
perature-sensitive phenotype of greA–/greB–

cells (10) supports this idea.
In addition to their anti-arrest activity,

GreA, GreB, and TFIIS have been shown to
help overcome elongational blocks imposed
by site-specific DNA binding proteins in
vitro and in vivo (28, 29). In those cases,
however, a substantial fraction of EC was
able to read through the block even without
transcript cleavage factors. In a separate
work, we demonstrate that trailing RNAPs
assist leading EC in passing various road-
blocks in vitro and in vivo without any tran-
script cleavage activity (30). Taken together,
these observations indicate that not only
intrinsic elongation blocks but also road-
blocks caused by DNA binding proteins
[such as nucleosomes (31)] can be over-
come more efficiently in vivo if RNAP
molecules act together.
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Decapping and Decay of
Messenger RNA Occur in

Cytoplasmic Processing Bodies
Ujwal Sheth and Roy Parker*

A major pathway of eukaryotic messenger RNA (mRNA) turnover begins with
deadenylation, followed by decapping and 5� to 3� exonucleolytic decay. We
provide evidence that mRNA decapping and 5� to 3� degradation occur in
discrete cytoplasmic foci in yeast, which we call processing bodies (P bodies).
First, proteins that activate or catalyze decapping are concentrated in P bodies.
Second, inhibiting mRNA turnover before decapping leads to loss of P bodies;
however, inhibiting turnover at, or after, decapping, increases the abundance
and size of P bodies. Finally, mRNA degradation intermediates are localized to
P bodies. These results define the flux of mRNAs between polysomes and P
bodies as a critical aspect of cytoplasmic mRNA metabolism and a possible site
for regulation of mRNA degradation.

Messenger RNA turnover is an important
step in regulating gene expression. In yeast,
the major pathway of mRNA decay is initi-
ated by shortening of the 3� poly(adenosine)
[poly(A)] tail, followed by removal of the cap
by the decapping enzyme Dcp1p/Dcp2p,
which in turn allows 5� to 3� exonucleolytic
decay (1–8). Decapping is a key step in this
pathway, because it permits the destruction of
the mRNA and is a site of numerous control
inputs (9).

Several observations suggest that decapping
occurs when the mRNA undergoes a transition
from a translationally competent messenger ri-
bonucleoprotein (mRNP) to an mRNP state
destined for decay. For example, the translation
initiation factor eIF4E, which binds the cap
structure, is an inhibitor of decapping both in
vitro and in vivo (10, 11). Moreover, deadeny-
lated mRNAs that interact with a complex of
Lsm1-7 proteins, which activates decapping,
are no longer bound by eIF4E or eIF4G (12).

The hypothesis that mRNAs enter a non-
translating state after deadenylation and be-
fore decapping is analogous to the storage of
mRNA in numerous biological contexts
where deadenylated mRNAs are translation-
ally repressed before their later activation.

Consistent with a mechanistic similarity be-
tween decapping and mRNA storage, Dhh1p,
which is an activator of decapping in yeast
(13), has homologs that are required for the
translational repression and storage of mater-
nal mRNAs in Xenopus, Drosophila, and
Caenorhabditis (14–16). Such stored
mRNAs are often localized in discrete cyto-
plasmic granules, which represent accumula-
tions of translationally repressed mRNAs
(15). This analogy suggested the possibility
that Dhh1p and other factors involved in
mRNA decapping would be found in specific
cytoplasmic sites in yeast.

To determine the localization of proteins
involved in decay, we constructed green flu-
orescent protein (GFP) fusions of yeast
mRNA decapping factors and determined
their location in live cells (17). These fusion
proteins are at the C terminal, include the
full-length protein, and are functional (18).
We observed that both subunits of the decap-
ping enzyme, Dcp1p and Dcp2p, are striking-
ly concentrated in discrete cytoplasmic foci
(Fig. 1, B and C). In addition, we observed
that the decapping activators Lsm1p (19),
Pat1p (19), and Dhh1p, are also all concen-
trated in similar foci (Fig. 1, D to F). In
contrast, GFP alone (Fig. 1G) was distributed
throughout the cell. The size and number of
these foci vary between individual cells and
can also be affected by the tagged protein
examined and the growth conditions. Using
Dhh1p as a marker, we observed 2.4 � 1.4
foci per cell. These foci are cytoplasmic in
comparison with live-cell DNA staining (20).

To determine the range of proteins concen-
trated in these sites, we tagged proteins in-

Department of Molecular and Cellular Biology &
Howard Hughes Medical Institute, University of Ari-
zona, Tucson, AZ 85721, USA

*To whom correspondence should be addressed. E-
mail: rrparker@u.arizona.edu

R E P O R T S

www.sciencemag.org SCIENCE VOL 300 2 MAY 2003 805



volved in other steps of mRNA turnover and
examined their distribution. We observed that
Ccr4p, a subunit of the major cytoplasmic dead-
enylase (21), Ski7p, a subunit of the cytoplas-
mic exosome (22) , and Puf3p, an mRNA spe-
cific 3� UTR binding protein (23), are more
uniformly distributed throughout the cell (Fig.
1, H to J). We do observe some small foci
containing Ccr4p, which suggests that Ccr4p
can transiently localize to the foci containing
the decapping factors or is present in foci of its
own. Lsm8p, which forms an Lsm2-8p com-
plex associated with the U6 snRNA is not in
foci and is localized to the nucleus (Fig. 1K). In
contrast, the 5�-3� exonuclease Xrn1p, which
degrades mRNAs after decapping, is also local-
ized to discrete foci (Fig. 1L).

Two observations indicate that the decap-
ping factors and Xrn1p are in the same foci.
First, these proteins copurify and coimmuno-
precipitate in a variety of experiments (12,
13, 19, 24, 25). Second, we examined the
localization of Dcp1p, Dhh1p, and Xrn1p
tagged with GFP in cells containing red flu-
orescent protein (RFP)-tagged Lsm1p. Our
results show that all of these proteins are
present in the same foci (fig. S1). We refer to
these structures as P bodies (for cytoplasmic
processing bodies).

The P bodies might represent sites of stor-
age of mRNA decay factors or may be specific
sites wherein mRNAs are decapped and de-
graded 5� to 3�. If P bodies are dynamic sites of
decapping and exonucleolysis, then inhibiting
mRNA turnover before decapping should re-
duce the number of the P bodies, whereas in-
hibiting decay at, or after decapping should
increase the number of P bodies. To test this
possibility, we used Dhh1p as a marker for P
bodies and examined its distribution in various
mutants that affect mRNA turnover.

We observed that strains blocked at the
actual step of decapping (dcp1�) or 5� to 3�
degradation (xrn1�) showed dramatic increases
in the size and abundance of P bodies (compare
Fig. 2A with Fig. 2, B and C). The results of
Western analysis show that the level of Dhh1p-
GFP does not significantly differ in these
strains, which indicates that the changes in the P
bodies are not due to differences in Dhh1p-GFP
abundance (fig. S2). In contrast, in a ccr4�
strain, which is deficient in deadenylation, P
bodies are markedly reduced, but not altogether
absent (Fig. 2D). The fact that some small P
bodies are observed is consistent with the ob-
servation that some decapping still occurs in a
ccr4� strain (21). However, because ccr4�
strains show a reduction in Dhh1p-GFP expres-
sion (fig. S2), we cannot rule out that part of the
reduction in P bodies in a ccr4� strain is due to
decreased Dhh1p-GFP. Because storage sites
for mRNA decapping and exonucleolysis fac-
tors would be expected to increase when dead-
enylation is blocked, these results are inconsis-
tent with P bodies being storage sites for

mRNA decay factors. Moreover, the decrease
in P bodies when deadenylation is inhibited,
and the increase in P bodies when the decap-
ping or 5� to 3� exonucleolytic digestion is
inhibited, is consistent with P bodies being
specific sites of mRNA decay. Given this, we
suggest that P bodies are sites of mRNA decap-
ping and 5� to 3� exonucleolysis and that the
size of P bodies reflects the flux of mRNAs
undergoing decapping. This interpretation is
also supported by the observation that treatment

of cells with cycloheximide, which rapidly in-
hibits decapping, presumably by trapping mR-
NAs on polysomes (26), caused a loss of P
bodies within 10 minutes (fig. S3).

We also examined P-body formation in
strains deleted for various activators of de-
capping. In a pat1� strain, the size of the foci
decreases (Fig. 2E), whereas in an lsm1�
strain, the number of foci increases (Fig. 2F).
This suggests that these proteins differ in the
mechanism by which they activate decap-
ping. This is consistent with the observation
that Pat1p coimmunoprecipitates with mRNA
that is associated with translation initiation
factors, whereas Lsm1p is only associated
with mRNAs that are not bound to translation
initiation factors (12).

If P bodies are sites of decay, then mR-
NAs should be transiently associated with
these sites just before and during degradation.
To specifically examine the subcellular loca-
tion of mRNAs in the process of degradation,
we introduced a poly(G) tract in the 3� UTR
of the unstable MFA2 mRNA. This forms a
block to the exonuclease Xrn1p and leads to
the accumulation of an intermediate in the
decay process (2). To observe the localization
of this intermediate, we introduced into the
mRNA downstream of the poly(G) tract bind-

Fig. 1. Decapping factors and Xrn1p localize to
discrete foci in the cell. Proteins involved in
mRNA decay were tagged with GFP following
the PCR-based gene modification method de-
scribed by Longtine et al. (17). (A) No GFP
control. Cells expressing GFP tagged versions of
factors involved in decapping are shown in (B
to F) and factors involved in other aspects of
mRNA turnover are shown in (H to L), and (G)
shows untagged version of GFP only. The pro-
tein observed by GFP tagging is shown in the
bottom left corner of each panel.

Fig. 2. Alteration of mRNA decay affects the
size and the number of P bodies. Using Dhh1p-
GFP as a marker for P bodies, P bodies were
observed in strains which are deleted for mRNA
decay factors. (A) shows P bodies in WT cells,
(B to F) show P bodies in dcp1�, xrn1�, ccr4�,
pat1�, and lsm1� cells, respectively. Average
number of P bodies in dcp1� and xrn1� strains
per cell were 6.25 � 3.7 and 12.7 � 7.8,
respectively, which, compared with wild-type
strains in a Student’s t test, gave P values of
��0.001.

R E P O R T S

2 MAY 2003 VOL 300 SCIENCE www.sciencemag.org806



ing sites for the MS2 bacteriophage coat pro-
tein and also expressed a MS2-GFP fusion
protein. The interaction of the MS2-GFP pro-
tein with the MS2 sites on the RNA allows
the mRNA to be localized in the cells (27).

An important result was that RNA decay
fragments are seen in discrete foci (Fig. 3A, top
panel on the left). In contrast, in strains express-
ing MFA2 transcripts lacking the MS2 sites, no
foci could be seen (Fig. 3A, middle panel on the
left). This indicates that these foci represent
MS2-GFP protein bound to RNA and not free
MS2-GFP protein. Moreover, strains express-
ing an MFA2 transcript without a poly(G) tract
inserted to trap the decay intermediate also did
not show discrete accumulation of MS2-GFP
(Fig. 3A, bottom panel on the left). This indi-
cated that the RNA seen in the foci is the decay
intermediate (Fig. 3A). In addition, strains ex-
pressing a PGK1 mRNA with a poly(G) and
MS2 binding sites in the 3� UTR also accumu-
late an mRNA decay intermediate (2), and that
intermediate is localized to foci (Fig. 3C). To
determine that the RNA-containing foci are P

bodies, we showed that the MFA2 decay inter-
mediate colocalized with Lsm1p-RFP (Fig.
3B). This indicates that mRNAs in the process
of decay are associated with P bodies.

We also trapped intermediates of mRNA
decay by removing the Xrn1p exonuclease,
which leads to the accumulation of deadeny-
lated decapped mRNAs (4, 8). Thus, mRNA
decay intermediates should accumulate in
these cells independent of the poly(G) tract.
We observed that the MFA2 mRNA [with or
without an inserted poly(G) tract] accumulat-
ed in P bodies in the xrn1� cells (Fig. 3A, top
and bottom panels on the right). Consistent
with the observation that P-body number in-
creases in xrn1� cells (Fig. 2), we observed
that in xrn1� strains the number of RNA-
containing foci also increased.

From the observations that mRNA decap-
ping factors and decay intermediates are con-
centrated in P bodies, and that the size and
number of P bodies is affected by altering
mRNA decay, we define P bodies as sites of
mRNA decapping and 5� to 3� exonucleolytic

decay. However, since these mRNA decay
factors are not exclusively in P bodies, it is
possible that decapping and 5� to 3� degrada-
tion may also occur outside of P bodies.
Moreover, because recent results indicate that
Dcp1p, Dcp2p, Lsm1p, and Xrn1p are found
in discrete cytoplasmic foci in mammalian
cells (28–30), we suggest that equivalent P
bodies are present in mammalian cells and,
presumably, also function as specific sites of
mRNA degradation.

From these and prior observations, we
present a model for the dynamic relationship
between translation and decapping. In this mod-
el, mRNAs exist in two distinct functional
states, one in polysomes and one sequestered
into a nontranslating pool, which would be the
pool present in P bodies and the direct substrate
for mRNA decapping. Transitions between
these two pools would be dictated by the trans-
lation status of the mRNA. For example, trap-
ping the mRNAs in polysomes with cyclohex-
imide inhibits decapping and leads to loss of P
bodies within 10 min after treatment with the
drug (fig. S3). This suggests that the polysome
and P body pool of mRNAs are distinct. This is
supported by the fact that factors involved in
translation are not seen in distinct foci under
these conditions (31). In contrast, inhibition of
translation initiation, either in cis or in trans (5,
10, 32) leads to an increase in decapping rate,
presumably by increasing the flux of mRNA
through P bodies.

The occurrence of decay in P bodies adds to
a growing number of examples where mRNA
molecules are sequestered into specific subcy-
toplasmic compartments (33, 34) and suggests
that the assembly, disassembly, and transitions
between such compartments will be important
control points in mRNA metabolism.

An exciting issue is whether P bodies are
sites of additional events in cytoplasmic
mRNA biology. Because components of P
bodies are also utilized for maternal mRNA
storage, we anticipate that P bodies, or close-
ly related structures, will be sites of mRNA
storage for later translation activation. In this
case, storage could be achieved by simply
inhibiting the decapping reaction. This pre-
dicts that future analysis of P bodies and
stored mRNAs, either maternal or in somatic
cells such as neurons, may reveal an under-
lying conservation of biochemical function.
Moreover, because both mRNA storage and
decapping involve transitions between a
translation competent and a translation re-
pressed state, we speculate that other transi-
tions of mRNA molecules into and out of
translation might occur within P bodies.
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Séraphin, EMBO J. 19, 1661 (2000).
26. C. Beelman, R. Parker, J. Biol. Chem. 269, 9687

(1994).
27. E. Bertrand et al., Mol. Cell, 2, 437 (1998).
28. E. van Dijk et al., EMBO J. 21, 6915 (2002).
29. J. Lykke-Andersen, Mol. Cell. Biol. 22, 8114 (2002).
30. D. Ingelfinger, D. J. Arndt-Jovin, R. Luhrmann, T. Ach-

sel, RNA 8, 1489 (2002).
31. M. Brengues, R. Parker, unpublished observation.

32. T. LaGrandeur, R. Parker, RNA 5, 4420 (1999).
33. P. Anderson, N. Kedersha, J. Cell Sci. 115, 3227

(2002).
34. N. Kedersha et al., Mol. Biol. Cell 13, 195 (2002).
35. We thank M. A. V. Sanchez for the MFA2-pG-MS2

plasmid, P. Hilleren for the PGK1-pG-MS2 plasmid, K.
Bloom for the MS2-GFP plasmid, A. van Hoof for the
strain expressing SKI7-GFP, R. Tsein for the mRFP
plasmid, H. Fares for experimental assistance, J. M.
Coller for helpful discussions, and the members of the
Parker Lab for their advice. Supported by Howard
Hughes Medical Institute and NIH (GM45443).

Supporting Online Material
www.sciencemag.org/cgi/content/full/300/5620/805/
DC1
Materials and Methods
Figs. S1 to S3
Table S1
References

13 January 2003; accepted 3 March 2003

Mutations in Dynein Link Motor
Neuron Degeneration to Defects
in Retrograde Transport
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Degenerative disorders of motor neurons include a range of progressive fatal
diseases such as amyotrophic lateral sclerosis (ALS), spinal-bulbar muscular
atrophy (SBMA), and spinal muscular atrophy (SMA). Although the causative
genetic alterations are known for some cases, the molecular basis of many SMA
and SBMA-like syndromes and most ALS cases is unknown. Here we show that
missense point mutations in the cytoplasmic dynein heavy chain result in
progressive motor neuron degeneration in heterozygous mice, and in homozy-
gotes this is accompanied by the formation of Lewy-like inclusion bodies, thus
resembling key features of human pathology. These mutations exclusively
perturb neuron-specific functions of dynein.

Motor neuron disease (MND) is one of the
most common neurodegenerative diseases
(1). The molecular basis of MND is poorly
understood. Defects in the SMN1 gene are
responsible for some cases of SMA (2), and
one form of SBMA has been linked to triplet
repeat expansions in the androgen receptor
(3). Mutations in the superoxide dismutase 1
(SOD1) gene account for only a minority of
the familial forms of ALS (FALS) (1, 4).
Thus, the underlying genetic defects in the

vast majority (�98%) of ALS, other MND-
type syndromes, and some SMA subgroups
remain unknown.

Even in the cases where causative mutations
have been identified, there is no widely accepted
mechanistic model to explain how changes in
ubiquitously expressed genes can cause selec-
tive death of motor neurons (1, 4). The his-
topathological lesions reported in sporadic ALS
include neuronal loss; Lewy or Bunina body–
like inclusions containing SOD1, CDK5, neuro-

filaments (NFs), and ubiquitin; and fragmenta-
tion of the Golgi apparatus of motor neurons.

Impaired axonal retrograde transport has
been reported in SOD1 transgenic mouse mod-
els of FALS (5). A major molecular motor
involved in retrograde transport is cytoplasmic
dynein, a motor protein complex that moves
along microtubules in the minus-end direction
(6). It is composed of at least four classes of
subunits (heavy, intermediate, light intermedi-
ate, and light chains) and mediates the intracel-
lular movements of vesicles and protein com-
plexes for nuclear motility, Golgi function, and
axonal transport. The protein complex dynactin,
consisting of several subunits, including dyna-
mitin, tethers some cargoes by interacting with
the latter and with the dynein light intermediate
chains (7). In agreement with the housekeeping
functions of dynein, mice homozygous for a
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