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UPF1 functions in both Staufen 1 (STAU1)-mediated mRNA decay (SMD) and nonsense-mediated mRNA decay
(NMD), which we show here are competitive pathways. STAU1- and UPF2-binding sites within UPF1 overlap so
that STAU1 and UPF2 binding to UPF1 appear to be mutually exclusive. Furthermore, down-regulating the
cellular abundance of STAU1, which inhibits SMD, increases the efficiency of NMD, whereas down-regulating the
cellular abundance of UPF2, which inhibits NMD, increases the efficiency of SMD. Competition under
physiological conditions is exemplified during the differentiation of C2C12 myoblasts to myotubes: The efficiency
of SMD increases and the efficiency of NMD decreases, consistent with our finding that more STAU1 but less
UPF2 bind UPF1 in myotubes compared with myoblasts. Moreover, an increase in the cellular level of UPF3X
during myogenesis results in an increase in the efficiency of an alternative NMD pathway that, unlike classical
NMD, is largely insensitive to UPF2 down-regulation. We discuss the remarkable balance between SMD and the
two types of NMD in view of data indicating that PAX3 mRNA is an SMD target whose decay promotes
myogenesis whereas myogenin mRNA is a classical NMD target encoding a protein required for myogenesis.

[Keywords: Staufen1-mediated mRNA decay; nonsense-mediated mRNA decay; Staufen1; UPF proteins;
premature termination codon; myogenesis]

Supplemental material is available at http://www.genesdev.org.

Received July 17, 2008; revised version accepted November 7, 2008.

Nonsense-mediated mRNA decay (NMD) and Staufen 1
(STAU1)-mediated mRNA decay (SMD) generally provide
mammalian cells with mechanisms to degrade mRNAs
that harbor a translation termination codon upstream
of a splicing-generated exon junction complex (EJC) of
proteins (Behm-Ansmant et al. 2007; Chang et al. 2007;
Isken and Maquat 2007; Mühlemann 2008; Shyu et al.
2008) or a STAU1-binding site (SBS), respectively (Kim
et al. 2005, 2007). Each pathway requires UPF1, which
is a member of the RNA helicase superfamily 1 that
manifests RNA-dependent ATP hydrolytic and 59–39

ATP-dependent unwinding activities in vitro (Bhattacharya
et al. 2000; Cheng et al. 2007; Chamieh et al. 2008).
During classical NMD, when translation terminates
sufficiently upstream of a post-splicing EJC, UPF1 bind-
ing to the EJC via UPF2 is thought to trigger mRNA decay
(Lykke-Andersen et al. 2000; Kim et al. 2005; Kashima
et al. 2006; Wittmann et al. 2006; Singh et al. 2007; Isken
et al. 2008). Somewhat analogously, during SMD, when

translation terminates sufficiently upstream of an SBS,
UPF1 binding to the SBS via the dsRNA-binding protein
STAU1 is thought to trigger mRNA decay (Kim et al.
2005, 2007). NMD often involves translation termination
at a premature termination codon (PTC) and functions to
down-regulate not only aberrant gene expression but also
physiologic gene expression. In contrast, SMD usually
involves translation termination at a normal termination
codon and provides a means to conditionally down-
regulate the expression of genes encoding mRNAs that
contain an SBS in their 39 untranslated region (UTR).
Notably, NMD, unlike SMD, also involves UPF3X (also
called UPF3b) and UPF2 in a process whereby UPF3X
anchors UPF2 to EJCs (Lykke-Andersen et al. 2000; Serin
et al. 2001; Singh et al. 2007; Chamieh et al. 2008).

Pathways that share a common component have the
potential to compromise one another under conditions
where one out-competes the other. To date, there is very
little information on how the efficiency of either NMD
or SMD is regulated. We show here that SMD and NMD
are mechanistically related mRNA decay pathways and
are indeed in competition. First, SMD, like NMD, re-
quires translation since both pathways are inhibited by
cycloheximide or a constitutively inactive form of eu-
karyotic initiation factor 2a (eIF2a). Second, STAU1- and
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UPF2-binding sites within UPF1 overlap so that immu-
noprecipitation (IP) of STAU1 precludes the detectable
co-IP of UPF2 and vice versa. Third, down-regulating
STAU1, which inhibits SMD (Kim et al. 2005), increases
the efficiency of NMD, whereas down-regulating UPF2,
which inhibits NMD (Mendell et al. 2002; Wang et al.
2002; Kim et al. 2005; Wittmann et al. 2006; Matsuda
et al. 2007; Isken et al. 2008; Woeller et al. 2008),
increases the efficiency of SMD. Our finding that the
differentiation of C2C12 myoblasts (MBs) to myotubes
(MTs) is accompanied by an increase in the efficiency of
SMD and a decrease in the efficiency of classical (i.e.,
UPF2 siRNA-sensitive) NMD exemplifies the conse-
quence of competition in light of the fact that the cellular
abundance of STAU1 relative to UPF1 decreases less than
the cellular abundance of UPF2 relative to UPF1. Con-
sistent with ongoing competition during myogenesis that
reflects the relative abilities of STAU1 and UPF2 to bind
UPF1, the efficiency of an alternative NMD pathway that
is relatively insensitive to UPF2 siRNA increases, as
might be expected from the appreciable increase in the
cellular abundance of UPF3X relative to UPF1 during
C2C12 differentiation. We discuss the physiological con-
sequences of competition between SMD and NMD in
view of data demonstrating that PAX3 mRNA, whose
decay promotes myogenesis (Epstein et al. 1995), is an
SMD target, whereas myogenin mRNA, which encodes
a protein required for myogenesis (Wright et al. 1989), is
a classical NMD target.

Results

Amino acids 1–244 of UPF1 interact with STAU1

The region of UPF1 that interacts with STAU1 was
mapped with the intent of understanding its position
relative to the UPF1 amino acids that bind UPF2. Initially,
two deletion variants of pCMV-MYC-UPF1(1–1118) (Isken
et al. 2008) were generated and analyzed. pCMV-MYC-
UPF1(1–1118) encodes full-length human UPF1 containing
an N-terminal MYC tag (Fig. 1A). One deletion variant
produces UPF1 consisting of amino acids 1–418, which is
precisely the region that was previously shown to bind
UPF2 (Mendell et al. 2000); the other deletion variant
produces UPF1 containing amino acids 419–1118 (Fig. 1A).
Cos cells were transiently transfected with pSTAU1-HA3,
which encodes the 55-kDa isoform of human STAU1
containing three C-terminal HA tags (Luo et al. 2002,
where it was called phSTAU1-HA3), and pCMV-MYC-
UPF1(1–1118), pCMV-MYC-UPF1(1–418) or pCMV-MYC-
UPF1(419–1118). Notably, none of the tagged proteins was
expressed above the level of the corresponding endogenous
protein (Supplemental Fig. S1; data not shown demon-
strating using transient GFP expression and fluorescence
microscopy that >90% of cells were transfected). Two days
later, cell lysates were immunoprecipitated using anti-HA,
which immunoprecipitates STAU1-HA3, or rat IgG (rIgG),
to control for IP specificity.

Western blotting using anti-HA demonstrated that
STAU1-HA3 was immunoprecipitated using anti-HA in

each of the three IPs (Fig. 1B, top). The IP was specific since
STAU1-HA3 was not immunoprecipitated using rIgG (Fig.
1B, top), and Calnexin was not immunoprecipitated using
either anti-HA or rIgG (Fig. 1B, top). Western blotting using
anti-MYC revealed that each MYC-UPF1 variant was
expressed (Fig. 1B, bottom, Before IP), and a larger amount
of STAU1-HA3 was coimmunoprecipitated with MYC-
UPF1(1–418) than with either MYC-UPF1(1–1118) or
MYC-UPF1(419–1118) (Fig. 1B, bottom, After IP). We
conclude that STAU1 preferentially interacts with the
N terminus of UPF1, although it appears to also bind
additional residues. The co-IP of more STAU1-HA3 with
MYC-UPF1(1–418) compared with MYC-UPF1(1–1118)
may reflect greater accessibility of amino acids 1–418 in
the absence of C-terminal residues present in the full-
length protein (see also below).

As an additional means to define those amino acids
of UPF1 that interact with STAU1, cell lysates were
immunoprecipitated using anti-MYC or, as a control for
IP specificity, mouse IgG (mIgG). Each MYC-UPF1 pro-
tein was immunoprecipitated using anti-MYC (Fig. 1C,
top). The IP was specific since mIgG failed to immuno-
precipitate any MYC-UPF1 protein (Fig. 1C, top), and
neither anti-MYC nor mIgG immunoprecipitated Cal-
nexin (Fig. 1C, bottom). Western blotting using anti-HA
revealed that STAU1-HA3 coimmunoprecipitated more
efficiently with MYC-UPF1(1–418) than with MYC-
UPF1(1–1118) (Fig. 1C, bottom; it is not possible to
detected STAU1-HA3 in an IP of MYC-UPF1(419–1118)
at least in part because limited amounts of MYC-
UPF1(419–1118) can be immunoprecipitated). These
results are consistent with the finding that MYC-
UPF1(1–418) preferentially coimmunoprecipitates with
STAU1-HA3 (Fig. 1B).

To further delineate the amino acids of UPF1 that
interact with STAU1, IPs were performed using either
anti-MYC or mIgG and lysates from Cos cells that had
been transfected with pSTAU1-HA3, pCI-NEO-T7-UPF2
(Serin et al. 2001), and either pCMV-MYC-UPF1(1–244)
(Fig. 1D, top) or, for the sake of comparison, pCMV-MYC-
UPF1(1–418). MYC-UPF1(1–244) coimmunoprecipitated
with both STAU1-HA3 or T7-UPF2 with essentially the
same efficiency as did MYC-UPF1(1–418) (Fig. 1D, bot-
tom). Taken together, all data are consistent with the
possibility that the STAU1- and UPF2-binding sites
within UPF1 overlap and that STAU1 and UPF2 compete
for binding to UPF1.

For the sake of completeness, the region of STAU1
that interacts with UPF1 was also determined. The re-
sults of two-hybrid analyses indicate that human UPF1
interacts with a region of human STAU1 containing the
fourth RNA-binding domain (RBD4) and the tubulin-
binding domain (TBD) (Supplemental Fig. S2A; Kim et al.
2005). Therefore, three deletion derivatives of pSTAU1-
HA3 were generated and analyzed: pSTAU1D(RBD4)-HA3,
pSTAU1D(TBD)-HA3, and pSTAU1D(RBD5)-HA3 (Supple-
mental Fig. S2A). Our finding that the interaction of
MYC-UPF1(1–1118) with STAU1-HA3 was abolished with
deletion of the TBD (Supplemental Fig. S2B) suggests
that the TBD of STAU1 interacts with UPF1, although
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it is possible that deleting the TBD results in protein
misfolding and occlusion of the UPF1-binding site.

Evidence that STAU1 and UPF2 compete for binding
to UPF1

If the region of UPF1 that interacts with STAU1 overlaps
with the region of UPF1 that interacts with UPF2, STAU1
and UPF2 would be expected to compete for binding to
UPF1. To test for competition, Cos cells were transiently
transfected with pSTAU1-HA3, pCMV-MYC-UPF1(1–
1118), and pCI-NEO-T7-UPF2. Protein was analyzed by
Western blotting before and after IP using anti-HA or, as
a control, rIgG. Alternatively, Western blotting was
performed before and after IP using anti-MYC or, as
a control, mIgG. Using anti-HA, STAU1-HA3 was found
to coimmunoprecipitate with MYC-UPF1(1–1118) (here-
after called MYC-UPF1; Fig. 2A, top) but not detectably
with T7-UPF2 or, as a negative control, endogenous
UPF3X or Vimentin (Fig. 2A, bottom). Using anti-MYC,
MYC-UPF1 was found to coimmunoprecipitate with
STAU1-HA3 (Fig. 2A, middle) as well as T7-UPF2 and
endogenous UPF3X but not Vimentin (Fig. 2A, bottom).

Therefore, UPF1 that coimmunoprecipitates with STAU1
is not detectably associated with UPF2.

In related experiments, Cos cells were similarly trans-
fected with the three plasmids, and protein was analyzed
before and after IP using anti-T7 or, as a control, mIgG.
Western blotting demonstrated that T7-UPF2 coimmu-
noprecipitated with MYC-UPF1 but not with STAU1-
HA3 or the Calnexin or Vimentin negative control (Fig.
2B). Therefore, UPF1 that coimmunoprecipitates with
UPF2 is not detectably associated with STAU1. Taken
together, all of these results indicate that UPF1 can bind
to either STAU1 or UPF2, suggesting that STAU1 and
UPF2 compete for binding to UPF1.

As an additional measure of competition between
STAU1 and UPF2 for binding to UPF1, HeLa cells that
stably express Flag-UPF1 at approximately twofold above
the level of endogenous UPF1 (Pal et al. 2001) were
transiently transfected with STAU1 siRNA, UPF2 siRNA,
or a nonspecific Control siRNA (Kim et al. 2005). Two days
later, protein was purified before and after IP using anti-Flag
or, as a control, mIgG and analyzed by Western blotting
using anti-Flag, anti-STAU1, anti-UPF2, or anti-Calnexin.

Figure 1. Amino acids 1–244 of UPF1 in-
teract with STAU1 or UPF2. (A) Diagram
of full-length MYC-UPF1 (1–1118) and
two deletion variants. (B) Lysates of Cos
cells (3 3 107 cells per 150-mm dish) that
had been transiently transfected with 10 mg
of pSTAU1-HA3 and 5 mg of pCMV-
MYC-UPF1(1–1118), 4 mg of pCMV-MYC-
UPF1(1–418), or 15 mg of pCMV-MYC-UPF1
(419–1118) (plus a variable amount of
pUC19 for a total of 25 mg of transfecting
DNA) were immunoprecipitated using
anti(a)-HA or, to control for nonspecific
IP, rIgG. Equivalent amounts of immuno-
precipitated proteins were then analyzed
by Western blotting (WB) before (�) IP
(refer to the left-most lane when dilutions
were analyzed) or after IP using anti-HA,
anti-MYC or, as a control for IP specific-
ity, anti-Calnexin. The top three left-most
lanes represent threefold dilutions of pro-
tein before (�) IP and demonstrate that
the conditions used for Western blotting
are semiquantitative. (C) As in B, except
lysates were immunoprecipitated using
anti-MYC or, to control for nonspecific
IP, mIgG. (D, top) Diagram of MYC-
UPF1(1–244). (D, bottom) As in C, except
cells were transfected with 10 mg of
pSTAU1-HA3, 10 mg of pCI-NEO-T7-
UPF2, and 5 mg of either pCMV-MYC-
UPF1(1–418) or pCMV-MYC-UPF1(1–244).
Results are representative of five indepen-
dently performed experiments.
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Using the level of Calnexin to control for variations in
protein loading, STAU1 siRNA down-regulated the cellular
abundance of two (63- and 55-kDa) STAU1 isoforms to
;13% of normal, and UPF2 siRNA down-regulated the

cellular abundance of UPF2 to ;21% of normal (Fig. 2C,
where normal is defined as the level in the presence of
Control siRNA). Down-regulating STAU1 increased the
amount of UPF2 that coimmunoprecipitated with Flag-
UPF1 3.1-fold (Fig. 2C; data not shown for STAU1(A)
siRNA, which targets a different sequence than does
STAU1 siRNA; Kim et al. 2005). Additionally, down-
regulating UPF2 increased the amount of STAU1 that
coimmunoprecipitated with Flag-UPF1 2.4-fold (Fig. 2C;
data not shown for a UPF2(A) siRNA, which targets
a different sequence than does UPF2 siRNA; Kim et al.
2005). Thus, all results indicate that STAU1 and UPF2 do
indeed compete for binding to UPF1, suggesting that SMD
and NMD may compete as well.

Down-regulating STAU1 increases the efficiency
of NMD whereas down-regulating UPF2 increases
the efficiency of SMD

SMD, like NMD, is inhibited by cycloheximide or con-
stitutively inactive eIF2a (Supplemental Figs. S3, S4).
Therefore, SMD, like NMD, depends on translation. To
determine if SMD and NMD are competitive pathways,
HeLa cells were transiently transfected with STAU1
siRNA, UPF2 siRNA, or Control siRNA. Notably,
down-regulating STAU1 inhibits SMD but not NMD
(Kim et al. 2005, 2007), whereas down-regulating UPF2
inhibits NMD but not SMD (Mendell et al. 2002; Wang
et al. 2002; Kim et al. 2005; Matsuda et al. 2007; Isken
et al. 2008; Woeller et al. 2008). Two days later, cells were
transfected with (1) pmCMV-Gl Norm or pmCMV-Gl 39
Ter, which contains a b-globin gene that, respectively, does
not or does harbor a PTC (referred to as Ter) at position
39 (Zhang et al. 1998), (2) pcFLUC-SBS, which consists of
firefly (F) luciferase (LUC) cDNA harboring a C-terminal
deletion followed by the 39 UTR of ADP ribosylation
factor 1 (ARF1) cDNA that harbors the SBS (Kim et al.
2005, 2007), and (3) phCMV-MUP, which encodes major
urinary protein mRNA (Belgrader and Maquat 1994).
The level of Gl 39Ter mRNA relative to the level of Gl
Norm mRNA provides a measure of NMD, the level of
FLUC-SBS mRNA serves to quantify SMD, and the level
of MUP mRNA controls for variations in the efficiencies
of cell transfection and RNA recovery. After an addi-
tional 24 h, lysates were generated for Western blotting
and RT–PCR.

Using the level of Calnexin to control for variations in
protein loading, Western blotting demonstrated that
STAU1 or UPF2 siRNA, relative to Control siRNA,
down-regulated the level of the two STAU1 isoforms or
UPF2 to ;15% or ;18% of normal, respectively (Fig. 3A).
RT–PCR demonstrated that down-regulating STAU1
inhibited the SMD of FLUC-SBS mRNA as evidenced
by the ;1.5-fold increase in the level of FLUC-SBS
mRNA relative to the level of MUP mRNA (Fig. 3B,
top, cf. 100% and 163 6 5%; see Supplemental Table S1
for corroborating RT–quantitative PCR data). However,
down-regulating UPF2 decreased the level of FLUC-SBS
mRNA approximately twofold (Fig. 3B, top, cf. 100% and
52 6 2%; Supplemental Table S1). Furthermore, down-
regulating UPF2 also decreased the level of cellular ARF1

Figure 2. Evidence that STAU1 and UPF2 compete for binding
to UPF1. (A) Cos cells (3 3 107) were transiently transfected with
10 mg of pSTAU1-HA3, 10 mg of pCMV-MYC-UPF1, and 10 mg of
pCI-NEO-T7-UPF2. Protein was purified before (�) and after IP
using anti(a)-HA or, to control for nonspecific IP, rIgG (top); anti-
MYC or, to control for nonspecific IP, mgG (middle); or all four
antibodies (bottom). Equivalent amounts of immunoprecipi-
tated proteins were analyzed by Western blotting (WB) using
antibody to the appropriate epitope tag or Vimentin. (B) Cos
cells were transiently transfected as in A, and protein was
purified before and after IP using anti-T7 or, to control for
nonspecific IP, mIgG. Western blotting was performed using
the antibody to the appropriate epitope, Calnexin or Vimentin.
(C) HeLa cells (3 3 107) that stably express Flag-UPF1 were
transiently transfected with 100 nM of STAU1 siRNA, UPF2
siRNA, or a nonspecific Control siRNA. Three days later,
protein was purified before and after IP using anti-Flag or, as
a control, mIgG that had been covalently conjugated to an
agarose affinity gel. Protein was then analyzed by Western
blotting using anti-Flag, anti-STAU1, anti-UPF2, or anti-Cal-
nexin. Dots specify the two STAU1 isoforms or UPF2. For each
panel, protein from the same number of cells was analyzed in
the left-most lane of the dilution standards and in each IP.
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mRNA, which is a natural target of SMD (Kim et al.
2005), ;1.5-fold relative to the level of cellular suppressor
with morphological effect on genitalia (SMG)7 mRNA
(Fig. 3C, top, cf. 100% and 59 6 3%; Supplemental Table
S1), which is not targeted for either SMD or NMD
(Kim et al. 2005, 2007). These data indicate that down-
regulating UPF2 increases the efficiencies with which
FLUC-SBS and cellular ARF1 mRNAs are targeted for
SMD.

As expected, UPF2 siRNA inhibited the NMD of Gl
Ter mRNA as evidenced by the approximately twofold
increase in the level of Gl Ter mRNA relative to MUP
mRNA (Fig. 3B, bottom, cf. 28 6 3% and 15 6 1%;
Supplemental Table S1). However, down-regulating
STAU1 decreased the level of Gl Ter mRNA ;2.5-fold
(Fig. 3B, bottom, cf. 6 6 1% and 15 6 1%; Supplemental
Table S1). Furthermore, down-regulating STAU1 de-
creased by approximately threefold the level of cellular
stanniocalcin 2 (STC2) mRNA (Fig. 3C, bottom, cf.
100% and 31 6 2%; Supplemental Table S1), which is
a natural target of NMD because it contains an upstream
ORF (uORF) (Fig. 3C, bottom, cf. 100% and 161 6 4;
Supplemental Table S1; Mendell et al. 2004). Consistent
with STAU1 siRNA increasing the efficiency of STC2
NMD, the results of two independently performed
microarray analyses in which the abundance of HeLa
cell STAU1 had been down-regulated to ;4% of normal
revealed that the level of HeLa cell STC2 mRNA was
decreased approximately fourfold (Kim et al. 2007).

Thus, down-regulating STAU1 increases the efficiencies
with which Gl Ter mRNA and cellular STC2 mRNA are
targeted for NMD.

We conclude that SMD and NMD are competing path-
ways in HeLa cells. Based on our evidence that STAU1 and
UPF2 compete for UPF1 binding in Cos cells (Fig. 2)
together with the high degree to which all three proteins
are conserved among different mammals, it is likely that
SMD and NMD are also competitive pathways in Cos cells
and probably generally in mammalian cells (see also below).

Transcripts down-regulated by UPF2 siRNA include
SMD targets, and transcripts down-regulated
by STAU1 siRNA include NMD targets

During the course of our studies, Wittmann et al. (2006)
identified a number of HeLa cell transcripts that are de-
creased in abundance by UPF2 siRNA by mechanisms that
were not examined. In view of our findings, it seemed likely
that some of these transcripts would be SMD targets. In
particular, amphoterin-induced gene 2 (AMIGO2) and
FLJ21870 mRNAs not only decreased in abundance when
UPF2 was down-regulated (Wittmann et al. 2006) but also
increased in abundance when STAU1 was down-regulated
(Kim et al. 2007). To determine if AMIGO2 and FLJ21870
mRNAs are SMD targets, the level of each mRNA in HeLa
cells that had been transfected with Control, STAU1, UPF1,
or UPF2 siRNAwas assessed by RT–PCR. Additionally, the
consequence of these siRNAs to the abundance of inter-

Figure 3. Decreasing the cellular abundance
of STAU1 increases the efficiency of NMD, and
decreasing the cellular abundance of UPF2
increases the efficiency of SMD. HeLa cells (2
3 106) were transiently transfected with the
100 nM of STAU1 siRNA, UPF2 siRNA, or
Control siRNA. Two days later, cells were
retransfected with 0.3 mg of the specified
pmCMV-Gl test plasmid, 0.3 mg of the specified
pcFLUC test plasmid, and 0.2 mg of the
phCMV-MUP reference plasmid. After an addi-
tional 12 h, protein and RNA were analyzed.
(A) Western blotting (WB) using anti(a)-STAU1,
anti-UPF2, or anti-Calnexin. (B) RT–PCR anal-
ysis, where the level of FLUC-SBS or Gl mRNA
was normalized to the level of MUP mRNA,
and the normalized level of FLUC-SBS mRNA
in the presence of Control siRNA or Gl Norm
mRNA in the presence of each siRNA was
defined as 100. (C) RT–PCR analysis, where
the level of ARF1 or STC2 mRNA was normal-
ized to the level of SMG7 mRNA, and the
normalized value in the presence of Control
siRNA was defined as 100. All results are
representative of three independently per-
formed experiments that did not vary by more
than the amount shown.
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leukin 7 receptor (IL7R) and c-JUN mRNAs, which are bona
fide SMD targets (Kim et al. 2007), was also analyzed.

Using the level of Calnexin to control for variations in
protein loading, Western blotting demonstrated STAU1,
UPF1, or UPF2 siRNA, relative to Control siRNA, down-
regulated the level of the corresponding protein to ;20%,
;10%, or ;15% of normal, respectively (Fig. 4A). As
expected, STAU1 or UPF1 siRNA increased the abun-
dance of IL7R and c-JUN mRNAs relative to SMG7
mRNA (Fig. 4B; see Supplemental Table S2 for corrobo-
rating RT–quantitative PCR data). Consistent with com-
petition between STAU1 and UPF2 binding to UPF1,
UPF2 siRNA decreased the abundance of IL7R and c-JUN
mRNAs relative to SMG7 mRNA (Fig. 4B; Supplemental
Table S2). As predicted from Wittmann et al. (2006), UPF2
siRNA decreased the abundance of AMIGO2 and
FLJ21870 mRNAs (Fig. 4C; Supplemental Table S2).
Consistent with AMIGO2 and FLJ21870 mRNAs being
SMD targets, STAU1 or UPF1 siRNA increased the
abundance of each mRNA (Fig. 4C; Supplemental Table
S2). We conclude that transcripts down-regulated upon
UPF2 depletion include SMD targets.

It appeared likely that the converse was also true; i.e.,
transcripts down-regulated by STAU1 siRNA include
NMD targets. This idea was supported by our previous
microarray data demonstrating that the BCL2-associated
athanogene 1 (BAG1) transcript, which is an NMD target
that is up-regulated upon UPF2 down-regulation because
of an uORF (Gehring et al. 2005; Wittmann et al. 2006),
was down-regulated upon STAU1 down-regulation (Kim
et al. 2007). Results revealed that UPF2 or UPF1 siRNA
increased the abundance of BAG1 mRNA relative to
SMG7 mRNA (Fig. 4D; Supplemental Table S2) as would
be expected of an NMD target. Consistent with competi-
tion between STAU1 and UPF2 binding to UPF1, STAU1
siRNA decreased the abundance of BAG1 mRNA relative
to SMG7 mRNA (Fig. 4D; Supplemental Table S2). We also
tested if a cellular PTC-containing alternatively spliced
variant of the down syndrome critical region 1 (DSCR1)
gene that is another NMD target (Mendell et al. 2004;
Wittmann et al. 2006) is down-regulated upon STAU1
down-regulation (Kim et al. 2007). As expected, UPF1 or
UPF2 siRNA increased the abundance of alternatively
spliced DSCR1 mRNA relative to SMG7 mRNA (Fig.

Figure 4. HeLa cell transcripts down-regulated
upon UPF2 down-regulation include SMD targets.
HeLa cells (2 3 107) were transiently transfected
with 100 nM of the specified siRNA and har-
vested after an additional 48 h. (A) Western
blotting (WB) demonstrated the degree of
siRNA-mediated down-regulation of STAU1,
UPF1, or UPF2. (B) RT–PCR analysis of IL7R or
c-JUN mRNA after normalization to the level of
SMG7 mRNA, where the level in the presence of
Control siRNA was defined as 100. (C) As in B,
except that AMIGO2 or FLJ21870 mRNA was
analyzed. (D) As in B, except that BAG1 or
DSCR1 mRNA was analyzed. All results are
representative of three independently performed
experiments that did not vary by more than the
amount shown.
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4D; Supplemental Table S2). Furthermore, STAU1 siRNA
decreased the abundance of this mRNA relative to SMG7
mRNA (Fig. 4D; Supplemental Table S2). We conclude that
transcripts down-regulated upon STAU1 depletion include
NMD targets. The modest effects seen on SMD after
debilitating NMD by down-regulating UPF2 or on NMD
after debilitating SMD by down-regulating STAU1 may
reflect that neither UPF2 nor STAU1 function is com-
pletely dedicated to NMD or SMD, respectively: Each
protein functions in additional pathways (Kim and Maquat
2006; Isken and Maquat 2008).

The differentiation of C2C12 MBs to MTs
is accompanied by an increased efficiency of SMD
and alternative NMD but a decreased efficiency
of classical NMD

To test for competition between SMD and NMD under
physiologic circumstances, we utilized the mouse skeletal

muscle C2C12 cell line considering that the differentiation
of C2C12 MBs to multinucleated MTs is accompanied by
an increase in the efficiency of SMD (Kim et al. 2007).

MBs were cultured in medium containing 15% fetal
bovine serum, and differentiation was induced using
medium containing 5% horse serum. MBs or MTs were
transiently transfected with three plasmids: either (1)
pmCMV-Gl Norm, pFLUC-No SBS (Kim et al. 2005), and
pRLUC, which encodes Renilla LUC (RLUC), or (2)
pmCMV-Gl Ter, pFLUC-SBS, and pRLUC. Differentiation
was confirmed by increased levels of myogenin and
myoglobin (Blais et al. 2005 and references therein) and
a decreased level of MYF-5 (Deato and Tjian 2007) as
evidenced using Western blotting (Fig. 5A, left) and Pon-
ceau S staining to control for variations in protein loading
(Deato and Tjian 2007). Differentiation was also accompa-
nied by a slight decrease (from 100 to 83 6 3) in the level of
STAU1 relative to the level of UPF1 and a larger decrease

Figure 5. Myogenic differentiation of C2C12
cells is accompanied by an increase in the
efficiency of SMD, a decrease in the efficiency
of classical NMD, and an increase in the
efficiency of alternative NMD. MBs or MTs
(2 3 107) were transiently transfected with
three plasmids: 3 mg of pmCMV-Gl Norm or
pmCMV-Gl Ter, 12 mg of pFLUC-No SBS or
pFLUC-SBS, and 3 mg of pRLUC. Two days
later, cells were harvested. (A, left) Western
blotting (WB) of myogenin, myoglobin,
MYF-5, STAU1, UPF1, UPF2, UPF3X, BAG1,
or c-JUN. Ponceau S staining was used as
a loading control. (A, right) Quantitation of
the level of STAU1, UPF2, or UPF3X relative
to UPF1, or BAG1 or c-JUN relative to Ponceau
S staining, in MBs and MTs. Each level in MBs
was defined as 100. (B) Western blotting of
specified proteins before (�) or after IP using
anti-UPF1 or, to control for nonspecific IP,
normal rabbit serum (NRS). (C, top and bot-
tom) RT–PCR analysis of c-JUN or SERPINE1
mRNA after normalization to the level of
GAPDH mRNA, where each normalized level
in MBs was defined as 100. (D) The level of
FLUC-No SBS or FLUC-SBS mRNA was nor-
malized to the level of RLUC mRNA, and the
normalized level of FLUC-No SBS in MBs or
MTs was defined as 100. (E, top and bottom)
RT–PCR analysis of BAG1 or TGM2 mRNA
after normalization to the level of GAPDH
mRNA, where each normalized level in MBs
was defined as 100. (F) The level of PTC-free
(Norm) or PTC-containing (Ter) Gl mRNAwas
normalized to the level of RLUC mRNA, and
thenormalizedlevelofG1NormmRNAinMBs
or MTs was defined as 100. (G, top and bottom)
RT–PCR analysis of SC1.7 or SC1.6 mRNA
after normalization to the level of GAPDH
mRNA, where each normalized level in MBs
was defined as 100 (asterisk denotes a nonspe-
cific RT–PCR product that does not interfere
with the analysis). (H, top and bottom) As in G.
However, PAX3 mRNA or pre-mRNA was analyzed. (I, top and bottom) As in G. However, myogenin mRNA or pre-mRNA was analyzed. All
results are representative of at least three independently performed experiments that did not vary by more than the amount shown.
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(from 100 to 30 6 3) in the level of UPF2 relative to the
level of UPF1 (Fig. 5A, right), providing the first indication
that competition between SMD and NMD could contrib-
ute to the increased efficiency of SMD and, possibly,
a decreased efficiency of NMD during myogenesis. In
further support of these ideas, IPs of equal amounts of
UPF1 from lysates of MBs or MTs using anti-UPF1
revealed an increase in the amount of coimmunoprecipi-
tated STAU1 and a decrease in the amount of coimmuno-
precipitated UPF2 in MTs relative to MBs (Fig. 5B).

RT–PCR confirmed that the levels of cellular c-JUN
and serpin peptidase inhibitor, clade E, member 1 (SER-
PINE1) mRNAs, which are SMD targets (Kim et al. 2007),
were decreased upon differentiation (Fig. 5C, where the
level of cellular GAPDH mRNA controlled for variations
in RNA recovery; see Supplemental Table S3 for corrob-
orating RT–quantitative PCR data). The decrease was
attributable to an increased efficiency of SMD as evi-
denced by a concomitant decrease in the level of FLUC-
SBS mRNA relative to the level of FLUC-No SBS mRNA,
which provided a specific assay of SMD (Fig. 5D, where
the level of RLUC mRNA controlled for variations in
transfection efficiencies and RNA recovery; Supplemen-
tal Table S3). RT–PCR also demonstrated that the levels
of cellular BAG1 and transglutaminase 2 (TGM2) mRNAs
were increased upon differentiation (Fig. 5E; Supplemen-
tal Table S3). Notably, BAG1 and TGM2 mRNAs are not
only up-regulated in mouse L cells by UPF1, UPF2, or
UPF3X siRNA as would be expected of NMD targets
(Supplemental Fig. S5) but also have HeLa cell counter-
parts that are NMD targets (Fig. 4D; Gehring et al. 2005;
Wittmann et al. 2006). Consistent with a decreased
efficiency of NMD upon differentiation, there was a con-
comitant increase in the level of Gl Ter mRNA relative to
the level of Gl Norm mRNA, which provided a specific
assay of NMD (Fig. 5F; Supplemental Table S3). In
summary, based on changes during differentiation in the
levels of STAU1 and UPF2 relative to UPF1 and differ-
ences in the abundance of natural or reporter SMD targets
relative to natural or reporter NMD targets, we conclude
that the efficiencies of SMD and NMD are altered in
a reciprocal manner during myogenesis due to competi-
tion between the two pathways.

Unexpectedly, the ratio of the NMD factor UPF3X
relative to UPF1 increased approximately fourfold during
myogenesis (Fig. 5A). Since data indicate that UPF2 bind-
ing to EJCs is mediated by UPF3X (Lykke-Andersen et al.
2000; Hosoda et al. 2005; Kim et al. 2005; Singh et al. 2007),
the increased ratio of UPF3X to UPF1 is not envisioned to
augment the efficiency of classical NMD in MTs becauseof
the very low and thus limiting level of UPF2 (Fig. 5A).
However, the increased ratio may augment the efficiency
of an alternative NMD pathway that is significantly less
sensitive than classical NMD to UPF2 siRNA but, like
classical NMD, depends on not only UPF1 but also UPF3X
(Gehring et al. 2005; Saltzman et al. 2008; see below). RT–
PCR revealed that the levels of cellular SC1.7 and SC1.6
mRNAs, which encode variants of the SC35 splicing factor
generated by alternative splicing and are targets of this
alternative NMD pathway (Gehring et al. 2005), were

indeed decreased upon differentiation (Fig. 5G; Supple-
mental Table S3). Notably, the NMD of SC1.7 and SC1.6
mRNAs depends on UPF3X, as evidenced using UPF3X
siRNA (Supplemental Fig. S5). Moreover, larger amounts
of UPF3X immunoprecipitated with UPF1 in MTs com-
pared with MBs despite MTs having less UPF2 than MBs
(Fig. 5B), consistent with UPF3X functionally contributing
to alternative NMD and reports that UPF3X and UPF1 can
coimmunoprecipitate independently of UPF2 (Gehring
et al. 2005; Kunz et al. 2006; Singh et al. 2007). Our findings
support the idea that SMD and classical NMD are com-
petitive pathways in a way that reflects that abilities of
STAU1 and UPF2 to compete during myogenesis for
binding to UPF1, which is of no measurable consequence
to the alternative NMD pathway. Thus, SMD and the two
modes of NMD together with their respective mRNA
targets are likely to contribute to the myogenic process.

PAX3 mRNA is an SMD target whereas myogenin
mRNA is a classical NMD target

We next aimed to understand how these mechanistically
interconnected mRNA decay pathways contribute to
myogenesis. We sought to define transcripts that function
in either the maintenance of MBs or the differentiation of
MBs to MTs and are affected by the competitive nature of
SMD and NMD. Since globally down-regulating STAU1
or UPF factor function using siRNA would not accom-
plish this goal, we initially turned to microarray data to
identify specific transcripts of interest.

Our previous microarray analyses of transcripts from
HeLa cells in which STAU1 had been down-regulated
demonstrated that the abundance of PAX3 mRNA, which
encodes a transcription factor that inhibits myogenic
differentiation (Epstein et al. 1995), was increased approx-
imately fivefold whereas the abundance of myogenin
mRNA was decreased approximately twofold (Kim et al.
2007). Other microarray analyses of transcripts from HeLa
cells in which UPF1 had been down-regulated showed that
the abundance of PAX3 mRNA was increased approxi-
mately twofold whereas the abundance of myogenin
mRNA was increased ;3.5-fold (Mendell et al. 2004).
These findings, taken together, suggest that PAX3 mRNA
could be an SMD target and myogenin mRNA could be
a classical NMD target. Considering that the level of PAX3
mRNA is decreased in MTs relative to MBs (Boutet et al.
2007) in a way that promotes myogenesis (Epstein et al.
1995) but myogenin mRNA encodes a basic helix–loop–
helix transcription factor that is required for and, thus, up-
regulated during myogenesis (Wright et al. 1989), it seemed
plausible that changes in the relative efficiencies of SMD
and classical NMD during the differentiation of MBs to
MTs would contribute to the differentiation process. RT–
PCR revealed that, indeed, the decrease in the level of
PAX3 mRNA and increase in the level of myogenin mRNA
during myogenesis were at least partly attributable to
changes in mRNA abundance as evidenced by using the
level of the corresponding pre-mRNA to control for
changes in mRNA abundance that were due to changes
in gene transcription, pre-mRNA processing, or both (Fig.
5H,I; Supplemental Table S3).
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To test the ideas that PAX3 and myogenin mRNAs are
SMD and classical NMD targets, respectively, STAU1,
UPF1, or UPF2 was down-regulated in MBs using siRNA
to 10%, 14%, or 5% of normal, respectively (Fig. 6A,
where the abundance of each protein in the presence of
Control siRNA was defined as 100%). Using the level
of PAX3 pre-mRNA to control for changes in mRNA
abundance that were due to changes in PAX3 gene
transcription and pre-mRNA processing, the level of
PAX3 mRNA was increased approximately twofold by
STAU1 or UPF1 siRNA and decreased ;1.4-fold by UPF2
siRNA (Fig. 6B; see Supplemental Table S4 for corrobo-
rating RT–quantitative PCR data), consistent with the
prediction that PAX3 mRNA is an SMD target. Using
the level of myogenin pre-mRNA to control for changes
in mRNA abundance that were due to changes in
myogenin gene transcription and pre-mRNA processing,
the level of myogenin mRNA was increased approxi-
mately threefold by UPF1 siRNA and approximately
twofold by UPF2 siRNA (Fig. 6C; Supplemental Table
S4), consistent with the prediction that myogenin mRNA
is a classical NMD target. The unexpected approximately
fourfold increase in the level of myogenin mRNA abun-
dance in the presence of STAU1 siRNA may reflect
effects of STAU1 that counter the destabilizing effects
of NMD (see the Discussion). Our finding that STAU1
siRNA increases the abundance of ;1% of HeLa cell
transcripts and decreases the abundance of a comparable
percentage of other transcripts (Kim et al. 2007) suggests
that the observed STAU1 siRNA-mediated increase
in myogenin mRNA abundance could be attributable to
STAU1 decreasing the concentration of a myogenin
mRNA stabilizing factor or increasing the concentration
of a myogenin mRNA destabilizing factor. Notably, the
presence of an uORF in myogenin mRNA (NCBI ORF
Finder) further substantiates that myogenin mRNA is an
NMD target. All of these findings are compatible with
data showing that myogenin mRNA half-life is extended
upon myogenic differentiation (Figueroa et al. 2003) by
multiple mechanisms that include a decreased efficiency
of NMD.

We sought additional support for data indicating that
PAX3 mRNA is an SMD target by testing if PAX3 mRNA
coimmunoprecipitates with STAU1. To this end, STAU1-
HA3 was transiently expressed in MBs and immunopre-
cipitated using anti-HA (Fig. 6D, top). As shown earlier
(Kim et al. 2007), SERPINE1 mRNA was immunopreci-
pitated using anti-HA but not rIgG, and GAPDH mRNA
was not immunoprecipitated using either antibody (Fig.
6D, bottom). PAX3 mRNA was immunoprecipitated
using anti-HA but not rIgG as is expected of an SMD
target (Fig. 6D, bottom). Given the critical functions of
PAX3 and myogenin to the maintenance of MBs and the
differentiation of MBs to MTs, respectively, combined
with our findings that PAX3 mRNA is an SMD target
whereas myogenin mRNA is an NMD target, we con-
clude that the intricate balance between SMD and NMD
factor abundance and the competitive nature of the UPF1
interaction with STAU1 and UPF2 contribute in impor-
tant ways to the myogenic process.

Discussion

We show here that SMD and classical, UPF2-dependent
NMD, both of which require UPF1 and translation
(Supplemental Figs. S3, S4; Kim et al. 2005, 2007;

Figure 6. Evidence that PAX3 mRNA is an SMD target and
myogenin mRNA is an NMD target. (A–C) MBs (1 3 106) were
transiently transfected with 100 nM of the specified siRNA and
harvested after an additional 48 h. (A) Western blotting (WB)
demonstrated the degree of siRNA-mediated down-regulation of
STAU1, UPF1, or UPF2. Notably, mouse STAU1, unlike human
STAU1, is detected as a 55-kDa isoform but not a 63-kDa isoform.
(B) RT–PCR analysis of PAX3 mRNA after normalization to the
level of PAX3 pre-mRNA, where the level in the presence of
Control siRNA was defined as 100. Notably, equal amounts of
total cell RNA rather than equal amounts of PAX3 pre-mRNAwere
analyzed in each lane. (C) As in B, except that myogenin mRNA or
pre-mRNA was analyzed. (D) MBs (2 3 107) were transiently
transfected with 10 mg of pSTAU1-HA3. Two days later, cells were
harvested, treated with formaldehyde to cross-link protein and
RNA, and lysed using sonication. Lysates were immunoprecipi-
tated using anti-HA or, to control for nonspecific IP, rIgG, and cross-
links were reversed using heat. Protein was analyzed by Western
blottingusing anti-HAor anti-Calnexin. RNAwas analyzed byRT–
PCR for SERPINE1, PAX3, or GAPDH mRNA. All results are
representative of at least three independently performed experi-
ments that did not vary by more than the amount shown.
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Behm-Ansmant et al. 2007; Chang et al. 2007; Isken and
Maquat 2007), compete with one another under condi-
tions where an alternative NMD pathway that is rela-
tively insensitive to UPF2 siRNA remains robust. First,
not only STAU1, which functions in SMD but not NMD,
but also UPF2, which functions in NMD but not SMD,
interact with amino acids 1–244 of UPF1 (Fig. 1). The
latter is in agreement with data published during the
course of our studies demonstrating that UPF2 binds
UPF1 residues 123–213 (Kadlec et al. 2006). It makes
sense that STAU1 would bind the cysteine- and histidine-
rich CH domain of UPF1 as does UPF2 in view of a recent
report that the CH domain serves as an intramolecular
regulator of UPF1 activities: Just as UPF2:UPF3X binding
to the CH domain of UPF1 has been proposed to prevent
the cis-inhibitory effect of the domain so as to stimulate
UPF1 RNA-dependent ATPase and 59-to-39 helicase ac-
tivities (Chamieh et al. 2008), so probably does STAU1
binding to the CH domain of UPF1. As a second in-
dication that SMD and NMD are in competition, UPF1
that immunoprecipitates with STAU1 is not detectably
associated with UPF2, and UPF1 that immunoprecipi-
tates with UPF2 is not detectably associated with STAU1
(Fig. 2). These findings indicate that UPF1 can interact
with either STAU1 or UPF2 but not both simultaneously.
Third, down-regulating STAU1 increases the association
of UPF1 and UPF2 while down-regulating UPF2 increases
the association of UPF1 and STAU1 (Figs. 2, 5). Fourth,
inhibiting SMD by down-regulating STAU1 increases
the efficiency of NMD, and inhibiting NMD by down-
regulating UPF2 increases the efficiency of SMD (Fig. 3;
Supplemental Table S1). Additionally, HeLa cell tran-
scripts that decrease in abundance upon UPF2 down-
regulation include AMIGO2 and FLJ21870 mRNAs,
which are SMD targets (Fig. 4; Supplemental Table S2).
Furthermore, HeLa cell transcripts that decrease in abun-
dance upon STAU1 down-regulation include BAG1 and
DSCR1, which are NMD targets (Fig. 4; Supplemental
Table S2).

Our finding that the differentiation of C2C12 MBs to
MTs is accompanied by an increased efficiency of SMD
and a concomitant decreased efficiency of classical (i.e.,
UPF2 siRNA-sensitive) NMD (Fig. 5; Supplemental Table
S3) is consistent with competition between SMD and
NMD. Competition indeed appears to reflect the relative
abilities of STAU1 and UPF2 to bind to UPF1, as evi-
denced by the increased co-IP of STAU1 and UPF1 and the
decreased co-IP of UPF2 and UPF1 in MTs relative to MBs
(Fig. 5). Furthermore, the increased ratio of UPF3X to
UPF1 during myogenesis increases not only the co-IP of
UPF3X with UPF1 but also the efficiency of an alternative
NMD pathway that is relatively insensitive to UPF2
siRNA (Fig. 5; Supplemental Fig. S5; Supplemental Table
S3). The functional significance of competition between
SMD and classical NMD is apparent with our finding that
PAX3 mRNA, which encodes a protein required for the
maintenance of MBs, is an SMD target, while myogenin
mRNA, which encodes a protein required for the differ-
entiation of MBs to MTs, is a classical NMD target (Fig. 6;
Supplemental Table S4).

We propose a model in which SMD and the two types of
NMD compete during myogenesis to a degree that at
least in part reflects the relative abundance of STAU1,
UPF2, UPF3X, and UPF1 as well as the number of
mRNAs undergoing SMD or NMD (Fig. 7). UPF1, UPF2,
UPF3X, and STAU1 are expressed in all cell types that
have been examined. However, cell type-dependent dif-
ferences in the abundance or nucleocytoplasmic distri-
bution have been reported for STAU1 and UPF1,
respectively, and differential splicing generates several
STAU1 isoforms (Marion et al. 1999; Wickham et al.
1999; Monshausen et al. 2001; Chiu et al. 2003). More-
over, since STAU1, UPF1, UPF2, and UPF3X are phos-
phoproteins (Monshausen et al. 2001; Pal et al. 2001;

Figure 7. Model for competition between SMD and NMD. (A)
UPF2, which is an EJC constituent and functions in the classical
NMD pathway, and STAU1, which is an RNA-binding protein
that functions in the SMD pathway, compete for binding to
UPF1 and, thus, the recruitment of UPF1 to mRNA. UPF1
functions in both pathways to elicit mRNA decay when trans-
lation terminates sufficiently upstream of an EJC, in the case of
NMD, or a SBS, in the case of SMD. Ter can be either a pre-
mature or normal termination codon. (B) As a consequence of
C2C12 cell differentiation from MBs to MTs, the efficiency of
SMD increases, the efficiency of classical (i.e., UPF2 siRNA-
sensitive) NMD decreases, and the efficiency of an alternative
NMD pathway that depends on UPF3X but not appreciably
UPF2 increases. During myogenesis, a larger decrease in the
abundance of UPF2, which drops to almost undetectable levels,
relative to STAU1 permits STAU1 to out-compete UPF2 for
binding to UPF1, and an approximately fourfold increase in the
level of UPF3X supports an increase in the efficiency of the
alternative NMD pathway.
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Yamashita et al. 2001; Chiu et al. 2003; Isken et al. 2008;
O. Isken and L.E. Maquat, unpubl.), phosphorylation and
other post-translational modifications may influence the
extent of competition between NMD and SMD. The
physiological importance of competition undoubtedly
manifests in the levels of proteins encoded by SMD and
NMD targets. Significantly, data indicate that SMD and
NMD targets are translated with efficiencies that are
comparable with their counterparts that are not targeted
for decay (Fig. 5; Supplemental Fig. S6; Supplemental
Table S3; Chan et al. 2007).

Results reported here provide the first insight into how
the efficiency of SMD is regulated, and they add to the
one report currently available on NMD efficiency deter-
minants: Variations in the efficiency of NMD among
three different HeLa cell lines were shown recently to be
attributable to differences in the cellular abundance of
the EJC constituent RNPS1 (Viegas et al. 2007). Our
findings illustrate that variations in factor abundance
can affect not only the pathway in which the factor
directly participates but also pathways that are indirectly
connected to factor function.

While preparing this paper, it was reported that down-
regulating STAU1 to <40% of the normal level in MBs, in
contrast to down-regulating UPF1 in MBs, induced myo-
genin gene transcription and, as a result, differentiation to
MTs (Yamaguchi et al. 2008). Considering that STAU1 is
present in MTs, although at a reduced level than in MBs
(Fig. 5), this new finding of a STAU1-dependent but UPF1-
independent pathway that relies on the myogenin pro-
moter (Yamaguchi et al. 2008) may further illustrate the
delicate balance of STAU1-mediated pathways that must
be achieved for proper MB and MT metabolism. Neverthe-
less, even though down-regulating STAU1 abundance in
MBs to at least 30% of normal using either STAU1 or
STAU1(A) siRNA (Kim et al. 2005) increased the level of
myogenin pre-mRNA (Fig. 6; Supplemental Table S4), we
neither detected myogenin in MBs nor induced the differ-
entiation of MBs to MTs (data not shown). Reasons for
discrepancies between our data and those of Yamaguchi
et al. (2008) remain unclear. However, our data suggest
that myogenin expression alone is insufficient to induce
myogenesis, consistent with published reports (Melo et al.
1996; Osses and Brandan 2002). Alternatively or addition-
ally, STAU1 siRNA may not only induce myogenin
expression but may also result in events that counter the
differentiation process.

Future studies of SMD and classical NMD in specific
cell types and under particular growth conditions will be
required to fully appreciate the pervasiveness and func-
tional significance of competition between the two path-
ways. Roles for the alternative NMD pathway that is
relatively insensitive to UPF2 siRNA and, thus, STAU1
siRNA so as to provide a means by which NMD can occur
unimpeded by competition also merit investigation. As
described here, our results portend that mRNA decay,
like transcriptional and other post-transcriptional events,
is undoubtedly regulated by complex and interdependent
processes that, when appropriately balanced, contribute to
the maintenance of or progression to distinct cell types.

Materials and methods

Plasmid constructions

See the Supplemental Material.

Cell culture and transfection, and protein
and RNA purification

Human HeLa or monkey Cos cells (2 3 106 per 60-mm dish or
7.5 3 107 per 150-mm dish) were grown in DMEM (GIBCO-BRL)
containing 10% fetal bovine serum (GIBCO-BRL). Cells were
transiently transfected using Lipofectamine Plus Reagent (Invi-
trogen) as indicated in the figure legends. Mouse C2C12 cells
(2 3 107) were propagated as MBs in DMEM containing 15% fetal
bovine serum and induced to differentiate to MTs using DMEM
containing 5% horse serum (GIBCO-BRL). Cells were transiently
transfected using Lipofectamine 2000 (Invitrogen) as indicated in
the figure legends. Importantly, MTs were harvested using 0.15%
trypsin rather than by scrapping so as to leave behind undiffer-
entiated reserve cells (Deato and Tjian 2007). Protein was
isolated using passive lysis buffer (Promega), and RNA was
purified using Trizol Reagent (Invitrogen).

siRNA-mediated down-regulation of human or mouse

STAU1, UPF1, or UPF2

HeLa cells were transiently transfected with 100 nM of in vitro-
synthesized UPF1, UPF2, UPF2(A), STAU1, or STAU1(A) siRNA
or a nonspecific Control siRNA using Oligofectamine (Invitro-
gen) as described previously (Kim et al. 2005). When specified,
cells were harvested after an additional 24 h or retransfected 48 h
later with plasmids and harvested 24 h thereafter. C2C12 cells
were transiently transfected with 100 nM of in vitro-synthesized
UPF1 (Kim et al. 2005), UPF2 (Ambion), or STAU1 (Kim et al.
2005) siRNA or Negative Control #1 siRNA (Ambion) using
Lipofectamine 2000.

RT–PCR

Reverse transcriptions were performed as described previously
(Kim et al. 2005). cDNA from FLUC-SBS, FLUC-No SBS, ARF1,
Gl, GPx1, MUP, or SMG7 mRNA was amplified as described
previously (Chiu et al. 2004; Kim et al. 2005). cDNA from HeLa
cell STC2, c-JUN, IL7R, AMIGO2, FLJ21870, BAG1, or DSCR1
mRNA was amplified using the primer pairs 59-CCTGTC
CCTGCAGAATACAG-39 (sense) and 59-GTTCACGAGGTCC
ACGTAGG-39 (antisense), 59-CTTGAAAGCTCAGAACTCGG-
39 (sense) and 59-TCAGCCCCCGACGGTCTCTC-39 (antisense),
59-AAGTGGCTATGCTCAAAATG-39 (sense) and 59-TTCAGG
CACTTTACCTCCAC-39 (antisense), 59-CTGCTAGAGCCGGA
TAAAGAG-39 (sense) and 59-TTCATCAGCGGAGGCATCAC-39

(antisense), 59-AACGACCTGTTAAAGGCCACTC-39 (sense) and
59-TCCTTACTTTGCAGGCATCCAG-39 (antisense), 59-AAGAT
GGTTGCCGGGTCATG-39 (sense)and59-TGTTCTGCTCCACTG
TGTCAC-39 (antisense), or 59-GCACCAGCTCAAGAAGGA
ACC-39 (sense) and 59-GGGACTCAAATTTGGCCCTGG-39 (anti-
sense), respectively. cDNA from C2C12 cell GAPDH, c-JUN, SER-
PINE1, BAG1, TGM2, SC1.7, SC1.6, PAX3, or myogenin mRNAwas
amplified using the primer pair 59-CCAGGAGCGA
GACCCCACTAAC-39 (sense) and 59-GGCGGAGATGATGAC
CCTTTTG-39 (antisense), 59- CTGCAAAGATGGAAACGACC-39

(sense) and 59-CGGAGGCTCACTGTGCAGGC-39 (antisense), 59-
TTGCTTGCCTCATCCTGGGC-39 (sense) and 59-GTCATT
GATCATACCTTTGG-39 (antisense), 59-CCCACAGCAATGA
GAGGTATGAC-39 (sense) and 59-TTGCAGGTGGTTAGCT
ATCTTCTC-39 (antisense), 59- CCGAGTGGGGGACAGTATG
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AGC-39 (sense) and 59-GGCCCCGCACCTTGATGAG-39 (anti-
sense), 59-TAAGAAAATGCTGCGGTCTCC-39 (sense) and
59-ACAACTGCGCCTTTTTAATAGC-39 (antisense), 59-TAAGA
AAATGATGAATCGGC-39 (sense) and 59-ACAACTGCGCCTT
TTTAATAGC-39 (antisense), 59-TTCCACAAGCTGTGTCAGA
TCC-39 (sense) and 59-AGTCCCATTACCTGAGGTGAGAG-39

(antisense) or 59-CCCATGGTGCCCAGTGAATG-39 (sense) and
59-GCGAGCAAATGATCTCCTGGG-39 (antisense), respec-
tively. cDNA from C2C12 cell PAX3 or myogenin pre-mRNA
was amplified using the primer pair 59-ACTGAACTTTCTCTGC
TGGCC-39 (sense) and 59-TCGTCTGTCTAGAAACACGGG-39

(antisense) or 59-TTGGACCTTGGCCTTGTCTTG-39 (sense)
and 59-GATTGGGACAGGGCTTATGG-39 (antisense), respectively.
cDNA from RLUC or RLUC-Gl mRNA was amplified using the
primer pair 59-CATGGTAACGCTGCCTCCAG-39 (sense) and 59-
AGGGTAGGCCGTCTAACCTC-39 (antisense). RT–PCR products
were electrophoresed in 5% polyacrylamide and quantitated by
PhosphorImaging (Molecular Dynamics).

IPs

IPs were as described (Kim et al. 2005), where anti-HA, anti-
MYC, anti-T7, and anti-Flag derived from Roche, CalBiochem,
Novagen, and Sigma, respectively. Anti-UPF1 was generated
using protein that derived from pGEX-4T-1-UPF1(1–416)
(Lykke-Andersen et al. 2000), which encodes GST-tagged UPF1
amino acids 1–416. Where specified, C2C12 MBs were exposed to
0.25% formaldehyde for 10 min at room temperature, lysed using
sonication, and heated after IP for 45 min at 65°C to dissociate
cross-linked molecules essentially as described previously (Nir-
anjanakumari et al. 2002).

Western blotting

Protein was electrophoresed in SDS-polyacrylamide, transferred
to Hybond ECL nitrocellulose (Amersham) and probed with
antibodies that recognize Flag (Sigma), HA (Roche), T7 (Nova-
gen), c-MYC (BD Bioscience), Calnexin (StressGen), Vimentin
(Santa Cruz Biotechnologies), UPF1, UPF2 (Serin et al. 2001),
UPF3X (Serin et al. 2001), STAU1 (Wickham et al. 1999),
myogenin (Santa Cruz Biotechnologies), myoglobin (Abcam),
MYF-5 (Santa Cruz Biotechnologies), MUP (Berger and Szoka
1981), BAG1 (Santa Cruz Biotechnologies), c-JUN (Abcam), and
GAPDH (Santa Cruz Biotechnologies). Immunoreactivity was
assessed using SuperSignal West Pico or Femto (Pierce Biotech-
nology). After autoradiography, films were quantitated using
ImageQuant (Molecular Dynamics). C2C12 cell protein was
quantitated using Ponceau S staining (Sigma).
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