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DKK1 is a secreted protein that antagonizes Wnt signaling
and plays essential roles in vertebrate embryogenesis includ-
ing head induction, skeletal development, and limb pattern-
ing. DKK1 is also implicated in osteoporosis, arthritis, and
cancer and represents a potential therapeutic target for the
treatment of these diseases. DKK1 is a high affinity antago-
nistic ligand for LRP6, which is a Wnt coreceptor that acts
together with the Frizzled serpentine receptor to initiateWnt
signal transduction. Two different models have been pro-
posed to account for the mechanism by which DKK1 antago-
nizes LRP6 function. One model suggests that DKK1 binding
to LRP6 disrupts Wnt-induced Frizzled-LRP6 complex for-
mation, whereas the other model proposes that DKK1 inter-
action with LRP6 promotes LRP6 internalization and degra-
dation, thereby reducing the cell surface LRP6 level. To
clarify the molecular basis of DKK1 action, we examined how
DKK1 affects the endogenous LRP6 in several mammalian
cell lines including mouse embryonic fibroblasts. Here we
show that DKK1 inhibits Wnt signaling but induces neither
LRP6 down-regulation from the cell surface nor reduction of
total LRP6 protein level and that DKK1 has no effect on the
rate of continuous internalization of LRP6 and the half-life
(about 4.7 h) of LRP6. We conclude that DKK1 inhibition of
LRP6 is independent of LRP6 internalization and degradation.

Dickkopf1 (DKK1)3 is a secreted antagonist for Wnt sig-
naling and has emerged as a key regulatory molecule for
vertebrate embryonic development and human diseases (1).
DKK1 was identified as a head inducer in Xenopus embryos
(2), and loss-of-function studies have demonstrated its
essential role in vertebrate head/anterior development (2, 3).
In addition, DKK1 is involved in presomitic mesoderm and

vertebrae formation (4), the formation and maintenance of
the apical ectodermal ridge that directs limb patterning and
growth (2–5), and many other aspects of vertebrae embryo-
genesis (1). Furthermore, DKK1 involvement in modulation
of peak bone density (6, 7), joint remodeling (8), hair growth
(9), and suppression of cancer cell proliferation (10, 11) pro-
vides the basis for developing novel therapeutic approaches
for the treatment of osteoporosis, rheumatoid arthritis,
baldness, and cancer.
The diverse biological roles of DKK1 rely on its ability to

inhibit �-catenin signaling activated by the Wnt family of
secreted signaling proteins (4, 5, 12, 13). Wnt proteins engage
twodistinct classes of cell surface receptors.One is amember of
the Frizzled (Fz) family of seven-pass transmembrane recep-
tors, whereas the other is the LRP6 (low density lipoprotein
receptor-related protein 6) or its close relative, LRP5 (14–16).
In vitro biochemical studies suggest thatWnt induces Fz-LRP6
complex formation (17, 18), which is essential for Wnt signal
transduction (17, 19–22). DKK1 binds with high affinity to
LRP6 and LRP5 (18, 23, 24), and this binding is essential for the
ability of DKK1 to inhibit Wnt signaling (18).
DKK1 is the founding member of a conserved DKK family,

which includesmultiple members encoded in the genome of all
vertebrates and some invertebrates such as urochordates and
ascidians, but is noticeably missing from the Caenorhabditis
elegans and Drosophila genomes (1). Vertebrates have four
members in the DKK family (2, 25), which share two conserved
cysteine rich domains, CYS1 and CYS2 (2). The N-terminal
CYS1 domain is unique to DKK proteins but is not required
for the ability of DKK1 to inhibit Wnt signaling, and its func-
tion is not yet defined. The C-terminal CYS2 domain is able
to bind to LRP6 and LRP5 (18, 23, 24, 26, 27). How DKK1
binding to LRP6 leads to the inhibition of Wnt signaling
remains not fully resolved. Two substantially different mod-
els have been proposed to account for themechanism ofWnt
signaling inhibition by DKK1 (18, 28). One model, based on
the analysis of interactions between DKK1, LRP6, Wnt1, and
Fz8 proteins in vitro, suggests that DKK1 prevents LRP6
interaction with the Wnt protein and disrupts Wnt-induced
Fz8-LRP6 complex formation (18). Another model, based on
overexpression studies in mammalian cells, suggests that
DKK1 interaction with LRP6 induces LRP6 removal from the
cell surface and renders cells unresponsive to Wnt proteins
(28). To clarify the molecular mechanism of DKK1 action,
we examined how DKK1 regulates the endogenous LRP6 in
mammalian cells.
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EXPERIMENTAL PROCEDURES

Cell Culture—L cells (ATCC catalog no. CRL-2648), Rat2
cells (ATCCcatalog no.CRL-1764), andHEK293Tcells (ATCC
catalog no. CRL-11268) were obtained from ATCC. MEF cell
lines were provided by B. Skarnes and B. T. MacDonald. Cells
were grown in Dulbecco’s modified Eagle’s medium supple-
mentedwith 10%newborn calf serumor fetal bovine serum (for
MEFs) and antibiotics. DKK1 conditioned medium (CM) was
obtained by transient transfection of HEK293T cells with
DKK1 expression plasmid (29). Wnt3a CM and control CM
were collected from L cells stably transfected with a Wnt3a-
expressing plasmid (ATCC catalog no. CRL-2647) or untrans-
fected L cells as described by Willert et al. (30). All CMs were
cleared from cell debris via centrifugation for 10 min at
15,000 � g, aliquoted, and stored at �80 °C. Precipitation,
immunoblotting, and the cytosolic �-catenin assay were per-
formed as described earlier (18, 29).
Antibodies—LRP6 antibodies were raised against the entire

intracellular domain of human LRP6 and were affinity-purified
against the same LRP6 fragment. EGFR antibodies (Cell Signal-
ing, antibody no. 2232), �-catenin antibodies (Sigma, antibody
no. C2206), and avidin-HRP conjugate (Pierce, catalog no.
31001) were used according to manufacturers’ instructions.
LRP6/pcDNA3.1 plasmid was described earlier (31). EGF was
obtained from Peprotech (catalog no. 315-09).
Cell Surface Protein Labeling with Biotin—Cell surface pro-

tein labeling with biotin was performed in the cold room at
�4 °C using 0.5 mg/ml Sulfo-NHS-LC-Biotin (Pierce, catalog
no. 21335) or cleavable Sulfo-NHS-SS-Biotin (Pierce, catalog
no. 21331) (32). To remove cleavable biotin from cell surface
proteins, cells were treated with glutathione solution at alkali
pH (33, 34). Cell membrane proteins were extracted by 2% Tri-
ton X-100 in phosphate-buffered saline for 2 h on a rocking
platform. Cell extracts were cleared by centrifugation and
diluted four times with phosphate-buffered saline, and biotin-
ylated proteins were precipitated with immobilized NeutrAvi-
din protein (Pierce, catalog no. 29200) or with LRP6 antibodies
using GammaBind Sepharose (Amersham Biosciences, catalog
no. 17-0886-01).
Measuring LRP6 Half-life—To measure LRP6 half-life, L

cells were seeded on 10-cm dishes. On the second day, cell
surface proteins were biotinylated, and cells were returned
to the CO2 incubator and allowed to recover from the bioti-
nylation procedure for 2 h. Following the recovery period,
cells were incubated with DKK1 or control CMs for various
time points as indicated, and culture dishes with cells were
removed from the incubator, rinsed twice with ice-cold
phosphate-buffered saline, and placed in a �80 °C freezer.
Membrane proteins were extracted from all dishes at once,
and biotinylated proteins were precipitated with immobi-
lized NeutrAvidin protein. The precipitates were immuno-
blotted with avidin-HRP to detect changes in bulk biotinyla-
tion of cell surface proteins or with LRP6 antibodies to trace
the LRP6 turnover. Immunoblotting images were acquired
using LSA-3000 system (FujiFilm) and analyzed using NIH
Image software.

RESULTS

We used four different cell lines (HEK293T (human), Rat2
(rat), mouse L cells, and MEFs) to study the effect of DKK1 on
the endogenous LRP6 protein. These cell lines have been com-
monly used in studies of Wnt signaling. Wnt3a CM robustly
activated Wnt signaling in these cells as assayed by cytosolic
�-catenin stabilization (Fig. 1A), and DKK1 CM efficiently
blocked Wnt signaling in these cells (Fig. 1A), showing that all
cellular components required for the inhibition of Wnt signal-
ing by DKK1 are present in each of these cells. We used rabbit
polyclonal antibodies (Abs) to examine the endogenous LRP6
protein. These Abs recognized two bands of molecular mass of
200 and 210 kDa on immunoblotting of the cell extract of
HEK293T cells that overexpressed LRP6 and also detected the
same sized bands of much lower levels in the cell extract from
control-transfected HEK293T cells, which presumably repre-
sent the endogenous LRP6 in these cells (Fig. 1B). Importantly,
these Abs detected two bands of the same sizes in the extract of
the wild-typeMEFs, but not of LRP6�/� MEFs (Fig. 1C). These
results demonstrated that the Abs specifically recognize the
endogenous LRP6 protein.
We first studied whether DKK1 affects the total LRP6 pro-

tein level. L cells were treated with DKK1 for different lengths
of time, and cell extracts from control and DKK1-treated cells

FIGURE 1. DKK1 does not affect the amount of endogenous LRP6. A, DKK1
inhibits signaling by Wnt3a in L, Rat2, and MEF cells. L cells (panel a), Rat2 cells
(panel b), and MEFs (panel c) were incubated for 2 h with control CM (lane 1),
Wnt3a CM mixed with control CM (lane 2), or Wnt3a CM mixed with DKK1 CM
(lane 3). Cytosolic fractions were obtained and analyzed by immunoblotting
with �-catenin antibodies. B, LRP6 antibodies recognize LRP6 overexpressed
in HEK293T cells. Total cell lysates of HEK293T transfected with control (lane 1)
or LRP6-expressing plasmid (lane 2) were analyzed by immunoblotting with
LRP6 antibodies. The same sized bands of much weaker intensity in the con-
trol lysate likely represent the endogenous LRP6. C, LRP6 antibodies recog-
nize bands with a molecular mass of �200 and 210 kDa in the total lysate of
the wild-type MEFs (lane 1) but not of Lrp6�/� MEFs (lane 2). Arrowheads
indicate nonspecific bands recognized by secondary antibodies. WT, wild-
type. D, DKK1 treatment of L cells does not lead to any decrease in the endog-
enous LRP6 protein level. L cells were treated with DKK1 CM for different
lengths of time as indicated, and total cell lysates were obtained and analyzed
with LRP6 (panel a) or �-catenin (panel b) antibodies. �-catenin and nonspe-
cific bands (arrowheads) serve as loading controls.
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were analyzedwith the LRP6Abs.We found that the amount of
the endogenous LRP6 showed no appreciable changes upon
DKK1 treatment, regardless of the length of the treatment
(from 15 min to 12 h (Fig. 1D, panel a). And as expected, we
observed no changes in the cytosolic �-catenin levels following
DKK1 treatment (Fig. 1D, panel b).

We next studied whether DKK1 affects the amount of
LRP6 on the cell surface. Cells were treated with DKK1 CM
for different lengths of time. After DKK1 treatment, cell sur-
face proteins were biotinylated, extracted and precipitated
with avidin-agarose beads, and immunoblotted for LRP6
protein. We found that DKK1 treatment for up to 4 h did not
affect the amount of LRP6 on the cell surface in L, Rat2, and
MEF cells at any time point (Fig. 2A). Similarly, DKK1 treat-
ment had no effect on the cell surface and total LRP6 level in
HEK293T cells (Fig. 2B). To confirm that the technique we
employed was adequate to detect ligand-induced cell surface
receptor down-regulation, we treated Rat2 cells with EGF for
15 min and found that such treatment caused a dramatic
reduction of the EGFR amount on the cell surface (Fig. 2C) as
previously demonstrated (35).
We further examined whether DKK1 has any effect on the

rate of LRP6 internalization. We labeled surface proteins of L
cells with a reversible biotinylating agent, Sulfo-NHS-SS-Bio-
tin, and treated these labeled cells with DKK1 for different
lengths of time to allow internalization of cell surface proteins
including LRP6. After the treatment, biotin was removed from
all proteins remaining on the cell surface (33). During DKK1

treatment, internalized cell surface proteins, including LRP6,
become protected from the biotin removal procedure. These
proteins were extracted and precipitated with avidin-agarose
beads and analyzed by immunoblotting (Fig. 3A). We found
that in control cells, a small portion of LRP6 remained biotiny-
lated after biotin removal from proteins on the cell surface,
showing that LRP6 is continuously internalized even in the
absence of DKK1 (Fig. 3A, lanes 1 and 2). Importantly, the
amount of internalized LRP6 did not change in the presence of
DKK1 regardless of the length of the DKK1 treatment, showing
that DKK1 did not affect the internalization rate of the endog-
enous LRP6 (Fig. 3A). At the same time, in the control experi-
ment, we found that EGF treatment of Rat2 cells for 15 min
resulted in the internalization of a significant portion of the
endogenous EGFR (Fig. 3B).
To study the effect of DKK1 on the turnover rate of LRP6 on

the plasmamembrane, we biotinylated cell surface proteins of L
cells (i.e. pulse) and incubated these cells for different lengths of
time with control or DKK1 CM (i.e. chase). Biotinylated pro-
teins were extracted, precipitated with avidin-agarose beads,
and immunoblotted with the LRP6 Abs. In these “pulse-chase”
experiments, we found that the extent and dynamics of LRP6
turnover were similar in cells treatedwith control or DKK1CM
(Fig. 4,A and B), with the half-life of LRP6 �4.7 � 0.7 h in both
cases. We did not observe any significant changes in the bioti-
nylation levels of major cell surface proteins even after 8 h (Fig.
4A, panel c), showing that the half-life of LRP6 is significantly
shorter than these major cell surface proteins.

FIGURE 2. DKK1 does not affect the cell surface LRP6 level. A, DKK1 does
not affect the cell surface LRP6 level in L (panel a), Rat2 (panel b), and MEF
(panel c) cells. After cells were treated with DKK1 CM for the indicated period
of time, cell surface proteins were biotinylated, extracted and precipitated
with avidin-agarose beads, and analyzed for the presence of LRP6 protein by
immunoblotting. B, DKK1 does not affect the cell surface or total LRP6 level in
HEK293T cells. HEK293T cells were untreated (lane 1) or treated with DKK1 CM
for 2 h (lane 2), and cell surface proteins were biotinylated, extracted, and
precipitated with LRP6 antibodies. The amount of LRP6 on the cell surface
was determined via immunoblotting with avidin-HRP (panel a), and the total
amount of LRP6 in precipitates was determined with the LRP6 antibodies
(panel b). C, EGF induces rapid down-regulation of EGFR on the cell surface.
Rat2 cells were untreated (lane 1) or treated with 100 ng/ml EGF for 15 min
(lane 2), and cell surface proteins were biotinylated, extracted, precipitated
with avidin-agarose beads, and analyzed for the presence of EGFR (panel a) or
LRP6 (panel b) by immunoblotting. Cell extracts were also analyzed for the
total EGFR (panel c) and LRP6 (panel d) proteins.

FIGURE 3. DKK1 does not affect LRP6 internalization rate. A, cell surface
proteins of L cells were biotinylated with a reversible biotinylation agent, and
cells were incubated with DKK1 CM for the indicated periods of time to allow
the internalization of cell surface proteins including LRP6 to occur. The bio-
tinylated proteins that remain on the surface were stripped of biotin via a
reducing agent that is unable to permeabilize the plasma membrane (lanes
2– 6). Internalized cell surface proteins that were protected from biotin strip-
ping were precipitated with avidin-agarose beads and analyzed by immuno-
blotting with LRP6 antibodies. Lane 1, control treatment without the reducing
agent. B, EGF induces rapid internalization of EGFR. Cell surface proteins of
Rat2 cells were biotinylated with the same reversible biotinylation agent. The
cells were incubated with or without 100 ng/ml EGF for 15 min as indicated
and were stripped of biotin via the same reducing agent as above (lanes 1 and
2) or were left unstripped (lanes 3 and 4). Biotinylated proteins were precipi-
tated with avidin-agarose beads, and the EGFR amount in precipitates (panel
a) or cell lysates (panel b) was analyzed by immunoblotting with EGFR anti-
bodies. IP, immunoprecipitation.
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To exclude the possibility that biotinylation altered LRP6
properties, we determined the extent of LRP6 biotinylation in
our experiments and whether biotinylation of cell surface pro-
teins affects signaling by Wnt3a and inhibition by DKK1. We
found that the majority of LRP6 molecules on the cell surface
became biotinylated in our experiments (Fig. 5A). We also
found that Wnt3a induced the same elevation of cytosolic
�-catenin at different time points in control cells and cells sub-
jected to biotinylation (Fig. 5B, panel a). In addition, biotinyla-
tion did not affect Wnt3a induction of LRP6 phosphorylation
(Fig. 5B, panel c), which reflects LRP6 activation (36). Addition
ofDKK1 toWnt3aCMcaused complete inhibition of�-catenin
accumulation and LRP6 phosphorylation in both control and
biotinylated cells, showing that biotinylation had no adversary
effect on DKK1 inhibitory activity (Fig. 5B, lanes 5 and 10).
Thus biotinylation did not cause changes in signaling proper-
ties of LRP6 on the cell surface.
We also examined whether DKK1 pretreatment would

reduce cell responsiveness to Wnt3a, a predicted outcome if

DKK1 induces LRP6 removal from
the cell surface and its degradation.
WepretreatedRat2 cells withDKK1
CM for different amounts of time
(Fig. 4C, lanes 3–6) and then stimu-
lated these cells with Wnt3a CM
(lanes 2–6). We found that Wnt3a-
induced �-catenin stabilization was
not affected by prior DKK1 treat-
ment ranging from 15 min to 2 h
(Fig. 4C). We also found that the
same DKK1 pretreatment did not
enhance or sensitizeWnt inhibition
by a subsequent addition ofDKK1 at
different doses (Fig. 4D). To ensure
that DKK1 CM maintained its Wnt
inhibitory activity during the 2-h
pretreatment period, we treated
Rat2 cells for 2 h with DKK1 CM
and then removed the DKK1 CM,
mixed it with Wnt3a CM, and
applied it to naive Rat2 cells (Fig.
4E). We found that incubation of
DKK1 for 2 h with cells did not
affect DKK1 ability to block Wnt3a
activity when compared with the
fresh DKK1 CM (Fig. 4E). Together
these results demonstrate that
DKK1 treatment does not reduce
Wnt responsiveness and are con-
sistent with the notion that DKK1
relies on direct competition to
antagonize Wnt3a via binding to
LRP6but not onLRP6 removal from
the cell surface.

DISCUSSION

DKK1 is a prototypicWnt signal-
ing inhibitor that binds to and

antagonizes the function of LRP6 (18, 23, 24). DKK1 is critical
for vertebrate development and is implicated in several human
diseases including cancer and osteoporosis (1) and is of signif-
icant therapeutic interests. But how DKK1 antagonizes LRP6
function has not yet been fully resolved. One popular view that
has been widely cited in the literature is that DKK1 induces
LRP6 internalization from the cell surface and subsequent
LRP6 degradation, thereby rendering cells less or nonrespon-
sive toWnt signaling (28). In this study, we provide several lines
of evidence demonstrating that DKK1 inhibition ofWnt signal-
ing is independent of LRP6 internalization and degradation.
Using rabbit polyclonal Abs that specifically recognize the
endogenous LRP6 (Fig. 1), we examined the effect of DKK1 on
LRP6 in several mammalian cell lines including HEK293T,
Rat2, L, and MEF cells. Each of these cell types is responsive to
Wnt activation and to DKK1 inhibition and is commonly used
in Wnt signaling studies. Contrary to the prevailing view, we
found that DKK1 affects none of the following: (i) the total
LRP6 protein level (Fig. 1); (ii) the amount of LRP6 on the cell

FIGURE 4. DKK1 does not affect LRP6 turnover on the cell surface, and DKK1 pretreatment does not affect
cellular responsiveness to Wnt3a. A, cell surface proteins of L cells were biotinylated first, and the cells were
incubated for the indicated period of time with control (panel a) or DKK1 CM (panel b). Biotinylated cell surface
proteins were extracted and precipitated with avidin-agarose beads, and the LRP6 amount in precipitates was
determined by immunoblotting with LRP6 antibodies. Lysates obtained from cells treated with control CM
were also immunoblotted with avidin-HRP to detect all biotinylated cell surface proteins (panel c). The asterisk
is the position corresponding to LRP6 protein. B, graphic representation of averaged results obtained from four
independent experiments as in A. The starting amount of biotinylated LRP6 at zero hour is set as 1. C, DKK1
pretreatment does not affect cell responsiveness to Wnt3a. Rat2 cells were untreated (lanes 1 and 2) or pre-
treated with DKK1 CM for the indicated period of time (lanes 3– 6). Control or DKK1 CM was replaced (lanes 2– 6)
with Wnt3a CM and incubated for 2 h. After incubation, cytosolic fractions were obtained and analyzed for
�-catenin protein amount by immunoblotting. Nonspecific bands (arrowheads) served as loading controls.
D, DKK1 pretreatment does not sensitize Wnt inhibition by subsequent DKK1 treatment. Rat2 cells were
untreated (lanes 1 and 2) or pretreated with DKK1 CM for the indicated period of time (lanes 3– 6). Control or
DKK1 CM was replaced with Wnt3a CM (lane 2) or with Wnt3a CM plus DKK1 CM mixed at different ratios (lanes
3– 6, panels a– c) and incubated for 2 h. After incubation, cytosolic fractions were obtained and analyzed for
�-catenin protein amount by immunoblotting. E, DKK1 remains active after incubation for 2 h with cells. Rat2
cells were untreated (lane 1), treated with Wnt3a CM alone (lane 2), with Wnt3a CM plus fresh DKK1 CM (lane 3),
or with Wnt3a CM plus used DKK1 CM (*) that had been preincubated with other Rat2 cells for 2 h (lane 4). After
a 2-hour incubation, cytosolic fractions were obtained and analyzed for �-catenin protein amount by
immunoblotting.
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surface (Fig. 2); (iii) the rate of LRP6 internalization, which
appears to be constitutive (Fig. 3); or (iv) the half-life of LRP6 on
the cell surface (Fig. 4). Furthermore, we found that prior treat-
mentwithDKK1has no effect on theWnt responsiveness of the
cell, further implying that the cell surface LRP6 level is not
significantly reduced by DKK1 (Fig. 4).
The model that DKK1 down-regulates the LRP6 cell surface

level was derived from a study of a putative DKK1 receptor,
Kremen2 (Krm2), which is a transmembrane protein (28).
DKK1 treatment of HEK293T cells that overexpressed both
LRP6 and Krm2 induced the removal of overexpressed LRP6
from the cell surface and a significant decrease of the total over-
expressed LRP6 amount (28). These results led to the sugges-
tion thatDKK1might trigger LRP6 internalization from the cell
surface via the formation of a ternary complex involving DKK1,
LRP6, and Krm2 and subsequent LRP6 degradation (28). How-
ever, the role of Krm2 inDKK1-induced LRP6 “internalization”
has been rather obscure, as a Krm2 mutant, which lacks the
intracellular and the transmembrane domains but is tethered to
the plasma membrane via a glycosylphosphatidylinositol
anchor, is functionally indistinguishable from the wild-type

Krm2 (28). This result suggests that the Krm2 intracellular
domain is dispensable for LRP6 internalization. Recently,
the same group (37) showed that Krm2 binds to LRP6
directly in the absence of DKK1 and promotes LRP6 cell
surface localization and LRP6 signaling. Therefore, the role
of Krm2 in the regulation of LRP6 cell surface expression
appears to be complex and requires further clarification.
Regardless of whether or how Krm2 regulates LRP6 in the
absence or presence of DKK1, our study of the endogenous
LRP6 protein provides compelling evidence that DKK1
antagonizes LRP6 function via a mechanism that is inde-
pendent of LRP6 internalization and degradation. In fact,
our data are fully compatible with the view that DKK1 com-
petes directly with Wnt proteins for LRP6 binding, thereby
disruptingWnt-induced Fz-LRP6 complex formation as pre-
viously demonstrated (18). We further note that, as various
models have been proposed on the regulation of LRP6 endo-
cytosis and signaling kinetics using LRP6 overexpression,
our results highlight potential critical differences between
the behavior of overexpressed versus the endogenous LRP6
and underscore the importance of studying the endogenous
LRP6, such as by this and other studies (21, 38, 39).
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