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1
Rationale for Live Cell Imaging of mRNA

Recent advances in mRNA visualization technology have placed biomedical
imaging at an interface between molecular biology and cellular biology. It is
now increasingly possible to study in vivo gene expression at the transcript
level. Analyses of mRNA expression, movement, interactions, and localization
will enhance understanding of cellular responses to various conditions and will
complement studies of protein expression.

The ability of mRNAs to move in the cytoplasm of eukaryotic cells is essen-
tial for sorting sites of synthesis for specific proteins. Studies analyzing the
mechanisms of mRNA localization have demonstrated the existence of com-
plex mRNA transport systems. The cytoskeleton is usually required for mRNA
localization, and, in a few instances, molecular motors have been shown to be
associated with localized mRNA and are required for their movements (Ber-
trand et al. 1998; Schnorrer et al. 2000; Cha et al. 2001; Wilkie and Davis 2001).
In yeast, ASHI mRNPs are directly associated with a specific myosin motor,
and their movements require both this motor and actin filaments (Bertrand et
al. 1998). In the Drosophila blastocyst, apically localized mRNAs are thought
to be associated with dynein, since their movements require both dynein and
microtubules (Schnorrer et al. 2000; Cha et al. 2001). These and other studies
have provided strong support for the idea that localized mRNAs are actively
transported on cytoskeletal filaments.

In contrast to localized mRNAs, nonlocalized ones are thought to be dis-
tributed homogeneously throughout the cytoplasm. Nevertheless, they could
still be capable of movement. For instance, following nuclear export, they must
leave the perinuclear area to be translated throughout the cytoplasm. Studies
with inert tracers, such as fluorescent dextrans or ficolls, suggested that par-
ticles with sizes equivalent to some mRNPs have limited diffusion in the
cytoplasm (Luby-Phelps et al. 1987). Therefore, even nonlocalized mRNA mol-
ecules may require an active transport process. Transport of localized and
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nonlocalized mRNA should differ, to eventually generate their particular dis-
tributions. Thus, study of mRNA transport processes will elucidate behavioral
differences among mRNA subpopulations.

Furthermore, live cell mRNA imaging technology may add new information
about where and when transcription and translation occur, and can provide a
single cell expression profile that cannot be achieved with microchip or bio-
chemical analyses. Simultaneous analysis of multiple transcription sites can
provide a single cell profile of gene expression that can be linked precisely to
cellular morphology (Levsky et al. 2002) and observation of these transcription
sites in living cells will provide novel information about the time course of
gene expression in normal and pathological samples.

There are potential medical applications for mRNA imaging, extending
from studies of disease mechanism to diagnostic and treatment applications.
One of the most significant contributions of mRNA studies to the identification
of a disease mechanism was the analysis of trinucleotide repeat transcript foci
in nuclei of myotonic dystrophy cells and tissues (Taneja et al. 1995; Davis et
al. 1997). This study revealed that myotonic dystrophy (DM) protein kinase
transcripts containing increased numbers of CTG repeats accumulate in the
nucleus in stable, long-lived clusters. Nuclear accumulation of mutant tran-
scripts is consistent with a model of DM loss of function due to lack of nuclear
export, along with possible dominant-negative effects on the export of other
mRNA export. Another disease mechanism that can be studied using mRNA
visualization is the process of metastasis. Localization patterns of certain
mRNAs such as -actin appear to be related to metastatic capability; nonmet-
astatic tumor cells differ in their mRNA localization and motility characteris-
tics compared to metastatic tumor cells (Shestakova et al. 1999). Analyses of
mRNAs are also being applied to the study of Fragile X Mental Retardation, in .
which the RNA binding protein, fragile X mental retardation protein (FMRP),
is disrupted, providing a disconnect between mRNA regulation and normal
neuronal development (Ashley et al. 1993; Siomi et al. 1993). Translational
dysregulation of mRNAs normally associated with FMRP may be the proximal
cause of fragile X syndrome, and one proposed model for FMRP function is
that it shuttles mRNAs from the nucleus to postsynaptic sites where transcripts
are held in a translationally inactive form until further stimulation alters
FMRP function (Brown et al. 2001). Several other mRNA binding proteins have
been shown to play a role in mRNA trafficking in developing neurons. These
neuronal mRNA binding proteins include zipcode binding proteins one and
two (ZBP-1, ZBP-2; Ross et al. 1997; Gu et al. 2002), which play a role in the
dendritic trafficking of  actin mRNA. Live cell mRNA studies can also provide
important insights in virology. Subcellular localization and tracking of viral
sequences, combined with labeling of relevant proteins and other structures,
will elucidate viral host interaction mechanisms. These studies will also help
clarify the cellular lifecycle of viral RNA as well as host cell defense mechanism
and may correlate cell phenotype with viral RNA load as infection progresses.
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Messenger RNA detection in individual, living cells has several advantages
over other techniques for the study of gene expression. For example, in com-
parison to population analyses, such as Northern blotting, single cell studies
can describe the amount of virus in individual infected cells, or the percentage
of cells that are infected. By imaging mRNA in living cells instead of fixed cells,
it is possible to determine the timing of mRNA expression and dynamics, as
well as different patterns of mRNA movement and interactions throughout the
lifetime of a transcript. Because mRNA movement appears to be a rapid, rare
event, the ability to examine a series of time points becomes important for the
observation of mRNA transit. In addition, live cell imaging avoids the possible
introduction of artifact during cell fixation.

For years, the major limitation of imaging mRNA in living cells has been a
dearth of available technology. Recent years have yielded significant advances
in four major categories of mRNA visualization technology, including micro-
injection of fluorescent RNA (Ainger et al. 1993; Ferrandon et al. 1994), hybrid-
ization of fluorescent oligonucleotide probes (Politz et al. 1998, 1999), the use
of cell-permeant dyes which bind RNA, and sequence-specific mRNA recogni-
tion by a GFP fusion protein (Bertrand et al. 1998). Each of these technologies
(Fig. 1, by permission) will be presented, but the focus of this article will be
the sequence-specific recognition of mRNA by GFP fused to the mRNA binding
protein MS2. ~

2
Existing Technologies for the Visualization of RNA
in Living Cells

2.1
Microinjection of Fluorescent RNA

Fluorescent RNA can be synthesized by in vitro transcription with phage
polymerases in the presence of fluorescent nucleotide analogs for microinjec-
tion into living cells (Wilkie and Davis 2001). Likewise, transcription with a
mixture of unmodified and amino-allyl nucleotides generates RNA that can be
chemically coupled to activated fluorophores (Wang et al. 1991). Because
amino-allyl nucleotides are incorporated at a higher frequency than fluores-
cent analogs, very bright RNA can be obtained. The main disadvantage of
microinjecting fluorescently labeled mRNA is the introduction of nonendoge-
nous material into the cell. Nevertheless, this approach has proven successful
in a number of cases to reveal routes of trafficking of localized RNAs (Ainger
et al. 1993; Theurkauf and Hazelrigg 1998; Wilkie and Davis 2001).
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Fig.1. Existing technology for the visualization of mRNA in living cells, including images
obtained using those technologies (Knowles et al. 1996, 1997; Bertrand et al. 1998; Theurkauf et
al. 1998; Politz et al. 1999; Lorenz et al. 2000; Dirks et al. 2001; Perlette et al. 2001; Privat et al. 2001)

2.2
Fluorescent Oligonucleotide Probes (FIVH-Fluorescent
In Vivo Hybridization)

Fluorescent oligonucleotide probes have been developed to follow unmodified,
endogenous cellular RNA. An oligonucleotide complementary to the desired
sequence is covalently linked to fluorochromes and can contain chemical mod-
ifications that increase cell penetration and hybrid stability. Oligonucleotides
are delivered across the plasma membrane and hybridize with the target
sequence to identify RNA directly in living cells (Politz et al. 1995, 1999). Six
categories of fluorescent oligonucleotide probes exist, including conventional
DNA probes (Politz et al. 1995; Lorenz et al. 2000), caged DNA probes (Politz
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et al. 1999; Pederson 2001), linear 2” O methyl (2’0OMe) RNA probes (Carmo-
Fonseca et al. 1991; Dirks et al. 2001; Molenaar et al. 2001), peptide nucleic
acid (PNA) probes (Dirks et al. 2001), molecular beacons (Tyagi et al. 1996,
1998; Sokol et al. 1998; Molenaar et al. 2001), and probes with a linked fluoro-
phore whose fluorescence properties change upon association with the target
mRNA strand (Thuong et al. 1987; Privat et al. 2001). Advantages of oligode-
oxynucleotide (ODN) probes are their ability to detect endogenous mRNA,
their relative stability (as long as 18 h, Politz et al. 1995), and the ease with
which they are introduced into the cell. ODNs can be used to perform fluores-
cence resonance energy transfer (FRET) by simultaneously introducing two
oligonucleotides labeled with different fluorophores and recording the loss of
donor fluorescence and/or gain of acceptor fluorescence. A caveat of antisense
oligodeoxyribonucleotides is that they can prevent translation by blocking
ribosome movement along the mRNA or by inducing RNase H cleavage of the
RNA/oligo hybrid, altering expression of target mRNA. In addition, fluorescent
oligonucleotides have been found to localize exclusively to the nucleus in some
cases (Dirks et al. 2001).

2.3

Cell Permeant Dyes -
SYTO-14 is a membrane-permeable nucleic acid stain that has been used to
study RNA in living cells (Knowles et al. 1996, 1997). SYTO-14 is advantageous
because it will detect the endogenous RNA population, it is not limited to the
nucleus, and its use requires no subsequent intervention after introduction
into cells. A major disadvantage of cell permeant RNA binding dyes is their
lack of specificity due to identical recognition of all RNAs.

2.4
RNA Tagged with Sequence-Specific GFP Fusion Proteins

It is possible to visualize a specific transcript by fusion of GFP with a
sequence-specific RNA binding protein, such as the coat protein of phage
MS2, and insertion of the RNA sequence recognized by this protein in the
RNA of interest. When both the MS2-GFP fusion protein and the reporter
RNA are co-expressed, MS2-GFP binds to the reporter in living cells and GFP
fluorescence constitutes a reliable indicator of RNA localization (Bertrand et
al. 1998). To remove the noise of unbound MS2-GFP, it is possible either to
express a low level of MS2-GFP such that most of the MS2-GFP molecules are
bound to the RNA, or to include a localization signal in the MS2-GFP protein
which will exclude unbound molecules from the area of interest (Bertrand et
al. 1998). This technique has several advantages: (1) it is possible to visualize
RNA that is synthesized and processed by the cell; (2) it is possible to use the
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technique in organisms that cannot be microinjected, or that do not allow
penetration of macromolecules; (3) it is possible to increase the sensitivity of
RNA detection by multimerizing the binding site in the RNA reporter. The
detection limit of this technique has reached the level of single mRNA mole-
cules through the use of MS2 repeats containing 6 to 24 binding sites (i.e., 12-
48 GFP molecules; Fusco et al. 2003). An analogous detection system has been
designed to visualize genes in living nuclei, using a lac i-GFP fusion protein
and an array of lac o binding sites inserted in the genome. This system first
demonstrated the limits of detection, and requires as little as 60 GFP mole-
cules (Robinett et al. 1996). The combination of these two systems, for the
simultaneous visualization of gene activation and mRNA trafficking in living
cells, is in progress.

However, the MS2-GFP system does involve the visualization of a nonen-
dogenous mRNA, introduces a nonendogenous protein into the RNA move-
ment process, and does not allow cellular control of expression levels. While
the first two disadvantages are inherent to the MS2 labeling system, the third
disadvantage can be addressed by design of inducible cell lines with specific
control of MS2 reporter levels. Alternatively, an endogenous GFP-labeled RNA
binding protein can be used. Theurkauf and Hazelrigg tagged bicoid mRNA
with a GFP-exuperantia fusion (Theurkauf et al. 1998). While this system
avoids introduction of an exogenous protein other than GFP, it is difficult 1o
determine whether a protein that is known to bind an mRNA is, in fact,
persistently bound to that mRNA, thus presenting the question of whether
all GFP fusion protein movements are indicative of mRNA movements. The
MS2-GFP-labeling system provides a stable link between GFP and mRNA
(K4 =39nM, in vitro; Lago et al. 1998), allowing reliable identification of mRNA
particles throughout trafficking behavior. Importantly, when the fusion pro-
tein contains a nuclear localization signal (NLS), it will be targeted to the
nucleus and only be introduced into the cytoplasm by its association with an
exported RNA. Finally, the multimerization of the MS2-GFP allows accumula-
tion of a fluorescent signal sufficient to characterize single molecules.

3
Analysis of Single RNA Dynamics in Living Cells

Following successful visualization of the RNA of interest, one must choose a
method for analysis of RNA dynamics. Two general techniques have been used:
photobleaching and fluorescent correlation spectroscopy. Photobleaching
techniques involve irradiation with intense light leading to the irreversible
inactivation of fluorophores (Axelrod et al. 1976; Phair and Misteli 2000).
Fluorescence correlation spectroscopy (FCS) is a fluctuation analysis method
used to measure molecular transport and chemical kinetics by counting the
molecules entering and leaving a small interrogation volume over successive
time intervals (Wang et al. 1991). When single RNA molecules are detectable,
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direct tracking of individual RNA by time-lapse microscopy is applicable.
These results yield a population profile of RNA movements.

4
Time-Lapse Microscopy/Particle Tracking

It therefore becomes possible to use time-lapse microscopy to follow RNA
movements. This requires either single molecule sensitivity, or the concentra-
tion of many RNA molecules in a multi-molecule aggregate, as previously
observed in some cases (Ainger et al. 1993; Ferrandon et al. 1994; Bertrand et
al. 1998; Wilkie et al. 2001). The single molecule dynamics measured in this
method are complementary to the population dynamics obtained through
fluorescence recovery after photobleaching (FRAP) or fluorescence correlation
spectroscopy (FCS). Diffusion coefficients can be obtained from time-lapse
data although analysis of a large number of molecules is required, but in
addition, the temporal sequence of movements can provide novel information.
For example, if a molecule is alternatively immobile and mobile on a relatively
short time-scale, photobleaching techniques may average these behaviors
while both will be apparent by time-lapse microscopy. Likewise, FCS would
only see a small window of the behavior profile of single molecules. The ability
to follow the fate of a molecule can reveal an ordered sequence of events. In
addition, time-lapse techniques can reveal rare, but functionally important
behaviors that could not be detected otherwise. For instance, ASHI mRNA
visualized in the cytoplasm of living yeast (Bertrand et al. 1998) is localized at
the bud tip, after transport by a specific myosin motor on actin cables. How-
ever, because the transport is very rapid and lasts for less than a minute of the
entire cellular lifetime, the proportion of actively transported mRNA mole-
cules is on average very low and does not exceed a few percent of the total
molecules. Such a minor subset of behavior in a population would very likely
not be detected by photobleaching and FCS techniques.

When single molecule resolution is achieved, a detailed analysis of individ-
ual particle movements can yield information related to the mechanism of
mRNA transport. Analysis includes collection of position, velocity, and accel-
eration values for the determination of movement type, such as active trans-
port, Brownian motion, or corralled diffusion. In the case of active transport,
movement analysis can help identify candidate motors involved in transport.
For example, if a particle is observed to display actin dependent movement at
a constant speed of approximately 200-400 nm/sec, a myosin motor is likely to
be involved (Cheney et al. 1993). Other interesting characteristics of mRNA
particles that can be obtained from time-lapse images in living cells include
particle size, location, diffusion coefficient, mean squared displacement, and
relation to other cellular components, such as the cytoskeleton, all of which
can be useful in determining the mechanism of mRNA movement and local-
ization. When images are of a high quality, but particles can still not be tracked,
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it is possible to perform two-dimensional deconvolutions on movies to further
improve signal to noise ratio and facilitate particle tracking (Huygens, Bit-
plane, The Netherlands).

We summarize below the results obtained using the described imaging
techniques to study cytoplasmic mRNAs. In the cytoplasm, an increasing num-
ber of specific transcripts are being studied in living cells. These studies are
significant because they provide unique information about the dynamics of
mRNA movement and help elucidate the mechanisms of mRNA particle
assembly, transport, and localization as well as crucial mRNA interactions with
proteins and the cytoskeleton. This information can be obtained in single cells
for endogenous, engineered and viral transcripts, greatly widening our current
understanding of mRNA behavior.

5
In Vivo mRNA Analyses in the Cytoplasm

In yeast, ASHI mRNA was visualized in live Saccharomyces cerevisiae, in the
first use of the MS2-GFP labeling system. The GFP- ASHI particle required
specific ASHI sequences for formation and localization to the bud tip (Ber-
trand et al. 1998). Mutations in the ASHI -associated She proteins were found
to disrupt particle localization, and She2 and She3 mutants also inhibited
particle formation. Video microscopy showed that Shelp/Myo4p moved
mRNA particles to the bud tip at velocities of 200-440 nm/sec. Further studies
of the ASHI mRNA transport process {Beach et al. 1999) showed that in cells
lacking Bud6p/Aip3p or She5p/Bnilp, ASHI mRNA particles traveled to the
bud, but failed to remain at the bud tip, revealing a distinction between mRNA
transport and localization similar to that described in oligodendrocytes
(Ainger et al. 1997). These findings not only characterized the movement of
the ASHI mRNA particle, but also contributed significantly to the identifica-
tion of proteins, including a motor, that are required for ASHI particle
transport.

One method for the visualization of mRNA in living cells using GFP is the
use of GFP-tagged RNA binding proteins. The dynamic behavior of bicoid
mRNA in living Drosophila oocytes was visualized with such a mechanism
using a GFP-exuperantia fusion (Theurkauf et al. 1998). The results of this
study elaborate the relationship between mRNA transport and the cytoskele-
ton, demonstrating that particle movement can alternate through phases of
cytoskeleton dependence and independence.

Additional information regarding the bicoid localization mechanism came
from microinjection of fluorescent bicoid transcripts into Drosophila oocytes
(Cha et al. 2001). Interestingly, fluorescent bicoid mRNA injected into the
oocyte displays nonpolar microtubule-dependent transport to the closest cor-
tical surface, but bicoid mRNA injected into the nurse cell cytoplasm, with-
drawn, and injected into a second oocyte shows microtubule-dependent
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transport to the anterior cortex. This study identified the requirement of a
nurse cell cytoplasmic component for proper trafficking of bicoid mRNA. It is
interesting to note that a component that is present in the nurse cell cytoplasm
allows reconnection of bicoid mRNA to the microtubule network after a micro-
tubule independent transit through the ring canal, indicating that transcripts
bear some mark, possibly a bound protein, indicating their prior location even
as they continue transit into other compartments. Thus, transcripts in a given
compartment may be able to be distinguished by their past behavior based on
their present set of interaction partners. This concept of transcript historesis
has also been proposed with respect to the behavior of CaMKII granules (Rook
et al. 2000). In this case, it was suggested that granule location at a specific
point in time reflected the activation history of a synapse, allowing identifica-
tion of stimuli that were in the past.

Injection of fluorescently labeled wingless and pair-rule transcripts into
living Drosophila syncytial blastoderm embryos (Wilkie et al. 2001) showed
that fluorescent apical RNAs specifically assemble into particles that approach
the minus end of microtubules using the motor protein cytoplasmic dynein
and its associated dynactin complex.

In neurons, the movement of endogenous RNA was directly visualized in
neuronal processes of living cells using the intercalating dye SYTO 14 (Knowles
et al. 1996, 1997). One of the first studies in which fluorescently labeled mRNA
was microinjected into the cytoplasm of living cells was performed by Ainger
et al. (1993), who microinjected myelin basic protein (MBP) mRNA into neu-
rites and observed the formation of granules which were transported along
oligodendrocytes and localized to the myelin compartment. More recent anal-
yses of A2RE RNA granule movements, performed with rapid confocal line
scanning through a single granule on a microtubule, demonstrated a rapid
pattern of back and forth vibrations along the microtubule axis. Through mean
squared displacement analysis of these vibrations, it was observed that A2RE
granules undergo “corralled diffusion”, or movement of a defined distance
before reversal of direction (Carson et al. 2001). The movements of GFP-
labeled CAMKII mRNA particles were observed in rat hippocampal neurons,
in the first use of the MS2-GFP system in somatic cells. Interestingly, this study
showed that anterograde particle movements increased in response to neu-
ronal depolarization, in comparison to oscillatory and retrograde movements
(Rook et al. 2000). Examination of GFP-labeled [3 actin zipcode binding protein
1 (ZBP-1) provided insights regarding the translocation of (3 actin mRNA in
neurons (Zhang et al. 2001). Live cell imaging of EGFP-ZBP1 revealed that GFP-
labeled particles move in a rapid, bidirectional fashion that is reduced tenfold
by antisense oligonucleotides to the 3 actin zipcode.

In cell lines, the behavior of transiently expressed c-fos mRNA was observed
in living Cos-7 cells through microinjection of fluorescently labeled oligonu-
cleotides (Tsuji et al. 2001). Microinjection of molecular beacons targeted to
the vav protooncogene in K562 human leukemia cells followed by confocal
microscopy within 15 min of microinjection demonstrated that molecular bea-



144 D. Fusco et al.

cons could detect transcripts in the cytoplasm of living cells, with a detection
limit of ~10 molecules of mRNA (Sokol et al. 1998). A later study showed that
most beacon hybridization occurred within 10 min of microinjection and max-
imum intensity was obtained by 15 min and maintained until 40 min after
microinjection. (Perlette and Tan 2001).

To better understand the mechanisms controlling mRNA movements, we
developed a method for visualizing single RNA molecules in living mammalian
cells in real time. This method uses the MS2-GFP fusion protein and a reporter
mRNA containing tandemly repeated MS2 binding sites, inserted between
LacZ and SV40 sequences (Bertrand et al. 1998), followed by quantitative in
situ hybridization. When the fusion protein was coexpressed with the reporter
mRNA, the MS2-GFP bound to the mRNA was exported to the cytoplasm.
When the MS2-GFP fusion protein was expressed alone, a nuclear localization
signal confined the protein to the nucleus. We used Cos cells in this study
because of their optical properties.

Discrete particles of GFP-labeled mRNA were resolvable only when 24 MS2
sites were in the reporter mRNA, not when either 6 or 12 MS2 sites were
present. To quantify the number of mRNA molecules in each GFP-labeled
particle, we imaged concentrations of purified GFP to determine the amount
of light emitted by a given number of GFP molecules, and we calculated the
number of GFP molecules in each GFP-labeled mRNA particle (Fusco et al.
2003). Quantification of the fluorescence from more than 600 GFP-labeled
mRNA particles in eight cells showed that most GFP-labeled mRNA particles
contained 20-50 molecules of GFP, with an average of 33. Since the MS2 protein
binds as a dimer (Valegard et al. 1994), this measurement coincided with the
expected number of GFP molecules labeling a single molecule of reporter RNA,
assuming that most of the 24 MS2 sites were bound. This quantification pro-
cedure was independently validated by using a laco/GFPlaci system for cali-
bration of the GFP signal (Robinett et al. 1996). To exclude the possibility that
clusters of mRNA molecules sparsely labeled with GFP were misidentified as
single mRNA molecules, we performed in situ hybridization to a single target
on the mRNA reporter (Femino et al. 1998). Cells were simultaneously hybrid-
ized with a Cy5-labeled probe to a region between MS2 binding sites and a
single Cy3-labeled probe to the LacZ portion of the mRNA. GFP, Cy5, and Cy3
were detected concurrently in single cells, allowing quantification of the num-
ber of probes colocalized with individual GFP particles (Fusco et al. 2003).
Analysis of 125 multicolor particles in five cells showed that the majority of
multicolored particles were single molecules, containing one Cy3 probe and
eight MS2 probes. This validates the independent conclusion, from the analysis
described above that the majority of the GFP-labeled mRNA particles detected
in the cytoplasm contained a single RNA molecule. There were a small number
of GFP particles containing more than a single RNA molecule present in every
cell. The single-molecule GFP particles were distinct from the RNA “granules”
observed in a variety of cell types, which are much brighter and larger and,
although not quantitated, apparently contain multiple RNA molecules (Davis
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and Ish-Horowicz 1991; Ainger et al. 1993; Bertrand et al. 1998; Theurkauf and
Hazelrigg 1998; Rook et al. 2000; Wilkie and Davis 2001; Kloc et al. 2002; Farina
et al. 2003).

Figure 2 shows the movements of the single mRNA particles recorded in
living cells at a rate of nine images per second. This high frequency was
required because some mRNA molecules exceeded 1 um/s (see below). The
mRNAs contained the coding sequence of LacZ, the MS2 sites, and the 3 UTR
of either the human growth hormone gene or SV40 (reporters LacZ-24-hGH
and LacZ-24-SV, respectively).

Dynamic behavior of B actin 3’ UTR mRNA was compared to that of human
growth hormone (hGH) and SV40 transcripts in Cos7 cells. These three tran-
scripts were chosen because B actin mRNA, hGH mRNA, and SV40 mRNA
represent transcripts of three distinct categories: endogenous sequences that
have been observed to localize, endogenous sequences that have not been
observed to localize, and nonendogenous sequences that have not been
observed to localize, respectively. Regardless of any specific cytoplasmic dis-
tribution, individual mRNA molecules exhibit rapid and directional move-
ments on microtubules. In addition to directional movements, all three
transcript types displayed static, diffusional, and corralled diffusional behav-
ior. Disruption of the cytoskeleton with drugs showed that microtubules and
microfilaments are involved in the types of mRNA movements we have
observed, which included complete immobility and corralled and nonre-
stricted diffusion. Individual mRNA molecules switched frequently among
these movements, suggesting that mRNAs undergo continuous cycles of
anchoring, diffusion, and active transport. Interestingly, transcripts contain-
ing the P actin 3" UTR were observed to undergo directed movement more
often than SV40 and hGH transcripts, indicating that the mechanism for
mRNA localization may involve a sequence-dependent increase in motor-like
movements. While Cos7 cells do not themselves localize § actin mRNA, they
do contain the B actin 3’ UTR binding protein, ZBP-1, which may be sufficient
to enable the primary steps of localization and the observed increase in
sequence-dependent directed movements.

To better determine the behavioral characteristics that underlie mRNA
localization, it is necessary to study this process directly in primary cells, such
as fibroblasts or neurons, where localization is known to occur. These studies
are difficult because of the low transfection efficiency of primary cells and the
thickness of their cytoplasm, which complicates particle tracking. Neverthe-
less, such studies are in progress (Fusco, unpubl. data) and it is hoped that they
will yield significant insights into the mechanism of mRNA localization in
somatic cells, along with the role of this process in wound healing, metastasis,
and neuronal development.
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Fig.2. Dynamics of mRNA molecules in the cytoplasm of mammalian cells (reproduced from
Fusco et al. 2003). All images were obtained at a rate of nine images per second, for periods of
22 s,and were deconvolved. A Movements of LacZ-24-hGH mRNAs. Cos cells transiently express-
ing LacZ-24-hGH mRNAs and the MS2-GFP protein were imaged live. Left a maximum intensity
image projection of 200 time frames on one image (“maximal projection”). The scale bar repre-
sents 10 um. Right panel magnifications: the scale bar represents 2 um mRNA track superim-
posed (green) from each of the indicated boxed regions. The blue arrow points to a “static”
particle in the vicinity of a “corralled” mRNA. B Movements of LacZ-24-SV mRNAs. Cos cells
were transiently cotransfected with pRSV-Z-24-SV and pMS2-GFP and were imaged as in A. The
scale bar represents 10 um. Right panel magnifications: track of mRNA movement superimposed
(green) on an enlargement from each of the indicated boxed regions. The scale bar represents
2 um. C Velocities of directed motion. For each directed movement of either the LacZ-24-hGH
or the LacZ-24-SV mRNA particles, the mean velocity was calculated. The corresponding histo-
grams show a peak at 1.0-1.5 um/s (Knowles et al. 1996, 1997; Bertrand et al. 1998; Theurkauf et
al. 1998; Politz et al. 1999; Lorenz et al. 2000; Dirks et al. 2001; Perlette et al. 2001; Privat et al. 2001)
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6
Conclusion

The field of live cell mRNA analysis is in a period of reorientation, slowly
shifting focus from the development of new visualization technology to the
application of that technology to important biological and medical questions.
Significant advances have been made already, including the detailed character-
ization of mRNA transport and localization particles in yeast (Bertrand et al.
1998) and in Drosophila oocytes (Theurkauf and Hazelrigg 1998; Cha et al.
2001), signal transduction mechanisms related to mRNA transport in neurons
(Rook et al. 2000) and in fibroblasts (Latham et al. 2001), and sequence-
dependent movement differences in mammalian cell lines (Fusco et al. 2003),
Despite these advances, major questions remain. For example, where are the
multi-molecule mRNA “granules” formed, in the nucleus or the cytoplasm? In
the cytoplasm, what is the mechanism of mRNA localization, and does it
include a sequence-specific process of directed movement, of packaging, of
anchoring, or some combination of these processes? Is the mechanism the
same for all localized transcripts and what are the signal transduction path-
ways involved in stimulating localization? Finally, what are the medical conse-
quences of disrupted mRNA trafficking and the medical applications of altered
mRNA trafficking? As the technology described above becomes better prac=
tised and applied, we will doubtless find answers to many of these questions
and advance our understanding of molecular and cellular biology in the pro-
cess. Furthermore, the future will yield new developments in imaging cells in
live animals (Farina et al. 1998) and will eventually unveil the details of the
RNA lifecycle.
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