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Major Role for Active Extension
in the Formation of Processes by
ras-Transformed Fibroblasts
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Expression of constitutively active Ras protein in fibroblasts results in enhanced
cell motility, invasion competence and morphological changes including the
formation of elongate cellular processes. These processes have been shown to
resemble retraction tails formed passively behind nontransformed cells by
movement relative to sites of cell-substrate attachment. However, analysis
presented here reveals that active extension mechanisms also play a role in the
formation of these processes. Extension of distal process ends occurs at 0.42
0.44 pm/min inras-transformed fibroblasts and accounts for 63.627.5% of
observed process lengths. Active process extensigadiransformed fibroblasts

also persists in the presence of cell-cell contacts. Studies conducted using actin or
microtubule antagonists, and correlation of process behavior followed by fixation
and immunostaining reveal that process extension requires intact actin and
microtubule networks. Other analyses reveal that active extension plays a
significantly smaller role in the formation of processes by non-transformed control
fibroblasts. These observations demonstrate that constitutively active Ras enhances
process extension in fibroblasts and is a causal factor in process extension by
fibroblasts in the presence of cell-cell contacts. Moreover, these studies demon-
strate that process extension bgs-transformed fibroblasts is accomplished
through mechanisms similar to those thought to drive active extension of processes
by other cell types including neurons. These findings suggest that extension of
cellular processes could play an important role in the metastatic behavior of
ras-transformed fibroblasts as well as the response of untransformed fibroblasts to
receptor mediated signal transduction events. Cell Motil. Cytoskeleton 42:12-26,
1999. © 1999 Wiley-Liss, Inc.
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.ACt'Vat'On of the small G protein Ras forms an ef"‘rhéfjlgi and Feramisco, 1985; Thomas et al., 1992; Wood et
step in the cellular response to receptor mediated sIgng- 1992]. Lamellar protrusion driven by actin assembly

ing by hormones and growth factors [Hall, 1993; Huntefs . .unt to provide the motile force required for nerve
1997]. Ras function alters both the activity of transcrip- 9 P d

tion factors through the function of the MAP kinase
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growth-cone advance and may provide the mechanismauronal cells, is readily inhibited by agents causing the
for initial neurite protrusion [Cypher and Letourneaudisruption of actin filaments and microtubules. Compari-
1992; Heidemann et al., 1990], while a variety ofon of process extension in control ared-transformed
experiments have demonstrated that synthesis of tubdiloroblasts further suggests that Ras activation results in
and microtubule associated proteins and the subsequamtincreased rate of extension and length of processes in
formation of stable microtubule bundles are required fohis cell type and can induce the persistence of process
maintained neurite outgrowth [reviewed by Gordorextension behavior in the presence of cell-cell contact.
Weeks, 1991]. Together, these results demonstrate that active process
Alteration of the cytoskeleton in response to actiextension plays an important role in determining the
vated Ras has also been documented in fibroblasworphology ofras-transformed fibroblasts and suggest
Transformation of fibroblast withas leads to increases inthat process extension could play a significant role in the
actin polymerization, membrane ruffling and lamellametastatic behavior abs-transformed fibroblasts or the
protrusion [Ridley et al., 1992], and a reduction ifiesponse of untransformed fibroblasts to receptor-
stress-fiber formation [Nobes and Hall, 1995; Ridley antediated signaling events involving Ras activation.
Hall, 1992]. These changes are thought to both increase
cell motility and reduce cell-substrate adhesion, and mﬁATERIALS AND METHODS
contribute to the metastasis of cells expressing constitt*
tively active or oncogenic Ras mutants [Lemoine, 1990%ell Culture and Image Acquisition
Other studies have documented the formation of elongate  N|H3T3 fibroblasts (ATCC) and NIH3T3s trans-

cellular processes byas-transformed fibroblasts, andformed with a constitutively active Harvey-ras oncogene
shown that such processes contain microtubules displgyift of Dr. C. Kent, University of Michigan, see [Ratnam
ing post-translational modifications common to stabignd Kent, 1995]) were cultured at 37°C with 5% £©
microtubule subpopulations [Prescott et al., 1989]. ProsviEM containing 10% donor calf serum (Gibco BRL).
cesses persist in high-density culturesagtransformed Cytochalasin D and nocodazole were purchased from
but not untransformed fibroblasts. Previous investigatosiggma (St. Louis, MO). To examine cell morphology,
have suggested that these processes could arisecbls were harvested by trypsinization, plated into 35 mm
mechanisms analogous to those leading to the formatiggsue culture dishes and allowed to attach overnight
of retraction “tails” behind nontransformed cells as @efore imaging. For time-lapse analysis of process forma-
consequence of rapid cell movement relative to sites @én, cells were harvested by incubation in calcium-
cell-substrate attachment. Because the formation of trairagnesium free PBS for several minutes followed by
ing retraction tails occurs as a consequence of ceiituration with culture medium, then seeded ax510?
motility driven by motile forces generated at the oppositeells/dish into 35 mm tissue culture dishes. For analysis
or leading edge of the cell, this mechanism will bef process extension at early times after plating, dishes
referred to here as “passive elongation.” The functionalere equilibrated fol h at 5% CGQ, then sealed with
significance, if any, of retraction tails generated by motilgarafiim and placed on a heated microscope stage. For
fibroblasts is unknown. analysis of process extension behavior in established cell
The present study was undertaken to directly exaraultures, dishes of cells were incubated for 24 to 48 h
ine events leading to the formation of cellular processegfore observation. The temperature of culture chambers
by ras-transformed fibroblasts. Results presented henas maintained at 37°C during imaging using an Airtherm
reveal that processes generateddnytransformed fibro- Airstream incubator (WPI). Imaging was accomplished
blasts display behavior which cannot be accounted for oy a Zeiss Axiovert equipped with a X00.25 NA phase
their formation exclusively through mechanisms thouglebntrast objective lens and a 0.55 NA long working
to generate retraction tails. Specifically, quantitativéistance condenser. Images were obtained using a mono-
analysis of process formation from time-lapse videchrome CCD camera (Panasonic WV-BP310) mounted
sequences reveals that the distal tips of processes undengehe microscope’s trinocular viewing port using aX.5
active translocation away from the cell body and initiggxtension tube. Images were captured at intervals using a
sites of protrusion. Because this behavior occurs asSaion LG3 image capture board (Scion Corp., Freder-
consequence of motile activity by processes, it will biek, MD) installed in an Apple Macintosh computer
referred to here as “active extension.” ImmunofluoregPowerPC 7500) using an eight frame integrated average
cence analysis of cytoskeletal architecture reveals thatder the control of a macro series of commands written
processes undergoing active extensions contain cytosKel- the NIH-Image program. (NIH Image is a public
etal arrays typical of the leading edge of motile cell typedomain image processing program written by Wayne
and processes extended by neurons. Moreover, procBssband at the U.S. National Institutes of Health and
extension byras-transformed fibroblasts, like that ofavailable from the Internet by anonymous FTP from
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zippy.nimh.nih.gov or on floppy disk from the Nationaformation of processes was identified by viewing image
Technical Information Service, Springfield, Virginia, parsequences in reverse order and determining the time and

number PB93-504868.) location of initial protrusion. One end of a line selection
S _ _ marker was fixed at the site of process initiation. The

Visualization of Microtubule and Actin video sequence was then observed in foreword order until

Filament Networks active extension was no longer observed. This time point

Cells cultured as described above were harvestedwgs noted and the length of the process extended away
trypsinization, plated onto 22 mm square coverslips in 3Bm the fixed site of initial protrusion, as well as the
mm culture dishes and allowed to attach overnight. Tdistance from the site of protrusion to the cell body was
visualize actin filament networks alone, cells were fixeheasured. Total process length was measured from the
for 20 min in PBS containing 4% paraformaldehyde, thedtistal process tip to the point at which the process
lysed 1 min in PBS containing 0.1% Triton X-100. Cellgliameter began to increase near the cell body. In cases
were incubated in humid chambers in PBS containinghere lateral movement of the process occurred during
0.1% Tween 20, 0.02% sodium azide (PBS-Tw-Az) antie image sequence, the point of process origin was
0.2 pg/ml rhodamine phalloidin (Sigma) for 30 min. Taletermined by generating a line perpendicular to the axis
visualize microtubule and actin arrays, cells were lysesf the process and through the initial point of process
for 20 s at room temperature in a microtubule stabilizingrotrusion. The intersection of this line and the process
detergent buffer (80 mM Pipes, 5 mM EGTA, 1 mMwas used as the process origin. Data obtained using these
MgSO4 and 0.5% Triton X-100 pH 6.8 [Cassimeris et alapproaches were analyzed and graphed using Microsoft

1986]) then fixed for 20 min in 2% paraformaldehyde angxcell, and final figures were composited using Claris Draw.
0.1% gluteraldehyde in PBS pH 7.3. Gluteraldehyde

autofluorescence was quenched by incubatiorifb in
PBS containing 1% sodium borohydrate. Fixed cells wepg=syLTS
incubated in PBS-Tw-Az containing a 1:200 dilution OErocess Morphology in Cultures of Control
primary antibodies made up in 1 mg/ml BSArfb h at .
. . and Ras-Transformed Fibroblasts

room temperature, washed three times for 5 min In
PBS-Tw-Az, and incubated fdl h in PBS-Tw-Az/BSA NIH3T3s are an immortalized line of murine fibro-
containing a 1:200 dilution of secondary antibodies. Félasts which display contact inhibition of growth and
double-labeling of microtubules and actin, fluorescemotility [Greig et al., 1985]. When cultured at low
phalloidin was added to secondary antibody solutions adansities, individual cells display a varied morphology
final concentration of 0.2 ug/ml. For double-labeling ofind can appear flattened and polygonal or adopt a
tyrosinated and acetylated tubulin, cells were first inctian-shaped morphology typical of motile fibroblasts (Fig.
bated with antiacetylated tubulin primary and secondatya). Slender cellular processes or retraction tails of
antibodies, followed by incubation with antityrosinesarying length are observed behind such motile cells and
tubulin primary and secondary antibodies. Antiacetylatedrminate in a finely tapered point. Other cells may
tubulin antibodies (clone 6-11B-1) and all secondamjisplay varying degrees of polarization leading to the
antibodies were purchased from Sigma. The YL-1/@eneration of thin cellular processes and the establish-
anti-tyrosine tubulin antibody [Kilmartin et al., 1982] wasnent of an elongate, spindle-shaped morphology (Fig.
purchased from Accurate Chemical and Scientific (Westa) similar to that described by previous authors for
bury, NY). Cells were mounted in 0.01 mg/ml n{ibroblasts of other origins [Tomasek and Hay, 1984]. At
phenylene diamine, 10% 1R PBS and 90% glycerol on higher densities, processes are observed infrequently in
microscope slides. Preparations were sealed with nedntrol cell population, and these cells are characterized
polish and imaged on a Zeiss Axiovert 135 equipped withy a flattened polygonal morphology (Fig. 1b).
an AtoArc 100 W epifluorescent illuminator and a 00 Transformation of NIH3T3 fibroblasts with the
1.3 NA objective lens. Images were collected usingonstitutively active Harvey-ras oncogemas) results in
NIH-Image to drive an integrating monochrome CCinregulated growth and motility, and the generation of an
camera (Dage modelTR000). Images were contrast enaltered cell shape characterized by elongate cellular
hanced using NIH-Image and Adobe Photoshop, and figgbcesses ([Lloyd et al., 1989] Fig. 1c,d). Although many
image montages created and labeled using Adobe Photoskefis displayed only one or two process, cells displaying
Image magnifications were determined by imaging a slidgore processes are common (Fig. 1c). In addition, two
micrometer. distinct process morphologies are observed. In some
cases, processes terminate in a gradually tapered point
(arrow, Fig. 1c), and closely resemble retraction tails

Process total length, extended length and rate déscribed by previous investigators [Chen, 1981] and
extension were quantified using NIH-Image. The initiadbserved here for some nontransformed cells (Fig. 1a). In

Quantitative Analysis of Process Extension
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pm. Of this, 31 um (52%) of process length can be
attributed to movement of the distal process tip away
from the initial site of protrusion. Movement of the cell
center away from the site of process extension accounts
for the remaining length of the process, but begins only
40 min after process extension (see also Fig. 2b).
Examination of these images also reveals that process
extension byras-transformed fibroblasts is not accom-
plished by the initial formation and subsequent constric-
tion of a large lamella, and may therefore be distinguish-
able from some types of processes generated by the
treatment of cells with pharmacological activators of
protein kinase C [Bershadsky et al., 1990; Lyass et al.,
1988]. However, small, dynamic protrusions are observed
at the distal end of this process throughout extension.
Such dynamic protrusions characterized all observed
processes while undergoing active extension=(#48;
data not shown).

Figure 2b provides quantitative analysis of process
behavior shown in Figure 2a. Examination of these
Fig. 1. Morphology of control andas-transformed NIH3T3 fibro- graphs reveals that the initial 40 min of process formation
blasts at low and high culture densities.Nontransformed_l_\llHSTBs occurs almost entirely by process extension in the ab-
cultured at low density are fan-shaped and display trailing, tapered .
processes or spindle-shaped morpholodieslontransformed NIH3T3s S?nce of cell m9vement ar_]d leads to translocation of the
at higher culture densities form contact-inhibited monolayers afdistal process tip over a distance of 20 um. Between 40
display a polygonal morphologyc: NIH3T3s transformed with a and 50 min of observation, movement of the cell body
constitutively active Harvey-ras oncogene generate elongate ceIIu‘JﬁNay from the site of initial protrusion occurs and
processes when cultured_ at low densities. These processes m%)é . L .
terminate in a tapered poinarfow) or a small, fan-shaped reglona ounts for an addltlonal_ rapid mcr_ease N process
displaying membrane rufflesafowhead. d: Rastransformed cells length. However, translocation of the distal process end
generate similar cellular processes at high culture densities=Barrelative to the substrate continues and is largely unaltered
100 pm. during movement of the cell body, illustrating that

process extension can occur despite motion of the cell
body in another direction. Together, these qualitative and
other instances, processes terminate in a fan-shapg@ntitative data reveal that process extension and cell

region displaying membrane extensions resembling lamgligration under these conditions are temporally sepa-
lar ruffles or small pseudopods (arrowhead, Fig. 1Gaple events and occur at distinct rates.

Process formation bgas-transformed fibroblasts used in When ras-transformed fibroblasts are cultured at

these studies persists at high culture densities (Fig. 1y, cell densities, they form aggregates of cells called
consistent with earlier reports [Prescott etal., 1989].  «o i [reviewed by Clark et al., 1995]. To determine if
Active Extension of Processes by Normal process extension continues to play a role in the forma-
and Ras-Transformed Fibroblasts tion of processes by aggregating cells, cells at the margin
. . of forming aggregates were examined 48 h after plating.
To examine the formation of cellular process b¥. : )

igure 2c illustrates the formation of a cellular process at

ras-transformed fibroblasts, cells were harvested by mtﬂae edge of a small group of cells. Although movement of

ration and examined withi 2 h of replating in tissue iticellul ¢ I ) f
culture dishes. Quantitative analysis of time-lapse vidéB_e multicellular mass accounts for some elongation o

images reveals that process extension and cell migratf&‘? process, active extension relative to Fhe site of initial
driven by lamellar protrusion are separable events. Ffotrusion generates over half of the final observable
example, examination of a typical time course of proceB§ocess length. Extension of the process occurred at an
formation by ras-transformed fibroblasts reveals tha@verage rate of 0.1 pm/min over a period of 490 min (final
initial processes formation arises in large part as a reséligtance was 43 um) and accounted for 63% of the
of active translocation of the distal process tip away fro@bserved total process length. Interestingly, this rate is
the site of initial protrusion (arrowhead, Fig. 2a) andgoughly four times slower than the average rate of
relative to the substrate. In the example shown, tlextension measured foas-transformed cell immediately
maximal length of the indicated process at 94 min is Gffter plating. Observation of similar image sequences sug-
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Fig. 2. Time lapse images of cellular process extensionrdsy total process lengtts6lid line) and the proportion of length attributable
transformed fibroblastsa: Process formation by eastransformed to extension dashed ling for the process indicated in a. Process
NIH3T3 fibroblast originates with the formation of a small protrusiorextension occurs over 40 min prior to movement of the cell in a
(arrowhead marks the initial site of protrusion in all panels). Subsdifferent direction (0—40 min) and continues both during and after
guent images obtained from an image series acquired at 1 min intervalgvement of the cell in a different direction: Process extension
show that dynamic changes in morphology of the distal process eomhtinues at the edge of cellular aggregates formed in established
accompany its movement away from the initial site of protrusiorcultures ofras-transformed NIH3T3 fibroblastsl: Process extension
Movement of the cell away from the site of initial protrusion alsas a minor component of process generation by nontransformed
contributes to final process length: Graphs displaying changes in NIH3T3 fibroblasts. Numbers indicate minutes. Bab0 pm.

gests that slow but persistent process extension may bef ¢he length of this process results from active extension
general characteristic of extending processes in high densitser a 78 min period.
cultures ofras-transformed fibroblasts (not shown). ,

Nontransformed NIH3T3 fibroblasts do not comRates and Extent of Process Extension Are
monly display processes when contact inhibited (Fig. 'i¢réased in Ras-Transformed Fibroblasts
[Prescott et al., 1989]). To examine the formation of = Table 1 presents a comparison of process extension
processes by nontransformed fibroblasts, the behaviotbehavior measured from time lapse image sequences of
well separated NIH3T3s was examined at early timesntrol andras-transformed NIH3T3s obtained at early
after plating in tissue culture dishes. Figure 2d illustrateégnes after plating. Results were obtained from three
a time course of processes extension observed foindependent experiments for each cell type. The average
typical nontransformed NIH3T3 fibroblast with2 h of rate and length of process extension were significantly
plating. Like extension observed faas-transformed greater inras-transformed fibroblasts compared to con-
fibroblast, the formation of the process observed het®l cells (P < 0.05) as was the proportion of process
arises as a consequence of both active extension dugth attributable to active extensio® € 0.1). Al-
passive elongation. However, only 21% (17.5 of 83.1 unthough these data confirm that transformation with consti-



Process Extension by Fibroblasts 17

TABLE I. H- ras Transformation Significantly Increases
Parameters of Process Extension Behavior in NIH3T3 Fibroblasts

ras-NIH3T3 NIH3T3

(n = 40) (n=22) P value
Total length (um) 63.7-479 57.2+-23.8 P<05
% of length extended 636275 487350 P<01
Extended length (um) 388221 26.1+182 P<0.05

Extension rate (um/min)  0.42 0.44  0.16+ 0.14 P <0.05

P values are calculated using a Student’s two-taiHtsbt.

tutively active Ras enhances the ability of fibroblasts
extend processes, it should be noted that nontransfor
cells are also capable of active process extension. Surp
ingly, although cultures afas-transformed cells appeared
to contain more processes than those of nontransfor
controls (not shown), significant differences in the tots
length of processes generated tas-transformed and
nontransformed NIH3T3s were not detected. Howeve
because these experiments were conducted over peri
of only a few hours, it is possible that slow but persiste
extension of processes could result in greater lengths
processes imas-transformed cells cultures over longe
periods of time or that processes generatedras
transformed cells are retracted less frequently than thg
generated by nontransformed cells. Because a lar
proportion of process lengths in nontransformed NIH3T
is attributable to cell movement relative to the distal end
Flg.
of processes, these data also suggest that nontransfor%%

. Extending processes form the leading edge of matile,
formed fibroblasts. Movement of the cell occurs partly by

cells are relatively motile at low cell densities. retraction of the cell body toward the distal process tip, and partly as a
. . . . result of translocation of the process tip toward the upper right-hand

Cells Can Migrate in the Direction corner of the field. Rearward (20—40 min) and lateral process extension

of Process Extension (arrows) is evident and results in the formation of a multipolar cell.

. . I\{umbers indicate minutes. Bar 40 pm.
Extending processes were occasionally observed 10

form the advancing edge of motile cells. For example, the
cell illustrated in Figure 3 displays translocation of therocesses prior to fixation was correlated with cytoskel-
distal process tip first toward the top of the field, and thestal architecture visualized after fixation using immuno-
turning toward the upper right hand corner. Movement ataining techniques. Figure 4a reveals that distal mem-
the cell body occurs in part by cell contraction, but clearlgrane protrusions accompanying process extension are
follows the direction of the motile process tip over timebrightly stained with fluorescent phalloidin, suggesting
0 to 60 min. This image series also illustrates transietitey contain F-actin meshworks similar to those found at
process extension opposite the direction of cell movthe leading edge of other motile cell types. In contrast,
ments (compare the length and position of the trailingrocesses which have begun to retract lack distal mem-
process at 20 and 40 min) and that process extenslmane protrusions (inset, Fig. 4b) and do not display
lateral to the direction of movement can occur (arrowshright distal staining with phalloidin (Fig. 4b). Analysis
This image sequence also illustrates that the bipolar cefl time-lapse video sequences reveals that loss of distal
morphology is not a stable configuration for thess- membrane protrusions occurred prior to actual process retrac-
transformed fibroblasts; process extension in directiotign in 20 of 21 observed retraction events (not shown).
other than the direction of cell movement result in the ~ Comparison of the distribution and extent of post-
formation of a quadrapolar cell at 80 min. translationally modified microtubules within processes
also suggests that the distal ends of extending processes
are characterized by dynamic microtubule populations.
When extending processes are immunolabeled with anti-
To identify cytoskeletal elements which might béodies specific for acetylated tubulin, faint staining of
involved in process extension, the behavior of celluldinear cytoskeletal elements is apparent within the stalk-

Cytoskeletal Architecture of Processes Formed
by Ras-Transformed Fibroblasts
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Fig. 4. Processes undergoing extension contain terminal F-actin megtesent in the perinuclear region of a neighboring cet€risk. d: A

works but few post-translationally modified microtubulesA process process which does not change length over the same interval is stained
undergoing active extension is observed after fixation and staining whihightly and uniformly by antiacetylated tubulin antibodies. The small
fluorescent phalloidin. Bright staining of membrane protrusions ishite dots in phase contrast images are fiduciary marks transferred to
observed at the distal tig: A process undergoing retraction lacksall images in a sequence and used to determine the initial position of
distal membrane protrusions and is not brightly stained by fluorescgmbcess enddnsets:nterval between phase contrast images is 70 min
phalloidin after fixation &rrows). c: A process undergoing extension(a), 8 min (b), and 60 min (c,d). Arrows mark the location of the process
displays faint staining with antibodies specific for acetylated tubulinip at the start of imaging. Lower images were obtained just before
However, the antiacetylated tubulin staining pattern and intensifixation. Bar = 10 um (fluorescence images) and 112 um (phase
within this process is neither as uniform nor as bright as microtubulesages).

like portion of extending processes (Fig. 4c). Howeveof cells, the stalk-like portion of established processes,
microtubules found in the perinuclear region of neighboand the distal ends of unmoving processes.

ing cells (asterisk, Fig. 4c) and those found within Processes shown in Figure 4 were formed shortly
processes not undergoing active extension (Fig. 4d) doefore fixation. To examine the distribution of acetylated
much more brightly stained, and the staining patteand tyrosinated microtubules in longer, more established
appears to be more evenly distributed along the lengthmfocesses, cells were fixed after overnight culture but
individual microtubules. Highly acetylated microtubulesvithout prior video analysis of motility behavior, and the
extend to the distal tip of non-moving (Fig. 4d), but nomicrotubule staining pattern correlated with the morphol-
actively extending (Fig. 4c) processes. Because acetybayy or F-actin content of the distal process end. Microtu-
tion of tubulin subunits characterizes stable and longules stained with antityrosine tubulin antibodies are
lived microtubules [Schulze et al., 1987], these observibund within the distal ends of processes displaying
tions suggest that the distal ends of actively extendifgactin rich membrane protrusions and may be found
processes contain microtubules which are newly polymemincident with their distal margins (arrows, Fig. Sa,A

ized and may be less stable than those found in the cergdecond example (Fig. 5bB)bwas obtained by focusing
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above the substrate plane on an upwardly directegpresent microtubules projecting upward. Because tyro-
lamella. Three bright spots of antitubulin staining arsine tubulin characterize newly polymerized microtu-
observed within this region (arrows) and, as suggestediyles [Shulze et al., 1987], these data suggest that the
their similarity to microtubules observed in cross sectiadistal ends of processes are a site of net microtubule
in our previous study [Shelden and Knecht, 1998], maylymerization or dynamic turnover.

Double labeling with antibodies specific for acety-
lated and tyrosinated tubulin further indicates that al-
though microtubule stabilization occurs within processes,
the distal ends of extending processes largely contain
dynamic microtubules (Fig. 5c—e). Examination of Figure
5c¢ and Figure 6d reveals that only short lengths of
microtubules within processes bearing fan-shaped or
flared distal ends stain efficiently with antiacetylated
tubulin antibodies (Fig. 3¢d’) while antibodies specific
for tyrosine tubulin stain microtubules throughout these
same processes (Fig. 5c¢,d). In contrast, the ends of
processes displaying morphology similar to that shown in
Figure 4b and Figure 4d contain a relatively higher
proportion of microtubules which are stained with anti-
acetylated tubulin antibodies (Figure 5e). The morphol-
ogy of this process suggests that its distal end is not
undergoing active extension (see Figure 4b,d). The stain-
ing pattern of processes lacking distal fan-shaped protru-
sions (Figure 5e) resembles that reported by earlier
investigators [Prescott et al., 1989] and for other elongate
processes lacking distal membrane protrusions observed
in the present study.

Microtubule and Actin Inhibitors Prevent Process
Extension by Distinct Mechanisms

To investigate the role of individual cytoskeletal
systems in process extension, cells cultured overnight in
tissue culture dishes were treated with varying concentra-
tions of the microtubule inhibitor nocodazole or the actin

Fig. 5. Cellular processes contain tyrosinated microtubules but few
acetylated microtubules. F-actin’(al), acetylated tubulin (¢d',e’)

and tyrosine tubulin distribution (a,b,c,d,e) revealed by staining with
fluorescent phalloidin, antiacetylated and YL-1/2 primary antibodies
and fluorescent secondary antibodies within processes generated by
ras-transformed NIH3T3sa: Processes ending in fan-shaped lamellae
contain free ends of microtubules, while microtubules found within the
stalk-like portion of these processes are closely approximated. Indi-
vidual microtubule ends can extend to the distal end of fan-shaped
processes at the level of the light microscopé (arrow marks the
same location in both image#). In a second example, a focal plane off
the cell substrate demonstrates that microtubules enter upward mem-
brane protrusions. Bright spots of antitubulin staining are apparent and
may represent microtubules projecting upwasdrgws). c: Anti-
tyrosine tubulin staining of a process displaying a fan-shaped or flared
distal end reveals numerous microtubules. Antiacetylated tubulin
staining of this processc() reveals only a small area of efficient
staining in the stalk-like portion of this process. A similar relative
distribution of tyrosine tubulind) and acetylated tubulird() is seen in

a second example. In contrast, processes which do not display
fan-shaped or flared ends display a relatively higher content of
acetylated tubulind’) relative to tyrosine tubuling). Bar = 15 pm.
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inhibitor cytochalasin D. Both total process lengths and  Finally, because the analysis described in Figure 7
the movement of the distal tip of processes (excursiorgveals only changes in overall process length, the
were measured after drug addition. Population lengths@ftension and retraction behavior of the distal tip of
processes are not altered by treatment with solvent (0.38dividual processes were independently analyzed. Re-
DMSO) alone (Fig. 6a). In contrast, cells treated with 8ults of this analysis (Fig. 8) confirm that active extension
UM nocodazole rapidly retract established cellular prof processes is completely inhibited by the application of
cesses, although small, dynamic protrusions continue2giM concentrations of both cytochalasin D (Fig. 8e) and
be generated from the margins of the rounded cell bodiegcodazole (Fig. 8c) and at 0.2 uM concentrations of
(arrowheads, Fig. 6b). Application of 0.2 uM nocodazoleytochalasin D (Fig. 8d). In contrast, active extension of
failed to induce rapid retraction of processes, and botive distal ends of cellular processes can continue in the
lamellar ruffing and some extension of existing propresence of 0.2 uM nocodazole (Fig. 8b), although both
cesses continued at early times post drug addition (Fi§e proportion of extending processes in the population
6c; see also Fig. 8b). However, examination of ce#ind the rate of process extension is reduced as compared
morphology after 2.3 h of incubation (Fig. 6¢) ando control cells treated with DMSO alone (Fig. 8a).
quantitative analysis of process lengths in these experi-
ments (Fig. 7 below) indicate that 0.2 Hm nocodoazolefiscyssioN
sufficient to induce more gradual retraction of processes
(arrows in Fig. 6¢ mark individual cells at 1 and 2.3 h OErocesses Generated by Ras-Tran_sformed
incubation). Application of an actin assembly inhibitof 'ProPlasts Undergo Active Extension
(cytochalasin D) also inhibited the extension of cellular ~ NIH3T3 fibroblasts have provided an important
processes byas-transformed cell. However, some differ-model system in the study of signal transduction systems
ences in the response of cells to this agents were a&td oncogene function [reviewed by Clark et al., 1995].
observed. Cells treated with 2 uM cytochalasin D (Figiransformation of these cells with genes coding for a
6d) became highly rounded after drug addition anepnstitutively active Ras mutantas) causes unregulated
further shape changes were not observed. Retractioncéfl division and motility in vitro and the induction of
processes was frequently accompanied by breaking of thetastatic potential in vivo [Greig et al., 1985], and is
processes stalk, leaving the distal process end attached@gompanied by changes in cell morphology and cytoskel-
the substrate (arrowheads, Fig. 6d). Breakage of pfal regulation, including the formation of elongate
cesses was observed less frequently in nocodazole treg@dular processes [Lloyd et al., 1989; Prescott et al.,
cells (see Fig. 6b). Application of 0.2 pM cytochalasin :989]. Such processes resemble retraction tails formed by
also induced rapid retraction of a subset of existinghtransformed cells as a consequence of cell movement
cellular processes (arrows, Fig. 6e). However, althougi@lative to stationary sites of substrate attachment [Chen,
growth of existing processes was not observed post drig81; Dunn, 1980], and have been observed behind
addition, many processes appeared to be resistant to tHitile ras-transformed fibroblasts displaying fan-shaped
concentration of cytochalasin (see also Fig. 7, belowgading lamellae [Prescott et al., 1989]. However, analy-
Together, these results demonstrate that both actin &#@l presented here reveals that processes generated by
microtubules are essential for the maintenance and el&@th ras-transformed NIH3T3 fibroblasts and untrans-
gation of processes, although initial protrusion events
may be microtubule independent.
Quantitative analysis of overall process Iengths iiFig. 6. Processes are retractedrbg-transformed NIH3T3 fibroblasts
drug treated cell populations further illustrates the diffeﬁ—ﬁer application of microtubule (nocodazole) and actin (cytochalasin

inhibitors. a: Application of DMSO (3.3 pl/ml) does not inhibit

ences in the response of processes to actin and mmrcﬁ)&’cess formation or induce process retractirApplication of 2 uM

bule inhibitors (Fig. 7). AlthQUgh application O_f 2 HM nocodazole causes rapid retraction of existing processes. Small mem-
nocodazole and cytochalasin D cause an immediai@ne protrusions continue to be generated in the presence of noco-
retraction of existing processes, the responses of pe@zole arrowhead$, but do not reestablish processesApplication

cesses to lower concentrations of these drugs are merg.Z MM nocodazole does not result in rapid process extension, but
most cells do retract their processes with longer incubation periods

gradual and occur with distinct kinetics. 0.2 uM cytocha(érrowS indicate cells at 1 and 2.3 hg: Application of 2 M

lasin treated cells rapidly loose about half of the totaltochalasin D causes rapid retraction of existing processes and cell

length of process, but processes remainingréfté of rounding. Process retraction is accompanied by fragmentation of the

drug treatment are more resistant. In contrast, 0.2 piNbcess, often leaving the distal process end attached to the substrate
nocodazole causes more gradual retraction of procesgérgwhead$ Protrusive activity is completely abolishest. Applica-

within the population of examined cells. and no reSiSta“ n of 0.2 uM cytochalasin D causes rapid loss of some processes
pop ! rowhead$, but others are resistant. Continued protrusion of process

SUbPOpU|atiqn of processes is detected over the durati@s is not observed. Numbers are times (hr:min) post drug addition.
of this experiment. Bar = 90 um.
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formed controls also undergo active extension mediatedncentrations of nocodazole and abolished at higher
by translocation of the distal process tip away from theocodazole concentrations. Moreover, reported rates of
cell body. Active process extension is not consistent witteurite extension in vitro [Argiro et al., 1984] are in good
the formation of these structures by mechanisms thougigireement with that reported here for extension of
to cause the formation of retraction tails. Quantitativerocesses byas-transformed fibroblasts. Rates of pro-
analysis of active processes extension and the passiegs extension by both neuronal cells and fibroblasts are
elongation of processes as a consequence of cell mosso significantly slower than the motility of cells in
ment further reveals that these two behaviors occur wahich microtubules are not thought to play a significant
distinct rates and may be temporally separable. Althougble such a®ictyosteliumamoebae (8 pm/min) [Shelden
on average processes are generated through the functind Knecht, 1995; Wessels et al., 1988] and specialized
of both mechanisms, active extension alone generaigsidermal cells such as fish keratocytes (up to 25 pm/min)
some processes observed in the present study. FuriSnall et al., 1996]. It is of some interest to consider
observations demonstrate that movement of the disighether slow, microtubule-dependent movement medi-
process tip may generate traction forces sufficient taed by process extension could play a general role in the
mediate cell movement. Finally, although the majority ahigration of cells within tissues and extracellular matri-
cells analyzed in the present study were observed at shei§, while less restrained migration of cells over surfaces
times after initial plating, observation of cell behaviomight occur through more rapid, microtubule indepen-
after periods of up to 2 days in culture reveals that activnt mechanisms.

process extension continues rias-transformed but not Microtubules displaying post-translational modifi-
untransformed fibroblast cultures at high cell densitiegations are also a major component of axonal processes,
Although the precise role of process extension in thgut are not found within growth cones during neurites
motility of normal andras-transformed fibroblasts re- outgrowth and accumulate gradually during axon regen-
mains to be determined, these results demonstrate tBgition [Hadley and Miller, 1995; Lim et al., 1989].
active process extension plays a significant role Bimilarly, studies presented here also reveal that post-
development of the cell morphology characteriziag-  translationally modified microtubules are not a major

transformed fibroblasts. component of the distal ends of rapidly extending pro-
_ . o cesses, but are observed in more proximal regions of

Process Extension Mechanisms Are Similar extending processes and within non-moving processes.

in Different Cell Types These findings, and the detection of a population of

Cellular processes characterize a variety of cglfocesses resistant to low levels of cytochalasin, suggest
types including neurons, glomerular podocytes, motit8at post-translationally modified microtubules may play
fibroblasts, dendritic cells, and some types of glial cellg. role in process stabilization after initial extension.
Process formation has been most thoroughly studiedAdlditionally, Prescott et al. [1989] have previously
neurons, as the extension of cellular processes forms theamonstrated that processes at the edges of cellular
basis for the extension of neurites. Neurite extensionaggregates or foci afas-transformed fibroblasts contain
accomplished by the generation of distal lamellar protra&bundant microtubules comprised of acetylated tubulin.
sion at sites known as growth cones. Although growti the present study, processes extension observed at the
cone advance in some organisms appears to be micranargin of cellular aggregates occured at slower rates than
bule independent [Smith, 1988], studies have showntlze extension of processes observed at early times after
close correlation between microtubule assembly withplating. Thus, it is possible that microtubule stabilization
the growth cone and the regulation of growth conglays a direct role in the extension of processes by
movement in neurons cultured from many organismas-transformed fibroblasts in the presence of cell-cell
[Tanaka and Kirschner, 1995; Tanaka and Sabry, 1996bntact.

Maintenance of growth cone morphology and advance in  Although processes generated tas-transformed
such neurons is inhibited by low concentrations dfbroblasts and neuronal cells share obvious similarities,
microtubule depolymerizing drugs [reviewed by Gordorsome differences in process extension by these two cell
Weeks, 1991], suggesting that active extension of netypes should also be noted. For example, the formation of
rites requires microtubule assembly. The extension sfable microtubules within neuronal processes requires
cellular processes byas-transformed fibroblasts de-the synthesis and microtubule bundling activity of the
scribed in the present study is strikingly similar to neuritsicrotubule associated proteins MAP2 and tau [Drubin et
outgrowth in these respects. Advancing cellular processds 1985]. However, morphological changes in NIH3T3s
contain microtubules which bear antigenic similarity tean be induced by the introduction of oncogenic Ras in
newly polymerized microtubules. Process extension ltiye presence of protein synthesis inhibitors [Lloyd et al.,
ras-transformed fibroblasts is inhibited at submicromolak989]. Although process extension was not directly
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Fig. 7. Microtubule and actin inhibitiors inhibit processes by distinct mechanisms. DMSQLG) alone

causes no overall change in the length of processes within treated cell populations. Graphs of process
length measured for cells treated with 2 uM cytochalasin B (15) and nocodazole (& 12) show rapid

and complete loss of processes. Cytochalasin at 0.2 M 14) causes rapid initial retraction, but some
processes are more resistant. Nocodazole at 0.2 #MZ8) causes more gradual retraction of processes,

but a resistant subpopulation is not detected.

examined in this previous study, it is therefore likely thable in the generation of processes by transformed
the formation of cellular processes bgs-transformed fibroblasts remains unclear.

cells does not require increased expression levels of

tubulin or microtubule-associated proteins. SimilarlyThe Role of Ras in Process Extension

although recent studies have shown that proteins with Fibroblasts

antigenic similarity to neuronal tau are expressed by  Nontransformed control fibroblasts observed in this
fibroblasts [Ingelson et al., 1996; Matsuyama and Bongtudy were observed to extend processes when cultured at
areff, 1994], these proteins are expressed in fibroblagéy cell densities, and thus it remains possible that the
only at low levels and their function in this cell type hagctivation of Ras is not required for process extension.
not been determined. Higher expression levels of thwever, cells in this study were cultured in the presence
microtubule-associated protein MAP4 are expressed df serum growth factors and receptor activation by a
fibroblast [Bulinksi and Borisy, 1980], and MAP4 couldhumber of growth factors is expected to activate endog-
therefore play a role in stabilizing microtubules withirenous Ras in nontransformed fibroblasts observed here.
processes observed in the present study. However, Atiditionally, the results of the present study reveal that
though loss of MAP4 expression has been shown tiee presence of constitutively active Ras significantly
inhibit the polarization of myotubes during differentiatiorenhances the rates of process extension by fibroblasts,
[Mangan and Olmsted, 1996], experimental reduction ahd results in the persistence of process extension behav-
MAP4 levels in fibroblasts has not been shown to altéwr at high cell density. These findings suggest that the
microtubule distribution or stability [Wang et al., 1996]activation of Ras could play a direct role in process
Thus, unlike processes generated by neuronal cells, theension by fibroblasts. Additional recent studies have
extent to which microtubule bundling by MAPs plays ahown that process-like cellular extensions are generated
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Fig. 8. Active process extension is inhibited by microtubule (noc@pproximately equal proportiom: Nocodazole at 0.2 uM does not
dazole) and actin (cytochalasin D) inhibitors. Process extension armmpletely prevent extension, but both the length and proportion of
retraction were measured with reference to the position of the distaltension events are reduced as compared to DMSO controls.
process tip at the time of inhibitor application. Numbers in the cornecs Nocodazole at 2 uM completely inhibits process extension.
of each panel are the proportion of observed retracting processesCytochalasin D at 0.2 uM is sufficient to completely prevent
(bottom left) extending processes (bottom right) and total number ektension.e: Cytochalasin D at 2 uM induces additionally increased
processes analyzed (top righd).Processes observed after the applicarates of retraction.

tion of DMSO (10 pl/3 ml) undergo both extension and retraction in
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by fibroblasts treated with the Rho inhibit8otulinum Results of the present study provide further evidence that
C3 exoenzyme and an inhibitor of the Rho effectgrocess extension may directly mediate cell motility.
pl60ROCK [Hirose et al., 1998]. However, results ofhus, it is possible that normal movement of the fibro-
similar studies have also suggested that Rho protditasts in vivo during development or the deposition of
function is essential for the generation of morphologicalriented collagen fibers during wound healing and tissue
changes induced by oncogenic Ras [Khosravi-Far et ahaintenance requires the establishment of polarized cell
1995]. Because neither the rates nor microtubulshape resulting from process extension.
dependence of process extension was directly addressed
in these previous studies, the function of Rho in th
generation of processes described in the present stl NOWLEDGMENTS
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