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Spatial Organization of the Synthesis
of Cytoskeletal Proteins
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Abstract The cytoskeleton of most cells is complex and spatially diverse. The mRNAs for some cytoskeletal
proteins are localized, suggesting that synthesis of these proteins may occur at sites appropriate for function or
assembly. mRNA concentrations were first observed for several oocyte and embryonic mRNAs. Some insight has been
gained into the mechanisms that help to position these mRNAs. More surprising to some, many cytoskeletal mRNAs are
also localized. Among them are mRNAs for actin, tubulin, intermediate filaments, and a variety of associated proteins.
Different mRNAs in the same cell can be located in different places; the same mRNA can be [ocated in different places;
the same mRNA can be located differently at different times of development. For example, we observed vimentin mRNA
in developing chicken muscle cultures by fluorescent in situ hybridization. We found that vimentin mRNA takes on a
variety of positions during myogenesis, ending up located with its cognate protein at costameres. This last pattern is
significant because it is too finely structured to have a function in the soluble phase and probably reflects cotranslational
assembly of this particular protein. Analogies can be made between oocyte or embryonic positions (animal/vegetal
poles, oocyte cortex, and interior) and somatic cell positions (anterior/posterior and cell cortex/cell center). These
analogies may point to conserved mechanisms for moving and retaining mRNA. Localization of cytoskeletal synthesis,
through the mRNA or by other means, may prove as important for assembling and maintaining differentiated
cytoskeletal structures and somatic cells as mRNA location is for organizing the embryo. Mechanisms that permit mRNA
localization are likely to be conserved.  © 1993 wiley-Liss, Inc.
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A surprise of recent years is that many mRNAs
have particular locations in a given cell. Such
localized mRNAs include the mRNAs for regula-
tory proteins, cytoskeletal proteins, and pro-
teins with other spatial functions.

Regulatory proteins that have localized
mRNAs include several developmentally critical
proteins, such as Vg-1 [Weeks and Melton, 1987],
bicoid, maternal cyclin B, several pair-rule genes,
and nanos. The localization of these mRNAs in
oocytes or syncytial embryos has recently been
reviewed [Jeffery, 1989; Gottlieb, 1990].

Cytoskeletal proteins with localized mRNAs
include actin, tubulin and its associated pro-
teins, and intermediate filament proteins. Some
aspects of this have recently been reviewed [Sing-
er, 1992; Russell and Dix, 1992]. Actin mRNA is
concentrated at the periphery in fibroblasts and
myoblasts [Lawrence and Singer, 19861, the api-
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cal surface of some epithelial cells [Cheng and
Bjerknes, 1989], and at the cortex of oocytes
[Perry and Capco, 1988; Beach and Jeffery,
1990]. mRNA for myosin, the actin-dependent
motor, is localized in the myotendinous region
of muscles, where new myofibrils are forming
[Dix and Eisenberg, 1990; Pomeroy et al., 1991].
In hypertrophic hearts, half of the myosin mRNA
is within 10 nm of the myofibril [Eisenberg et
al., 1991].

mRNAs for tubulin and its associated pro-
teins have several positions. They concentrate
toward the periphery of fibroblasts and myo-
blasts, in the cell body of neuronal cells [Tucker
et al., 1989; Garner et al., 1988; Kleiman et al.,
19901, and in the cortex of oocytes [Perry and
Capco, 1988]. The mRNA for MAP2 is found
specifically in dendrites.

Intermediate filaments derive from a family
of genes. Although they differ in tissue expres-
sion, vimentin, glial fibrillary acidic protein
(GFAP), and neurofilament mRNAs are local-
ized near the nuclei of fibroblasts and myo-
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blasts, glial cells, and neuronal cells, respec-
tively [Holmes et al., 1988; Sarthy et al., 1989;
Liesi et al., 1986; Trimmer et al., 1991].

For all of these cytoskeletal proteins, localized
mRNA suggests localized synthesis of their cog-
nate proteins. In several cases, the mRNA is
known to be mostly present in polyribosomes
and is being actively translated. Locally concen-
trated synthesis could constrain assembly by
creating a locally high concentration of mono-
mer that increases assembly rates or nuclei for-
mation. Locally concentrated mRNA could also
be a consequence of assembly, as is discussed
below.

Other proteins with localized mRNAs often
mediate some aspect of spatial organization at
either the cellular or tissue level. Such proteins
include the acetylcholine receptor (AchR) [Fon-
taine et al., 1988], crumbs [Tepass et al., 1990],
sevenless [Banerjee et al., 1987], myelin basic
protein (MBP) [Shiota et al., 1989], and histone
[Lawrence et al., 1988]. AchR mRNA is near
nuclei that underlie neuromuscular junctions.
Crumbs and sevenless mRNAs cluster near the
apical surface of epithelial and photoreceptor
cells, respectively. MBP mRNA is peripheral in
oligodendrocytes.

Localized mRNAs can change location if the
cells develop. Most of the developmentally impor-
tant mRNAs mentioned above relocate either at
the transition from oocyte to egg or after fertil-
ization. The cytoskeletal mRNAs found in the
oocyte also relocate at these transitions, but
their movements do not mirror the movement of
the regulatory proteins [Perry and Capco, 1988].
Thus, the cell has mechanisms that permit the
independent targeting of mRNAs to distinct lo-
cations, whether the mRNAs reach those loca-
tions by diffusion or active transport. In neuro-
nal cells, mRNA movement requires metabolic
energy and appears to occur on the cytoskeleton
[Davis et al., 1987].

Although many cocyte mRNAs rearrange, un-
til recently only one somatic mRNA was known
to change location. Actin mRNA becomes in-
creasingly apical during epithelial differentia-
tion [Cheng and Bjerknes, 1989] and more pe-
ripheral during cell spreading and migration
[Sundell and Singer, 1990; Hoock et al., 1991].

Closer examination of these studies of actin
shows why so little is known about changes in
somatic cell mRNA distribution. Somatic cells
are far smaller than oocytes and the resolution

of most in situ hybridization methods to date is
only a few fold smaller than the diameter of the
cells. For example, autoradiography could only
detect a twofold increase of actin mRNA in the
apical quarter of the epithelial cells. The actual
distribution of mRNA might be a fivefold concen-
tration in the apical 2 pm. Thus, subtle rear-
rangements will go undetected without a method
that offers micron or submicron resolution.

In situ hybridization at the electron micro-
scopic (EM) level promises the most resolution
[Singer et al., 1989]. However, like all EM meth-
ods, sampling the whole cell is technically de-
manding because of the small field of view. In
addition, the fixations that permit in situ hybrid-
ization are not yet those that are optimal for
ultrastructure. This promising approach will
continue to develop as new methods of fixation
and computer-assisted reconstruction become
available.

If there is a functional relation between the
location of an mRNA and the assembly of its
cognate protein, cytoskeletal mRNAs might be
expected to rearrange when the cytoskeleton
reorganizes. Vimentin filaments rearrange
greatly during myogenesis [Pardo et al., 1983;
Craig and Pardo, 1983]. To determine whether
vimentin mRNA also rearranges at the same
time, we refined an existing in situ hybridization
method to gain submicron resolution. Using this
method, we find that vimentin mRNA takes on a
variety of positions during myogenesis, ending
up located with its cognate protein at costa-
meres. During muscle development in culture,
vimentin mRNA is bipolar in young myoblasts,
somewhat perinuclear in elongated myoblasts
and spread fibroblasts, and diffuse in young and
developing myotubes. In mature myotubes, vi-
mentin mRNA occurs at costameres with vimen-
tin protein [Cripe et al., in press].

This particular pattern of mRNA, which has
the same periodicity as the costamere and sarco-
mere, is significant for physical reasons. Stripes
repeating with a spacing of 1.5 wm cannot gener-
ate gradients of soluble compounds; diffusion
would disperse such gradients. Such a pattern
for vimentin mRNA therefore cannot have a
function in the soluble phase. In these cells, half
of the vimentin assembles during translation
[Isaacs et al., 1989]. The close spacing of vimen-
tin mRNA most likely reflects the vimentin na-
scent chains undergoing assembly. Which pat-
tern is causal is not clear. Whether the vimentin
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assembling during translation tethers the mRNA
at this position or a zip code on the mRNA
delivers the mRNA to the correct address for
assembly will be revealed by further experi-
ments.

Few patterns of mRNA are sufficiently local-
ized to exclude functions in the soluble phase.
Most patterns reported so far are equally compat-
ible with functions in both the soluble and the
solid phases of the cell. In addition, the mass of
nascent peptides is much less than the mass of
full length peptides. In any given cell, the posi-
tion of nascent chains might correspond to mes-
senger position even though full length protein
has undergone redistribution after assembly.

The sequence in which protein and mRNA
redistribute and the patterns of mRNA seen
offer insights into possible mechanisms of rear-
rangement and imply a relation between mRNA
position and cytoskeletal synthesis and assem-
bly. To understand that relation, several ques-
tions need to be answered. What features of
mRNAs allow different ones to be located differ-
ently in the same cell? What features of the
cytoskeleton allow the same mRNA to be located
differently at different times, and different ones
at the same time? What is the functional conse-
quence of mRNA location?

Some features of mRNAs that allow different
ones to take on different locations are likely to
be in the sequence, especially sequences that
could form secondary structures. Some mRNAs
appear to have zip codes in the untranslated 3’
end [Kislauskis and Singer, 1992]. Further stud-
ies such as those of the bicoid and actin 3' UTRs
will make data available to permit comparisons
like those made by Gottlieb {1992]. She ob-
served that the nonamer YUGUUYCUG was
common to several localized mRNAs and could
restore partial localization to deletion mutants
that lacked the nonamer. This nonamer is miss-
ing from the localized messages Anl.aand Anl.b,
so other signals are also involved. Mix and match
experiments (in which constructs encode one
cytoskeletal protein but follow it with a different
3’ UTR or other zip code) will further test the
sufficiency of such signals. The actin isoforms,
which distribute differently in the same cell,
may be especially informative [Taneja and
Singer, 1990]. mRNAs that become localized
when their nascent peptides are “captured’ by
appropriate sites on the cytoskeleton will also be
detected by such experiments, since their local-

ization will reflect the coding sequences, not
UTRs.

Some features of the cytoskeleton allow the
same mRNA to be located differently at different
times, and different mRNAs to localize to the
same location. Biochemical evidence that mRNA
is bound to the cytoskeleton is available from
several systems [Biegel and Pachter, 1992; Hes-
keth et al., 1991; Pondel and King, 1988; see
review in Pachter, 1992]. For most of these
cases, biochemical evidence for cytoskeletal at-
tachment is reinforced by morphological evi-
dence of localization in the intact cell. Pharmaco-
logical evidence shows that bicoid and actin
mRNA require microtubules and microfila-
ments, respectively, to localize [Pokrywka and
Stephenson, 1991; Sundell and Singer, 1991].
The attachment of mRNA is probably specific,
because different mRNAs have different elution
profiles. The mRNAs that remain after 1 M salt
extraction are enriched in localized mRNAs. One
of these localized mRNAs encodes a protein with
an RNA-binding zinc finger domain that is re-
lated to nanos [Mosquera et al., 1993]. In the
future, zip codes and RNA sequences could be
used to isolate cytoskeletal proteins that bind to
them specifically. Once such cytoskeletal pro-
teins are identified, the cellular location and
cytoskeletal interactions of such ‘“‘zip code bind-
ing proteins’’ should be determined.

In both oocytes and somatic cells, different
mRNAs can occupy different locations. This sug-
gests that cytoskeletal proteins will be found
that correspond to positions in cocytes such as
“animal half,” ‘‘vegetal half,”’ ‘“‘animal cortex,”
or “vegetal cortex,” possibly by separate factors
that specify ‘“animal/vegetal’’ and ‘“‘cortical/
central.”” Many other messengers appear to be
bound without a specific site, while a few such as
germ plasm and P granules may be specified
uniquely by factors specific for those mRNAs.

Somatic cells do not have the same axes as
oocytes, but the dimensions ‘“‘anterior/poste-
rior,” “‘apical/basal,”” or ‘‘cortical/cell center,”
may be analogous. Somatic cells may therefore
use homologous proteins to accomplish localiza-
tion. The functional consequence of mRNA loca-
tion for cytoskeletal assembly will only be known
when cytoskeletal RNAs are mislocalized. For
mRNAs with zip codes, this will require either
giving a coding sequence the “wrong” zip code
or overexpressing or deleting the mRNA binding
protein. For mRNAs that are captured when
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their nascent chains bind to the cytoskeleton,
mislocalization will be more difficult, but might
be accomplished by adding a strong heterolo-
gous zip code. It is already clear for the ococyte
and embryo that mislocalized mRNAs cause ab-
errant development [Gottlieb, 1990]; the conse-
quences of mislocalized cytoskeletal synthesis
may be equally dramatic, given the many func-
tions of the cytoskeleton.
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