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How and why does [3-actin
MRNA target?
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Abstract

-Actin mRNA is localized near the leading edge in several cell types where actin polymerization is actively
promoting forward protrusion. The localization of the $-actin mMRNA near the leading edge is facilitated by a short
sequence in the 3'UTR (untranslated region), the ‘zipcode’. Localization of the mRNA at this region is important
physiologically. Treatment of chicken embryo fibroblasts with antisense oligonucleotides complementary to the
localization sequence (zipcode) in the 3'UTR leads to delocalization of -actin mRNA, alteration of cell pheno-
type and a decrease in cell motility. The dynamic image analysis system (DIAS) used to quantify movement
of cells in the presence of sense and antisense oligonucleotides to the zipcode showed that net pathlength
and average speed of antisense-treated cells were significantly lower than in sense-treated cells. This suggests
that a decrease in persistence of direction of movement and not in velocity results from treatment of cells with
zipcode-directed antisense oligonucleotides. We postulate that delocalization of 3-actin mRNA results in delocaliz-
ation of nucleation sites and 3-actin protein from the leading edge followed by loss of cell polarity and directional
movement. Hence the physiological consequences of 3-actin mRNA delocalization affect the stability of the cell

phenotype.

Introduction

In diverse cell types, asymmetric localization of speci-
fic mRNAs generates cell polarity by controlling sites
of translation and restricting target proteins to spe-
cific subcellular compartments (Bashirullah et al.,
1998; Zhang et al., 2001). During oogenesis in Dros-
ophila and Xenopus, polarized localization of maternal
mRNAs establish embryonic patterning (Ephrussi
et al., 1991; Bashirullah et al., 1998; Deshler et al.,
1998). In Saccharonvyces cerevisiae, mating type switch-
ing is regulated by targeting ASHI mRNA to the
bud tip (Long et al., 1997). Asymmetric segregation
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of mRNAs in subcellular locations is also observed in
somatic cells. Examples are tau mRINA in neurons,
myelin basic protein (MBP) mRNA in oligodendro-
cytes (Kleiman et al., 1994; Beharetal., 1995; Ainger
et al.,, 1997) and [3-actin mRNA in crawling cells.
[3-Actin mRNA is localized near the leading edge of
chick embryo fibroblasts (Sundell and Singer, 1991),
3T3 fibroblasts (Hill et al., 1994), endothelial cells
(Hoock et al., 1991), myoblasts (Hill and Gunning,
1993), and non-metastatic (but not metastatic)
adenocarcinoma cells (Shestakova et al., 1999). Local-
ized mRNA maintains cellular asymmetry, presum-
ably by restricting the synthesis of its protein product
to a specific compartment of the cell. This creates a
micro-environment in which the newly synthesized
protein would be available in much greater amounts
than elsewhere, and be regulated by other locally
available macromolecules.
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The importance of targeting 3-actin
mRNA for the assembly of
p-actin-specific actin compartments

In situ hybridization has shown that [3-actin mRNA
is localized at the front of cells near the leading edge
of lamellipods of crawling cells (Hill and Gunning,
1993; Sundell and Singer, 1990). Furthermore, the
localization of [3-actin mRNA is correlated with
the localization of 3-actin protein to apical struc-
tures such as filaments in microvilli of epithelia and
auditory hair cells (Hofer et al., 1997), and the lead-
ing edge of lamellipodia and filopodia (needle-shaped
protrusions that may have a pathfinding function) of
crawling cells (Shestakova et al., 2001). This is in
contrast with other actin isoforms, & and Y, whose
mRNAs are not targeted to the cell front, and at the
protein level are located perinuclearly and in stress
fibres (Hill and Gunning, 1993; Kislauskis et al.,
1993). The specific targeting of 3-actin mRNA near
apical structures suggests that local protein synthesis
contributes to the localization of (3-actin protein in
apical structures. Based on the estimated 2500 f3-
actin mRNAs per crawling cell, at the established
translation rate of 1.5 actins per second per mRNA
molecule, the cell would synthesize 3900 actin mol-
ecules per second, or 2.4 X 10° per min (Kislauskis
etal., 1997). In a crawling cell, the polymerization of
actin at the leading edge uses about 3.6 x 10° actin
molecules per minute (Chan et al., 1998). Thus,
translation could supply 7% of the actin for polym-
erization. If the mRNA is scattered throughout the
cell it is unlikely that this 7% would significantly
alter the rate of polymerization. However, if the
mRNA is targeted to a single location, and the {3-
actin protein is translated in this restricted volume,
the local contribution of newly synthesized actin to
polymerization could be substantial. Furthermore, if
the locally synthesized actin is of a single isoform that
has isoform-specific interactions with actin-binding
proteins, then the effects of mRNA targeting and
local translation could have profound effects on the
actin cytoskeleton.

Targeting of mRNA and its protein product to
specific compartments may involve multiple steps
including transport, anchoring and local translation.
Hence, mRNA transport, anchoring, local trans-

Lamellipod: Flat protrusion parallel to the substratum of crawling cells.
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lation and isoform-specific sorting at the protein level
may all contribute to the localization of [3-actin to
apical structures. The contribution of local trans-
lation has not been evaluated because the translation
of targeted mRNA has not been observed iz vivo.
Thus, the timing and location of translation relative
to the appearance of (3-actin in apical structures has
not been determined. However, the mechanisms of
transport, anchoring and [3-actin isoform-specific
sorting have been studied at the molecular level.

There could be several reasons for suppression of cell
motility upon delocalization of {3-actin mRNA.
Cell motility requires actin polymerization in the
leading edge. Cells with delocalized (3-actin mRNA
may not polymerize actin filaments at the same rate if
[3-actin is not synthesized at sites of polymerization.
As a result the cells would have a lower velocity of
protrusion which is driven by actin polymerization.
Alternatively, the rate of actin polymerization may
be unaffected by actin synthesis. Instead, the site of
actin synthesis may affect the location of nucleation
of actin polymerization that would define the direc-
tion of protrusion and, therefore, polarity of move-
ment.

The 3’'UTR (untranslated region) of
p-actin mRNA contains a zipcode

that targets mRNA in vivo

In somatic cells the most common mechanism of
mRNA localization is targeted transport, which in-
volves attachment and vectoral translocation on the
cytoskeleton, mediated by a specific 3'UTR local-
ization sequence (Sundell and Singer, 1991; Ainger
etal., 1993; Knowlesetal., 1996; Carson etal., 1997;
Long et al., 1997; Takizawa et al., 1997). The 3'UTR
sequence required for 3-actin mRNA localization is
well defined. Analysis of the 3'UTR showed that a 54
nucleotide segment, just 3’ of the stop codon, could
direct the localization of the entire [3-actin mRNA.
This segment was termed the zipcode (Kislauskis
et al., 1993; Kislauskis et al., 1994). The 3-actin zip-
code sequence is absolutely essential for correct tar-
geting of [3-actin mRNA, and can be used to target
unrelated marker mRINAs ectopically (Kislauskis
et al., 1994). Localization of mRNA can be inhi-
bited by antisense oligonucleotides directed against
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the zipcode sequence (Kislauskis et al., 1994) or by
disrupting the secondary structure of the zipcode
(St Johnston, 1995; Ross et al., 1997).

In somatic cells, sequence analysis has revealed sev-
eral regions in the zipcode that are conserved among
[3-actin mRNAs of several species, in particular the
sequence ACACCC. A 68 kDa protein was shown to
bind specifically and with highest affinity to (3-actin
zipcode oligonucleotides attached to chromatography
beads and was therefore named zipcode binding pro-
tein 1, or ZBP1. Mutations of the ACACCC motif in
the zipcode of 3-actin mRNA disrupts mRNA local-
ization in vive and binding of ZBP1 to the zipcode
of 3-actin mRNA 7 vitro (Ross et al., 1997). ZBP1
is essential for the localization of (-actin mRNA
(Oleynikov and Singer, 2003). Fragments of ZBP1,
a KH-domain RNA-binding protein, that bind f3-
actin mRNA act as dominant negative for localiz-
ation, presumably because the RNA-binding region
blocks the full-length endogenous protein from as-
sembling a transport particle around the RNA (Farina
et al., 2003). Significantly, this dominant-negative
fragment also inhibits fibroblast cell motility and
polarity. In addition to fibroblasts, the same ZBP1 is
essential for the formation of dendritic filopodia and
filopodial synapses (Eom et al., 2003). All of this evi-
dence points to an important contribution of 3-actin
mRNA localization to cell structure and function.

mRNAs are transported on microtubules
and actin filaments

The development of high resolution 7z situ hybrid-
ization has revealed that many localized mRNAs are
present as granules 77 vivo (Sundell and Singer, 1991).
RNA labelled with the vital dye SYTO 14 demon-
strates that granules containing ribosomal proteins,
EFlx (elongation factor 1) and poly(A) mRNA
are transported on microtubule tracks at a rate of
0.1 wm/sec in neurons (Knowles et al., 1996). Simi-
lar results were obtained upon microinjection of
fluorescently-labelled MBP mRNA into the cell body
of oligodendrocytes (Ainger et al., 1993; Barbarese
et al., 1995). Both results demonstrate that mRNA
transport particles contain some components required
for protein synthesis. Furthermore, translocation of
MBP mRNA in oligodendrocytes is proposed to re-

Cytochalasin: A drug that binds to actin monomers and prevents polymerization.
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quire microtubules and kinesin since nocodazole (a
microtubule depolymerizing drug) and kinesin anti-
sense oligonucleotides inhibit transport of micro-
injected MBP mRNA (Carson et al., 1997). In addi-
tion, Staufen, the mRNA-binding protein that is
required for Oskar and Bicoid mRNA localization
in Drosophila (St Johnston et al., 1991), induces the
formation of granules when microinjected into Dros-
ophila ooctyes (Ferrandon et al., 1994) and these
particles subsequently are transported on micro-
tubules iz vivo (Clark et al., 1994).

In smaller cells such as fibroblasts (Bassell et al.,
1994; Sundell and Singer, 1991), yeast cells (Long
et al., 1997; Takizawa et al., 1997), and COS cells
(Fusco et al., 2003), mRNAs are transported on
both microtubules and actin filaments. In fibroblasts,
[3-actin mRNA appears to be transported as granules
on actin filaments (Sundell and Singer, 1991). ZBP1
is essential for both granule formation and association
with the cytoskeleton (Farina et al., 2003). In bud-
ding yeast the mRNA for the determinant for mating
type switching, ASH1, is localized to the daughter
cell in a step that requires actin filaments and
myosin V (Long et al., 1997; Takizawa et al., 1997).
The use of MS2 stem-loops (RNA stem-loops that
bind the phage coat protein MS2) in the RNA
that bind MS2-GFP fusion protein, allowing single
marker mRNA molecules to be tracked (reviewed
by Gonsalvez et al., 2005) demonstrates that both
microtubules and actin filaments are involved in rapid
linear transport of mRNA in the same cell. Further-
more, the presence of the [3-actin mRNA zipcode in
the marker mRNA increased both the frequency and
length of transport (Fusco et al., 2003). This study
also demonstrated that transport and anchoring could
be distinguished as separate steps in the targeting of
single mRNA molecules. In general, the requirement
for an active transport process for large molecules like
mRNA is predicted, from biophysical measurements
of the diffusion constraints placed on large particles
by cytoplasm (Janson et al., 1996).

mRNA is anchored, and may be
translated, on actin filaments in vivo
Measurement of polysome association with the cyto-
skeleton after detergent, cytochalasin, DNase I and

www.biolcell.org | Volume 97 (1) | Pages 97-110

99



100

Biolg
of the C g}i l

phalloidin treatments demonstrated that the associ-
ation of polysomes with the cytoskeleton depends
on the integrity of actin filaments (Dancker et al.,
1975; Lenk and Penman, 1979; Adams et al., 1983;
Ornelles et al., 1986; Yisraeli and Melton, 1988;
Yisraeli et al., 1990; Hesketh and Pryme, 1991).
Furthermore, mRNA, EF2, EF1 «x and ribosomes co-
localize with each other and with actin filaments
in situ. Direct binding between actin and EF1 oc indic-
ates that the components essential for the assembly
of the translation apparatus and polypeptide elong-
ation can associate with actin filaments in the
same non-membrane-bound polysome compartment
(Dharmawardhane et al., 1991; Shestakova et al.,
1991; Bassell et al., 1994). At the electron-micro-
scope level, polysomes are observed in association
with actin filaments in a variety of cell types (Heuser
and Kirschner, 1980; Ramaekers et al., 1983; Bassell
et al., 1994). Biochemical fractionation of mRNAs
from cells supports the concept of a particulate
mRNA and its association with the cytoskeleton
(Grossi de Sa et al., 1988; Hesketh and Pryme, 1991;
Hamill et al., 1994).

EF1« is involved in anchoring mRNA

to actin filaments

EFlax is a highly conserved protein family (>75%
sequence identity in eukaryotes) well known for cata-
lysing the GTP-dependent binding of aminoacyl-
tRNA to ribosomes, thereby regulating the fidelity
and rate of polypeptide elongation during translation
(Sprinzl, 1994). Numerous studies have demon-
strated the binding of EF1 & to actin filaments 7z vitro
and in vivo in a variety of cell types (Yang et al., 1990;
Edmonds et al., 1996; Liu et al., 1996). The concen-
tration of EFl o in the cytoplasm of vertebrate cells
is about 40 UM (Edmonds et al., 1996). Direct meas-
urement of EF1 & content in detergent cytoskeletons
indicate that about 50% of EFla is bound to the
cytoskeleton (Edmonds et al., 1996). EF1« contains
two actin-binding sites and these sites are highly con-
served suggesting that all eukaryotic EF1 o s can bind
toactin. EF1 ot has been shown to colocalize with actin
filaments in Dictyostelium amoebae (Dharmawardhane
et al.,, 1991), mammary adenocarcinoma cells

Phalloidin: A drug that bundles actin filaments.
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(Edmonds et al., 1996), and in fibroblasts (Bassell
et al., 1994). The EF1 « implicated in 3-actin bind-
ing and bundling (Yang et al., 1990; Edmonds et al.,
1995) is the translationally competent form of EF1
based on enzymic activity iz vitro (Yang et al., 1993).

EFl associates with actin filaments in regions
where (-actin mRNA is anchored in crawling
cells such as cultured chicken embryo fibroblasts
(Liu et al., 2002) and rat adenocarcinoma cells
(Shestakova et al., 1999). EF1«x is associated with
actin filaments at the front of the cell and with small
filament bundles that are distinct from stress fibres
at the base of lamellipods (Liu et al., 2002; Edmonds
et al., 1996). In serum starved cells both [3-actin
mRNA and EF1x are diffusely distributed. The kin-
etics of recruitment of EFlx and mRNA to the
front of the cell and the cytoskeleton after stimu-
lation with serum or growth factors shows that EF1 o
precedes the recruitment of [3-actin mRNA to the
leading edge of the lamellipod (Edmonds et al., 1996;
Shestakova et al., 1999; Shestakova et al., 2001).
Visualization of EFlx at the electron-microscope
level in cultured cells demonstrates that EFlo is
bound along actin filaments and colocalizes with
mRNA on the filaments (Bassell et al., 1994; Liu
etal.,, 1996). The general conclusion from these
studies is that in crawling cells that target mRNAs,
EF1x associates with a population of actin filaments
to which mRNA becomes localized. Therefore, EF1
is a candidate for binding mRNA to actin filaments
at the site of mMRNA anchoring.

The biochemical properties of EF1x are consis-
tent with the participation of EFl in assembling
actin filaments into a compartment to which mRNA
becomes anchored and translated. The evidence sup-
porting this is summarized as follows.

(1) There are two actin-binding sites on EF1«,
one in the N-terminus of domain I (amino acids
1-49) and one in the C-terminus of domain III
(amino acids 403—456). This is consistent with an
atomic resolution model of EF1x (Liu et al., 2002).
The two binding sites can cross-link F-actin to form
bundles (Edmonds etal., 1995; Edmondsetal., 1996;
Murray et al., 1996). (2) EF1«x crosslinks actin fila-
ments by a unique square-pack bonding rule (where
the filaments are in the corners of a square) resulting
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in bundles that exclude other actin-binding proteins
that tend to follow a default hexagonal-bonding rule
(where the filaments are in the interstices of a
hexagon). This could create an EFlo-rich micro-
environment composed of a unique population of
actin filaments (Owen et al., 1992). (3) 3-Actin tends
to bind the GTP form of EF1 o under physiological
conditions. This GTP-EFlx can bind aminoacyl-
tRNA to domain I and is translationally competent
(Liu et al., 1996). (4) The binding of 3-Actin mRNA
to actin filaments 7z vitro and in vivo is EF1 x-specific.
[3-Actin mRNA binds to domain III of EF1«, and
domain IIT can act as a dominant-negative inhibitor
of 3-actin mRNA targeting 7z vivo (Liu et al., 2002).

EF1«x-binding site (EBS) of Diaphanous-
related formins may regulate the
EF1«-p-actin complex and mRNA
targeting

Downstream targets of RhoA and Cdc42 include
Bnilp in yeast, mDial—3 in mammals and Diaphan-
ous in Drosophila (Imamura et al., 1997; Watanabe
etal., 1997; Peng et al., 2003). These proteins are
members of the Diaphanous-related formin family,
sharing conserved formin homology (FH) domains
that mediate interactions with signalling kinases
and actin-binding proteins (Edmonds et al., 1995;
Wasserman, 1998). The functions of these proteins
are related to the regulation of cell motility and po-
larity. Diaphanous (Castrillon and Wasserman, 1994)
is required for cytokinesis, Bnilp is concentrated at
the tips of mating projections and can nucleate actin
polymerization iz vitro (Pruyne et al., 2002; Sagot
et al., 2002) and is required for yeast bud formation
(Evangelista et al., 1997; Imamura et al., 1997), and
mDial-3 are enriched in the cell cortex of crawl-
ing cells with actin bundles including filopodia
(Watanabe et al., 1997; Peng et al., 2003). Structural
comparisons indicate that mDia, Bnilp and Diaphan-
ous are the most highly related formins with more
distantly-related members including cappuccino and
formin (Watanabe et al., 1997). All contain FH1
and FH2 domains, and mDia3 and Bnilp contain a
RhoA and Cdc42 binding site (Peng et al., 2003). The
FH1 domains of mDia (Watanabe et al., 1997) and
Bnilp (Evangelistaetal., 1997; Imamuraetal., 1997;
Umikawa et al., 1998) are polyproline rich and bind
profilin 7z vitro and may mediate co-localization of
formins with profilin iz vivo (Watanabe et al., 1997).

Review

Binding to profilin is not regulated by Rho family
proteins.

Bnilp has been shown to bind to EF1 ¢ and inhibit
its actin binding 7z vitro (Umikawa et al., 1998). In
Bnilp, the EFl binding site called EBS has been
localized to a short sequence (amino acids 1328-
1513) between the FH1 and FH2 domains (Umikawa
et al., 1998; Liu et al., 2002). The sequence is suf-
ficient to block F-actin bundling iz vitro (Liu et al.,
2002). Over-expression in yeast of the Bnilp truncate
(amino acids 452—-1953), but not full-length Bnilp,
disrupts the usual distribution of F-actin in cells and
polarized budding (Evangelista et al., 1997). This
suggests that the EBS of Bnilp may regulate bind-
ing of EFl« to F-actin, since EF1 o contributes to
actin bundling iz vivo (Edmonds et al., 1996). In
mammalian cells, expression of the EBS (YEK-R)G
mutant of mDia3 that lacks EF1x binding, inhibits
bundling of actin filaments only in the cell cortex and
in filopodia without inhibiting stress fibre formation
(Peng et al., 2003).

BNII deletion mutants show temperature-sensi-
tive growth, abnormal morphology and unpolarized
distribution of cortical actin patches (Evangelista
etal., 1997; Imamura et al., 1997). Deletion of the
EBS from Bnilp (BNIT'1328—1513) results in a pro-
tein that still binds to profilin but fails to suppress the
BNII null phenotype (i.e. loss of cell polarity) indi-
cating that the interaction between EF1 ¢ and Bnilp
is important for the function of Bnilp in cell polar-
ity (Umikawa et al., 1998). These results also indi-
cate that changes in the actin cytoskeleton resulting
from deletion of the EBS in Bnilp are independent of
the interaction between Bnilp and profilin. Further-
more, the BNII mutation, SHES, prevents daughter
cell localization of the repressor of the HO gene,
Ashlp and ASH1 mRNA localization in daughter
cells (Jansen et al., 1996; Long et al., 1997). These
results indicate that the EFl1—Bnilp interaction
may be important for ASHI mRNA localization and
cell polarity. Finally, transfection of mammalian cells
with active but not with inactive RhoA and Cdc42
affects targeting of [3-actin mRNA to the front of
crawling cells (Latham et al., 2001). Since RhoA-C
and Cdc42 regulate the binding of mDias to actin and
EF1a (Peng et al., 2003), these results suggest that
mDias might regulate mRINA targeting to the actin
cytoskeleton by regulating the EF1 o—F-actin inter-
action.
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Scheme 1A schematic model for the relationship of the actin remodelling complex to the localization of 3-actin mRNA
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bundles in vitro and -actin mRNA
targeting in vivo

The biochemical properties of EFl o predict an an-
choring role for EF1 in [3-actin mRNA targeting
through the simultaneous binding to both F-actin
and mRNA. Recombinant EBS inhibits the bind-
ing of EFlx to F-actin and the binding of mRNA
to EF1a—F-actin bundles 7z vizro by dissolving the
bundles (Liu et al., 2002). In addition, expression of
GFP-EBS fusion protein inhibits the targeting of 3-
actin mRINA to the front of crawling cells (Liu et al.,
2002). These results indicate that an intact EF1 —
F-actin complex is needed for binding of mRNA
to F-actin and are consistent with the hypotheses that
EF1—F-actin is the anchor for 3-actin mRNA, and
that mDias regulate the formation of EF1~F-actin
bundles. The model shown in Scheme 1 summarizes
these results and proposes a mechanism by which
RhoA, Cdc42 and Bnilp/mDia regulate mRNA tar-
geting by regulating the assembly of the EFlo—
F-actin bundles and, therefore, the scaffold required
for mRNA localization at the cell front.

The consequences of targeting 3-actin
mRNA on cell polarity

The best example of the consequence of mRNA local-
ization in crawling cells is the effect of the localiz-

ation of [3-actin mRNA on cell behaviour. It has
been shown previously that crawling cells with high
intrinsic polarity localize {3-actin mRNA to the
leading edge (Kislauskis et al., 1994), and that
mRNA localization, cell polarity and movement are
disrupted experimentally by treating cells with anti-
sense oligonucleotides against the zipcode of [3-actin
mRNA (Kislauskis et al., 1997; Ross et al., 1997).
The effect of zipcode-directed antisense oligonu-
cleotides on the movement of chicken embryo fibro-
blasts has been studied using dynamic image analysis
software (DIAS). This revealed that these cells exhibit
high intrinsic polarity as reflected by their protrusion
of a lamellipod at only one side of the cell, resulting in
polarized directionality of locomotion. Treatment of
cells with antisense oligonucleotides, but not sense
oligonucleotides, corresponding to the zipcode se-
quence, delocalized [3-actin mRNA from the lead-
ing edge and caused a significant decrease in ‘direc-
tionality’ of movement (Shestakova et al., 2001). In
particular, lamellipods protruded during locomotion,
but protrusion direction was random and incon-
sistent. The underlying cause of this change in cell
polarity was investigated by localizing 3-actin pro-
tein and free barbed ends in cells before and after
treatment with zipcode-directed antisense oligonuc-
leotides to delocalize 3-actin mRNA. The results in
Figure 1 show that antisense but not control (sense)
oligonucleotides caused a delocalization of both

Directionality: A parameter measured by DIAS morphometry software quantifying the ability to hold to a single direction of locomotion.
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Figure 1| Delocalization of 3-actin mRNA causes loss of
polarized addition to actin filaments

Sites of rhodamine actin incorporation in zip code sense-
treated (Col1) and antisense treated (Col2) cells. Sense treat-
ment (A-C); antisense treatment (D-F). Rhodamine actin in-
corporation showing the location of freebarbed ends on actin
filaments (A and D). FITC-phalloidin-labelling of all actin fila-
ments (B and E). Phase-contrast image (C and F). Bar, 10 um.
Note that rhodamine actin incorporation sites are unpolar-
ized in antisense-treated cells. Reprinted from Shestakova
et al. (2001) Proc. Natl. Acad. Sci. U.S.A. 98, 7045-7050
[Copyright (2001) National Academy of Sciences, U.S.A.].

[3-actin protein and barbed ends from the leading
edge in fibroblasts, resulting in a random distribu-
tion of both. This was reversible upon removal of
oligonucleotides (Shestakova et al., 2001). This sug-
gests that the site of translation of [3-actin protein

Review

defines the location of nucleation of actin polymeriz-
ation and, therefore, cell polarity.

Cell polarity, metastatic potential

and mRNA targeting

The relationship between (3-actin mRNA targeting
and cancer invasion was investigated in a pair of cell
lines cloned from a breast adenocarcinoma primary
tumour representing the most metastatic and least
metastatic cells (MTLn3 and MTC, respectively) in
the primary tumour (Shestakova et al., 1999; Wang
et al., 2002). The presence of intrinsic polarity in
MTC cells and tumours is correlated with the stable
polarization of actin polymerization at one end of
the cell only, resulting in polarized locomotion. In-
trinsic cell polarity such as this is believed to cause
chemotactic inefficiency because a polarized cell can-
not extend protrusions from any side toward a source
of chemoattractant, but must turn the entire cell to-
ward the source (Condeelis et al., 2003; Condeelis
and Segall, 2003; Wang et al., 2003). In contrast,
carcinoma cells in MTLn3 tumours are unpolarized,
except when they are near blood vessels where they
become chemotactically polarized toward the blood
space (Wyckoff et al., 2000; Condeelis and Segall,
2003). These results suggest that cells that have pro-
ceeded through the epithelial mesenchymal trans-
ition (EMT) to the point where all remnants of the
intrinsic cell polarity of the original epithelium are
lost, such as MTLn3 cells, may be more sensitive to
external chemotactic signals and more attracted
to blood vessels in the primary tumour. A key dif-
ference between metastatic and non-metastatic cells
that may explain the inverse correlation between in-
trinsic cell polarity and metastasis is loss of the abil-
ity by metastatic cells to localize mRNA and pro-
teins that define cell polarity (Shestakova et al., 1999;
Condeelis and Segall, 2003). Highly metastatic cells
have lost the ability to target mRNA for [3-actin,
which is required to maintain a stable leading edge.
Without a stable leading edge, the intrinsic polar-
ity of the metastatic cell is lost and cell direction is
determined by signals from blood vessels, resulting
in chemotaxis toward blood vessels and intravasation
(Wyckoff et al., 2000; Condeelis and Segall, 2003).

Epithelial mesenchymal transition (EMT): The point where the epithelial cells are no longer connected by junctions and move as free, mesenchymal-like cells.
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Molecular profiling of MTLn3 and MTC cells and
tumours using both cDNA arrays and quantitative
real-time PCR demonstrates that non-metastatic
MTC cells and tumours express much higher levels of
ZBP1 than the metastatic MTLn3 cells and tumours
(Wang et al., 2002).

Low levels of ZBP1 expression in MTLn3 cells
results in the inability of MTLn3 cells to target
[3-actin mRNA to the leading edge (Wang et al.,
2002). Furthermore, invasive tumour cells isolated
from primary mammary tumours using chemotaxis
(Wyckoff et al., 2000) express 10-fold lower levels of
ZBP1 than cells that remain behind in the primary
tumour even though the cells were derived from
the same progenitor cell. Decreased ZBP1 expres-
sion is strongly correlated with random cell mo-
tility and heightened chemotaxis, resulting in a more
invasive and metastatic phenotype which is a con-
sequence of the loss of intrinsic cell polarity (Wang
et al., 2002). Invasive carcinoma cells expressing ex-
perimentally increased levels of ZBP1 after transfec-
tion with ZBP1 expression vectors exhibit increased
cell polarity, suppression of chemotaxis, and in-
hibited invasion. Additionally, the tumours made
from cell grafts of these ZBP1-expressing cells are
much less metastatic. Therefore, ZBP1 is a candidate
for a ‘metastasis repressor’, and, together with mRNA
targeting and analysis of tumour cell polarity around
blood vessels, might be used in prognosis.

-Actin isoform-specific sorting

A case can be made for 3-actin isoform-specific sort-
ing that would capitalize on the targeting of 3-actin
mRNA. There are many actin-binding proteins that
have a preferred interaction for one isoform of actin
over another. Profilin (Schutt et al., 1993; Kinosian
et al., 2002), thymosin 34 (Weber et al., 1992), L-
plastin (Namba et al., 1992; Hofer et al., 1997), and
[Bcap73 (Welch and Herman, 2002) prefer to bind
to [3-actin while ezrin forms an indirect complex ex-
clusively with 3-actin (Shuster and Herman, 1995),
and annexin V (Tzima et al., 2000) preferentially
binds to P-actin. Since profilin, ezrin and [cap73
are associated with the plasma membrane in apical
structures, their preference for [3-actin might create
an apical zone where [3-actin would be accumulated.
While localized translation of 3-actin might initiate
the site of accumulation of 3-actin protein, the special
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properties resulting from the interaction of (3-actin
with these and other actin-binding proteins would
determine the function of (3-actin-rich apical struc-
tures such as the leading edge. In this regard, profilin
is of particular interest. Profilin exchanges bound
nucleotide faster on 3-actin than y-actin, making
[3-actin more suited to the rapid monomer recycl-
ing known to occur at the leading edge in crawling
cells (Kinosian et al., 2000). Profilin can form a high
affinity complex with 3-actin iz vitro (Kinosian et al.,
2000) and 7 vivo (Segura and Lindberg, 1984) where
the actin is highly stable and polymerizable. Micro-
injection of the high affinity profilin—actin complex
into cells causes actin polymerization and protrusion
activity while microinjection of profilin alone has the
opposite effects (Cao et al., 1992). Shuttling of
the profilin—actin complex to polymerizing barbed
ends by VASP (Bear et al., 2002) and N-WASP
(Suetsugu et al., 1998) is required to antagonize cap-
ping of free barbed ends, of an actin filament preferred
for polymerization, in lamellipods and to elong-
ate filopods respectively. These results indicate that
[3-actin has special properties that contribute to the
positioning of free barbed ends and the rapid elonga-
tion of actin filaments in the leading edge of protru-
sions in crawling cells, and that profilin may play an
important role in (3-actin function. This is important
because in crawling cells the size and location of the
initial protrusion determines subsequent steps in
the motility cycle, and the directionality and speed of
locomotion.

[3-Actin protein appears to be accumulated and
stored just behind the leading edge in a non-
filamentous form to supply monomers for polymer-
ization at the leading edge. In vertebrate cells, non-
filamentous actin-containing particles (NFAP) have
been identified by comparing the localization pat-
terns of actin stained with vitamin D-binding pro-
tein (DBP), which binds exclusively to G-actin with
5 nM K affinity, various actin antibodies, and phal-
loidin which binds to F-actin (Hoock et al., 1991;
Cao et al., 1993). NFAPs are found in lamellipods
just behind the actin nucleation zone in the leading
edge. Fluorescently labelled profilin (Tarachandani
and Wang, 1996) and actin (Cao et al., 1993),
both with wild-type activity, eventually localize to
NFAPs after microinjection, suggesting the forma-
tion of a profilin—actin complex in NFAPs. This is
an important observation given the properties of the
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profilin—actin complex. Profilin depolymerizes actin
filaments by a combination of blocking addition
of monomers at the barbed end (Kinosian et al.,
2002), uncapping filaments, and monomer seques-
tering (Bubb et al., 2003). Profilin—actin complex,
on the other hand, increases the rate of elongation
of actin filaments at the barbed end both in vitro
(Kinosian et al., 2000; Loisel et al., 1999) and
in vivo in filopods (Cao et al., 1992) and at the leading
edge of lamellipods (Bear et al., 2002). These results
are consistent with the microinjection into cells of
profilin—actin complex causing the polymerization
of actin and lamellipod protrusion while the micro-
injection of profilin alone has the opposite effects
(Suetsugu et al., 1998). Furthermore, profilin—actin
complex is essential for Listeria motility (Dickinson
et al., 2002; Grenklo et al., 2003) where the rate of
elongation of actin filaments and Listeria speed are
dependent on positioning profilin at sites of poly-
merization (Loisel et al., 1999; Geese et al., 2000).
The work in vertebrate cells follows a literature docu-
menting NFAPs in gametes of marine invertebrates
(Tilney et al., 1973; Tilney, 1976; Spudich et al.,
1988; Bonder et al., 1989). In Thyone sperm, the non-
filamentous actin in NFAPs is complexed with pro-
filin (Tilney, 1976; Tilney et al., 1983). The NFAPs in
gametes support rapid polymerization of actin during
fertilization.

The proposed mechanism for how the profilin—
actin complex specifically affects elongation of barbed
ends is that profilin binds to polyproline sequences
on Ena/VASP family proteins that are associated with
barbed ends, resulting in very high local concentra-
tions of profilin—actin complex (Kang et al., 1997).
This increases both the rate of polymerization from,
and longevity of, the barbed ends (Bear et al., 2002).
Therefore, the localization of profilin and actin con-
taining NFAPs near sites of actin polymerization in
the leading edge could increase the rate and extent
of polymerization there. If 3-actin is the isoform
accumulated in NFAPs, and NFAPs supply profilin—
[3-actin for polymerization, this would result in the
observed concentration of (3-actin in leading edge
filaments. Therefore we must ask: is [3-actin pro-
tein preferentially accumulated in NFAPs, if so, is
the (3-actin protein in NFAPs dependent on 3-actin
mRNA targeting to NFAPs, is (3-actin in NFAPs
bound to profilin, and is 3-actin in NFAPs preferred
for barbed-end elongation at the leading edge?

Review

A model: cell movement and 3-actin
mRNA localization

The molecular mechanism by which polarity of cell
crawling is affected by (-actin mRNA localiza-
tion could depend on several interdependent events:
(1) localized synthesis of (3-actin drives lamellipod
protrusion; (2) specific proteins requiring the (3-actin
isoform are responsible for protrusion; (3) localiz-
ation to the leading edge of the mRNAs for an actin-
nucleating complex; and (4) 3-actin mRNA localiz-
ation is important not for the protrusion event, but
rather for the assembly of the focal-adhesion com-
plex. A discussion of the evidence for each of these is
detailed below (see also Shestakova et al., 2001).

The localized synthesis of 3-actin could supply at
most 100000 (-actin monomers per min (Kislauskis
et al., 1997); however, the protrusion of a lamellipod
requires a minimum of fifty times this amount (Chan
et al., 1998). Therefore, it is unlikely that newly syn-
thesized -actin could contribute to the rate of actin
polymerization at the leading edge in the short term.
Since [3-actin mRNA is restricted to the leading
edge, however, all of the 3-actin that is synthesized
is done so in a very small volume, the thin lamelli-
pod. Therefore the effective concentration of 3-actin
is increased and might influence actin polymeriz-
ation in this restricted volume. Furthermore, newly
synthesized actin could have a faster rate of polymer-
ization, as actin is modified by post-translational en-
zymes (Solomon and Rubinstein, 1987). Thus ‘new’
actin may have a higher affinity for a nucleation com-
plex than ‘old’ actin. For instance, interaction of a
chaperone with the [3-actin nascent chain (Hansen
et al., 1999) could promote assembly of a nucleation
complex near the site of synthesis. Alternatively, the
synthesis of (3-actin away from proteins that may pre-
vent its polymerization, such as profilin or thymosin
[3-4, could sequester monomers into compartments
primed for addition to barbed ends, unimpeded by
inhibitory proteins.

Another explanation is related to the specific
properties of the [3-actin isoform, which is the only one
to be localized to the leading edge in fibroblasts and
myoblasts (Kislauskis et al., 1993), or neurons (Zhang
et al.,, 1999). 3-Actin monomers may be the only
isoform that could be preferentially stored and hence
allowed to ‘build up’ in preparation for polymeriz-
ation at the leading edge. In this scenario, the local
accumulations of G-actin could be released suddenly

www.biolcell.org | Volume 97 (1) | Pages 97-110

105



106

Biolg
of the C g}i l

upon stimulation, and their location would determ-
ine sites of actin polymerization. Potential storage
compartments of non-filamentous actin have been
identified using vitamin D-binding protein (DBP),
which binds to 3-actin monomers with high affinity,
and comparing this to phalloidin, which binds only
to filamentous actin (Cao et al., 1993). Stores of non-
filamentous actin have been found at the leading edge
and were located adjacent to sites of actin polymeriz-
ation. This is the region of the cell where the (3-actin
mRNA is present, so it is feasible that translation of
the mRNA gives rise to these localized pools.

[3-Actin has unique properties that support the
hypothesis that it is particularly suited for cell motil-
ity. First of all, it is found preferentially at the leading
edge of crawling cells. 3-Actin does not substitute
for oc-actin in either the formation of stress fibres
(Cao et al., 1993) or myofibrils in cardiomyocytes
(von Arx et al., 1995). It also has a higher affin-
ity for actin-binding proteins that are believed to
function at the leading edge of crawling cells, e.g.
ezrin (Shuster and Herman, 1995), profilin (Segura
and Lindberg, 1984), thymosin (34 (Weber et al.,
1992) and L-plastin (Namba et al., 1992). The barbed
end may be capped in an isoform-specific manner,
for instance by [3-cap 73 (Shuster et al., 1996). The
Arp2/3 complex is required for nucleation of actin
filaments at the leading edge (Machesky et al., 1997,
Bailly et al., 1998; Mullins et al., 1998; Welch et al.,
1998). Therefore, preference for the (3-actin isoform
by the Arp2/3 complex would require local synthesis
of 3-actin to supply the preferred monomer for poly-
merization, and the capping of the barbed ends would
increase the branching, and hence the force needed
for protrusion. Newly formed actin filaments and
their interaction with [3-actin isoform-specific bind-
ing proteins, would provide stability for cell polarity
and this would provide directional motility for the
cell (Liu, 1996).

[3-Actin mRNA is not the only mRNA that can be
localized. Many of the mRNAs for motility-related
proteins contain sequence homology to the (3-actin
mRNA zipcode. The sequence GACUX7_336 ACACC s
found in (3-actin mRNAs known to target to the lead-
ing edge from all vertebrates. Besides [3-actin mRNA
and the mRNAs for all seven Arp2/3 subunits (G. Lui,
personal communication), some other examples of
mRNA with this zipcode are myosin IIB, zyxin,
x-actinin, tropomyosin 1, and myosin VI (A. Wells,
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personal communication). Therefore we predict that
they will be recognized by the same localization
mechanism that targets 3-actin mRNA to the lead-
ing edge. Mutation of the zipcode consensus se-
quence ACACCC, in a reporter mRNA introduced
into fibroblasts, resulted in a failure to localize to the
leading edge (Kislauskisetal.,1997; Rossetal., 1997).
This occurs even if the 3-actin coding sequence is used
as the reporter mRNA. Localization of 3-actin mRNA
occurs within minutes in response to serum stimu-
lation (Latham et al., 1994). Signalling mechanisms
operating through the Rho kinase pathway may be
involvedinthelocalizationofmotility-relatedmRNAs,
thereby coordinating their temporal and spatial dis-
tribution and expression (Latham et al., 2001).

A rationale for the asymmetric localization of
mRNAs is that any polarized cell must be composed
of asymmetrically distributed proteins. It stands to
reason that proteins besides (3-actin are synthesized
nearby and would provide an increased likelihood of
interactions among proteins relevant to the structural
and functional identity of the lamellipod. All of these
considerations lead to the conclusion that a complex-
ity of RNA sequences in some way contributes to cell
motility. These sequences probably contain a com-
mon motif that creates a recognizable structure that
serves as a nucleating platform for mRNA localiz-
ation and translational regulation. Conversely, if one
of the mRNAs is localized to the wrong place, the cell
structure is severely disrupted. For instance, when
the zipcode for 3-actin mRNA was transferred to
vimentin, a protein that is not supposed to be at the
leading edge, the leading edge became branched and
attenuated (Morris et al., 2000). This also supports
the argument that synthesis of the correct protein
in the correct place (near the leading edge) is an
important requirement for cell structure and polar-
ity. Further investigation will clarify the mechanism
by which RNA localization leads to cell asymmetry.

Finally, a fourth possible mechanism whereby
[3-actin mRNA can affect cell behaviour could be
through the focal adhesion complex. We have shown
that integin receptors can mediate RNA localization
(Chicurel et al., 1998) and it is likely that one struc-
ture initiated by mRNA localization could be the fo-
cal adhesion. Like the lamellipod, the focal-adhesion
complex requires the participation of many proteins
to effect its function. The presence of RNA and
RNA-binding proteins in actin-rich structures found
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in the early stages of cell spreading would suggest that
localized synthesis of these proteins occurs (de Hoog
etal., 2004). Since focal adhesions are required for cell
motility, it is possible that the localization of [3-actin
mRNA participates in the genesis of these structures,
and in this way provides for the forward movement,
in concert with its generation of actin monomers for
protrusive extension of the lamellipod.

Since the discovery of [3-actin mRNA localization
in fibroblasts (Lawrence and Singer, 1986), localiz-
ation seems to be a general feature of polarized cells.
For instance, neurons localize 3-actin mRNA to the
growth cone of developing neurites (Zhang et al.,
1999). The translation of [3-actin protein in the
growth cone is essential for neurite extension; delocal-
ization of the mRNA results in growth cone retrac-
tion (Bassell and Singer, 2001). The field of RNA
localization has developed rapidly since the discovery
that mislocalization of the RNA can lead to a signifi-
cantly altered phenotype or lethality in Drosophila
development or vyeast mating type switching
(St Johnston, 1995; Long et al., 1997; Hazelrigg,
1998; Morris et al., 2000). Embryonic neural crest
cells localize [3-actin mRNA at their leading edge,
in the direction of their migration. Disruption of the
protein involved in this localization, the homologue
of ZBP1 in Xenopus, results in severe embryological
defects in forebrain development (Yaniv et al., 2003).
In some of these cases mRINA localization is required
for normal development and differentiation because
the localized mRNA codes for nuclear determinants,
and become segregated to create different cellular
lineages. The specific localization we describe for
[3-actin is important for somatic cells: it determines
their structure and function. For this aspect of RNA
localization, proteins required for cell migration, re-
sponse to environmental cues and consequent gen-
eration of cell polarity occur because of the spatial
segregation of their cognate mRNAs, and are not,
in the short term, related to transcription of genes.
This provides a way by which the mechanism con-
trolling the behaviour and structure of the cell can
rapidly respond to environmental cues without any
need for transcription; a process we characterize as
‘gene expression in the cytoplasm’.

Acknowledgements
We thank National Institutes of Health for grants
AR44480 (R.H.S.) and GM25813 (J.C.).

Review

References

*Articles of special interest

Adams, A., Fey, E.G., Pike, S.F, Taylorson, C.J., White, H.A. and
Rabin, B.R. (1983) Preparation and properties of a complex from
rat liver of polyribosomes with components of the cytoskeleton.
Biochem. J. 216, 215-226

Ainger, K., Avossa, D., Diana, A.S., Barry, C., Barbarese, E. and
Carson, J.H. (1997) Transport and localization elements in myelin
basic protein mRNA. J. Cell Biol. 138, 1077-1087

Ainger, K., Avossa, D., Morgan, F., Hill, S.J., Barry, C., Barbarese, E.
and Carson, J.H. (1993) Transport and localization of exogenous
myelin basic protein mRNA microinjected into oligodendrocytes.
J. Cell Biol. 123, 431-441

Bailly, M., Yan, L., Whitesides, G.M., Condeelis, J.S. and Segall, J.E.
(1998) Regulation of protrusion shape and adhesion to the
substratum during chemotactic responses of mammalian
carcinoma cells. Exp. Cell Res. 241, 285-299

Barbarese, E., Koppel, D.E., Deutscher, M.P., Smith, C.L.,
Ainger, K., Morgan, F. and Carson, J.H. (1995) Protein translation
components are colocalized in granules in oligodendrocytes.
J. Cell Sci. 108, 2781-2790

Bashirullah, A., Cooperstock, R.L. and Lipshitz, H.D. (1998) RNA
localization in development. Annu. Rev. Biochem. 67, 335-394

Bassell, G.J. and Singer, R.H. (2001) Neuronal RNA localization and
the cytoskeleton. Results Prob. Cell Differ 34, 41-56

Bassell, G.J., Powers, C.M., Taneja, K.L. and Singer, R.H. (1994)
Single mRNAs visualized by ultrastructural in situ hybridization are
principally localized at actin filament intersections in fibroblasts.
J. Cell Biol. 126, 863-876

Bear, J.E., Svitkina, T.M., Krause, M., Schafer, D.A., Loureiro, J.J.,
Strasser, G.A., Maly, 1.V., Chaga, O.Y., Cooper, J.A., Borisy, G.G.
and Gertler, F.B. (2002) Antagonism between Ena/VASP
proteins and actin filament capping regulates fibroblast motility.
Cell (Cambridge, Mass.) 109, 509-521

Behar, L., Marx, R., Sadot, E., Barg, J. and Ginzburg, I. (1995)
cis-Acting signals and trans-acting proteins are involved in tau
mRNA targeting into neurites of differentiating neuronal cells.
Int. J. Dev. Neurosci. 13, 113-127

Bonder, E.M., Fishkind, D.J., Cotran, N.M. and Begg, D.A. (1989)
The cortical actin-membrane cytoskeleton of unfertilized sea
urchin eggs: analysis of the spatial organization and relationship
of filamentous actin, nonfilamentous actin, and egg spectrin.
Dev. Biol. 134, 327-341

Bubb, M.R., Yarmola, E.G., Gibson, B.G. and Southwick, F.S. (2003)
Depolymerization of actin filaments by profilin. Effects of profilin on
capping protein function. J. Biol. Chem. 278, 24629-24635

*Cao, L.G., Babcock, G.G., Rubenstein, P.A. and Wang, Y.L. (1992)
Effects of profilin and profilactin on actin structure and function in
living cells. J. Cell Biol. 117, 1023-1029

*Cao, L.G., Fishkind, D.J. and Wang, Y.L. (1993) Localization and
dynamics of nonfilamentous actin in cultured cells. J. Cell Biol.
123, 173-181

Carson, J.H., Worboys, K., Ainger, K. and Barbarese, E. (1997)
Translocation of myelin basic protein mRNA in oligodendrocytes
requires microtubules and kinesin. Cell Motil. Cytoskeleton 38,
318-328

Castrillon, D.H. and Wasserman, S.A. (1994) Diaphanous is required
for cytokinesis in Drosophila and shares domains of similarity with
the products of the limb deformity gene. Development 120,
3367-3377

*Chan, A.Y., Raft, S., Bailly, M., Wyckoff, J.B., Segall, J.E. and
Condeelis, J.S. (1998) EGF stimulates an increase in actin
nucleation and filament number at the leading edge of the
lamellipod in mammary adenocarcinoma cells. J. Cell Sci. 111,
199-211

www.biolcell.org | Volume 97 (1) | Pages 97-110

107



108

Biolg
of the C g}i l

Chicurel, M., Singer, R.H., Meyer, C.J. and Ingber, D.E. (1997)
Integrin binding and mechanical tension induce movement of
mRNA and ribosomes to focal adhesions. Nature (London) 392,
730-733

Clark, I., Giniger, E., Ruohola-Baker, H., Jan, L.Y. and Jan, Y.N. (1994)
Transient posterior localization of a kinesin fusion protein reflects
anteroposterior polarity of the Drosophila oocyte.

Curr. Biol. 4, 289-300

*Condeelis, J. and Segall, J.E. (2003) Intravital imaging of cell
movement in tumours. Nat. Rev. Cancer 3, 921-930

Condeelis, J., Song, X., Backer, J., Wyckoff, J. and Segall, J. (2003)
Chemotaxis of cancer cells during invasion and metastasis. In Cell
Motility: From Molecules to Organisms (Ridley, A.,

Peckham, M. and Clark, P, eds), Chapter 11, John Wiley &
Sons, Ltd

Dancker, P, Low, I., Hasselbach, W. and Wieland, T. (1975)
Interaction of actin with phalloidin: polymerization and stabilization
of F-actin. Biochim. Biophys. Acta 400, 407-414

*De Hoog, C.L., Foster, L.J. and Mann, M. (2004) RNA and
RNA-binding proteins participate in early stages of cell spreading
through spreading initiation centres. Cell (Cambridge, Mass.) 117,
649-662

*Deshler, J.0., Highett, M.l., Abramson, T. and Schnapp, B.J.
(1998) A highly conserved RNA-binding protein for cytoplasmic
mRNA localization in vertebrates. Curr. Biol. 8, 489-496

Dharmawardhane, S., Demma, M., Yang, F. and Condeelis, J. (1991)
Compartmentalization and actin-binding properties of ABP-50: the
elongation factor-1« of Dictyostelium. Cell Motil. Cytoskeleton 20,
279-288

Dickinson, R.B., Southwick, F.S. and Purich, D.L. (2002) A
direct-transfer polymerization model explains how the multiple
profilin-binding sites in the actoclampin motor promote rapid
actin-based motility. Arch. Biochem. Biophys. 406, 296-301

Edmonds, B.T., Murray, J. and Condeelis, J. (1995) pH regulation of
the F-actin-binding properties of Dictyostelium elongation factor
1«. J. Biol. Chem. 270, 15222-15230

*Edmonds, B.T., Wyckoff, J., Yeung, Y.G., Wang, Y., Stanley, E.R.,
Jones, J., Segall, J. and Condeelis, J. (1996) Elongation
factor-1« is an overexpressed actin-binding protein in metastatic
rat mammary adenocarcinoma. J. Cell Sci. 109, 2705-2714

*Eom, T., Antar, L.N., Singer, R.H. and Bassell, G.J. (2003)
Localization of a 3-actin messenger ribonucleoprotein complex
with zipcode-binding protein modulates the density of dendritic
filopodia and filopodial synapses. J. Neurosci. 23, 10433-10444

Ephrussi, A., Dickinson, L.K. and Lehmann, R. (1991) Oskar
organizes the germ plasm and directs localization of the
posterior determinant nanos. Cell (Cambridge, Mass.) 66,

37-50

*Evangelista, M., Blundell, K., Longtine, M.S., Chow, C.J.,
Adames, N., Pringle, J.R., Peter, M. and Boone, C. (1997) Bni1p,
a yeast formin linking Cdc42p and the actin cytoskeleton during
polarized morphogenesis. Science (Washington, D.C.) 276,
118-122

*Farina, K.L., Huttelmaier, S., Musunuru, K., Darnell, R. and
Singer, R.H. (2003) Two ZBP1 KH domains facilitate 3-actin mMRNA
localization, granule formation, and cytoskeletal attachment.

J. Cell Biol. 160, 77-87

Ferrandon, D., Elphick, L., Nusslein-Volhard, C. and St Johnston, D.
(1994) Staufen protein associates with the 3'UTR of bicoid mRNA
to form particles that move in a microtubule-dependent manner.
Cell (Cambridge, Mass.) 79, 1221-1232

*Fusco, D., Accornero, N., Lavoie, B., Shenoy, S.M., Blanchard,
J.M,, Singer, R.H. and Bertrand, E. (2003) Single mRNA
molecules demonstrate probabilistic movement in living
mammalian cells. Curr. Biol. 13, 161-167

© Portland Press 2005 | www.biolcell.org

J. Condeelis and R.H. Singer

Geese, M., Schiuter, K., Rothkegel, M., Jockusch, B.M., Wehland, J.
and Sechi, A.S. (2000) Accumulation of profilin Il at the surface of
Listeria is concomitant with the onset of motility and correlates
with bacterial speed. J. Cell Sci. 113, 1415-1426

Gonsalvez, G.B., Urbinati, C.R. and Long, R.M. (2005) RNA
localization in yeast? Moving towards a mechanism. Biol. Cell 97,
75-86

Grenklo, S., Geese, M., Lindberg, U., Wehland, J., Karlsson, R.
and Sechi, A.S. (2003) A crucial role for profilin-actin in the
intracellular motility of Listeria monocytogenes. EMBO Rep. 4,
523-529

Grossi de Sa, M.F.,, Martins de Sa, C., Harper, F.,, Olink-Coux, M.,
Huesca, M. and Scherrer, K. (1988) The association of prosomes
with some of the intermediate filament networks of the animal cell.
J. Cell Biol. 107, 1517-1530

Hamill, D., Davis, J., Drawbridge, J. and Suprenant, K.A. (1994)
Polyribosome targeting to microtubules: enrichment of specific
mRNAs in a reconstituted microtubule preparation from sea urchin
embryos. J. Cell Biol. 127, 973-984

Hansen, W.J., Cowan, N.J. and Welch, W.J. (1999) Prefoldin-
nascent chain complexes in the folding of cytoskeletal proteins.
J. Cell Biol. 145, 265-277

Hazelrigg, T. (1998) The destinies and destinations of RNAs.

Cell (Cambridge, Mass.) 95, 451-460

Hesketh, J.E. and Pryme, I.F. (1991) Interaction between mRNA,
ribosomes and the cytoskeleton. Biochem. J. 277, 1-10

Heuser, J.E. and Kirschner, M.W. (1980) Filament organization
revealed in platinum replicas of freeze-dried cytoskeletons.

J. Cell Biol. 86, 212-234

Hill, M.A. and Gunning, P. (1993) 3- and y-actin mRNAs are
differentially located within myoblasts. J. Cell Biol. 122, 825-832

Hill, M.A., Schedlich, L. and Gunning, P. (1994) Serum-induced signal
transduction determines the peripheral location of 3-actin mRNA
within the cell. J. Cell Biol. 126, 1221-1229

Hofer, D., Ness, W. and Drenckhahn, D. (1997) Sorting of actin
isoforms in chicken auditory hair cells. J. Cell Sci. 110, 765-770

*Hoock, T.C., Newcomb, P.M. and Herman, .M. (1991) 3-Actin and
its mRNA are localized at the plasma membrane and the regions of
moving cytoplasm during the cellular response to injury.

J. Cell Biol. 112, 653-664

Imamura, H., Tanaka, K., Hihara, T., Umikawa, M., Kamei, T.,
Takahashi, K., Sasaki, T. and Takai, Y. (1997) Bni1p and Bnrip:
downstream targets of the Rho family small G-proteins which
interact with profilin and regulate actin cytoskeleton in
Saccharomyces cerevisiae. EMBO J. 16, 2745-2755

Jansen, R.P, Dowzer, C., Michaelis, C., Galova, M. and Nasmyth, K.
(1996) Mother cell-specific HO expression in budding yeast
depends on the unconventional myosin myo4p and other
cytoplasmic proteins. Cell (Cambridge, Mass.) 84, 687-697

Janson, L.W., Ragsdale, K. and Luby-Phelps, K. (1996) Mechanism
and size cutoff for steric exclusion from actin-rich cytoplasmic
domains. Biophys. J. 71, 1228-1234

Kang, F, Laine, R.O., Bubb, M.R., Southwick, F.S. and Purich, D.L.
(1997) Profilin interacts with the Gly-Pro-Pro-Pro-Pro-Pro
sequences of vasodilator-stimulated phosphoprotein (VASP):
implications for actin-based Listeria motility. Biochemistry 36,
8384-8392

Kinosian, H.J., Selden, L.A., Gershman, L.C. and Estes, J.E.

(2000) Interdependence of profilin, cation, and nucleotide
binding to vertebrate non-muscle actin. Biochemistry 39,
13176-13188

Kinosian, H.J., Selden, L.A., Gershman, L.C. and Estes, J.E. (2002)
Actin filament barbed-end elongation with nonmuscle
MgATP-actin and MgADP-actin in the presence of profilin.
Biochemistry 41, 6734-6743



How and why does 3-actin mRNA target?

*Kislauskis, E.H., Li, Z., Singer, R.H. and Taneja, K.L. (1993)
Isoform-specific 3’-untranslated sequences sort x-cardiac and
B-cytoplasmic actin messenger RNAs to different cytoplasmic
compartments. J. Cell Biol. 123, 165-172

*Kislauskis, E.H., Zhu, X. and Singer, R.H. (1994) Sequences
responsible for intracellular localization of 3-actin messenger RNA
also affect cell phenotype. J. Cell Biol. 127, 441-451

*Kislauskis, E.H., Zhu, X. and Singer, R.H. (1997) 3-actin
messenger RNA localization and protein synthesis augment cell
motility. J. Cell Biol. 136, 1263-1270

Kleiman, R., Banker, G. and Steward, O. (1994) Development of
subcellular MRNA compartmentation in hippocampal neurons in
culture. J. Neurosci. 14, 1130-1140

Knowles, R.B., Sabry, J.H., Martone, M.E., Deerinck, T.J., Ellisman,
M.H., Bassell, G.J. and Kosik, K.S. (1996) Translocation of RNA
granules in living neurons. J. Neurosci. 16, 7812-7820

*Latham, Jr, V.M., Kislauskis, E.H., Singer, R.H. and Ross, A.F.
(1994) B-actin mRNA localization is regulated by signal
transduction mechanisms. J. Cell Biol. 126, 1211-1219

Latham, Jr, V.M., Yu, E.H., Tullio, A.M., Adelstein, R.S. and Singer,
R.H. (2001) A Rho-dependent signalling pathway operating
through myosin localizes -actin mRNA in fibroblasts. Curr. Biol.
11,1010-1016

*Lawrence, J.B. and Singer, R.H. (1986) Intracellular
localization of messenger RNAs for cytoskeletal proteins.

Cell (Cambridge, Mass.) 45, 407-415

Lenk, R. and Penman, S. (1979) The cytoskeletal framework and
poliovirus metabolism. Cell (Cambridge, Mass.) 16, 289-301

*Liu, G., Edmonds, B. and Condeelis, J. (1996) pH, EF1a and the
actin cytoskeleton. Trends Cell Biol. 6, 168-171

*Liu, G., Grant, W.M., Persky, D., Latham, Jr, V.M., Singer, R.H.
and Condeelis, J. (2002) Interactions of elongation factor 1o with
F-actin and -actin mRNA: implications for anchoring mRNA in cell
protrusions. Mol. Biol. Cell 13, 579-592

Liu, G., Tang, J., Edmonds, B.T., Murray, J., Levin, S. and
Condeelis, J. (1996) F-actin sequesters elongation factor 1o« from
interaction with aminoacyl-tRNA in a pH-dependent reaction.

J. Cell Biol. 135, 953-963

Loisel, T., Boujemaa, R., Pantaloni, D. and Carlier, M. (1999)
Reconstitution of actin-based motility of Listeria and Shigella using
pure proteins. Nature (London) 401, 613-616

Long, R.M., Singer, R.H., Meng, X., Gonzalez, |., Nasmyth, K.
and Jansen, R.P. (1997) Mating type switching in yeast
controlled by asymmetric localization of ASH1 mRNA.
Science (Washington, D.C.) 277, 383-387

Machesky, L.M., Reeves, E., Wientjes, F., Mattheyse, F.J.,
Grogan, A., Totty, N.F,, Burlingame, A.L., Hsuan, J.J. and
Segal, A.W. (1997) Mammalian actin-related protein 2/3 complex
localizes to regions of lamellipodial protrusion and is composed of
evolutionarily conserved proteins. Biochem. J. 328, 105-112

*Morris, E.J., Evason, K., Wiand, C., L’Ecuyer, T.J. and Fulton,
A.B. (2000) Misdirected vimentin messenger RNA alters cell
morphology and motility. J. Cell Sci. 113, 2433-2443

*Mullins, R.D., Heuser, J.A. and Pollard, T.D. (1998) The interaction
of Arp2/3 complex with actin: nucleation, high affinity pointed end
capping, and formation of branching networks of filaments.

Proc. Natl. Acad. Sci. U.S.A. 95, 6181-6186

*Murray, J.W., Edmonds, B.T., Liu, G. and Condeelis, J. (1996)
Bundling of actin filaments by elongation factor 1« inhibits
polymerization at filament ends. J. Cell Biol. 135, 1309-1321

Namba, Y., Ito, M., Zu, Y., Shigesada, K. and Maruyama, K. (1992)
Human T cell L-plastin bundles actin filaments in a calcium-
dependent manner. J. Biochem. (Tokyo) 112, 503-507

*Oleynikov, Y. and Singer, R.H. (2003) Real-time visualization of
ZBP1 association with 3-actin mRNA during transcription and
localization. Curr. Biol. 13, 199-207

Review

Ornelles, D.A., Fey, E.G. and Penman, S. (1986) Cytochalasin
releases MRNA from the cytoskeletal framework and inhibits
protein synthesis. Mol. Cell Biol. 6, 1650-1662

Owen, C.H., DeRosier, D.J. and Condeelis, J. (1992) Actin
crosslinking protein EF-1a of Dictyostelium discoideum has a
unique bonding rule that allows square-packed bundles.

J. Struct. Biol. 109, 248-254

Peng, J., Wallar, B.J., Flanders, A., Swiatek, P.J. and Alberts, A.S.
(2003) Disruption of the Diaphanous-related formin Drf1 gene
encoding mDia1 reveals a role for Drf3 as an effector for Cdc42.
Curr. Biol. 13, 5634-545

Pruyne, D., Evangelista, M., Yang, C., Bi, E., Zigmond, S.,

Bretcher, A. and Boone, C. (2002) Role of formins in actin
assembly: nucleation and barbed-end association.
Science (Washington, D.C.) 297, 612-615

Ramaekers, F.C., Benedetti, E.L., Dunia, I., Vorstenbosch, P. and
Bloemendal, H. (1983) Polyribosomes associated with
microfilaments in cultured lens cells. Biochim. Biophys. Acta 740,
441-448

*Ross, A.F., Oleynikov, Y., Kislauskis, E.H., Taneja, K.L. and
Singer, R.H. (1997) Characterization of a f-actin mMRNA
zipcode-binding protein. Mol. Cell Biol. 17, 2158-2165

Sagot, |., Rodal, A.A., Moseley, J., Goode, B.L. and Pellman, D.
(2002) An actin nucleation mechanism mediated by Bni1 and
profilin. Nat. Cell Biol. 4, 626-631

Schutt, C.E., Myslik, J.C., Rozycki, M.D., Goonesekere, N.C. and
Lindberg, U. (1993) The structure of crystalline profilin--actin.
Nature (London) 365, 810-816

Segura, M. and Lindberg, U. (1984) Separation of non-muscle
isoactins in the free form or as profilactin complexes.

J. Biol. Chem. 259, 3949-3954

Shestakova, E.A., Motuz, L.P.,, Minin, A.A., Gelfand, V.l. and
Gauvrilova, L.P. (1991) Some of eukaryotic elongation factor 2 is
colocalized with actin microfilament bundles in mouse embryo
fibroblasts. Cell Biol. Int. Reports 15, 75-84

*Shestakova, E.A., Singer, R.H. and Condeelis, J. (2001) The
physiological significance of (3-actin mRNA localization in
determining cell polarity and directional motility. Proc. Natl.
Acad. Sci. U.S.A. 98, 7045-7050

*Shestakova, E.A., Wyckoff, J., Jones, J., Singer, R.H. and
Condeelis, J. (1999) Correlation of 3-actin messenger RNA
localization with metastatic potential in rat adenocarcinoma cell
lines. Cancer Res. 59, 1202-1205

Shuster, C.B. and Herman, .M. (1995) Indirect association of ezrin
with F-actin: isoform specificity and calcium sensitivity. J. Cell Biol.
128, 837-848

Shuster, C.B., Lin, A.Y., Nayak, R. and Herman, .M. (1996) Bcap73: a
novel 3-actin-specific binding protein. Cell Motil. Cytoskeleton 35,
175-187

Solomon, L.R. and Rubenstein, PA. (1987) Studies on the role of
actin’s N tau methylhistidine using oligonucleotide-directed
site-specific mutagenesis. J. Biol. Chem. 262, 11382-11388

Sprinzl, M. (1994) Elongation factor Tu: a regulatory GTPase with an
integrated effector. Trends Biochem. Sci. 19, 245-250

Spudich, A., Wrenn, J.T. and Wessells, N.K. (1988) Unfertilized sea
urchin eggs contain a discrete cortical shell of actin that is
subdivided into two organizational states. Cell Motil. Cytoskeleton
9, 85-96

St Johnston, D. (1995) The intracellular localization of messenger
RNAs. Cell (Cambridge, Mass.) 81, 161-170

St Johnston, D., Beuchle, D. and Nusslein-Volhard, C. (1991)
Staufen, a gene required to localize maternal RNAs in the
Drosophila egg. Cell (Cambridge, Mass.) 66, 51-63

Suetsugu, S., Miki, H. and Takenawa, T. (1998) The essential role of
profilin in the assembly of actin for microspike formation. EMBO J.
17, 6516-6526

www.biolcell.org | Volume 97 (1) | Pages 97-110

109



110

Biolg
of the C g}i l

*Sundell, C.L. and Singer, R.H. (1990) Actin mRNA localizes in the
absence of protein synthesis. J. Cell Biol. 111, 2397-2403

*Sundell, C.L. and Singer, R.H. (1991) Requirement of
microfilaments in sorting of actin messenger RNA.
Science (Washington, D.C.) 253, 1275-1277

Takizawa, PA., Sil, A., Swedlow, J.R., Herskowitz, |. and Vale, R.D.
(1997) Actin-dependent localization of an RNA encoding a cell-fate
determinant in yeast. Nature (London) 389, 90-93

Tarachandani, A. and Wang, Y.L. (1996) Site-directed mutagenesis
enabled preparation of a functional fluorescent analog of profilin:
biochemical characterization and localization in living cells.
Cell Motil. Cytoskeleton 34, 313-323

Tilney, L.G. (1976) The polymerization of actin Ill. Aggregates of
nonfilamentous actin and its associated proteins: a storage form
of actin. J. Cell Biol. 69, 73-89

Tilney, L.G., Bonder, E.M., Coluccio, L.M. and Mooseker, M.S. (1983)
Actin from Thyone sperm assembles on only one end of an actin
filament: a behavior regulated by profilin. J. Cell Biol. 97, 112-124

Tilney, L.G., Hatano, S., Ishikawa, H. and Mooseker, M.S. (1973)
The polymerization of actin: its role in the generation of the
acrosomal process of certain echinoderm sperm.
J. Cell Biol. 59, 109-126

Tzima, E., Trotter, P.J., Orchard, M.A. and Walker, J.H. (2000) Annexin
V relocates to the platelet cytoskeleton upon activation and binds
to a specific isoform of actin. Eur. J. Biochem. 267, 4720-4730

Umikawa, M., Tanaka, K., Kamei, T., Shimizu, K., Imamura, H.,
Sasaki, T. and Takai, Y. (1998) Interaction of Rho1p target Bni1p
with F-actin-binding elongation factor 1a: implication in
Rho1p-regulated reorganization of the actin cytoskeleton in
Saccharomyces cerevisiae. Oncogene 16, 2011-2016

von Arx, P.,, Bantle, S., Soldati, T. and Perriard, J.C. (1995) Dominant-
negative effect of cytoplasmic actin isoproteins on cardiomyocyte
cytoarchitecture and function. J. Cell Biol. 131, 1759-1773

*Wang, W., Wyckoff, J.B., Frohlich, V.C., Oleynikov, Y.,
Huttelmaier, S., Zavadil, J., Cermak, L., Bottinger, E.P., Singer,
R.H., White, J.G., Segall, J.E. and Condeelis, J.S. (2002) Single
cell behaviour in metastatic primary mammary tumours correlated
with gene expression patterns revealed by molecular profiling.
Cancer Res 62, 6278-6288

Wang, W., Wyckoff, J.B., Wang, Y., Bottinger, E.P.,, Segall, J.E. and
Condeelis, J.S. (2003) Gene expression analysis on small numbers
of invasive cells collected by chemotaxis from primary mammary
tumours of the mouse. BMC Biotechnol. 3, 13

Wasserman, S. (1998) FH proteins as cytoskeletal organizers.
Trends Cell Biol. 8, 111-115

J. Condeelis and R.H. Singer

Watanabe, N., Madaule, P, Reid, T., Ishizaki, T., Watanabe, G.,
Kakizuka, A., Saito, Y., Nakao, K., Jockusch, B.M. and
Narumiya, S. (1997) p140mDia, a mammalian homolog of
Drosophila Diaphanous, is a target protein for Rho
small GTPase and is a ligand for profilin. EMBO J. 16, 3044-3056

Weber, A., Nachmias, V.T., Pennise, C.R., Pring, M. and Safer, D.
(1992) Interaction of thymosin 34 with muscle and platelet actin:
implications for actin sequestration in resting platelets.
Biochemistry 31, 6179-6185

Welch, A.Y. and Herman, I.M. (2002) Cloning and characterization of
BCAPT73, a novel regulator of 3-actin assembly. Int. J. Biochem.
Cell Biol. 34, 864-881

Welch, M.D., Rosenblatt, J., Skoble, J., Portnoy, D.A. and Mitchison,
T.J. (1998) Interaction of human Arp2/3 complex and the Listeria
monocytogenes ActA protein in actin filament nucleation. Science
(Washington, D.C.) 281, 105-108

Wyckoff, J.B., Jones, J.G., Condeelis, J.S. and Segall, J.E. (2000) A
critical step in metastasis: in vivo analysis of intravasation at the
primary tumor. Cancer Res. 60, 2504-2511

Yang, F., Demma, M., Warren, V., Dharmawardhane, S. and
Condeelis, J. (1990) Identification of an actin-binding protein from
Dictyostelium as elongation factor 1x. Nature (London) 347,
494-496

Yang, W., Burkhart, W., Cavallius, J., Merrick, W.C. and Boss, W.F.
(1993) Purification and characterization of a phosphatidylinositol
4-kinase activator in carrot cells. J. Biol. Chem. 268, 392-398

*Yaniv, K., Fainsod, A., Kalcheim, C. and Yisraeli, J.K. (2003) The
RNA-binding protein Vg1 RBP is required for cell migration during
early neural development. Development 130, 5649-5661

Yisraeli, J.K. and Melton, D.A. (1988) The material mMRNA Vg1 is
correctly localized following injection into Xenopus oocytes.
Nature (London) 336, 592-595

Yisraeli, J.K., Sokol, S. and Melton, D.A. (1990) A two-step model for
the localization of maternal mMRNA in Xenopus oocytes:
involvement of microtubules and microfilaments in the
translocation and anchoring of Vg1 mRNA. Development 108,
289-298

*Zhang, H.L., Eom, T., Oleynikov, Y., Shenoy, S.M., Liebelt, D.A.,
Dictenberg, J.B., Singer, R.H. and Bassell, G.J. (2001)
Neurotrophin-induced transport of a 3-actin mMRNP complex
increases f3-actin levels and stimulates growth-cone motility.
Neuron 31, 261-275

*Zhang, H.L., Singer, R.H. and Bassell, G.J. (1999) Neurotrophin
regulation of 3-actin mRNA and protein localization within growth
cones. J. Cell Biol. 147, 59-70

Received 8 May 2004; accepted 8 May 2004

Published on the Internet 20 December 2004, DOI 10.1042/BC20040063

© Portland Press 2005 | www.biolcell.org



