PLC-y1 was inhibited by a factor present in
these cells (possibly profilin). In response to
PDGEF, tyrosine phosphorylation of overex-
pressed PLC-y1 was associated with a high-
er rate of PI turnover than that observed in
untransfected NIH 3T3 cells. However, nei-
ther the transient increase in concentration
of cytoplasmic Ca®>* nor the rate of synthesis
of DNA was affected. One interpretation is
that activation of PLC-yl might control a
pathway independent of that leading to the
synthesis of DNA (17, 18), such as the
pathway responsible for the reorganization
of the cytoskeleton. Profilin released from
membranes after hydrolysis of PIP, by acti-
vated PLC-y1 could participate in such a
response.
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Enhanced Motility in NIH 3T3 Fibroblasts That

Overexpress Gelsolin

C. Casey CUNNINGHAM, THOMAS P. STOSSEL, DAVID J. KWIATKOWSKI

Increasing the content of the actin-binding protein gelsolin in cultured mouse
fibroblasts by up to 125 percent by gene transfection proportionally enhanced the rate
at which the cells migrated through porous filters toward a gradient of serum and
closed a wound made on a confluent monolayer of cells in a tissue culture dish. These
results provide direct evidence that gelsolin, which promotes both actin assembly and
disassembly in vitro, is an important element in fibroblast locomotion and demonstrate
that the manipulation of intracellular machinery can increase cell motility.

UKARYOTIC CELL LOCOMOTION DE-

pends on the assembly and disassem-

bly of actin polymers (1), a process
regulated by actin-binding proteins (2). One
such protein implicated in the control of this
actin assembly cycle is gelsolin, because it
can affect either actin assembly or disassem-
bly and because calcium and polyphospho-
inositides, which are intracellular signals,
control its interactions with monomeric ac-
tin and filamentous actin (F-actin) in vitro.
In the presence of micromolar Ca®*, gelso-
lin promotes the rapid disassembly of F-ac-
tin by severing actin filaments, after which it
remains tightly bound to the ends of the
fragmented filaments (3). Membrane poly-
phosphoinositides,  phosphatidylinositol
4-phosphate (PIP) or phosphatidylinositol
4,5,-bis-phosphate (PIP,), dissociate gelso-
lin bound to the ends of F-actin, thereby
generating free filament ends that act as
nuclei for rapid assembly of monomeric
actin into filaments (4). Actin filaments with
ends blocked by gelsolin are therefore po-
tentially key intermediates for eliciting actin
assembly at locations where perturbation of
cell surface receptors causes appropriate
changes in polyphosphoinositide concentra-
tions, conformations, or both. The dissocia-
tion of gelsolin-actin complexes precedes net

Hematology-Oncology Unit, Massachusetts General
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actin assembly in agonist-stimulated cells
(5), and gelsolin molecules, bound to short
actin filaments, have been seen in electron
micrographs of cell membranes (6), provid-
ing indirect evidence that gelsolin-capped
actin oligomers may serve as nuclei to pro-
mote actin polymerization at the cell’s edge. -

In a cell stimulated by chemotactic agents,
actin disassembly and assembly increase,
which accelerates reorganization of the cy-
toskeleton required for the mechanics of cell
movement. If the reversible association of
gelsolin with actin regulated by calcium,
polyphosphoinositides, and possibly other
signals is important for the actin turnover
between assembled and disassembled states,
then it follows that the gelsolin concentra-
tion could be rate-limiting for this cycle.
Furthermore, if gelsolin couples the cycle to
locomotion through signals generated at the
membrane, cell translocation could be quan-
titatively related to cellular gelsolin content.
The observations we report here support
this hypothesis.

To examine gelsolin’s role in cell motility
directly, we permanently transfected NIH
3T3 fibroblasts with the cDNA for human
cytoplasmic gelsolin (7) in the B-actin pro-
moter-driven expression vector LK444 (8),
which confers resistance to G418 (9), and is
designated LKCG. Selection for G418 resis-
tance yielded a mixed population of cells
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(hereafter referred to as CGP), that consti-
tutively overexpressed varying amounts of
cytoplasmic gelsolin. As a control we trans-
fected another set of cells (NGP) with the
expression vector alone. Only the CGP cells
expressed human gelsolin (Fig. 1A). On the
basis of immunoblot and RNA analysis, we
estimate that native gelsolin normally com-
prises about 0.1% of the total cell protein in
NIH 3T3 cells and that transfection with
LKCG raised this amount by approximately
50% in CGP cells (10). The morphologies
of parental and transfected NIH 3T3 cells
seen by phase-contrast microscopy were in-
distinguishable, and rhodamine phalloidin
staining of the cells did not reveal a differ-
ence in the organization of F-actin stress
fibers (Fig. 1B) (11). Two-dimensional gel
clectrophoresis of total cell proteins also
failed to show any changes in global cell
protein expression.

We used two assays of cell locomotion. In
one, we measured the migration of cells
across a polycarbonate membrane toward a
gradient of calf serum (12). In the second,
we assayed the rate at which a wound scored
in a confluent dish of cells (13) was closed by
the migration of the cells at the edge of the
wound by measuring the width of the
wound at the same location through an
inverted microscope at X 100 magnification
with a grid reticule in the eyepiece at timed
intervals. In both assays the CGP cells trans-

located faster than untransfected or control
transfected cells (Fig. 2). In the wound
closure systems, both control and gelsolin-
transfected cells began to enter the wound
after a 2-hour lag, after which the rate of
migration was constant with time.

To establish if the amount of gelsolin
overexpressed could be quantitatively relat-
ed to motility, we repeated the transfection
by LKCG of NIH 3T3 cells, and this time
isolated individual clonal lines of resistant
cells. Quantitative immunoblot analysis of
six clonal lines (designated Cl to C6)
showed varying amounts of human gelsolin
expressed, from a 25% increase up to a
125% increase above that of the wild-type
and control-transfected cells (C1, 25%; C2,
125%; C3, 25%; C4, 90%; C5, 125%; C6,
50% increase, respectively). No morpholog-
ic differences were detected in any of the
lines by lxght microscopy; rhodamine phal-
loidin staining revealed no differences in
actin stress-fiber architecture. Growth rates
varied slightly among the lines but were not
related to the level of gelsolin expression.

All of the clonal lines migrated through a
membrane in a chemotactic chamber faster
than control (Fig. 3A), and the number of
cells migrating correlated with gelsolin
expression (Fig. 3B). Wound closure rates
for the clonal lines were also increased in
comparison with those for control cells (Fig.
3C), and this increase was proportional to

Fig. 1. Expression of human gelsolin in NIH 3T3 cells.
(A) Immunoblot showing expression of human gelsolin by
transfected NIH 3T3 cells. An autoradiograph of an
immunoblot in which a monoclonal antibody specific for
human gelsolin and an '25I-labeled secondary antibody are
used is shown for the cell lines NIH 3T3, NGP (control
transfected cells), and CGP (gclsolin-cDNA—transfecrcd
cells). Equal amounts of total cell lysates were loaded in each
lane. The lower bands seen are nonspecific and occur incon-
sistently with this antibody. (B) F-actin stress-fiber architec-
ture of transfected cells. Rhodamine phalloidin staining for
F-actin filaments of NGP and CGP cells is shown.

NGP

1234

CGP

gelsolin content (Fig. 3D); gelsolin overex-
pression enhanced the rate of migration but
did not shorten the lag period between
wounding and the onset of locomotion
(Fig. 3C). In both assays, the increase in
translocational motility of the clonal cell
lines over control was directly proportional
to their increase in gelsolin content (Fig. 3,
B and D).

Over- and underexpression of proteins in
cells has been a powerful tool for determin-
ing the relevance of the particular protein in
cellular functions. Although such alterations
in expression of cytoskeletal proteins have
been used successfully to investigate their
function in lower eukaryotes (14), the regu-
lation, complexity, and cooperativity of

keletal interactions can confound
straightforward interpretations of results,
particularly in mammalian cells. For exam-
ple, microinjection of gelsolin, or of gelsolin
proteolytic fragments, or of the gelsolin-
related protein villin into cultured cells has
had inconsistent effects on the gross mor-
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Fig. 2. Migration of gelsolin-transfected NIH
3T3 cells in response to serum. (A) Chemotactic
chamber migration (12). Calf serum was used as
the attractant for 5 X 10* cells. The number of
cells traversing the membrane in 2 hours is shown
for NIH 3T3, NGP, and CGP celis. (B) Wound
closure migration rates. After a lag period, the
cells at cither edge of the wound to mi-
grate, and the distance traveled from the wound

is shown as a function of time for NIH
3T3, NGP, and CGP cclls. Thcsl of this line
gives the rate of cell migra was 15 pm/'
hourfor3’l‘3andNGPhnmand31p.m/hourﬁ)r
CGP. Error bars t standard errors of the
mean (SEM) of at least six determinations for
both (A) and (B).
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phology and actin stress fibers of the cells
(15). We have found that small increases in
gelsolin achieved by transfection do not
detectably alter the morphology or gross
actin organization of fibroblasts, although
such increases appear to enhance the cell’s
ability to remodel actin in response to sig-
nals inducing locomotion. However, we
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Fig 3. Migration of gelsolin-transfected NIH 3T3

have achieved a much higher level expres-
sion of cytoplasmic gelsolin in NIH 3T3
cells in transient transfection experiments
and have seen resultant disruption of cell
architecture (Fig. 4) (16). The deleterious
effects of too much gelsolin may explain why
the clonal lines we isolated did not express
higher levels of gelsolin, because higher
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correlates directly with gelsolin expression. (A)

Chemotactic chamber migration of the six clonal lines. The results shown are the number of cells
migrating through the membrane after 2 hours. Error bars are SEM on at least six determinations. (B)
Relation between the increase in serum-stimulated chamber migration and increase in gelsolin content
in six clonal lines. The values shown are relative increases above control values for both migration and
gelsolin content. (C) Rates of wound closure by five clonal lines. The error bars represent SEM of at
least six determinations. The rates of migration were 21 pm/hour for C1 and C3, 27 pm/hour for C6,
32 pm/hour for C4, and 35 pm/hour for C5. Cell line C2 was lost before this assay was completed. (D)
Relation between migration rate during wound closure and increase in gelsolin content in five clonal
lines. The values shown are relative increases above control values for both gelsolin content and rate of

migration.

Fig 4. High-level expression of gelsolin in NIH 3T3 cells causes disruption of actin-filament
architecture. (A) Immunofluorescent staining of transfected cells using the monoclonal antibody to
human gelsolin. Two cells stain brightly, indicating gelsolin overexpression. (B) Rhodamine phalloidin
staining of F-actin filaments in the same cells. A marked reduction of the actin stress-fiber pattern is seen
in the two transfected cells in this particular field.
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gelsolin levels could begin to interfere with
normal basal cellular function, leading to a
selective growth disadvantage. Thus, there
may be a relatively narrow range over which
increased gelsolin would lead to enhanced
locomotion or other regulated functions.

In summary, modestly increased levels of
cytoplasmic gelsolin can enhance the stimu-
lated locomotion of mouse fibroblasts, and
this increase in function is proportional to
the amount of increased gelsolin expressed,
within the range studied. This is the strong-
est evidence to date of the importance of
gelsolin’s role in cellular motility and indi-
cates that one could engineer cells with
enhanced chemotactic responsiveness. Such
cells may be of practical therapeutic use in
organ grafting or wound healing.
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Isolation of Sequences That Span the Fragile X and
Identification of a Fragile X—Related CpG Island
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D. LE PasLIER, D. CoHEN, A. VINCENT, D. ToNIOLO, G. DELLA VALLE,
S. JoHNSON, D. SCHLESSINGER, 1. OBERLE, ]J. L. MANDEL

Yeast artificial chromosomes (YACs) were obtained from a 550-kilobase region that
contains three probes previously mapped as very close to the locus of the fragile X
syndrome. These YACs spanned the fragile site in Xq27.3 as shown by fluorescent in
situ hybridization. An internal 200-kilobase segment contained four chromosomal
breakpoints generated by induction of fragile X expression. A single CpG island was
identified in the cloned region between markers DX$463 and DXS8465 that appears
methylated in mentally retarded fragile X males, but not in nonexpressing male carriers
of the mutation nor in normal males. This CpG island may indicate the presence of a
gene involved in the clinical phenotype of the syndrome.

HE FRAGILE X MENTAL RETARDA-

tion syndrome is the most frequent

cause of inherited mental retardation
(with an incidence of one in 1500 newborn
males) (7). The diagnosis is based on the
presence of a fragile site on the X chromo-
some, at Xq27.3, induced in vitro by culture
conditions affecting deoxynucleotide syn-
thesis (2). Partial penetrance is observed in
males and females and varies in different
sibships, even within the same family (3).
Many hypotheses have been proposed to
account for the unique characteristics of the
inheritance of this syndrome. In particular,
Laird (4) suggested that the fragile site is a
region of late replication, resulting from a
local inability to reactivate a previously in-
active X chromosome, during oogenesis.
Using  pulsed-field gel electrophoresis
(PFGE), we have recently obtained data that
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support an imprinting mechanism, and
found restriction sites that appear methylat-
ed in males who express the mutation, but
not in normal males whether or not they
carry the mutation (5). We report here the
isolation of a DNA region that spans the
fragile site and the identification of a CpG
island which appears critically involved in
the expression of the syndrome.

We have recently cloned two probes,
St677 (DX$463) and Do33 (DXS465), that
map within a 3-Mb Not I fragment and that
flank breakpoints on the X chromosome
purported to be at or very near the fragile X
site (5, 6). The distal probe Do33 detects
abnormal PFGE patterns in mentally retard-
ed fragile X patients and lies within 120 kb
of a region important for the expression of
the syndrome (5). We have now isolated
four yeast artificial chromosomes (YACs)
containing St677, Do33, or both probes by
direct colony screening (7) or by polymerase
chain reaction (PCR) screening of YAC
pools (8). The two larger clones (141HS5
and 209G4) were obtained from the total
human library of the Centre d’Etude du
Polymorphisme Humain (CEPH), and had
been derived from a normal male (9), and
mapped by PFGE after digestion with rare
cutting restriction enzymes. We also ana-
lyzed the two smaller clones (XY120 and
XY530), which were obtained from a
Xq24—q28 library that had been derived
from the X chromosome of a fragile X
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