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ABSTRACT

The scavenger decapping enzyme DcpS is a multifunctional protein initially identified by its property to hydrolyze the resulting
cap structure following 3′ end mRNA decay. In Saccharomyces cerevisiae, the DcpS homolog Dcs1 is an obligate cofactor for the
5′-3′ exoribonuclease Xrn1 while the Caenorhabditis elegans homolog Dcs-1, facilitates Xrn1 mediated microRNA turnover. In
both cases, this function is independent of the decapping activity. Whether DcpS and its decapping activity can affect mRNA
steady state or stability in mammalian cells remains unknown. We sought to determine DcpS target genes in mammalian cells
using a cell-permeable DcpS inhibitor compound, RG3039 initially developed for therapeutic treatment of spinal muscular
atrophy. Global mRNA levels were examined following DcpS decapping inhibition with RG3039. The steady-state levels of 222
RNAs were altered upon RG3039 treatment. Of a subset selected for validation, two transcripts that appear to be long
noncoding RNAs HS370762 and BC011766, were dependent on DcpS and its scavenger decapping catalytic activity and
referred to as DcpS-responsive noncoding transcripts (DRNT) 1 and 2, respectively. Interestingly, only the increase in DRNT1
transcript was accompanied with an increase of its RNA stability and this increase was dependent on both DcpS and Xrn1.
Importantly, unlike in yeast where the DcpS homolog is an obligate cofactor for Xrn1, stability of additional Xrn1 dependent
RNAs were not altered by a reduction in DcpS levels. Collectively, our data demonstrate that DcpS in conjunction with Xrn1
has the potential to regulate RNA stability in a transcript-selective manner in mammalian cells.
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INTRODUCTION

In eukaryotic cells, mRNA degradation plays an important
role in the control of gene expression and therefore is highly
regulated. Following an initial deadenylation step to remove
the poly(A) tail, the remaining mRNA can undergo exonu-
cleolytic decay from either 3′ or the 5′ end. In the 5′ to 3′ decay
pathway, the 5′ cap is initially removed by Dcp2 or Nudt16
decapping enzymes, resulting in a 5′ end monophosphory-
lated RNA (Lykke-Andersen 2002; van Dijk et al. 2002;
Wang et al. 2002; Song et al. 2010). The uncapped product un-
dergoes 5′ to 3′ exoribonuclease decay by, Xrn1 (Hsu and
Stevens 1993). Xrn1 is highly conserved in eukaryotes and
functions in the decay of cytoplasmic mRNAs (Muhlrad et
al. 1995), in the quality control of aberrant mRNAs (Conti
and Izaurralde 2005) and noncoding RNAs (Chernyakov
et al. 2008; van Dijk et al. 2011). In the 3′ to 5′ pathway, the
multisubunit exosome complex degrades the deadenylated
RNA from the 3′ end, leaving the residual m7GpppN cap
structure (Anderson and Parker 1998; Liu et al. 2006). The re-
sulting cap structure is a substrate of the scavenger decapping

enzyme, DcpS to release m7Gp and ppN products (Wang and
Kiledjian 2001; Liu et al. 2002). In yeast, the DcpS homolog
Dcs1p, facilitates 5′ to 3′ exoribonucleolytic decay (Liu and
Kiledjian 2005) as an obligate cofactor for the Xrn1 exoribo-
nuclease by an unknown mechanism independent of its
decapping catalytic activity (Sinturel et al. 2012). Moreover,
the Caenorhabditis elegans Dcs-1 was shown to physically in-
teract with Xrn-1 and promote specific microRNA degrada-
tion also independent of its decapping activity (Bosse et al.
2013).
DcpS hydrolyzes the triphosphate linkage of the cap struc-

ture utilizing an evolutionarily conserved Histidine Triad
(HIT) motif (Liu et al. 2002) with the central histidine serv-
ing as the nucleophile for the hydrolase activity (Lima et al.
1997). Insights into the molecular mechanism of DcpS
decapping were provided by structural analysis, revealing a
homo-dimer complex where each monomer possesses a dis-
tinct binding and active site (Gu et al. 2004). The homo-
dimer displays an asymmetric structure in the ligand-bound
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form and a dynamic state, where eachmonomer can alternate
from an open to closed state (Liu et al. 2008). Hydrolysis of
cap structure only occurs in the closed conformation (Gu
et al. 2004).
A potent DcpS decapping inhibitor was identified in efforts

to isolate small molecules that increase expression of the sur-
vival of motor neuron 2 (SMN2) gene in spinal muscular at-
rophy (SMA) patients. Cocrystal structures of aC5 substituted
quinazoline compound, D156844, revealed it binds to the
DcpS cap binding active site and inhibits its decapping
(Singh et al. 2008; Thurmond et al. 2008). Further optimiza-
tion generated the RG3039 derivative, which is also a potent
DcpS decapping inhibitor (Gogliotti et al. 2013). Although
the quinazoline compounds were capable of improving mo-
tor neuron function and extending survival of SMA model
mice (Butchbach et al. 2010; Gogliotti et al. 2013; Van
Meerbeke et al. 2013), statistically significant increases in
SMN2mRNAor SMNprotein were not evident. In this study,
we took advantage of the DcpS decapping inhibition property
of RG3039 to determine the impact of DcpS decapping
on mRNA expression. Interestingly, only 222 RNAs were de-
tected to be altered upon RG3039 treatment and of a subset of
genes validated, four were found to be responsive to RG3039
independent of DcpS and two were mediated through DcpS.
Importantly, both the DcpS-responsive transcripts are puta-
tive noncoding RNAs, with the stability of one RNAmodulat-
ed by both DcpS and Xrn1. Our data indicate that DcpS has
the capacity to be a transcript-restricted modulator of RNA
stability in mammalian cells and the RG3039 quinazoline
compound is more pleotropic than initially anticipated and
can influence gene expression in both an apparent DcpS de-
pendent and independent manner.

RESULTS

Steady-state levels of RNAs are altered in cells
treated with RG3039

Despite its role in the last step of 3′ endmRNA decay pathway,
DcpS also contributes to mRNA or miRNA turnover in
S. cerevisiae andC. elegans, respectively. Todeterminewhether
the human DcpS decapping activity influences the expression
of mRNAs in mammalian cells, we took advantage of a small
molecule inhibitor of DcpS decapping, RG3039, to monitor
changes in global mRNA levels. RG3039 is a cell-permeable
quinazoline derivative that is a potent inhibitor of DcpS
decapping (Singh et al. 2008; Gogliotti et al. 2013) and was
used to inhibit cellular DcpS activity and monitor potential
changes inRNA steady-state levels. RNA isolated fromhuman
SH-SY5Y retinoblastoma cells treated for 2 d with 100 nM
RG3039 were analyzed on an Affymetrix U133 Plus 2.0 hu-
man microarray. RNA profiles from treated and untreated
cells revealed levels of 222 RNA were altered more than two-
fold between the two cell parameters with P values <0.05
(Supplemental Table S1) with 171 increased and 51 de-

creased. Approximately 75% of the RNAs corresponded to
mRNAs, while ∼25% mapped to uncharacterized transcripts
consistent with noncoding RNA. A subset of 12 RNAs were
randomly chosen for further validation by direct quantitative
reverse-transcription (qRT)-PCR. The steady-state levels of
six were found to reproducibly and significantly change great-
er than twofold upon RG3039 treatment. The levels of four
RNAs, HS370762, BC011766, ATOH7, and RAB26, were ele-
vated, while PAQR8 andMAOBwere reduced compared with
untreated cells (Fig. 1A). Similar changes for the six RNAs
were also detected in HEK293T cells treated with 100 nM
RG3039 (Fig. 1B) demonstrating the generality of the results
in different cell lines. All subsequent analyses were carried
out in HEK293T cells.

RNA steady-state levels are influenced by DcpS

To determine whether the changes in the levels of the six
RNAs were mediated through DcpS, we utilized a
HEK293T cell line constitutively expressing a DcpS-directed
shRNA (DcpSKD) which reduced DcpS protein levels by 90%
(Fig. 2A; Shen et al. 2008). Consistent with the outcome of
RG3039 treated cells, steady-state levels of both HS370762
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FIGURE 1. Validation of a subset of RG3039 target RNAs. (A) Levels of
12 randomly chosen RNAs from the 222 RNAs that deviated by at least
twofold in SH-SY5Y neuroblastoma cells treated for 48 h with 100 nM
RG3039 were tested by quantitative reverse-transcription (qRT)-PCR.
RNA levels are presented relative to actin mRNA and derived from at
least three independent experiments. Six of the RNAs were reproducibly
altered greater than twofold and constitute RG3039 responsive RNAs.
(B) Validated RG3039 target RNAs from SH-SY5Y cells were further
confirmed in HEK293T cells to determine the consistency of RG3039
in different cell backgrounds. RNA levels are presented relative to the
GAPDH mRNA and derived from at least three independent experi-
ments. All six RNAs were similarly altered in the HEK293T cells as
they were in SH-SY5Y cells. Error bars represent ±SD. (∗∗∗) P < 0.001
(Student’s t-test).
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and BC011766 increased in DcpSKD cells (Fig. 2B). Comple-
mentation with shRNA-resistant exogenous wild-type DcpS
(DcpSWT) (Fig. 2A), but not a catalytically inactive DcpS mu-
tant (Fig. 2A) harboring an asparagine in the central histidine
of the HIT motif (DcpSMT), reversed the phenotype and re-
duced their RNA to levels comparable with control cells (Fig.
2B). These data demonstrate that steady-state accumulation
of HS370762 and BC011766 RNAs are modulated by DcpS
and moreover, by the decapping activity of DcpS. In contrast,
levels of the remaining four mRNAs were either consistent
with RG3039 treatment but not complemented by DcpS, or
inconsistent with RG3039 treatment suggesting they are not
direct DcpS targets. We conclude DcpS decapping activity
is important in HS370762 and BC011766 RNA expression,
while the levels of ATOH7, RAB26, PAQR8, and MAOB
mRNAs are responsive to RG3039 in a DcpS-independent
manner.

HS370762 and BC011766 transcripts are putative
noncoding RNAs

HS370762 and BC011766 are uncharacterized transcripts.
HS370762 maps to human EST AW665080 on a region
of chromosome 9 containing multiple ESTs (Fig. 3A) and
BC011766maps to a short transcript on human chromosome
3 (Fig. 3D). Rapid amplification of cDNA ends (RACE) anal-
ysis was used to map the termini of both RNAs. The 3′ poly-

adenylated tail of HS370762 was identified with oligo(dT)
linked adaptor 3′ race and found to correspond to the minus
strand. 5′ RACE extended the RNA to the 5′ end of the
AW665080 EST. Multiple ESTs contiguous with the DNA
map to this region indicating HS370762 is a nonspliced tran-
script. The 5′ end was further confirmed by direct reverse
transcription and PCR (RT-PCR) amplification with a series
of 5′ primers within, and upstream of, AW665080. As expect-
ed, a robust RT-PCR product resulted with the AW665080
specific primers, while primers upstream of AW665080 gen-
erated relatively less intense products (Fig. 3B) suggesting the
predominant transcript corresponded to the AW665080 EST.
More significantly, qRT-PCR analysis confirmed RNA from
AW665080 was responsive to RG3039 treatment, while tran-
scripts transcribed from regions upstream of this EST were
not responsive to RG3039 (Fig. 3C). The lack of an extensive
open reading frame within this 490 nt RNA suggests
HS370762 is likely a noncoding RNA that we will refer to
as DcpS-responsive noncoding transcript 1 (DRNT1).
A similar analysis was carried out to map the BC011766

RNA. The 3′ polyadenylated tail of BC011766 was identified
and corresponded to the minus strand. 5′ RACE of
BC011766 revealed the major transcript of ∼500 nt contigu-
ous with the genomic sequence (Fig. 3D,E). Unexpectedly
the 5′ RACE also revealed a less intense and longer product
that extended an additional 1100 nt contiguouswith the geno-
mic sequence upstream of the 5′ end of BC011766. To verify
whether this longer transcript was an isoform of BC011766,
qRT-PCR primers that amplified a region 150 bp upstream
of BC011766 confirmed the low abundance of this transcript
and its lack of response to RG3039 treatment (Fig. 3F), indi-
cating that only levels of the 518-nt BC011766RNA are elevat-
ed by an inhibition of DcpS decapping. The lack of a predicted
open reading frame in the BC011766 RNA indicates it is also a
noncoding RNA we will refer to as DcpS-responsive noncod-
ing transcript 2 (DRNT2).

DRNT1 RNA stability is altered by RG3039

We next determined whether changes in the steady-state lev-
els of the RG3039 target RNAs could be attributed to tran-
script stability. RNA half-lives for the six different RG3039
targets were determined following actinomycin D-directed
transcriptional silencing in RG3039 treated or untreated
HEK293T cells. Consistent with the observed increase in
DRNT1 steady-state levels, its stability increased twofold
with RG3039 treatment (Fig. 4) while the stability of
DRNT2 was unchanged following RG3039 treatment. Inter-
estingly, the PAQR8mRNAwas destabilized byRG3039 treat-
ment. This result is consistent with the observed RG3039-
mediated decrease in PAQR8 mRNA steady-state levels (Fig.
2). Stability of the remaining mRNAs was refractory to
RG3039 treatment indicating the changes in steady-state
mRNA levels for these mRNAs were not mediated through
transcript stability. Collectively, our data reveal that RG3039
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is pleotropic and has the capacity to im-
part transcript-specific regulation of a
subset of RNAs either through RNA
stability (DRNT1 and PAQR8) or by a
manner independent of RNA stability
(DRNT2, ATOH7, RAB26, and MAOB).

DcpS modulates the stability
of DRNT1

DRNT1 RNA stability was next examined
in DcpSKD cells (Fig. 5A) to determine
whether the RG3039-directed increase in
DRNT1 stability was mediated through
DcpS. The half-life of DRNT1 increased
in DcpSKD cells relative to control
cells (T1/2 of 2.7 and 1.7 h, respectively),
while statistically significant changes in
half-lives were not observed for PAQR8
and DRNT2 RNAs (Fig. 5B). Fur-
thermore, lentiviral-directed shRNA
knockdown of Xrn1 but not Rrp41 com-

ponent of the 3′–5′ exosome complex,
stabilized DRNT1 (Fig. 5B), indicating
that DRNT1 is primarily degraded by
Xrn1 in the 5′ end decay pathway. Impor-
tantly, the stability of DRNT1 was com-
parable in cells with either singular
reduction of DcpS or Xrn1 proteins
(Fig. 5B) or both reduced simultaneously
(Fig. 5C,D) suggesting DcpS functions in
the same pathway as, and likely with,
Xrn1. In contrast, PAQR8 and DRNT2
RNAs were both stabilized with reduced
Xrn1 levels but not DcpS (Fig. 5B). These
data demonstrate DcpS and Xrn1 do not
coordinately regulate all Xrn1 responsive
RNAs and the observed coordinate regu-
lation of DRNT1 by DcpS and Xrn1 is
transcript specific and dependent on
DcpS catalytic activity.

DISCUSSION

In this study, we demonstrate that the
human DcpS protein and the DcpS
decapping inhibitor, RG3039, both con-
fer regulatory roles on gene expression.
Accumulation of a small subset of
RNAs changed upon treatment of ei-
ther SH-SY5Y or HEK293T cells with
RG3039. Of the six validated, increases
in DRNT1 and DRNT2 were mediated
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through the inhibition of DcpS decapping since a similar in-
crease was also observed in cells knocked down for DcpS that
could be complemented with wild type but not a catalytically
inactive DcpS protein (Fig. 2). The function of RG3039 on
the remaining four mRNAs was through a mechanism inde-
pendent of DcpS (Fig. 2). In the case of PAQR8, RG3039 pro-
moted rapid decay of this mRNA while the stability of
ATOH7, RAB26, and MAOB were unaffected suggesting an
mRNA stability independent route. Our data further demon-
strate a transcript-specific role of DcpS in RNA decay where
the stability of DRNT1, but not DRNT2 was increased in
DcpSKD cells indicating DcpS promotes selective decay of
DRNT1. Furthermore, the comparable increase of DRNT1
stability in DcpSKD, Xrn1KD, and double DcpSKD and
Xrn1KD cells suggests both proteins function within the
same pathway and DcpS likely accentuates Xrn1 function
similar to that reported in S. cerevisiae (Sinturel et al. 2012)
and C. elegans (Bosse et al. 2013). Interestingly, unlike the
scenario in S. cerevisiae and C. elegans where the decapping
activity of the DcpS homolog was dispensable for its stimula-
tion of Xrn1 decay, human DcpS requires a functional cata-
lytic decapping activity. Collectively, our data demonstrate
the following: (1) RG3039 can modulate the expression of
a subset of transcripts by DcpS dependent and independent
mechanisms; (2) despite functioning in the last step of
mRNA 3′end decay, human DcpS can also modulate RNA
stability in a transcript-specific manner and this modulation

is dependent on its decapping activity
and mediated through Xrn1.
RG3039 was initially identified and de-

veloped as a drug candidate for the treat-
ment of SMA (Jarecki et al. 2005; Singh
et al. 2008; Thurmond et al. 2008) and
can increase the survival of mouse mod-
els of SMA (Butchbach et al. 2010;
Gogliotti et al. 2013; Van Meerbeke et
al. 2013). Despite it being a potent inhib-
itor of DcpS decapping (Singh et al.
2008), the lack of detectable increase in
SMN mRNA and protein in treated ani-
mals confounds themechanism by which
RG3039 promotes survival of SMA mice.
Our results demonstrate that RG3039
can modulate RNA levels through its in-
hibition of DcpS as well as a mechanism
independent of DcpS. Steady-state levels
of DRNT1 and DRNT2 increased with
either RG3039 treatment (Fig. 1) or
knock down of DcpS (Fig. 2). The com-
plementation of this phenotype with
wild type but not a catalytically inactive
DcpS demonstrates the significance of
DcpS decapping for this phenotype. Sur-
prisingly, modulation of four of the char-
acterized RG3039 target RNAs (PAQR8,

ATOH7, RAB26, and MAOB) did not appear to be mediated
through DcpS. Interestingly, the steady-state increase in
DRNT1 and decrease in PAQR8 could be attributed to a re-
spective increase and decrease in RNA stability, while the
stability of the remaining four RNAs were refractory to
RG3039 treatment. How RG3039 can modulate RNA levels
through distinct mechanisms and whether its positive out-
come in SMAmodelmouse ismediated throughDcpS remain
to be determined.
Of particular note, the two DcpS-responsive RNAs were

both lncRNAs. Interestingly, DcpS was recently implicated
in a quality control mechanism that functions to clear aber-
rant U1 snRNAs (Shukla and Parker 2014). However, we
have been unable to detect a role for DcpS in the stability
of wild-type U1 snRNA (M Zhou and M Kiledjian, unpubl.),
further underscoring the transcript specificity of DcpS-medi-
ated regulation of RNA stability.
At present, the mechanism by which DcpS confers stability

is unclear, however, the stimulation of Xrn1 in humans is
likely different than that observed in yeast and worms. We
have been unable to detect a direct stable interaction between
DcpS and Xrn1 by coimmunoprecipitations with or without
crosslinking (data not shown) and unable to distinguish
whether the stimulation of Xrn1 activity by DcpS is direct
or indirect. The requirement of DcpS decapping activity
and the lack of detectable interaction between DcpS and
Xrn1 suggest a potential indirect mechanism. Whether

FIGURE 5. Stability of the DRNT1 RNA is mediated through both DcpS and Xrn1. (A) DcpS,
XRN1, and RRP41 mRNA levels were measured by qRT-PCR in HEK293T cells with control
or the indicated mRNA knock down backgrounds. (B) Degradation of the indicated RNAs was
determined by qRT-PCR in cells from A and as described in the legend of Figure 4. (C) Levels
of DcpS and XRN1 mRNAs were measured by qRT-PCR in HEK293T cells with either a control
or double DcpS and XRN1 knocking down. (D) Degradation of the DRNT1 mRNA was deter-
mined by qRT-PCR in cells from C and as described in the legend of Figure 4. All mRNA levels
are presented relative to GAPDHmRNA and derived from three independent experiments; P-val-
ues from comparison of the decay rates are presented with asterisks. (∗∗∗) P < 0.001 (two-tailed
extra sum-of-squares F test).
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accumulation of cap structure, as implicated in the efficiency
of first intron splicing (Bail and Kiledjian 2008; Shen et al.
2008) or possible cap structure byproducts generated in the
absence of DcpS (Taverniti and Séraphin 2014) may influ-
ence Xrn1 activity remains to be determined.
Collectively, despite its initial described function in the last

step of the mRNA 3′end decay pathway, DcpS is a multifunc-
tional protein involved in a greater network of regulated gene
expression. The broader significance of DcpS is further evi-
dent by the embryonic lethal phenotype in homozygous dis-
rupted DcpS in mouse (M Kiledjian, unpubl.), and the
requirement of DcpS for cell viability in CRISPR knockout
screens of human genes (Shalem et al. 2014).However, it is ev-
ident that DcpS fulfills both a decapping-dependent and -in-
dependent function. The recent identification of individuals
with homozygous mutations disrupting DcpS decapping ac-
tivity as the underlying cause of intellectual disability
(Ahmed et al. 2015; Ng et al. 2015) demonstrates the impor-
tance of DcpS decapping in normal cognition. Nevertheless,
the viability of the affected individuals with DcpS decapping
null mutations in contrast to the embryonic lethality of mice
lacking DcpS expression demonstrates a distinct decapping-
independent function for DcpS in embryogenesis and a
decapping-dependent role for DcpS in normal neural func-
tion. The mechanism underlying how DcpS can modulate
the stability of specific substrates and whether DRNT1 and
DRNT2contribute tohumancognition awaits future analyses.

MATERIALS AND METHODS

Plasmid constructs

The pcDNA3-Flag-DcpSH277N plasmid was generated replacing the
wild-type DcpS open reading frame from pcDNA3-Flag-DcpS (Liu
et al. 2008) with the DcpS cDNA containing the H277N mutation
from pET-hDcpS-H277N (Liu et al. 2002) at the Bam HI/XhoI re-
striction sites. The pTK-IREShyg-Flag-DcpSWT and pTK-IREShyg-
Flag-DcpSH277N plasmid were constructed by inserting wild-type
and mutant human DcpS open reading frames amplified from
pcDNA3-Flag-DcpS and pcDNA3-Flag-DcpSH277N using primers
5′-CACTATAGGCTAGCATGGACTACAAGGACGACG-3′ and 5′-
TTATCTATGCGGCCGCCAGTGTGATGGATTCAG-3′ contain-
ing an NheI and NotI restriction endonuclease site respectively
into the same sites of the pTK-IREShyg-Flag plasmid (Tan et al.
2014). The shRNA-resistant plasmid pTK-Flag-DcpSWTshRR and
pTK-Flag-DcpSH277NshRR were generated by PCR mutagenesis us-
ing primers 5′-TTCTCCAATGATATCTATAGTACGTATCACTTG
TTCCCTCC-3′ and 5′-TGCTGTAGATATCGTTTGAAAATTGTA
ATTGGAGCTCAGGG-3′ to alter the shRNA target sequence in
pTK-IREShyg-Flag-DcpSWT and pTK-IREShyg-Flag-DcpSH277N.

Cell culture, transfections, and lentiviral infection

SH-SY5Y cells were grown in F/12 (Invitrogen) medium supple-
mented with 10% fetal bovine serum, penicillin–streptomycin and
sodium pyruvate under 5%CO2 at 37°C. HEK293T cells were grown
in DMEM (Invitrogen) medium with the same complement of sup-

plements as SH-SY5Y cells. RG3039 was administered to the culture
medium at a final concentration of 100 nM and cells grown for 2 d
before harvesting. HEK293T cells stably transformed with DcpS spe-
cific shRNA (DcpSKD) was described in Shen et al. (2008). DcpSKD

cells stably expressing an shRNA-resistant wild type (pTK-Flag-
DcpSWTshRR), catalytically inactive histidine 277 to asparagine mu-
tant (pTK-Flag-DcpSH277NshRR) or the empty pTK-Flag vector
were generated by transfecting the respective plasmids into
DcpSKD cells and grown under 3 μg/mL puromycin and 50 μg/mL
hygromycin selection 48 h post-transfection.
All shRNA plasmids and packaging plasmids were purchased

from Sigma. HEK293T cells were transfected by pLKO.1-shXRN1
(Sigma #TRCN0000049676) or pLKO.1-shRRp41 (Sigma
#TRCN0000051365), and pCMV-VSVG and psPAX2 with
Lipofectamin2000 (Life Technologies) to generate viral particles.
Culture medium was harvested two days post-transfection and fro-
zen at −80°C for storage (Bail et al. 2010).

RNA isolation, reverse transcription, and real-time
qRT-PCR

Cells were treated with actinomycin D (5 mg/L, Sigma) 48 h post-
RG3039 treatment/lentiviral infection, cells harvested and total
RNA isolation carried out with TRIzol (Invitrogen) at the indicated
time intervals. Total RNA was treated with DNase (Promega) to
degrade DNA prior to oligo(dT) (IDT)-directed reverse transcrip-
tion with M-MLV-RT (Promega) according to the manufacturer’s
instructions. Values were quantified by quantitative PCR using
SYBR green PCR core reagent (Applied Biosystems) and the abun-
dance of specific mRNAs were quantified using the standard-curve
method according to the recommendations of the manufacturer.
mRNA levels were normalized to the GAPDH mRNA and plotted
against time. PCR primers used are listed in Supplemental Table
S2. mRNA half-lives were calculated as in Tan et al. (2014).

Microarray

SH-SY5Y cells were treated for 48 h with 100 nM RG3039, total
RNA isolated with TRIzol (Invitrogen) according to the manufac-
turer and used for microarray analysis using the Affymetrix U133
Plus 2.0 human microarray at Expression Analysis.

Western blotting

Cells were sonicated in phosphate-buffered saline, and protein ex-
tract was resolved by 12.5% SDS-PAGE. Affinity-purified DcpS
polyclonal antibody (1:200 dilution) (Shen et al. 2008) and mono-
clonal anti-GAPDH antibody (1:1000 dilution, Santa Cruz) were
used for Western blot analysis and visualized using secondary
antibodies coupled to horseradish peroxidase (Jackson Immuno-
Research) and chemiluminescence (ECL; GE Healthcare).

5′ RACE and DNA gel electrophoresis

5′RACE was conducted using 5′RACE System for Rapid Amp-
lification of cDNA Ends, version 2.0 (Life Technologies). Primers
used in PCR are listed in Supplemental Table S2. PCR products
were resolved by 2% agarose gel electrophoresis and DNA fragments
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purified using QIAquick Gel Extraction Kit (Qiagen) and cloned
into pGEM-T Easy Vector (Promega). Four colonies from each of
the isoforms were picked and sequenced.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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