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SUMMARY

The double-stranded RNA binding protein Staufeni
(Stau1) is involved in diverse gene expression path-
ways. For Staul-mediated mRNA decay (SMD) in
mammals, Staul binds to the 3’ untranslated region
of target mMRNA and recruits Upfl to elicit rapid
mRNA degradation. However, the events down-
stream of Upfl recruitment and the biological
importance of SMD remain unclear. Here we show
that SMD involves PNRC2, decapping activity, and
5'-to-3' exonucleolytic activity. In particular, Upf1
serves as an adaptor protein for the association of
PNRC2 and Staul. During adipogenesis, Stau1 and
PNRC2 increase in abundance, Upfl becomes
hyperphosphorylated, and consequently SMD effi-
ciency is enhanced. Intriguingly, downregulation of
SMD components attenuates adipogenesis in
a way that is rescued by downregulation of an antia-
dipogenic factor, Krippel-like factor 2 (KLF2), the
mRNA of which is identified as a substrate of SMD.
Our data thus identify a biological role for SMD in
adipogenesis.

INTRODUCTION

The double-stranded RNA-binding protein Staufen (Stau) plays
multiple roles in gene expression. Drosophila Stau is involved
in the localization of maternal mRNAs in oocyte and egg
(Roegiers and Jan, 2000). Similarly, mammalian Stau also partic-
ipates in MRNA localization in vertebrate neurons and oocytes
(Maquat and Gong, 2009; Miki et al., 2005). Mammalian cells
contain two paralogues of Stau, Staufen1 (Stau1) and Staufen2
(Stau2), both of which associate with a broad spectrum of
mRNAs (Maquat and Gong, 2009; Miki et al., 2005). In addition
to its role in mMRNA localization, when Staul binds to a Stau1-
binding site (SBS) in the 3’ untranslated region (3'UTR) of target
mRNAs, Staul can induce mRNA degradation called Stau1-
mediated mMRNA decay (SMD) (Gong et al., 2009; Gong and
Maquat, 2011; Kim et al., 2005, 2007).

Efficient SMD requires a translation termination event, Stau1,
and Upf1 (Kim et al., 2005). When translation terminates suffi-

ciently upstream of a SBS, the SBS-bound Stauil recruits
Upf1, probably via protein-protein interaction, so as to induce
mRNA degradation (Kim et al., 2005). SBS can be formed either
by intramolecular base pairing in the 3'UTR of the target mRNA
or by intermolecular base pairing between an Alu sequence in
the 3'UTR of the target mRNA and another Alu sequence in
a long noncoding RNA (IncRNA) (Gong and Maquat, 2011).
SMD may influence a wide spectrum of physiological events
by targeting several types of cellular substrates (Gong et al.,
2009; Kim et al., 2005, 2007).

A translation termination event and Upf1 are also required for
a related mRNA decay mechanism: nonsense-mediated mRNA
decay (NMD) (Durand and Lykke-Andersen, 2011; Neu-Yilik
and Kulozik, 2008; Nicholson et al., 2010; Rebbapragada and
Lykke-Andersen, 2009). NMD recognizes aberrant transcripts
harboring a premature termination codon (PTC) and downregu-
lates the abundance of those mRNAs. In addition, NMD is
considered one of the posttranscriptional regulation mecha-
nisms that target cellular transcripts (Mendell et al., 2004). The
terminating ribosome on a PTC recruits a so-called SURF
complex that consists of SMG1 kinase, Upf1, and eukaryotic
translation release factors (eRFs) 1 and 3. Upf1 in the SURF
complex binds to a PTC-distal exon junction complex (EJC),
which is deposited 20-24 nucleotides upstream of most exon-
exon junctions as a result of splicing. An interaction between
Upf1 and a PTC-distal EJC triggers Upf1 phosphorylation by
SMG1 kinase (Kashima et al., 2006; Yamashita et al., 2005,
2009). Phosphorylated Upf1 recruits SMG5, SMG6, SMG7, or
proline-rich nuclear receptor coregulatory protein 2 (PNRC2),
consequently triggering the decay of PTC-containing mRNA in
an exonucleolytic and/or endonucleolytic manner (Cho et al.,
2009; Eberle et al., 2009; Fukuhara et al., 2005; Huntzinger
et al., 2008; Unterholzner and Izaurralde, 2004). It has been
shown that PNRC2 links the terminating ribosome on the PTC
and the decapping complex and triggers movement of the
PTC-containing mRNP to processing bodies (P bodies) (Cho
et al., 2009), where mRNAs destined for degradation are stored
or degraded (Eulalio et al., 2007; Parker and Sheth, 2007). In
contrast to NMD, it is not yet clear how Upf1 recruited by
Staul triggers the decay of SMD substrates.

Adipogenesis is a cell differentiation process by which preadi-
pocytes differentiate into adipocytes. Adipose tissue plays an
essential role in many biological processes including hemo-
stasis, the immune response, blood pressure control, energy
balance, and glucose homeostasis (Rosen and MacDougald,
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2006). Adipogenesis is coordinated by a complex network of
transcriptional cascades (Darlington et al., 1998; Rosen and
MacDougald, 2006; Rosen and Spiegelman, 2000). Peroxisome
proliferator-activated receptor v (PPARY) is a key transcription
factor in adipogenesis. When activated, PPARy induces
almost all of the genes that are characteristic of fat cells, along
with morphological changes of cells and lipid accumulation.
Several positive and negative regulators control the expression
of PPARy. Two CCAAT/enhancer-binding proteins (C/EBPs),
C/EBP-B and C/EBP-3, induce PPAR-y expression in the early
stage of adipogenesis. On the other hand, C/EBPu is involved
in the maintenance of PPARYy expression (Darlington et al.,
1998). Krlppel-like factors (KLFs) have also been implicated in
adipogenesis. KLF5 and KLF15 function as positive regulators,
while KLF2 functions as a negative regulator (Rosen and
MacDougald, 2006; Rosen and Spiegelman, 2000).

In this study, we provide several lines of evidence demon-
strating that, in SMD, the downstream steps after Upf1 recruit-
ment involve PNRC2. More importantly, our observations in
3T3-L1 cells indicate an essential role for SMD in adipogenesis.

RESULTS

SMD Requires PNRC2, Decapping Activity,

and 5'-to-3’' Exonucleolytic Activity

Recently, our group identified PNRC2 as a Upf1- and Dcpia-
interacting protein, and we proposed that PNRC2 links the
mRNA surveillance machinery and the decapping complex, trig-
gering 5'-to-3' decay of NMD substrates (Cho et al., 2009). To
investigate how many cellular NMD substrates require PNRC2
for decay, we carried out microarray analysis using HelLa cells
depleted of either endogenous Upf1 or PNRC2 through specific
siRNA (Figure 1A).

Microarray analyses using 24K human gene chips revealed
that 761 and 648 transcripts were upregulated by at least
1.5-fold upon Upfl and PNRC2 downregulation, respectively.
Among them, 201 transcripts (out of 648 transcripts, ~31%)
were commonly upregulated (see Table S1 available online).
Notably, 50% of the commonly upregulated transcripts (100
out of 201) contained the known NMD-inducing features
(Mendell et al., 2004): upstream open reading frames (UORFs)
in the 5’UTR, introns in the 3'UTR, alternative splicing variants
that harbor nonsense codons, and selenocysteine codons
(Figure 1B). The simple interpretation of these results is that at
least 30% of endogenous NMD substrates require PNRC2 for
decay.

Intriguingly, we also observed that serine (or cysteine)
proteinase inhibitor clade E (nexin plasminogen activator inhib-
itor type 1) member 1 (SERPINE1) mRNA and v-jun sarcoma
virus 17 oncogene homolog (avian) (c-JUN) mRNA, both of which
are SMD substrates (Kim et al., 2005; Kim et al., 2007), were
among the commonly upregulated transcripts (Table S1). These
observations led us to hypothesize that PNRC2 is involved in
SMD. To test this hypothesis, we first confirmed the microarray
results using quantitative real-time RT-PCR (QRT-PCR) with total
RNAs purified from HelLa cells depleted of endogenous Staut,
PNRC2, Upf1, or Upf2 (Figures 1C and 1D and Table S1A).
Previous studies showed that whereas SMD involves Staul

496 Molecular Cell 46, 495-506, May 25, 2012 ©2012 Elsevier Inc.

Molecular Cell

SMD Functions in Adipogenesis

and Upf1, NMD involves PNRC2, Upf1, and Upf2 (Cho et al.,
2009; Gong et al., 2009; Kim et al., 2005, 2007). Western blotting
results demonstrated that siRNA transfection specifically
reduced the levels of endogenous Stauil, PNRC2, Upf1, and
Upf2 to 5%, 29%, 9%, and 14%, respectively, of normal levels
(Figure 1C). qRT-PCR revealed that downregulation of Stau1,
PNRC2, and Upf1 inhibited SMD of endogenous SERPINE1
mRNA by 2.4-, 2.8-, and 3.9-fold, respectively (Figure 1D), and
of endogenous c-JUN mRNA by 2.6-, 5.2-, and 2.4-fold, respec-
tively (Figure S1A). As expected, downregulation of Upf2 had no
significant effect on the levels of either mRNA. These results
suggest that SMD involves PNRC2.

Based on our previous report of an interaction between
PNRC2 and Dcp1a (Cho et al., 2009), we further tested whether
SMD involves decapping activity and 5'-to-3’ exonucleolytic
activity. To this end, cells were depleted of endogenous Dcp2,
which is a decapping enzyme complexed with Dcp1a, or Xrn1,
which is a 5’-to0-3' exoribonuclease (Figures 1E and 1F and Fig-
ure S1B). Western blotting results showed that the levels of
endogenous Staul, Dcp2, and Xrn1 were specifically reduced
to 9%, 30%, and 3% of normal, respectively (Figure 1E). Both
SERPINE1 mRNA (Figure 1F) and c-JUN mRNA (Figure S1B)
increased by ~2-fold upon downregulation of Dcp2 or Xrn1.
More importantly, the half-life of SERPINE1T mRNA was signifi-
cantly increased upon downregulation of Stau1, PNRC2, Upf1,
Dcp2, or Xrn1, but not Upf2 (Figure 1G). All together, our findings
suggest that SMD involves PNRC2, decapping activity, and
5'-to-3’ exonucleolytic activity.

Stau1 Is Complexed with Upf1, PNRC2, and Dcp1a

Our findings that SMD involves PNRC2 (Figure 1) led us to test
whether PNRC2, Upf1, and Staul associate with each other.
To this end, HEK293T cells were transiently cotransfected with
plasmids expressing Myc-PNRC2, FLAG-Upf1, and Stau1°°-
HA3 (Figure 2A and Figures S2B and S2C). Western blotting
results showed that the abundance of FLAG-Upf1, Myc-
PNRC2, and Stau1®®-HA; was equal to or less than that of
endogenous protein (Figure S2A). The results of immunoprecip-
itation (IP) revealed that Myc-PNRC2 and Stau1°®-HA; coimmu-
nopurified with FLAG-Upf1 in a partially RNase-resistant manner
(Figure 2A, upper), consistent with our previous report (Cho et al.,
2009). Efficient removal of RNAs by RNase A treatment was
demonstrated by RT-PCR of endogenous GAPDH mRNAs using
a-[32P]-dATP and specific oligonucleotides (Figure 2A, lower).
The reciprocal IPs also demonstrated the specific associations
among these proteins (Figures S2B and S2C). Furthermore,
Stau1%%-HA; coimmunopurified with FLAG-Dcp1a (Figure S2D).
More importantly, we also observed that endogenous Stau1 and
PNRC2 coimmunopurified with endogenous Upf1 (Figure 5C). All
these results suggest that Staul is complexed with Upf1,
PNRC2, and Dcp1la.

Upf1 Serves as an Adaptor Protein for the Association

of PNRC2 and Stau1

Considering that (1) PNRC2 interacts with the C-terminal two-
thirds of Upf1 spanning amino acids 419-1,118 (Figures S2E
and S2F) and (2) Staul associates with the N terminus (amino
acids 1-244) of Upf1 (Gong et al., 2009), Upf1 may function to
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Figure 1. SMD Involves PNRC2, Upf1, Stau1, Decapping Activity, and 5'-to-3' Exoribonucleolytic Activity

(A) Cluster analysis of normalized microarray expression data from Hela cells depleted of either Upf1 or PNRC2.

(B) NMD-inducing features in the commonly upregulated transcripts.

(C-F) Hela cells were transiently transfected with the indicated siRNAs. Three days later, total-cell proteins and RNAs were prepared and analyzed by western
blotting and quantitative real-time RT-PCR (qRT-PCR), respectively. (C and E) Western blotting to demonstrate specific downregulation by siRNAs. Cellular
GAPDH served as a control for variations in protein loading. To demonstrate that the western blotting was semiquantitative, 3-fold serial dilutions of total-cell
extracts were loaded in the three leftmost lanes. (D and F) gRT-PCRs of endogenous SERPINE1 mRNA. The level of endogenous SERPINE1 mRNA was
normalized to the level of endogenous SMG7 mRNA. Normalized level in the presence of Control siRNA was set to 1.0.

(G) Half-life of endogenous SERPINE1 mRNAs. Hela cells were transiently transfected with the indicated siRNAs. Three days later, cells were treated with
100 pg/ml 5,6-dichloro-1-B-D-ribofuranosylbenzimidazole (DRB) to block transcription. Total-cell RNAs were purified at the indicated time points and analyzed by
qRT-PCR. The levels of endogenous SERPINE1 mRNAs, which were normalized to GAPDH mRNA, were plotted as a function of time after DRB treatment.
The columns and error bars in (D), (F), and (G) represent the mean and standard deviation of at least two independently performed transfections and qRT-PCRs.
Two-tailed, equal-sample variance Student’s t tests were used to calculate the P values (**p < 0.01; *p < 0.05). See also Figure S1 and Table S1.
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bridge PNRC2 and Stau1 in SMD. To test for this, we employed
three different approaches: (1) IPs of a PNRC2 variant that lacks
the Upf1-binding region, (2) IPs of Stau1 upon downregulation of
Upf1, and (3) bimolecular fluorescence complementation (BiFC)
technology using yellow venus enhanced fluorescent protein
(VFP), which allows for the detection of in vivo protein interac-
tions (Shyu et al., 2006).

For the first approach, we mapped the minimal region of
PNRC2 required for binding to Upf1. IP results using PNRC2 vari-
ants suggest that the C-terminal region of PNRC2 (amino acids
99 and 130) is essential for binding to Upf1 (Figures S2G-S2l).
If Upf1 serves as an adaptor, Stau1 would fail to associate with
Myc-PNRC2(1-98), which lacks the Upf1-binding region. As ex-
pected, Stau1®%-HA; coimmunopurified with Myc-PNRC2(WT)
and 85-139, but not with 1-98 (Figure 2B). Of note, endogenous
Dcpla coimmunopurified with Myc-PNRC2(WT) and Myc-
PNRC2(85-139), but not with Myc-PNRC2(1-98), suggesting
that the C-terminal region of PNRC2 is essential for associating
with Stau1, Upf1, and Dcp1a.
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Stau1%%-HA;. IP was performed using o-HA anti-
body or rat IgG as a control. The levels of coim-
munopurified Myc-PNRC2 were normalized to
the level of immunopurified Stau1®®-HAz;. The
normalized level in the presence of control siRNA
was setto 1.

(E and F) In vivo bimolecular fluorescence
complementation (BiFC) analysis for PNRC2-
Staul association. Hela cells were transiently
transfected with plasmids expressing PNRC2-VN
and Stau1-VC with or without FLAG-Upf1. One
day later, the cells were fixed and observed under
a confocal microscope. Nuclei were stained with
DAPI.

Each panel of results is representative of at least
two independently performed experiments. See
also Figure S2.

For the second approach, we carried out IPs with extracts of
Hela cells that were depleted of endogenous Upf1 using siRNA
and transiently transfected with plasmids expressing Myc-
PNRC2 and Stau1°°-HA; (Figures 2C and 2D). Western blotting
results revealed that endogenous Upf1 was downregulated to
13% of normal (Figure 2C), and comparable amounts of Myc-
PNRC2 and Stau1®°-HA; were expressed before IP (Figure 2D,
Before IP). IP results showed that, whereas comparable levels
of Stau1®°-HA; were immunopurified, the downregulation of
endogenous Upf1 reduced the amount of coimmunopurified
Myc-PNRC2 by 3-fold (Figure 2D, After IP).

Third, we employed BiFC technology (Shyu et al., 2006) to test
the in vivo interaction between PNRC2 and Staul (Figures 2E
and 2F). Hela cells were transiently transfected with (1) plasmid
expressing the PNRC2-fused N-terminal half of VFP (VN) and (2)
plasmid expressing the Stau1-fused C-terminal half of VFP (VC).
Interaction between fused proteins brings the VN and VC frag-
ments within proximity, and they then emit a fluorescence signal
(Shyu et al., 2006). The role of Upf1 in the interaction of PNRC2
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and Staul1 was tested by overexpressing Upf1 rather than by
downregulating endogenous Upf1, because sufficient VFP
signals were not observed from cells expressing PNRC2-VN
and Staul1-VC (Figure 2E). The transient expression of FLAG-
Upf1 significantly increased VFP signals from cells expressing
PNRC2-VN and Stau1-VC (Figure 2F). All of these results indi-
cate that Upf1 serves as an adaptor protein for the association
of PNRC2 and Stau1.

The Efficiency of SMD Increases and the Efficiency

of NMD Decreases during Adipogenesis

Given that (1) PNRC2 is involved in energy homeostasis and
obesity, indicative of its possible role in adipogenesis (Zhou
et al., 2008), and that (2) PNRC2 functions in both SMD (in this
study) and NMD (Cho et al., 2009), it is likely that SMD and/or
NMD efficiency may be regulated during adipogenesis. To test
for this possibility, we first monitored the protein levels of SMD
and NMD factors during adipogenesis in mouse 3T3-L1 cells,
which are derivatives of mouse 3T3 cells (Figure 3). Whereas
3T3-L1 cells exhibit a fibroblast-like morphology under normal
conditions, these cells differentiate into adipocytes under differ-
entiation conditions.

Oil red O staining (Figure 3A) to detect accumulated lipid drop-
lets and western blotting to detect marker proteins for adipogen-
esis showed that mouse (m) PPARy, mCaveolin-1, and mC/
EBPB, all of which serve as marker proteins for adipocytes
(Cao et al., 1991; Darlington et al., 1998; Kim et al., 2009a; Left-
erova et al., 2008; Yeh et al., 1995), were efficiently induced
during adipogenesis (Figure 3B), demonstrating that mouse
3T3-L1 cells were efficiently differentiated into adipocytes under
our conditions. Consistent with previous reports (Cao et al.,
1991; Darlington et al., 1998; Kim et al., 2009a; Lefterova et al.,
2008; Rosen and MacDougald, 2006; Yeh et al., 1995), C/EBPf
was induced early, reaching a maximal level on the second day
of adipogenesis. After induction, the level of C/EBPf decreased
sharply before the induction of PPARy (Figure 3B).

Under the same conditions, we analyzed the levels of SMD
and NMD factors. The protein levels of mMPNRC2 and mStau1
significantly increased, showing maximal levels on the fourth
day of adipogenesis. Intriguingly, whereas the levels of mUpf1
and mUpf2 did not change significantly during adipogenesis,
the levels of Upf1 phosphorylation at positions 1,078 and 1,096
increased drastically (Figure 3B). The levels of Stau1, PNRC2,
and hyperphosphorylated Upf1 were not significantly changed
during the cell cycle (Figure S3), suggesting that the induction
of SMD components is specific to adipogenesis itself but not
to the cell cycle.

Considering that (1) SMD and a conventional NMD are
competitive pathways due to the competition of Staul and
Upf2 for binding to Upf1 (Gong et al., 2009), and (2) mPNRC2
and mStau1 increase in abundance and mUpf1 becomes hyper-
phosphorylated during adipogenesis (Figure 3B), increased
levels of mMPNRC2, mStau1, and hyperphosphorylated mUpf1
may enhance SMD efficiency and, conversely, decrease con-
ventional NMD efficiency during adipogenesis. This possibility
was evident from a decrease in the levels of SMD substrates
and an increase in the levels of NMD substrates during adipo-
genesis. qRT-PCRs showed that three cellular SMD substrates,

mc-Jun, mSERPINE1, and mPAX3 mRNAs (Gong et al., 2009;
Kim et al.,, 2007), and the exogenous SMD substrate ARF1
mRNA (Kim et al., 2005, 2007) decreased in abundance during
adipogenesis (Figures 3C and 3D). On the other hand, exoge-
nously expressed NMD substrates, PTC-containing B-Gl
mRNA and PTC-containing GPx1 mRNA (Cho et al., 2009; Kim
et al,, 2005), increased in abundance during adipogenesis
(Figures 3E and 3F). All of these results suggest that the
increases in the abundance of PNRC2 and Stau1 and the hyper-
phosphorylation of Upf1 result in increased SMD efficiency and
decreased NMD efficiency during adipogenesis.

SMD Accelerates Adipogenesis

Although the results in Figure 3 suggest that SMD efficiency
increases during adipogenesis, it is unclear whether the increase
of SMD efficiency is a cause or consequence of adipogenesis.
To address this question, mouse 3T3-L1 cells were depleted of
NMD or SMD factor using specific siRNA, and then adipogenesis
was monitored by western blotting (Figures 4A-4D) and oil red O
staining (Figures 4E-4H).

Western blotting showed that downregulation of mStaut,
mPNRC2, and mUpf1 delayed the induction of mPPARy and
mCaveolin-1 under differentiation conditions (Figures 4A-4C).
Intriguingly, the level of mC/EBPf was not affected by the down-
regulations (see the Discussion). All of the western blotting
results were quantitated and statistically analyzed (Table S2).
As a more quantitative approach, the levels of lipid accumulation
in the extracts of oil red O-stained cells were measured by
optical density. The results showed that downregulation of
mStaul, mPNRC2, or mUpf1 reduced the lipid accumulated
during adipogenesis by 2-fold (Figures 4E-4G). Downregulation
of mStau1 using another mStau1-1 siRNA that annealed to
different sites in mStau1 mRNA showed comparable results (Fig-
ure S4). Of note, mUpf2 downregulation did not significantly
affect the levels of adipogenic marker proteins (Figure 4D) and
lipid accumulation (Figure 4H), suggesting that Upf2-dependent
NMD is not relevant to adipogenesis. All these results indicate
that increased SMD efficiency accelerates adipogenesis.

Stau1 Interacts with Hyperphosphorylated Upf1 More
Strongly during Adipogenesis

Given that hyperphosphorylated Upf1 interacts with PNRC2
more strongly (Cho et al., 2009) and Upf1 functions as an adaptor
protein for the interaction between PNRC2 and Stau1 (Figures
2B-2F), hyperphosphorylated Upf1 may interact more strongly
with Staul. The preferential interaction between hyperphos-
phorylated Upf1 and Staul was evident from the following
observations.

First, we employed the hyperphosphorylated mutant version
of Upf1, Upf1-G495R/G497E (Cho et al., 2009). IP results
showed that phosphorylation of FLAG-Upf1-G495R/G497E
was increased by ~11-fold compared with FLAG-Upf1-WT (Fig-
ure 5A), which is consistent with the previous report (Cho et al.,
2009). In addition, Stau1°®-HA; and Myc-PNRC2 coimmuno-
purified with FLAG-Upf1-G495R/G497E by 18- and 6-fold
more, respectively, than with FLAG-Upf1-WT.

Second, treatment with okadaic acid (OA), a potent inhibitor
of protein phosphatase 2A that causes accumulation of

Molecular Cell 46, 495-506, May 25, 2012 ©2012 Elsevier Inc. 499
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Figure 3. The Efficiency of SMD Increases and the Efficiency of NMD Decreases during Adipogenesis

(A-C) Mouse 3T3-L1 cells were differentiated into adipocytes by treatment with adipogenic cocktail and harvested at the indicated time points. (A) Oil red O
staining to demonstrate efficient differentiation under our conditions. The cells were treated with oil red O for 30 min to stain accumulated triglyceride. (B) Western
blotting of indicated proteins. The levels of proteins were normalized to the level of mB-actin. Normalized levels at day 0 of differentiation were set to 1. (C) gRT-
PCRs of endogenous mouse (m) SMD substrates, mc-JUN mRNA (top), mSERPINE1 mRNA (middle), and mPAX3 mRNA (bottom) during adipogenesis. The
levels of mc-JUN mRNA and mSERPINE1 mRNA were normalized to the level of cellular mMSMG7 mRNA. The levels of mMPAX3 mRNA were normalized to the
levels of mPAX3 pre-mRNA. Normalized levels at day 0 of differentiation were set to 100%.

(D) gRT-PCRs of exogenously expressed SMD substrates. As in (A)-(C), except that pSPORT-ARF1 that did or did not harbor ARF1 3'UTR was transiently
transfected 2 days before cell harvest. The levels of ARF1 mRNA were normalized to the level of MUP mRNA. Normalized levels of ARF1 mRNA lacking 3'UTR
were set to 100%.

(E and F) gRT-PCRs of exogenously expressed NMD substrates. As in (A)-(C), except that cells were transfected with (1) NMD reporter plasmids pmCMV-Gl and
pmCMV-GPx1 that are either PTC-free (Norm) or PTC-containing (Ter) and (2) the phCMV-MUP reference plasmid 2 days before cell harvest. The levels of Gl and
GPx1 mRNA were normalized to the level of MUP mRNA. Normalized levels of GI Norm mRNA and GPx1 Norm mRNA were set to 100%.

The columns and error bars in (C)—(F) represent the mean and standard deviation of at least two independently performed transfections, differentiations, and gRT-
PCRs. **p < 0.01; *p < 0.05. See also Figure S3.
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hyperphosphorylated Upf1 within the cells (Cho et al.,
increased the level of phosphorylation of FLAG-Upf1-WT by
16-fold and enhanced the interactions of FLAG-Upfl with
Stau1%°-HA; and Myc-PNRC2 by 3-fold and 5-fold, respectively
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Figure 4. Downregulation of mStau1, mPNRC2, or
mUpf1, but Not mUpf2, Leads to Delayed Adipo-
genesis

Mouse 3T3-L1 cells were transiently transfected with
mStau1 siRNA (A), mPNRC2 siRNA (B), mUpf1 siRNA (C),
mUpf2 siRNA (D), or nonspecific control siRNA. Cells were
then differentiated into adipocytes by treatment with adi-
pogenic cocktail and harvested at the indicated time
points.

(A-D) Western blotting of indicated proteins. The levels of
proteins were normalized to the level of mp-actin.
Normalized levels in control siRNA-transfected cells at day
0 of differentiation were set to 1.

(E-H) Quantification of accumulated triglyceride. Cells
were stained with oil red O for 30 min. The extracts of oil
red O-stained cells were prepared, and then the level of
staining was quantitated by measuring optical density at
490 nm. The columns and error bars represent the mean
and standard deviation of at least two independently
performed siRNA transfections, differentiations, and oil
red O staining. **p < 0.01.

See also Figure S4 and Table S2.

(Figure 5B). All these results indicate that Stau1
interacts with hyperphosphorylated Upf1 more
strongly than with hypophosphorylated Upf1.

Considering that Upf1 is hyperphosphory-
lated during adipogenesis (Figure 3B) and
Stau1 interacts more strongly with hyperphos-
phorylated Upf1 (Figures 5A and 5B), Staut
might interact with Upf1 more strongly during
adipogenesis. This idea was clearly demon-
strated by IPs of cellular mUpf1 before and
6 days after differentiation. IP results showed
that mUpf1 is 7-fold more hyperphosphorylated
after differentiation (Figure 5C), consistent with
Figure 3B. Furthermore, mStau1 and mPNRC2
coimmunopurified 10- and 9-fold more strongly
with mUpf1, respectively, at 6 days after differ-
entiation than before differentiation (Figure 5C).
All these results suggest that the increases in
the abundance of PNRC2 and Staui and the
hyperphosphorylation of Upf1 trigger efficient
formation of SMD complex, increase SMD effi-
ciency, and consequently lead to efficient
adipogenesis.

Artificial mMRNA Harboring 3'UTR of KLF2
mRNA Binds to Stau1, and Its Abundance
Is Dependent on Stau1, PNRC2, and Upf1
The observation that SMD accelerates adipo-
genesis suggests that SMD might target a
negative regulator of adipogenesis. Several
antiadipogenic proteins have been identified
including KLFs, GATA-binding and forkhead

families, and CHOP (Rosen and MacDougald, 2006). Intriguingly,
KLF2 mRNA was the most upregulated transcript among the
transcripts that were commonly regulated upon PNRC2 and
Upf1 downregulation (Figure 1A and Table S1). We therefore
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Figure 5. Hyperphosphorylated Upf1 Preferentially Associates with
Stau1 and PNRC2

(A) IPs of FLAG-Upf1-WT and FLAG-Upf1-G495R/G497E. As in Figure 2A,
except that COS-7 cells were transiently cotransfected with plasmids ex-
pressing Stau1%®-HAz;, Myc-PNRC2, and either FLAG-Upf1-WT and FLAG-
Upf1-G495R/G497E. The level of phosphorylation of FLAG-Upf1 was deter-
mined by western blotting using a-phospho(S/T)Q antibody. The levels of
coimmunopurified proteins were normalized to the level of immunoprecipi-
tated FLAG-Upf1. The normalized level obtained from IP of FLAG-Upf1-WT
was set to 1. Cellular B-actin served as a negative control for IP.

(B) IPs of FLAG-Upf1-WT with or without treatment of okadaic acid (OA). HeLa
cells were transiently cotransfected with plasmids expressing Stau1%>-HAg,
Myc-PNRC2, and FLAG-Upf1-WT. Two days after transfection, cells were
treated with EtOH (0 nM OA) or 75 nM OA for 5 hr. IP was performed using
a-FLAG antibody or migG.

(C) IPs of endogenous mUpf1 using extracts of preadipocytes and adipocytes.
IPs were performed using o-Upf1 antibody or nonspecific rabbit IgG as
a control.

Each panel of results is representative of at least two independently performed
experiments.

502 Molecular Cell 46, 495-506, May 25, 2012 ©2012 Elsevier Inc.

Molecular Cell
SMD Functions in Adipogenesis

tested whether KLF2 mRNA is a bona fide SMD target. We first
determined whether the 3'UTR of KLF2 mRNA contains a SBS.
To this end, we carried out IPs using a-HA antibody to immuno-
purify Stau1%°-HA; from extracts of cells expressing (1) Stau1°®-
HAgz; (2) MUP mRNA, which lacks a SBS; (3) FLuc-ARF1 SBS
mRNA, which contains an Arf1 SBS downstream of the transla-
tion termination codon of C-terminally deleted firefly luciferase
(FLuc); and (4) FLuc-KLF2 3’UTR mRNA, in which nucleotides
1-467 of the 3'UTR of human KLF2 mRNA were inserted down-
stream of FLuc (Figure 6A). The a-HA antibody, but not nonspe-
cific rat 1gG, immunoprecipitated Stau1®°-HA; (Figure 6B),
demonstrating the IP specificity. The RT-PCR results using
a-[*2P]-dATP and specific oligonucleotides revealed that,
whereas no tested mRNAs were detected in IP using rat IgG,
FLuc-ARF1 SBS mRNAs and FLuc-KLF2 3'UTR mRNAs,
but not MUP mRNAs, were enriched in IP using «-HA antibody
(Figure 6C), indicating that the 3’'UTR of KLF2 mRNA contains
a SBS. Furthermore, downregulation of Stau1, PNRC2, and
Upf1, but not Upf2, increased the abundance of FLuc-KLF2
3'UTR mRNAs (Figure 6D), suggesting that KLF2 mRNA is
a SMD target.

KLF2 mRNA Is Targeted for SMD during Adipogenesis

To more clearly discern whether KLF2 mRNA is a bona fide SMD
target during adipogenesis, we analyzed the relative level and
half-life of endogenous mKLF2 mRNAs during adipogenesis.
Considering that KLF2 transcriptionally represses PPARy
expression after C/EBPp induction (Darlington et al., 1998;
Rosen and MacDougald, 2006; Rosen and Spiegelman, 2000),
the level of MKLF2 mRNAs should be reduced at 2 days after adi-
pogenesis under our conditions (Figure 3B). The gRT-PCR
results revealed that, as expected, mKLF2 mRNA was drastically
reduced at 2 days after adipogenesis and gradually recovered to
the normal level over time in control siRNA-transfected 3T3-L1
cells (Figure 6E). On the other hand, Staul downregulation
significantly increased the levels of mMKLF2 mRNA at all tested
time points, showing a 3.5-fold increase in the level of mKLF2
mRNA at 2 days after adipogenesis (Figure 6E). More intriguingly,
downregulation of mStau1l, mPNRC2, or mUpf1, but not
mUpf2, significantly increased the half-life of mKLF2 mRNAs
when tested at 2 days after adipogenesis (Figure 6F), indicating
that mKLF2 mRNA is a bona fide SMD substrate during
adipogenesis.

The Downregulation of KLF2 Rescues the Delay
of Adipogenesis Caused by Stau1 or PNRC2
Downregulation
The findings in Figures 3-6 led us to conclude that SMD destabi-
lizes KLF2 mRNA and in turn leads to efficient adipogenesis. If
this is the case, downregulation of KLF2 would rescue the delay
of adipogenesis caused by Stau1 or PNRC2 downregulation. To
test this hypothesis, mouse 3T3-L1 cells were depleted of either
Stau1 or PNRC2 with or without downregulation of KLF2. The
levels of adipogenesis were then measured by oil red O staining
(OD = 490 nm) (Figures 7A and 7B).

Western blotting (Figure 7A) demonstrated specific downregu-
lations by the siRNAs. The oil red O staining showed that down-
regulation of mStau1 or mPNRC2 reduced the lipid accumulation
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Figure 6. KLF2 mRNA Is a Bona Fide SMD
Substrate during Adipogenesis
(A) Schematic diagram of the pcFLuc-ARF1 SBS

and pcFLuc-KLF2 3'UTR.

(B and C) IP of Stau155-HA;. HEK293T cells were
transiently cotransfected with (1) Stau1®®-HAz
expression plasmid; (2) pcFLuc-KLF2 3'UTR; (3)
pcFLuc-ARF1 SBS, which encodes a Staul-

binding site (SBS) of ARF1 3'UTR and serves as

a positive control for Stau1%®-HA; binding; and (4)
phCMV-MUP, which encodes MUP mRNA that

lacks a SBS and serves as a negative control for

Stau1°%-HA; binding. IPs were performed using
a-HA or nonspecific rat IgG.

(B) The specific IP was demonstrated by western

blotting of Stau1%5-HAs.

(C) Coimmunopurified mRNAs were analyzed by

RT-PCRs using a-[**P]-dATP and specific oligo-

nucleotides.

(D) gRT-PCRs of FLuc-KLF2 3'UTR mRNAs. Hela

cells were transiently transfected with the indi-
cated siRNAs. The level of exogenously expressed
FLuc-KLF2 3'UTR mRNA was normalized to the
level of MUP mRNA. Normalized level of FLuc-
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during adipogenesis by 2-fold (Figure 7B), consistent with the
results in Figure 4. Intriguingly, when both mKLF2 and either
mStau1l or mPNRC2 were downregulated at the same time,
the levels of accumulated lipid were almost completely restored
(Figure 7B), indicating that the downregulation of KLF2 rescues
the delay of adipogenesis caused by Stau1 or PNRC2 downre-
gulation. These results also suggest that the delay of adipogen-
esis caused by downregulation of either Stau1l or PNRC2 is
largely due to the increase of KLF2 mRNA.

DISCUSSION

Here we provide molecular insights into the involvement of
PNRC2 in SMD. It is quite interesting to compare conventional
EJC-dependent NMD and SMD in terms of their molecular
mechanisms. In conventional NMD in mammalian cells, Upf1,
which is hyperphosphorylated during PTC recognition, is known
to interact with several mRNA-degrading enzymes or adaptor

siRNA was set to 1.0.

(E) aRT-PCRs of mKLF2 mRNA during adipo-
genesis. The level of mKLF2 mRNA was normal-
ized to the level of MGAPDH mRNA. Normalized
levels of mKLF2 mRNA in the presence of each
siRNA at day 0 were set to 1.0.

(F) Half-life of endogenous mKLF2 mRNA at 2 days
after adipogenic induction. Mouse 3T3-L1 cells
were transiently transfected with the indicated
siRNAs. Cells were treated with 100 ng/ml DRB
2 days after adipogenic induction. Total-cell RNAs
were purified at the indicated time points and
analyzed by qRT-PCR. The levels of endogenous
mKLF2 mRNAs, which were normalized to
mGAPDH mRNA, were plotted as a function of
time after DRB treatment.

The columns and error bars in (D)-(F) represent the
mean and standard deviation of at least two
independently performed siRNA transfections,
differentiations, and gRT-PCRs. **p < 0.01.

proteins: SMG5/7, SMG6, or PNRC2 (Cho et al., 2009; Eberle
et al., 2009; Fukuhara et al., 2005; Unterholzner and Izaurralde,
2004; Wilusz, 2009). Depending on which protein interacts with
Upf1, NMD substrates would be subject to one or all three decay
pathways: 5'-to-3' decay, 3'-to-5' decay, and endonucleolytic
cleavage (Durand and Lykke-Andersen, 2011; Neu-Yilik and
Kulozik, 2008; Nicholson et al.,, 2010; Rebbapragada and
Lykke-Andersen, 2009).

In the case of SMD, Stau1l may functionally replace Upf2 or
EJC in NMD. Terminating ribosome may recruit SURF complex
during SMD, as in NMD. Consistent with this, Stau1 is com-
plexed with SMG1 (data not shown). After recruitment of SURF
complex, Upf1 is hyperphosphorylated by SMG1. Hyperphos-
phorylated Upf1 then associates with the downstream SBS-
bound Stau1 and with PNRC2 more strongly (Figure 5), via the
N-terminal one-third (Gong et al., 2009) and the C-terminal
two-thirds of Upf1 (Figures S2E and S2F), respectively. In turn,
PNRC?2 recruits decapping complex via its binding to Dcp1ia,

Molecular Cell 46, 495-506, May 25, 2012 ©2012 Elsevier Inc. 503
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Figure 7. Downregulating KLF2 Alleviates the Delay of Adipogenesis Caused by SMD Inhibition, and a Proposed Model for Competition

between SMD and NMD during Adipogenesis

(A and B) Mouse 3T3-L1 cells were transiently transfected with indicated siRNAs. Cells were then differentiated into adipocytes by treatment with adipogenic
cocktail. (A) Western blot showing specific downregulation. (B) Quantification of accumulated triglyceride. The columns and error bars represent the mean and
standard deviation of two independent siRNA transfections, differentiations, and oil red O staining. *“p < 0.01.

(C) A model for competition between SMD and NMD during adipogenesis. The sizes of proteins indicate the relative levels of proteins. P specifies a phosphate

group in Upf1. The details are provided in the Discussion.

triggering the decapping pathway followed by a rapid 5'-to-3’
decay pathway. Future studies should address whether
PNRC2-driven decapping and 5'-to-3' decay take place
following, concurrent with, or independently of 3'-to-5’ decay.
In addition, at the step where hyperphosphorylated Upf1 recruits
PNRC2 during SMD, hyperphosphorylated Upfl may recruit
other Upf1-binding partners such as SMG5/7 and SMG®6, as in
NMD, to trigger 5'-to-3’ decay and endonucleolytic cleavage of
SMD substrates, respectively. It will also be interesting to deter-
mine if SMD and NMD have their own preferences for Upfi1-
binding partners.

504 Molecular Cell 46, 495-506, May 25, 2012 ©2012 Elsevier Inc.

Here we also provide evidence supporting SMD involvement
in efficient adipogenesis. Based on these findings, we propose
the following model (Figure 7C). During adipogenesis, PNRC2
and Stau1 increase in abundance and Upf1 is hyperphosphory-
lated (Figure 3B). Stau1 may be induced at the transcriptional
level, because Staul promoter contains a putative C/EBPB-
binding sequence (data not shown). Hyperphosphorylated
Upf1 forms a stable complex with PNRC2 and Stau1 (Figure 5),
resulting in increased SMD efficiency (Figures 3C and 3D).
SMD then targets and destabilizes KLF2 mRNA (Figure 6), which
encodes an antiadipogenic factor (Banerjee et al., 2003; Rosen
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and MacDougald, 2006; Wu et al., 2005). The removal of the anti-
adipogenic factor by SMD eventually accelerates adipogenesis
(Figures 7A and 7B).

In contrast to SMD, conventional (Upf2-dependent) NMD
probably does not functionally contribute to adipogenesis. In
support of this idea, downregulation of Upf2 had no significant
effect on adipogenesis (Figure 4). In addition, considering that
SMD and conventional NMD are competitive pathways because
Stau1 competes with Upf2 for binding to Upf1 (Gong et al., 2009),
the inhibition of Upf2-dependent NMD is likely due to the
increase of SMD during adipogenesis (Figure 3). Upf2-indepen-
dent NMD could also be inhibited as a consequence of Upf1
sequestration by the increased Staul during adipogenesis,
although we observed that the level of elF4Alll, which is prefer-
entially involved in Upf2-independent NMD (Gehring et al.,
2005), was not changed during adipogenesis (Figure 3).

Adipogenesis involves temporal and sequential induction of
transcription factors to regulate a set of gene expression events
(Cao et al., 1991; Darlington et al., 1998; Lefterova et al., 2008;
Rosen and MacDougald, 2006; Yeh et al., 1995). Early induction
of C/EBPB and C/EBP% induces C/EBPa and PPARY, both of
which regulate the middle and late stages of adipogenesis
(Figures 3 and 4). In particular, induction of C/EBP was maximal
on the second day of adipogenesis in 3T3-L1 cells, and the level
of C/EBPB decreased sharply before the induction of C/EBP«
and PPARY (Figures 3 and 4). It should be noted that inductions
of mPPARY and mCaveolin-1, but not mC/EBP, were affected
by the downregulation of mStau1, mPNRC2, or mUpf1 in the
present study (Figures 3B and 4A-4D). These results suggest
that SMD targets mRNAs expressed after the completion of
C/EBPS induction and before the induction of C/EBPa, PPARY,
and Caveolin-1, all of which are accompanied by the accumula-
tion of cytoplasmic fat (Darlington et al., 1998). Consistent with
this idea, we found that KLF2 mRNA, the encoded protein of
which transcriptionally targets PPARYy expression after C/EBPf
induction, is a bona fide SMD substrate during adipogenesis
(Figure 6). Given that adipogenesis is a highly coordinated
process mediated by diverse proteins, however, additional
SMD substrates might be involved in the control of adipogene-
sis. Future studies may reveal a spectrum of mRNAs that not
only are targeted for SMD but also play a regulatory role in
adipogenesis.

Several previous studies and the present study showed that
NMD efficiency decreases during cell differentiation (e.g.,
muscle and neuron differentiation) in various ways: through (1)
the increase of SMD efficiency, (2) an induction of microRNA
that silences mRNAs encoding NMD factors, or (3) a direct inhi-
bition of expression of NMD factors (Bruno et al., 2011; Gong
et al., 2009). It will be important to determine whether cell differ-
entiation is generally accompanied by a decrease in NMD effi-
ciency and whether the increase of SMD efficiency can generally
accelerate cell differentiation.

EXPERIMENTAL PROCEDURES
Plasmid Constructions

The details for plasmid constructions are provided in the Supplemental Exper-
imental Procedures.

Cell Culture and Transfections

COS-7 cells, Hela cells, HEK293T, and mouse 3T3-L1 cells were used in
this study. The details for cell culture and transfections are provided in the
Supplemental Experimental Procedures.

Adipogenesis, Oil Red O Staining, and Quantitation of Stained Oil
Droplets

Mouse 3T3-L1 cells were cultured in DMEM containing 10% FBS. At 2 days
postconfluence, the medium was changed to DMEM containing 10% FBS,
0.25 uM dexamethasone (Sigma), 250 nM insulin (Sigma), and 0.5 mM 3-iso-
butyl-1-methylxanthine (Sigma) to induce adipogenesis. Two days after
induction of adipogenesis, the medium was changed to DMEM containing
10% FBS and 250 nM insulin. Day 0 refers to postconfluent cells immediately
before chemical induction of adipogenesis.

To detect accumulated lipid droplets, mouse 3T3-L1 cells were washed
twice with PBS and fixed with 10% formalin (Sigma) in PBS for 1 hr at RT. Cells
were washed with 60% isopropanol (Sigma), dried, and stained with oil red O
solution (Sigma) for 30 min. To remove excess staining, the cells were washed
with water and dried. To quantitate the staining, the stained oil droplets in the
cell monolayers were dissolved in 100% isopropanol for 10 min. The level of
eluted oil red O was then measured at 490 nm.

Quantitative Real-Time RT-PCR and RT-PCR Using a«-[*2P]-dATP
and Specific Oligonucleotides
The details are provided in the Supplemental Experimental Procedures.

Immunoprecipitation and Western Blotting

IPs were carried out as previously described (Cho et al., 2009; Choe et al.,
2010; Kim et al., 2009b). Where indicated, phosphatase inhibitors (0.25 mM
Na-o-vanadate and 10 mM NaF) were included in all buffers during IPs to stabi-
lize the hyperphosphorylated form of Upf1 (Cho et al., 2009). Additional details
for IP and western blotting are provided in the Supplemental Experimental
Procedures.

Bimolecular Fluorescence Complementation Assay

VFP signals were visualized as described previously (Shyu et al., 2006). Briefly,
Hela cells were transiently cotransfected with the indicated plasmids. One
day later, cells were fixed with 2% paraformaldehyde (Merck) and stained
with DAPI (Biotium) for nuclei staining. The VFP signals emitted from the cells
were then measured with a ZEISS confocal microscope (LSM510 META) using
excitation at 500 nm and emission at 535 nm.

Microarray Analysis
Microarray analysis was serviced by Macrogen, Korea. Additional details are
provided in the Supplemental Experimental Procedures.
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The microarray data were deposited in the National Center for Biotechnology
Information Gene Expression Omnibus web-based data repository under
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