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ABSTRACT Processing bodies (P-bodies) are dynamic cytoplasmic structures involved in
mRNA degradation, but the mechanism that governs their formation is poorly understood. In
this paper, we address a role of Like-Sm (LSm) proteins in formation of P-bodies and provide
evidence that depletion of nuclear LSm8 increases the number of P-bodies, while LSm8 over-
expression leads to P-body loss. We show that LSm8 knockdown causes relocalization of
LSm4 and LSmé proteins to the cytoplasm and suggest that LSm8 controls nuclear accumula-
tion of all LSm2-7 proteins. We propose a model in which redistribution of LSm2-7 to the
cytoplasm creates new binding sites for other P-body components and nucleates new, micro-
scopically visible structures. The model is supported by prolonged residence of two P-body
proteins, DDX6 and Ago2, in P-bodies after LSm8 depletion, which indicates stronger inter-
actions between these proteins and P-bodies. Finally, an increased number of P-bodies has
negligible effects on microRNA-mediated translation repression and nonsense mediated
decay, further supporting the view that the function of proteins localized in P-bodies is inde-
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pendent of visible P-bodies.

INTRODUCTION

Cytoplasm of eukaryotic cells contains many different structures,
and several of them are not encapsulated by a membrane, and their
assembly and maintance are driven solely by protein—protein, RNA-
protein, and, potentially, RNA-RNA interactions. Two of these non-

membrane cytoplasmic structures, stress granules and processing
bodies (P-bodies; also called GW182 bodies or Dcp-bodies) are
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involved in mRNA metabolism (Eulalio et al., 2007a; Aizer and
Shav-Tal, 2008; Franks and Lykke-Andersen, 2008). Stress granules
form under stress conditions and accumulate mRNAs that are stalled
in the process of translation initiation, but their exact role in the
stress response is unclear (Balagopal and Parker, 2009). P-bodies
contain numerous factors involved in mRNA degradation, namely
decapping machinery, Like-Sm (LSm) 1-7 proteins, exonucleases
and deadenylases, and several factors involved in RNA interference
(RNAI) and nonsense-mediated decay (NMD) pathways (Eulalio
et al., 2007a; Parker and Sheth, 2007; Balagopal and Parker, 2009).

P-bodies are highly mobile and dynamic structures constantly
exchanging their content with surrounding cytoplasm (Andrei et al.,
2005; Kedersha et al., 2005; Leung et al., 2006; Aizer et al., 2008). In
yeast, P-body assembly is induced by ribonucleoprotein particles
containing translationally repressed mRNAs, and further protein ac-
cumulation shows signs of hierarchy and interdependency; however,
the exact molecular mechanism of P-body formation remains elu-
sive (Andrei et al., 2005; Teixeira and Parker, 2007). LSm proteins are
one of the factors that play a crucial role in formation and main-
tenance of P-body structure. In human cells, knockdown of several
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LSm8 knockdown induces formation of P-bodies. HelLa cells were treated with

(A) control, (B) anti-LSm1, or (C) anti-LSm8 siRNAs, and a marker of P-bodies (DDX6) was
visualized by indirect immunofluorescence (red) and the nucleus was visualized by DAPI
staining (blue). Quantification of DDX6-labeled P-bodies revealed that LSm8 depletion
increased the presence of cells containing microscopically detectable P-bodies (D) as well as
the number of P-bodies per cell (E). The average of three experiments (each containing
hundreds of cells) £ SEM is shown. * indicates significant changes with p < 0.05. (F) The
efficiency of siRNAs was tested by Western blotting. Snu114 protein served as a loading
control. (G) For comparison of behavior of stress granules and P-bodies after LSm8 depletion,
cells were treated with control or anti-LSm8 siRNA, and stress granules and P-bodies were
visualized by immunolocalization of elF3b and GW182, respectively. Scale bar: 10 pm.

Volume 23  October 1, 2012

P-body proteins, including proteins from the
LSm1-7 ring, LSm1 and LSm4, leads to reduc-
tion of P-bodies (Andrei et al., 2005; Kedersha
etal., 2005). In addition, several studies showed
that a prion-like self-aggregating domain of
yeast LSm4p targets LSm4p to P-bodies and,
together with Edc3p, is important for P-body
formation (Decker et al., 2007; Mazzoni et al.,
2007; Reijns et al., 2008). The role of LSm pro-
teins in P-body formation was further strength-
ened by a recent finding that an LSm-binding
partner, the deadenylation factor Patlb, is
able to induce P-body-like structures (Totaro
etal., 2011).

In the cytoplasm, LSm1-7 proteins promote
mRNA degradation, likely via interaction with
the decapping machinery and Pat1b (Franks
and Lykke-Andersen, 2008; Braun et al., 2010;
Haas et al., 2010; Ozgur et al., 2010; Totaro
et al., 2011). A similar LSm complex, in which
LSm8 replaces LSm1, is localized exclusively in
the nucleus, where it interacts with the U6 small
nuclear RNA (snRNA) and promotes U4/Ué
snRNA annealing (Achsel et al., 1999). In this
work, we test the importance of nuclear LSm8
for the cellular distribution of LSm2-7 and for-
mation of P-bodies.

RESULTS

To address the role of LSm8 in P-body forma-
tion, we transfected Hela cells with a negative
control small interfering RNA (siRNA), siRNAs
against LSm1 as a positive control reducing
the number of P-bodies (Andrei et al., 2005;
Chu and Rana, 2006), and siRNA against LSm8.
P-bodies were visualized by immunolocaliza-
tion of two P-body markers, RNA helicase
DDXb (also called rck/p54), which is involved in
suppression of RNA translation and mRNA
degradation (Andrei et al., 2005; Weston and
Sommerville, 2006; Flemr et al., 2010; Figure
1), and GW182, which is crucial for microRNA
(miRNA)-mediated mRNA silencing (Eystathioy
et al., 2003; Eulalio et al., 2009; Braun et al.,
2011; Supplemental Figure STA). LSm1 knock-
down had only a minor effect on the number of
P-bodies per cell, but the number of cells con-
taining P-bodies was reduced twofold relative
to cells treated with a negative control siRNA
(Figure 1, B, D, and E). However, it should be
noted that treatment with control siRNA re-
duced appearance of P-bodies with respect to
nontreated cells (Figure S1B), which is consis-
tent with previous observations (Serman et al.,
2007). Surprisingly, knockdown of LSm8 strongly
increased both P-bodies per cell and the num-
ber of cells containing P-bodies (Figure 1, C-E).
In addition, we mapped influence of LSm8
knockdown on distribution of the stress granule
marker elF3b (Anderson and Kedersha, 2006).
Depletion of LSm8 resulted in reduced ap-
pearance of stress granules, and elF3b was
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LSm4 delocalizes to the cytoplasm after LSm8 knockdown. Hela cells were treated
with control (A), anti-LSm1 (B), or anti-LSm8 (C and D) siRNAs. LSm4 was visualized by indirect
immunofluorescence (red in A-C; green in D) and the nucleus was visualized by DAPI staining
(blue). LSm8 knockdown resulted in LSm4 delocalization to numerous cytoplasmic dots that
colocalized with a P-body marker GW182 (red in D). Scale bar: 10 pm.

evenly distributed throughout the cytoplasm (Figure 1G). Together
these data showed that, in contrast to LSm proteins found in the
LSm1-7 ring (Andrei et al., 2005; Kedersha et al., 2005), LSm8 re-
duction had a strong stimulatory effect on P-bodies.

How could nuclear LSm8 have such a strong influence on cyto-
plasmic structures? One of the potential mechanisms might involve
relocalization of LSm2-7 proteins from the nucleus to the cytoplasm,
where they could induce P-body assembly via the C-terminal do-
main of LSm4 (Decker et al., 2007, Mazzoni et al., 2007, Reijns et al.,
2008). In yeast, LSm8p is important for nuclear localization of LSm7p,
indicating that LSm8p might indeed influence localization of LSm2-7
proteins (Spiller et al., 2007). To test whether LSm8 is important for
nuclear accumulation of LSm4 in human cells, we depleted LSm8 or
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LSm1 and localized endogenous LSm4 by
immunodetection (Figure 2, A-D). Under
normal conditions, LSm4 was found in the
nucleus, where it accumulated in Cajal bod-
ies, and in the cytoplasm, where it concen-
trated in P-bodies (Figure 2A; Ingelfinger
et al., 2002; Stanek et al., 2003). Nuclear—
cytoplasmic distribution was not affected
upon LSm1 reduction, but in a manner simi-
lar to other P-body markers (DDX6 and
GW182), cytoplasmic LSm4 did not concen-
trate in discrete foci but was dispersed
throughout the cytoplasm (Figure 2B). LSm8
knockdown caused significant delocaliza-
tion of LSm4 from the nucleus to the cyto-
plasm, where it accumulated in numerous
foci that colocalized with the P-body marker
GW182 (Figure 2, C and D). In addition, we
screened distribution of LSm4 and LSmé us-
ing high-throughput microscopy and as-
sayed hundreds to thousands of cells in a
single experiment. Distribution of LSm4 was
analyzed in a stable cell line expressing
green fluorescent protein (GFP)-LSm4 from
a bacterial artificial chromosome (Figure
3A). The expression from the bacterial artifi-
cial chromosome has the advantage that
endogenous promoters, exon/intron struc-
ture, and other regulatory elements are pre-
served, and we successfully utilized GFP-
tagged proteins expressed from bacterial
artificial chromosome for kinetic studies
(Poser et al., 2008; Huranova et al., 2010;
Novotny et al., 2011). The qualitative evalu-
ation revealed that the nuclear:cytoplasmic
ratio of LSm4 was reduced by almost 40%
after LSm8 knockdown (Figure 3C). These
data show that human LSm8 is required
for nuclear localization of LSm4. To further
support the concept that LSm8 is important
for nuclear accumulation of LSm2-7 pro-
teins, we established a stable cell line ex-
pressing yellow fluorescent protein (YFP)-
LSmé (Figure 3B) and analyzed cellular
distribution of YFP-LSmé after LSm8 deple-
tion. LSm8 knockdown resulted in YFP-LSmé
relocalization to the cytoplasm to an extent
similar to LSm4-GFP (Figure 3, B and D). Re-
localization of LSm4 and LSmé proteins was
further confirmed by cell fractionation, which showed the reduction
of nuclear concentration and increase of cytoplasmic signal after
LSm8 depletion (Figure 3F). However, the LSm redistribution to the
cytoplasm was less visible after cell fractionation compared with mi-
croscopical data. LSm proteins are small and can easily leak between
the cytoplasm and nucleus during isolation of nuclear and cytoplas-
mic extracts, which could partially diminish relocalization after LSm8
knockdown. Thus we believe that microscopical analysis of LSm dis-
tribution was a more suitable approach in this particular case. Im-
munoprecipitation of LSm4-GFP and YFP-LSmé with anti-GFP anti-
bodies showed that both tagged proteins were incorporated into
U4/U6 and U4/U6eUS snRNPs (Figure 3E), indicating they are prop-
erly assembled into the LSm ring. Together these results suggest

GW182
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formed P-bodies in LSm8 knockdown cells
(Figure 5). Dynamics of fusion proteins in
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recovery after photobleaching (FRAP). Half-
time for each experiment was determined
after fitting the FRAP curve with a double
exponential function (Figure 5 and Table 1).
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FIGURE 3: LSm4-GFP and YFP-LSmé delocalize to the cytoplasm after LSm8 knockdown. HeLa  cytoplasmic fractions were prepared from

cells stably expressing LSm4-GFP (A) or YFP-LSm6 (B) were treated with control or anti-LSm8 stable cell lines expressing either LSm4-GFP
siRNA. Scale bar: 10 pm. (C and D) Relative distribution of LSm4-GFP (C) and YFP-LSmé (D) after  or YFP-LSmé treated with control or

LSm8 knockdown was determined by high-throughput microscopy. The average of three anti-LSm8 siRNAs. LSm4-GFP and YFP-LSm6
experiments (each containing hundreds of cells) £ SEM is shown. * indicates significant changes ~ were detected by anti-GFP antibodies, and
with p < 0.05. (E) Both LSm4-GFP and YFP-LSmé were properly incorporated into U4/U6 and the purity of fractions was confirmed by
U4/UbeU5 snRNPs as indicated by immunoprecipitation using anti-GFP antibody followed by visualization of UBF (nuclear marker) and
detection of copurified snRNAs by silver-staining. Note the enrichment of U4, U5, and U6 CypA (cytoplasmic marker).
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Overexpression of YFP-LSm8 disrupts P-bodies. Hela cells were transfected with
(A) YFP, (B) YFP-LSm1, (C) YFP-LSm8, and (D) YFP-LSmé. P-bodies were visualized by DDX6
immunodetection (red) and nuclei were visualized by DAPI staining (blue). (B) Low/middle
expression of YFP-LSm1 induced formation of P-bodies. (C) In cells expressing YFP-LSm8,
DDXé6 often did not stain P-bodies and accumulated instead in structures resembling stress
granules (arrows). (D) Expression of YFP-LSmé did not significantly affect formation of
P-bodies. Scale bar: 10 pm. (E) Quantification of P-bodies in cells transiently expressing
YFP-tagged proteins. The average of three experiments (each containing hundreds of cells)
+ SEM is shown.
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(Figure 5, A and B). The recovery of DDX6
and Ago2 in P-bodies was reduced after
LSm8 knockdown, as indicated by longer
half-times (Table 1), and this effect was more
pronounced in the case of DDXé. Finally, we
analyzed the dynamics of LSm4-GFP. LSm4-
GFP delocalized from the nucleus to the cy-
toplasm in a manner similar to the endoge-
nous LSm4 protein (Figure 5C). We did not
detect any significant changes in the immo-
bile fraction, but recovery was faster after
depletion of LSm8. These data revealed that
depletion of LSm8 stimulated association of
DDX6 and Ago2 with P-bodies and in-
creased exchange of LSm4 between P-bod-
ies and the nucleoplasm.

To further characterize P-bodies newly
formed after LSm8 depletion, we analyzed
the functionality of the miRNA pathway. It
has been suggested that microscopically
visible P-bodies are not required for miRNA-
mediated translation inhibition (Chu and
Rana, 2006; Eulalio et al., 2007b) and that
formation of P-bodies might be in fact seen
as a consequence of miRNA activity. The in-
creased number of P-bodies, presumably
without having a direct effect on miRNA
pathway, provided us with a unique oppor-
tunity to gain more insight into the relation-
ship between LSm proteins, P-bodies, and
miRNA activity. To test whether the in-
creased number of P-bodies caused by
LSm8 knockdown had any consequences
for miRNA-mediated repression of transla-
tion, we used Hela cell lines stably express-
ing a firefly luciferase reporter that carried
four bulged binding sites for either let-7
(Pillai et al., 2005) or miR-30 (Ma et al., 2010)
in its 3’ untranslated region (UTR) (Figure
6A). These reporters are naturally sup-
pressed by corresponding endogenous
miRNAs, and their expression increased
sixfold (let-7 reporter) and 21-fold (miR-30
reporter) upon inhibition of the correspond-
ing miRNA with inhibitory oligonucleotides
(Figure 6D). The luciferase activity was mea-
sured 48 h after transfection with siRNAs
against LSm1, LSm8, or the negative control
siRNA. LSm1 knockdown did not have any
significant effect on the firefly luciferase re-
porter activity containing either of the tested
miRNA target sequences (Figure 6, B and
C). LSm8 depletion partially reduced activity
of the luciferase reporter carrying miR-30
with respect to the negative control (Figure
6B) but did not affect the reporter with let-7
binding sites (Figure 6C). Furthermore, there
was no statistically significant difference in
miR-30 reporter activity between LSm1 and
LSm8 knockdowns that have opposite ef-
fects on P-bodies. At present, it is unclear
why miR-30 and let-7 reporter constructs

Molecular Biology of the Cell
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FIGURE 5: Mobility of P-body components is reduced after LSm8
depletion. Cells transiently expressing DDX6-GFP (A), Ago2-GFP (B),

or LSm4-GFP (C) were treated with control (NC) or anti-LSm8 siRNAs.

Scale bar: 10 pm. Fluorescence recovery was measured in P-bodies
after GFP photobleaching in control and LSm8 siRNA-treated cells,
and recovery curves were fitted to a double exponential function.
Examples of recovery curves with fitted function are shown next to
corresponding micrographs. Two of the tested P-body proteins,
DDX6-GFP and Ago2-GFP, exhibited slower recovery after LSm8
knockdown (see Table 1 for half-times).

Volume 23  October 1, 2012

Gene siRNA Half-time (s)?
DDX6-GFP Negative control 57+3.1
DDX6-GFP Anti-LSm8 141+4.4
Ago2-GFP Negative control 22+15
Ago2-GFP Anti-LSm8 51+£43
LSm4-GFP Negative control 6.7+3.5
LSm4-GFP Anti-LSm8 43+26

2Half-times determined by fitting FRAP curves and the average of 10 measure-
ments with SD is shown.

TABLE 1: Residence time of DDX6-GFP and Ago2-GFP in P-bodies is
prolonged after depletion of LSm8.

exhibit slightly different responses to LSm8 knockdown. Perhaps the
effect on miR-30 reporter is reflecting more efficient posttranscrip-
tional targeting of this particular reporter by endogenous miR-30. Im-
portantly, the effects of LSm8 and LSm1 knockdowns on P-body num-
bers in the reporter cell lines were similar to Hela cells used in previous
assays (Figure S3). In any case, our results showed that reduction of
P-bodies did not relieve miRNA-mediated repression, while the in-
creased formation of P-bodies in LSm8 knockdown did not commonly
correlate with a stronger miRNA-mediated repression.

Finally, we tested whether the increased number of P-bodies had
any effect on the NMD pathway. Several NMD components have
been shown to accumulate in P-bodies (Eulalio et al., 2007a; Parker
and Sheth, 2007; Balagopal and Parker, 2009), yet the NMD path-
way was not inhibited in cells devoid of visible P-bodies (Eulalio
et al., 2007b; Stalder and Muhlemann, 2009). In this study, we ana-
lyzed the efficiency of NMD in cells with a high number of P-bodies
formed after LSm8 knockdown. We detected two NMD targets that
were created by alternative splicing of PTB and SmB/B’ in control
cells and in cells depleted of LSm1 and LSm8 (Figure 6E). The PTB
gene contains a 34-nucleotide exon (exon 11) that is normally in-
cluded in the mRNA to encode full-length PTB protein. If exon 11 is
skipped during splicing of the mRNA, the reading frame is shifted to
introduce a premature termination codon that targets the transcript
to the NMD pathway (Wollerton et al., 2004). Protein SmB/B’ self-
regulates its expression by promoting the inclusion of a highly con-
served alternative exon in its own pre-mRNA that targets the tran-
script for the nonsense-mediated mMRNA decay (Saltzman et al.,
2011). We did not detect any significant change in abundance of
either of the NMD targets upon depletion of LSm8, which indicated
that the increased number of P-bodies apparently did not influence
the activity of the NMD pathway.

DISCUSSION

Our understanding of formation and maintenance of non-mem-
brane-bound organelles is still far from complete. These structures
are often very dynamic; they move rapidly within the cell and con-
stantly exchange their components with the surrounding environ-
ment. In addition, factors that determine their size and number are
largely unknown. In this study, we concentrated on cytoplasmic P-
bodies and addressed the role of LSm proteins in P-body formation.
Our data showed that depletion of LSm1 resulted in a reduced num-
ber of P-bodies. This is consistent with previous findings in human
cells, which showed that removal of either LSm1 or LSm4 protein
from the LSm1-7 ring reduced the P-body number (Andrei et al.,
2005; Kedersha et al., 2005). Collectively these data illustrate the
importance of the LSm1-7 ring for P-body formation and indicate
that destabilization of the LSm1-7 ring has a negative effect on

LSm8 affects number of P-bodies | 3781
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FIGURE 6: LSm8 knockdown does not affect RNAi or NMD pathway.
(A) Schematic representation of mRNA used in translation assay.

(B and C) Stable Hela cell lines expressing either FF-4xmiR-30B or
FF-4xlet-7B mRNAs were treated with anti-LSm1, anti-LSm8, or
negative control (NC) siRNAs, and luciferase activity was measured
48 h after transfection. (B) Treatment with LSm8 siRNA reduced
activity of the FF-4xmiR-30B reporter with respect to control cells

(p <0.05). (C) No significant changes in luciferase activity were
detected in the case of the FF-4xlet-7B reporter. (D) Stable cell lines
expressing either FF-4xmiR-30B or FF-4xlet-7B mRNAs were treated
with an miRNA-specific inhibitor, and luciferase activity was measured
48 h after treatment. Luciferase activity increased sixfold in the case
of let-7 inhibition and 21-fold in the case of miR-30 inhibition relative
to nontransfected cells (NT). (E) Depletion of LSm8 does not change
activity of NMD pathway. Abundance of two NMD targets, PTB and
SmB/B’, was tested by RT-PCR in control cells and cells transfected
with anti-LSm1 or anti-LSm8 siRNAs. NMD-targeted splicing isoforms
are marked by asterisks and visualized after cycloheximide treatment
(CHX). No significant differences in NMD-targeted mRNAs were
observed between cells treated with LSm8 and negative control
siRNA.

P-body assembly. At the same time, we showed that ectopic expres-
sion of only one component of the LSm1-7 ring at a time does not
increase the number of P-bodies (Figure 4), suggesting that the
whole ring is required for productive P-body assembly.

In contrast with Lsm1, LSm8 depletion has the opposite effect on
P-bodies and significantly stimulates their formation. The underlying
mechanism likely involves redistribution of LSm2-7 proteins to the
cytoplasm, where they create, together with cytoplasmic LSm1, a
nucleation core for other P-body components and induce aggrega-
tion of P-body factors (Figure 7). In this respect, the C-terminal domain
of LSm4 was suggested to promote P-body assembly (Kedersha
et al., 2005; Decker et al., 2007; Franks and Lykke-Andersen, 2008;
Reijns et al., 2008). We speculate that P-body formation is driven by
the self-organization principle that has been shown to be the main
force in the assembly of nuclear nonmembrane structures (Kaiser
et al., 2008). We propose that the increased number of the LSm1-7
rings that accumulate in the cytoplasm creates additional binding
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FIGURE 7: Model representing the role of nuclear LSm8 in the
localization of LSm2-7 and P body formation.

sites that capture other P-body components and nucleates formation
of microscopically visible structures. The reduced mobility of Ago2
and DDX6 in P-bodies after LSm8 knockdown supports this hypoth-
esis and suggests that these P-body proteins encounter an increased
number of interaction sites within P-bodies that restrict their move-
ment. The stronger effect on DDX6 mobility is consistent with the
known interaction of DDX6 with LSm1-7 proteins via Pat1b (Ozgur
et al.; Totaro et al., 2011), while no interaction between Ago2 and
LSm1-7 proteins, either direct or indirect, has been identified to date.
Conversely, the LSm4 dynamics was partially increased upon LSm8
depletion, which demonstrates that the reduce mobility of P-body
components is not a general phenomenon of LSm8 knockdown and
that binding sites for LSm proteins inside P-bodies become saturated
upon LSm8 knockdown followed by redistribution of LSm2-7 pro-
teins to the cytoplasm.

We show that LSm8 is essential for nuclear localization of LSm4
and LSmé, and thus most likely all of the LSm2-7 proteins in human
cells. LSm proteins are smaller than the nuclear pore molecular
weight cutoff and can apparently freely diffuse throughout the cell.
This prediction is supported by the localization of overexpressed
YFP-LSm1 and YFP-LSm8. Both proteins were distributed through-
out the whole cell (Figures 4 and S2), which implies that their steady-
state distribution depends on a number of interaction sites in the
cytoplasm and the nucleus and not on a targeted transport to a
particular cellular compartment. This further implies that LSm8 by
itself does not contain a strong nuclear localization signal, which is
consistent with the previous finding that the formation of the com-
plete LSm2-8 ring and its interaction with the U6 snRNA is impor-
tant for LSm8 nuclear localization (Spiller et al., 2007). Depletion of
LSm1 does not cause redistribution of LSm4 to the nucleus, which
indicates that LSm1 is not essential for cytoplasm localization of LSm
proteins. Taken together, these data imply that the interaction of the
complete LSm2-8 ring with the U6 snRNA is the critical determinant
of LSm2-7 nuclear localization.

Consistent with results published by others, our data show that
manipulation of P-body number has negligible effects on miRNA-
mediated repression and the efficiency of the NMD pathway. The
results are thus fully consistent with the generally accepted view
that amplification or reduction of visible P-bodies does not signifi-
cantly alter cellular functions. In this respect, P-bodies are markedly
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reminiscent of nuclear Cajal bodies, in which essential spliceosomal
snRNPs are assembled, but Cajal bodies are not essential for cell
proliferation in a cell culture (reviewed in Stanek and Neugebauer,
2006). However, we showed that the assembly of snRNP complexes
in Cajal bodies is faster by an order of magnitude than in the nucle-
oplasm (Klingauf et al., 2006; Novotny et al., 2011), indicating that
organelles like P-bodies or Cajal bodies might enhance the assem-
bly kinetics of various multicomponent complexes (Matera et al.,
2009). In addition, even though disruption of P-bodies does not
result in any apparent defect in mRNA metabolism under normal
laboratory conditions, P-bodies might become indispensable un-
der stress conditions, as was recently suggested in the case of yeast
cells (Lavut and Raveh, 2012). Similarly, Cajal bodies are essential in
rapidly developing zebrafish embryos (Strzelecka et al., 2010), and
their depletion reduces mouse fertility and viability (Walker et al.,
2009). It would be interesting to test whether P-bodies are essential
in mammals, and if so, under which conditions. The fact that the
P-body component LSm1 was found to be elevated in several types
of cancer and was shown to be required for cell transformation may
indicate that they are (Watson et al., 2008).

MATERIALS AND METHODS

Cells and antibodies

Hela cells and stable cell lines derived from Hela cells were cultured
in DMEM supplemented with 10% fetal calf serum, penicillin, and
streptomycin (Invitrogen, Carlsbad, CA). Hela cells stably expressing
LSm4-GFP from bacterial artificial chromosome were prepared as de-
scribed previously (Poser et al., 2008) and kindly provided by Ina
Poser and Tony Hyman (MPI-CBG, Dresden, Germany). Hela-FF-
4xlet-7B and Hela-FF-4xmiR-30B cells stably expressing luciferase
reporters were produced by stable integration of pGL4 plasmid de-
rivatives carrying 3’UTRs with four bulged let-7 (Pillai et al., 2005) or
miR-30 (Ma et al., 2010) binding sites. Stable cell lines for experi-
ments were selected based on high sensitivity to miRCURY LNA
miRNA family inhibitors (Exigon, Woburn, MA). The following anti-
bodies were used for immunofluorescence microscopy: rabbit
antibodies against LSm4 (Achsel et al., 1999), kindly provided by
R. Lihrmann (MPI, Géttingen, Germany); rabbit antibodies against
DDXé (Bethyl Laboratories, Montgomery, TX); human anti-GW182
(Eystathioy et al., 2003), kindly provided by M.J. Fritzler (University of
Calgary, Calgary, Canada); mouse antibody against elF3b (#sc-28857;
Santa Cruz Biotechnology, Santa Cruz, CA); goat antibodies against
TIA1 (#sc-1751; Santa Cruz Biotechnology); and secondary anti-
mouse or anti-rabbit antibodies conjugated with DyLight549 and
DyLight 488 (Jackson ImmunoResearch Laboratories, West Grove,
PA) and Alexa Fluor 594 (Invitrogen). The following antibodies were
used for Western blotting: rabbit antibodies against hSnu114 (Fabrizio
et al., 1997), kindly provided by R. Lihrmann; mouse anti-LSm8 anti-
body (#sc-81315; Santa Cruz Biotechnology); rabbit anti-UBF
(#sc-9131; Santa Cruz Biotechnology); rabbit anti-cyclophiline A
(CypA; #07-313; Upstate/Millipore, Billerica, MA); rabbit anti-LSm1
antibodies (Sigma-Aldrich, St. Louis, MO); and secondary anti-mouse,
anti-goat, and anti-rabbit antibodies 800 (LI-COR Biosciences, Lin-
coln, NE). Goat anti-GFP antibodies were raised against bacterially
expressed full-length EGFP and obtained from David Drechsel (MPI-
CBG, Dresden, Germany).

siRNA

Preannealed siRNA duplexes were obtained from Ambion (Applied
Biosystems, Bedford, MA). The sequence of siRNA against LSm8
siRNA was kindly provided by Konstantin Licht (Institute of Biochem-
istry, Justus-Liebig-University of Giessen, Germany): 5-GGAU-
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GAAAGCCAUGAACGALt. Predesigned LSm1 siRNA was purchased
from Ambion: 5-GAAGGACACUUAUAGGCUULtt. The “negative
control 1" siRNA from Ambion was used as a negative control.
siRNAs were transfected using Oligofectamine (Invitrogen) accord-
ing to the manufacture’s protocol, and cells were analyzed 48 h after
transfection. Hsa-let-7 F-l and hsa-miR-30 FI miRCURY LNA miRNA
family inhibitors were obtained from Exiqon. Hela-FF-4xlet-7B and
Hela-FF-4xmiR-30B cells plated in 24-well plates were transfected
by 10 nM of LNA miRNA family inhibitor using Lipofectamine (Invit-
rogen) and assayed after 48 h.

Plasmids and DNA

LSm1 was cloned from Hela cell total RNA by reverse transcriptase
PCR (RT-PCR) using primers (LSm1-Forward: 5-CCGGAATTCTGAT-
GAACTATATGCCTGGC; LSm1-Reverse: 5-CGCGGATCCCGGTA-
CTCATCAAGAGTATC) and inserted into EYFP-C3 vector (Clontech
Laboratories, Mountain View, CA) using EcoRI/BamHI restriction en-
zymes. YFP-LSm8 and YFP-LSmé were described previously (Stanek
et al., 2003; Stanek and Neugebauer, 2004). EGFP-FLAG-HA-DDX6
construct was kindly provided by Matyas Flemr (Institute of Mole-
cular Genetics AS CR, Prague, Czech Republic). The following prim-
ers were used to clone mouse DDX6 coding sequence: DDX6-
Forward:  5-GCGTCGACAGCACGGCCAGAACAGAGAACCCTGT;
and DDXé-Reverse: 5AGCGGCCGCTTACGGTTTCTCGTCTTCTG-
CAGGCT. DDX6 cDNA was subsequently cloned into Sall and Notl
sites of vector carrying the EGFP sequence, FLAG and hemaggluti-
nin (HA) tags upstream of the cloning site (vector map available upon
request). Firefly reporter construction: four bulged (B) binding sites
for either hsa-let-7a or hsa-miR-30 miRNA were cloned into the 3’-
UTR of firefly luciferase reporter driven by 3-phosphoglycerate ki-
nase promoter (PGK) promoter (pPGK-FF) to obtain pPGK-FF-4xlet-
7B and pPGK-FF-4xmiR-30B plasmids. Plasmid DNAs were intro-
duced into cells using FuGene HD Transfection Reagent (Roche
Diagnostics, Basel, Switzerland) according to the manufacturer's
protocol 24 h before the experiment.

RT-PCR

RNA was isolated 48 h after siRNA transfection using Trizol Reagent
(Invitrogen) accordingly to the manufacturer’s protocol. In parallel,
cycloheximide was added to the medium at the final concentration
of 75 pg/ml, and RNA was isolated 16 h after the treatment. Reverse
transcription was performed by SuperScriptlll (Invitrogen), and cDNA
was amplified by Taq polymerase (MBI Fermentas, Biogen, Prague,
Czech Republic) using primers: PTB-Forward: 5-GCG GCA GGT
CGG ATC GCC AT-3"; PTB-Reverse: 5-TTG CCG TCC GCC ATC
TGC ACT-3'; SmB-Forward: 5-CAA GGC TTT TGA CAA GCA CA-3’;
SmB-Reverse: 5-GGG AGG AGG TCC CTC TAC TG-3". DNA was
visualized on 3% agarose gel using intercalate reagent GelStar
(Cambrex Bio Science, Rockland, ME).

Immunofluorescence and image acquisition

Cells were fixed and labeled as described previously (Novotny et al.,
2011). Images were acquired using the DeltaVision microscopic sys-
tem (Applied Precision, Issaquah, WA) coupled to the Olympus [X70
microscope equipped with an oil-immersion objective (60x/1.4 nu-
merical aperture [NA]) and restored using a measured point-spread
function (SoftWorx; Applied Precision) as described previously
(Novotny et al., 2011).

High-throughput microscopy
Samples were scanned using automated acquisition driven by
Acquisition ScanlR program using ScanlR system (Olympus,
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Hamburg, Germany) equipped with oil-immersion objective
40x/1.3 NA. One hundred forty-four images were taken per
each sample containing hundreds of cells. Each image was re-
constructed from stacks of 10 optical sections with a 300-nm
Z-step and automatically restored using a measured point-spread
function implemented in Analysis Scan”R software (Olympus). Cel-
lular compartments were automatically identified based on fluo-
rescence intensity combined with compartment edge detection.
Cell nuclei were visualized using 4’,6-diamidino-2-phenylindole
(DAPI) staining; DDX6 was stained to visualize P-bodies. Assign-
ment of individual P-bodies to a particular cell was based on a rela-
tive distance from nuclei. Total intensities, areas, and counts for
each cellular object were obtained using the Analysis Scan”R soft-
ware. Mean and SEM of three biological experiments were calcu-
lated. Statistical significance was analyzed by Student’s t test.

Cell fractionation

The fractionation procedure was adopted from Wodrich et al. (2000).
Cells were harvested 48 h after transfection, centrifuged at 200 x g
for 5 min at 4°C, resuspended in hypotonic buffer A (10 mM HEPES-
KOH, pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM dithiothreitol
[DTT]), and incubated on ice for 10 min. Cells were then disrupted
by vortexing for 20 s and centrifuged at 400 x g for 2 min at 4°C,
and the supernatant was used as the cytosolic extract. The pellet
was washed in cold PBS, spun at 400 x g for 2 min at 4°C, and resus-
pended in buffer B (20 mM HEPES, pH 7.9, 0.5 M NaCl, 1.5 mM
MgCly, 0.2 mM EDTA, 0.5 mM DTT). After a 30-min incubation on
ice, nuclei were centrifuged at 20,000 x g for 5 min at 4°C, and the
supernatant was taken as the nuclear extract. UBF was used as a
marker of nuclear fraction and CypA as a cytoplasmic marker, as
previously described (Horejsi et al., 2012).

snRNP immunoprecipitation and Western blot analysis

Cells were grown on a 15-cm Petri dish for 28 h. Immunoprecipita-
tion was performed as described previously (Huranova et al., 2009)
using goat a-GFP antibodies. RNA was extracted using phenol/
chloroform, resolved on a 7 M urea-denaturing polyacrylamide gel,
and silver-stained. For protein analysis, cells were mixed with
SDS-sample buffer to obtain a whole-cell lysate. Proteins were re-
solved on SDS-PAGE gel, blotted onto the PROTRAN membrane
(Whatman, Maidstone, UK), and detected with primary and second-
ary antibodies conjugated with fluorophore dye and detected by
Odyssey reader (LI-COR Biosciences).

Bioluminescence assay

Cells grown in 24-well plates were collected in 150 pl Passive Lysis
Buffer (Promega, Madison, WI). The activity of FL was measured in
5-pl aliquots using the Dual-Luciferase Reporter Assay System
(Promega) according to the manufacturer’s instructions. The data
were corrected to protein concentration (Bio-Rad Protein Assay,
Bio-Rad Czech Republic, Prague, Czech Republic) and normalized
to control transfection. Results from two independent experiments
done in duplicate are shown (mean + SEM).

FRAP

FRAP experiments were performed using the DeltaVision micro-
scopic system, as described previously (Novotny et al., 2011).
Because of the high mobility of P-bodies, tracking by means of
thresholding was used to identify and follow the motion of P-bodies
and determine the fluorescence intensity within them. Resulting re-
covery curves were computed as averages of 10 measurements
for each studied case. Data were fitted by sum of two exponentials:
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I=1p+ a(l — e®) + (1 — &), where Iy is the initial intensity after
photobleaching and a, b, ¢, and d are fitted parameters. Intensity in
half of the maximum of the recovery curve (l,) was calculated for
each measurement. The half-time ty, corresponding to I, was deter-
mined for individual curves by optimization in Matlab, using NLIN-
FIT-nonlinear regression (Matlab, MathWorks, Natick, MA). Mean
value and SD were calculated for each case.
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