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Abstract the 3-UTR (8). The 54 nucleotides ®f the stop codon were the most
potent in localizing mRNA and were named the zip code. A protein of
M, 68,000 named zip code-binding protein was found that binds the
zip code inB-actin mRNA. Binding was correlated with the localiza-

The actin cytoskeleton is involved in the motility of tumor cells. It has
been shown in several cell types thap-actin mRNA is localized in the
protrusions of cells in which actin is actively polymerized, and the ability

to localize mRNA is correlated with the efficiency of motility. In this tion of B-actin mMRNA (10)'_ .
context, we studied the distribution of B-actin mRNA in two different It was proposed tha-actin translated from localized mRNA could

tumor cell lines and correlated it with their metastatic potential. The two  incorporate into filaments, endowing them with the ability to interact
cell lines used were the highly metastatic MTLn3 cells and nonmetastatic With specific actin-binding proteins [for examplg:actin filament-

MTC cells. Nonmetastatic MTC cells have two different pools ofg-actin ~ specific ezrin ang3-CAP73 (11, 12)], thereby leading to the estab-
mRNA (perinuclear and at the leading edge), whereas highly metastatic lishment of cell polarity.

MTLnN3 cells have only a perinuclear distribution of B-actin mMRNA. These In relation to this, the present study was undertaken to determine
differences in mMRNA localization are correlated with profound differences  the localization of3-actin mRNA in two well-characterized types of

in the polarity and plasticity of cell motility of these cells in culture and the  gncer cell lines, MTC and MTLn3 cells derived from a rat mammary
histopathology of primary breast tumors derived from these cells. In - 5qengcarcinoma (13, 14). These cell lines have different metastatic
pa_&rﬁc_ulgr, MTLn3 Ce”.s are un.polarlzed b¥ all cell ‘Q‘.hape a_nd monhty potential and actin cytoskeleton organization. MTLNn3 cells are highly
criteria in culture and in their histopathological organization in primary metastatic, and they contain comparatively small amounts of F-actin

tumors. By comparison, MTC cells are polarized in all identical measure- . he leadi d h C cell ) dh
ments. These results suggest that the increased plasticity of cell locomotion " the leading edge, whereas MTC cells are nonmetastatic and have a

and the invasiveness of MTLn3 cells result from the failure of metastatic Well-developed leading edge with a large amount of F-actin (2-4,
cells to localizep-actin mRNA properly, causing them to be less polarized 13—15).In situ hybridization was carried out to determine the extent
and therefore more flexible in their direction of motility. Thus, differences ~ to which B-actin mMRNA becomes localized in these two different cell
in the polarized organization of cells in the primary tumor that are  types under different culture conditions and whether this is correlated
correlated with B-actin mRNA localization may have prognostic value in  with the type of cell motility observeth vitro and the structure of the
predicting metastatic potential. tumor cells within the primary tumor botim vivo andin situ.

Introduction Materials and Methods

The metastatic process may involve chemotaxis of a subpopulatiortej| culture. Rat mammary adenocarcinoma MTLn3 and MTC cell lines
of tumor cells (1, 2). Highly metastatic cells exhibit highly plastic cellvere used in this study. Their metastatic potentials (high metastatic potential,
motility and true chemotaxis to EGR3). The chemotactic responsefor MTLn3 cell line; low metastatic potential, MTC cell line) have been
involves the formation of cellular protrusions in response to chemoalescribed previously (13, 14). Cells were maintainedvimodified MEM
tractant, and these protrusions contain newly polymerized actin filkife Technologies, Inc.) containing 5% fetal bovine serum and antibiotics
ments (3, 4). Actin filament formation in cellular protrusions has beéﬁenicillin and streptpmycin). Cells were cult_ivateql on gla_lss coverslips coated
extensively studied. EGF-stimulated nucleation sites under the plasffiil 27 »o/ml rat tail collagen | (Collaborative Biochemicals). MTLn3 and

: - : g C cells were starved by removing complete medium and incubating in
membrane lead to a local net increase in actin polymerization thatﬁ%nodiﬁed MEM containing 10 m HEPES, (pH 7.4) and 0.35% BSA for 3 h.

propqsed fo provide the force .for Iamelllpod extensm_m (:.3’ 4 T’Déﬂe cells were then stimulated with completenodified MEM containing 5%
location of these nucleation sites establishes the direction of al bovine serum. Cells were fixed at 37°C in 4% paraformaldehyde in PBS

movement. However, it is still unclear whether actin monomers dift my kH,PO,, 10 v Na,HPO,, 137 mv NaCl, and 2.7 m KCI (pH 7.0)],
fuse to the sites of actin filament formation or whether locally SyAyashed in PBS, and dehydrated in 70% ethanol at 4°C overnight.
thesized G-actin represents the population of actin monomers thain Situ Hybridization. Rat B-actin specific 3UTR probes and tubulin
polymerize into the filaments at the leading edge. mRNA-specific probes were synthesized with amino linker on an Applied
It has been shown previously thgtactin mMRNA is localized in Biosystems 394 DNA/RNA synthesizes-actin 3-UTR probes were labeled
protrusions in several normal cell types (5-8) and tAaictin is with CY3 (for protocols: http://singerlab.aecom.yu.edu). Tubulin mRNA-spe-

preferentially polymerized at the leading lamella (@js-acting ele- cific probes were digoxigenin labeled with terminal transferase. To detect

. - : . B-actin mMRNAs, 22-mm square coverslips were rehydrated in PBS, permeal-
ments responsible for the localization@factin mMRNA were found in ized with 0.5% Triton in PBS for 10 min, and then hybridized 3oh at37°C

with 20 ng of a mixture of five oligonucleotides all capable of hybridizing with
_'?ﬁce"’e? 1/?/9%|,3C‘;epteff’ tﬁ/,llggt; | seiraved in oart by th + of 0al:2CtIN MRNA to increase the signat-60 nucleotides each). Coverslips were
€ COsts of publication O IS article were defrayead In part by the payment of pa . : 0, f :
charges. This article must therefore be hereby maddertisemenin accordance with %as_hed tyvlce with 50% formamide in2SSC [300 nw NaCl, and 30 m
18 U.S.C. Section 1734 solely to indicate this fact. sodium citrate (pH 7.0)], 8 SSC, and kX SSC, and mounted. To detect
1 Supported by grants from the NIH (to R. H. S. and J. C.). tubulin mRNAs, coverslips were treated with oligonucleotide probes in the
2 To whom requests for reprints should be addressed, at Department of Anatomy aagne way as fop-actin mRNA detection, and then, after extensive washing

Structural Biology, Albert Einstein College of Medicine, 1300 Morris Park Avenue, . . . . .
Bronx, NY 10461, Sith formamide, SSC, and PBS, coverslips were incubated with monoclonal

3 The abbreviations used are: EGF, epidermal growth factor; UTR, untranslated regigfti-digoxigenin antibodies labeled with CY3, followed by antimouse CY3-
EF, elongation factor; DIAS, Dynamic Image Analysis System. labeled antibodies.
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Fig. 1. B-actin mRNA localization in MTC and MTLn3 cell®, MTLn3 cells. MTLn3 cells serum-starved for 3 houfisend2); MTLn3 cells stimulated with 5% serum for 3 min
(3 and4), 10 min & and6), and 30 min T and8). 1, 3, § and7, phase-contrast images of MTLn3 cells;4, 6 and8, cells fluorescently labeled with r@-actin mRNA-specific
probes B, MTC cells.1 and2, cells grown continuously in serurB.and4, cells held in absence of serum for 358 MTC cells stimulated with 5% serum for 3 mih, 3, 5 and
7, phase-contrast images of MTC cells;4, 6§ and8, results ofin situ hybridization with ratB-actin mRNA-specific probeBar, 10 um.

Table 1 Motility parameters of MTLn3 and MTC cell lines translocating in completesérum) medium

For all parameters, the total time interval was 15 min. The time interval between successive frames was 1 min. Differences in all presentedyerasiatistically significant.
SE, standard error. Parameters are defined as follows: net path length is the distance directly from the path starting point to the endingpptliriengtalis the sum of the lengths
of the line segments connecting the centroids of the path; directionality is the net path length divided by the total path length; average uissipettheoan average of speed values
at each time interval; average speed is the net path length divided by total time interval; and persistence is the speed divided by the chamgegifetfireciyrads.

Net path Total path Directionality Average instantaneous Average speed Persistence
Cell type length (wm) length @m) (net/total) speed m/min) (wm/min) (um/min X deg)
MTLN3 (n = 21) 5.39 20.41 0.27 0.97 0.39 0.21
SE 0.18 0.17 0.008 0.009 0.012 0.0036
MTC (n = 32) 12.28 30.03 0.39 1.58 0.88 0.44
SE 0.29 0.28 0.0069 0.02 0.021 0.0084
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Fig. 2. Cell perimeterA andC) and centroid 8 andD) plots of 11 MTLn3 cells A and

Fig. 3. Appearance of tumor celiis vivo andin situ. Mammary tumors were prepared
by injecting green fluorescent protein-expressing MTC cé)sof MTLn3 cells B) into
the mammary fat pad of rats and imaged in the primary tumor in live animals after 2.5
weeks of growth, as described previously (2). Identical tumors were imaged from
H&E-stained paraffin sections of MTCCj and MTLn3 @) tumors. Note that MTC
cells (C) have a more polarized epithelial pattern in primary tumors than MTLn3 cells.
Bar, 20 um.

Computer-assisted Analysis of Cell Behavior.Cells were recorded with
a Nikon microscope equipped with a charge-coupled device camera through a
X 10 objective with a 1-min time interval between image frames. Images
were processed with DIAS software (16). Cell motility data were displayed as
an overlay of cell perimeters as a stack of all time-lapsed images (cell
perimeter plot) and as a centroid plot showing the location of the geometrical
center of the cell as a function of time.

Results

The metastatic potential of the MTLn3 and MTC cell lines has been
characterized previously (13, 14). MTLn3 cells are highly metastatic
and are very plastic in their motility,e., they do not exhibit a stable
head-to-tail axis and can rapidly convert the tail into a leading edge (3,
4). They contain less F-actin in the leading edge than MTC cells.
MTC cells are nonmetastatic and have a pronounced, relatively stable
leading edge containing a large amount of F-actin in comparison to
MTLnN3 cells (15).

In situ hybridization was used to determine the distribution of
B-actin mRNA in starved MTLn3 cells and in serum-stimulated
MTLn3 cells (Fig. 1A). These cells have a broad and thin actin
filament-containing lamellipod when stimulated with either serum or
EGF (15, 17). In MTLn3 cells growing in all conditions [starved (Fig.
1A, 1 and?2), serum-stimulated cells (FigAl 3-8, and cells grown
in serum continuously (data not shownjg;actin mRNA showed a
diffuse cytoplasmic and perinuclear distribution. In MTC cells grow-
ing in serum B-actin MRNA was distributed in the perinuclear area of
the cells and in the leading edge of lamellipods (F8g 1and?2). The
pattern of mRNA localization was reminiscent of that found in Swiss
3T3 fibroblasts (7) and endothelial cells (9). In serum-starved MTC
cells, mRNA became diffusely distributed, with greatly attenuated
signal in peripheral regions (FigBl 3and4). Upon stimulation with
serum (3 min in Fig. B, 5—8, B-actin mMRNA reappears in the leading
edge. All images in Fig. 1 were deconvolved (the thickness of each

B) and 9 MTC cells € and D). For the centroid and perimeter tracks, the time intervappt|ca| section= 0.3 V“m) so that all effects of cell thickness on S'gnal

between images was 2 min. Total time of movement was 15 min.

intensity were excludedln situ hybridization of MTC cells with
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oligonucleotide probes recognizing tubulin or lacZ mRNAs showetklls has a lower affinity for actin filaments compared to MTC cells
diffuse and perinuclear staining, and no signal was found in tld fails to localize stably to the leading edge (14). This could
leading edge (data not shown). This confirms the specificity of tlilisassemble the EldF actin compartment, thereby delocalizing
localization of B-actin mMRNA in the leading edge of MTC cells.  mRNA. Furthermore, it was found that the PTI-1 oncogene is a
The motility of these two cell lines was analyzed using DIASruncated and mutated E&Icontaining the dominant actin-binding
software. MTLn3 cells migrated with significantly shorter net andite of EFkx (22, 23), suggesting that PTI-1 is a dominant negative
total paths and had significantly lower speed, directionality, aridhibitor of the actin binding activity of EFL This could cause
persistence of movement in comparison with MTC cells (Table 1disassembly of the F-actin-EEIcompartment and induce a delocal-
In Fig. 2, perimeter and centroid plots are shown for MTLn3 (Figzed mRNA phenotype, resulting in invasive cells.
2, A andB) and MTC (Fig. 2,C andD) cells. MTC centroid and  Further work will be required to test these hypotheses and to
perimeter plots indicate rectilinear movement in contrast to tietermine whether mRNA localization correlates with metastatic po-
plots of MTLn3 cells, which indicate random walking. Thereforetential in a variety of tumors.
MTC cells showed much more polarized locomotion in comparis
with MTLn3 cells.

To determine the polarity of MTC and MTLn3 celis vivo, live We thank Michael Cammer and Shailesh M. Shenoy (Analytical Imaging
primary tumors composed of cells labeled with green fluorescemdcility, Albert Einstein College of Medicine) for technical help with light
protein were imaged as described previously (2) and comparedntizroscopy and DIAS, and Steve Braut for probe synthesis.
conventional H&E-stained paraffin sections of primary MTC and
MTLn3 tumors (Fig. 3). By conventional histopathology, both MTCRéferences
and MTLn3 tumors are poorly differentiated and are composed af Condeelis, J., Jones, J., and Segall, J. H. Chemotaxis of metastatic tumor cells: clues
cells that form no architectural structures, reminiscent of their cell tomechanisms from thBictyosteliumparadigm. Cancer Metastasis Red,; 55-68,
type of origin, the breast duct epithelial cell. Similarly, the nuclear, rarina, K. L., wyckoff, J. B., Rivera, J., Lee, H., Segall, J. E., Condeelis, J. S., and
grade in both tumors, another common benchmark in histopatholog- Jones, J. G. Cell motility of tumor cells visualized in living intact primary tumors

P ; B B ; using green fluorescent protein. Cancer RB8:,2528-2532, 1998.
ical evaluation, is comparable. In each, nucleoli are evident, even g2uw "™\, “\yhitesides, G.. Condeelis. J. S.. and Segall, J. E. Regulation of
prominent (Fig. 3C andD). protrusion shape and adhesion to the substratum during chemotactic responses of
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