E, Exy_s and E,5_| and that IRF4 can
enhance the transcription of genes under
the control of this motif (3). For the k-gene
locus it has further been demonstrated that
E.s is crucial for k-light chain secretion
(14). Together, these facts could explain
the defective lg production in IRF4~/~
mice. However, it is not likely that im-
paired light chain expression alone ac-
counts for the severe B cell defect, and it is
probable that IRF4 is involved in the ex-
pression of other genes that are important
for late B cell differentiation.

In T cells, the deficiency of IRF4 leads to
reduced proliferation and lymphokine pro-
duction, and the reduced proliferation can-
not be restored by exogenous IL-2. Analysis
of early events after T cell activation, such as
calcium influx or the expression of the acti-
vation molecules CD25 and CD69, revealed
no difference between IRF4™/~ and control
T cells (7). Therefore, we conclude that
IRF4 is not involved in the early events after
T cell activation but is important for later
processes, including both IL-2 production
and IL-2 response, which is consistent with
the strong up-regulation of IRF4 mRNA
shortly after T cell activation (2).

Paradoxically, even though B and T cell
responses are impaired in IRF4™/~ mice,
these animals develop severe lymphadenop-
athy. A possible explanation is that the
incomplete lymphocyte activation in
IRF4~/~ mice affects the mechanisms con-
trolling lymphocyte homeostasis, a phe-
nomenon that has been described for IL-2—

and JL-2Ra—deficient mice (15).
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Still life, a Protein in Synaptic Terminals of
Drosophila Homologous to GDP-GTP
Exchangers
Masaki Sone, Mikio Hoshino,* Emiko Suzuki, Shinya Kuroda,

Kozo Kaibuchi, Hideki Nakagoshi, Kaoru Saigo,
Yo-ichi Nabeshima, Chihiro Hamay

The morphology of axon terminals changes with differentiation into mature synapses. A
molecule that might regulate this process was identified by a screen of Drosophila
mutants for abnormal motor activities. The still life (sif) gene encodes a protein homol-
ogous to guanine nucleotide exchange factors, which convert Rho-like guanosine
triphosphatases (GTPases) from a guanosine diphosphate~bound inactive state to a
guanosine triphosphate—-bound active state. The SIF proteins are found adjacent to the
plasma membrane of synaptic terminals. Expression of a truncated SIF protein resulted
in defects in neuronal morphology and induced membrane ruffling with altered actin
localization in human KB cells. Thus, SIF proteins may regulate synaptic differentiation
through the organization of the actin cytoskeleton by activating Rho-like GTPases.

The morphology of synaptic terminals
changes during synaptogenesis and in re-
sponse to environmental cues or neural activ-
ity (I). Rho-like GTPases, which include
Racl, Cdc42, and Rho, regulate cell motility,
morphology, and adhesion through interac-
tion with the actin cytoskeleton (2), and they
are also implicated in the extension or elabo-
ration of axons and dendrites in the nervous
system (3, 4). Here we describe the Still life
(SIF) proteins of Drosophila that participate in
the signaling cascade of the Rho-like GTPases
in the synaptic terminals.
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To identify factors involved in the for-
mation of neural circuits, we created Dro-
sophila mutants by the insertion of an en-
hancer trap transposon and then screened
them for reduced locomotor behavior, an
approach used to identify factors that func-
tion during synapse formation (5, 6). We
isolated a mutant, sif*®-!| that carries a sin-
gle P element insertion at the cytological
location 64E. Flies homozygous for this in-
sertion demonstrated reduced locomotion
(Fig. 1A) and were male sterile.

We isolated genomic DNA surrounding
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the P element (Fig. 1B) and analyzed RNA
isolated from adult heads and identified a
transcript near the P element insertion.
From several rounds of screening of adult
head cDNA libraries we isolated two cDNA
series, 7.9 and 9.2 kb long, corresponding to
distinct start sites. A transgene prepared
from the 7.9-kb ¢cDNA, under the control
of the neuron-specific elav promoter (7),
rescued the behavioral phenotypes (Fig.

1A) and fertility of sif®! flies. We con-
clude that the observed sif phenotypes are
caused by a defect in the gene encoding the
identified transcripts.

The sequences of the 7.9- and 9.2-kb
¢DNAs contain long open reading frames
that predict proteins of 2064 and 2044 ami-
no acids, respectively (Fig. 2, A and B) (8).
In the NH,-terminal portion of the 2044
amino acid protein, there is a repeated se-

A Fig. 1. (A) Reduced locomotor activity of the sif87 mutant
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-

Locomotor activity
N w
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flies and its recovery by the elav-sif (type 1) transgene. The
wild-type (Canton-S), sif98-/sif987, and w; Plelav-sif)/Plelav-
sif]; sif98-/sif98" flies were examined for their ability to climb
the wall of a plastic cylinder (6). The error bars represent
standard deviation. (B) Genomic organization of the sif locus.
Two types of sif transcripts are aligned beneath the genomic
structure. The P element insertion of sif%8.7 is located 44 base
pairs (bp) upstream of the first exon of the type 2 transcript.
The boxes represent the exons or the genomic DNA frag-
ments that hybridized to the sif cDNAs. The regions not
aligned are shown by broken lines. E, Eco RI; S, Sal I.
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quence and a region in which cysteines are
regularly spaced (Fig. 2, B and C). These
structures do not appear in the 2064—amino
acid protein. The regions in common be-
tween the two sequences are homologous to
the mouse TIAM-1 protein, which induces
invasion of T lymphoma and is predomi-
nantly expressed in the normal brain and
testis (9). The regions of similarity include
a pleckstrin homology (PH) domain (10)
with its COOH-terminal flanking region
(55.0% identity) and a Dbl homology (DH)
and another PH domain (51.2%). A poten-
tial myristoylation site, PEST sequences
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Fig. 2. The structure of the SIF proteins. (A) The
amino acid sequence of the type 1 SIF protein
(26). The PH domains are double-underlined, the
DH domain is indicated by a bold line, and the
surrounding sequences with similarity between
SIF and TIAM-1 are single-underlined. The PDZ
domain is marked by a wave line. In these under-
lined sequences, the conserved residues be-
tween SIF and TIAM-1 are indicated by blue back-
grounds, and the evolutionarily well-conserved
residues among several proteins (9, 72) are indi-
cated by red letters. The PEST sequence is boxed
(27). The glycine residue at position 2 shown by a
green letter is a potential myristoylation site. In one
cDNA clone, a nine—amino acid insertion (VTGF-
CRSPQ) was observed at the position indicated
by an arrowhead. The opa repeat is marked by a
double-wave line. (B) The amino acid sequence of
the type 2-specific region. The internally repeated
sequences are marked by broken lines (amino
acids 62 to 86, 94 to 118, 154 to 178, and 225 to
249). The regions in which cysteines are regularly
spaced are noted by a chained line (395 to 421

and 496 to 225). The PEST sequences are boxed (27). (C) Schematic domain structures of SIF and TIAM-1. The potential myristoylation site is indicated by
the arrowhead, and PEST sequences are marked with small black boxes beneath each domain structure. The dark blue bars and pink bars indicate the
internally repeated structures and the cysteine-rich regions, respectively. The PH, PDZ, and DH domains and opa repeat are shown by yellow, light blue, red,
and black, respectively. The COOH-terminal flanking region of the first PH domain has a strong homology to that of TIAM-1 and is marked by light green.
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REPORTS

(11), and a PDZ domain (12) were also
found in SIF and TIAM-1 (Fig. 2, A and
C). DH domains are the conserved catalytic
domains of guanine nucleotide exchange
factors (GEFs) that act on the Rho-like
small guanosine triphosphate (GTP)-bind-
ing proteins, converting them from the
guanosine  diphosphate~bound inactive

state to the GTP-bound active state (13).

TIAM-1 acts as a GEF for Racl and Cdc42
in vitro and for Racl in vivo (14).

" We examined the expression pattern of
sif in Drosophila embryos by in situ hybrid-
ization (15). At stage 14, several cells ex-
pressed sif in each segment of the central
nervous system. As development proceed-
ed, cells expressing sif increased in number.
At stage 17, the sif transcripts were found
only in cells in the brain and ventral nerve
cord (Fig. 3A).

An antibody (AbI3) to.the bacterially
expressed SIF fusion protein labeled the
neuropils, where neurites form synapses
(16), in the ventral nerve cord of a stage 17
embryo (Fig. 3B) (17). In the body wall
muscles of the third instar larva, boutons of
the neuromuscular junctions (NM]s) were
stained (Fig. 3C). The antibody also stained
the neuropil in the adult brain (Fig. 3D).
Neither the cell bodies in the cortical re-
gions surrounding the neuropils nor the ax-
onal processes were stained. Similar staining
patterns were found in the adult brain with

" another antibody (AbH3) to a distinct re-
gion of SIF protein (18). Thus, SIF proteins
were exclusively detected in the synaptic
regions and predominantly at the stages
when synapses had undergone maturation.

SIF proteins are localized to certain lim-
ited cytoplasmic regions of the photorecep-
tor axon terminals, which are mainly pre-
synaptic (19), in the adult optic lobe (Fig.
3, E and F). SIF proteins are closely associ-
ated with the plasma membrane and the
membrane protruding toward surrounding
cells. In the larval NM]J, staining was also
detected adjacent to the plasma membrane
of presynaptic nerve terminals (Fig. 3G).
Lateral sides of active zones of both the
lamina and the NM] were stained for SIF.
Thus, SIF is localized to the submembranous
region, which may affect synaptic events.

To assess SIF function, we expressed
transgenes that were under the control of
the elav promoter (20). We detected no
abnormalities in lines carrying either of
two types of intact SIF ¢cDNAs. Because
many DH domain—containing proteins ex-
press their oncogenic or invasive abilities
when their NH,-terminal portions are
truncated (9, 13), we constructed a trun-
cated SIF protein (SIFAN) lacking the
NH,-terminal sequences before the first
PH domain, but containing in its place a
part of the kinesin protein to ensure that

the truncated protein would be localized
to synapses (21). Lines carrying this trans-
gene demonstrated various levels of viabil-
ity, possibly correlating to the amount of
expression of the transgene. In embryonic
and first-larval lethal strains, the nervous
system was disrupted. In the strain
SIFAN4.1, the axons of SNb, a motor
neuron bundle (22), did not reach their
target muscles in 81% of the segments
examined (arrow in Fig. 4C) (23). In the
remaining 19%, the SNb axons reached

the muscles but did not develop terminal
arbors, even at stage 17 when wild-type
axons have normally formed arbors (ar-
rowheads in Fig. 4, A and C). It has been
reported that the constitutively active mu-
tants of the Drosophila Rho-like GTPases,
Dracl and Decdc42, display blocked axon
outgrowth of peripheral neurons (4).
These mutant proteins also interfere with
the elongation of SNb axons (Fig. 4B), as

-observed in the truncated SIF transgenic

lines. Thus, SIF protein is likely a factor in

Fig. 3. Distribution of the sif gene products. (A) A lateral view of a stage 17 embryo showing the
localization of sif transcripts. sif is exclusively expressed in the brain (B) and ventral nerve cord (Vc). .
Anterior is to the left. Panels (B) to (G) show localization of SIF proteins revealed by Abi3 staining. (B)
Ventral view of a stage 17 embryo. Staining is observed in the neuropils (arrow), where neurites form
synapses (16). Anterior is to the left. (C) The NMJ of a third instar larva. The synaptic boutons (arrow) on
muscles 6 and 7 are stained. (D) A section of the optic lobe in the adult brain. The neuropils of the lamina
(La), medulla (Me), lobula (Lo), and lobula plate (Lp) are specifically stained. The arrow indicates axon
bundles of the optic chiasma. Re, retina. (E and F) Immunoelectron micrograph of the lamina. The limited
regions near the plasma membrane (arrows) are stained. Note that the stained regions protrude
outward. The arrowheads indicate the synaptic ribbon or density that marks the active zone. The thick
arrow in (F) points to the capitate projection, a characteristic structure of the photoreceptor axon
terminals (79). Many synaptic vesicles are visible. (G) is an immunoelectron micrograph of the larval NMJ.
There is staining in the restricted submembranous region (arrow) next to the active zones, which are
marked by synaptic ribbons (arrowheads). Many synaptic vesicles appear in the terminal; m, mitochon-
dria; SSR, subsynaptic reticulum. Scale bars, 200 nm. .
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the cascade of Dracl or Dcdc42 in the
neurons.

One line with the truncated SIF,
SIFAN1.1, occasionally survived to the
adult stage and was used to examine the
NM]J of the third instar larva. In this line,
the SNb axon bundles reached the target
muscles 12 and 13 in 74% of the segments
(n = 47) examined, but the patterns of
their terminal arborization on the muscles
were abnormal. Typically, both the termi-
nal processes that form large (type 1) or
small (type 2) synaptic boutons (24) were
short, and the number of boutons was re-

duced (Fig. 4, D and E). Thus, SIFAN dis-

turbs the formation of synaptic arbors on
target muscles.

Because Rho-like GTPases regulate cell
morphology through actin fiber formation,
we examined whether SIF affects the orga-
nization of the actin cytoskeleton. When
expressed in human KB cells, the truncated
SIF protein induced membrane ruffles (Fig.
4F) and led to the localization of actin
fibers at the altered structures (Fig. 4H).
This cellular phenotype resembled that in-
duced by the constitutively active mutant
of Racl (25). Furthermore, the truncated
SIF protein colocalized with actin fibers

(Fig. 4, F through H). Therefore, SIF pro-

Fig. 4. The effects of the truncated SIF protein and constitutively active mutants of Rho-like GTPases on
cell morphology or actin localization. In (A) to (C) the motor axons of early stage 17 embryos were
detected with monoclonal antibody 1D4 (22). Anterior is to the left. (A) Wild-type (Canton-S) embryo. The
SNb axon bundle is present and extends the terminal arbor between muscles 6 and 7 (arrowhead). (B)
elav-Gald; UAS-Dcdc42V/12.2 embryo. Dcdc42V12 encodes a constitutively active Dcdc42 protein (4).
The SNb axon bundle is missing (arrow). A similar phenotype was observed in the embryos that express
the constitutively active Drac1 protein, Drac1V12 (4). (C) elav-Gal4; UAS-SIFAN4.1 embryo. In 81% of
the segments (A2 to A7, n = 59) examined, the SNb axon bundle did not reach the target muscles 6 and
7 (arrow). In the remaining 19%, the SNb reached the muscles, but did not form terminal arbors
(arrowhead). (D and E) Motor terminal arborization on the third instar larval muscles. Muscles 12 and 13
of the A3 segment are indicated. The motor axons and boutons are stained with antibody to horseradish
peroxidase (28). Large type 1 and small type 2 boutons are indicated by arrows and arrowheads,
respectively. Anterior is to the left. Panel (D) shows a wild-type embryo and (E) an elav-Gal4; UAS-
SIFANT.1 embryo. The total number of boutons on muscles 12 and 13 of the A3 segment is reduced
[129 = 34 (SD), n = 5, P < 0.005] when compared with the wild type (260 = 64, n = 8). (F to H) Human
KB cells expressing the truncated SIF protein (29). The same view was visualized with phase-contrast
optics (F), fluorescein isothiocyanate (green) for the FLAG-tagged truncated SIF (G), and rhodamine
(red)-phalloidin for filamentous actin (H). Note that only the cell expressing the truncated SIF shows
membrane ruffles (arrows) and altered actin localization. The truncated SIF colocalizes with actin.
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tein locally affects actin cytoskeleton, pos-
sibly by activating Rac1 or its closely relat-
ed GTPase in KB cells. Similar mechanisms
that evoke membrane ruffling may also oc-
cur in synaptic terminals.

Qur findings that the truncated SIF pro-
tein disturbs axonal extension and motor
terminal arborization and induces mem-
brane ruffling with altered actin localization
imply a relevant function of intact SIF in
neuronal morphology. Our data also suggest
that SIF protein acts as a GEF for the
Rho-like GTPases.

The subcellular localization of SIF in
synapses indicates its site of function and
may represent the presence of local machin-
ery activating Rho-like GTPases that con-
trol the actin cytoskeleton. The PH and
PDZ domains possibly serve SIF function in
a signal cascade transduced through the
plasma membrane (10, 12). Thus, SIF likely
regulates the organization of actin-based cy-
toskeleton in the synaptic terminals by
linking the Rho-like GTPases to the extra-

cellular signals or to neural activity.
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Tumor Infarction in Mice by Antibody-Directed
Targeting of Tissue Factor to Tumor Vasculature

Xianming Huang,” Grietje Molema,*t Steven King,
Linda Watkins, Thomas S. Edgington, Philip E. Thorpe::

Selective occlusion of tumor vasculature was tested as a therapy for solid tumors in a
mouse model. The formation of blood clots (thrombosis) within the tumor vessels was
initiated by targeting the cell surface domain of human tissue factor, by means of a
bispecific antibody, to an experimentally induced marker on tumor vascular endothelial
cells. This truncated form of tissue factor (fTF) had limited ability to initiate thrombosis
when free in the circulation, but became an effective and selective thrombogen when
targeted to tumor endothelial cells. Intravenous administration of the antibody-tTF com-
plex to mice with large neuroblastomas resulted in complete tumor regressions in 38

percent of the mice.

Asa strategy for cancer therapy, the use of
immunoconjugates that selectively occlude
the vasculature of solid tumors offers several
theoretical advantages over immunoconju-
gates that target tumor cells directly. First,
because tumor cells depend on a blood sup-
ply, local interruption of the turhor vascu-
lature will produce an avalanche of tumor
cell death (I). Second, the tumor vascular
endothelium is in direct contact with the
blood, whereas the tumor cells themselves
are outside the bloodstream .and, for the
most part, are poorly accessible to immuno-
conjugates (2). Third, tumor vascular endo-
thelial cells are not transformed and are
unlikely to acquire mutations that render
them resistant to therapy.

We explored the feasibility of treating
solid tumors by targeting human tissue fac-
tor (TF) to tumor vascular endothelium in
a mouse model. TF is the major initiating
receptor for the thrombogenic (blood coag-
ulation) cascades (3). Assembly of cell sur-
face TF with factor VII/VIla generates the
functional TF:VIla complex. This complex
rapidly activates the serine protease zymo-
gens factors [X and X by limited proteolysis,
leading to the formation of thrombin and,
ultimately, a blood clot. A recombinant
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form of TF has been constructed that con-
tains only the cell surface domain (4). This
truncated TF (tTF) is a soluble protein with
a factor X~activating activity that is about
five orders of magnitude less than that of
native transmembrane TF in an appropriate
phospholipid membrane environment (5).
This is because the TF:VIla complex binds
and activates factors IX and X far more
efficiently when associated with a negative-
ly charged phospholipid surface (5, 6). We
reasoned that, by using an antibody to tar--
get tTF to tumor vascular endothelium, the
tTF would be brought into proximity with a
cell surface so as to recover in part its native
function and locally initiate thrombosis.
Such an antibody-tTF conjugate (or “co-
aguligand”) would selectively thrombose tu-
mor vasculature.

To test this concept, we used a mouse
model in which the tumor vascular endo-
thelium expresses a marker that is lacking
on the normal vascular endothelium (7).
Naturally occurring markers of tumor vas-
cular endothelium have not been identified
in mice, although some strong candidates
have been identified for humans (see be-
low). In our model, C1300(Muy) mouse
neuroblastoma cells that have been stably
transfected with the murine interferon-y
(IFN-y) gene are grown as a solid subcuta-
neous tumor in BALB/c nufnu mice. The
[FN-v secreted by the tumor cells induces
local expression of major histocompatibility
complex class II antigens (I-A? and I-EY) on
the tumor vascular endothelium. Class II
antigens are absent from normal vascular
endothelium in mice, although they are
present on B lymphocytes, monocytes, and
some epithelial cells.

To target tTF to I-A% on tumor vascular
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