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ARE-mRNA degradation requires the 5'-3’

decay pathway
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As an important mode of suppressing gene expression, messenger
RNAs containing an AU-rich element (ARE) in the 3’ untranslated
region are rapidly degraded in the cytoplasm. ARE-mediated mRNA
decay (AMD) is initiated by deadenylation, and in vitro studies have
indicated that subsequent degradation occurs in the 3’5’ direction
through a complex of exonucleases termed the exosome. An
alternative pathway of mRNA degradation occurs at processing
bodies, cytoplasmic foci that contain decapping enzymes, the 5'-3'
exonuclease Xrn1 and the Lsm1-7 heptamer. To determine which
of the two pathways is important for AMD in live cells, we targeted
components of both pathways using short interfering RNA in
human HT1080 cells. We show that Xrn1 and Lsm1 are essential
for AMD. On the other side, out of three exosome components
tested, only knockdown of PmScl-75 caused a strong inhibition of
AMD. Our results show that mammalian cells, similar to yeast,
require the 5'-3' Xrn1 pathway to degrade ARE-mRNAs.
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INTRODUCTION

The normal degradation of messenger RNAs in the cytoplasm is
initiated by deadenylation, followed by exonucleolytic decay in
the 3/-5" or the 5'-3’ direction. At the 3’ end, mRNA is degraded
by the exosome, a complex of six phosphorolytic 3’-5' exo-
nucleases and several associated hydrolytic 3'-5" exonucleases
and helicases (Mitchell & Tollervey, 2000). At the 5’ end, the
7-methyl guanosine cap is removed by the decapping complex
Dcp1/Dcp2, and the mRNA body is degraded by the 5'-3’
exonuclease Xrn1 (Cougot et al, 2004b). Dcp1/Dcp2 and Xrn1
occur in a larger complex with the Lsm1-7 proteins, all of which
colocalize at cytoplasmic foci known as processing (P)-bodies. P-
bodies are believed to be the site of decapping and 5'-3’ mRNA
decay (Sheth & Parker, 2003; Cougot et al, 2004a).
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mRNAs containing an AU-rich element (ARE) in the 3’
untranslated region (UTR) undergo rapid ARE-mediated mRNA
decay (AMD) in the cytoplasm (Chen & Shyu, 1995). In vitro
decay studies indicate that ARE-mRNAs are degraded primarily in
the 3’5" direction by the exosome (Chen et al, 2001; Mukherjee
etal, 2002), although decapping has also been reported (Gao et al,
2001). ARE-binding proteins such as TTP and BRF1 were shown to
interact with both the exosome and components of the decapping/
5'-3’ decay pathway (Chen et al, 2001; Gherzi et al, 2004; Lykke-
Andersen & Wagner, 2005). In the present study, we have
quantified AMD after separately knocking down each of the two
decay pathways in mammalian cells. Our results show a strong
requirement for the 5-3' pathway, and also that the exosome
component PmScl-75 participates in AMD.

RESULTS AND DISCUSSION

AMD is inhibited by knockdown of Xrn1

To investigate ARE-mRNA turnover in mammalian cells, we
generated a stable HT1080 cell line (HTGM5) expressing a
B-globin reporter gene that contains the ARE of granulocyte-
macrophage colony-stimulating factor (GM-CSF) in its 3'UTR.
Whereas globin mRNA lacking the ARE is stable during a 6-h
period in the presence of actinomycin D, the globin-ARE mRNA is
rapidly degraded (supplementary Fig S1 online). We determined
the basal decay rate of globin-ARE mRNA after transiently
transfecting water alone or two unspecific control short interfering
RNAs (siRNAs; Fig 1A), and measured a t;, of 2.3, 1.6 and 2.0h,
respectively. These values were averaged to a combined t;,, of
2.0h (Table 1), which was taken as the basal decay rate.

To inhibit the 5-3’ pathway, we targeted the principal
cytoplasmic 5'-3" exonuclease Xrn1 with two different siRNAs,
thereby reducing Xrn1 protein expression to about 20% of its
original level (Fig 2A). Both siRNAs inhibited AMD (Fig 1B,C),
increasing the globin-ARE mRNA t;, from 2.0 to 4.1 and 5.2 h,
respectively (Table 1). The expression of Dcp2, the catalytically
active component of the decapping complex in mammalian
cells, was reduced to about 10% of its original level by two
different siRNAs (Fig 2B). Knockdown of Dcp2, however, did
not change the globin-ARE mRNA decay rate (Fig 1D,E). Knock-
down of Dcp1la (Fig 2C), an activator of decapping in mammalian
cells, had a modest but significant effect on AMD (Fig 1F),
increasing the t;, to 2.9 h.
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Fig 1|Decay of globin-ARE (AU-rich element) messenger RNA after knocking down components of the 5'-3" and 3'-5" decay pathways. HTGMS5 cells

stably express a B-globin reporter mRNA that contains the ARE of granulocyte-macrophage colony-stimulating factor in its 3’ untranslated region.
Cells were transfected twice with 100 nM of short interfering RNA (siRNA) during a period of 4 days, and globin-ARE mRNA stability was assessed
by actinomycin D chase experiments, followed by northern blot analysis. (A) The basal rate of globin-ARE mRNA decay was determined by
transfection of either water alone or two unspecific control siRNAs. (B,C) Globin-ARE mRNA stability was measured after knocking down Xrnl,
(D,E) Dcp2, (F) Dcpla, (G) GW182, (H,I) Lsml, (J,K) Rrp46, (L) PmScl-75 or (M) Rrp40. In the graphs, globin-ARE mRNA signal intensities were
quantified, normalized to nucleolin mRNA and the average values +s.e. from three to seven repeat experiments (Table 1) were plotted against time.

The dashed line represents the basal globin-ARE mRNA decay rate calculated from the combined controls.

Lsm1 is required for AMD and P-body formation

Xrn1 and the Dcp1/Dcp2 decapping enzymes are found in a
complex with the Lsm1-7 proteins, which form a seven-member
ring structure (Bouveret et al, 2000). Lsm1 is restricted to the
cytoplasmic Lsm complex, whereas Lsm2-7 occur also in the
nucleus as part of the spliceosome (Achsel et al, 1999). To
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specifically knock down the cytoplasmic Lsm complex, HTGM5
cells were transfected with siRNAs targeting Lsm1. As no Lsm1
antibody was available to us, efficiency of the siRNA was
demonstrated on transiently transfected Flag-tagged Lsm1
immunoprecipitated with a Flag antibody (Fig 2D). Downregula-
tion of Lsm1 by either siRNA inhibited AMD (Fig TH,1), increasing
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Table 1| ARE-mRNA t,,, after knocking down components of the
5'-3" and 3'-5' decay pathway

Target siRNA  ARE-mRNA ¢, (h) s.e. n P (t-test)
Control H,0 2.3 0.11 5 -
Control DO 1.6 0.23 4 -
Control vo 2.0 0.23 4

Combined - 2.0 0.14 13 -
Xrnl X1 4.1 0.24 7 <0.05
Xrnl X2 5.2 1.28 6 <0.05
Dcp2 D2 1.6 0.03 3 0.17
Dcp2 D3 2.2 0.35 4 0.42
Dcpla Cl 2.9 0.28 3 <0.05
Lsml L1 6.9 0.65 4 <0.05
Lsml L2 3.6 0.54 4 <0.05
GW182 Gl 1.7 0.10 3 0.28
Rrp46 P6 2.8 0.71 5 0.11
Rrp46 P7 3.1 0.53 3 <0.05
PmScl-75 S1 4.6 0.34 4 <0.05
Rrp40 P4 1.9 0.14 3 0.73

#P-values were determined in comparison with the combined controls.

the globin-ARE mRNA ¢, from 2.0 to 6.9 and 3.6 h, respectively
(Table 1). Knockdown of Lsm1 also reduced the proportion of cells
with visible P-bodies from 60% to 20% (Fig 3A; supplementary
Fig S2 online). Knockdown of GW182 (Fig 2E), an RNA-binding
protein important for P-body formation (Yang et al, 2004), reduced
the abundance of P-bodies to a similar degree, but did not affect
AMD (Fig 1G). In contrast to GW182 and Lsm1, knockdown
of Dcpla increased P-body abundance, whereas knockdown of
Dcp2 had no effect (Fig 3A; supplementary Fig S2 online).

Knockdown of PmScl-75 inhibits AMD

To determine the contribution of the 3’5" degradation pathway
to AMD, we first targeted Rrp46, one of the phosphorolytic core
exonucleases of the exosome. Two different siRNAs reduced
Rrp46 expression to about 30% of its original level (Fig 2F), and
caused a slight increase in the globin-ARE mRNA t, to 2.8 and
3.1 h, respectively (Fig 1),K). Statistically, only the latter value is
significantly different from the basal decay rate of 2.0 h (Table 1).
As a control for exosome function, we analysed 5.8S ribosomal
RNA, the nuclear processing of which requires the exosome in
yeast (Mitchell et al, 1997). The accumulation of 5.85 rRNA
precursors was observed after knockdown of Rrp46, but not in
cells transfected with control siRNAs (Fig 3B). Thus, the siRNAs
targeting Rrp46 effectively inhibit the exosome. PmScl-75 is
another core exonuclease of the exosome, which was reported
to interact directly with AREs (Mukherjee et al, 2002). Knockdown
of PmScl-75 (Fig 2G) had the strongest effect on AMD of all
exosome components tested, increasing the globin-ARE mRNA t,,
to 4.6h (Fig 1L). Finally, we targeted one of the hydrolytic
exonucleases of the exosome, Rrp40 (Fig 2H), which did not affect
the decay rate of globin-ARE mRNA (Fig 1M). Targeting Rrp40,
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Fig 2| Knockdown of components of the 5'-3' and 3'-5' decay pathways
by short interfering RNA. (A) HTGMS5 cells were transfected twice during
a period of 4 days with short interfering RNAs (siRNAs) targeting Xrnl,
(B) Dcp2, (C) Dcpla, (D) Lsml, (E) GW182, (F) Rrp46, (G) PmScl-75 or
(H) Rrp40. Endogenous proteins were monitored by western blot analysis
except for Lsm1, in which transiently transfected Flag-Lsm1 was detected
after immunoprecipitation using a Flag antibody. Where indicated,
control samples were titrated to allow for quantitative estimation of
knockdown efficiency.

however, caused a stronger accumulation of 5.8S rRNA precursors
than did targeting PmScl-75 (Fig 3B), indicating that the Rrp40
knockdown reduced (nuclear) exosome activity more efficiently
than the PmScl-75 knockdown. Together, these data indicate that
all exosome components do not participate equally in AMD, with
PmScl-75 having a particularly important role.

To further explore the step at which AMD is inhibited by the
different knockdowns, we analysed the polyadenylation pattern of
globin-ARE mRNA (Fig 3C). In the control samples, a polyadeny-
lated (poly(A)*) mRNA population could be clearly distinguished
from the poly(A) mRNA (lanes 1-3). Knockdown of Dcpla
or Xrn1 had no visible effect on the distribution of poly(A) * and
poly(A)~ mRNA (lanes 4-6). In the cells transfected with siRNAs
against Lsm1 and PmScl-75, however, the poly(A)” mRNA seemed
to be less abundant (lanes 7-9), indicating that Lsm1 and
PmScl-75 may be involved in the removal of short poly(A) tails.

AMD primarily uses the 5'-3' decay pathway

In this study, we show that knocking down Xrn1 strongly inhibits
AMD in mammalian cells (Fig 1B,C), suggesting that 5'-3’ decay
has an important role in degrading ARE-mRNAs. This result
was not anticipated, as earlier in vitro decay studies had indicated
that AMD is primarily mediated by the exosome (Chen et al, 2001;
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Mukherjee et al, 2002). This apparent contradiction could
be attributed to the fact that decapping/5—3’ decay complexes
(that is, P-bodies) are removed or disrupted in the process
of preparing cytoplasmic extracts (which usually involves an
S100 ultracentrifugation step). It is important to note that the
ARE was also shown to stimulate decapping in vitro (Gao et al,
2001). Moreover, our data are in good agreement with studies
in Saccharomyces cerevisiae, in which the degradation of MFA2
and TIF5TA mRNAs—which contain ARE-like motifs in their
3’UTRs—occurs through the decapping/5'-3’ decay pathway
(Muhlrad et al, 1994; Vasudevan & Peltz, 2001). It thus seems
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<« Fig 3| Processing-bodies, 5.8S ribosomal RNA and messenger RNA

deadenylation. (A) Processing (P)-body abundance decreases after
knocking down components of the 5-3' messenger RNA decay pathway.
HT1080 or DU145 cells transfected once with the indicated short
interfering RNAs (siRNAs) during a period of 2 days were fixed and
stained for P-bodies using a commercial S6 kinase antibody that
crossreacts with a component of the decapping complex (supplementary
Fig S2 online). A minimum of 200 cells were scored by
immunofluorescence microscopy for the presence or absence of visible
P-bodies. Each transfection was repeated three or more times, and the
graph shows average values +s.e. (B) 5.8S ribosomal RNA precursors
accumulate after knocking down exosome components. HTGMS5 cells
were transfected twice with the indicated siRNAs during a period of 4
days, and total RNA was analysed by northern blot using a precursor-
specific probe that hybridizes 80 nt downstream of the 3’ end of 5.8
rRNA (upper panel), or an internal probe that hybridizes within 5.8S
rRNA (lower panel). The principal precursor species, indicated by
asterisks, probably correspond to 12S and 8S pre-rRNA. (C) The
polyadenylation pattern of globin-ARE mRNA was analysed by northern
blot after transfecting HTGMS5 cells twice during a period of 4 days with
siRNAs as indicated.

that the directionality of AMD is conserved between yeast and
mammalian cells.

Surprisingly, reducing Dcp2 levels did not inhibit AMD
(Fig 1D,E). Dcp2 is the enzymatically active component of the
decapping complex in mammalian cells (Lykke-Andersen, 2002;
van Dijk et al, 2002; Wang et al, 2002), and knocking down Dcp2
was shown to effectively inhibit nonsense-mediated MRNA
decay (Lejeune et al, 2003; Unterholzner & lzaurralde, 2004).
As Dcp2 binds to the RNA outside the cap structure before
hydrolysing the cap (Piccirillo et al, 2003), it is possible that Dcp2
may not recognize all mRNAs equally well. Further experiments
are needed to determine whether the ARE induces decapping by
a Dcp2-independent mechanism.

Among the exosome-associated 3'-5" exonucleases tested,
knockdown of Rrp46 or Rrp40 has no, or only a weak, effect on
AMD (Fig 1)-M). Importantly, knockdown of Rrp46 and Rrp40
effectively inhibited the nuclear exosome, as shown by a
reduction in 5.8S rRNA processing (Fig 3B). This indicates that
the exosome as a complex is not of major importance for AMD in
HT1080 cells. In this context, it is interesting to note that
knockdown of several exosome components in Drosophila S2
cells does not have an effect on AMD either (Jing et al, 2005).
Conversely, we observed that knockdown of PmScl-75 has a
strong effect on AMD (Fig 1L). PmScl-75 has been shown to
interact specifically with AREs (Mukherjee et al, 2002). Among the
several isoforms reported for PmScl-75, an amino-terminally
truncated form does not associate with the exosome (Raijmakers
et al, 2003). PmScl-75 may thus have a specialized role in AMD
outside of its function as an exosome component. Given that
poly(A)- mRNA was less abundant in the PmScl-75 knockdown
cells (Fig 3C), we speculate that PmScl-75 may be involved in the
removal of short poly(A) tails.

P-bodies may participate in AMD
Genetic studies have established that AMD requires the expres-
sion of the zinc-finger protein TTP (Carballo et al, 1998). In
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HT1080 cells, the TTP-related protein BRF1 is essential for AMD
(Stoecklin et al, 2002). Whereas the two highly conserved C;H
zinc-finger domains of TTP and BRF1 mediate binding to the ARE
(Lai et al, 2000), their N-terminal domains interact with both
the exosome and the decapping/5’-3’ decay complex (Chen et al,
2001; Lykke-Andersen & Wagner, 2005). Overexpressed TTP
and BRF1 colocalize with P-bodies in COS7 cells (Kedersha
et al, 2005) and HT1080 cells (data not shown). This indicates
that TTP and BRF1 may deliver their target mRNAs to P-bodies
for 5'-3' decay. Indeed, we found that knocking down Lsm1
not only inhibits AMD, but also causes P-bodies to disappear
(Fig 3A). Conversely, knockdown of GW182 reduces the number
of P-bodies to a similar extent without affecting AMD, suggesting
that the mere presence of microscopically visible P-bodies is not
a prerequisite for AMD. In this case, sub-microscopic complexes
of decapping/5’-3" decay enzymes may be sufficient for AMD.

Coupling of deadenylation and decapping/5'-3’ decay
Whereas knockdown of Xrn1 reduces the decay rate of globin-
ARE mRNA in human HT1080 cells (Fig 1B,C), it does not cause
an accumulation of deadenylated mRNA (Fig 3C). Yeast mutants
deleted for Xrn1, however, do show an accumulation of dead-
enylated mRNA (Muhlrad et al, 1994). Although Xrn1-dependent
5'-3" decay appears to predominate in both systems, the coupling
of deadenylation and decapping/5’-3’ decay may be different in
yeast and human cells. One possibility is that AMD in human cells
does not require deadenylation, that is, that decapping is induced
in a deadenylation-independent fashion. The observation that TTP
interacts with the decapping complex (Lykke-Andersen & Wagner,
2005) would be in agreement with such an interpretation.
An alternative explanation is that deadenylation may be coupled
to decapping/5'-3’ decay so tightly that inhibition of downstream
steps (decapping or 5'-3’ decay) would also inhibit deadenylation.
As we observed a reduced abundance of poly(A)- mRNA after
knockdown of Lsm1 in HT1080 cells (Fig 3C), we speculate
that the mammalian Lsm1-7 complex might have a role in such
a tight coupling of deadenylation and decapping/5-3’ decay.
Such a mechanism may be related to the observation that yeast
Lsm1-7 not only activates decapping but also protects the 3’ end
of the mRNA from exonucleolytic trimming (He & Parker, 2000).
Further studies will need to address how deadenylation and
decapping/5'-3’ decay are coupled in mammalian AMD, and the
precise role of Lsm1-7 in this process.

METHODS

Plasmids and cell lines. Human HT1080 fibrosarcoma cells and
human DU145 colon carcinoma cells were cultured in Dulbecco’s
modified Eagle’s medium (Life Technologies, Rockville, MD, USA)
supplemented with 10% fetal calf serum (Sigma, St Louis, MO,
USA) and 2 mM L-glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin (all from Mediatech Cellgro, Herndon, CA, USA).
HT1080 cells were stably transfected with the B-globin reporter
gene puroMXp, or puroMXB-GM-CSF-ARE containing the 51-nt-
long ARE of murine GM-CSF (Stoecklin et al, 2000). HTGM5 is an
HT1080 clone stably expressing puroMXp-GM-CSF-ARE. Plasmid
pcDNA3-Flag-Lsm1 was kindly provided by J. Lykke-Andersen
(University of Colorado at Boulder, unpublished). Transfections
were carried out using Lipofectamine 2000 (Life Technologies)
according to the supplier’s protocol.
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Short interfering RNA transfection. HTGM5 were transfected
with 100nM siRNA duplexes using Lipofectamine 2000 (Life
Technologies). After 48h, cells were re-seeded and transfected
again for another 40-44 h. siRNAs were designed using published
recommendations (Reynolds et al, 2004) and purchased from
Ambion (Austin, TX, USA). The following target sequences (sense
strand) were chosen:

U0: 5'-GAAUGCUCAUGUUGAAUCA-3’;
DO0: 5'-GCAUUCACUUGGAUAGUAA-3";
D2: 5-GAAAUUGCCUUGUCAUAGA-3;
D3: 5'-GUAUCAAGAUUCACCUAAU-3’;
L1: 5'-CAAACUUAGUGCUACAUCA-3/;

L2: 5'-CCAGCAAGUAUCCAUUGAA-3/;

X1: 5'-UGAUGAUGUUCACUUUAGA-3’;
X2: 5-AGAUGAACUUACCGUAGAA-3/;
C1: 5'-GCAAGCUUGUCGAUAUAUA-3/;
G1: 5'-CCGGTTCAGUGCAGAAUAA-3';

P4: 5-GAAUAUGGGUUAAGGCAAA-3/;
P6: 5'-GCAAAGAGAUUUUCAACAA-3/;

P7: 5'-CAACACGUCUUCCGUUUCU-3/;
S1: 5-GCGUGAUCCUGUACCAUUA-3'".

Western blot analysis. Total cell lysates were prepared using
sample buffer, and resolved on 4-20% polyacrylamide gradient
Tris—glycine gels (Invitrogen, Carlsbad, CA, USA), as described
previously (Kedersha et al, 2000). Flag-Lsm1 was immuno-
precipitated with mouse anti-Flag antibody (M2; Sigma), and
the following antibodies were used for western blotting: rabbit
anti-Flag (Sigma), rabbit anti-Dcpla and rabbit anti-Xrn1 (Lykke-
Andersen & Wagner, 2005), affinity-purified rabbit anti-Dcp2
(Wang et al, 2002), human anti-GW182 (Yang et al, 2004), rabbit
anti-Rrp40 and rabbit anti-Rrp46 (Brouwer et al, 2001) and rabbit
anti-PmScl-75 (Chen et al, 2001; Mukherjee et al, 2002).
Northern blot analysis. siRNA-transfected HTGM5 cells were
treated with 5 pg/ml actinomycin D (Sigma) for O, 2 and 4 h, and
cytoplasmic RNA was extracted as described previously (Stoecklin
et al, 2000). RNA (10-20pg) was resolved by 1.1% agarose/
formaldehyde gel electrophoresis, and p-globin was detected
as described previously (Stoecklin et al, 2004). The nucleolin
probe was generated by PCR using primers G83/G84. To analyse
5.8S rRNA, 2-8pg of total RNA was extracted using Trizol
LS (Invitrogen) and resolved on 1.5% agarose/formaldehyde gels.
Membranes were hybridized at 42 °C with digoxigenin-labelled
oligonucleotides G178 (5.85 rRNA) and G181 (5.8S pre-rRNA).
DNA oligonucleotides. DNA oligonucleotides were as follows:

G83: 5-TTACAAAGTCACTCAGGATG-3/;

G84: 5'-AGCTTCTTTAGCGTCTTCG-3/;

G178: 5'-AGCTAGCTGCGTTCTTCATCGAC-3/;
G181: 5-TGCGCTTAGGGGGACGGAGG-3'.

Immunofluorescence microscopy. HT1080 or DU145 cells were
seeded onto glass coverslips, transfected with siRNA duplexes and
processed for immunofluorescence 48 h later, as described previously
(Kedersha et al, 2000). P-bodies were stained using a rabbit anti-
Dcpla antibody (Lykke-Andersen & Wagner, 2005) and a mouse
anti-S6 kinase antibody (sc-8416; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) that crossreacts with a component of the decapping
complex (supplementary Fig S2 online). Images were taken on a
Nikon Eclipse E800 microscope using a CCD-Spot RT digital camera.
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Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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