and Lys232 form a valley, with
Arg197 and Lys232 being the opposing walls and Arg209 and
Lys214 at the bottom of the valley. Probably because of the loca-
tion of residues Arg209 and Lys214 near the center of the mole-

cule, their mutations may cause some minor alterations in the
LRP6-binding surface, which results in the small reduction in
LRP6 binding. However, there appears to be no simple answer
to the effect of Lys217 mutation, which resulted in marked
reduction in both LRP6 and Kremen binding by �80% (Fig. 1).
The structure shows that the amine group of this residue is
exposed at the LRP6-binding surface, which is predicted to
form a hydrogen bond with Asp887 of the third YWTD repeat
domain of LRP5 (the accompanying article; Ref. 23). However,
the rest of themolecule is buried inside. Thus, it is possible that
itsmutationmay also affect overall structural integrity and thus
disrupt the binding to Kremen.
Next, we wanted to better understand how mutation of

Arg197 or Lys232 to Glu resulted in the loss of Kremen binding.
The fact that these two mutants still retain their full ability to
bind to LRP6 indicates that there should not be a significant
global conformational change. Nevertheless, mutation from a
basic residue to an acidic residue represents a rather extreme
change. Thus, we mutated these two residues to Ala. Although
R197A shows slightly more Kremen1 binding than R197E, it is
still much weaker than the wild-type Dkk1 in binding to Kre-
men1 and has only 10% of Kremen-binding ability compared
with the wild-type Dkk1 (Fig. 3A). On the other hand, K232A
showed no difference fromK232E at all.Mutation toAla, like to
Glu, did not affect LRP6 binding either (Fig. 3B). We also gen-
erated amutant carrying the substitution of Ala for both Arg197
and Lys232. This double mutant showed little binding to Kre-
men1 while retaining the full binding to LRP6 (Fig. 3). We then
tested some of themutants for their ability to bind to Kremen2.

FIGURE 2. Schematic representation of a deduced Dkk1 structure. The
residues specific for Kremen binding are highlighted in red, whereas those for
LRP6 binding are in green. Those that, when mutated, affect both LRP and
Kremen binding are highlighted in yellow. The corresponding Dkk2 residues
are shown in the parentheses.

FIGURE 3. Effect of the substitution of Ala for Arg197 and Lys232 on Kremen
and LRP6 binding. HEK293 cells were transfected and assayed as described
in Fig. 1. These mutations markedly affected the binding to Kremen1 (A) and
Kremen2 (C) but not to LRP6 (B). Dkk levels in the CMs were analyzed by
Western blotting (D). CTL, control.
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Mutants that have low affinities for Kremen1 also show low
binding to Kremen2 (Fig. 3, C and D). The fact that the double
mutant showed less Kremen binding than either K232A or
R197A further suggests that both of these residues contribute
significantly to Dkk binding to Kremen. Mutating either of
them would significantly affect, and mutating both residues
would completely abrogate, the binding. The fact that R197E
behaves similarly to the double mutant rather than R197A sug-
gests that Arg197 may interact with an acidic amino acid on
Kremen. When Arg197 is mutated to Glu, the mutation would
not only prevent the interaction with the presumed acidic res-
idue on Kremen but also might yield an electrostatic repul-
sion that would further block the interaction. On the con-
trary, the fact that K232A and K232E showed similar binding
to Kremen suggests that Lys232, unlike Arg197, may not inter-
act with an acidic amino acid. Lys232 may contribute to the
Dkk-Kremen interaction by forming hydrogen bonds with
polar residues on Kremen.
Kremen has been previously reported to be involved in Dkk-

mediated antagonism of Wnt signaling (19). To test how our
Dkk mutants with varying ability to bind to Kremen and LRP6
behave in inhibitingWnt activity, we examined the ability of all
of the Dkk1 mutants to inhibit Wnt activity using a Wnt
reporter gene assay that we (16, 20, 22) and others (21) have

used previously. To our surprise, neither R197E nor K232E,
which lost most of their ability to bind to Kremen, lost any
ability to inhibitWnt activity (Fig. 4,A and B). The same is true
with other Dkk1 mutants that fail to bind to Kremen but retain
full LRP6 binding, including the doublemutant with the substi-
tution of Ala for both Lys197 and Lys232, regardless of the pres-
ence of overexpressed Kremen (Fig. 4C). On the other hand,
there is a clear correlation between the ability of the Dkk1
mutants to bind to LRP6 and to inhibit Wnt (Fig. 4). Mutants
R242E, K217E, R209E, H210E, and H267E that showed lowest
binding to LRP6 also showed the poorest ability to inhibitWnt.
We also tested these mutants in HEK293T cells expressing the
Wnt reporter gene; the same results were observed (data not
shown). These results suggest that Dkk-Kremen interaction is
not required for Dkk to inhibit Wnt signaling in HEK293T and
NIH3T3 cells.
After carefully reviewing previous work on Kremen (19), we

realized that the role of Kremen inmammalian cells wasmainly
investigated when Kremen and LRP6 were overexpressed. In
fact, we were able to reproduce the observations (19); when
LRP6 was overexpressed, Dkk1 became inept in inhibitingWnt
signaling unless Kremen was also coexpressed (Fig. 5A). We

FIGURE 4. Ability of Dkk1 and its mutants to antagonize Wnt activity.
A, cells were transfected with the LEF-1 reporter gene plasmids for 24 h and
treated with Wnt3a CM in the presence of wild-type or mutant DKK1-AP CMs
for 6 h. The basal luciferase activity is 265 RLU. The Wnt3a conditioned
medium increased the activity to 3210 RLU, and the presence of wild-type
DKK1 conditioned medium reduced it to 1220 RLU. The difference between
the presence and absence of wild-type DKK1 is taken as 100%. B and C, cells
were transfected and assayed as in A. The luciferase activities in cells treated
with Wnt3a CM and control CM (CTL) are defined as 100% in B.

FIGURE 5. Effects of Arg197 and Lys232 mutation on Wnt antagonism in the
presence of overexpressed LRP6. Cells were transfected with the LEF-1
reporter gene plasmids, 20 ng of LRP6, 10 ng of Wnt1, 30 ng of wild-type or
mutant DKK1, and varying amounts of the Kremen1 cDNA as indicated in the
figure for 24 h. An aliquot of the cell lysate was used to determine the lucifer-
ase activity (A), and the other was used to determine the expression level (B).
GFP, green fluorescent protein.
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also tested those Dkk mutants that show poor binding to Kre-
men but not to LRP6 for their ability to inhibitWnt signaling in
the presence of overexpressed LRP6. These mutants behaved
similarly to the wild-type Dkk in the absence of coexpressed
Kremen; they showed poor inhibition of Wnt activity. Of note,
what was shown here were the maximal effects under the con-
dition; adding more Dkk could not lead to further inhibition
(data not shown). When Kremen was coexpressed, these Dkk
mutants showed varying degree of resistance to Kremen-facil-
itated Wnt antagonism compared with the wild-type Dkk1,
with R197E and K232A/R197A showing the most resistance
(Fig. 5A). The resistance is inversely correlated with the ability
of these Dkkmutants to bind to Kremen. Putting together all of
the results shown thus far, it is reasonable to conclude that
Kremen may not be essential for Dkk to inhibit Wnt signaling
and that its role may depend on the levels of LRP6. It appears
that only when there is a high level of LRP6, Kremen may be
needed to assist Dkk-mediated Wnt antagonism.
To further corroborate our conclusion for the two binding

surfaces on Dkk1, we generated a few additional mutants by
mutating residues at the binding surfaces based on the three-
dimensional structure depicted in Fig. 2. Ser198 and Ser234,
which are located at the Kremen-binding surface, and Leu237
and Gln241 at the LRP-binding surface were mutated to Ala to
produce S198A, S234A, L237A, and Q241A. Although muta-
tion of Ser198 resulted in a specific defect in Kremen binding
(Fig. 6A), but not LRP6 binding (Fig. 6B), the other mutations
did not affect either LRP6 or Kremen binding (data not shown).
In summary, our study delineated two surfaces on Dkk mol-

ecules, one involved in binding to Kremen and the other to
LRP6.Our results also suggest that the interaction betweenDkk

andKremen is not essential forDkk-mediatedWnt antagonism
in at least two cell lines (NIH3T3 andHEK293T), but this inter-
action can play a role in facilitating Dkk-mediated antagonism
if the level of LRP5/6 is high.

Acknowledgments—We thank Zhong Li, Wenzhong Liu, Michelle
Orsulak, and members of the Dianqing Wu and Jianguo Wu labora-
tories for suggestions and help.

REFERENCES
1. Moon, R. T., and Kimelman, D. (1998) BioEssays 20, 536–545
2. Peifer, M., and Polakis, P. (2000) Science 287, 1606–1609
3. Wodarz, A., and Nusse, R. (1998) Annu. Rev. Cell Dev. Biol. 14, 59–88
4. Logan, C. Y., and Nusse, R. (2004) Annu. Rev. Cell Dev. Biol. 20, 781–810
5. Reya, T., and Clevers, H. (2005) Nature 434, 843–850
6. Clevers, H. (2006) Cell 127, 469–480
7. Moon, R. T., Kohn, A. D., De Ferrari, G. V., andKaykas, A. (2004)Nat. Rev.

Genet. 5, 691–701
8. He, X., Semenov,M., Tamai, K., andZeng, X. (2004)Development (Camb.)

131, 1663–1677
9. Glinka, A., Wu, W., Delius, H., Monaghan, A. P., Blumenstock, C., and

Niehrs, C. (1998) Nature 391, 357–362
10. Monaghan, A. P., Kioschis, P., Wu, W., Zuniga, A., Bock, D., Poustka, A.,

Delius, H., and Niehrs, C. (1999)Mech. Dev. 87, 45–56
11. Krupnik, V. E., Sharp, J. D., Jiang, C., Robison, K., Chickering, T. W.,

Amaravadi, L., Brown, D. E., Guyot, D., Mays, G., Leiby, K., Chang, B.,
Duong, T., Goodearl, A. D., Gearing, D. P., Sokol, S. Y., and McCarthy,
S. A. (1999) Gene (Amst.) 238, 301–313

12. Mao, B., Wu, W., Li, Y., Hoppe, D., Stannek, P., Glinka, A., and Niehrs, C.
(2001) Nature 411, 321–325

13. Semenov, M. V., Tamai, K., Brott, B. K., Kuhl, M., Sokol, S., and He, X.
(2001) Curr. Biol. 11, 951–961

14. Bafico, A., Liu, G., Yaniv, A., Gazit, A., andAaronson, S. A. (2001)Nat. Cell
Biol. 3, 683–686

15. Niehrs, C. (2006) Oncogene 25, 7469–7481
16. Li, L., Mao, J., Sun, L., Liu, W., and Wu, D. (2002) J. Biol. Chem. 277,

5977–5981
17. Brott, B. K., and Sokol, S. Y. (2002)Mol. Cell. Biol. 22, 6100–6110
18. Zhang, Y.,Wang, Y., Li, X., Zhang, J.,Mao, J., Li, Z., Zheng, J., Li, L., Harris,

S., and Wu, D. (2004)Mol. Cell. Biol. 24, 4677–4684
19. Mao, B.,Wu,W., Davidson, G., Marhold, J., Li, M., Mechler, B.M., Delius,

H., Hoppe, D., Stannek, P., Walter, C., Glinka, A., and Niehrs, C. (2002)
Nature 417, 664–667

20. Li, L., Yuan, H., Xie, W., Mao, J., Caruso, A. M., McMahon, A., Sussman,
D. J., and Wu, D. (1999) J. Biol. Chem. 274, 129–134

21. Hsu, S. C., Galceran, J., and Grosschedl, R. (1998) Mol. Cell. Biol. 18,
4807–4818

22. Li, L., Yuan, H., Weaver, C. D., Mao, J., Farr, G. H., III, Sussman, D. J.,
Jonkers, J., Kimelman, D., and Wu, D. (1999) EMBO J. 18, 4233–4240

23. Chen, L., Wang, K., Shao, Y., Huang, J., Li, X., Shan, J., Wu, D., and Zheng,
J. J. (2008) J. Biol. Chem. 283, 23364–23370

FIGURE 6. Specific involvement of Ser198 in Kremen binding. A and B, cells
were transfected with Kremen1 (A) or LRP6 (B) and assayed as described in
Fig. 1. C, cells were transfected with the Wnt reporter gene plasmid, and Wnt
activity was assayed as described in Fig. 4.

Kremen-binding Site on DKK1

AUGUST 22, 2008 • VOLUME 283 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 23375


