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Fig. 7. Scheme of the ligand-induced cleavage of Notch receptor.

(A} Upen binding to the Notch receptor, ENL forms appropriate
homomultimers, leading to the intracellular cleavage of Notch in
addition to the extracellular cleavage. Cleaved NIC wranslocates into
the nucleus. Endocytosis of NL and NEC occurs at some time point
during the series of process. (B) NLAID or sNL can bind to the Notch
receptor and cleave Notch at the extracellular site, but do not form
appropriate multimers or excute the intracellular cleavage of Notch,
resulting in the failure of the Notch activation.

dominant-negative activity of DIAICD was likely to occur
via interaction with fD1 rather than simple binding
competition, raising the possibility that NL molecules
interact with each other. Therefore, we investigated
whether the signal-transducing activity of sD1-Fc was
enhanced by addition of an anti-Fe¢ polyclonal antibody,
which can cross-link the sD1-Fc molecules. Results
showed that addition of the anti-Fe antibody significantly
increased the signal-transducing activity of sD1-Fe, but
not of control IgG, in a dose-dependent manner (Figure
6C). We also note that the same phenomenon also
occurred using soluble Jaggedl protein fused to Fc (data
not shown). These results suggest that multimerization of
the Notch ligand plays an important role in full activation
of N2 (see Figure 7).

Mechanism of Notch2 activation by Netch ligand

Discussion

In this study, we compared the signal-transducing activity
of sD1 and fD1 and used the resultant information to
analyze the activation process of N2 after ligand stimu-
lation. We found that sD1 functions as a partial agonist and
that the mechanism of such a function could stem from the
incomplete activity of sDI1 in the intracellular cleavage
required to release N2'P. Furthermore, experiments using
sD1 and DI1AP demonstrated that the extracellular
cleavage at the extracellular domain of N2 does not
autonomously induce intracellular cleavage, which takes
place in the transmembrane domain, and that D1€P jg
involved in some unidentified mechanisms that exist
between the two cleavage processes. Given that the signal-
transducing activity of sD1-Fc¢ was enhanced by the
addition of an anti-Fec antibody and that D1AKD acted in a
dominant-negative fashion against fD1 for N2 signaling,
we suggest that multimerization of NL would be important
for intracellular cleavage (Figure 7).

A soluble form of Drosophila Delta does exist in vivo
(Klueg ez al., 1998), possibly generated by Kuzbanian (Qi
et al., 1999). Therefore, it is important to understand the
exact physiological function of sNL, although the precise
C-terminal sequence of naturally occurring soluble Delta
is unknown. However, conclusions regarding the bio-
logical activity of sNL to date have been discordant, as
manoenvered mammalian sD1 and soluble Jagged! have
been characterized as having an agonistic activity in
in vitro experiments (Li et al., 1998; Qi ef al., 1999; Han
et al., 2000, Karanu ef al., 2000; Morrison et al., 2000) and
an antagonistic activity has been proposed for soluble
Delta and Serrate in Drosophila in vive assessments
(Hukriede et al, 1997; Sun and Artavanis-Tsakonas,
1997). Examination of this issue was enabled by tran-
scriptional activation assay using CHO(r) cells over-
expressing mouse fN2 (IN2-CHO) (Shimizu er al., 2000),
which is a very sensitive system. We have demonstrated
that sD1 comprising entire extracellular domain induces
N2 activation, but the activity is markedly lower than that
induced by fD1 (Figure 1A). This indicates that sD1 is a
partial agonist, while fD1 is a full activator for Notch
signaling. The fact that the coexistence of sD1 led to
inhibition of fDl-induced N2 activation (Figure 1C)
further supports the nature of sD1 as a partial agonist.
We also note that the signal-transducing activity of soluble
Jaggedl-Fc is lower than that of full-length Jagged! (data
not shown). Hence, a partial activity in the soluble form
may be common to all kinds of NL, including naturally
existing sNL, since they do not harbor NLP that is
essential for full activation of Notch signaling (Figure 5);
this scenario explains the contradiction concerning the
biological activity of sNL. Regarding the physiological
function of sNL in vive, we speculate that it is associated
with the strict control of the Notch signaling, which is
known to be critical for the exact cell fate decision,
because the abnormal phenotype is seen in patients with
haploinsufficiency of Jagged!l (Li ef al., 1997; Oda et al.,
1997).

In an analysis tracing the N2 fragments, we ascertained
the molecular basis of the incomplete function of sDi.
Consistent with the low transcriptional activity of sD1
(Figure 1A}, the stimulation with sD1-Fc did not result in
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nuclear accumulation of N2 (Figure 2), whose amount
is considered to determine the level of subsequent
RBP-Jx-mediated transcriptional activation (Jarriault
et al., 1995; Schroeter et al., 1998). Furthermore, the
experiments using sD1-Fc incidentally unveiled the
mechanism of the cleavage of N2™ in the extracellular
region (Figures 2 and 3), which was recently demonstrated
by different approaches (Brou et al., 2000; Mumm et al.,
2000). This cleavage was also evident after the binding of
fD1 (Figure 4), but only when the intracellular cleavage
that takes place in the transmembrane portion of N2™ was
blocked by an inhibitor (Figure 4D). Taken together, these
data imply that sD1 induces the extracellular cleavage of
N2, but fails to sufficiently promote the intracellular
cleavage that releases N2'CP, while fD1 efficiently triggers
both cleavages. This indicates that the extracellular
domain of Notch ligand alone is sufficient for extracellular
cleavage of N2, and that extracellular cleavage is not
necessarily followed by progression to intracellular cleav-
age, suggesting the existence of an as yet unknown
mechanism regulating activation of the intracellular
cleavage.

However, this notion was controversial, being in
contrast to the recent report on extracellular cleavage of
N1 in which the intracellular cleavage and subsequent
signal transduction are described as autonomous events
after extracellular cleavage (Mumm et al., 2000), which
was drawn from experiments using the truncated NI
protein lacking NEC. Regarding this discrepancy, we raise
the possibility that the intracellular cleavage in the
truncated Notch protein lacking NEC progresses through
a mechanism different from the intracellular cleavage
induced by a ligand in the natural Notch protein. Indeed,
the difference in intracellular cleavage between the two
molecules was reported; the intracellular cleavage in the
natural Notch protein occurred within 15 min of ligand
binding (Shimizu et al, 2000), whereas that in the
truncated Notch protein required >60 min (Schroeter
et al., 1998) after protein synthesis. In addition, we also
found that the aminc acid sequence surrounding the
extracellular cleavage site identified using truncated N1
{Brou et al., 2000; Mumm et al., 2000) is not conserved in
N?2. Consistent with this, addition of 1,10-o0-phenanthro-
line, a reagent identified as an inhibitor of the extracellular
cleavage in truncated Notchl (Mumm et al., 2000), did not
prevent sD1-Fc-induced extracellular cleavage of N2
(data not shown). Therefore, the extracellular cleavage site
and the activation mechanism required for intracellular
cleavage in the mutant Notch protein lacking NEC may be
somewhat diverse from those in the natural Notch proteins.
Alternatively, the discrepancy may result from an uniden-
tified difference between N1 and N2.

One clue to the mechanism regulating activation of the
intracellular cleavage was found in the data from experi-
ments using the truncated DI protein lacking its ICD,
DIAI (Figure 5). The characteristics of DIACP are
similar to those of sD1 rather than those of fD1], i.e. a low
level of transcriptional activity from the TP-1 promoter,
sufficiency in cleaving the extracellular domain of N2™,
and insufficiency in cleaving N2™ within the transmem-
brane portion and in releasing N21CP, although there was a
slight difference in the emergence of N2™(b) (Figure 5B
and C). These indicate that ICD of Deltal is indispensable
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for the cleavage of N2™ within its transmembrane
portion, which is essential for full activation of N2
(Figure 7).

Another clue to the mechanism lies in the data from
experiments using sD1-Fc plus an anti-Fc antibody.
Addition of the anti-Fe antibody resulted in enhancement
of the signal-transducing activity of sD1-Fc (Figure 6C),
suggesting that multimerization of the ligand is associated
with the full activation of N2 (Figure 7). Dimerization of
NL is inefficient, since the signal-transducing activities of
sD1-Fc (dimer) and sD1-Flag(Hiss) (monomer) were the
same (Figure 1). It is possible that an assembly of a large
number of NL molecules is required for fN activation,
since a monoclonal anti-Fc antibody did not work, unlike a
pelyclonal antibody (data not shown). Putting together the
inevitable role of D1XP for D1-induced N2 intracellular
cleavage and subsequent N2 activation, as we discussed
above, NL'P may be the region that is used for the
multimerization of fNL. As for the strong dominant-
negative effect of DIACP against fD1 (Figure 6), we raise
the possibility that D1AP can interact with fD1 using its
transmembrane and/or extracellular domains to participate
in the fD1 assembly, which interfere with the appropriate
fD1 multimerization suitable for the intracellular cleavage
of N2.

As is well known with regard to cytokines and their
receptor systems (reviewed in Heldin, 1995}, the multi-
merization of NL may be associated with the assembly of
the Notch receptor, which may result in its conformaticnal
change and allow the transmembrane domain of Notch to
be subjected to the action of the presenilin-containing
protcase complex and subsequent cleavage. Upen fD1
binding, N2 extracellular cleavage must be preceeded by
fD1 multimerization and N2 assembly, although these
steps are not necessary for N2 extracellular cleavage itself
(Figure 7).

It was reported recently that transendocytosis by the
ligand-expressing cells of the ligand-bound Notch extra-
cellular domain together with the ligand appears to be
necessary for efficient Notch processing and signal
transduction (Parks et al., 2000). Integrating this into our
model of Notch receptor activation, the endocytosis
process may be positioned after the ligand multimerization
or Notch assembly. However, we are not certain whether
the transendocytosis is always necessary for the Notch
signaling, since cell-free ligands can activate Notch
signaling, particularly when the antibody-mediated ligand
cross-linking or ligand-coating technique is used (Figure 6;
Morrison et al., 2000; Varnum-Finney et al., 2000).
Given the well-established notion in the G-coupled
receptor and the cytokine receptor systems that endo-
cytosis is associated with receptor/ligand degradation
rather than directly associated with signal activation, the
possibility may remain that transendocytosis in the Notch
signaling pathway participates in degradation of Notch
and NL.

Comparing the effect of DIAXD with that of sDI,
emergence of N2TM(b) was less clear when stimulated with
the former (Figures 2 and 3) than that with the latter
(Figure 5C), despite our assumption that N2™(b) was
indeed generated after DIAID stimulation, since the
amount of N2™(a) was obviously reduced. As an
explanation of this phenomenon, we speculate that some
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unknown degradation process for N2™(b) is accelerated
by stimulation with D1AID but not with sD1.

In the present study, we demonstrated the biological
activities of SNL and the existence of a novel mechanism
involved in the activation of the Notch receptor by its
ligand. Although many investigators are using sNL to
determine the involvement of the Notch signal in the
regulation of cell differentiation in various experimental
approaches, we have to be careful of the interpretation of
results, since the demonstrated phenotype could be caused
by the inhibition, rather than activation, of the Notch
signal. We believe that the findings described here will
facilitate understanding of the complexities of Notch
signaling in higher vertebrates.

Materials and methods

Plasmid construction

To generate DIAKD, mouse Deltal ¢cDNA {(a gift from A Gossler;
Bettenhausen ef al., 1995) was truncated at the codon CGG corresponding
to arginine (amino acid 570). The resulting D1PP was constructed in an
expression vector pTraserCMV (Clontech) after addition of a Flag or a
Myc tag.

Soluble fusion proteins
sD1 proteins [sD1-Fc and sD1-Flag(His)s} and sN1 protein (sN1-Fc)
were prepared as described previously (Shimizu et al., 1999, 2000).

Cell culture

BaF3] cells were maintained in RPMI medium supplemented with 10%
fetal bovine serum (FBS) and 0.5 ng/m! recombinant mouse interleukin-3
(a gift from Kirin Brewery, Japan). CHO(r) (a gift from S.Shirahata,
Kyushu University), fN2-CHO (Shimizu et gal, 2000), {DI1-CHO
(Shimizu et al., 2000), DIAXP-CHO and fD1/DIAKPE-CHO cells were
maintained in alpha-minimal essential medium containing 10% FBS.

Antibody
An anti-human IgG goat polyclonal antibody used for multimerization of
sD1-Fc was purchased from DAKO Japan Co., Ltd.

Cell-binding assay

Binding of sD1-Fc to the pro-B cell line BaF3 was performed as
described previously (Shimizu et al., 1999), with the minor modification
that the binding reaction was terminated at 5 min.

Co-precipitation using sD1-Fe

Co-precipitation using sD1-Fc has been described elsewhere (Shimizu
et al,, 2000). Disuccinimidyl glutarate (Pierce) was used to cross-link
sD1-Fc and the bound Notch receptor.

Cell-cell association assay

Cellcell association assay was performed as described previously
(Shimizu er @f, 2000). Brefty, CHO(r) and fD1-CHO cells were
inoculated at 1 X 108 into a 6 cm plate, After overnight culture, | X 108
BaF3 cells were spread over the monolayer of cells. Following co-culture
aL 37°C for the time indicated in Figure 4C, BaF3 cells that did not adhere
1o the cell layer were collected by swirling the plate very gently and
washing the wells gently once with RPMI medium. The population
obtained through these procedures was defined as non-adhered BaF3.
Next, phosphate-buffered saline containing 2 mM EGTA was added to
the wells and the BaF3 cells adhering to the cell layer were allowed to
dissociate by tapping the plate. These BaF3 cells, wogether with additional
cells collected by washing with RPMI medium, were defined as adhered
BaF3. The cells in each fraction were then counted.

Transient franscription assay

A total of 4 X 10¢ {N2-CHO was inoculated into a 24-well plate and
transfected with a TP1-luciferase reporter plasmid (Minoguchi et al.,
1997), pGa981-6, by a liposome-based method (SuperFect, Qiagen).
Following transfection, sD1-Fc and sD1-Flag(His)s were added at the
respective concentrations shown in Figure 1A and cultured for 3040 h.
When D1 or D1AIP were used as a stimulator, these cells were added at

Mechanism of Notch2 activation by Notch ligand

5 X 10° to the pGa981-6-transfected fN2-CHO and co-cultured for
30-40 h. The mixture of cells was then used for luciferase assay.

Subcellular fractionation of BaF3

After 1.5 h co-culture with (D1-CHO or D1AIC.CHO, BaF3 was
collected and membrane/eytosol-rich and nucleus-rich fractions were
prepared as described elsewhere (Shimizu ef af., 2000}. The membrane/
cytosol-rich fraction was further centrifuged at 105 000 g for 30 min at
4°C to separate the membrane (pellet) and the cytosol (supematant)
fractions. These fractions were used for itmmunoprecipitation with an
anti-N2 polyclonal antibody.
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CasL/HEF1 belongs to the pl30°** family. It is tyro-
sine-phosphorylated following g8, integrin and/or T cell
receptor stimulation and is thus considered to be impor-
tant for immunoclogical reactions. CasL has several
structural motifs such as an SH3 domain and a substrate
domain and interacts with many molecules through
these motifs. To obtain more insights on the CaslL-medi-
ated signal transduction, we sought proteins that inter-
act with the CasL SH3 domain by far Western screening,
and we identified a novel human molecule, MICAL (a
Molecule Interacting with CasL). MICAL is a protein of
118 kDa and is expressed in the thymus, lung, spleen,
kidney, testis, and hematopoietic cells. MICAL has a
calponin homology domain, a LIM domain, a putative
leucine zipper motif, and a proline-rich PPKPP
sequence. MICAL associates with CasL through this
PPKPP sequence. MICAL is a cytoplasmic protein and
colocalizes with CasL at the perinuclear area. Through
the COOH-terminal region, MICAL also associates with
vimentin that is a major component of intermediate fil-
aments, Immunostaining revealed that MICAL localizes
along with vimentin intermediate filaments. These re-
sults suggest that MICAL may be a cytoskeletal regula-
tor that connects CasL to intermediate filaments.

CasL (also known as HEF1) was originally identified as a
highly phosphorylated protein of 105-kDa in human lympho-
cytes after B, integrin stimulation (1-3). CasL is expressed
preferentially in lymphocytes and several epithelial cells. It
belongs to the p130©** (Cas) family that includes Cas, CasL/
HEF1, and Efs/Sin (4 -6). They contain an SH3 domain at the
NH, terminus, followed by a substrate domain composed of a
cluster of potential SH2-binding sites, and a COQOH-terminal
domain, which contains consensus binding motifs for the SH3
and SH2 domains of ¢-Sre (CasL does not have binding motifs
for c-Src SH3 domain). This structural profile indicates that the
Cas family proteins serve as docking molecules that assemble
and transduce intracellular signals.

Since Cas was the first characterized member of the Cas
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family proteins, the study of Cas is most advanced, and it has
established a framework for the studies of the other family
members. In fibroblasts, Cas has been shown to reside primar-
ily at focal adhesions and along adhesion-proximal regions of
stress fibers (7, 8), where Cas associates with focal adhesion
kinase (FAK)! (9). When cells attach to extracellular matrix
proteins such as fibronectin, laminin, or vitronectin through
integrin molecules, they form focal adhesion structures (also
simply called “focal adhesions™) at the adhesion sites. At focal
adhesions, stress fibers are tethered, and a variety of molecules
that mediate many cellular functions such as proliferation and
migration are integrated (10, 11). Cas, localizing at focal adhe-
sions, plays important roles in the integrin-induced signaling.
By generating and examining Cas knockout mice, we have
demonstrated that Cas is essential for bundling actin filaments
and cellular transformation induced by the oncegenic Src (12).

Cytoskeletal system is essential for maintaining various cel-
lular functions. In the mammalian cells, there are three types
of cytoskeletal filaments, actin-containing microfilaments, tu-
bulin-containing microtubules, and intermediate filaments
(IFs). Among them, IFs are important for structure and me-
chanical integration of cellular space, and they are composed of
cell type-specific proteins (13-17). Vimentin is one of such
proteins and is a major component of IFs in cells of mesenchy-
mal tissues.

Recently, an increasing number of studies are reported on
the CasL-mediated functions. As suggested by its structural
similarity to Cas, CasL. is considered to be important for B,
integrin-induced signal transduction and cytoskeletal regula-
tion (18). In T lymphocytes, CasL also plays a critical role in T
cell receptor {TCR)-induced migration (19).

These CasL (or Cas)-mediated functions are carried out by
its interaction with many molecules. CasL has several domains
that interact with other molecules, such as the SH3 and the
substrate domain. The SH3 domain of CasL interacts with FAK
or Pyk2/Cak S/RAFTK/CADTE, and this interaction is consid-
ered to be one of the triggers of the signal transduction follow-
ing B, integrin stimulation (3, 20-22). In the case of Cas,
however, not only FAK or Pyk2 but also several other mole-
cules such as PTP-1B (23), PTP-PEST (24), C3G (25), and CIZ
{26) are demonstrated to interact with its SH3 domain, and
they mediate cellular functions. Therefore, there may exist
other unknown SH3-binding molecules and pathways in the

1 The abbreviations used are: FAK, focal adhesion kinase; SH, Src
homology; GST, glutathione S-transferase; IFs, intermediate filaments;
TCR, T cell receptor; HA, hemagglutinin; CH, calponin homology; Wt,
wild type; mAb, monoclonal antibody; L-Zip, leucine zipper.
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Fic. 1. Nucleotide and predicted
amino acid sequences of human
MICAL and its schematic representa-
tion, A, nucleotide and predicted amino
acid (single-letter code) sequences of hu-
man MICAL are presented. Sequence
numbers are shown on the right. Shown
in lowercase letters are non-coding re-
gions, Amino acid residues corresponding
to the calponin homology domain, the
LIM domain, and the putative leucine zip-
per motif are underlined with single lines,
bold lines, and double lines, respectively.
The boxed amino acid residues represent
the proline-rich sequence that is respon-
sible for CasL SH3 binding. The “/ in the
5'-gide non-coding region indicates the in-
frame stop codon, and the asterisk indi-
cates the stop codon of the open reading
frame. B, schematic representation of the
human MICAL and the KIAAO7T50/
MICAL-2 molecules. MICAL consists of a
calponin homology domain (CH), a LIM
domain (LIM), a proline-rich region {(PR),
and a putative leucine zipper motif (L-
Zip). KIAAOT50/MICAL-2 is a protein
composed of 1124 amino acids, and it has
homology with MICAL by 65 (NH,-termi-
nal half) to 35% (COOH-terminal region).
Unlike MICAL, MICAL-2 has neither pro-
line rich regions nor L-Zip motifs. The
numbers in the scheme indicate amino
acid numbers. The CI and C2 lines indi-
cate regions used for generating poly-
clonal antisera.
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CAG GAG GCC GGT GCT GGG GAC CTG TGT GCA CTT TGT GGG GAA CAC CTC TAT GTC CTG GAA 2436
¢ BE A G A G D L g A L ¢ & B EKE L Y YV L E 70
CGC CTC TGT GTC AAC GGC CAT TTC TTC CAC CGG AGC TGC TTC COGC TGC CAT ACC TGT GAG 2496
R_L. C VY. N G H F P _H R g ¢ P R € H.T.C_E 728
GCC ACA CTG TGG COCA GGT GGC TAT GAG CAG CAC CCA GGA GAT GGA CAT TTC TAC TGC CTC 2556
A T L W P G G X E H P G . D ¢ H F Y C L 748
CAG CAC CTG CCC CAG ACA GAC CAC AAA AAG GAA GGC AGC GAT AGA GGC CCT GAG AGT CCG 2616
Q H L P Q T D H K K E 6 8 D R ¢ P E & P 768
GAG CTC CCC ACA OCA AGT GAG AAT AGC ATG CCA CCA GGC CTC TCA ACT CCC ACA GCC TCG 2676

S E N s P P G L § T P T A S8 788
CAG GAG GGG GCC GGT CCT GTT CCA GAT CCC AGC CAG CCC ACC CGT OGG CAG ATC OGC CTC 2716
P V P D P 5 ¢ P T R R ¢ I R L B8O
TCC AGC CCG GAG CGC CAG CGG TTG TCC TCC CTT AAC CTT ACC CCT GAC CCG GAA ATG GAG 2796
s R ¢ R L § 8§ L N L T P D-P E M E 82
CCT CCA CCC ARG CCT COC OGC AGC TGC FCC GCC TTG GCC CGC CAC GCC CTG GAG AGC AGC 2855
P P"K"F H R § € 8 A L A R H A L E 8§ 8 848
TTT GTG GGC TGG GGC CTG CCA GTC CAG AGC OCT CAA GCT CTT GTE GCC ATG GAG ARG GAG 2816
F VvV 6 W ¢ L P VvV Q S P Q A L V A M E K E 868
GAM AAR GAG AGT CCC TTC TCC AGT GAA GAG GAA GAA GAA GAT GTG CCT TTG GAC TCA GAT 2976
E E 8 P F 8 58 E E E BE E D VvV P L D & D 888
GTG GAA CAG GCC CTG CAG ACC TTT GCC RAG ACC TCA GGC ACC ATG AAT AARC TAC CCA ACA 3036
v Q A L Q@ T P A X T 8 G T M N N Y P T 908
TGG CGT CGG ACT CTG €T C5C OGT GUG AAG GAG GAG GAG ATG AAG AGG TTC TGC ARG GCC 3096
W R R T L L R R A ¥ E E E M K R F C X A 928
CAG RCC ATC CRA CGG CGA CTA AAT GAG ATT GAG GCT GCC TTG AGG GAG CTA GAG GOC GAG 3156
) 2 T I ¢ R R L N E I E A A L R E L E A B 948
Fig. 1—continued
GGC GTG ARG CTG GhG CTC GCC TTG AGG OGC CAG AGC AGT TCC CCA GAA CAG CAA AMG AAA 3216
G vV K L E L A L R R Q 8 858 8 P E 0 Q0 X K 568
CTA TGG GTA, GGAL CAG CTG CTA CAG CTC GTT GAC AAG AMA ARC AGC TTG GTG GOT GAC GAG 3276
L w vV 6 Q L v Q LV P K K N S L Vv A E_E 988
GCC GAG CTC ATG ATC ACG GTG CAG GAA TTG RAT CTG GAG GAG AAA CAG TGG CAG CTG GAC 3336
& E L M I T VvV O E L N L E E X @ W Q L D 1008
CRG GAG CTA CGA GGC TAC ATG AAC CGG GAA GAA AAC CTA ARG ACh GCT GCT GAT OGG CAG 3396
Q E L R G Y M N R E E N L X T A A D R Q 1028
GCT GAG GAC CAG GTC CTG AGG AAG CTG GTG GAT TTG GTC AAC CAG AGA GAT GCC CTC ATC 3456
A E D @ V L R K L V DD L V N § R D A L I 1048
CGC'I"I‘CCAGGAGGAGCGCAGGC’rCAGCgAGCDGGCC’ITGGGGACAGGGGCC@GgGCTAG %g%s
- 7
acgagggtgggccgtcotgctttegttcccacaaagaaagcaccteaceccagecacagtgeceacceete 3584
ttoatctgggetgectggeagagagecttgetgtttacaattaaaatgtttotgeoccasasaaanaa 3652
a4333a3a3A3332333433aaa3A33a33aa3a3aaaaaaaaaaaa 3697

B

CasL-mediated signal transduction. With this point of view, we
sought molecules that interact with the CasL SH3 domain by
far Western screening, and we identified a novel molecule that
interacts with CasL. We also found that this molecule associ-
ates with vimentin and that it could be a regulational compo-
nent of vimentin filaments.

EXPERIMENTAL PROCEDURES

Cells and Reagents—The human T eell lines H9, Jurkat, and other
hematopotetic cell lines HL60 and HEL cells were cultured in RPMI
1640 containing 10% heat-inactivated fetal calf serum. COS7, HeLa,
and 293 cells were cultured in Dulbecco’s modified Eagle’s medium with
10% fetal calf serum,

Rabbit antisera against MICAL C1 and C2 were obtained as de-
scribed below. Polyclonal antibodies were purified from these antisera
by affinity chromatography (HiTrap NHS-activated, Amersham Bio-
sciences, described below). Mouse monoclonal antibody (mAb) V9
against vimentin and mAb M2 against the FLAG epitope were pur-
chased from Sigma. Rabbit polyclonal antibody HA.11 against the he-
magglutinin (HA) epitope was obtained from Babco. Goat polyclonal
antibodies C-20 against vimentin and N-17 against CasL/HEF1 were
purchased from Santa Cruz Biotechnology. The mAb 9E10 against the
Mye epitope was obtained by culturing 9E10 hybridomas in the non-
serum culture system. Fluorescein isothiocyanate-conjugated anti-rab-

CH LIM PR L-Zi
MICAL I " I k2 | . I

a N ~ 087,
: N % €1
: 85% : S 35% s,
" ! e 1124

KIAAG750 T

{MICAL-2) CH Lint

bit donkey antibody and Texas Red-conjugated anti-goat donkey anti-
body were purchased from The Jackson Laboratories. The human
thymus 5'-STRETCH PLUS ¢DNA library (HL5010b) was purchased
from CLONTECH and was used in the far Western screening.

Far Western Screening—The ¢cDNA fragment encoding the human
CasL SH3 domain (amino acid residues 2-66) was generated by PCR
using customized primers. BglIl and EcoRI sites were added to the 5'-
and 3’"-ends and subcloned into the BamHI/EcoRI sites of pGEX-2TK
{Amersham Biosciences) to generate pGEX2TK-CasL SHS3. This plas-
mid was transfected into Escherichia coli cells, and the expressed
proteins were purified using the glutathione-Sepharose 4B beads (Am-
ersham Biosciences). They were labeled with *°P isotope by bovine
heart kinase (Sigma) and used as the first probe.

Competent E, coli cells were infected with phages from the cDNA
library (20,000 plaque-forming units/plate) and were incubated for 3 h
at 43°C. Then the Hybond-C-extra membranes (Amersham RBio-
sciences) soaked in 10 mM isopropyl-1-thio-g-D-galactopyranoside were
overlaid on phage plaques for 4 h at 37 °C, and these membranes were
blecked in TBST buffers (10 mM Tris-HC1 (pH 8.0), 150 mM NaCl, 0.05%
Tween 20) containing 5% skim milk, The membranes were incubated
with 0.75 pg of the isotope-labeled GST-Casl, SH3 probe for 2 h at
25 °C, washed, and then autoradiographed (Eastman Kodak Co.).

Screening of a PAC Library and a Radiation Hybrid Panel Contain-
ing MICAL Gene—To obtain a genomic fragment containing the MICAL
gene, a PAC library, RPCI-1 (Roswell Park Cancer Institute) was
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F1c. 2. Expression profiles of MICAL mRNA, A, Northern blot
analysis of the poly(A) RNA from several hematopoietic cell lines. The
electrophoresed polytA} RNA was hybridized with the **P-labeled
MICAL ¢DNA clone initially isolated in the far Western screening,
There is a discrete band at ~3.7 kb {arrowhead). This probe cross-reacts
with the 185 rRNA. The ethidium bromide {E¢Br) staining of the
electrophoresed RNA is shown in the lower panel. B, Northern blot
analysis of the poly(A) RNA from adult murine tissues hybridized by
the same MICAL ¢DNA probe. MICAL mRNA is detected in the thy-
mus, lung, spleen, kidney, and testis (arrowhead).

screened by the PCR method with a pair of MICAL cDNA-specific
primers, P1 and P2 {(described below), and we obtained clone 231G18.

To identify the chromosomal location of the MICAL gene, we
screened a Radiation Hybrid Panel, GeneBridge 4 (Research Genetics),
by PCR with the same primers P1 and P2, The results were analyzed by
the manufacturer.

Reverse Transcriptase-PCR—Total RNA was extracted from freshly
prepared H® cells by the acid guanidine/phenol chloroform method, and
a poly(A) RNA-rich fraction was prepared by the poly(A) selection
procedure (Oligotex-dT30 super, Roche Molecular Biochemicals). This
RNA fraction was subjected to reverse transcription reaction with a
gene-specific primer P3 by heat-resistant reverse transcriptase {Ther-
moscript, Invitrogen) at 62 °C. We carried out the first PCR on this
synthesized cDNA with primers P4 and P6 followed by the second PCR
with primers P5 and P6 at the presence of 5% Me,SO.

The following MICAL gene-specific primers were used: P1, CTGCC-
CCAGTACCACAAGAT (corresponding to nucleotides 445-464); P2,
GAGAACTTGGTGCGCTTTTC (nucleotides 652-671); P3, AGGTGGA-
GCACGTTGTGGCGAGAG (nucleotides 669—692); P4, CCCAAGACT-
GTCCCCGCTGGAG (nucleatides 1-22), P5, GCTGGAGGCGGTAGAG-
GGAT (nucleotides 16-35); and P6, CAGCAGCTGGGCAGAGACGAGT
(nucleotides 272-293),

Northern Blotting—A poly(A) RNA fraction was obtained from
freshly prepared murine tissues or cultured cells as described above.
Two pg of this RNA fraction was loaded, electrophoresed, and hybrid-
ized with the isotope-labeled MICAL ¢DNA fragment.

Generation of Antibodies against Bacterially Expressed MICAL—The
¢DNA fragments corresponding to the amino acid residues 884-1063
{C1) and 999-1063 (C2) of MICAL were generated by PCR, and they
were inserted into pGEX1 (Amersham Biosciences) to generate GST-
MICAL C1 and GST-MICAL C2 constructs. These plasmids were trans-
fected into E. coli cells, and expressed fusion proteins were purified.
Rabbits were immunized with these fusion proteins, and antisera
against these antigens were raised (anti-MICAL C1 and anti-MICAL

A Novel Molecule Interacting with Casl. and Vimentin
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FiG. 3. Detection of the MICAL proteins. Cell lysates from COS7
{ane D), COST transfected with pSSRa/MICAL (lane 2), HeLa (lane 3),
293 (lane 4), H9 (ane 5), and Jurkat (lane 6) cells were subjected to
immunoblotting with affinity-purified anti-MICAL C2 antibody.
MICAL is detected as a single band of ~120 kDa (arrowhead). In the
COS7 cells transfected with pSSRa/MICAL, prominent expression can
be detected. WB, Western blot.

C2). The antisera were purified by affinity chromatography, At first, the
antisera were passed through the GST-cenjugated column removing
anti-GST antibodies. The flow-through fraction was then applied onto
the antigen-conjugated column, and specific antibodies bound to the
column were eluted out and collected.

Plasmid Construction of Expressing Vectors and Transient Transfec-
tion-—~The ¢DNA for HA tag or FLAG tag was added to the 3’ terminus
of the coding sequence of MICAL, and this was inserted into pUC-
CAGGS (27) or pSSRabsr (28) vectors, generating pUC-CAGGS/
MICAL-HA and pSSRabsr/MICAL-FLAG. To make mMICAL mutant,
the ¢cDNA sequence CCACCCAAGCCT (corresponding to amine acid
sequence PPKP} was mutated to CCACCGGCGCCT (PPAP) by in vitro
mutagenesis with the Chameleon Double-stranded, Site-directed Mu-
tagenesis Kit (Stratagene). The FLAG tag sequence was added to its 3°
terminus, and mMICAL-FLAG was inserted into the pSSRabsr vector.
To generate M1, M2, M3, and M4 mutants, ¢DNA fragments corre-
sponding to each mutant protein were generated by PCR using specific
primers, and the M5 mutant was generated by PCR-based mutagenesis
(ExSite PCR-based Site-directed Mutagenesis Kit, Stratagene). Gener-
ated cDNA fragments were ligated with the HA tag sequence, and they
were inserted into the pSSRabsr vector. The generation of e-Mye-tagged
CasL was described previously (20). To generate the FLAG-tagged
vimentin expression vector, the FLAG tag sequence was ligated to the
end of the murine vimentin sequence, and this DNA fragment was
inserted into the pUC-CAGGS vector.

These expression vectors were transfected into COS7 cells by the
DEAE.dextran method essentially as described previously (29).

Cell Lysis, Immunoprecipitation, and Immunoblotting—Cells were
lysed in 19 Triton X-100 buffer (10 mum Tris-HC1 (pH 7.4), 5 mM EDTA,
150 mm NaCl, 1% Triton X.100). Cell lysates were incubated with
indicated antibodies for 1 h at 4 °C, followed by additional incubation
with the protein A- or protein G-Sepharose beads (Amersham Bio-
sciences). The beads were washed with 1% Triton X-100 buffer and
treated with sample buffer (2% SDS, 10% glycerol, 60 my Tris-HCI (pH
6.8), 0.001% bromphenol blue). Samples were subjected to SDS-PAGE,
The electrophoresed proteins were transferred to polyvinylidene diflu-
oride filters (Millipore} and were subjected to immuneblotting, followed
by detection with the alkaline phosphatase-conjugated secondary anti-
body (Promega).

Immunofluorescence Microscopy—Cells were grown on a cover glass,
They were fixed with 3.7% formaldehyde and permeabilized with 0.2%
Triton X-100, and they were blocked in phosphate-buffered saline with
1% bovine serum albumin (Nacalai Tesque, Kyoto, Japan). After incu-
bation with the primary and the secondary antibodies for 1 h at reom
temperature, the samples were mounted in a 1:1 mixture of 2.5%
1,4-diazabicyclo[2.2.2]octane (Sigma) in phosphate-buffered saline and
glyceral. The cells were observed under the MRC1024 confocal micro-
scopic system (Bio-Rad).

In Vitro Pull-down Assay—For pull-down assay, expressed GST fu-
sion proteins were incubated with the glutathione-Sepharose 4B beads
(Amersham Biosciences) for 1 h at 4 °C for immobilization. We prepared
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Fic. 4. MICAL and CasL associate with each other through their PPKPP sequence and SH3 domain, respectively. A, CO37 cells were
transiently transfected with the MICAL-FLAG and/or the Myc-CasL expression vectors, and cell lysates were immunoprecipitated (IP) with the
anti-FLAG or the anti-Myc antibodies. In the cells transfected with both constructs (fane 4), CasL was detected in the anti-FLAG immunopre-
cipitate (black arrowheads), and MICAL was detected in the anti-Mye immunoprecipitate (white arrowhead). B, COST cells were transiently
transfected with the MICAL-FLAG and/or the Myc-ASH3 CasL expression vectors, and cell lysates were immunaoprecipitated with the anti-FLAG
or the anti-Myc antibodies. We could find neither ASH3 CasL in the anti-FLAG immunoprecipitate nor MICAL in the anti-Mye immunoprecipitate
(lane 4). C, schematic representation of the MICAL-FLAG and the mutated MICAL-FLAG (mMICAL-FLAG) molecules. In the mMICAL-FLAG
molecule, the single lysine residue in the proline-rich region is replaced by alanine. D, several GST-SH3 fusion proteins were incubated with cell
lysates containing MICAL-FLAG or mMICAL-FLAG, and they were subjected to immunoblotting. MICAL was clearly detected (arrow) in the
complexes containing the GST-CasL SH3 (lane 6) and the GST-Cas SH3 (lane 5) fusion proteins. However, only faint volume of MICAL was found
in the complexes containing the GST-Sre SHA3 Uane 1), GST-Grb2 SHS tlane 2), GST-Abl SH3 (fane 3), and GST-Crk SH3 (lane 4) fusion proteins.
In the mMICAL-FLAG lysate, no complex formation was detectable (Ianes 8-10). In lanes 11 and 12, total cell lysates containing MICAL- and
mMICAL-FLAG were loaded. Lower pane! shows the Coomassie Brilliant Blue staining of the GST-SH3 fusion proteins. This shows that almost
equal volume of GST fusion proteins were loaded in the reaction. WB, Western blot.

aliquots of cell lysates from COS7 cells transfected with MICAL and
mMICAL constructs, and these aliquots were incubated with the beads
for 1 b, and the proteins bound to the beads were analyzed by immu-
noblotting, Ten percent of the immobilized proteins were subjected to

RESULTS

Isolation and Structure Analysis of MICAL—Isotope-labeled
GST-CasL SH3 fusion protein was used as a probe for the far

Coomassie Brilliant Blue stain, and we confirmed that an almost equal
volume of GST fusion proteins was loaded. The GST-p130%* SH3 fusion
protein encodes amino acid residues 6-64 of p130°*, The details of the
GST-Crk 8H3, GST-Abl SH3, GST-Grb2 SH3, and GS8T-Src SH3 con-
structs were described previously (29),

Western screening to screen a Agtll cDNA expression library
(CLONTECH) that was derived from normal human thymuses.
Approximately 1.5 million phages were screened, and we ob-
tained 8 discrete positive clones. Among them, one clone was
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CasL

MICAL

Merge

Fic. 5. MICAL localizes in the cyto-
plasm and colocalizes with CasL and
vimentin, Cells were costained with the
purified anti-MICAL C2 antibody and the
anti-CasL/HEF1 or the anti-vimentin an-
tibodies. In HeLa cells, MICAL localizes
in the cytoplasm-like filaments or
meshes, and this filamentous structure
spreads from the perinuclear area toward
the cell periphery (2 and e}. Similarly,
CasL localizes all over the eytoplasm, and
it is distributed preferably to the perinu-
clear area and the cell periphery ). In
the merged image, yellow colocalization
signal is readily detected at the perinu-
clear area (¢). In HeLa cells, vimentin is
found in the cytoplasm as filamentous or
mesh-like structures (f), and this localiza-
tion pattern clearly overlaps with that of
MICAL (g, yellow signal}. This colecaliza-
tion was most clear in 293 cells @, j, and
k). When cells were stained only with the
second antibodies, no significant signals
were chserved (d, h, and 1),

Hela

Hela

293

identified as FAK, one as PTP-1B, two clones as PTP-PEST,
and two as C3G; these molecules have already been known to
interact with the Cas SH3 domain (9, 23-25). The other two
clones contained an overlapping part of the same unknown
gene. To obtain more information on this unknown gene, we
continued serial screening procedures using the identified
c¢DNA fragments as probes by the DNA hybridization method.
Consequently, we could obtain one conceptional ¢cDNA se-
quence. However, as the deduced start codon (ATG) of this
¢DNA did not meet the “Kozak's rule” (30) optimally, we
searched for a potential upstream coding region. We screened a
PAC genomic library, and obtained a PAC clone, RPCI-1
231G18, that harbored this unknown gene. Sequence analysis
of this genomic fragment revealed that an intron sequence was
inserted between the ¢DNA nuclectide 268 and 269 (Fig. 14),
and we obtained an additional 5'-side genomic nucleotide se-
quence. To examine if this 5’-side genomic region is transeribed
into mRNA, we prepared three kinds of primers, P4, P5, and P8
{described under “Experimental Procedures”), and we carried
out reverse transcriptase-PCR for the mRNA extracted from
the human T lymphocyte cell line, H9. Because the nucleotide
component around the target region was extremely GC-rich, we
carried out reverse transcription at 62 °C with thermoresistant
reverse transcriptase. Then we performed the first PCR with
P4 and P6 primers and the second PCR with P5 and P6 primers
in the presence of 5% Me,50. Consequently, we obtained an
amplified fragment at the size of ~280 bp, and the sequence
analysis of this fragment revealed that this fragment did not
contain any intron sequences. These results suggest that this
amplified fragment was derived from mRNA and that it was a
part of the cDNA. Because this ¢cDNA sequence contained an
in-frame stop codon at the nucleotide 48 (Fig. 1A), we concluded
that we obtained the full-length coding region of this unknown
gene.

The cDNA of this newly isolated gene consists of ~3700-bp
nucleotides, which corresponds to the result of the Northern
blotting described below. Molecular mass of the translated
protein is predicted to be 118 kDa composed of 1067 amino
acids. Search of the GenBank™ data base showed that this
isolated gene encodes a novel molecule, and its amino acid
sequence has prominent homology with that of KIAA0750
(35~65% homolagy) which had been isolated from the human

brain (Fig. 1B) (31). This data base also told us that MICAL has
homology with KIAA1364 derived from human brain by 50—
63%. At present, the complete cDNA sequence of KIAA1364 is
not determined.

Sequence analysis of this novel molecule indicates that it
contains a calponin homology (CH) domain in the central re-
gion followed by a LIM domain. In addition, a proline-rich
region {Pro-Pro-Lys-Pro-Pro, PPKPP) and a putative leucine
zipper (L-Zip) metif are lecated at the COOH terminus. Be-
cause this novel molecule interacts with CasL (described be-
low), we named this novel molecule “MICAL for a Molecule
Interacting with Cas]. We alsc call the KIAA0750 molecule
“MICAL-2" based on its homology. Whereas the MICAL-2/
KIAAO0750 molecule has a CH domain and a LIM domain, it
does not have any L-Zip motifs or PPKPP sequences.

To determine the chromosomal location of the MICAL gene,
we screened a Radiation Hybrid Panel following the manufac-
turer’s instruction. The result showed that MICAL is located on
the long arm of chromosome 6, 6q18,

MICAL Is Expressed in Hematopoietic Cells and Other Spe-
cifte Tissues—To assess the expression profile of the MICAL
mRNA, we examined various hematopoietic cell lines and mu-
rine tissues by Northern blotting. We detected a single discrete
transcript of —3.7 kb in the hematopoietic cell lines Jurkat,
HI60, and HEL (Fig. 24). Although we could find another
larger transcript in HEL cells, the main transeript was ~3.7
kb, Northern blotting of the various murine tissues revealed
that MICAL mRNA expression is restricted to the several spe-
cifie tissues; we could find prominent expression in the thymus,
lung, spleen, and testis and faint expression in the kidney (Fig.
2B}, whereas no cbvious expression was detected in the brain,
heart, and liver. Even though the size of the transcript in the
testis seemed to be shghtly larger than 3.7 kb, this may be a
spliced variant.

It has been reported that CasL is expressed prominently in
the lung, kidney, placenta, and lymphocytes (2, 3). The expres-
sion pattern of MICAL corresponds to that of CasL, and this
accordance supports the biological relationship between the
two molecules.

Generation of Polyclonal Antibodies and Detection of MICAL
Proteins—To characterize MICAL protein, we generated poly-
clonal antibodies against MICAL. We used COOH-terminal
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regions as immunogens, C1 region spanning amino acid resi-
dues 884 -1063 and C2 region spanning residues 999-1063. We
immunized rabbits and obhtained antisera to each antigen (anti-
MICAL C1 and anti-MICAL C2). The antisera were purified by
affinity chromatography, and we generated specific antibodies.
To check the quality of these antibodies and to detect MICAL
proteins, we performed an immunoblot assay. We used lysates
from COS7 cells transiently transfected with pSSRabsr/
MICAL and lysates from normally growing HeLa, 293, H9, and
Jurkat cells. By using both antibodies, we could find endoge-
nous expression of MICAL at the size of ~120 kDa in the HeLa,
293, HY, and Jurkat cells and prominent expression in the
transfected COS7 cells (Fig. 3).

MICAL Interacts with the CasL SH3 Domain through the
PPKPP Proline-rich Sequence—To test the in vive interaction
between MICAL and CasL, we analyzed their interaction by
transiently coexpressing MICAL and CasL proteins in COS7
cells. When we cotransfected the FLAG-tagged MICAL
(MICAL-FLAG) together with the Mye-tagged Casl (Mye-
CasL}, we could detect CasL in the anti-FLAG immunoprecipi-
tates containing MICAL proteins (Fig. 44). Alternatively, we
were able to find MICAL in the anti-Myc immunoprecipitates
containing CasL proteins (Fig. 44). These results indicate that
these two proteins can make a complex in mammalian cells in
vivo.

To confirm that MICAL and CasL interaet with each other
through the Casl, SH3 domain, we cotransfected MICAL-FLAG
together with the Myc-tagged CasL whose SH3 domain was
deleted (Myc-ASH3 Casl) and performed immunoprecipita-
tion. In this experiment, we could not find Myc-ASH3 CasL in
the anti-FLAG immunoprecipitates nor MICAL-FLAG in the
anti-Myc immunoprecipitates (Fig. 48). This result indicates
that MICAL and CasL interact through the CasL, SH3 domain.

This interaction was also demonstrated by the in vitro pull-
down assay. We immobilized various GST-SH3 fusion proteins
on the glutathione-Sepharose beads and incubated them with
COS7 cell lysates expressing MICAL-FLAG. As shown in Fig.
4D, we could detect prominent existence of MICAL in the
complex that contains the CasL SH3 domain or Cas SH3 do-
main, whereas only faint MICAL bands were observed in the
Sre SH3, Grb2 SH3, Abl SH3, or Crk SH3 containing complex.
This result shows that MICAL preferentially interacts with the
CasL (or p130°®%) SH3 domain,

It has been reported that the Cas SH3 domain preferentially
binds to “Pro-X-Lys-Pro, PXKP” (X, any amino acid) sequence
(25). Because MICAL has a consensus sequence of “PPKPP” at
the COOH terminus, we examined whether MICAL interacts
with the CasL. SH3 domain through this proline-rich sequence.
We constructed a mutant, mMICAL-FLAG, whose proline-rich
sequence PPKPP (amino acid residues 830-834) was mutated
into PPAPP (Fig. 4C). When we incubated the immobilized
GS5T-CasL SH3 and GST-Cas SH3 fusion proteins with lysates
of COST cells expressing mMICAL-FLAG, we could not find
mMICAL proteins in the complexes (Fig. 4D). These results
indicate that MICAL interacts with the CasL and Cas SH3
domains through the PPKPP sequence.

MICAL Is a Cytoplasmic Protein and Colocalizes with CaslL
at the Perinuclear Region—To examine the intracellular distri-
bution of the MICAL molecule, we performed immunoflucres-
cence staining with the purified anti-MICAL C2 antibody, MI-
CAL localized in the cytoplasm like filaments or meshes, and
this filamentous structure spread from the perinuclear area
toward the cell periphery (Fig. 5, ¢ and e). When we stained the
CasL molecule, CasL also localized all over the cytoplasm but
distributed preferentially to the perinuclear area and the edge
of the cell periphery (Fig. 5b). We could readily find the colo-

14939

calization signals of MICAL and CasL at the perinuclear area
(Fig. 5c). These resulis suggest that there are biological inter-
actions between MICAL and CasL in living cells.

MICAL Also Colocalizes with Vimentin Intermediate Fila-
ments—MICAL is distributed in the cytoplasm-like filaments
in Hela cells. Because this staining pattern was similar to that
of cytoskeletal structures, we examined subcellular localization
of microfilaments {F-actin), microtubules (a-tubulin), or inter-
mediate filaments (vimentin) by costaining these ¢ytoskeletal
molecules with MICAL. Double staining of these proteins re-
vealed that the staining pattern of MICAL was mostly consist-
ent with that of vimentin (Fig. 5, middle panel). This colocal-
ization pattern was more apparent in 293 cells; MICAL was
stained like mesh composed of fine filaments in the cytoplasm,
and in many cells, strong signals were observed in the cell
process areas (Fig. 5, lower panel}). Therefore, MICAL was
supposed to be an integrated component of vimentin interme-
diate filaments.

MICAL Associates with Vimentin through Its COOH -termi-
nal Region—To examine the possible interaction between
MICAL and vimentin, we performed immunoprecipitation and
immunoblotting. Prior to these experiments, we generated five
deletion mutants of MICAL, M1-M5 (Fig. 64). At first, we
transfected COS7 cells with these mutants or wild-type (Wt)
MICAL-HA constructs, and the cell lysates were subjected to
immunoprecipitation with the anti-vimentin antibody. In this
experiment, we could find M3-M5 and Wt molecules in the
anti-vimentin immunoprecipitates (Fig. 6B, lanes 8-10 and
13), whereas M1 and M2 mutants were not found in these
immunocomplexes (Fig. 6B, lanes 3 and 4). This result indi-
cates that MICAL interacts with vimentin through its COOH-
terminal region.

To confirm this interaction between MICAL and vimentin,
we cotransfected COS7 cells with FLAG-tagged vimentin and
MICAL M2 or Wt constructs, and the cell lysates were immu-
noprecipitated with the anti-HA antibody. As a result, we iden-
tified the Wt molecule in the anti-FLAG immunoprecipitate
{Fig. 6C, lane 5), whereas M2 molecule was not found in the
complex (Fig,'6C, lane 4).

These results clearly show that MICAL and vimentin make
cemplexes in living cells and that this interaction is mediated
through the COOH-terminal region of MICAL.

DISCUSSION

In this study, we identified a novel molecule, MICAL, as a
potential CasL-interacting protein by far Western screening.
MICAL is preferentially expressed in hematopoietic cells and
several specific tissues. MICAL contains some discrete do-
mains that include a CH domain, a LIM domain, and a proline-
rich motif. We cannot predict any enzymatically functional
domains from its primary sequence.

SH3 domains bind proline-rich motifs with the core consen-
sus sequence PXXP (32). Amino acid residues immediately
adjacent to the proline residues seem to be significant for
hinding specificity to different SH3 domains (33, 34). Several
consensus sequences binding to the Cas SH3 domain have been
reported, and one of them is PPKPP (25), MICAL has this
sequence at the COOH terminus, and we demonstrated their in
vivo interaction. Moreover, in this screening, we identified
other molecules, PTP-1B, PTP-PEST, FAK, and C3G, as CasL
SH3-binding partners. These molecules have already been
shown to interact with the Cas SH3 domain (9, 25-25). Because
the SH3 domain of Cas and that of CasL have amino acid
homology by more than 80%, this similarity in their binding
pariners seems reasonable,

CasL is a molecule that belongs to the Cas family and is
important for TCR- and B; integrin-induced immunological
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Fic. 6. MICAL interacts with vimentin molecule through its
COOH-terminal region. A, schematic representation of the
MICAL-HA mutants. Five HA-tagged mutants (MI-M5) and an HA-
tagged wild-type MICAL (Wt} construct were generated. MI, NH,-
terminal fragment to the CH domain; M2, NH-terminal fragment to
the LIM domain; M3, COOH-terminal fragment from the CH domain;
M4, COOH-terminal fragment from the end of the LIM domain; M5,
fragment from which the CH domain and the LIM domain are deleted.
Numbers on the lines represent correspending amino acid numbers. B,
COS7 cells were transiently transfected with expression vectors encod-
ing HA-tagged mutants, and cell lysates were subjected to immunopre-
cipitation (IP) with the anti-HA or the anti-vimentin antibodies.
M3-M5 and Wit proteins were detected in the anti-vimentin immuno-
precipitates ((anes 8, 13, 9, and 10), whereas M1 and M2 mutants were
not found in the anti-vimentin immunoprecipitates (lanes 3 and 4). No
Wt proteins were found in the fraction nonspeeifically bound to the
protein G-Sepharose {{ane 11). Lanes 1,2, 5-7, and 12 show expressed
HA-tagged proteing, and black arrowheeds in the lower panel peint at
the vimentin proteins in the immunoprecipitates (lanes 14-19). The
white arrowhead in the lanes 12 and 13 indicates the M4 mutant. C,
COS7 cells were transiently transfected with HA-tagged MICAL mu-

A Novel Molecule Interacting with CasL and Vimentin

reactions such as interleukin-2 production (35) and migratory
response (19). In HeLa cells, CasL localizes around the nucleus
and at the cell periphery. Various reports have suggested that
the Cas family proteins transduee signals to downstream path-
ways including mitogen-activated protein kinase and other
cytoskeletal regulatory pathways (12, 18, 18, 36-38). In this
report, we showed that a fraction of MICAL localizes at the
perinuclear area and colocalizes with CasL. This result sug-
gests that MICAL may play roles in the CasL-mediated signal-
ing pathways.

In lymphocytes, ligation of TCR, B cell receptor, or B, inte-
grin induces prominent phosphorylation of CasL at its sub-
strate domain. This is considered to be important for many
immunological reactions (19, 21, 22, 35, 39). Therefore, we
examined whether MICAL could be phosphorylated at tyrosine
residues after TCR or 8, integrin ligation. However, we could
not find any obvious tyrosine phosphorylation (data not
shown). MICAL may not be a target of phosphorylation by
tyrosine kinases.

In addition to the interaction with CasL, we demonstrated
that MICAL associates with vimentin melecules and colocal-
izes with vimentin IFs in vive. In mammalian cells, IFs belong
to one of the three major classes of cytoskeletal filaments, and
they are important for maintaining mechanical integration.
There are many kinds of TF proteins, and their expression is
tissue-specific. Among them, vimentin is a major component of
IFs in cells of mesenchymal origin. Even though the exact roles
of vimentin are not determined yet, the analyses of the null
mutant mice have revealed several defective phenotypes as
follows: deficiencies in the modulation of vascular tuning (40),
deficiencies in the mechanotransduction of shear stress (41), a
cerebellar defect and impaired motor coordination (42}, and
impaired migration of fibroblasts into the wound sites (43),
These results show that vimentin is necessary for maintaining
mechanical flexibility of a cell.

Immunostaining demonstrated that the localization pattern
of MICAL overlaps significantly with vimentin filaments in
HeLa and 293 cells. Therefore, it is strongly suggested that
MICAL is associated with vimentin filaments and that MICAL
is one of the vimentin filament-associated proteins. There are
many IF-associated proteins. Among them are plectin (44),
fimbrin (45), calponin (46}, MAP-2 (47), and bullous pemphig-
oid antigen-1 (BPAG-1) (48). These molecules have a binding
capacity to IFs and are supposed to be important for maintain-
ing cytoskeletal integrity. MICAL is also expected to be a
member of these “IF-associated cytoskeletal integrators,”

MICAL associates with CasL and vimentin. CasL is a down-
stream mediator of integrin-mediated signals and is important
for cytoskeletal regulation. Although the exact hiological func-
tions of MICAL remain to be determined, the results suggest
that MICAL could be a regulatory mediator that may trans-
duce signals for IF regulation. Until now, several reports (49—
51) have been made concerning the relationship between the
integrin-mediated signal transduction and the regulation of
IFs. Wu et el. {49) reported that integrin-associated protein
(IAP/CD47) and proteins linking TAP with ¢ytoskeleton medi-

tants (Wt or M2) and/or FLAG-tagged vimentin (Vim) expression vee-
tors, and cell lysates were subjected to immunoprecipitation with the
anti-HA antibody. In the cells transfected with Wt and vimentin ({ane
&), vimentin was detected in the anti-HA immunoprecipitate (upper
panel, black arrow), whereas in the cells expressing M2 and vimentin
(lane 4}, vimentin was not identified in the anti-HA immunoprecipitate,
In the cells transfected with vimentin, M2, or M3 alone (lanes 1-3), we
could not find any vimentin signals in the anti-HA immunoprecipitates.
The black arrow in the middle panel indicates the expressed vimentin
proteins (anes 1, 4, and 5), and the lower pane! shows the expression of
Wt {lanes 3 and 5) or M2 (Janes 2 and 4) proteins. WB, Western blot.
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ate signals between integrins and vimentin IFs, Modulation of
these molecules influences the distribution pattern of vimentin
and cell spreading. Plectin is also known as a linker molecule
bridging integrins and IFs and is essential for hemidesmosome
integrity and stabilization (50). Moreover, Sin et al. (51} sug-
gested that vimentin IFs may be the reservoir of RhoA-binding
kinase a {(ROKa), which is a putative effector of RhoA, and may
be regulated by integrin-mediated signals. Because our immu-
noflucrescence study did not identify MICAL at the cell periph-
ery, it may be difficult to expect the close biological interactions
between MICAL and integrins. However, it is possible that
MICAL may mediate further downstream signals via CasL.

‘We showed that MICAL associates with vimentin through the
COOH-terminal region. Biological functions of other metifs,
the CH domain and the LIM domain, remain to be elucidated.
The CH domain was originally identified as a conserved motif in
the calponin family proteins, and this motif is also present in a
variety of other molecules, e.g. Vav and IQGAP-1 or -2. (52).
Although our consensus for its biological function has not been
completely settled, this domain is thought to be important as an
actin-binding or IF-binding meotif (45, 46, 52, 53), and it is sug-
gested that a single CH domain may work as the interaction site
with vimentin or other IF proteins. However, as for MICAL, the
interpretation for this hypothesis is somewhat dazzling. We have
found that bacterially expressed GST-MICAL CH domain fusion
proteins can effectively make complexes with vimentin molecules
in vitro (data not shown), whereas in the immunoprecipitation
assay, we found that this region is not necessary for their inter-
action. Although we do not know the exact reason, their interac-
tion may be interfered with by the structural conformation of
other regions,

MICAL has one LIM domain in its central region. The LIM
domain is a member of the Zn®* finger motifs, and it is speci-
fied by its cysteine richness. LIM domains are found in many
cytoplasmic and nuclear proteins, and they are supposed to be
important for protein-protein interactions. Among the cytoplas-
mic LIM-containing proteins, many cytoskeletal regulatory
molecules such as Paxillin, Zyxin, or Enigma are known, and it
is anticipated that some biological functions of these molecules
are mediated through LIM domains. Because MICAL is ex-
pected to be a possible cytoskeletal player, further investiga-
tion on this domain may reveal novel insights on this molecule.

In this study, we identified a novel molecule, MICAL, which
may connect CasL and vimentin IFs. Until now, other related
molecules, KIAA0750 (MICAL-2) and KIAA1364, have been
identified from the human brain. Because these molecules
show significant homology, we may call them “MICAL family
proteins.” At present, we know little about these molecules, and
we are making further studies to clarify their functions. Find-
ing more about the MICAL family proteins must provide im-
portant insights into the cellular biology.
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Abstract

Notchl is indispensable for T cell development. It is anticipated that Notchl and other Notch receptors expressed on the
surface of thymic T cell precursors are activated by ligands present on environmental cells, including antigen presenting cells
(APCs), and invelved in positive and negative selections. Notch receptors on peripheral T cells may also be activated by ligands
on APCs. Here, we examined the expression pattern of three Notch ligands, Jaggedl, 2 and Deltal in APCs by an
immunofluorescence cell staining method and a reverse transcriptase-polymerase chain reaction (RT-PCR) method. Peritoneal
macrophages were strongly positive for Jagged] staining. In contrast, macrophages separated from spleen and dendritic cells
(DCs) separated from spleen and thymus showed positive staining for all the three ligands at a similar intensity. An analysis by
RT-PCR revealed that peritoneal and splenic macrophages and splenic and thymic DCs, show a distinct pattern in Notch ligand
expression. These findings may represent that expression of various Notch ligands in APCs has a physiological relevance in each
organ. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Notch; Notch ligand; Jaggedl; Jagged2; Deltal; Antigen presenting cells {APCs); Dendritic cells (DCs), Macrophage

cells are candidates for Notch ligand-expressing cells
that are required for precursor and mature T cells,
Notch receptors on which are activated. We raised a
question whether antigen presenting cells {APCs} such
as macrophages and dendritic cells (DCs) in the
Iymphoid tissue function as a Notch-signal donor, in
addition to the antigen presentation. Here we studied in
detail the expression pattern of Notch ligands; Jaggedl,
Jagged2 and Deltal, in mouse APCs by immu-
nofluorescence cell staining and reverse transcriptase
polymerase-chain reaction (RT-PCR).

1. Introduction

Notch proteins constitute a family of highly con-
served transmembrane receptors that regulate cell fate
decision during the development of many cell lincages
in both vertebrates and invertebrates [1}. The Notch
receptors and their ligands are highly expressed in the
thymus and have been implicated in the early T cell
development. It has also been reported that Notchl
gene is also expressed in the thymocytes and mature T
cells [2-4]. Ligands for the Notch receptors must be
expressed on the surface of cells physically associating
with the target cells [5], since these ligands are present
on the cell surface in the physiological conditions. It is,
thus, expected that stromal cells in the thymus, spleen

2. Material and method

and other lymphoid tissues as well as thymic epithelial

* Corresponding author. Tel.: + 81-3-5800-6421; fax: + 81-3-5689-
7286.
E-mail address: hhirui-tky@ umin.acjp (H. Hirai).

2.1. Animals and cell preparations

C57BL/6 mice were purchased from Nippon Clea
(Tokyo, Japan). In all experiments, 5-6-week-old fe-
male mice were used.

0165-2478,02/% - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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2.2. Isolation of DCs from thymus and spleen

DCs were prepared from the thymus and spleen
following an isolation protocol [6-8] with a modifica-
tion, using six mice for each preparation. Briefly, the
thymi and spleens were cut into small fragments and
digested with collagenase type III (0.5 mg/ml; Wor-
thington Biochemical Corporation) and DNase I (40
pg/ml, Wako Pure Chemical Industries, Ltd.} in RPMI
1640 medium supplemented with fetal calf serum
(FCS) for 15-20 min at 37 °C with continuous agita-
tion. The digested fragments were mixed by pipetting
and filtered through a stainless-steel sieve with nylon
mesh, and the cell suspensions were washed twice in
phosphate-buffered saline (PBS) supplemented with
5% FCS and 5 mM EDTA (PBS-EDTA-FCS) con-
taining 5 pg/ml DNase 1. The cells were then resus-
pended in ice-cold iso-osmotic Optiprep solution (pH
7.2, density 1.06]1 g/cm®, Nyegaard Diagnostics), con-
taining 5 mM EDTA to dissociate DC-thymocyte
complexes, and centrifuged at 3000 rpm for 30 min. A
low-density fraction was suspended in PBS-EDTA-
FCS after wash in the same buffer. The cells were
resuspended in MACS buffer (Miltenyi Biotech) at
1 x 108 cells per ml and incubated with the MACS
microbeads coated with an anti mouse CDllc anti-
body after blocking with an anti mouse IgG2b anti-
body. The cells were then passed over a MACS
column and the cells retained in the column after
washing were collected [2]. Separated cell populations
were analyzed for purity by FACS and used as DC
fractions. Splenic macrophages were obtained as an
adherent cell population after the density gradient
preparation using Lymphoprep solution (Nycomed)
and overnight incubation at 37 °C in 3% CO,. Peri-
toneal macrophages were obtained by washing the
peritoneal cavity with cold PBS.

2.3. Flowcytometry

The DC fractions were stained with an FITC-conju-
gated anti [-Ab (Pharmingen), anti-CD8a (clone53.67,
Pharmingen), anti-F4/80 (Dainihon Seiyaku) antibod-
ies and a phycoerythrin(PE)-conjugated anti-CDllc
antibody (clone N418, hamster 1gG, Pharmingen). Ice-
cold PBS was used for all the steps. Cell-surface anti-
gens were analyzed using the CELLQEST program
(Becton Dickinson Immunocytomety Systems) with the
FACS Calibur flow cytometer (Becton Dickinson Im-
munccytomety Systems).

2.4, Immunofluorescence cell staining

The DC fractions from spleen and thymus as well as

-49 .

splenic and peritoneal macrophages were incubated for
1.5 h and overnight, respectively, in the chamber slide
coated with FCS and human fibronectin (Wako Pure
Chemical Industrics) to have the DCs and
macrophages adhere to the slides. After incubation,
non-adherent thymocytes and lymphocytes were re-
moved by washing with PBS. The slide-attached DCs
and macrophages were fixed with —20 °C methanol
for 10-15 min, air-dried, permialized with PBS con-
taining 0.1% NP-40 for 10 min and incubated for 40
min with 5% BSA in PBS for blocking. The cell layer
was then covered with goat antibodies against mouse
Jaggedl, Jagged2 and Deltal (Santa Cruz Biotechnol-
ogy), and a rat antibody against mouse F4/80 anti-
body (hybridomas were purchased from American
Type Culture Collection (ATCC)), respectively, and
incubated for 60 min. The washed cell layer was incu-
bated with a fluorescein-conjugated anti goat 1gG
(ICN Phammaceuticals) or Cy-3-conjugated anti-rat
IgG (Jackson Immuno Research Labolatories) sec-
ondary antiboedies for 45 min. After the wash with
PBS, chamber-detached slides were mounted by cover
slips with 50% glycero! in PBS with 2.5% 1,4-diazabi-
cyclo[2,2,2]octane (Dabceo, Sigma).

2.5. RT-PCR

The forward and reverse primers used for PCR were
as follows: Deltal, CTGAGGTGTAAGATG-
GAAGCG and CAACTGTCCATAGTGCAATGG;
Jaggedl, TGCAGCTGTCAATCACTTCG and CA-
GAATGACGCTTCCTGTCG [9), Jagged2, GTC-
CTTCCCACATGGGAGTT and GTTTCCACC-
TTGACCTCGGT [4}; mouse glyceraldehyde-3-phos-
phate dchydrogenase (G3PDH), GCATTGTGGAA-
GGGCTCATG and TTGCTGTTGAAGTCGC-
AGGAG.

Total RNA was isolated from cells using ISOGEN
(Nippon genc) as manufacturer’s instructions. After
the trcatment with DNAse I (GibcoBRL), random
hexamer-primed cDNA was prepared from 500 ng of
total RNA, using Superscript II (GibcoBRL) in a total
volume of 20 pl. Semi-quantitative RT-PCR was per-
formed as described previously [10]. Briefly, to stan-
dardize the template cDNA, a series of dilution was
subjected to 25 cycles of PCR using a primer pair
specific for G3PDH. After determining the relative
c¢cDNA concentration, specific primer pairs for
Jaggedl, Jagged? and Deltal were used to perform
PCR to analyze the expression level of mRNA with
the GeneAmp 9700 thermal cycler (Perkin—Elmer).
The number of PCR cycle was determined for each
primer pair between 25 and 35 cycles, to make the
PCR yicld depend on the amount of template cDNA.
PCR products were analyzed by agarose gel elec-
trophoresis followed by ethidium bromide staining,



E. Yamaguchi et al. / Immunology Letters 81 (2002) 59-64 61

3. Result

3.1. Characterization of cell fractions isolated from
spleen and thymus

It is established that the mouse DCs are positive for
MHC class II and CDll1¢ [6,7,11]. Inversely, a majority
of MHC class IT + /CDllc + cells are thought to be
DCs in mouse. We, therefore, defined here these double
positive cells as DCs. When the density and mi-
crobeads-purified cell fractions were analyzed by
FACS, over 90 and 50% of the cells were positive for
MHC class II and CDllc in the spleen- and thymus-
derived fractions, respectively, in the three independent
experiments. The majority of the MHC class 11 single
positive cells were thought to be macrophages contami-
nating at less than 10% in the spleen-derived fraction
(Fig. 1A) and about 20% in the thymus-derived fraction
(Fig. 1B). In the thymus-derived fraction, double nega-
tive cells, majority of which were thought to be thymo-
cytes, were contaminated at less than 3%.

3.2. Identification of Notch ligands on APCs by
immunofluorescence cell staiming

We next investipated whether the Notch ligand is
expressed on the cell surface of peritoneal and splenic

SPLEEN

g

CDl1l1c-PE

counts

CDll1c-PE

macrophages, and splenic and thymic DCs. In the
peritoneal macrophage fraction, purity was virtually
100% in view of the positive staining with the F4/80
antibody (data not shown). These cells were positively
stained with antibodies against Jaggedl, Jagged2 and
Deltal (Fig. 2B-D), with the anti-Jaggedl antibody
among them giving the strongest staining. The splenic
macrophages were also positive for staining with all the
three antibodies against the ligands. However, domi-
nant staining with the anti-Jagged! antibody was not
observed and the intensity of staining was similar with
all the three antibodies (Fig. 2F-H). Staining of the
cells in the splenic and thymic DC fractions were
technically difficult, because, the contaminating
macrophages, rather than DCs, were apt to remain on
the slide. Indeed, as much as 10-30% (Fig. 2J-L) and
30-50% of the remaining cells (data not shown) on the
slide were macrophages, when prepared from the
splenic and thymic DC fractions, respectively. Never-
theless, we were able to confirm that both splenic and
thymic DCs were positive for staining with all the three
anti-ligand antibodies, when double staining of the
mixture of DCs and macrophages prepared from the
splenic (Fig. 2J-L) and thymic (data not shown) DC
fractions were performed using the anti F4/80 and
respective anti-ligand antibodies.

H S 1 e,
34% A8 s

Fig. 1. FACS analysis for the splenic and thymic DC fractions. Cells separated from C57BL/6 mice were double-stained with a PE-conjugated
anti-CDI11¢ and FITC-conjugated anti-MHC class II antibody. Viable lymphocytes are shown after gating on forward and side scatters. Double
positive cells were defined as DCs. Contaminated cells in the MHC class Il-single positive cells are likely to be macrophages.
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Fig. 2. Expression of Notch ligands in peritoneal macrophages, splenic macrophages and splenic DCs. Peritoneal macrophages (A -D), the cells
were stained with a goat anti-Jagged!, -Jagged2 and -Deltal antibody after overnight incubation on a plastic culture slide coated with human
fibronectin and FCS (B-D). For negative control, goat IgG was used instead of the primary antibody (A). Splenic macrophages (E-H), The cells
were stained with a rat anti-F4/80 antibody, plus one of the goat antibodies against Jaggedl (F), Jagged2 (G) and Deltal (H) after incubation
on a plastic culture slide coated with human fibronectin and FCS. Secondary antibodies used were a Cy-3 conjugated anti-rat 1gG and
FITC-conjugated anti-goat TgG antibody. For a control, goat IgG was used instead of the primary antibodics (E). All the cells were stained with
an F4/80 antibody following the Cy-3 conjugated anti-rat IgG staining against control (data not shown). Splenic DCs (I-L), The cells were stained
with a rat anti-F4/80 antibody, plus one of the goat antibodies against Jaggedl (1), Jagged2 (K) and Deltal (L) after incubation on a plastic
culture slide coated with human fibronectin and FCS, The secondary antibody used was Cy-3 conjugated anti-rat TgG and FITC-conjugated
anti-goat IgG. For a control, goat IgG were nsed instead of the primary antibodies (I). Arrows indicate cells double-positive for F4/80 and a
respective antibody against the ligands,

3.3. Expression analysis by RT-PCR further different from that in the splenic or thymic DC
fractions.
The peritoneal and splenic macrophages, and the
cells in the splenic and thymic DC factions were ana-

lyzed for respective Notch ligand expression by RT- 4. Discussions

PCR. Difference in the expression pattern in the

peritoneal and splenic macrophages, which was ob- There have been lines of evidence that indicate the
served in the immunofluorescence staining, was repro- role of Notch signaling in the T cell development
duced by an RT-PCR analysis (Fig. 3). Expression [1,12-14]. There are also a few reports suggesting that
pattern in either of these macrophage fractions was Notch signaling play a role in mature T cells for their

=51 -
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antigen- or mitogen-induced activation [2,15]. However,
the information about ligands that must trigger Notch
signaling is limited. APCs are among the most likely
candidates for the cells that physiologically give the
Notch signaling to the developing and mature T cells
[5,13].

There have becen reports showing that by an RT-PCR
and Northern blotting methods, Deltal or Jaggedl is
detected in macrophages, monocytes and splenic DCs
[2,16). It has also been reported that Jaggedl and
Jagged2 are demonstrated in the thymus when an in
situ hybridization technique is used [4]. However, no
clear immunostaining has been shown for any Notch
ligand, particularly for the fractionated or purified cell
sources. We studied expression of the thrce Notch
ligands which are thought to be expressed in the im-
mune compartment, by the immunofluorescence- and
RT-PCR-based methods, using fractionated and char-
acterized cell sources. Purities of the peritoncal and
splenic macrophages (positive for the anti-F4/80 anti-
body) and the splenic and thymic DCs (positive for anti
CDll1c and MHC class II antibody) were as high as
100, 100, > 90 and about 70%, respectively. Using such
highly purified cell preparations, we could understand
that representative APCs express all the three Notch

Thymic DC fraction
Splenic DC fraction
Splenic macrophage
Peritoneal macrophage

mJagged 1
mJagged 2
mbDelta 1

G3PDH

Fig. 3. Expression analysis of Jaggedl, Jagged? and Delta in peri-
toneal and splenic macrophage and splenic and thymie DC fractions
by RT-PCR. Total RNA was extracted from each cell fraction. After
cDNA was prepared from 500 ng of total RNA, a series of dilution
was subjected to 25 cycles of PCR using a primer pair specific for
G3IPDH to standardize the template cDNA. After determining the
rclative ¢DNA concentration. specific primer pairs for Jaggedl,
Japged2 and Deltal were used to perform PCR for the analysis of
expression level of mRNA. PCR products were analyzed by agarose
gel electrophoresis followed by ethidium bromide staining,

ligands examined, although we failed to dectect the
expression of Deltad, a newly identified mammalian
Notch ligand [17] (data not shown). These results indi-
cate that Jagged!l, Jagged2 and Deltal, but not Deltad,
function as a ligand for the Notch signaling in the
precursor and mature T cells.

Interestingly, macrophages prepared from two differ-
ent sources, the peritoneal cavity and spleen, displayed
distinct patterns of Notch ligand expression. Naturally,
the cnvironment for the macrophages in these tissues
should be distinct from each other with regard to the
variety of cytokines and concentration of each cy-
tokine, variety of cells with which the macrophages
make a contact. Recently, it was reported that the
stimulation of macrophages with macrophage colony-
stimulating factor, granulocyte-macrophage colony-
stimulating factor and interleukin 3 resulted in
upregulation of the Jaggedl expression [18,19]. Given
these facts, a different expression pattern in the Notch
ligands within the macrophage compartment is rational
rather than unexpected. Similarly, it is reasonable that
the DC fractions prepared from different organs
showed distinct expression patterns from each other.
These findings do not directly indicate the physiological
roles of Notch ligands in APCs, but may suggest that
the respective APCs constitute a part of the cells func-
tioning as a signal donor for the precursor and mature
T cells.

In the thymus, thymic epithelial cells may also be
candidates for the Notch signal donor. Since DCs
localize at more medullar region of the thymus, they
may function at the later stages during the T cell
development, while the thymic epithelium in the earlier
stages, In both thymus and penpheral lymphoid tissues
including spleen, stromal cells other than APCs may
express Notch ligands and trigger Notch signaling.
Furthermore, there is a suggestion that some T cells
may express Notch ligands and function autonomously
[4,5,15]. For the future understanding of Notch signal-
ing in the entire signaling network in the precursor and
mature T cells compartments, experiments performing
downregulation and upregulation in each candidate for
a Notch signal donor may give answers.
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Abstract

p130%* (Cas) is a docking protein that becomes tyrosine phosphorylated in v-Src- or v-Crk-transformed cells and in integrin-
stimulated cells. Cas —/— fibroblasts show defects in stress fiber formation, cell spreading, cell migration, and transformation by
activated Src. To further characterize the role of Cas in signaling, we compared the expression profile in Cas —/- fibroblasts with
that in Cas-re-expressing fibroblasts using the microarray methods. In Cas —/— fibroblasts, the expression of heme oxygenase 1 and
caveolin-1 was reduced, but the expression of procollagen 1 « 1, procollagen 3 a 1, procollagen 11 « 1, ¢lastin, periostin, TSC-36, and
MARCKS was enhanced, The domains in Cas necessary for the change varied among these genes. Activated Src reduced the ex-
pression of most of these genes both in Cas —/— and in Cas +/+ fibroblasts. These results suggest the existence of signaling pathways
that emanate from Cas to gene expression. © 2002 Elsevier Science (USA). All rights reserved.

Keywords: pl30c“; Microarray; Collagen; Elastin; Periostin; TSC-36; MARCKS; Caveolin; Heme oxygenase; Src

Extracellular matrix (ECM) is composed of collagens,
fibronectin, vitronectin, elastin, laminins, and many
other proteins. Cell-matrix interactions play a crucial
role in a number of physiological and pathological
processes including cell proliferation, migration, apop-
tosis, differentiation, metastasis, invasion, and wound
healing. Focal adhesions are the site of cell-
matrix attachment and integrins, cell surface receptors
for ECM, are clustered to focal adhesions. Focal adhe-
sions are composed of many other cytoskeletal and
signaling proteins, such as FAK, Src, talin, paxillin,
zyxin, tensin, and p130“* (Cas).

Cas was originally identified as a major tyrosine
phosphorylated protein in v-Crk- or v-Src-transformed
cells [1,2]. Cas contains an SH3 domain, the substrate
domain that contains Crk SH2 binding motifs, the Src-

* Corresponding author. Fax: +81-3-5689-7286.
E-mail address: bhirai-tky@umin.ac.jp (H. Hirai).
! Present address: Department of Cancer Research, Research Insti-
tute of Radiation Biology and Medicine, Hiroshima University, 1-2-3,
Kasumi, Minami-ku, Hiroshima-shi, Hiroshima 734-8553, Japan.

binding domain, and the C-terminal domain that also
binds to several proteins [2-5]. With these binding
domains, Cas binds to many signaling molecules in-
cluding FAK [6], PTP1B [7], PTP-PEST [8], C3G [9],
CMS/CD2AP [10], CIZ[11), Nck [12), Chat [5], AND-34
[4], zyxin [13], and PI3K [14]. Cas is shown to be tyro-
sine phosphorylated in response to integrin stimulation
[15,16] and transmits signals through several pathways,
for example, through Crk-DOCK 180 complex to Rac/
JNK activation [17,18} and FAK/Cas/Crk complex is
known to play a crucial role in cell migration [19,20].

Previously, we reported the phenotype of Cas-
deficient mice [21]. Cas-deficient embryos died in utero
at 11.5-12.5 days post-coitum showing marked con-
gestion and growth retardation. Histological study of
the embryo revealed disorganization of myofibrils and
disruption of Z-disks in cardiocytes [21]. Furthermore,
Cas-deficient fibroblasts showed impaired stress fiber
formation, defects in cell migration, delayed cell
spreading, and partial resistance to Src-induced
transformation [21,22). To further clarify the role of
Cas in fibroblasts, we investigated the expression
profile in Cas-deficient fibroblasts using microarray
methods.
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