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FigureS3 c-Abl-14-3-3 complexes are disrupted by activation of JNK.
(a) Hela cells were tansfected with GFPSIRNA or MKK7siRNA. Cell
lysates were subjected to immunoprecipitation with anti-c-Abl. The
immunoprecipitates were analyzed by immunoblotting with anti-14-3-3
(top panel) or anti-c-Abl (second panel). Lysates were also subjected to
immunoblot analysis with anti-MKK7 (third panel), anti-phospho-JNK
(fourth panel) or anti-JNK (bottom panel) (b) HeLa cells were treated as
in (a). Localization of ¢-Abl was quantitated as described in the legends

to Fig. 3e. (c) 2937 cells were transfected as indicated. After 48 h post-
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transfection, cell lysates were immunoprecipitated with anti-Flag. The
immunoprecipitates were then subjected to immunoblot analysis with anti-
GFP (top panel) or anti-Flag (second panel). Lysates were also analyzed by
immunoblotting with anti-GST (third panel) or anti-GFP (bottom panel). (d)
2937 cells were transfected with GFP-14-3-3¢ wt or the S184A mutant.
After treatment with 50 pM H202 for 2 h, nuclear lysates were prepared
and analyzed by immunoblotting with anti-c-Abl (upper panel) or anti-
LaminB (middie panel). Whole cell lysates were subjected to immunoblot
analysis with anti-GFP (lower panel).
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STAT3 regulates Nemo-like kinase by mediating its
interaction with IL-6-stimulated TGFB-activated
kinase 1 for STAT3 Ser-727 phosphorylation
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Signal transducer and activator of transcription 3 (STAT3) is acti-
vated by the IL-6 family of cytokines and growth factors. STAT3
requires phosphorylation on Ser-727, in addition to tyrosine phos-
phorylation on Tyr-705, to be transcriptionally active. In IL-6 sig-
naling, the two major pathways that derive from the YXXQ and the
YSTV motifs of gp130 cause Ser-727 phosphorylation. Here, we
show that TGF-g-activated kinase 1 (TAK1) interacts with STAT3,
that the TAK1-Nemo-like kinase (NLK) pathway is efficiently acti-
vated by IL-6 through the YXXQ motif, and that this is the
YXXQ-mediated H7-sensitive pathway that leads to STAT3 Ser-727
phosphorylation. Because NLK was recently shown to interact with
STAT3, we explored the role of STAT3 in activating this pathway.
Depletion of STAT3 diminished the IL-6-induced NLK activation by
>80% without inhibiting {L-6-induced TAK1 activation or its nu-
clear entry. We found that STAT3 functioned as a scaffold for TAK1
and NLK jn vivo through a region in its carboxyl terminus. Further-
more, the expression of the STAT3s534-770 region in the nuclei of
STAT3-knockdown cells enhanced the IL-6-induced NLK activation
in a dose-dependent manner but not the TGFB-induced NLK acti-
vation. TGFB did not cause STAT3 Ser-727 phosphorylation, even
when the carboxyl region of STAT3 was expressed in the nuclei.
Together, these results indicate that STAT3 enhances the efficiency
of its own Ser-727 phosphorylation by acting as a scaffold for the
TAK1-NLK kinases, specifically in the YXXQ motif-derived pathway.

gp130 | YXXQ motif | signaling specificity

he signal transducer and activator of transcription (STAT)

family plays pivotal roles in a variety of systems and in
development, in response to cytokines and growth factors. STAT
family members are activated in the cytoplasm by tyrosine
phosphorylation, form dimers, and enter the nucleus, where they
act as DNA-binding transcription factors (1). Of the seven
known STATSs, STATI, 3, 5A, 5B, and 6 are phosphorylated at
one or two serine residues in their carboxyl-terminal transacti-
vation domain (1, 2) and at a critical tyrosine. The serine
phosphorylation enhances the transcriptional activity in the case
of STAT1 (3), STAT3 (3, 4), and STAT6 (5). STAT3 can be
activated by a variety of cytokines, including the IL-6 family, by
using gp130 as a common receptor subunit (6), Granulocyte
colony-stimulating factor (G-CSF) and erythropoietin, and
growth factors, EGF, platelet-derived growth factor, and hepa-
tocyte growth factor, and cytoplasmic tyrosine kinases, including
Src and v-Eyk (reviewed in ref. 7). IL-6 uses STAT3 in its major
signaling pathway and concomitantly activates the Ras/Raf/
ERK and PI3-kinase pathways (7). IL-6, therefore, activates
multiple genes, including acute-phase reactants, and the junB,
tisll, stat3, c-myc, and c-fos genes, mostly through STAT3
(8-14). In the IL-6 receptor system, the tyrosine-phosphorylated
YXXQ motif of gpl30 is critical for recruiting STAT3 for
subsequent phosphorylation at Tyr-705 by the associated Jak
kinases (15). In addition, Abe ef al. (4) showed that the YXXQ
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motif has another important role in activating STAT3, by
phosphorylating Ser-727 through an H7-sensitive kinase path-
way in response to IL-6, even at low concentrations. At higher
concentrations of IL-6, another PD98059-sensitive pathway de-
rived from the YSTV motif of gp130 also participates in STAT3
Ser-727 phosphorylation (4).

TGF-B-activated kinase 1 (TAK1) is a mitogen-activated
protein MAP kinase kinase kinase that is activated by the TGF
family, IL-18, TNFa, and the Toll-like receptor family (16-19).
TAK1 works with TAB1 (17), TAB2 (20), and TAB3 (21-23) to
activate downstream kinases, including the IxB kinases, leading
to NF-«B activation, and MAP kinase kinase (MKK) 3/6 and
MKXKA4/7, leading, respectively, to p38 and INK activation (16,
18, 24, 25). Recently, TAK1 was shown to activate Nemo-like
kinase (NLK) in TGFB (26), Wnt5a (27), and Wntl (28)
signaling. More recently, Ohkawara et al. (29) showed that the
TAKI1-NLK pathway plays a critical role in TGFg-induced
mesodermal development in Xenopus embryos by phosphory-
lating STAT3 at Ser-727. However, it remains unclear how TAK 1
and NLK select their downstream targets in the different
signaling pathways.

In this study, we identified TAK1 in the STAT3 complex by
using a combination of tandem affinity purification (TAP) and
MS. We then found that TAK1 and its downstream kinase, NLK,
were selectively activated by IL-6 through the YXXQ motif of
gp130. We showed that TAK1 and NLK are critical components
of the YXXQ-derived H7-sensitive kinase pathway leading to
STAT3 Ser-727 phosphorylation. We further showed that
STATS3 specifically enhances the IL-6-induced TAK1-dependent
NLK activation, but not TGFp-induced NLK activation, by
acting as a specific scaffold for the kinases involved in the IL-6
signaling. Thus, the upstream TAKI, which is differentially
activated by different signaling pathways, seems to select its
specific downstream effector kinases in conjunction with a
specific scaffold protein, which is STAT3 in the case of the 11.-6
signal.

Methods

Cytokines, Abs, and Reagents. The recombinant human IL-6 and
G-CSF were gifts from Ajinomoto (Kawasaki, Japan) and Kirin
Brewery (Tokyo), respectively. All other cytokines were from
PeproTech (London). Rabbit anti-STAT3 and anti-TAK1 Abs
were described (18, 30). Anti-phospho-Ser-727 and phospho-
Tyr-705 STAT3 Abs were from Cell Signaling Technology
(Beverly, MA). Rabbit anti-GST Ab was from Upstaté Biotech-

Abbreviations: STAT, signal transducer and activator of transcription; TAK1, TGF-j-
activated kinase 1; NLK, Nemo-like kinase; RNAI, RNA interference; TAP, tandem affinity
purification; G-CSF; granulocyte colony-stimulating factor; MAP, mitogen-activated pro-
tein; MKK; MAP kinase kinase; HA, hemaggiutinin; WCE, whole-cell extract; LV, lentivirus.

5To whom correspondence should be addressed, E-mail: knakajima@med.osaka-cu.ac.jp.
© 2005 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/ 10.1073/pnas.0500679102



SUPPLEMENTARY INFORMATION

a
100
T
80 - Nucleus Cytoplasm
' o 2‘ o "ol Yo .5
%) %) N
*k P K AP DK
2 0 ,,sw(\é\\s&«\\\\ PGS
S T - - ﬁ ANES % o™
& 40 ANLS
o IB: anti-GFP 1B: anti-GFP
ES
20 s <= LaminB
0 - == <= |[~Bo,
X X X
nd N oy . i e
& 9 &gﬁfﬁ’ S IB: anti-IxBo
Q\'t'g Q N 4(\""'0" 9’&' \’9
& Q,\“
IS
b NLS NES
GFP-c-Abl wt

T735A

] GFP-c-Abl T735A

GFP-c-Abl ANLS

| GFP-c-Abl ANES

% Apoptosis

10 ~

04
GFP-c-Abl  wt
Flag-14-3-3, =

T735A ANLS
+ - + - +

iB: anti-GFP

ANES

ANES
ANLS

s s wwe  ass o= Flag-14.3.3

IB: anti-Flag

Figure $4 Nuclear targeting of c-Abl is required for the induction of apoptosis.
(a) 293T cells were transfected with Flag-c-Abl and GFP vector, GFP-14-3-
3¢ wtor ST84A mutant. At 24.h post-transfection, cells were treated with
200 pM H202 for 8 h. DNA content in cells positive for green fluorescence
was analyzed by FACscan. The results (mean + S.D. of eight independent
experiments) are represented as the percentage of apoptotic celts with sub-
G1 DNA. (b) Constructs of GFP-fused c-Abl and the indicated mutants. (c)
293T cells were transfected with various GFP-c-Abl constiucts shown in

(b). Nuclear and-cytoplasmic lysates were subjected to immunablot analysis

with anti-GFP (left, upper panel), anti-LaminB (left, middle panel) or anti-
fBa (left, lower panel). Whole cell lysates were analyzed by immunoblotting
with anti-GFP (right, upper panel) or anti-Tubulin (right, lower panel). (d)
2937 cells were co-transfected with the indicated GFP-c-Abl constructs in
the presence and absence of Flag-14-3-3. DNA content in cells positive

for green fluorescence was analyzed by FACscan. The results (mean + S.D.
of three independent experiments) are represented as the percentage of
apoptotic cells with sub-G1 DNA. Cell lysates were subjected o immunoblot
analysis with anti-GFP (upper panel) or anti-Flag (lower panel).
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nology (Lake Placid, NY). Anti-HA Mo Ab (12CA5) was from
Boehringer Mannheim (Mannheim, Germany). All other Abs
were from Santa Cruz Biotechnology. H7, 1-(5-iso-quinolinyl-
sulfonyl)-2-methylpiperazine, and all other reagents were from
Sigma-Aldrich (St. Louis).

Cell Lines. All of the cell lines were grown in DMEM supple-
mented with 10% FCS and the appropriate antibiotics. HepG2-
G108YRHQ and HepG2-GLO8YSTV were described (4). The
HepG2 “cell line with knocked-down stat3 mRNA (HepG2-
STAT3KD) and its derivative cell line with RNA interference
(RNAi)-resistant STAT3 (HepG2-KD-STAT3R) were de-
scribed (14). For the kinase assays, HepG?2 cells were cultured in
DMEM containing 0.5% FCS for 36 h before stimulation.

Plasmids. The expression vectors encoding the hemagglutinin
(HA)-STAT3 and HA-TAK1 were described (18, 31). The TAP
tag was attached to the amino terminus of mouse STAT3 (ref.
32 and modified by K.N.), and the TAP-Stat3 cDNA was inserted
into the pEF-BOS expression vector (a gift from S. Nagata,
Osaka University, Osaka). pCMV-Myc-NLK was generated by
inserting a PCR-generated ¢cDNA encoding human NLK into
pCDNAMye (a gift from K. Iwai, Osaka City University, Osaka).
For the lentivirus (LV)-mediated expression system, the Myc-
NLK ¢DNA was subcloned into a pCSII-EF-MCS-IRES2-Venus
vector (a gift from H. Miyoshi, RIKEN, Tsukuba, Japan). A
¢DNA fragment encoding STAT 3534770 was made by PCR and
fused to NLS-FILAG at the amino terminus, and the resultant
¢DNA was subcloned into the pCSII-EF-MCS-IRES2-Venus
vector. All constructs were verified by DNA sequencing. pEF-
GST and pEF-GST-STAT3s533770 were described (4).

TAP and MS Analysis. TAP was performed as described (32).
Briefly, TAP-STAT3 was stably expressed in 293T-G133 cells.
Protein complexes interacting with STAT3 were then sequen-
tially affinity-purified by using IgG-Sepharose, Tobacco etch
virus protease digestion, and calmodulin beads. The eluates of
calmodulin beads were digested with trypsin, and the resultant
peptides were subjected to splitless nanoflow liquid chromatog-
raphy coupled to nanoelectrospray tandem MS (33).

EMSA. 32P-labeled oligonucleotides containing an NF-xB-binding
site (5'-AGTGAGGGGACTTTCCGAGTG-3") from the inter-
cellular adhesion molecule-1 promoter and nuclear extracts from
HepG2 cells were used.

LV-Mediated Expression of RNAi. We generated RNAi constructsin
the plasmid pU®6i-cassette (Genofunction) (34). The target
positions of the RNAi against human TAK1 and human NLK
were as follows: TAK1, GAGATCGACTACAAGGAGA; NLK,
GGCGCACCATCATCAGCAC. To construct the lentiviral
RNAI expression system, the cassette containing the U6 pro-
moter and the RNAi was transferred into an LV vector, CS-
RfA-EG, with the EFla promoter-driven GFP gene (a gift from
H. Miyoshi). LVs were prepared according to the previously
described method (35), except that a three-vector system was
used instead of a four-vector system {36).

In Vitro Kinase Assay. The in vitro kinase assays were performed
as described (26). For the TAK1 kinase assays, endogenous
TAK1 was used. and in some experiments, transiently expressed
Flag-tagged TAK1 was used, with recombinant MKK6 from
Escherichia coli as a substrate. For the NLK kinase assays,
Myc-tagged NLK protein was extracted from various HepG2 cell
lines expressing Myc-NLK, and subjected fo the in vitro kinase
assay to detect autophosphorylation. In some experiments,
GST-STAT3s34_770 produced in E. coli was used as a substrate.
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Fig.1. Endogenous TAK1 binds to STAT3 and is activated through the YXXQ
motif in gp130. (4) HepG2 cells were untreated (-) or treated with IL-6 for 15
min. WCE was immunoprecipitated (IP) with control IgG (lane 1-2), anti-TAK1
(lanes 3 and 4), or anti-STAT3 (lanes 5 and 6) Abs. immunoprecipitates were
resolved on SDS/PAGE and immunoblotted (IB) with the indicated Abs. (8)
HepG2 cells were untreated () or treated with 20 ng/m} IL-6, IL-15, or TGF-p
for 10 min. The proteins immunoprecipitated with anti-TAK1 Ab were divided
into two aliquots. One aliquot was subjected to an in vitro kinase assay (IVK)
with recombinant MKK6 as the substrate (Upper), and the other aliquot was
used in animmunoblot to examine the amount of immunoprecipitated TAK1
(Lower). (C) HepG2, HepG2-G108-YRHQ, or HepG2-G108-YSTV cells were
transfected with pEF-Flag-TAK1 plasmid, and untreated () or treated with
the indicated cytokines at 20 ng/ml for 10 min. The anti-Flag immunoprecipi-
tates of WCEs were subjected to the kinase assay (Upper) and immunoblot
analysis with an anti-Flag Ab (Lower) as in B.

Results

Identification of TAK1 as a STAT3-Interacting Protein That Is Activated
by IL-6 Through the YXXQ Motif in gp130. To identify molecules
acting with STAT3, we first obtained STAT3-associated com-
plexes by the TAP method (32) from gp130-stimulated 293T-
G133 cells (4) stably expressing TAP-tagged STAT3. We ana-
lyzed digests of the complexes by using direct nanoflow liquid
chromatography-coupied tandem MS (33) and identified mul-
tiple peptides. One peptide sequence, QELVAELDQDEK,
corresponded to residues 521-532 of human TAK1. We then
tested whether endogenous TAK1 and STAT3 formed com-
plexes in HepG2 cells. As shown in Fig. 14, lanes 3 and 4,
anti-TAK1 immunoprecipitates of WCEs from unstimulated and
11-6-stimulated HepG2 cells contained STAT3. The STAT3—
TAK1 interaction was reciprocally confirmed by detecting TAK1
in the anti-STAT3 immunoprecipitates (Fig. 14, lanes 5 and 6).

We next tested whether IL-6 could activate endogenous
TAK1. Anti-TAK1 immunoprecipitates of WCEs from unstimu-
lated or IL-6-stimulated HepG?2 cells were subjected to an i vitro
kinase assay by using MKKS as the substrate. As shown in Fig.
1B, IL-6 activated endogenous TAK1 as efficiently as did IL-18
and TGFB. We next tested whether a tyrosine-phosphorylated
motif in gp130 was required for TAK1 activation. As shown in
Fig. 1C, stimulation of HepG2-G108YRHQ cells that express a
chimeric receptor consisting of G-CSFR-gp130 with the cyto-
plasmic portion of gp130 truncated to 108 amino acid residues
and a YXXOQ motif peptide, efficiently increased the TAKL
kinase activity. In contrast, this increase was not seen in HepG2-
G108YSTV cells that contain a YSTV motif instead of the
YXXQ motif. These tesults indicated that the YXXQ motif was
responsible for the TAK1 activation.
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Fig.2. Preferential activation of NLK through the YXXQ-TAK1 pathway. (A)
EMSA for NFxB activity. 32P-labeled oligonudeotides containing an NFxB-
binding site and nuclear extracts from HepG2 cells that were untreated () or
stimulated with IL-18 or IL-6 for 30 min were used. The reaction mixtures were
preincubated with no additions (lanes 1, 2, and 5), anti-p65 Ab (lanes 3 and 6),
or control rabbit IgG (lanes 4 and 7). (B) HepG2 cells (lanes 1 and 3), HepG2-
G108YRHQ (lane 5), HepG2-G108YSTV (lane 6), or HepG2-G108YRHQ with
TAK1 KD (lane 4, see also Fig. 3A) cells were infected with LV-Myc-NLK. WCEs
from parental (lane 2) and the transfected cells were immunoblotted (iB) with
an anti-NLK Ab (Left Upper, lanes 1 and 2), an anti-TAK1 Ab (Right Upper,
lanes 3-6) or anti-Myc Ab (Lower). The total amount of endogenous and
exogenous NLK in the HepG2-Myc-NLK cells was estimated as ~2- to 2.2-fold
of that of endogenous NLK in the parental cells. (C and D) The various
HepG2-Myc-NLK celis shown in B were left unstimulated or stimulated with
the indicated cytokines at 20 ng/ml for 10 min. The anti-Mycimmunoprecipi-
tates (IP) of WCE were divided into two aliquots. Each aliquot was subjected
to the NLK kinase assay in the absence of exogenous substrate (Upper) or
immunoblot analysis with the anti-Myc Ab (Lower).

IL-6 Preferentially Activates NLK Via the YXXQ-TAK1-Mediated Path-
way. Once we discovered that IL-6 activated TAK1, we investi-
gated which downstream pathways were activated through TAK1
in response to IL-6. First, we examined NF«B activation by using
an EMSA. In contrast to the efficient induction of NF«B
containing p65 by IL-18 (Fig. 24, lanes 2 and 3), IL-6 caused only
slight NFxB DNA-binding activity in HepG2 cells (Fig. 24, lanes
5 and 6). p38 and JNK activation were also tested, with no
apparent activation observed in the IL-6-stimulated HepG?2 cells
(data not shown). We then examined whether IL-6 activated
NLK. To efficiently test the NLK kinase activity, we stably
expressed Mye-tagged NLK (Myc-NLK) in HepG2 cells,
HepG2-G108YRHQ. or HepG2-G108YSTV, and a HepG?2 cell
line in which TAK1 was knocked down (described later and
shown in Fig. 34), with an LV expression system. The expression
levels of Myc-NLK were very similar in these cell lines (Fig. 2.3,
lanes 3-6), and the level of Myc-NLK was close to that of
endogenous NLK in HepG2 cells (Fig. 28, lanes 1 and 2). The
Myc-NLK was recovered with an anti-Myc Ab from HepG2 cells
that had either been left unstimulated or stimulated, as indi-
cated, for 10 min. The Myc-NLK was then tested for its auto-
phosphorylation kinase activity (Fig. 2C). IL-6 activated NLK
efficiently, as did TGFg, IL-13, and TNFa; two other cytokines,
IFNvy and 114, did not activate NLK. Consistent with the role
played by the YXXQ motif in the IL-6-induced TAK1 activation,
stimulation of the chimeric GCSF-R-gp130 receptor containing
the YXXQ motif, but not the YSTV motif, caused NLK acti-
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Fig.3. TAK1 and NLK are components of the YXXQ-mediated H7-sensitive

kinase pathway leading to the phosphorylation of STAT3 Ser-727. (A) HepG2-
G108YRHQ cellswere infected with LV-U6-small interfering RNA against TAK'1
and NLK to deplete TAK1 and NLK (TAK1KD and NLKKD, respectively). The
silencing effect was evaluated by immunoblotting with the indicated Ab. (B)
HepG2-G108YRHQ cells and the TAK1KD or NLK KD HepG2-G108YRHQ cells
were left unstimulated or stimulated with the indicated cytokines at 20 ng/ml
(lanes 2, 4, and 5) or at 100 ng/ml (lanes 3, 7, and 9) for 15 min. The WCEs were
immunoblotted with the indicated Abs. () The Flag-TAK1 immunoprecipi-
tates from unstimulated or IL-6-stimulated HepG2 cells were subjected to the
in vitro kinase assay as in Fig. 1B in the absence or presence of 5 uM H7. (D)
HepG2-Myc-NLK cells were stimulated with IL-6 at 20 ng/ml for 15 min. The
immunoprecipitates of WCEs with anti-Myc Ab were subjected to the in vitro
NLK kinase assay as in Fig. 2C (lanes 1 and 2) or the in vitro NLK kinase assay
by using GST-STAT3 (534 -770) made in E. coli (lanes 3~6) in the presence of the
indicated amounts of H7. Phospho-Ser-727 was detected with an anti-
phospho-Ser-727 Ab (Right Upper). The amount of NLK used for each kinase
assay is shown in Lower. (E) HepG2-G108YRHQ cells pretreated with nothing
(=) or H7 at 50 uM (+) and HepG2-G108YRHQ-NLK-KD celis were {eft un-
stimulated or stimulated with the indicated concentrations of IL-6 (lanes 2-7)
or 20 ng/ml G-CSF for 15 min. The WCEs were immunoblotted with the
indicated Abs {Leff). The intensities of each band were quantified by a
densitometer (GS-700, Bio-Rad), and the percentage of STAT3 in the phos-
phorylated form was calculated (Right). The value in HepG2 cells stimulated
with 30 ng/ml IL-6 was defined as 100%, because almost all of the STAT3 was
phosphorylated on Ser-727, as judged by its migration pattern on SDS/PAGE
(data not shown). Average values of two independent experiments are
shown.

vation at the level similar to that obtained with IL-6 (Fig. 2D,
lanes 1-3 and 7-12). Together with the finding that the YXXQ-
derived signal-induced and IL-6-induced NLK activation was
severely impaired in TAK1-knockdown HepG?2 cells (Fig. 2D,
lanes 4-6), these results indicated that IL-6 preferentially acti-
vates the TAK1-NLK pathway through the YXXQ motif.

The TAK1-NLK Pathway Is the YXXQ-Mediated H7-Sensitive Pathway
That Leads to STAT3 Ser-727 Phosphorylation. To test the roles of
endogenous TAK1 and NLK in the IL-6- and YXXQ-derived
signaling, we knocked down the expression fevels of TAK1 or
NLK in HepG2-G108YRHQ cells by the RNAi method, using a

Kojima et al.



lentiviral vector system expressing a UG-driven loop-type small
interfering RNAs against the fakl and nlk mRNAs. The LV
without an RNAI sequence was used as the control. The small
interfering RNAs against the takl and nlk mRNAs effectively
inhibited the production of their corresponding proteins (Fig.
34). As shown in Fig. 3B, the YXXQ signal efficiently caused
Ser-727 phosphorylation as did IL-6 at 20 ng/ml, and the
YXXQ-mediated Ser-727 phosphorylation was severely im-
paired in both the TAK1- and NLK-depleted cells, whereas the
phosphorylation of STAT3 on Tyr-705 was intact in these cells,
indicating that the TAKI-NLK pathway is critical for STAT3
Ser-727 phosphorylation by the YXXQ-derived pathway. It was
also noted that TGFB did not cause STAT3 Ser-727 phosphor-
ylation in HepG2 cells despite the strong NLK activation (Fig.
3B, lane 5). TAKI kinase activity was resistant to H7 at 5 uM in
the in vitro kinase assay (Fig. 3C, lanes 3 and 4), whereas the NLK
kinase activity was very sensitive to H7 in the autophosphory-
lation kinase assay (Fig. 3D, lanes 1 and 2), and in an assay using
GST-STAT3s534-770 made in E. coli as the substrate (Fig. 3D,
lanes 3-6) with an of ICsg <<0.1 wM. We then tested the role of
this pathway in STAT3 Ser-727 phosphorylation at various 11-6
concentrations. We compared the levels of STAT3 Ser-727
phosphorylation in HepG2-G108YRHQ cells and NLK-
knockdown-HepG2-G108YRHQ cells in response to increasing
doses of IL-6. As shown in Fig. 3E, STAT3 Ser-727 phosphor-
ylation by IL-6 was detected even at 0.1 ng/ml IL-6 and peaked
at ==10 ng/ml in the parental cells. In contrast, in the NLK-KD
cells, the Ser-727 phosphorylation responses were suppressed
when stimulated with 0.1, 0.3, and 1 ng/ml IL-6, but gradually
reached a maximal level similar to that seen in the parental celis
at 10 ng/ml. Very similar responses were observed in HepG2
cells pretreated with H7 at 50 uM (Fig. 3E, indicated as H7+)
and in the HepG2-G108-TAK1KD cells (data not shown). These
results indicated that the TAKI-NLK pathway actually repre-
sented the components of the previously characterized YXXQ-
derived H7-sensitive kinase pathway that leads to STAT3 Ser-
727 phosphorylation.

STAT3 Is Required for IL-6-Induced NLK Activation but Not for TAK1
Activation. Because STAT3 interacts with TAK1 even after IL-6
stimulation (Fig. 1.4) and with NLK (29), we explored the role
of STAT3 in the YXXQ-derived TAK1-NLK pathway. We used
STAT3-knockdown HepG2 cells (HepG2-STAT3KD) and a
derivative HepG2-STAT3KD cell line that was reconstituted
with short interfering RNA-resistant STAT3 (HepG2-KD-
STAT3R) (14). Stimulation with IL-6 at 1 and 100 ng/ml caused
TAK1 activation in the HepG2-STAT3KD cells to levels com-
parable to those obtained in the parental cells (Fig. 44, lanes
1-6). Interestingly, in response to IL-6, TAKI translocated into
the nucleus (Fig. 64, which is published as supporting informa-
tion on the PNAS web site), and the kinase activities in both the
cytosolic and nuclear fractions increased even without STAT3
(Fig. 44, lanes 7-14). These results indicated that the presence
of STAT3 did not affect the activation step of TAK1 in response
to IL-6.

In contrast, the IL-6-induced NLK kinase activity was mark-
edly reduced in the HepG2-STAT3KD cells, to <20% of the
activity obtained with the parental cells (Fig. 4B, lanes 2 and 6;
see also Fig. 5C; average = 17.6 = 7.2%, n = 4), and this
IL-6-induced NLK activity fully recovered in the HepG2-KD-
STAT3R cells (Fig. 4B, lanes 9 and 10), suggesting that STAT3
has a role in the TAKI-dependent NLK activation after the
TAKI1 activation step of the IL-6 signal. This STAT3-
dependency was not observed for the NLK activation by IL-18
or TGF (Fig. 4B), indicating a specific role for STAT3 in NLK
activation by IL-6 signals.
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Fig. 4. STAT3 is required for IL-6-induced NLK activation but not for TAK1
activation. (A) HepG2 and HepG2-STAT3-knockdown (KD} cells were left
unstimulated or stimulated with IL-6 at 1 (lanes 2 and 5), 100 (lanes 3 and 6),
or 20 {lanes 8, 10, 12, and 14) ng/ml. Endogenous TAK1 from WCE extracts
(lanes 1-6), cytosolic extracts (Cyt, lanes 7, 8, 11, and 12) or nudlear extracts
(Nuc, lanes 9, 10, 13, and 14) was immunoprecipitated with an anti-TAK1 Ab,
and the kinase activity was measured by using MKK® as the substrate (Upper).
{Lower) immunoblotting with the anti-TAK1 Ab. (B) HepG2 (G2) cells, HepG2-
STAT3KD (KD), and HepG2-STAT3KD reconstituted with RNAi-resistant STAT3
(3R) were infected with LV- Myc-NLK. The expression levels of STAT3 and
Myc-NLK are shown in Left Lower. These HepG2 and derivative cells expressing
Myc-NLK were left unstimulated or stimulated with the indicated cytokines at
20 ng/ml for 10 min. Kinase assay (Upper) and Western blotting analysis
(Lower) of the anti-Myc-immunoprecipitates of WCE are shown. The radioac-
tivity level of each band in the kinase assay was quantified with the BAS 5000
Bioimaging analyzer (Fujix, Tokyo). The activity of NLK in the IL-6-stimulated
HepG2-STAT3 KD was estimated to be 17.6 + 7.6% of that of IL-6-stimulated
HepG2 cells (n = 4).

STAT3 Enhances the TAK1-Dependent NLK Activation by Acting as a
Scaffold Specifically in the YXXQ-Derived Signal. We previously
showed that the carboxyl-terminal region of STAT3 from residues
533 to 770 was enough to be phosphorylated on Ser-727 by the
YXXQ-derived pathway (4). Consistently, GST-STAT3s33779 fu-
sion protein interacted with HA-TAK1 or Myc-NLK when coex-
pressed in 293T cells (data not shown). We then examined the
nature of the interactions among STAT3, TAK1, and NLK. Glu-
tathione beads were loaded with WCEs from cells coexpressing
GST or GST-STAT3s533.770, Mye-NLK, and HA-TAK1. The pro-
tein complexes containing GST and GST-STAT3533_770 were then
recovered from the beads. As shown in Fig, 54, TAKI, and NLK,
interacted with GST-STAT3s33 779 (lane 4), but not with GST (lane
3). The eluates from the beads were then further immunoprecipi-
tated with an anti-Myc Ab to obtain the NLK complexes. Anti-Myc
immunoprecipitates of the eluates contained HA-TAK1 and GST-
STAT3s33_770 in addition to Myc-NLK (lane 6). Control GST did
not cause this coimmunoprecipitation (lane 5). Taken together with
the fact that TAK1 does not directly interact with NLK (28), these
results indicate that STAT3 formed a ternary complex with HA-
TAK1 and Mye-NLK through its carboxyl-terminal region.
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Fig. 5. The STAT3 molecule acts as a scaffold for TAK1/NLK in the YXXQ-

derived pathway. (A) 293T cells were transfected with pCMV-HA-TAK1, pCMV-
Myc-NLK, and pEFGST or pEFGST-STAT3s33 770 plasmid. The GST-labeled pro-
teins were pulled-down with reduced glutathione (GSH)-Sepharose. The
eluates were diluted with 50 mM Hepes buffer (pH 7.8) containing 150 mM
NaCl, and subjected to immunoprecipitation using an anti-Myc Ab. The WCEs
(lanes 1 and 2), the eluates from the GSH-Sepharose (lanes 3 and 4), and the
anti-Myc Ab immunoprecipitates (lanes 5 and 6) were subjected to immuno-
blotting analysis with the indicated Abs. (8) HepG2-MycNLK and HepG2-
STAT3KD-MycNLK were treated with 20 ng/ml IL-6 for 10 min. The nudear
extracts (500 ug each) were immunoprecipitated with an anti-TAK1 Ab.
Nuclear extracts (20 ug, lanes 1 and 2) and the immunoprecipitates (lanes 3
and 4) were separated and probed with the indicated Abs. (O HepG2-
STAT3KD-MycNLK cells were infected with three doses of lentiviral prepara-
tion LV-EFNLS-FlagSTAT 3534 770. He pG2-MycNLK-, HepG2-STAT3KD-MycNLK-,
and NLS-FlagSTAT3s34_770-expressing cells were stimulated with iL-6 (lanes 2,
4, 6, 8 and 10), or TGF-B (lanes 12-15) at 20 ng/ml, for 10 min or left
unstimulated. The anti-Myc-immunoprecipitates (IP) of WCEs were subjected
tothe in vitro NLK kinase assay (p-NLK) and immunoblot (iB) with the anti-Myc
Ab. (Lower) Immunoblots using an anti-STAT3 Ab indicate that the lysate
samples contained increasing amounts of NLS-FlagSTAT3s34_770 protein in the
WCE. (D) HepG2 cells expressing NLS-FlagSTAT 3s34-770 were left untreated or
treated with IL-6 or TGFS for 15 min. The WCEs were separated on SDS/PAGE
and probed with the indicated Abs.

Next, we further tested whether the interaction of endogenous
TAKI1 and NLK in the nucleus required STAT3 molecules. The
Myc-NLK, which was expressed at a level similar to that of
endogenous NLK, was located largely in the nucleus with or
without IL-6 stimulation, as was endogenous NLK (Fig. 6 B and
C). As shown in Fig. 5B, lanes 1 and 2, Myc-NLK was present at
a similar level in the nuclear extracts from IL-6-stimulated
HepG2-MycNLK and HepG2-STAT3KD-MycNLK cells. Com-
parable amounts of TAK1 were present in the nucleus (Fig, 5B,
lanes 1 and 2) in response to IL-6, even in the absence of STAT3,
and efficiently recovered with an anti-TAK1 Ab (Fig. 5B, lanes
3 and 4). NLK and STAT3 cleatly coimmunoprecipitated with
TAK! in the nuclear extracts of IL-6-stimulated HepG2-
MycNLK cells (Fig. 5B, lane 3), whereas the amount of NLK that
coimmunoprecipitated with TAK1 in the nuclear extracts of
HepG2-STAT3KD-MyeNLK cells (Fig. 5B, lane 4) was mark-
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edly reduced to =~15% of that in Fig. 5B, lane 3. These results
indicate that the nuclear TAK1-NLK interaction in response to
IL-6 is largely dependent on STATS3.

To substantiate this TAK1-STAT3-NLK interaction, we sta-
bly expressed an NLS-FlagSTAT3s34_77 at three different levels
in HepG2-STAT3KD-MycNLK cells. These cells were left un-
stimulated or stimulated with IL-6 or TGEFB for 10 min, and the
NLK activities were assayed. As shown in Fig. 5C, expression of
the carboxyl terminus of STAT3 in the nucleus enhanced the
IL-6-induced NLK activation in a dose-dependent manner.
Interestingly, the TGFg-induced NLK activation was not en-
hanced by the presence of the carboxyl terminus of STAT3 in the
nucleus. These results indicate that STAT3 has an enhancing
effect on the TAK1-dependent NLK activation, specifically in
IL-6 signaling, We further tested whether NLK that was acti-
vated by the TGFB signal in a STAT3-independent manner
could- phosphorylate STAT3 on Ser-727 in the nucleus. Very
interestingly, in contrast to IL-6, TGEFB did not cause Ser-727
phosphorylation of the NLS-FlagSTAT3534770 expressed in the
nucleus (Fig. 5D), suggesting that the substrate specificity of the
NLKs that are activated through different pathways depends on
the scaffold proteins used in the specific signaling pathways.

Discussion

This stady showed that gp130, a member of the cytokine receptor
superfamily, efficiently activates the TAK1 through the YXXQ
motif in gpl30, and this kinase preferentially activates the
downstream kinase NLK, which is responsible for STAT3 Ser-
727 phosphorylation via the YXXQ motif-derived signal. Fur-
thermore, this study revealed a novel role for STAT3 in IL-6-
induced NLK activation but not in TGFB-induced NLK
activation. STAT3 functions as a scaffold for TAKI and NLK
specifically in IL-6 signaling by binding them at its carboxyl-
terminal region. The following observations support the idea
that this interaction is physiologically significant: (i) most TAK1-
NLK interactions in the nuclear extracts of II.-6-stimulated
HepG?2 cells depended on the presence of STAT3 (Fig. 5B); (i)
the IL-6-induced NLK activation was greatly decreased in
HepG2-STAT3KD cells; (iii) STAT3 and TAK1 were indepen-
dently activated by IL-6, even at low concentrations, and they
then translocated into the nucleus (Figs. 4B and 64), although
most NLK resides in the nucleus before stimulation (ref 36 and
Fig. 6B); and (iv) expression of the carboxyl-terminal portion of
STAT3 in the nucleus markedly increased the IL-6-induced NLK
activation. In contrast, TGFB neither used STAT3 to activate
NLK (Fig. 4B) nor caused the phosphorylation of STAT3 on
Ser-727 (Fig. 3B). This finding could not be explained by the fact
that TGFB did not cause the translocation of STAT3, because
TGFB-induced NLK activation could not be enhanced by the
forced expression of STAT3 in the nucleus (Fig. 5C), and NLK
activated by TGFB did not cause Sex-727 phosphorylation of the
nuclear STAT3 (Fig. 5D). Thus, NLKs activated through differ-
ent pathways have different substrate specificities, probably
reflecting the nature of the complexes containing the upstream
TAKI1 kinase and the scaffold proteins involved in the specific
activation signals.

We previously showed that the IL-6 signals for STAT3 Ser-727
phosphorylation are mediated by at least two kinase pathways,
one is a YSTV-motif-derived PD98059-sensitive pathway, and
the other is a YXXQ-motif-derived H7-sensitive kinase pathway
(4). The kinase pathway described here is fully consistent with
the H7-sensilive kinase pathway, because it has all of the
characteristics previously shown for the YXXQ-derived H7-
sensitive kinase that leads to STAT3 Ser-727 phosphorylation,
including the characteristics indicated in Fig. 3 C-E. This
pathway was also active in other cell lines tested, including the
NIH 313 and HEK293T cell lines (H. Kojima, T.S., and K.N.,
unpublished data). This pathway seems to be rather specific to
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the receptor systems that use gp130 or to others containing the
YXXQ motif, because neither IFNy nor IL-4 activated NLK.
Other cytokines should be tested to see if they activate this
pathway.

To date, only a few downstream targets of NLK have been
identified, including TCF/LEF (26), STAT3 (ref. 29 and this
study), and c-Myb (28). We do not know what other NLK
substrates are in the YXXQ-derived pathway at present. Re-
cently, Kanei-Ishii et al. (28) showed that TAKI, which is
activated by the Wnt-1 signal, activates NLK through HIPK2,
which functions as an intermediate kinase between TAK1 and
NLK. NLK then phosphorylates c-Myb at multiple sites, leading
to ubiquitination and proteasome-dependent degradation. In
their case, c-Myb interacted with HIPK2 and NLK in the nucleus.
It would be intriguing to test whether c-Myb works as a scaffold
for NLK activation specifically in Wnt-1 signaling, as STAT3
appears to do in IL-6 signaling. Ohkawara et al. (29) showed that
the TAKI-NLK pathway is responsible for the phosphorylation
of Xenopus STAT3 on Ser-727 in the marginal zone of the 32-cell
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embryo, and that NLK interacts with and phosphorylates STAT3
on Ser-727 in vitro. Together with results showing that both
STAT3 and TAK1-NLK are required for TGF8-mediated me-
soderm induction, they concluded that the TAK1-NLK-STAT3
cascade participates in the TGFB-mediated mesoderm induction
(29). However, in the present report, TGFg did not cause STAT3
Ser-727 phosphorylation in HepG2 cells, even when the carboxyl
portion of STAT3 was expressed in the nucleus, despite the
strong activation of NLK by TGFg. Clearly, more studies need
to be performed to understand how different upstream pathways
select the downstream kinases and affect the substrate specificity
of those kinases.
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Abstract

Xeroderma pigmentosum (XP) is a genetic disease characterized by hypersensitivity to UV irradiation and high incidence of skin cancer
caused by inherited defects in DNA repair. Mutational malfunction of damaged-DNA binding protein 2 (DDB2) causes the XP complementation
group E (XP-E). DDB2 together with DDB1 comprises a heterodimer called DDB complex, which is involved in damaged-DNA binding
and nucleotide excision repair. Interestingly, by screening for a cellular protein(s) that interacts with Cullin 4A (Cul4A), a key component

of the ubiquitin ligase complex, we identified DDBI. Immunoprecipitation confirmed that Cul4A interacts with DDB1 and also associates
with DDB2. To date, it has been reported that DDB?2 is rapidly degraded after UV irradiation and that overproduction of Cul4A stimulates

the ubiquitylation of DDB2 in the cells. However, as biochemical anal
whether the Cul4A complex directly ubiquitylates DDB2 or not. We

ysis using pure Cul4A-containing E3 is missing, it is still unknown
thus purified the Cul4A-containing E3 complex to near homogeneity

and attempted to ubiquitylate DDB2 in vitro. The ubiquitylation of DDB2 was reconstituted using this pure E3 complex, indicating that
DDB-Cul4A E3 complex in itself can ubiquitylate DDB2 directly. We also showed that an amino acid substitution, K244E, in DDB2 derived

from a XP-E patient did not affect its ubiquitylation.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Nucleotide excision repair; E3; Ubiquitin; DDB1; DDB2; Cullin 44

1. Introduction

Several proteins that bind specifically to ultraviolet (UV)
irradiation damaged-DNA have been discovered by elec-
trophoretic mobility shift assay or filter-binding assay since
19708 [1]. Previous studies that have characterized the
damaged-DNA binding (DDB) protein indicated that the min-
imal DDB complex is a heterodimer comprised of a 127 kDa
DDB1 subunit and 48 kDa DDB2 subunit. The binding activ-

* Corresponding author. Tel.: +8133823 2237; fax: 481 3 3823 2237.
E-mail address: tanakak @rinshoken.or.jp (K. Tanaka).
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ity of damaged DNA is thought to reside in this heterodimeric
complex (for reviews, see [2,3]).

Xeroderma pigmentosum (XP) is a rare genetic disease
characterized by clinical and cellular hypersensitivity to UV
radiationand highincidence of skin cancer [4]. Cells from XP
patients show defective repair of DNA damage that had been
induced by UV or chemical agents, and tendency for skin
carcinogenesis. In 1988, Chu and Chang [5] reported that
cells from XP complementation group E (XP-E) individu-
als (GM02415/XP2RO) lacked this damaged-DNA binding
activity, suggesting that DDB is functionally involved in the
XP-E disease. This is also true for some other alleles of XP-F
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patients [6]. Further evidence for the involvement came from
microinjection experiments indicating that the purified DDB
complex complements the XP-E cells’ defect |7.8]. Other
studies demonstrated that ectopic expression of human DDB2
enhanced DNA repair in Chinese hamster V79 cells, which
rarely express endogenous rodent DDB2 [9]. Soon after the
identification of DDBI and DDB2 genes, Nichols et al. [10]
revealed that DDB2 was in fact mutated in XP-E cells lack-
ing DDB activity. However, the molecular basis of the XP-E
phenotype was ambiguous, because several groups found that
cells from other patients with XP-E had normal levels of DDB
activity (DDB+) and possessed no mutation in DDB2 gene
(reviewed in [2,3]). This discrepancy was puzzling until re-
cently. Based on a thorough analysis, however, it was found
that some DDB+ cell lines were mistakenly assigned to XP-
E, and now it appears that all known authentic cases of XP-E
are caused by DDB2 mutations [11,12].

In eukaryotic cells, selective protein degradation 1s largely
mediated by the ubiquitin/proteasome system. When ubiqui-
tin is attached to the target protein by the ubiquitylation ma-
chineries, the proteasome recognizes the poly-ubiquitylated
substrate to be degraded. This ubiquitin conjugating system
requires the cascade reaction of three enzymes, namely EI,
a ubiquitin-activating enzyme, E2, a ubiquitin-conjugating
enzyme, and E3, a ubiquitin ligase. In 1999, Shiyanov et
al. [13] reported that Cullin 4A (Cul4A) associates with the
DDB complex. The cullin family of proteins compose a mul-
timeric E3 complex. Cullin 1, which is the most well charac-
terized cullin, serves as a rigid scaffold of its E3 complex and
catalyses ubiquitylation through appropriate positioning of
E2 and the substrate [14]. Other cullin family proteins includ-
ing Cul4A are believed to function as well. The interaction
between Cul4A and DDB1 was also demonstrated by several
other groups recently ([15-20] and this work). These resuils,
together with the rapid degradation of DDB2 after UV irradia-
tion [21,22], suggest the involvement of Cullin 4A in DDB2
ubiquitylation and degradation. Strikingly, over-production
of Cul4A stimulates the ubiquitylation of DDB2 [15,16].
However, since the latter studies did not show biochemical ev-
idence of Cul4A involvement in the ubiquitylation of DDB2,
it is still unknown whether the Culd4A-containing E3 com-
plex in itself directly ubiquitylates DDB2 or not. To further
investigate the mode of this ubiquitylation, an in vitro re-
constitution by biochemical approach is obviously required.
Here, we show that DDB2 can be ubiquitylated directly by
the purified DDB-Cul4A E3 complex in a reconstitution in
vitro experiment.

2. Materials and methods
2.1. Protein identification by LC-MS/MS analysis
The Cullin 4A-associated complexes were digested with

Achromobacter protease-1 and the resulting peptides were an-
alyzed using a nanoscale LC-MS/MS system as described

previously [23,24]. The peptide mixture was applied (o a
Mightysil-PR-18 (1 pun particle, Kanto Chemicals, Tokyo,
Japan) frit-less column (45mm x 0.150 mm i.d.) and sepa-
rated using a 0—40% gradient of acetonitrile containing 0.1%
formic acid over 30min at a flow rate of 50 nl/min. Eluted
peptides were sprayed directly into a quadruple time-of-
flight hybrid mass spectrometer (Q-T of Ulfima, Micromass,
Manchester, UK). MS and MS/MS spectra were obtained in
data-dependent mode. Up to four precursor ions above an
intensity threshold of 10counts/s were selected for MSMS
analyses from each survey scan, All MS/MS spectra were
searched for protein sequences of Swiss Prot and RefSeq
(NCBI) using batch processes of Mascot software package
(Matrix Science, London, UK).

2.2. Cell culture condition

High-Five insect cells were maintained as an adherent cul-
ture in Grace insect media (Invitrogen, Carlsbad, CA, USA)
supplemented with 8% fetal bovine serum (Sigma, St. Louis,
MO, USA) and 1% penicillin-streptomycin (Invitrogen). ts41
cells established from Chinese hamster [25] were maintained
in Dulbecco’s modified Eagle’s medium (Sigma) containing
10% fetal bovine serum and 1% penicillin-streptomycin un-
der 3% CO, condition at 34 °C.

2.3. Immunoprecipitation experiment

To express DDB1, DDB2 and cullin family proteins, all
plasmids were constructed from pcDNA3 or pcDNA3.1 plas-
mid (Invitrogen). Additional details of the plasmid construc-
tion processes will be provided upon request. Mammalian
tsd1 cells at 48h after DNA transfection were harvested,
washed by phosphate-buffer saline (PBS) and lysed with
buffer A containing 20 mM Tris—HCI, pH 7.5, 150 mM NaCl,
0.5% Nonidet P-40 and 10% glycerol. After removal of the
debris by centrifugation, anti-Flag antibody (M2)-conjugated
agarose (Sigma) was added to the lysate and the mixture was
incubated at < “C for 2 h under constant rotation. After exten-
sive washing of immunoprecipitates with buffer A, binding
proteins were eluted with sodium dodecy! sulphate (SDS)-
containing buffer and boiled at 95°C for 5min. The elu-
ate was subjected to immunoblotting using anti-Flag (M2;
Sigma), anti-Myc (Santa Cruz, Delaware, CA, USA), anti-
Cul4A (our laboratory collection) and anti-DDB1 antibodies
(Zymed, San Francisco, CA, USA).

2.4. Protein purification

To overproduce His-DDB1, Flag-DDB2, Cullin 4A-HA
and T7-Rbx1 proteins in insect celis, the tagged full-length
¢DNAs were inserted into pFastBac donor plasmid (Invitro-
gen). Additional details of the plasmid construction processes
can be provided upon request. Subsequent production of bac-
ulovirus particles was carried out according to the protocol
provided by the manufacturer. Baculovirus particles for His-
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DDBI1 and Flag-DDB2 were used to simultaneously infect
High-Five cells, as well as viruses for Cullin4A-HA and T7-
Rbx1. Insect cells were incubated for 48h after infection,
washed using PBS at 4°C and then harvested by centrifuga-
tion. The cell extract was collected using buffer B containing
20 mM Tris-HCI, pH 7.5, 0.5% Nonidet P-40, 150 mM NaCl,

- 100uM ZnSO4, 10mM 2-mercaptoethanol, 6% glycerol
and a protease inhibitor mixture without ethylenediaminete-
traacetic acid (EDTA) (Roche, Mannheim, Germany). After
centrifugation, the cell lysates were mixed together and in-
cubated at 4°C for 5h with occasional gentle mixing. For
initial purification, the cell lysate was loaded on a single-
stranded DNA cellulose (Sigma) column equilibrated with
buffer B. The column was then washed with buffer B contain-
ing 0.3 M NaCl followed by elution with buffer B containing
0.7M NaCl. The eluted fraction was subsequently purified
with nickel-chelating agarose (Qiagen, Stanford, CA, USA)
pre-equilibrated with buffer B and eluted by 120 mM imida-
zole. This purified complex was further separated on a glyc-
erol gradient sedimentation, which was carried out through a
10—0% glycerol gradientin 25mM Tris—HCI, pH7.5, 1 mM
dithiothreitol (DTT) and 2 mM ATP for 22h at 25,000 rpm
ultracentrifugation. Fractions of 1 m{ were collected from the
top of the gradient and subjected to silver staining and im-
munoblotting.

To purify DDB2 (K244E)-containing complex, cell
lysates containing His-DDB1, Flag-DDB2 (K244E), Cullin
4A-HA and. T7-Rbx1 proteins in buffer B were collected
as mentioned above. The DDB2 (K244E) complex was
roughly purified with nickel-chelating agarose (Qiagen) pre-
equilibrated with buffer B and eluted by 100 mM imidazole.
Obtained fractions were then loaded onto HiTrap Heparin
HP column (Amersham Biosciences, Piscataway, NJ, USA),
washed with buffer C [20mM Tris—-HCI, pH 7.5, 150mM
NaCl, 100 pM . ZnSO4, 1 mM DTT, 4.5% glycerol and pro-
tease inhibitor mixture without EDTA (Roche)], and eluted
with a 0.15-0.75M NaCl gradient in buffer C. The DDB2
(K244E)-containing complex was eluted around 0.5M NaCl
and was subjected to dialysis with buffer D containing 20 mM
Tris-HCI, pH 8.0, 20mM NaCl, 100 uM ZnSO4, and 1 mM
DTT. A protein complex containing wild-type DDB2 was
simultaneously isolated by the same method and used as a
control. '

To collect the authentic DDB-Cul4A complex from
mammalian cells, Hel.a cells stably expressing N-
terminally FLAG-HA-tagged DDB2 were used. The genuine
DDB-Cul4A complex was immunoprecipitated with anti-
FLAG antibody followed by anti-HA antibody as described
previously [17]. The eluates were further purified by Mini Q
(Amersham Biosciences) column chromatography instead of
glycerol density gradient centrifugation.

2.5. Invitro ubiquitylation assay

The ubiquitylation assay was essentially performed as de-
scribed previously [26,27]. Briefly, the purified DDB-Cul4A

complex was incubated in 25mM Tris—HCI, pH 7.5, 1 mM
DTT, 25pM MGI132 (Peptide Inc., Osaka, Japan), SmM
MgClp, 100pM ZnSOs, 2mM ATP, 50pg of ubiqui-
tin (Sigma)/ml, 2 g of El/mi and 70 pg of various E2-
expressing Escherichia coli lysate/ml at 32°C for 2h and
subjected to immunoblotting with anti-His (penta-His anti-
body; Qiagen, Stanford, CA, USA), anti-HA (HA.11, Berke-
ley Antibody Company, Berkeley, CA, USA), anti-Flag (M2;
Sigma) and anti-T7 (Novagen, Madison, W1, USA) antibod-
ies. In some cases, GST-ubiquitin was used instead of native
ubiquitin.

3. Results
3.1. DDB complex physically interacts with Cullin 4A

To explore the molecular function of Cullin 4A, we ex-
amined the cellular partner(s) that interact with Cul4A in
cells. A thorough analysis of human EST and genome se-
quences showed that the registered human Cul4A sequence
(659 amino acid protein [28]) lacks its N-terminal 100 amino
acid restdues and thus the full-length Cul4A was obtained by
PCR-assisted cDNA cloning and used hereafter. The com-
plete nucleotide sequence of full-length Cul4A has beenreg-
istered under accession number AB178950.

Flag-tagged Cul4A was expressed in HEK293 cells fol-
fowed by immunoprecipitation by anti-Flag antibody. The
immunoprecipitates were eluted with a Flag peptide and
then digested with Lys-C endopeptides (A. protease 1) and
the cleaved fragments were directly analyzed using a highly
sensitive “direct nano-flow LC-MS/MS” system (for detail,
see Section 2). Following database search, a dozen of pep-
tides were assigned to MS/MS spectra obtained from four
nano-LC-MS/MS analyses for the Flag-CuldA-associated
complexes and DDBI was identified as one of the Cul4A-
interacting proteins.

To confirm the interaction between Cul4A and DDBI, we
performed immunoprecipitation experiment. Plasmids carry-
ing Flag-tagged cullin family proteins (Cuil, 2, 3, 4A, 4B and
5) and mye-tagged DDB1 were concurrently transfected into
ts4l cells. Extracts of the transfected or mock-transfected
cells were subjected to immunoprecipitation using anti-Flag
antibody followed by immunoblotting with anti-DDBI1 an-
tibody. As shown in Fig. 1A, Cul4A significantly interacted
with DDBI1. Cull also bound DDB1 weakly, whereas the
other Cullins tested did not interact with DIDB1. We next ex-
amined whether DDB2 also associates with Cul4A, because
DDB1 and DDB2 are part of the DDB complex. Plasmids car-
rying 6myc-tagged cullin family proteins were transfected
into ts41 cells along with a plasmid harboring Flag-tagged
DDB2. Each extract was then subjected to immunoprecipita-
tion using anti-Flag antibody and immunoblotting with anti-
myc antibody. Consistent with the above resuits, DDB2 also
interacted strongly with Cul4A and weakly with Cull and
Cul4B (Fig. 1B). DDB2 did not bind with other cullin fam-
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Fig. 1. DDB complex interacts with Cullin 4A. (A) Cul4A interacts with DDB 1. Flag-tagged cullin family proteins and Myc-tagged DDBI were simultaneously
transfected into ts41 cells. After immunoprecipitation (IP) by anti-Flag antibody, the resulting immunoprecipitates were subjected to immunoblotting using
anti-DDB1 antibody. (B) Cul4A also associates with DDB2. IP was similarly performed using FLAG-tagged DDB2 and Myc-tagged cullin family protein
concurrently transfected into ts41 cells. After IP by anti-FLAG antibody, the resuliing immunoprecipitates were analyzed using anti-Myec antibody.

ily proteins (Cul2, 3 and 5) examined. These results showed
that DDB complex preferentially interacts with Cul4A, as
reported previously [16].

3.2. Purification of DDB-Cul4A complex

We next attempted to purify DDB—Cul4A E3 complex us-
ing baculovirus expression system to perform biochemical
experiments. Flag tag was fused to DDB2 at its N-terminus
to facilitate its detection. This Flag-tagged DDB2 is thought
to be functional because recent studies showed that ectopic
expression of Flag-DDB2 enhanced DNA repair in Chinese
hamster V79 cells [9], and purified Flag-DDB2 protein could
restore damaged-DNA binding activity in extracts of XP-
E patient cells [12]. DDB complex has been purified pre-
viously using DNA affinity column [13] and we also used
DNA cellulose for initial purification of this complex. His6-
tagged DDB1 and Flag-tagged DDB2 were simultaneously
expressed in High-Five insect cells by the baculovirus induc-
tion system. Cul4A-HA and T7-Rbx1 were expressed con-
currently as well. Each cell lysate was mixed and the re-
sulting protein complex was purified by sequential column
chromatography on single-stranded DNA cellulose, nickel-
chelating agarose and subsequent 10—40% glycerol gradient
by ultracentrifugation. The E3 complex comprised of DDBI,
DDB?2, Cul4A and Rbx1 was collected to near homogeneity
as a peak fraction of glycerol gradient as shown in Fig. 2.
Note that several other proteins were also detected in the fi-
nal preparation (for example, a typical protein is shown by
an asterisk in Fig. 2). However, since the peak fraction of
such protein was inconsistent with that of the E3 complex in
the glycerol gradient (data not shown), we think the protein
is a contaminant derived from insect cells or a degradation

product of the expressed protein, rather than a protein phys-
iologically associated with the E3 complex.

3.3. DDB2 is ubiquitylated by purified Cul4A complex

Using this purified complex, we next tried to reconstitute
the ubiquitylation of DDB2 to check whether DDB-Cul4A
complex per se can ubiquitylate DDB2. Since E3 gener-
ally requires specific E2 to mediate ubiquitylation, we tested
eight different E2 enzymes (E2-20k, E2-25k, Ubc3, Ubc4,
UbcHSa, UbcHSc¢, Ubce7 and Ubc8). Slower-migrating lad-
ders derived from auto-ubiquitylation of Cul4A (see below)
were observed only from the reaction with Ubc4, UbcHSa
and UbcHS5c, whereas the other E2 enzymes tested did not
support this modification (Fig. 3A). We thus used UbcHS
family as a source of E2 in the following experiments. Puri-
fied DDB~Cul4A complex was incubated with ATP, ubiqui-
tin, El and UbcH5a, and subjected to immunoblotting with
the antibody for each component. As expected, ladders de-
rived from the auto-ubiquitylation of Cul4A were observed
(Fig. 3B, single asterisk in the middle panel). Moreover,
apparent high molecular-mass ladders were evident when
DDB2 was detected using the anti-Flag antibody (Fig. 3B,
single asterisk in the left panel). In order to demonstrate that
this modification was due to ubiquitylation, we repeated the
ubiquitylation assay in the presence or absence of ubiqui-
tin. The slower migrating ladders were not detected without
ubiquitin, and the addition of GST-ubiquitin instead of native
ubiquitinresulted in the appearance of larger molecular-mass
bands (Fig. 3B, double asterisks), indicating that this modifi-
cation indeed is ubiquitylation. In the case of DDB1, a single
high-molecular band also emerged after in vitro ubiquityla-
tion (Fig. 3B, right panel). However, this ubiquitylation sig-
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subsequently separated onto a 10-40% glycerol gradient by ultracentrifugation. The peak fraction of DDB—Culda complex was resolved by SDS-PAGE and

>
visualized by silver staining. Asterisk shows the contaminant protein (see Section 3).

nal of DDB1 was fainter than that of Cul4A and DDB2 (sce anti-FLAG antibody followed by anti-HA antibody as de-

Section <), scribed previously [17] and the eluates were further purified
To further investigate the biochemical characteristics of by Mini Q column chromatography. The authentic E3 com-
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tagged DDB2 [17] were used to collect E3 complex. The was incubated with ATP, ubiquitin, E1 and UbcH S, appar-
DDB2-containing complex was immunoprecipitated with ent high molecular-mass ladders derived from the ubiquity-
v) O
S8 g3 2%yq
o [&Y] a2 o 0 0 o O
w w > >53 5 5 5
191
Ub
<— Cullin 4A
(A) (kDa)
L D
> >
&0 ol
e 50 g2 5o
o7 [T
1915
ca 191+ T o7
97 —
51 -
28
39 64 19 o] e s
(g) P2 DDB2 02 Gutlin 4a (kDa) Rbx1

Fig. 3. Invitro reconstitution of DDB2 ubiquitylation. (A) The DDB-Cul4A E3 complex cooperates with Ubced and UbcHS subfamily of E2 enzymes. Purified
DDB-Cul4A E3 was incubated with the indicated E2 enzymes and subjected to immunoblotting with anti-HA antibody to identify the auto-ubiquitylation.
(B) DDB2 was directly ubiquitylated by the DDB-Cul4A complex. Pure DDB1-DDB2-Cul4A complex was subjected to in vitro ubiquitylation assay in the
absence (no) or presence of ubiquitin (Ub) or GST-ubiquitin (GST-Ub) and analyzed by immunoblotting with each antibody. Single asterisks show the ubiquitin
conjugation and double asterisks indicate GST-ubiquitin conjugation.
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lation of DDB2 and Cul4A were again observed (Fig. 4B,
single asterisk). The exclusion of ubiquitin from the assay
quenched these bands and replacement of native ubiquitin
with GST-ubiquitin retarded their mobility (Fig. 4B, double
asterisks). In contrast, DDB1 was rarely ubiquitylated, al-
though a faint ubiquitylation signal was observed after long
exposure (Fig. 4B, right panel). Because the DDB-Cul4A
complex derived from both insect (Fig. 3) and mammalian
(Fig. 4 cells directly ubiquitylated DDB2, we concluded that
DDB2 was ubiquitylated by genuine DDB-Cul4A complex.

3.4. XP-E mutation does not affect ubiquitylation of
DDB2 in vitro

Two cell lines established from XP-E patients, XP2RO
and XP82TO, have been characterized in detail. XP2RO and
XP82TO cells harbor naturally occurring single amino acid
substitutions, R273H and K244E, in DDB2 protein, respec-
tively. It has been reported that the XP82TO mutant protein
(DDB2-K244F) interacts normally with DDB1 and Cullin
4A. Conversely, XP2RO mutant protein (DDB2-R273H) in-
teracts with neither of them [13,29]. We also confirmed by
immunoprecipitation experiments that DDB2-K244E inter-
acts with DDB1 and Cullin 4A normally, but DDB2-R273H
did not associate with either of them (Fig. 5A). Intriguingly,
Rapic-Otrin et al. [21] reported that UV-induced rapid degra-
dation of DDB2 protein did not occur in XP82TO cell line.
This information prompted us to test whether K244E mu-
tation affects the in vitro ubiquitylation of DDB2. Because
DDB1-DDB2 (K244F)-Cul4A complex did not interact el-
fectively with DNA cellulose, we were unable to purify it

compared with the wild-type complex (data not shown). We
thus purified this mutant protein complex by affinity chro-
matography on nickel-chelating column and subsequent hep-
arin column, and the bound DDB2 (K244E) complex was
eluted around 0.5M NaCl (Fig. 5B). As a control, the wild
type DDB2-containing complex was simultaneously isolated
by the same method. The DDB1-DDB2 (K244E)-CuldA
complex was incubated with ATP, ubiquitin, E1 and UbcH 5a,
and subjected to immunoblotting with the anti-Flag antibody.
The mutant DDB2 protein was ubiquitylated in a manner
equivalent to that of the wild-type control (Fig. 5C), indicat-
ing that XP82TO mutation (K244E) did not affect the ubig-
uitylation of DDB2 in vitro. This result also suggests that
the mutated site of DDB2 (244th K)) per se is not the unique
ubiquitylation site.

4, Discussion

The DDB complex is regulated through several processes
when cells are exposed to UV irradiation, namely very
rapid translocation into the nucleus and binding to chro-
matin[17,20-31], hasty degradation of DDB2 protein {21,22]
and final transcriptional induction of DDB2 mRNA {32,33].
Chemical inhibition of proteasomes prevents rapid degrada-
tion of DIDB2 protein, suggesting that this process is mediated
by the ubiquitin/proteasome system. Among these regulation
processes of DDB2, proteolytic degradation is the most in-
triguing because several recent reports [13,15-17] and our
present results have shown a tight relationship between the
DDB complex and proteins involved in ubiquitylation.



N. Matsuda et al. / DNA Repair 4 (2005) 337-345 543

(A) Lysate IP: Flag
Flag-DDB2 W WL
o o ol QO

T ¥ xr 2 ¥ @

blotting: anti-Cul4A

blotting: anti-DDB1

(8) €Y WT Ko44E

- Ub - Ub

191~
97 —

64 —
51—

*

39 —
[~ (kDa) DDRB2

Fig. 5. XP82TO mutation (K244E) does not affect the in vitro ubiquitylation
of DDB2. (A) DDB2-K244E interacts with DDB1 and Cul4A, but DDB2-
R273H associates with neither. Flag-DDB2 (WT, K244E or R273H) was co-
transfected with Mye-CuldA and HA-DDBI into ts#1 cells. After immuno-
precipitation (IP) by anti-Flag antibody, the resulting immunoprecipitates
were subjected to immunoblotting using anti-Cul4A and anti-DDB1 anti-
bodies. (B) The DDB2 (K244E) complex was resolved by SDS-PAGE and
visualized by silver staining. (C) Ubiquitylation of DDB2 protein with XP-E
mutation (DDB2-K24E) was comparable with that of wild-type DDB2 in
vitro. The DDB-Cul4A complex containing mutant or wild type DDB2 was
subjected to in vitro ubiquitylation in the presence (Ub) or absence (-) of
ubiquitin. Asterisk indicates the ubiquitin-conjugated DDB2.

Interestingly, ectopic over-production of Cullin 4A ac-
celerates the degradation of DDB2, suggesting that Cul4A
ubiquitylates DDB2 [15,16]. However, no reconstitution ex-
periments were performed and thus this information did not
exclude the possible involvement of other E3(s) downstream
of Cul4A in the ubiquitylation of DDB2, rather than directly
by Cul4A. This situation prompted us to reconstitute the in
vitro ubiquitylation of DDB2 and we presented in this study
biochemical evidence for the ubiquitylation of DDB2 directly
by the DDB-Cullin 4A complex.

4.1. Invitro ubiquitylation of each subunit of the DDB
complex :

[tis well established that a significant fraction of DDB2 is
degraded promptly after UV irradiation [21,22] and is also de-
graded in a cell cycle-dependent manner [16]. Conversely, it
is still controversial whether another component of the DDB
complex, DDBI, is a target of ubiquitylation and subsequent

degradation. Zhou's group reported that overproduction of
Cul4A in cells stimulates the ubiquitylation of DDB1 [15]. In
contrast, neither ectopically expressed Cul4A nor UV irradi-
ation accelerates degradation of DDB1 was reported by other
groups [12,16]. In our reconstitution experiment, DDB1 was
very weakly ubiquitylated in the DDB-Cul4A complex from
insectcells (Fig. 3B) and seldom ubiquitylated in the complex
from Hela cells (lig. 4B). Because the Hela cell-derived
complex is purer and was considered to be isolated under
more physiological conditions, this result supports the notion
that DDB1 is not ubiquitylated by the Cul4A E3 complex.
Even though DDB1 was faintly ubiquitylated, such mono-
or di-ubiquitylation is insufficient for the proteasomal degra-
dation. Therefore, we favor the scenario that not DDB1 but
DDB2 is the target of ubiquitylation by Cul4A E3 complex
invivo [12,16].

4.2. XP-E mutation did not affect the ubiquitylation of
P48 in vitro

Rapic-Otrin et al. [21] reported that UV-induced rapid
degradation of DDB2 did not occur in the XP-E cell line
(NXPR2TO) whose DDB2 harbors a K244F mutation. Be-
cause this mutant protein (DDB2-K244E) can interact with
DDBI1 and Cullin 4A (Fig. 5A [13}) but not with damaged
DNA [8,12,34], this result suggests that the binding activity
to damaged-DNA is necessary for the degradation of DDB2.
Another possibility is that the mutated site of DDB2 (244th
K) per se is the main ubiquitylation site, as suggested previ-
ously [21]. However, the latter is unlikely because we showed
that this mutant protein was still ubiquitylated in a manner
similar to the wild-type DDB2 protein in vitro (Fig. 5C).
Perhaps binding to damaged-DNA renders the conforma-
tion of DDB complex more acquiescent for ubiquitylation
and/or UV recruits DDB to some specialized chromatin place
where the other ubiquitylation machinery is easy to access
in vivo.

4.3. Biochemical role of DDB in nucleotide excision
repair

In XP-E cells lacking the DDB activity, the nucleotide ex-
cision repair (NER) of cyclobutane pyrimidine dimer (CPD)
is significantly impaired [32], suggesting the importance of
DDB complex in NER in vivo. However, this DDB complex
is not essential for the reconstitution of the cell-free NER in
vitro. The NER reaction was successfully reconstituted in the
absence of DDB [35-37], although it may exhibit some stim-
ulatory or inhibitory effects under certain conditions [38-40].
One interpretation of these resulls is that some partner pro-
tein(s) of DDB complex may be missing in suich NER assay in
vitro. Recent studies [13,15-20,41—43] and the present work
emphasize the role of the DDB1 complex in the ubiquitin lig-
ation. We can thus speculate that the effect and requirement
of DDB could change if other ubiquitylation machinery was
added to the in vitro NER assay.
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44. Biological function of DDB2 ubiquitylation

As mentioned above, DDB2 protein is rapidly degraded
after UV-irradiation in vivo [21,22] and we'showed here that
the DDB—Cul4A complex could directly ubiquitylate DDB2.
What is the function of DDB2 ubiquitylation and subse-
quent degradation? After damaged-DNA recognition, DDB
is thought to hand over the DNA lesion to the following NER
component(s) including XPC [2]. An appealing hypothesis
is that clearance of DDB2 by ubiquitylation and succeeding
degradation facilitates accession of the following NER fac-
tor(s) to the DNA lesion. However, it is not clear at present
whether the ubiquitylation of DDB2 is only required for its
UV-induced degradation, or is essential to change some bi-
ological character of DDB2 preceding degradation. Because
various non-proteol ytic functions of ubiquitylation have been
identified recently [<4], it is still conceivable that the ubig-
uitylation of DDB2 might have an additional role besides
degradation. Moreover, we still do not know whether DDB2
ubiquitylation is a pertinent event for DDB function in DNA
repair, or is the only side effect accompanied by ubiquityla-
tion of authentic, relevant substrate. To define the precise role
of DDB-Cullin 4A complex-mediated ubiquitylation, further
studies are obviously required; especially the identification of
the physiological substrate. Such experiments are currently
underway in our laboratories.
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The WNK1 and WNI4 genes have been found to be mutated in
some patients with hyperkalemia and hypertension caused by
pseudohypoaldosteronism type Il. The clue to the pathophysiol-
ogy of pseudohypoaldosteronism type II was its striking thera-
peutic response to thiazide diuretics, which are known to block
the sodium chloride cotransporter {NCC). Although this sug-
gests a role for WNKI1 in hypertension, the precise molecular
mechanisms are largely unknown. Here we have shown that
WNIK1 phosphorylates and regulates the STE20-related kinases,
Ste20-related proline-alanine-rich kinase (SPAK) and oxidative
stress response 1 (OSR1). WNK1 was observed to phosphorylate
the evolutionary conserved serine residue located outside the
kinase domains of SPAK and OSR1, and mutation of the OSR1
serine residue caused enhanced OSR1 kinase activity. In addi-
tion, hypotonic stress was shown to activate SPAK and OSR1 and
induce phosphorylation of the conserved OSR1 serine residue,
suggesting that WNK1 may be an activator of the SPAK and
OSR1 kinases. Moreover, SPAK and OSR1 were found to directly
phosphorylate the N-terminal regulatory regions of cation-chlo-
ride-coupled cotransporters including NKCC1, NKCC2, and
NCC. Phosphorylation of NCC was induced by hypotonic stress
in cells. These results suggested that WNK1 and SPAK/OSR1
mediate the hypotonic stress signaling pathway to the transport-
ers and may provide insights into the mechanisms by which
WNKI1 regulates ion balance.

WNK?kinases (with no lysine (K)) comprise a family of novel serine/
threonine protein kinases conserved among multicellular organisms (1,
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2). The kinase domain of this family is unique in that it lacks the con-
served lysine residue previously known to beimportant for ATP binding
in the catalytic site. A conserved lysine in subdomain I of the WNK
kinases is thought to be essential for their catalytic activity (1, 3). There
are four human WNK family members. WNKI and WNK4 were iden-
tified as genes mutated in families of patients with pseudohypoaldoste-
ronism type 2 (PHA II) human hypertension (4). The WNKI gene muta-
tion consists of a deletion within its first intron, leading to increased
expression, whereas mutations in the WNK4 gene are found in the cod-
ing sequence near the coiled-coil domains.

PHA 1II patients are treated by thiazide diuretics, which function as
antagonists of the Na-Cl cotransporter (NCC, also known as thiazide-
sensitive cotransporter (TSC) or Na-Cl transporter (NCCT)), suggest-
ing that the activity of NCC could be potentially involved in the devel-
opment of PHA II. Previous studies using Xenoptss oocytes have showed
that wild-type WNK4 inhibits the surface expression and the activity of
NCC, whereas one of the disease-causing mutants of WNK4 attenuated
this inhibitory effect (5, 6). However, comparison of wild-type and
mutant WNK4 revealed no differences in NCC surface expression in
polarized epithelial cells (MDCK I cells), suggesting that the regulation
of intracellular NCC localization by WNK4 might be unrelated to the
pathogenesis of PHA II (7). WNK4 has also been reported to inhibit
surface expression of the secretory potassium channel (ROMK) and C1~
base exchanger SCL26A6 (CFEX), in addition to NCC, in Xenopiss
oocytes (8, 9). Furthermore, the disease-causing mutant of WNK4 was
shown to increase paracellular chloride permeability in MDCK cells (10,
11). In contrast to WNK4, little is known about the functions and reg-
ulation of WNK1. WNK1 does not directly affect NCC activity in Xeno-
pus oocytes but has been shown to modulate the inhibitory effects of
WNK4 on NCC (6). Although WNK1 activates the MEK5-ERKS5 path-
way and phosphorylates synaptotagmin, there is no direct evidence to
link WNK1 and transporter function (12, 13). Moreover, a recent study
reported that WNK1 regulates the epithelial sodium channel through
glucocorticoid-inducible kinase (SGK1), but the mechanisms of SGK1
activation by WNK1 have not been fully elucidated (14, 15).

NCC contains 12 transmembrane domains and is closely related to
the Na-K-2Cl cotransporters, NKCC1 and NKCC?2 (16—18). NCC and
NKCC2 are expressed in the kidney and function in renal salt reabsorp-
tion, whereas NKCC1 is expressed ubiquitously and plays a key role in

kinase; MS, mass spectrometry; LC-MS/MS, liquid chromatography coupled to tan-
dem MS; GST, glutathione S-transferase; PHA |l, pseudohypoaldosteronism type 2;
MDCK, Madin-Darby canine kidney cells.
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FIGURE 1. Association of WNK1 with SPAK and
OSR1. SPAK and OSR1 were immunoprecipitated
(IP) from 0.4 mg of lysates prepared from HEK293
cells (Jeft) or MDCK cells {right) with 2 g of SPAK/
OSR1 antibody, fractionated by SDS-PAGE, and
immunoblotted (IB) with the indicated antibodies.
WNK1 was immunoprecipitated from 1 mg of
HEK293 lysates with 10 jug of the WNKT1 antibody
(middle). As a control, immunoprecipitations were
also performed in parallel experiments with rabbit
IgG (Chemicon International).

IB: aWNK1

iB: zSPAK/OSR1

HEK293

MDCK

epithelial salt secretion and cell volume regulation. NKCC1 cotransport
activity is controlled by the phosphorylation/dephosphorylation of sev-
eral threonine and serine residues in response to decreases in cell vol-
ume or intracellular {Cl]. Three of the phosphoacceptors in the N ter-
minus of NKCC1 have been identified, and the amino acid sequences
surrounding these residues are highly conserved among the members of
the cation-chloride-coupled cotransporter family, suggesting that phos-
pho-regulatory mechanisms are conserved among these cotransporters
(19). Although several protein kinases, such as SGK1 and c-Jun N-ter-
minal kinase, have been proposed as candidates for the activators of
NKCC1, there is no evidence showing that any kinase directly phospho-
rylates NKCC1 in vivo (20, 21). It has been previously reported that the
STE20-related kinases, SPAK (also called PASK (proline-alanine-rich
Ste-20-related kinase)) and OSR1, bind to the N-terminal regions of the
cation-chloride cotransporters KCC3,- NKCC1, and NKCC2 (22).
Moreover, WNK4 has been identified as a putative SPAK-binding pro-
tein by yeast two-hybrid screening (23). Expression of a dominant-neg-
ative form of SPAK decreased cotransport activity and phosphorylation
of NKCC1 (24). Therefore, SPAK is thought to play an important role in
the regulation of NKCC1.

In this study, we have identified SPAK as a WNK1-binding protein
and provided evidence that WNK1 acts as a direct activator of SPAK
and OSR1. Moreover, we have shown that SPAK and OSR1 directly
phosphorylate the N-terminal regulatory regions of NKCC1, NKCC2,
and NCC. These results have raised the possibility that WNK1 regulates
the activities of a number of transporters through SPAK/OSR1 and that
this regulation contributes to the pathogenesis of hypertension.

EXPERIMENTAL PROCEDURES

Molecular Cloning and Plasmid Construction—Human WNK1,
human WNK4, rat SPAK, human NKCC1, human NKCC2, mouse
NCC, and mouse OSR1 coding regions were amplified by PCR using
Marathon-Ready cDNA (Clontech) as templates. GST-PAK3-(65-135)
expression plasmid was kindly provided by T. Akiyama (25). To con-
struct mammalian expression vectors, pPCMV-FLAG and pCMV-T7,
the fragment encoding one copy of the FLAG epitope or the fragment
encoding one copy of the T7 epitope was inserted into pCMV vector,
respectively. Several mutant cDNAs encoding WNKI1, WNK4, SPAK,
OSR1, NKCC1-(1-289), NKCC2-(1-181), or NCC were generated by
polymerase chain reaction and subcloned into the pCMV-FLAG,
PCMV-17, pGEX4T-1, or pGEX4T-3 as indicated. The accuracy of all
clones was verified by DNA sequencing.

Yeast Two-hybrid Screening and MS/MS Analysis—Full-length
human WNK1 was fused to the GAL4 DNA-binding domain, and yeast
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two-hybrid screening was performed as described (26). LC-MS/MS
analysis was performed as described previously (27). Briefly, FLAG-
WNKI was expressed in HEK293 cells and immunoprecipitated by
anti-FLAG antibody. The immunocomplexes were eluted with a FLAG
peptide and then digested with Achromobacter protease I, and the
resulting peptides were analyzed using a nanoscale LC-MS/MS system.

Antibodies—Antibody to WNIK1 was generated with a peptide cor-
responding to the N-terminal 18 amino acids of human WNK1. Anti-
SPAK/OSR1 antibody was prepared by immunizing rabbits with
akeyhole limpet hemocyanin-conjugated synthetic peptide (RAKKVR-
RVPGSSG, amino acids 362-374 of human SPAK and amino acids
814-326 of human OSR1). Anti-phospho OSR1 polyclonal antibody
was produced in rabbit by immunizing with a keyhole limpet hemocy-
anin-conjugated synthetic phosphopeptide corresponding to residues
319-332 of OSR1 (RRVPGS (pS) GRLHKTE). The serum was affinity-
purified with phosphopeptide- and the non-phosphopeptide-conju-
gated cellulose. Monoclonal antibodies against FLAG and T7 were pur-
chased from Sigma and Novagen, respectively.

Immunoprecipitation and Immunoblotting—HEK293 and MDCK
cells were cultured in Dulbecco’s modified Eagle’s medium with stand-
ard supplements. HEK293 cells were transfected with the indicated
plasmids by the calcium phosphate precipitation method at 50— 80%
confluence. After 24 h after transfection, cells were lysed in 1% Triton
X-100lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mM NaCl, 1 mm EGTA,
1 mM EDTA, 1% Triton X-100, 1 mm orthovanadate, 50 mm sodium
fluoride, 1 mm phenylmethylsulfonyl fluoride, 1 ug/ml aprotinin, 1 mMm
dithiothreitol, 0.27 M sucrose). Protein complexes were immunopre-
cipitated with the indicated antibodies according to standard proce-
dures. Isolated protein complexes were separated by SDS-PAGE and
transferred to polyvinylidene fluoride membranes (Hybond-P, Amer-
sham Biosciences). Blots were probed with the indicated antibodies, and
bound antibodies were visualized using horseradish peroxidase-conju-
gated secondary antibodies (Amersham Biosciences) and Western
Lightning chemiluminescence reagent Plus (PerkinElmer Life Sciences)
according to standard procedures. For **P labeling, transfected cells
were incubated for 6 h with [**P]phosphate (1 mCi/ml) and then lysed as
described above. )

Expression of GST-tagged Fusion Proteins in Escherichia coli—The
pGEX constructs were transformed into E. cofi BL21 cells, and a 0.5-liter
culture was grown at 37 °C to an A4, of 0.8, [sopropyl-p-galactosidase
was added to final 0.2 mm to induce protein expression, and the cells
were cultured for another 16 h at 20 °C. Cells were harvested by centrif-
ugation and lysed by freeze-thawing and sonication in 1% Triton X-100
lysisbuffer. Glutathione S-transferase (GST)-tagged proteins were puri-
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FIGURE 2. The putative SPAK-binding motifs within WNK kinases are important for binding to SPAK and OSR1. A, schematic of WNK1 and WNK4 domains. The regions of
conserved homology, CR1 (kinase domain), CR2, and CR3, are indicated by horizontal bars above each protein. The locations of putative SPAK-binding motifs consisting of the
consensus sequence (R/K-F-X-V/l) are indicated by verticalbars. B, T7-tagged rat SPAK (feft) and mouse OSR1 {right, mOSR1) were co-transfected with various WNK1 and WNK4 mutants
as indicated. Protein complexes were co-immunoprecipitated (P) using either T7 antibody («77) or FLAG antibody («FLAG) and then immunoblotted (B) with aT7 or aFLAG. hFWNK,

human WNK.

fied from the lysates using glutathione-Sepharose and eluted from the
resin in 10 mm glutathione.

Kinase Assays—Immunoprecipitated and GST-protein complexes
were incubated in a kinase buffer containing 50 mm Tris-HCI, pH7.5,10
mm MgCly, and 100 g [y-"PJATP (2 uCi). After incubation for 30 min
at 30 °C, the reactions were terminated by the addition of SDS sample
buffer, and the proteins were separated by SDS-PAGE. Substrate phos-
phorylation was analyzed by autoradiography and an image analyzer
(Fujix BAS 2500). For determination of phosphorylation sites by
MS/MS, GST-SPAK(KM) was incubated with WNK1-(1-665) in a
buffer containing 1 mm ATP for 6 h. Solutions used in hypotonic stress
experiments were as follows. Basic medium contained 135 mm NaCl, 5
mm KCl, 1 mm CaCl,/MgCl,, 1 mm NayHPO,/Na2504, and 15 mm
sodium HEPES, pH 7.4. Low CI~ hypotonic medium contained 67.5 mm
sodium gluconate, 2.5 mm potassium gluconate, 0.5 mm CaCl,/MgCl,, 1
mm NayHPO,/Na,SO,, and 7.5 mm sodium HEPES, pH 7.4.
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RESULTS

Identification of the STE20-related Kinases SPAK and OSRI as
WNKI-associated Molecules—To identify a protein(s) that physically
associates with WNK1, we employed two strategies: yeast two-hybrid
screening and FLAG tag immunoprecipitation assays coupled with LC-
MS/MS analysis. Several positive clones and putative binding proteins
were identified, including STE20-like kinase SPAK. As SPAK was iden-
tified by both approaches, we analyzed it further. To investigate whether
endogenous SPAK is associated with WNK1 in living cells, we generated
antibodies to a peptide of SPAK (the sequence is a 100% match of the
corresponding sequence of OSR1, a kinase closely related to SPAK) and
a peptide of human WNKI. The anti-SPAK/OSR1 antibody reacted
with three bands of 62, 60, and 58 kDa in HEK293 cell extracts and with
two bands of 62 and 58 kDa in MDCK cell extracts (Fig. 1). The speci-
ficity of anti-SPAK/OSR1 antibody was confirmed by the competition
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