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ABSTRACT

The human exosome is a 39–59 exoribonuclease complex that functions both in the nucleus and in the cytoplasm to either
degrade or process RNA. Little is known yet about potential differences among core exosome complexes in these different
cellular compartments and the roles of the individual subunits in maintaining a stable and functional complex. Glycerol
gradient sedimentation analyses indicated that a significant subset of nuclear exosomes is present in much larger complexes
(60–80S) than the cytoplasmic exosomes (;;;;;10S). Interestingly, siRNA-mediated knock-down experiments indicated that the
cytoplasmic exosome is down-regulated much more efficiently than the nuclear exosome. In addition, we observed that knock-
down of hRrp41p or hRrp4p but not PM/Scl-100 or PM/Scl-75 leads to codepletion of other subunits. Nevertheless, PM/Scl-100
and PM/Scl-75 are required to maintain normal levels of three different mRNA reporters: a wild-type b-globin mRNA, a
b-globin mRNA containing an AU-rich (ARE) instability element, and a b-globin mRNA bearing a premature termination codon
(PTC). The increased levels of ARE- and the PTC-containing mRNAs upon down-regulation of the different exosome subunits, in
particular PM/Scl-100, appeared to be due to decreased turnover rates. These results indicate that, although not required for
exosome stability, PM/Scl-100 and PM/Scl-75 are involved in mRNA degradation, either as essential subunits of a functional
exosome complex or as exosome-independent proteins.
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INTRODUCTION

The exosome is a 39–59 exoribonuclease complex that was
initially identified in yeast (Mitchell et al. 1997). Since then,
a variety of functions have been described for the yeast
exosome, including the processing of ribosomal and small
nucle(ol)ar RNAs (Allmang et al. 1999a; van-Hoof et al.
2000; Schilders et al. 2006) and the degradation of mRNAs
(Jacobs Anderson and Parker 1998; Bousquet-Antonelli
et al. 2000; Das et al. 2003).

The exosome has been found to be highly conserved
among eukaryotes, including humans (Allmang et al.
1999b; Chekanova et al. 2000; Brouwer et al. 2001; Estevez
et al. 2001; Andrulis et al. 2002). Nine subunits of the
human exosome are considered core components since

they are shared by the nuclear and the cytoplasmic forms
of the complex (Chen et al. 2001). Six of these, hRrp41p,
hRrp42p, hMtr3p, OIP2, hRrp46p, and PM/Scl-75, are
related to the bacterial RNase PH. Three other components,
hRrp4p, hRrp40p, and hCsl4p, contain an S1 RNA binding
domain. The RNase PH proteins assemble into a hexameric
ring (Raijmakers et al. 2002; Estevez et al. 2003; Lorentzen
et al. 2005; Hernandez et al. 2006) and the S1 subunits are
positioned on top of the ring with their S1 domains facing
toward the central pore (Fig. 1; Lorentzen et al. 2005;
Pruijn 2005). The PM/Scl-100 protein is not considered a
core exosome component, based on its association with
only the higher molecular mass exosome complexes
(Brouwer et al. 2001; Schilders et al. 2005) and the
exclusively nuclear localization of its yeast counterpart
Rrp6p (Allmang et al. 1999b).

Cytoplasmic mRNA degradation usually initiates with
deadenylation, followed by either further degradation of the
mRNA body by the exosome (39–59 pathway) or cleavage
of the 59 cap followed by 59–39 degradation by the Xrn1p
exoribonuclease (59–39 pathway). For mRNAs containing
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premature translation termination codons (PTCs), a sur-
veillance pathway exists termed nonsense-mediated decay
(NMD) (Meyer et al. 2004; Schilders et al. 2006). mRNAs
containing an AU-rich element (ARE) in the 39-untrans-
lated region (UTR) undergo rapid decay in the cytoplasm
(Chen and Shyu 1995). Two studies provided evidence that
the exosome-dependent 39–59 pathway plays a major role in
the degradation of ARE-containing mRNAs in vitro (Chen
et al. 2001; Mukherjee et al. 2002). A more recent in vivo
analysis, however, indicated that the 59–39 pathway may
be the major mode of decay for ARE-containing mRNAs
(Stoecklin et al. 2005).

While it has been established that different cofactors
associate with the exosome to modulate its various activities,
little is known about heterogeneity of exosome complexes in
human cells and the importance of individual subunits
for their stability. Here we addressed this issue by down-
regulation of three core exosome subunits (hRrp4p, hRrp41p,
and PM/Scl-75) and one exosome-associated factor, PM/
Scl-100. Our data reveal not only marked differences between
the nuclear and cytoplasmic exosomes, but also indicate
that some subunits are more important for exosome stability
than others. We also demonstrate that PM/Scl-100 plays
a prominent role in the decay of both ARE- and PTC-
containing mRNAs, either as an essential subunit for a fully
functional exosome or as an exosome-independent protein.

RESULTS

Glycerol gradient sedimentation of exosome subunits

We, and others, have previously reported that human
exosome core subunits are in part associated with high
molecular weight complexes (Mitchell et al. 1997; Allmang

et al. 1999b; Brouwer et al. 2001). In a subsequent study, we
observed differential glycerol gradient sedimentation pro-
files of the core exosome subunit hRrp4p and the exosome-
associated factor PM/Scl-100; hRrp4p accumulated partly
in 10S fractions and partly in 60–80S fractions, whereas
PM/Scl-100 was found almost exclusively in 60–80S frac-
tions (Schilders et al. 2005). To extend this analysis, we
investigated the sedimentation behavior of the S1 core
exosome subunits hRrp4p and hRrp40p; the RNase PH
core exosome subunits hRrp41p, OIP2, and PM/Scl-75; and
the exosome-associated factor PM/Scl-100 using nuclear
and cytoplasmic extracts of human HEp-2 cells. The
relative purity of the nuclear and cytoplasmic fractions
was determined by Western blotting using antibodies
reactive with a nuclear and a cytoplasmic marker protein,
respectively (Fig. 2A). Fractions were analyzed by Western
blotting with antibodies against the different exosome
subunits and by agarose gel electrophoresis to monitor
the distribution of RNA. The U1 snRNA was used as a
marker for 12S complexes, while the large rRNAs were used

FIGURE 2. Glycerol gradient sedimentation of human exosome
subunits. (A) Purity of the nuclear and cytoplasmic fractions was
determined by Western blotting using antibodies to human top-
oisomerase I (nuclear marker) and eIF-2a (cytoplasmic marker).
Lanes with total (t), cytoplasmic (c), or nuclear (n) extract are
indicated. Nuclear (B) and cytoplasmic (C) HEp-2 cell extracts were
fractionated in 5%–40% (v/v) glycerol gradients. The sedimentation
of hRrp4p, hRrp40p, hRrp41p, OIP2, PM/Scl-75, and PM/Scl-100 was
determined by Western blotting. The input (i) material is shown in
the lanes on the left. The positions of 12S, 40S, and 60S marker
complexes are indicated.

FIGURE 1. Model of the exosome. (Left) Top view of the exosome
core complex. The RNase PH-like subunits assemble into a hexameric
ring structure. The RNase PH domains of PM/Scl-75, hRrp42p, and
OIP2 are more related to each other (RPD1, light gray) than to that of
hRrp41p, hMtr3p, and hRrp46p, which also contain a related RNase
PH domain (RPD2, dark gray). The S1 RNA-binding domain contain-
ing subunits hRrp4p, hCsl4p, and hRrp40p (white, black, and white,
respectively) are positioned on top of the ring structure, with the S1
domains oriented toward the central pore. (Right) Side view of the
exosome. Since it is currently unknown how PM/Scl-100 associates
with the core of the exosome, this subunit has not been included.
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to identify 40S and 60S ribosomal subunits. In the nuclear
extracts, all tested core exosome subunits distributed
almost equally in z 10S and 60–80S fractions. In contrast
to the core subunits, however, the nuclear PM/Scl-100
protein was mainly found in 60–80S fractions (Fig. 2B).
With the cytoplasmic fractions, strikingly different patterns
were seen; the majority of all cytoplasmic core exosome
subunits were found at z 10S (Fig. 2C). The relatively
small amounts of PM/Scl-100 in the cytoplasmic fraction
were almost exclusively found in z 60S fractions. The
sedimentation profile of these cytoplasmic PM/Scl-100-
containing complexes seems to be different from that
observed for nuclear PM/Scl-100-containing complexes.
Also small amounts of exosome core subunits were found
in fractions containing the cytoplasmic z 60S complexes.
Taken together, these data indicate that in the nucleus a
subset of exosomes exists in much larger complexes than
in the cytoplasm. These complexes are likely enriched for
PM/Scl-100, while the z 10S subpopulation appeared to
be largely devoid of PM/Scl-100. For some subunits, addi-
tional bands were observed that migrated close to the
specific bands. At present, we do not know whether these
bands represent isoforms of the respective exosome sub-
units or are due to cross-reactivity of the sera used.

hRrp41p and hRrp4p, but not PM/Scl-75
and PM/Scl-100, are required for exosome stability

The differences between nuclear and cytoplasmic exosomes
raised the question of whether or not heterogeneities
among individual exosome subunits may also exist. To
address this issue, we down-regulated different human
exosome subunits by RNAi and tested the effect on the
remainder of the complex. Two RNase PH subunits (PM/
Scl-75 and hRrp41p), one S1 subunit (hRrp4p), and one
exosome-associated factor (PM/Scl-100) were knocked
down. HEp-2 cells were transfected with siRNAs and cell
extracts were prepared after 24 or 48 h. Western blot
analysis showed that the targeted proteins were efficiently
down-regulated (Fig. 3A). In addition, the hRrp41p knock-
down led to reduced levels of all other tested core exosome
subunits except PM/Scl-100 (Fig. 3A, lanes 7,8). This result
suggested that the absence of hRrp41p led to destabilization
of the exosome core complex and, as a result, degradation
of its subunits. This notion is supported by the fact that at
the mRNA level reduced levels of only the hRrp41p mRNA
were observed, whereas the levels of the other exosome
subunit mRNAs remained unaffected (data not shown).
In contrast to the hRrp41p siRNA, no codepletion of other
subunits was detected with the PM/Scl-75 (Fig. 3A, lanes
5,6) and the PM/Scl-100 siRNAs (Fig. 3A, lanes 9,10).
Quantification of the bands confirmed that down-regula-
tion of PM/Scl-75 or PM/Scl-100 did not lead to reduced
levels of other subunits (Fig. 3B). This was rather unex-
pected for PM/Scl-75, since this is also a component of the

FIGURE 3. Depletion of exosome subunits affects cell growth. (A)
PM/Scl-75, hRrp41p, PM/Scl-100, and hRrp4p were knocked down by
siRNAs and the effect on the levels of various exosome subunits at
24 and 48 h after siRNA treatment was analyzed by Western blotting.
As a control, a monoclonal antibody against g-tubulin was used. (B)
Quantification of the effect of siRNA treatment on the protein levels
of PM/Scl-75, hRrp41p, and hRrp4p. The siRNAs used are indicated
above the graph. The protein levels in extracts from cells treated with
control siRNA were set at 100%. The mean values of three indepen-
dent experiments are shown; standard deviations are indicated by
error bars. (C) The effect of exosome subunit depletion on cell
proliferation. Cells were harvested and counted 24, 48, and 72 h after
siRNA treatment.
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hexameric ring of RNase PH subunits at the core of the
exosome complex (see Fig. 1). Possibly, stable exosome
(sub)complexes can exist in the absence of PM/Scl-75.
In this light it is interesting to note that exosome complexes
purified from Drosophila lacked dRrp45, the Drosophila
homolog of PM/scl-75 (Andrulis et al. 2002). Further
experiments will be required to determine whether or not
human exosome (sub)complexes lacking PM/scl-75 exist.
As observed for hRrp41p, knock-down of hRrp4p led to
codepletion of other core exosome subunits and also in this
case PM/Scl-100 was not affected (Fig. 3A, lanes 13,14). To
determine to what extend the codepletion efficiency corre-
lated with the depletion of the siRNA targeted subunits, the
protein levels were quantified. This revealed that hRrp41p
or hRrp4p down-regulation led to a similar reduction in
the levels of other subunits (Fig. 3B). These data suggest
that hRrp41p and hRrp4p are required for exosome
stability, whereas PM/Scl-75 or PM/Scl-100 depletion does
not markedly affect the stability of other subunits.

We also investigated the effect of hRrp41p down-
regulation on glycerol gradient sedimentation profiles of
other exosome subunits. In agreement with the results
shown in Figure 3A, reduced levels were observed for other
subunits except PM/Scl-100; no significant changes in the
sedimentation profiles were seen, however (data not shown).

The different codepletion phenotypes observed prompted
us to investigate effects on cell growth. HEp-2 cells were
harvested and counted 24, 48, and 72 h after siRNA trans-
fection. Knock-down of hRrp4p, hRrp41p, and PM/Scl-75
strongly inhibited cell growth, whereas only slight effects were
seen during PM/Scl-100 depletion (Fig. 3C). Thus, even
though the PM/Scl-75 knock-down does not lead to exosome
destabilization, vital functions for cell growth are affected.
The observation that PM/Scl-100 knock-down only slightly
affected cell growth suggests that similar to yeast Rrp6 (Briggs
et al. 1998), PM/Scl-100 may not be essential for cell pro-
liferation. However, we cannot exclude the possibility that,
even though the knock-down was rather efficient (approxi-
mately fivefold reduced protein levels), sufficient amounts of
PM/Scl-100 were still present to support cell growth.

Cytoplasmic exosomes are depleted by RNAi more
efficiently than nuclear exosomes

The association of exosomes with higher-order complexes
in the nucleus raised the question of whether turnover rates
of exosomes in the nucleus are different from those in the
cytoplasm. To explore this possibility, PM/Scl-75, hRrp41p,
and PM/Scl-100 were knocked down and nuclear and
cytoplasmic fractions were analyzed by Western blotting.
In the cytoplasmic fractions, after 24 h clearly reduced
levels already were seen for all three targeted proteins (Fig.
4A, lanes 6–8). Strikingly however, at this time point no
down-regulation could be detected in the nuclear fractions.
After 48 h, a very efficient depletion was seen for all three

proteins in the cytoplasm (Fig. 4B, lanes 6–8), whereas in
the nuclear fraction, only PM/Scl-100 showed significantly
reduced levels (Fig. 4B, lane 4), while hardly any down-
regulation was detected for PM/Scl-75 and hRrp41p
(Fig. 4B, lanes 2,3).

Thus, cytoplasmic exosomes are depleted much more
efficiently than nuclear exosomes. These observations
suggest that either nuclear exosomes are more stable than
cytoplasmic exosomes or that exosomes accumulate in the
nucleus due to ongoing transport from the cytoplasm.

PM/Scl-75, hRrp41p, and PM/Scl-100 are involved
in mRNA turnover

The more efficient down-regulation of the exosome in the
cytoplasm allowed us to study the involvement of individual

FIGURE 4. Knock-down of exosome subunits is more efficient in the
cytoplasm than in the nucleus. PM/Scl-75, hRrp41p, and PM/Scl-100
were down-regulated by RNAi, and subsequently HEp-2 nuclear and
cytoplasmic fractions prepared after 24 (A) or 48 h (B) were analyzed
by Western blotting. As controls for the fractionation, an antiserum to
the RNase P/MRP subunit hRpp40p (nuclear marker) and a mono-
clonal antibody against eIF-2a (cytoplasmic marker) were used.
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exosome components in RNA degradation in this com-
partment of the cell. Therefore we determined the effect of
PM/Scl-75, hRrp41p, or PM/Scl-100 depletion on mRNA
turnover. Since hRrp41p and hRrp4p siRNAs cause similar
exosome destabilization (Fig. 3A), hRrp4p was not
included in these experiments. Instead, hXrn1p, a compo-
nent of the alternative 59–39 mRNA decay pathway, was
knocked down in parallel. Human HEp-2 cells were first
transfected with three different reporter constructs: (1) a
construct expressing a wild-type (WT) b-globin mRNA;
(2) a construct expressing a b-globin mRNA with an ARE
(from the c-fos mRNA) in its 39-UTR; and (3) a b-globin
mRNA construct containing a PTC in its coding region,
making this mRNA susceptible to NMD (Fig. 5A). Second,
the cells were transfected with two different control siRNAs
to monitor nonspecific effects on reporter mRNA levels; no
differences were seen compared to untreated transfected
cells (data not shown). Subsequently, reporter mRNA-
expressing cells were transfected with siRNAs for PM/
Scl-75, hRrp41p, and PM/Scl-100, as well as an siRNA
targeting hXrn1p. Knock-down efficiencies at 48 h after
siRNA transfection were verified by Western blotting (Fig.
5B). Using material from the same cells, mRNA levels of the
reporter constructs were measured by real-time quantita-
tive RT-PCR analysis; the 18S ribosomal RNA was used for
normalization (see Materials and Methods). For the WT
b-globin mRNA, slightly increased levels were observed
upon knock-down of the different exosome subunits, PM/
Scl-100 depletion having the strongest effect (1.5-fold
increased mRNA levels) (Fig. 5C). No significant effects
were seen upon knock-down of hXrn1p. Much stronger
effects were seen with the b-globin-ARE and the b-globin-
PTC mRNAs, which may be due to the faster turnover rates
of these transcripts, making them more sensitive reporters
for mRNA turnover. The knock-down of both hXrn1p and
PM/Scl-100 causes about a fourfold increased mRNA levels
of the ARE-containing transcript and 2.5- to threefold
increased levels of the PTC transcript. Depletion of the core
exosome subunits PM/Scl-75 and hRrp41p had less drastic
effects: two- to threefold and z 1.5-fold increased mRNA
levels of the ARE and PTC transcripts, respectively.
Together, these data suggest that both the core exosome
and PM/Scl-100 are involved in the turnover of all three
types of mRNA.

To discriminate between effects of exosome depletion on
mRNA degradation and on other processes that influence
steady-state mRNA levels, we performed mRNA decay
analyses. Transcription of the reporter constructs was
inhibited by the addition of tetracycline (see Materials
and Methods), and mRNA turnover rates were determined.
Reporter mRNA levels were determined at different time
points after inhibition of transcription by real-time quan-
titative RT-PCR. As expected, the turnover of the wild-type
b-globin mRNA was very slow, since this is known to be
a rather stable mRNA species. During the first 10 h, no

significant decrease in wild-type b-globin mRNA levels was
seen (Fig. 6A). A much faster decay was observed for the
b-globin-ARE and the b-globin-PTC mRNAs, with half-
lives of z 2.5 and 6 h, respectively. To investigate the effect
of exosome depletion on the degradation of these mRNAs,
their levels at 4 h (b-globin-ARE mRNA) or at 8 h (b-
globin-PTC mRNA) after shutting off their transcription
were determined. In both cases at these time points mRNA
levels were reduced to 30%–40% in the cells treated with
a control siRNA. Due to its very low turnover rate, the

FIGURE 5. Knock-down of exosome core subunits and PM/Scl-100
increases reporter mRNA steady-state levels. HEp-2 cells were trans-
fected with three different b-globin mRNA expression contructs: a
wild-type (WT) mRNA, a mRNA containing an ARE, and a mRNA
bearing a PTC. Subsequently, the cells were transfected with a control
siRNA (lane 1), or an siRNA for hXrn1p (lane 2), PM/Scl-75 (lane 3),
hRrp41p (lane 4), or PM/Scl-100 (lane 5). (A) A schematic represen-
tation of the reporter mRNAs used. (B) Western blotting analysis of
the knock-downs. Protein extracts were prepared in parallel with the
RNA isolations used for quantitative RT-PCR and analyzed for the
presence of the various proteins targeted by RNAi. (C) The effects of
the knock-downs on the accumulation of the different reporter
mRNAs were analyzed by quantitative RT-PCR. The numbering of
the bars corresponds to the numbering of the lanes in A. The 18S
rRNA was used for normalization. Mean values and standard
deviations from three independent experiments are shown.
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wild-type b-globin mRNA could not be included in this
analysis. Both for the ARE and for the PTC transcripts,
significantly reduced mRNA decay rates were observed in
the hXrn1p and the PM/Scl-100 depleted cells (Fig. 6B).
Less dramatic effects on mRNA decay were observed with
PM/Scl-75 and hRrp41p depletion; PM/Scl-75 down-regu-
lation moderately reduced the decay rate of the ARE
transcript. These results correlate well with those of the
mRNA steady-state measurements, indicating that the
observed effects on the mRNA steady-state levels were
largely due to effects on mRNA degradation.

Taken together, these data indicate
that both hXrn1p and PM/Scl-100 con-
tribute to the turnover of the ARE- and
the PTC-containing transcripts.

DISCUSSION

Previously it was reported for the Try-
panosoma brucei exosome that down-
regulation of the RNase PH-type subunits
as well as down-regulation of TbRRP6
causes destabilization of the exosome
complex, whereas the S1-type subunits
could be depleted without affecting the
levels of other subunits (Estevez et al.
2003). Similarly, our results indicate
that depletion of the RNase PH subunit
hRrp41p causes codepletion of all other
human exosome subunits analyzed,
except PM/Scl-100. In contrast, down-
regulation of PM/Scl-75 and PM/Scl-
100 did not lead to reduced levels of
other subunits of the human exosome,
whereas for the T. brucei exosome these
components were found to be required
for complex stability. Moreover, deple-
tion of the S1-type subunit hRrp4p did
lead to decreased levels of other exo-
some subunits. These results indicate
that a subset of exosome subunits is
important for complex integrity, but
that these subunits may differ between
different species. The observation that
PM/Scl-100 is dispensable for the integ-
rity of the human exosome is consistent
with the observation that this protein
shows different glycerol gradient sedi-
mentation patterns than the other
human exosome subunits (Fig. 2A,B).
Also, the results of gel filtration experi-
ments previously showed that the
majority of PM/Scl-100 is associated
a subset of exosome-containing com-
plexes (Brouwer et al. 2001). The

hRrp4p protein appeared to be required for maintenance
of normal levels of other exosome subunits, which is
consistent with a recent report indicating that the S1-type
subunits are required to reconstitute stable human exo-
some complexes in vitro (Liu et al. 2006).

Surprisingly, down-regulation of PM/Scl-75 did not
affect the levels of other exosome subunits. However, also
in the T. brucei exosome, not all RNase PH-type subunits
caused a complete disruption of the complex when
depleted (Estevez et al. 2003). Thus, it is possible that in
the absence of PM/Scl-75, exosome complexes are still able

FIGURE 6. Down-regulation of hXrn1p and exosome subunits attenuates mRNA decay. (A)
mRNA decay curves for the b-globin WT, the b-globin ARE, and the b-globin PTC
transcripts. Transcription of the reporter constructs was inhibited by tetracycline addition.
mRNA levels were determined by quantitative RT-PCR and normalized to endogenous
GAPDH mRNA levels. (B) Control siRNA-treated cells or cells treated with siRNAs for
hXrn1p, PM/Scl-75, hRrp41p, or PM/Scl-100 were harvested 4 or 8 h after transcription
inhibition for the b-globin ARE and the b-globin PTC mRNAs, respectively. As in panel A,
mRNA levels were determined by quantitative RT-PCR and normalized to endogenous
GAPDH mRNA levels. Measurements were performed in triplicate; mean values and standard
deviations are shown.
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to assemble. In support of this view, exosome complexes
purified from Drosophila lacked dRrp45p, the Drosophila
homolog of PM/Scl-75 (Andrulis et al. 2002). An alterna-
tive possibility is that a non-exosome-associated pool of
PM/Scl-75 exists, which may be preferentially affected by
the siRNA treatment.

Another striking observation was that down-regulation
of exosome subunits was much more efficient in the
cytoplasm than in the nucleus (Fig. 4). This phenomenon
can be explained in three ways: (1) nuclear and cytoplasmic
exosomes are depleted with similar efficiencies but the
remaining exosomes accumulate in the nucleus due to
ongoing transport from the cytoplasm; (2) nuclear exo-
some complexes may be more stable than cytoplasmic
complexes; or (3) in the cytoplasmic environment turnover
of exosomes may be much faster than that in the nucleus.
Additional experiments will be required to provide more
insight into this issue. Regardless of the exact underlying
mechanism, our data strongly suggest that there is no or
hardly any export of exosomes from the nucleus.

Down-regulation of components of both the 59–39 and
39–59 RNA degradation pathways led to increased levels
of reporter mRNAs. The most prominent effects were
observed after depletion of PM/Scl-100 and hXrn1p. These
effects were mainly due to mRNA degradation defects
rather than alterations at the level of transcription, because
very similar data were obtained with cells in which the
transcription of the reporter mRNAs was silenced. Our
results indicate that both hXrn1p and PM/Scl-100 are
involved in the turnover of ARE- and PTC-containing
transcripts, while the role of the core exosome subunits
may be less important. Our results are in good agreement
with data obtained by Lejeune et al. (2003), who reported
an involvement of both 59–39mRNA decay factors and PM/
Scl-100 in the turnover of PTC-containing transcripts.
Interestingly, also in this study no effect of down-regulation
of a core component (hRrp4p) on mRNA decay was ob-
served, confirming the notion that PM/Scl-100 has a more
pronounced role in nonsense-mediated decay than the
core exosome. For ARE-mediated mRNA decay, a major
role for the 59–39mRNA decay pathway was reported
recently (Stoecklin et al. 2005). Our results show that also
PM/Scl-75 and PM/Scl-100 are involved in ARE-mediated
mRNA decay. In this regard it is important to note that
Stoecklin and collaborators used a reporter containing an
ARE from the GM-CSF mRNA, which is of a different class
of AREs (class II) than the c-fos ARE (class I), which was
used in our study (Chen and Shyu 1995). On the other
hand, in cell extracts the human exosome was shown to
play an important role in class II ARE-containing mRNA
decay, and PM/Scl-75 was demonstrated to be directly
involved (Mukherjee et al. 2002). Thus, the contribution of
both pathways to the degradation of class I and II ARE-
containing mRNAs may differ. An important role for 39–59

decay in the degradation of class I ARE-containing mRNAs

was also observed in another recent study (Murray and
Schoenberg 2007). It was surprising that depletion of
hRrp41p, which causes the most severe codepletion effects,
has the fewest effects on mRNA decay. A possible expla-
nation for this observation is that PM/Scl-75 and PM/
Scl-100 may at least in part act independently of the
exosome in mRNA decay. In this respect it is interesting
to note that Stoecklin et al. (2005) also observed an inhi-
bition of ARE-mediated mRNA decay upon PM/Scl-75
knock-down, while depletion of two other exosome sub-
units (hRrp46p and hRrp40p) had no effect.

In conclusion, our data reveal differences among indi-
vidual exosome subunits of the human exosome, both with
respect to their importance for the integrity of the complex
and their impact on mRNA decay. Moreover, they differ-
entially affect cell growth. An interesting possibility is that
PM/Scl-75 and/or PM/Scl-100 may act independently of
the exosome.

MATERIALS AND METHODS

Preparation of cell extracts

Cytoplasmic and nuclear fractions were prepared from HEp-2
cells by resuspension of the cells in lysis buffer (25 mM Tris-HCl
at pH 7.5, 150 mM KCl, 1 mM EDTA, 0.5 mM PMSF, and 1 mM
DTT), permeabilization by the addition of digitonin to a final
concentration of 0.025%, incubation for 10 min at room temper-
ature, and centrifugation at 1000g at 4°C. The supernatant was
transferred to a new tube and is referred to as the cytoplasmic
fraction. After resuspending the pellet in lysis buffer, the nuclear
fraction was prepared by sonication using a Branson microtip.
Both extracts were clarified by centrifugation at 12,000g for 10 min
at 4°C. Extracts were checked for proper fractionation using
antisera reactive with the nuclear markers Rpp40 or topoisomer-
ase I and the cytoplasmic marker eIF-2a, respectively. For the
preparation of total cell extracts, HEp-2 cells were directly
sonicated in lysis buffer followed by centrifugation.

Glycerol gradient analysis

HEp-2 cell extracts were prepared as described above and loaded
on 5%–40% (v/v) glycerol gradients prepared in gradient buffer
(25 mM Tris-HCl at pH 7.5, 150 mM KCl, 1 mM DTT, and 0.02%
Triton X-100). Gradients were centrifuged in a TH641 rotor
(Sorvall) for 16 h at 25,000 rpm at 4°C and subsequently 23
fractions per gradient were collected. The proteins in these
fractions were separated by SDS-PAGE and transferred to nitro-
cellulose membranes for further analysis.

siRNA treatment

siRNAs were purchased from Eurogentec. The sequences of the
siRNAs for PM/Scl-100, hRrp41p, hRrp4p, PM/Scl-75, and hXrn1p
are 59-GUACAACCCAGGAUAUGUGdTdT-39, 59-UGUGCAGGU
GCUACAGGCAdTdT-39, 59-GUUGAUCUGUGUGAAAGCUdTdT-
39, 59-GCCAAGAUGCUCCCAUAAUdTdT-39, and 59-GUCAUGGC
AAGGAGUUACCdTdT-39, respectively. siRNA transfections were
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essentially done as described (Schilders et al. 2005) with the exception
that 20 nM siRNA were used. As controls, cells were transfected with
control siRNAs (a control siRNA from Eurogentec or an siRNA for a
melanoma cell marker, which is not expressed in the cell line used in
this study) or were left untreated. For the analysis of effects on cell
growth, cells were harvested and counted with a Coulter AC-T series
analyzer.

Immunoblotting

For the detection of proteins on Western blots, monoclonal anti-
hRrp4p antibody (culture supernatant) (Modiquest) and rabbit
antisera were diluted 10- and 1000-fold, respectively, in blocking
buffer (5% skimmed milk, phosphate buffered saline [PBS] and
0.05% NP-40). As a secondary antibody, horseradish peroxidase-
conjugated rabbit anti-mouse IgG or swine anti-rabbit IgG (Dako
Immnuoglobulins) was used after 1000-fold dilution in blocking
buffer. Bound antibodies were visualized by chemiluminescence.
Alternatively, for quantification, goat anti-mouse IRDye 800CW
or goat anti-rabbit IRDye 800CW (Li-Cor Biosciences) was used
at a 1:10,000 dilution. Quantification was performed with the
Odyssey Infrared Imaging System.

Transfection of HEp-2 cells with b-globin
mRNA constructs

Expression plasmids pTet-BBB and pTet-BBB+ARE were kindly
provided by Dr. A.-B. Shyu (Houston Medical School, University
of Texas). pTet-BBB+PTC was constructed as follows: pTet-BBB
was digested with AccI, treatment with Klenow DNA polymerase,
and religation. This caused a frameshift resulting in a PTC. HEp-2
cells stably transfected with the plasmid pTet-tTAk (which
expresses a tetracycline-inducible transcriptional activator) were
cultured to 70% confluence and transfected as described (Schilders
et al. 2005). After transfection, the cells were seeded in 6-well or
24-well plates for 24 h (1.2 3 105 or 3 3 104 cells per well,
respectively). Subsequently, the cells were transfected with siRNAs
as described above. For the steady-state mRNA measurements,
RNA was isolated from the cells 48 h after siRNA treatment. For
the time-course analyses, tetracycline (1 mg/mL final concentra-
tion) was added to the medium, and cells were harvested after 3, 6,
10, and 24 h (b-globin WT), 2, 3, 4, 5, 6 h (b-globin ARE), or 2, 4,
6, 8, 10 h (b-globin PTC). mRNA decay curves were obtained with
control siRNA treated cells. Cells treated with control, hXrn1p,
PM/Scl-75, hRrp41p, or PM/Scl-100 siRNA were harvested at 4
or 8 h after transcription arrest for the b-globin ARE and the
b-globin PTC mRNAs, respectively.

Real-time quantitative RT-PCR analysis

For real-time quantitative RT-PCR analysis, total RNA was isolated
from HEp-2 cells using the TRIzol reagent (Invitrogen) and treated
with DNaseI (Invitrogen). cDNA was generated using the Reverse
Transcription System from Promega following the manufacturer’s
instructions. For mRNA steady-state level measurements, the 18S
rRNA was used as a control; for the mRNA turnover assays,
the GAPDH mRNA was used as a control. The following primers
were used: OEVD52 59-AGCTGAGTGAACTGCACTGTGAC-39 and
OEVD31 59-GCCTGCACCTGAGGAGTGA-39 for the b-globin
reporter mRNAs, and 18S for 59-TACCTGGTTGATCCTGCCAG

TAGC-39 and 18Srev 59-AACTGATTTAATGAGCCATTCGC-39

for the 18S rRNA. For the GAPDH mRNA, primers GAPDH for-
ward (59-TGGAAGGACTCATGACCACA-39) and GAPDH reverse
(59-GAGGCAGGGATGATGTTCTG-39) were used. qPCR analysis
was performed using the ABI-PRISM 7000 Sequence Detection
System from Applied Biosystems.
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