tion is loading of Cdc45p onto the pre-RC
at active replication origins. This may cre-
ate a new protein complex (the preinitia-
tion complex; pre-IC) that then needs only
Cdc7-Dbf4 protein kinase activity for firing
of the origin and actual DNA synthesis.
The association of Cdc45p with chromatin
occurs at the G;-S transition as CDKs phos-
phorylate Orc6p (7, 25), and as Cdc6p loses
its ability to promote MCM loading onto
DNA (26). Because Cdc6p and the S-phase
cyclin CDKs interact (25-27), it is possible
that Cdc45p loading might be mediated by
the control of Cdc6p function by cyclin
CDK:s. If this were to occur at each origin
coincident with initiation of DNA replica-
tion at that site, then the mechanism that
restricts replication to once per cell cycle
might well be coupled to the mechanism of
initiation.
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Functional Interaction of an Axin Homolog,
Conductin, with B-Catenin, APC, and GSK3f3
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Control of stability of 3-catenin is central in the wnt signaling pathway. Here, the protein
conductin was found to form a complex with both 3-catenin and the tumor suppressor
gene product adenomatous polyposis coli (APC). Conductin induced B-catenin degra-
dation, whereas mutants of conductin that were deficient in complex formation stabilized
B-catenin. Fragments of APC that contained a conductin-binding domain also blocked
B-catenin degradation. Thus, conductin is a component of the multiprotein complex that
directs B-catenin to degradation and is iocated downstream of APC. In Xenopus em-
bryos, conductin interfered with wnt-induced axis formation.

B-Catenin, a homolog of armadillo, is a
component of both the cadherin cell adhe-
sion system and the wnt signaling pathway
(1-4). Wnt signaling increases the amount
of B-catenin in the cytosol by preventing its
ubiquitination and degradation by protea-
somes (3=5). This allows direct interaction
of B-catenin with transcription factors of
the lymphoid enhancer factor-T cell factor
(LEF-TCF) family and modulation of gene
expression (6, 7). The tumor suppressor
gene product APC induces degradation of
B-catenin, which is dependent on phospho-
rylation by the serine-threonine kinase gly-
cogen synthase kinase 38 (GSK3pB) (8, 9).
APC and B-catenin mutations found in
human tumors prevent degradation (10,
11). Thus, regulating the stability of B-cate-
nin is central for wnt signaling during de-
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velopment and tumor progression. We show
here that the protein conductin provides a
link between APC, GSK3, and B-catenin
that modulates degradation of B-catenin.

In a yeast two-hybrid screen we found
that B-catenin interacts specifically with a
protein that we named conductin (12). The
murine conductin cDNA encodes a protein
of 840 amino acids (Fig. 1, A and B). Con-
ductin has a B-catenin binding domain that
is located centrally between amino acids
396 and 465, it contains an NH,-terminal
RGS [regulator of G protein signaling (13)]
domain (amino acids 78 to 200), a GSK33
binding domain (amino acids 343 to 396),
and a COOH-terminal sequence related to
the protein dishevelled [amino acids 783 to
833 (14)]. In B-catenin, armadillo repeats 3
through 7 are responsible for conductin
binding. Conductin and the recently iden-
tified protein axin (15) have identical do-
main structures and show 45% identity and
58% similarity in their overall amino acid
sequence (Fig. 1A).

We used the RGS domain in an inde-
pendent yeast two-hybrid screen and isolat-
ed several interacting protein fragments
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that derive from the tumor suppressor gene
product APC (Fig. 1, B and C). The frag-
ments (APC #1 to #4) encode three non-
overlapping sequences within the 20-amino
acid repeat region; APC #2 and APC #3 do
not contain 20-amino acid repeats. Each
fragment contains a previously unidentified
repeated element, a SAMP (Ser-Ala-Met-
Pro) sequence, in its core (Fig. 1C). The
interaction between APC and conductin oc-
curs through these SAMP elements because
mutation of SAMP to AALP (Ala-Ala-Leu-
Pro) abolished binding to conductin (I6).
Yeast two-hybrid analysis indicated that the
GSK3B binding domain of conductin is
close to the B-catenin binding site (Fig. 1B).

Interaction of conductin with B-catenin,
APC, and GSK3B in mammalian cells was
also demonstrated by coimmunoprecipita-
tion (7). Conductin—B-catenin complexes
could be precipitated from transiently trans-
fected Neuro2A cells with antibodies to
either protein (Fig. 2A, upper panels). En-

A

mC

dogenous conductin—B-catenin complexes
were observed in SW48 colon carcinoma
(Fig. 2A, lower panels). Interaction of con-
ductin with the APC fragments was also
observed by coimmunoprecipitation from
transiently transfected Neuro2 A cells (Fig.
2B); B-catenin was coprecipitated through
its association with conductin. Endogenous
GSK3B also coimmunoprecipitated with
conductin in NeuroZA cells (Fig. 2C); this
interaction required the GSK3B binding
domain of conductin. These results suggest
that conductin in mammalian cells forms a
multiprotein complex that includes B-cate-
nin, APC, and GSK38.

The functional importance of B-cate-
nin—conductin interactions was analyzed in
SW480 colon carcinoma and NeuroZA
cells that contain mutant and wild-type
APC genes, respectively (9, 11, 18). In

SW480 cells only a COOH-terminally

truncated APC protein is produced that
lacks all SAMP and six 20-amino acid re-

1 MSSAVLVILLP----DPSSSFREDAPRPFVPGEEGE-----— TFPCQFSV--GKVQSTKFMPVS SNP.RRNEDGLG“EPEGRASPDSPLTg KSLHSLLGDQDGAYLFRTFLE|
mA 125 MOSPKMNVQEQGFFPLDLGASFTEDAPRPPVPGEEGELVSTDSRPVNHSFCSGKGTSIKSET STAT PRRSDLDLGYEPEGSASPTPPY ESLHSLLD ISLFRTFLK

REPORTS

peats. As a consequence, B-catenin accu-
mulates in the cytoplasm and nucleus; in-
troduction of wild-type APC causes B-cate-
nin degradation (9, 11). When we tran-
siently expressed conductin in SW480 cells,
B-catenin staining was lost in the trans-
fected cells (Fig. 3, A and B). Neighboring
cells that did not express conductin re-
tained strong nuclear staining of B-catenin.
Coexpression of LEF-1 prevented B-catenin
degradation (Fig. 3, C and D). The B-cate-
nin binding domain is required for reducing
B-catenin amounts (Fig. 3, E and F). In
Neuro2A cells the stability of endogenous
B-catenin is low (I, 5). To interfere with
B-catenin degradation in these cells, we
used mutants of conductin that might act
antagonistically with endogenous conduc-
tin. Indeed, expression of a conductin dele-
tion mutant that lacks the binding sites for
B-catenin, APC, and GSK3p stabilized en-
dogenous B-catenin effectively (Fig. 3, G
and H). We also used conductin-binding
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Fig. 1. Sequence of con-

ductin and axin and com- B peatenin  APC#1 APC#2 askap C SAMP-Repeats

plex formation of conductin /

with B-catenin, APC, and e e i 39::5 e

GSK3B. (A) Amino acid se- T 220 8 ° 18

quence comparison  of 1260 2056

mouse conductin (MC) and & eeo) 490 0 0 n.d. APC #2

axin (mA) (15). The RGS do- -D-i

main, the GSK3B and [E]ee0 1060 0 o e -l- {I-

B-catenin binding domains, T APC#1 APC#3 APC #4

and the dishevelled homolo- 0 190 260 0

gy region of conductin and 1562 LDD.SDDDDIEILEECIISAMPTKSSRKAKKLA 1593

T GEE R e

; " 0 390 390 0 LDD-S-D-E-DIL-ECI-SAMPEKKEKS-KP-R-K

triangle indicates the bound-
ary between the GSK3 and
B-catenin binding domains. Amino acids that are identical or similar are in
bold type. Dashes were introduced for optimal alignment. (B) Delineation of
the domains of conductin that mediate association with B-catenin, fragments
of APC, and GSK3B in the yeast two-hybrid assay. Interactions were quan-
tified by B-galactosidase assays and are shown as mean values of B-galac-
tosidase units from at least three experiments. BBD, B-catenin binding do-
main; RGS, APC binding region; and GSKBD, GSK3p binding domain. Full-

size conductin showed little interaction with APC and GSK3 only in the
yeast two-hybrid system; it interacted as strongly with them as with B-catenin
in coimmunoprecipitation experiments (compare with Fig. 2, B and C). (C)
Scheme of the 20—amino acid repeat region of APC (70) that contains the
three SAMP repeats and location of the APC fragments #1 to #4 that bind to
conductin. At the bottom is an alignment of the SAMP repeat sequences
contained in the APC fragments. A consensus sequence is shown (25).

www.sciencemag.org * SCIENCE ¢ VOL. 280 * 24 APRIL 1998 597



APC fragments to interfere with B-catenin
degradation. For instance, the APC frag-
ment #4, but not a mutant of its SAMP
repeat, effectively stabilized B-catenin [Fig.
3, 1 and K (16, 19)]. This fragment also

A
B-Catenin + o+ +
Conductin + - + o+
(flag) iy
p-Catenin s |=— Conductin
T =
loG
P flag p-Catenin
Blot p-Catenin flag
Endogenous _| Endogenous
f-catenin ‘f;”':' conductin
P COnductin|c°ntrol p-Cat |Contro|
Blot p-Catenin Conductin

prevented APC-induced degradation of
B-catenin in SW480 cells.
Conductin-induced degradation of -
catenin in SW480 cells was also observed by
biochemical analysis; this required amino ac-

B
Conductin + - - + - =+
APC#3(flag) - + - + + +
p-Catenin R T
- = le— Conductin
P Flag
Blot Conductin
“~|=— B-Catenin
P Flag
Blot p-Catenin
o &
<\° fh 06
Transfection . [ ’g
89 — :
oL - W . GSK3p
P Flag
Blot GSK3p

Fig. 2. Biochemical analysis of complex formation of conductin with B-catenin, APC, and GSK3p in
mammalian cells. (A) Detection of exogenous B-catenin—conductin complexes in Neuro2A cells (upper
panels) and endogenous B-catenin—conductin complexes in SW48 cells (lower panels) by coimmunopre-
cipitation. SW48 cells contained stabilized B-catenin with a mutation in the NH,-terminus (7 7). Transfec-
tion expression constructs and specific antibodies used are indicated above and below the panels,
respectively. Flag, NH,-terminal epitope tag; control, nonimmune serum; IP, immunoprecipitated protein;
Blot, immunoblot antibody. (B) Detection of conductin-APC complexes in transfected Neuro2A cells by
coimmunoprecipitation. The APC fragment #3 contains a SAMP but not a 20-amino acid repeat. (C)
Association of endogenous GSK3 with conductin and deletion (A) mutants in transfected Neuro2A cells.

Fig. 3. Control of cytoplasmic and nuclear B-cate-
nin by conductin in cultured cells. Double-label
immunofluorescence of SW480 colon carcinoma
cells that were transiently transfected with (A and
B) full-size conductin, (C and D) conductin plus
LEF-1, and (E and F) conductin residues 1 to 396
lacking sequences COOH-terminal of the GSK3
binding domain. (A), (C), and (E) are stained for
endogenous B-catenin and (B), (D), and (F) for
exogenously expressed conductin. Large arrow-
heads, nuclei of transfected cells; thin arrows, nu-
clei of neighboring nontransfected cells [in (A)].
Scale bar, 20 um. Stabilization and nuclear trans-
location of endogenous B-catenin in Neuro2A
cells induced by mutants of conductin and by
APC fragments: (G and H) transfection of conduc-
tin lacking the RGS, GSK38, and B-catenin bind-
ing domains (amino acids 79 to 280 and 338 to
472) and (I and K) transfection of APC fragment
#4. (G) and (l) are stained for endogenous B-cate-
nin and (H) and (K) for exogenously expressed
proteins. Scale bar, 30 um. )
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ids 338 to 472 encoding the B-catenin and
GSK3pB binding sites but not the RGS do-
main of conductin (Fig. 4A). The NH,-ter-
minal phosphorylation sites in [B-catenin
were previously reported to be essential for its
degradation (11, 20). The stability of a
B-catenin mutant that lacks these sites was
not affected by conductin (Fig. 4B). Specific
degradation of B-catenin by conductin and
the stability of the B-catenin mutant was
observed in three independent experiments.
In Neuro2A cells, the effective stabilization
of B-catenin by APC fragment #4 was also
seen in biochemical experiments (Fig. 4C).
Together, the results on B-catenin stability
suggest that conductin is a key component of
the B-catenin degradation machinery. Our
conductin mutant may interfere with a
downstream step by antagonizing endogenous
conductin, whereas the APC fragment #4
may cause a block of the endogenous APC-
conductin interaction. We suggest that the
assembly of a multiprotein complex by con-
ductin controls the stability of B-catenin.

When we microinjected conductin
mRNA into dorsal blastomeres of Xenopus
embryos, we observed ventralization and de-
fects in axial structures (21), as was reported
for axin (I5). Thus, conductin represses the
activity of the wnt signaling pathway in Xen-
opus and acts upstream of siamois, LEF-1, and
B-catenin. In mouse embryos conductin was
specifically expressed in the brain, neural
tube, and mesenchyme and epithelia of var-
ious organs (22).

Control of the concentration of cyto-
plasmic and nuclear B-catenin/armadillo is
essential in wnt signaling and tumor progres-

-

p-Catenin
p-CateninAN —»

A B C
Fig. 4. Biochemical analysis of control of B-catenin
stability by conductin. SW480 cells were transfected
by using Lipofectin with expression constructs for (A)
full-size B-catenin or (B) a deletion mutant lacking the
NH,-terminus (7) from amino acids 1 to 131 (8-
cateninAN) together with conductin or conductin de-
letion mutants as indicated above the lanes; -, no
conduction transfected. Cell extracts were prepared
2 days after transfection and immunoblotted for
B-catenin with antibody to the myc tag. Transfection
efficiency was adjusted by using B-galactosidase ex-
pression (26). (C) Biochemical analysis of the stabili-
zation of endogenous B-catenin in Neuro2A cells
after exogenous expression of the APC fragment #4;
-, no APC fragment transfected.



sion (3, 4, 9, 11, 23, 24). APC and GSK38
have been implicated in the control of
B-catenin stability. We demonstrate here
that conductin interacts with B-catenin,
APC, and GSK38. Conductin overexpres-
sion directs B-catenin to the degradation
pathway without functional APC. Mutants
of conductin act antagonistically in this
pathway. Moreover, APC fragments that in-
terfere with conductin-APC interaction in-
hibit degradation of B-catenin. Conductin,
therefore, is positioned downstream of APC
in this regulatory pathway. The related pro-
tein axin, which suppresses axis formation in
mice (15), might function similarly.
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Activation of the Protein Kinase p38 in the
Spindle Assembly Checkpoint and Mitotic Arrest

Katsuya Takenaka, Tetsuo Moriguchi, Eisuke Nishida*

The mitogen-activated protein kinase (MAPK) superfamily comprises classical MAPK
(also called ERK), c-Jun amino-terminal or stress-activated protein kinase (JNK or SAPK),
and p38. Although MAPK is essential for meiotic processes in Xenopus oocytes and the
spindle assembly checkpoint in Xenopus egg extracts, the role of members of the MAPK
superfamily in M phase or the spindle assembly checkpoint during somatic cell cycles
has not been elucidated. The kinase p38, but not MAPK or JNK, was activated in
mammalian cultured cells when the cells were arrested in M phase by disruption of the
spindle with nocodazole. Addition of activated recombinant p38 to Xenopus cell-free
extracts caused arrest of the extracts in M phase, and injection of activated p38 into
cleaving embryos induced mitotic arrest. Treatment of NIH 3T3 cells with a specific
inhibitor of p38 suppressed activation of the checkpoint by nocodazole. Thus, p38
functions as a component of the spindle assembly checkpoint in somatic cell cycles.

MAPKs are serine-threonine kinases that
are activated by various mitogens that in-
duce transition from the quiescent state
into the cell cycle division (1). MAPK is
also activated during meiotic maturation in
Xenopus oocytes and has an essential role in
both the transition from G, to M phase of
meiosis and metaphase arrest of mature oo-
cytes (2—4). Although these results suggest-
ed the possible role of MAPK/ERK in the
mitotic M phase also, little or no activation
of MAPK is detected during M phase of
somatic cell cycles. In an in vitro cell cycle
system derived from Xenopus egg extracts,
MAPK is required for the spindle assembly
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checkpoint mechanism (5, 6), a mechanism
conserved evolutionarily and essential for
accurate transmission of genetic informa-
tion to the daughter cells (7). Although a
requirement for MAPK in the spindle as-
sembly checkpoint in somatic cells has also
been suggested because injection of MAPK
phosphatase (XCL100) overcomes the
checkpoint (8), activation of MAPK in
cells arrested in M phase as a result of
spindle assembly defects has not been ob-
served. However, one or more MAPK-relat-
ed molecules appears to be activated in the
nocodazole-treated cells arrested in M
phase (9). We therefore tested whether
JNK or p38 (also known as MPK2, CSBP,
or HOG1) might participate in the spindle
assembly checkpoint of somatic cell cycles.

Lysates of nocodazole-arrested mitotic

NIH 3T3 cells released from flasks by shak-
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