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The c-myb proto-oncogene product (c-Myb) regulates both the proliferation and apoptosis of hematopoietic
cells by inducing the transcription of a group of target genes. However, the biologically relevant molecular
mechanisms that regulate c-Myb activity remain unclear. Here we report that c-Myb protein is phosphorylated
and degraded by Wnt-1 signal via the pathway involving TAK1 (TGF-�-activated kinase), HIPK2
(homeodomain-interacting protein kinase 2), and NLK (Nemo-like kinase). Wnt-1 signal causes the nuclear
entry of TAK1, which then activates HIPK2 and the mitogen-activated protein (MAP) kinase-like kinase NLK.
NLK binds directly to c-Myb together with HIPK2, which results in the phosphorylation of c-Myb at multiple
sites, followed by its ubiquitination and proteasome-dependent degradation. Furthermore, overexpression of
NLK in M1 cells abrogates the ability of c-Myb to maintain the undifferentiated state of these cells. The
down-regulation of Myb by Wnt-1 signal may play an important role in a variety of developmental steps.
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The c-myb proto-oncogene is the cellular progenitor of
the v-myb oncogenes carried by the chicken retroviruses
AMV (avian myeloblastosis virus) and E26 (Klempnauer
et al. 1982). c-myb is highly expressed in immature he-
matopoietic cells, but this expression is turned off during
terminal differentiation (Gonda and Metcalf 1984).
Analysis of c-myb-deficient mice showed that c-myb is
essential for the proliferation of immature hematopoi-
etic cells and early T-cell development (Mucenski et al.
1991; Allen et al. 1999). The myb gene is well conserved
in many species. For example, Drosophila melanogaster
has one myb gene (dmyb) that is required in diverse cel-
lular lineages throughout the course of development
(Katzen et al. 1998; Okada et al. 2002). c-Myb is a tran-
scriptional activator that recognizes a specific DNA se-
quence (Biedenkapp et al. 1988; Ness et al. 1989; Sakura
et al. 1989; Weston and Bishop 1989). Several c-Myb tar-
get genes, including c-myc, are involved in cell cycle

control, lineage commitment in differentiation, and
blockage of apoptosis (Ness et al. 1989; Nakagoshi et al.
1992; Frampton et al. 1996; Taylor et al. 1996; Kowenz-
Leutz et al. 1997; Schmidt et al. 2000). c-Myb has three
functional domains that are responsible for DNA bind-
ing, transcriptional activation, and negative regulation,
respectively (Sakura et al. 1989). The DNA-binding do-
main (DBD) in the N-terminal region of c-Myb consists
of three imperfect tandem repeats of 51–52 amino acids,
each containing a helix–turn–helix variation motif
(Ogata et al. 1994). The transcriptional coactivator CBP
binds to the transcriptional activation domain to medi-
ate trans-activation (Dai et al. 1996). Deletion of the
negative regulatory domain (NRD), which is located in
the C-terminal portion of the molecule, increases both
the trans-activation and transformation capacity of the
molecule, which suggests that the NRD normally re-
presses c-Myb activity (Sakura et al. 1989; Hu et al. 1991;
Dubendorff et al. 1992; Kanei-Ishii et al. 1992).

The function of some nuclear oncogene products can
be regulated by certain signaling pathways, including
those using multiple kinases. For instance, Jun activity
is enhanced by its phosphorylation by JNK/p38, whereas
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NF-�B is recruited into the nucleus when I�B is phos-
phorylated by I�B kinase and then degraded (for review,
see Ghosh and Karin 2002; Weston and Davis 2002). In
contrast, the specific signaling pathways that regulate
c-Myb activity are at present unclear. It is possible that
c-Myb activity may also be regulated by phosphorylation
as casein kinase II phosphorylates c-Myb at a site up-
stream of the DBD and thereby inhibits its DNA binding
(Lüscher et al. 1990). However, although the removal of
this phosphorylation site was initially speculated to cor-
relate with the oncogenic activation of c-Myb (Lüscher
et al. 1990), it was shown later that it is actually the
removal of the neighboring first DBD repeat, which sta-
bilizes the Myb–DNA complex (Tanikawa et al. 1993),
that is required for the oncogenic activation of c-Myb
(Dini and Lipsick 1993). Also suggesting that c-Myb ac-
tivity may be regulated by phosphorylation is that the
42-kD mitogen-activated protein kinase (p42MAPK)
phosphorylates c-Myb in vitro at the Ser 528 residue in
its NRD, and that the Ala mutant of this site has higher
trans-activation activity than does wild-type c-Myb
(Aziz et al. 1995). However, the biological significance of
this phosphorylation event is at present unclear. Pim-1
kinase, the expression of which is induced by a number
of cytokines, also enhances c-Myb activity in combina-
tion with the putative coactivator p100 (Leverson et al.
1998). However, it is unknown whether the specific cy-
tokines that can induce Pim-1 kinase also enhance c-
Myb. It is also not clear how Pim-1 kinase regulates the
c-Myb activity.

The Wnt proteins belong to a large family of secreted
signaling molecules that direct growth and cell fates in
processes as diverse as embryonic segmentation, limb
development, and CNS patterning (Wodarz and Nusse
1998; Peifer and Polakis 2000). When the Wnt molecules
are secreted and bind to Frizzled (Fz) receptors and the
LRP coreceptors (Wodarz and Nusse 1998; Peifer and Po-
lakis 2000; Pandur and Kuhl 2001), the disheveled pro-
tein becomes phosphorylated and can then associate
with axin and APC (adenomatous polyposis coli) to
block glycogen synthetase kinase 3� (GSK3�) activity
(Zeng et al. 1997; Behrens et al. 1998). In the absence of
Wnt stimulation, GSK3� phosphorylates �-catenin, re-
sulting in the ubiquitination of �-catenin and its destruc-
tion by the proteasome (Jiang and Struhl 1998; Winston
et al. 1999). However, when the Wnt pathway is acti-
vated and GSK3� is inhibited, �-catenin accumulates
and forms complexes with members of the TCF (T-cell
factor)/LEF (lymphoid enhancer factor) transcription fac-
tor family (Behrens et al. 1996). These complexes then
regulate the expression of various target genes (Behrens
et al. 1996).

Recent evidence indicates that the Wnt/�-catenin sig-
naling pathway is regulated by a mitogen-activated pro-
tein kinase (MAPK) pathway composed of the MAPKKK
(MAP kinase kinase kinase)-type kinase transforming
growth factor (TGF)-�-activated kinase (TAK1) and the
MAP kinase (MAPK)-type kinase NLK (Nemo-like ki-
nase). TAK1 is activated by various cytokines, including
TGF-� family ligands and interleukin 1 (IL-1; Yamaguchi

et al. 1995; Ninomiya-Tsuji et al. 1999). The TAB1 pro-
tein is a specific partner of TAK1 and promotes TAK1
autophosphorylation (Shibuya et al. 1996; Kishimoto et
al. 2000). Recently, TAK1 and TAB1 homologs encoded
by the mom-4 and tap-1 genes, respectively, have been
identified in Caenorhabditis elegans (Meneghini et al.
1999). Genetic analysis has shown that MOM-4 and
TAP-1 regulate Wnt signaling in C. elegans by activating
the MAPK-like LIT-1, a C. elegans homolog of NLK (Me-
neghini et al. 1999; Rocheleau et al. 1999; Shin et al.
1999). This is consistent with the observation that coex-
pression of TAK1 and TAB1 in mammalian cells can
activate NLK, and that the TAK1–NLK MAPK pathway
regulates Wnt signaling by phosphorylating TCF in
mammalian cells (Ishitani et al. 1999). However, the
components of the signaling pathway between TAK1
and NLK have not yet been defined. In addition, it is not
clear whether the TAK1–NLK pathway targets only the
TCF/LEF transcription factors.

Here, we demonstrate that the c-Myb protein is phos-
phorylated and degraded via the pathway involving
TAK1, HIPK2, and NLK upon Wnt-1 stimulation.

Results

c-Myb binds to two kinases, HIPK2 and NLK

To identify the regulator that binds to c-Myb, we per-
formed yeast two-hybrid screening of a mouse embryo
library using the c-Myb mutant protein lacking its tran-
scriptional activation domain (�TA) as the bait. This
yielded 109 clones. Sequence analysis indicated that 30
of these encoded a fragment (amino acids 757–896) of
homeodomain-interacting protein kinase 2 (HIPK2; Fig.
1A). HIPK2 was originally identified as Nkx-1.2 homeo-
protein-interacting protein and contains a kinase domain
(Kim et al. 1998). We also performed yeast two-hybrid
screening to identify the NLK-binding protein by using
the NLK protein lacking the N-terminal 123 amino ac-
ids. The three clones that were isolated also encoded a
fragment (amino acids 655–920) of HIPK2 (Fig. 1A).
These observations suggest that HIPK2 binds to c-Myb
together with NLK. We then examined the in vitro bind-
ing of c-Myb to these two kinases. GST pull-down assays
with GST–HIPK2 fusion protein (GST–HIPK2C) indi-
cated that in vitro-translated c-Myb binds efficiently to
HIPK2 (Supplementary Fig. 1; see also the summary of
these results in Fig. 1B). GST pull-down assays with vari-
ous c-Myb mutants also indicated that repeats 2 and 3 in
the DBD of c-Myb were responsible for the binding to
HIPK2. GST pull-down assays with GST–NLK also re-
vealed that NLK binds to repeats 2 and 3 in the DBD of
c-Myb (Supplementary Fig. 2; see also the summary of
these results in Fig. 1B). In addition, we showed that in
vitro-translated NLK also binds efficiently to the GST–
HIPK2 fusion protein (Fig. 1C). That c-Myb, HIPK2, and
NLK all interact directly with each other suggests that
these two kinases bind together to c-Myb. To confirm
that c-Myb and these two kinases associate in vivo, co-
immunoprecipitation of endogenous proteins in Molt-4
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cell lysates was performed (Fig. 1D). Anti-NLK and anti-
HIPK2 antibodies coprecipitated c-Myb, whereas normal

IgG did not. To further examine whether c-Myb, HIPK2,
and NLK form a complex two-step coimmunoprecipita-
tion was performed (Fig. 1E). In this experiment, the c-
Myb 15A mutant, in which the Ser and Thr residues
linked to Pro at 15 sites were mutated to Ala, was used.
This mutant c-Myb is resistant to the HIPK2- and NLK-
induced degradation. 293 cells were transfected with the
expression plasmids for the c-Myb 15A mutant, Flag-
HIPK2, and HA-NLK, and the prepared cell lyastes were
first immunoprecipitated with anti-Flag antibody. This
immunocomplex was eluted by anti-Flag peptide and
confirmed to contain c-Myb and HA-NLK in addition to
Flag-HIPK2. The Flag-peptide eluates were then immu-
noprecipitated with anti-HA or control IgG. The anti-HA
immunocomplex contained c-Myb, but the IgG complex
did not. Thus, c-Myb, HIPK2, and NLK can form a com-
plex.

HIPK2 functions between TAK1 and NLK

We previously demonstrated that the MAPKKK TAK1
activates the MAPK-like kinase NLK in a signaling path-
way (Ishitani et al. 1999). However, TAK1 does not di-
rectly interact with NLK (Ishitani et al. 1999), suggesting
that an unidentified molecule functions between TAK1
and NLK in the pathway. That HIPK2 interacts in vitro
with NLK (Fig. 1C) suggests that HIPK2 may act up-
stream to activate NLK and thus may be the missing
molecule in the TAK1–NLK signaling pathway. To ex-
plore this possibility, we investigated whether HIPK2
physically interacts with NLK within cultured cells (Fig.
2A). Flag-tagged HIPK2 was coexpressed together with
HA-tagged NLK in 293 cells, and cell lysates were im-
munoprecipitated with anti-Flag antibody. Analysis of
the immunoprecipitates by Western blotting with anti-
HA antibody revealed that HIPK2 associates with NLK
(Fig. 2A, top panel, middle lane). A kinase-negative form
of HIPK2, HIPK2-K221R, also interacts with NLK (Fig.
2A, top panel, rightmost lane), indicating that HIPK2
binds to NLK in a manner that is independent of the
kinase activity of HIPK2.

We next tested whether HIPK2 phosphorylates NLK
(Fig. 2B). HA-tagged kinase-negative NLK (HA-NLK-
K155M) and Flag-HIPK2 were coexpressed in 293 cells.
Cell lysates were immunoprecipitated with anti-Flag an-
tibody, followed by immunoblotting and an in vitro ki-
nase assay. NLK-K155M was detected in HIPK2 immu-
noprecipitates (Fig. 2B, middle panel, right lane). When
the immunoprecipitates were incubated with [�-32P]ATP,
NLK-K155M became phosphorylated (Fig. 2B, top panel,
right lane). Thus, HIPK2 appears to interact with and
phosphorylate NLK. We then determined whether NLK
can be activated by HIPK2 (Fig. 2C). To this end, wild-
type or kinase-negative HA-NLK was coexpressed in 293
cells together with increasing amounts of Flag-HIPK2.
HA-NLK protein was immunoprecipitated from the
cell lysates with anti-HA antibody, and the ability of
these precipitates to autophosphorylate was measured.
HIPK2 weakly phosphorylated the kinase-negative NLK,
whereas the degree of phosphorylation of wild-type NLK

Figure 1. HIPK2 and NLK bind to c-Myb. (A,B) HIPK2 and
NLK bind to the DBD of c-Myb. (A) The domain structure of
HIPK2 and the clones isolated by yeast two-hybrid screening
using c-Myb�TA or NLK as bait. (B) The various c-Myb mutants
used in the GST pull-down assays and the summary of the re-
sults of these assays (shown in Supplementary Figs. 1, 2). (C)
NLK binds to HIPK2. (Left) The GST–HIPK2C and GST–NLK
fusion proteins used in the binding assays were analyzed by
SDS-PAGE followed by Coomassie blue staining. (Right) The
binding of in vitro-translated NLK to GST–HIPK2C. In the in-
put lanes, the amount of NLK was 10% of that used for the
binding assay. (D) Endogenous c-Myb is coimmunoprecipitated
with antibodies to NLK or HIPK2. Lysates from Molt-4 cells
were precipitated with the antibody shown above, and the im-
munocomplexes were analyzed by Western blotting with the
anti-c-Myb antibody. (E) Two-step coimmunoprecipitation of
the complex containing HIPK2, c-Myb, and NLK. Lysates from
293 cells, which were transfected with plasmids to express Flag-
HIPK2, c-Myb-15A, and HA-NLK, were first precipitated with
anti-Flag antibody, eluted with Flag peptide, and eluates were
analyzed by Western blotting with the antibodies indicated on
the left. The eluates were then immunoprecipitated with anti-
HA antibody or control IgG, followed by Western blotting.
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was much higher than that of kinase-negative NLK, in-
dicating that NLK autophosphorylation was stimulated
by HIPK2. The NLK immunoprecipitates were also as-
sayed by using bacterially expressed GST–LEF-1 as a sub-
strate to confirm that the enhanced autophosphorylation
is a reflection of enhanced NLK activity. HIPK2 en-
hanced the NLK-mediated phosphorylation of GST–LEF-
1, whereas the NLK–HIPK2 immunocomplex containing
the kinase-negative NLK did not phosphorylate GST–
LEF-1. Thus, HIPK2 is a direct activator of NLK. These
observations suggest that HIPK2 participates in the
TAK1–NLK signaling pathway as an intermediate kinase
between TAK1 and NLK. When in vitro kinase assays
were performed by using the HIPK2–NLK complex con-
taining the NLK mutants, HIPK2 similarly phosphory-
lated the two kinase-negative mutants (K155M) contain-
ing normal or mutated phosphorylation site in the T-
loop (T286V; Fig. 2D), suggesting that HIPK2 does not
directly phosphorylate the site in the T-loop. Because the
T-loop of NLK is required for the autophosphorylation
(Brott et al. 1998), the phosphorylation of uncharacter-
ized site(s) by HIPK2 may induces its autophosphoryla-
tion, which leads to the phosphorylation of the site in
the T-loop.

We next tested whether TAK1 phosphorylates HIPK2
(Fig. 2E). We have previously shown that coexpression of
TAK1 and the TAK1 binding protein TAB1 strongly ac-
tivates TAK1 (Shibuya et al. 1996). Thus, active TAK1
was isolated from 293 cells expressing wild-type TAK1
and TAB1. The active TAK1 molecules were then incu-
bated with [�-32P]ATP and bacterially expressed GST–
HIPK2. TAK1 phosphorylates HIPK2 in vitro (Fig. 2E,
middle lane), and this phosphorylation is dependent on
the kinase activity of TAK1 (Fig. 2E, rightmost lane).
However, we failed to detect the activation of HIPK2
kinase activity by TAK1 (data not shown). Thus, it re-
mains to be determined whether TAK1 is a direct acti-
vator of HIPK2.

The TAK1–HIPK2–NLK pathway inhibits c-Myb
activity upon Wnt-1 stimulation

To examine whether the pathway involving TAK1,
HIPK2, and NLK regulates c-Myb-induced transcrip-
tional activation, we performed cotransfection assays us-
ing the CAT reporter containing the c-myc promoter (pc-
mycCAT), which is one of the c-Myb targets (Fig. 3; Na-
kagoshi et al. 1992; Schmidt et al. 2000). TAK1 is

Figure 2. HIPK2 functions between TAK1 and NLK in the sig-
naling pathway. (A) NLK is coimmunoprecipitated with HIPK2.
293 cells were transfected with expression vectors encoding
Flag-tagged wild-type (WT) or kinase-negative mutant (K221R)
HIPK2 together with HA-NLK. Cell lysates were immunopre-
cipitated (IP) with anti-Flag antibody, and the immunocom-
plexes were analyzed by Western blotting with anti-HA anti-
body (top) or anti-Flag antibody (middle). (Bottom) The amount
of HA-NLK in the whole cell extracts is also shown. (B) HIPK2
phosphorylates NLK. 293 cells were transfected with expression
vectors for Flag-HIPK2 together with HA-tagged kinase-nega-
tive NLK (HA-NLK-KN). (Top) Cell lysates were immunopre-
cipitated with anti-Flag antibody, and the immunocomplexes
were subjected to the in vitro kinase assay. The amount of HA-
NLK-KN in the anti-Flag immunoprecipitates (middle) and the
whole-cell extracts (bottom) are shown. (C) HIPK2 enhances
NLK kinase activity. 293 cells were transfected with expression
vectors for wild-type or kinase-negative HA-NLK together with
various amounts of Flag-HIPK2. (Top) Cell lysates were immu-
noprecipitated with anti-HA antibody and subjected to the in
vitro kinase assay with bacterially expressed GST–LEF-1 as an
exogenous substrate. (Bottom) The amount of immunoprecipi-
tated HA-NLK is shown. (D) HIPK2 does not phosphorylate the
site in the T-loop of NLK. 293 cells were transfected with ex-
pression vectors for kinase-negative (K155M) HA-NLK contain-
ing the normal or mutated (T286V) T-loop together with Flag-
HIPK2. (Top) Cell lysates were immunoprecipitated with anti-
HA antibody and subjected to the in vitro kinase assay. (Bottom)
The amounts of immunoprecipitated HA-NLK and Flag-HIPK2
are shown. (E) TAK1 phosphorylates HIPK2. 293 cells were
transfected with the expression vectors for TAB1 and HA-tagged
wild-type (WT) or kinase-negative mutant (KN) TAK1 and im-
munoprecipitated with anti-HA antibody. The immunoprecipi-
tates were subjected to an in vitro kinase assay using bacterially
expressed GST–HIPK2 as a substrate.
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activated by Wnt proteins, TGF-�, TNF-�, and IL-1
(Yamaguchi et al. 1995; Meneghini et al. 1999;
Ninomiya-Tsuji et al. 1999; Rocheleau et al. 1999; Shin
et al. 1999). Therefore, we first investigated the effect of
these stimuli on c-Myb-dependent trans-activation in
CV-1 cells. We also performed the same experiments
with the TGF-�-responsive cell line HepG2. Coexpres-
sion of the pc-myc-CAT reporter with the c-Myb expres-
sion plasmid enhanced CAT expression ∼10.1- and 6.9-
fold in CV-1 and HepG2 cells, respectively. When Wnt-1
was coexpressed, this c-Myb-dependent CAT expression
was inhibited in a manner that was dependent on the
dose of Wnt-1 (Fig. 3A). However, TGF-�, TNF-�, or IL-1
did not inhibit the c-Myb-dependent CAT expression
from the c-myc promoter (Fig. 3B,C). The control experi-
ments revealed that TGF-� treatment of HepG2 cells and
TNF-� or IL-1 treatment of CV-1 cells induced the tran-
scription from the promoters containing Smad3/4-bind-
ing and NF-�B-binding sites, respectively (data not
shown), indicating that TGF-�, TNF-�, and IL-1 sig-
nalings are operative in these cells. When the dominant-
negative form of HIPK2, K221R-STY, which has muta-
tions in its kinase domain and putative activation loop,
was expressed together with Wnt-1, the inhibitory effect
of Wnt-1 on c-Myb-dependent CAT expression was
partly suppressed (Fig. 3A). The reason why this mutant
only partly suppressed the Wnt-1 effect is that this mu-
tant protein is very unstable (data not shown). These
observations suggest that the Wnt-1 signal negatively
regulates c-Myb activity via HIPK2. We also wished to
determine whether NLK participates in this signaling
pathway by using the kinase-negative mutant of NLK as
a dominant-negative form. However, this NLK mutant
could not be used in this assay because it weakly inhibits
c-Myb activity through its competition with the tran-
scriptional coactivator CBP for binding to c-Myb (data
not shown). However, we found that expression of rat
Frizzled-1 (R-Fz1), which acts as the Wnt-1 receptor,
TAK1/TAB1, HIPK2, and NLK also inhibited c-Myb-de-
pendent CAT expression from the c-myc promoter (Fig.
3D–G). The inhibitory effect of R-Fz1, TAK1/TAB1, and
HIPK2, but not NLK, was suppressed by coexpressing the
kinase-negative HIPK2 mutant. These observations sup-
port the notion that HIPK2 acts downstream of Fz1 and
TAK1/TAB1 but upstream of NLK in Wnt-1 signaling.
Thus, c-Myb-dependent transcriptional activation is in-
hibited by the pathway involving TAK1, HIPK2, and
NLK.

c-Myb protein degradation is induced
by the pathway involving TAK1, HIPK2, and NLK

While investigating the mechanism by which NLK and
HIPK2 inhibit c-Myb-dependent activation of the c-myc
promoter, we found that coexpression of NLK or HIPK2
induces the degradation of the c-Myb protein. Transfec-
tion of CV-1 cells with the c-Myb expression plasmid
together with the NLK or HIPK2 expression plasmid re-
sulted in dramatically lower levels of c-Myb protein
compared with that of control cells transfected with the

Figure 3. The TAK1–HIPK2–NLK pathway negatively regu-
lates the c-Myb-dependent activation of the c-myc promoter
upon Wnt-1 stimulation. (A) Wnt-1 suppresses c-Myb activity
via HIPK2. CV-1 cells were transfected with a mixture of the
CAT reporter containing the c-myc promoter and either the
c-Myb expression plasmid or the control plasmid with ([+] 0.5
µg; [++] 2.0 µg) or without (−) the Wnt-1 expression plasmid. In
some cases, 8.0 µg of the plasmid that expresses the kinase-
negative form of HIPK2 was added. CAT activity was measured,
and the relative trans-activation capacity of c-Myb is indicated.
Shown are the averages of three experiments. The degree of
activation by c-Myb in CV-1 cells in the absence of Wnt-1 and/
or HIPK2 overexpression was 10.1 ± 1.2-fold. (B,C) TGF-�, TNF-
�, and IL-1 do not affect c-Myb-induced activation of the c-myc
promoter. HepG2 (B) or CV-1 (C) cells were transfected with the
c-myc-CAT reporter together with the c-Myb expression plas-
mid or the control plasmid. The transfected cells were treated
with TGF-�, TNF-�, or IL-1, and CAT activity was measured.
The degree of activation by c-Myb in HepG2 cells in the absence
of cytokines was 6.9 ± 1.1-fold. (D–G) Wnt-1 signaling sup-
presses c-Myb activity via the TAK1–HIPK2–NLK pathway. Ex-
periments similar to those described in A were performed ex-
cept that plasmids expressing R-Fz1 (D), TAK1 and TAB1 (E),
HIPK2 (F), or NLK (G) were used instead of the Wnt-1 expression
plasmid; + and ++ indicate that 0.5 and 2.0 µg, respectively, of
the R-Fz1, HIPK2, and NLK expression plasmids were used.
Regarding the TAK1 and TAB1 plasmids, either 0.2 µg (+) or 0.5
µg (++) was used.
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c-Myb expression plasmid alone (Fig. 4A). The c-Myb
protein levels recovered when the cotransfected cells
were treated with the proteasome inhibitor MG132,
which suggests that both HIPK2 and NLK induce c-Myb
degradation. Similar observations were also made when
c-Myb was coexpressed with TAK1/TAB1, R-Fz1, or
Wnt-1 (Fig. 4A). The half-life of c-Myb in the presence or
absence of NLK or HIPK2 was then assessed in trans-
fected CV-1 cells by pulse-chase labeling (Fig. 4B). When
NLK was coexpressed, several bands of c-Myb were
observed. Overexpressed NLK may rapidly phosphory-
late c-Myb, which may not be able to be so rapidly

ubiquitinated and degraded. The presence of NLK or
HIPK2 decreased the 3-h c-Myb half-life by ∼3.6-fold to
50 min.

NLK could induce proteasome-dependent c-Myb deg-
radation by enhancing the ubiquitination of c-Myb. To
test this, CV-1 cells were transfected with a Flag-tag-
linked c-Myb expression plasmid together with the Myc-
tag-linked ubiquitin expression vector, and cell lysates
were prepared after MG132 treatment (Fig. 4C). Flag-c-
Myb was then immunoprecipitated by anti-Flag anti-
body and analyzed by Western blotting using anti-Myc
antibody. Coexpression of c-Myb with NLK significantly

Figure 4. Induction of the degradation of c-Myb via the
TAK1–HIPK2–NLK pathway upon Wnt-1 stimulation.
(A) Coexpression of Wnt–NLK pathway components in-
duces c-Myb degradation. CV-1 cells were transfected
with the c-Myb expression plasmid and the internal con-
trol plasmid pact-�-gal together with a plasmid ex-
pressing the protein indicated above each lane. The
transfected cells were treated with MG132 or control
solvent, and total cell lysates were prepared and ana-
lyzed by Western blotting using anti-c-Myb antibody.
(B) NLK and HIPK2 overexpression decrease the half-
life of c-Myb. CV-1 cells were transfected with the Flag-
c-Myb expression plasmid with or without the NLK or
HIPK2 expression plasmid and pulse-chase labeled with
[35S]methionine. At various times after the chase, c-
Myb protein levels were examined by immunoprecipi-
tation and plotted. (C) NLK enhances c-Myb ubiquitina-
tion. CV-1 cells were transfected with the Flag-c-Myb
expression vector, pact-�-gal, and the Myc tag-linked
ubiquitin expression plasmid with or without the plas-
mid that expresses NLK. Transfected cells were treated
with MG132 before lysate preparation. Whole-cell ly-
sates were immunoprecipitated with anti-Flag anti-
body, and the immunocomplexes were analyzed by
Western blotting with anti-Myc antibody. (D) NLK and
HIPK2 kinase activity is required for c-Myb degrada-
tion. CV-1 cells were transfected with the c-Myb ex-
pression plasmid and pact-�-gal together with the plas-
mid expressing the protein indicated above each lane.
Whole-cell lysates were prepared and analyzed by West-
ern blotting using anti-c-Myb antibody. (E) The kinase-
negative mutant of NLK or TAK1 blocks Wnt-1-in-
duced c-Myb degradation. CV-1 cells were transfected
with the c-Myb expression plasmid and pact-�-gal to-
gether with the plasmid expressing the protein indi-
cated above each lane and either the kinase-negative
NLK (left) or TAK1 (right) expression plasmid (+) or the
control empty vector (−). c-Myb protein levels were
then analyzed as described above. (F) Nuclear entry of
TAK1 upon Wnt-1 stimulation. CV-1 cells were trans-
fected with the plasmids expressing the proteins shown
on the left. The cells were then immunostained with

the antibodies against the protein shown above, visualized by FITC- and rhodamine-conjugated secondary antibodies, and analyzed by
confocal microscopy. In the panel indicated as overlay, the signals for both proteins are superimposed. (G, right) siRNAs directed
against either TAK1 or NLK inhibit the R-Fz1-induced degradation of c-Myb protein. CV-1 cells were transfected with TAK1 or NLK
siRNA duplex, and Western blotting was performed. (Left) CV-1 cells were transfected with the plasmid to express c-Myb and R-Fz1
together with TAK1 or NLK siRNA, and the c-Myb protein levels were assayed. (H) Down-regulation of c-Myb proteins by R-Fz1 in
M1 cells. The retrovirus vector that express R-Fz1 together with EGFP is shown on the top. (Upper panel) CV-1 cells were transfected
with the R-Fz1 virus DNA, and the expression of R-Fz1 was confirmed by Western blotting. (Lower panel) M1 cell clones infected with
either of R-Fz1 virus or control empty virus were isolated and the expression of c-Myb proteins in typical clones was analyzed by
Western blotting.
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enhanced c-Myb ubiquitination, which supports the no-
tion that NLK induces proteasome-dependent c-Myb
degradation.

To confirm that the kinase activities of HIPK2 and
NLK are required for c-Myb degradation, we investigated
the effect on c-Myb protein levels of various mutants of
these two kinases (Fig. 4D). The HIPK2 mutant (K221R-
STY) that has mutations in its kinase domain and puta-
tive activation loop failed to induce c-Myb degradation.
In addition, the NLK mutants that have the mutation in
either the kinase domain (K155M) or the activation loop
(T286V), or both sites (K155M-T286V), also failed to in-
duce c-Myb degradation.

To confirm that the Wnt-1–TAK1–HIPK2 signaling
pathway induces c-Myb degradation via NLK, we exam-
ined the effect of the dominant-negative form of NLK
(K155M-T286V; Fig. 4E, left). The decrease in the c-Myb
protein levels due to HIPK2, TAK1/TAB1, R-Fz1, or
Wnt-1 expression was abolished when the dominant-
negative form of NLK was coexpressed. However, nei-
ther TGF-� nor IL-1 induced c-Myb degradation, al-
though TGF-� and IL-1 are known to activate TAK1
(data not shown). Furthermore, the kinase-negative mu-
tant of TAK1 also blocked the c-Myb degradation by R-
Fz-1 or Wnt-1 (Fig. 4E, right), indicating that TAK1 is
involved in the Wnt-1-induced c-Myb degradation. Thus,
Wnt-1 induces c-Myb degradation via the pathway in-
volving TAK1, HIPK2, and NLK.

When the subcellular localization of components of
Wnt-1–NLK signaling was examined, TAK1 was in the
cytosol in the absence of Wnt-1, R-Fz-1, or TAB1 (Fig.
4F, upper left). However, TAK1 was colocalized with
HIPK2 in the nuclear dot-like structure in the presence
of Wnt-1 signals (Fig. 4F, lower left), suggesting that
Wnt-1 signal induces the nuclear entry of TAK1. Al-
though NLK was almost uniformly distributed in the
nucleoplasm when it was expressed alone (data not
shown), NLK was observed in the nuclear dot-like struc-
ture with HIPK2 or TAK1 when they were coexpressed
together (Fig. 4F, right). Thus, Wnt-1 induces the nuclear
entry of TAK1, which then forms a complex with HIPK2
and NLK.

To further examine whether TAK1 and NLK is re-
quired for the Wnt-1-induced degradation of c-Myb pro-
tein, we used small inhibitory RNA (siRNA) for both
kinases. Transfection of CV-1 cells with the siRNAs dra-
matically decreased the levels of endogenous TAK1 and
NLK proteins (Fig. 2G, right). Cotransfection of CV-1
cells with these siRNAs apparently inhibited the R-Fz1-
induced degradation of c-Myb proteins (Fig. 2G, left). We
could not find the effective siRNA sequences for the
monkey HIPK2 mRNA.

To further examine whether endogenous c-Myb pro-
teins in hematopoietic cells are down-regulated by
Wnt-1 signal, the myeloblastic cell line M1 was used. We
generated M1 cell clones that constitutively express R-
Fz1 using the retrovirus vector, and measured the levels
of endogenous c-Myb proteins (Fig. 2H). The levels of
c-Myb proteins in the R-Fz1-expressing M1 cells were
significantly lower than that of control cells.

NLK directly phosphorylates c-Myb at multiple sites
and induces its degradation

To further analyze the mechanism by which NLK pro-
vokes c-Myb degradation, we examined whether NLK
directly phosphorylates c-Myb. To this end, we used
various c-Myb mutants (Fig. 5A). Thus, CV-1 cells were
transfected with a plasmid that expresses a particular
form of c-Myb together with the NLK or HIPK2 expres-
sion plasmid, and c-Myb protein levels were analyzed by
Western blotting (Fig. 5B). At the same time, to see how
the phosphorylation of c-Myb correlated with the cellu-
lar levels of this protein, the in vitro phosphorylation of
the various forms of c-Myb by NLK was investigated
(Fig. 5C). Thus, 293 cells were transfected with either the
Flag-c-Myb or the Flag-NLK expression plasmid, after
which NLK or c-Myb was immunoprecipitated with
anti-Flag antibody and then used in an in vitro kinase
reaction with [�-32P]-ATP.

Regarding the three C-truncated mutants of c-Myb
(CT2, CT3, and CT5), NLK and HIPK2 degraded CT2 and
CT3 but not CT5. Consistent with this, NLK phosphory-
lated both CT2 and CT3 but not CT5. Thus, the region
between amino acids 192 and 325 contains the NLK
phosphorylation sites. NLK is a member of the MAP
kinase super family that is known to phosphorylate the
Ser or Thr residues next to Pro. The region between 192
and 325 contains three such sites, namely, Thr 208, Ser
227, and Ser 233. As expected, the CT3-3A mutant, in
which all of these three residues were mutated to Ala,
was neither degraded by NLK and HIPK2 nor phosphory-
lated by NLK. Interestingly, however, the CT2-3A mu-
tant, which bears a 76-amino acid region downstream of
the sequences contained in CT3-3A, was still phosphory-
lated by NLK and degraded by HIPK2 and NLK. There are
two more candidate NLK phosphorylation sites in this
76-amino acid region. The CT2-5A mutant, in which all
five Ser and Thr residues linked to Pro in the region
downstream from amino acid 192 in CT2 molecule were
mutated to Ala, was neither phosphorylated nor de-
graded by NLK. Thus, the two sites in the 76-amino acid
region are also sites that can be phosphorylated. Further-
more, additional sites are also phosphorylated by NLK
because the full-length c-Myb mutant (WT-5A), in which
the five Ser and Thr residues between amino acids 192
and 401 are mutated to Ala, was still degraded by NLK
and HIPK2 and phosphorylated by NLK. However, NLK
did not phosphorylate and degrade the WT-15A mutant,
in which all the Ser and Thr residues linked to Pro in the
region downstream from amino acid 192 were mutated.
Thus, NLK directly phosphorylates c-Myb at multiple
sites and induces its degradation.

NLK decreases the ability of c-Myb
to maintain M1 cells in an undifferentiated state

We next asked whether NLK plays a biological role as a
negative regulator of c-Myb. To address this, we inves-
tigated the effect of overexpressing NLK on the capacity
of c-Myb to maintain the undifferentiated state of the
myeloblastic cell line M1 (Fig. 6). Upon IL-6 stimulation,
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M1 cells normally undergo terminal differentiation into
a mature macrophage phenotype. However, constitutive
expression of c-Myb in M1 cells will block this IL-6-
induced differentiation (Selvakumaran et al. 1992). We
generated M1 cell clones that constitutively express
various forms of c-Myb together with or without NLK as
well as control clones containing the empty vector (Fig.
6A). IL-6 treatment caused the control M1 cell clones to
differentiate into macrophages, and the cell surface dif-
ferentiation marker CD14 was expressed (Fig. 6B, upper
panel, control). In contrast, the clones constitutively ex-
pressing wild-type or CT3 mutant of c-Myb did not effi-
ciently express CD14 when IL-6 was added. However,
when NLK was overexpressed in these latter cells, dif-
ferentiation was induced in response to IL-6, resulting in
an increased rate of CD14 positivity (Fig. 6B). However,
NLK could not induce differentiation of the M1 cells
expressing the 15A mutant, in which all the Ser and Thr
residues linked to Pro were mutated (Fig. 6B). Thus, NLK
blocks the wild-type c-Myb activity but not the activity
of 15A mutant. Furthermore, the cells expressing wild-
type c-Myb or CT3 started to differentiate, but this was

not observed in the case of cells expressing the 15A mu-
tant, suggesting that the 15A mutant acts in a dominant-
negative manner to block differentiation. Western blot-
ting analysis indicated that the levels of wild-type or
CT3 c-Myb, but not 15A mutant, in M1 cell clones over-
expressing NLK were decreased (Fig. 6B, lower panel).
These results indicate that NLK induces M1 cell differ-
entiation by promoting c-Myb protein degradation.

To confirm that the 15A mutant is not really phos-
phorylated by NLK in vivo, wild-type c-Myb or 15A mu-
tant was coexpressed with or without NLK in CV-1 cells,
and labeled with [32P]orthophosphate (Fig. 6C). Coex-
pression of NLK enhanced the degree of phosphorylation
of wild-type c-Myb but not that of 15A mutant. Thus,
NLK appears to block the c-Myb activity to maintain the
undifferentiated state of M1 cells via directly phosphory-
lating the c-Myb protein.

Discussion

The present study has identified a signaling pathway
that regulates c-Myb-dependent transcription. We showed

Figure 5. NLK phosphorylates c-Myb at multiple sites
and thereby induces its degradation. (A) Domain struc-
ture of c-Myb and the various c-Myb mutants used. The
Ser and Thr residues linked to Pro are shown by vertical
arrows. The residues that were mutated to Ala are in-
dicated by closed circles. The results of the c-Myb deg-
radation (B) and phosphorylation (C) assays are summa-
rized on the right. (B) Effect of c-Myb mutations on
NLK-induced c-Myb degradation. CV-1 cells were
transfected with the plasmid that expresses a particular
form of c-Myb and pact-�-gal together with the plasmid
that expresses NLK or HIPK2. Whole-cell lysates were
prepared and analyzed by Western blotting using anti-
c-Myb antibody. (C) Effect of c-Myb mutations on NLK-
induced in vitro phosphorylation of c-Myb. Wild-type
NLK or various forms of c-Myb were expressed in trans-
fected 293T cells and immunoprecipitated. The
amounts of each protein were analyzed by Western
blotting, and normalized amounts of c-Myb and NLK
were mixed and incubated with [�-32P]ATP. The reac-
tions were analyzed by SDS-PAGE followed by autora-
diography. The NLK band is due to its autophosphory-
lation.
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that Wnt signaling travels via the pathway involving
TAK1, HIPK2, and NLK to induce c-Myb protein degrada-
tion. This in turn inhibits c-Myb-dependent activation of
c-myc promoter and may induce G1 arrest (Fig. 7). Over-
expression of NLK in M1 cells abrogates the ability of c-
Myb to maintain the undifferentiated state of these cells.
These observations suggest that at least one way Wnt sig-
naling controls the differentiation or apoptosis of many cell
types, including hematopoietic cells by down-regulating
c-Myb protein levels. Supporting this notion is the obser-
vation that Wnt signaling modulates the diversification of
hematopoietic cells (Brandon et al. 2000). Recently Wnt
signaling was shown to be critical for self-renewal of he-
matopoietic stem cells (Reya et al. 2003) or to suppress the
cellular proliferation in hematopoietic tissue (Liang et al.
2003). Therefore, the Wnt-induced c-Myb degradation
demonstrated in this study could play some role in the
proliferation control of hematopoietic cells by Wnt signal.

We demonstrated that NLK directly phosphorylates c-
Myb at multiple sites and that this leads to the ubiqui-
tination and proteasome-dependent degradation of
c-Myb. It is likely that this phosphorylation of c-Myb

causes the recruitment of certain E3 ligase. We found
that when NLK was overexpressed, c-Myb was phos-
phorylated at >10 sites. We also found that A-Myb and
B-Myb, other vertebrate members of the Myb protein
family, are also directly phosphorylated by NLK (data
not shown). However, most of the NLK phosphorylation
sites in the c-Myb molecule are not conserved in A-Myb
and B-Myb (Mizuguchi et al. 1990), or the c-Myb of other
species, including humans, chickens, and Drosophila.
This suggests that the position of the NLK phosphoryla-
tions sites in the Myb molecule is not critical. It is likely
that many sites in c-Myb can be phosphorylated by over-
expressed NLK, and that phosphorylation at any one site
may be sufficient to induce the degradation of c-Myb.
However, we cannot exclude the possibility that some
sites are preferentially phosphorylated by NLK in vivo,
especially when only low levels of NLK are present. No-
tably, the NRD in the C-terminal half of c-Myb contains
nine putative NLK phosphorylation sites. It was previ-
ously reported that oncogenic activation of c-Myb by C-
terminal truncation is associated with the decreased pro-
teolysis of c-Myb by the ubiquitin-26S proteasome path-

Figure 6. NLK blocks the ability of c-Myb to maintain
the undifferentiated state of M1 cells. (A) Retrovirus
expression vectors used. The retrovirus vectors that ex-
press wild-type c-Myb together with the neo-resistance
gene are shown on the top. The retrovirus vector that
expresses NLK together with EGFP is indicated below.
M1 cell clones infected with either of these viruses
were isolated, and the expression of c-Myb or NLK pro-
teins in typical clones was analyzed by Western blot-
ting. (B) NLK induces the differentiation of M1 cells
that overexpress c-Myb by promoting c-Myb degrada-
tion. (Top) M1 cell clones that constitutively express
wild-type c-Myb, the CT3 mutant or the 15A mutant
with or without NLK were treated with IL-6 or the con-
trol solvent and CD14 expression was examined by
flow cytometry. (Bottom) The levels of c-Myb and NLK
proteins in each cell clone were also analyzed by West-
ern blotting. (C) In vivo phosphorylation of wild-type
and 15A mutant of c-Myb. CV-1 cells were transfected
with wild-type or 15A mutant of c-Myb expression vec-
tor and the internal control plasmid pact-�-gal together
with the NLK or control vector. (Top left) Cells were
labeled with [32P]orthophosphate, and c-Myb proteins
were immunoprecipitated, analyzed by SDS-PAGE, and
detected by autoradiography. The amounts of lysates
used were normalized based on the transfection effi-
ciency. (Bottom left) Cell lysates were also used for
Western blotting to measure the c-Myb protein levels.
(Right) Relative degree of phosphorylation per c-Myb
protein is shown by a bar graph.
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way (Bies and Wolff 199). However, further analysis is
required to determine whether the removal of the NRD
makes Myb resistant to the degradation induced by the
Wnt–NLK signaling pathway.

Both HIPK2 and NLK directly bind to the DBD of c-
Myb. However, gel mobility shift assays revealed that
this binding does not inhibit the binding of c-Myb to
DNA because Myb–HIPK2 complexes bound to the
DNA probe were observed (data not shown). This sug-
gests that HIPK2 and NLK interact with the surface of
the c-Myb DBD. Previously, HIPK2 was shown to inter-
act with the corepressor Groucho and histone deacety-
lase (HDAC; Choi et al. 1999). At present, it is unknown
whether HIPK2 can interact simultaneously with NLK
and the Groucho–HDAC complex. Because not only
NLK but also HIPK2 directly bind to c-Myb, we cannot
exclude the possibility that HIPK2 recruits the Groucho–
HDAC complex to c-Myb and inhibits its trans-activat-
ing capacity in addition to inducing its phosphorylation
and degradation through NLK.

Recently, HIPK2 was reported to directly phosphory-
late p53 at Ser 46 in UV-irradiated cells, which leads to
the transcriptional activation of the p53AIP1 gene
(D’Orazi et al. 2002; Hofmann et al. 2002). In addition,
corepressor CtBP was also shown to be directly phos-
phorylated by HIPK2 in response to UV irradiation, lead-
ing to the proteasome-dependent degradation of CtBP
(Zhang et al. 2003). In contrast to these reports, HIPK2
did not directly phosphorylate the c-Myb protein, al-
though NLK efficiently phosphorylated c-Myb. Both
HIPK2 and NLK phosphorylate the Ser or Thr residues
next to Pro. Further study will be necessary to determine
whether how HIPK2 selects the substrate proteins for
phosphorylation, and whether NLK and TAK1, which

are known to be activated by UV irradiation, are also
involved in the UV-induced phosphorylation of p53 or
CtBP.

In contrast to the Wnt-1–GSK3�–�-catenin pathway,
the so-called noncanonical Wnt pathway mediated by
the Wnt-5a subclass triggers intracellular Ca2+ release
that activates Ca2+-sensitive enzymes (Kuhl et al. 2000).
Recently, we (S.K. Kishida, J. Ninomiya-Tsuji, and K.
Matsumoto, unpubl.) demonstrated that the Wnt/Ca2+

pathway activates NLK through TAK1 in 293 cells (Ishi-
tani et al. 2003). We have also observed that c-Myb pro-
tein degradation is induced by overexpressing rat Fz2 re-
ceptor, a component of the Wnt/Ca2+ pathway (data not
shown). It is likely that the particular Wnt family protein
member that activates the TAK1–NLK pathway will de-
pend on the cellular context. Further study will be re-
quired to understand the precise molecular mechanisms
by which the various Wnt proteins regulate the activity
of the Myb protein family members.

Materials and methods

Yeast two-hybrid screening and GST pull-down assays

Yeast two-hybrid screening was performed by using a mouse
embryonic cDNA library as described (Nomura et al. 1999). The
mouse c-Myb protein lacking the transcriptional activation do-
main (amino acids 240–324) or an NLK fragment (amino acids
1245–515) was used as a bait. GST pull-down assays were per-
formed as described (Nomura et al. 1999). To increase the solu-
bility of GST fusion proteins expressed in bacteria, the thiore-
doxin coexpression system (Yasukawa et al. 1995) was used.
The binding buffer used consisted of 20 mM HEPES (pH 7.5), 1
mM DTT, 0.1% NP-40, and 150 mM (for the interaction be-
tween Myb and HIPK2) or 100 mM (for the interaction between
HIPK2 and NLK) KCl. To determine the interaction between
Myb and NLK, buffer B (20 mM HEPES at pH 7.5, 5 mM DTT,
0.01% NP-40, 0.01% BSA, and 100 mM KCl) was used.

Coimmunoprecipitation

Molt-4 and 293 cells were maintained in RPMI medium and
high-glucose DMEM, respectively. Both media were supple-
mented with 10% fetal bovine serum and antibiotics. To coim-
munoprecipitate the endogenous Myb, HIP2, and NLK proteins
(Fig. 1D), Molt-4 cell lysates were prepared by pipetting in
NETN buffer (20 mM Tris-HCl at pH 8.0, 150 mM NaCl, 1 mM
EDTA, 0.5% NP-40, 10% glycerol, protease inhibitor cocktail).
Rabbit antibodies against NLK (Ishitani et al. 1999) or HIPK2,
which were raised against the GST–HIPK2 fusion protein con-
taining amino acids 860–1141 of HIPK2, or normal rabbit IgG
were used for immunoprecipitation. The immunocomplexes
were Western blotted with the anti-Myb monoclonal antibody
1-1 and the Enhanced Chemiluminescence (ECL) Western Blot-
ting System (Amersham). To investigate the in vivo interaction
between HIPK2 and NLK (Fig. 2), 293 cells (1 × 106 cells per
100-mm dish) were transfected by the CaPO4 method with a
total of 10 µg DNA consisting of various expression vectors.
The transfectants were then incubated for 24–36 h and lysed in
0.3 mL 0.5% Triton X-100 lysis buffer containing 20 mM
HEPES (pH 7.4), 150 mM NaCl, 12.5 mM �-glycerophosphate,
1.5 mM MgCl2, 2 mM EGTA, 10 mM NaF, 2 mM DTT, 1 mM
sodium orthovanadate, 1 mM PMSF, and 20 mM aprotinin. The

Figure 7. Degradation of c-Myb protein by Wnt-1 signal via the
pathway involving TAK1, HIPK2, and NLK leads to G1 arrest.
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lysates were immunoprecipitated with 1 µg of the anti-Flag (M2,
Sigma) or anti-HA (HA.11, BABCO) monoclonal antibodies and
20 µL of protein G-Sepharose (Pharmacia). The immunecom-
plexes were washed three times with wash buffer containing 20
mM HEPES (pH 7.4), 500 mM NaCl, and 10 mM MgCl2; rinsed
once with rinse buffer containing 20 mM HEPES (pH 7.4), 150
mM NaCl, and 10 mM MgCl2; and suspended in 30 µL rinse
buffer. For immunoblotting, the immunoprecipitates or whole-
cell lysates were resolved on SDS-PAGE and transferred to Hy-
bond-P membranes (Amersham). The membranes were immu-
noblotted with various antibodies, and the bound antibodies
were visualized by horseradish peroxidase-conjugated antibod-
ies against rabbit or mouse IgG using the ECL Western Blotting
System. For two-step coimmunoprecipitation, 293 cells (7 × 105

cells/10-cm dish) were transfected with mixture of the plasmids
to express Flag-HIPK2 (2 µg), HA-NLK (1 µg), and c-Myb-15A (3
µg) using lipofectAMINE plus. Two-step coimmunoprecipita-
tion was performed as described (Harada et al. 2003).

Kinase assay

To detect the HIPK2 and NLK kinase activity using GST–LEF-1
or GST–HIPK2 (Fig. 2), the immunoprecipitates were incubated
with 5 µCi of [�-32P]ATP (3,000 Ci/mmole) and 1 µg of GST–
LEF-1 or GST–HIPK2 in 10 µL kinase buffer containing 10 mM
HEPES (pH 7.4), 1 mM DTT, 5 mM MgCl2 for 2 min at 25°C.
Samples were separated by SDS-PAGE and visualized by auto-
radiography. For phosphorylation of c-Myb by NLK (Fig. 5),
293T cells were transfected with the Flag-linked c-Myb expres-
sion plasmid (pact-Flag-c-Myb) or the Flag-NLK expression plas-
mid. The lysates were prepared from the transfected cells using
NET buffer (20 mM Tris-HCl at pH 8.0, 1 mM EDTA, 0.5%
NP-40, protease inhibitor cocktail) containing 150 mM NaCl
and immunoprecipitated with anti-Flag antibody. The immu-
necomplexes were sequentially washed with washing buffer (20
mM Tris-HCl at pH 8.0, 1 mM EDTA, 1 M NaCl, 2% NP-40,
and 10% glycerol) and then NLK buffer (10 mM HEPES at pH
7.4, 1 mM DTT, and 5 mM MgCl2). An aliquot of the c-Myb
immunocomplexes was used for Western blotting. Flag-NLK
proteins were eluted from the immunocomplexes with Flag pep-
tides. To phosphorylate c-Myb proteins, the c-Myb immuno-
complexes were mixed with the eluted Flag-NLK proteins and
[�-32P]-ATP and incubated for 2 h at 25°C. The amount of c-Myb
proteins used in the kinase reaction was adjusted based on the
Western blotting data. Phosphorylated proteins were analyzed
by SDS-PAGE followed by autoradiography.

CAT reporter assays

By using the CaPO4 method, CV-1 cells (4 × 105 cells/100-mm
dish) were transfected with a mixture of the pc-myc-CAT re-
porter containing the human c-myc promoter (4 µg; Nakagoshi
et al. 1992); the c-Myb expression plasmid pact-c-myb (2 µg); the
plasmid that expresses Wnt-1, R-Fz1, TAK1/TAB1, HIPK2; or
the dominant-negative form of HIPK2, and the internal control
plasmid pact-�-gal (0.3 µg). Forty hours after transfection, CAT
assays were performed. In some cases, transfected cells were
treated with TNF-� (100 ng/mL) for 24 h or IL-1� (12.5 ng/mL)
for 24 h before lysate preparation. To examine the effect of
TGF-�, HepG2 cells, which are TGF-� responsive, were trans-
fected with a mixture of the pc-myc-CAT reporter (4 µg), the
c-Myb expression plasmid pact-c-myb (2 µg), and the internal
control plasmid pact-�-gal (0.3 µg), and the cells were treated
with TGF-�1 (3 ng/mL) for 20 h before lysate preparation. The
CAT activity was then measured. In the experiments assessing
the effect of TGF-�, TNF-�, and IL-1, the total plasmid amounts

used were adjusted to 10 µg by adding the empty vector. In other
experiments, however, the total plasmid amount was adjusted
to 16.3 µg.

Western blotting and ubiquitination assay

CV-1 cells were transfected with a mixture of the c-Myb expres-
sion plasmid (6 µg), the plasmid (2 µg) that expresses various
components of the Wnt–TAK1–HIPK2–NLK pathway, and the
internal control plasmid pact-�-gal (0.3 µg). Total plasmid
amounts were adjusted to 8.3 µg by adding the empty plasmid.
In some cases, cells were treated with MG132 (50 µM) for 7 h
before lysate preparation. Forty hours after transfection, cells
were lysed in SDS sample buffer with mild sonication and sub-
jected to SDS-PAGE followed by Western blotting with mouse
anti-Myb antibody and ECL detection reagents (Amersham).
The anti-c-Myb monoclonal antibody (for Fig. 4) and the rabbit
polyclonal antibody (for Fig. 5), which was raised against the
GST–CT5 fusion protein, were used for Western blotting. Ali-
quots of the cells were used to determine the transfection effi-
ciency by measuring �-galactosidase activity and the amounts
of lysates used for Western blotting were normalized based on
the �-galactosidase activity. To detect ubiquitinated c-Myb,
CV-1 cells were transfected with the plasmids that express Flag-
c-Myb (3 µg), Myc-ubiquitin (2 µg), and the internal control
pact-�-gal (0.3 µg) together with the NLK expression plasmid or
the control vector (2 µg). Theses cells were also treated with
MG132 (50 µM) for 7 h before lysate preparation. Thirty hours
after transfection, the cells were then scraped into 100 µL lysis
buffer (10 mM Tris-HCl at pH 8.0, 500 mM NaCl, 2% SDS),
heated for 10 min at 95°C, diluted with buffer lacking SDS to
reduce the SDS concentration to 0.2%, and then sonicated
mildly on ice. After preadsorption with protein G-Sepharose,
anti-Flag M2 monoclonal antibody was used to precipitate the
immunocomplexes, which were then used for Western blotting
with anti-Myc antibody (MBL).

Pulse-chase experiments

CV-1 cells were transfected with the Flag-c-Myb (8 µg) expres-
sion vector together with the NLK expression plasmid or con-
trol DNA (2.5 µg), and pact-�-gal (0.5 µg). Twenty-four hours
after transfection, cells were labeled with [35S]methionine and
[35S]cysteine for 3 h, after which the radioactivity was chased at
1-h intervals. At various times, lysates were prepared by using
the NETN buffer, and immunoprecipitated by anti-Flag anti-
body (M2, Sigma). The immunocomplexes were analyzed by
SDS-PAGE followed by autoradiography.

Subcellular localization

CV-1 cells were transfected with the plasmids to express HA-
TAK1, Flag-HIPK2, HIPK2, Flag-NLK, R-Fz1, and Wnt-1 in fol-
lowing combinations: HA-TAK1 (1 µg) and Flag-HIPK2 (1 µg;
Fig. 4F, upper left); HA-TAK1 (1 µg), Flag-HIPK2 (1 µg), R-Fz1
(0.5 µg), and Wnt-1 (0.5 µg; Fig. 4F, lower left); Flag-NLK (1 µg)
and HIPK2 (1 µg; Fig. 4F, upper right); and Flag-NLK (1 µg),
HIPK2 (1 µg), and HA-TAK1 (1 µg; Fig. 4F, lower right). Immu-
nostaining with anti-HA, anti-Flag and anti-HIPK2 antibodies
and analysis by confocal microscopy were performed as de-
scribed (Nomura et al. 1999).

siRNA

siRNA oligonucleotides for TAK1 was described previously
(Takaesu et al. 2003). siRNA with two thymidine residues

Kanei-Ishii et al.

826 GENES & DEVELOPMENT



(dTdT) at the 3� end of the sequence was designed for NLK:
sense, 5�-GAAUAUCCGCUAAGGAUGC-3�. This sequence is
conserved between human and mouse NLK mRNAs. CV-1 cells
(4 × 105 cells per 100-mm dish) were transfected with 9 µg oli-
gonucleotides using the CaPO4 method and, 44 h later, the lev-
els of endogenous TAK1 and NLK proteins were assayed by
Western blotting. To investigate the effect of siRNA on the
R-Fz1-induced degradation of c-Myb protein, CV-1 cells were
transfected with the c-Myb expression plasmid (6 µg), the R-Fz1
expression plasmid (1.5 µg), the internal control plasmid pact-
�-gal (0.5 µg), and siRNA (9 µg).

Analysis of M1 cell clones

The murine myeloid leukemia cell line M1 was grown in
DMEM medium containing 10% fetal bovine serum. The ret-
roviral expression plasmids for R-Fz1, c-Myb, and NLK were
constructed by using the murine stem cell virus (MSCV)-based
retroviral vector and viruses were prepared as described (Shi-
nagawa et al. 2001). To generate M1 cell clones that express
R-Fz1 or c-Myb together with EGFP or the neomycin-resistance
gene, M1 cells were infected with viruses and then selected by
EGFP expression or growth in the presence of G418 (400 µg/
mL). Several independent clones were isolated and character-
ized regarding the level of expression of R-Fz1 or Myb. The M1
cell clones containing the Myb expression vector or the control
vector were then used to isolate several independent clones ex-
pressing NLK by selecting the EGFP-positive cells. M1 cell
clones were induced to differentiate with IL-6 (50 ng/mL, Wako)
after being seeding at a concentration of 1 × 105 cells/mL for 72
h. Cells were stained with a phycoerythrin (PE)-conjugated anti
mouse CD14 monoclonal antibody (Pharmingen) on ice for 30
min after blocking with 3% FBS. The cells were then analyzed
on a FACSCaliblur flow cytometer (Becton Dickinson).

In vivo phosphorylation of c-Myb

CV-1 cells were transfected with the Flag-c-Myb expression vec-
tor together with the internal control plasmid pact-�-gal, and
labeled with 32P-orthophosphate for 3 h. Lysates were prepared
from the transfected cells using RIPA buffer, and the c-Myb
proteins were immunoprecipitated with anti-Flag antibody and
analyzed by SDS-PAGE, followed by autoradiography or West-
ern blotting using anti-Flag antibody (M2, Sigma). The amounts
of lysates used were normalized based on the transfection effi-
ciency.
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