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ABSTRACT

DDX21 is a newly discovered RNA G-quadruplex (rG4) binding protein with no known biological rG4 targets. In this study
we used label-free proteomic MS/MS to identify 26 proteins that are expressed at significantly different levels in cells ex-
pressing an rG4-binding deficient DDX21 (M4). MS data are available via ProteomeXchange with identifier PXD013501.
From this list we validate MAGED2 as a protein that is regulated by DDX21 through rG4 in its 5′′′′′-UTR. MAGED2 protein
levels, but not mRNA levels, are reduced by half in cells expressing DDX21 M4. MAGED2 has a repressive effect on
TRAIL-R2 expression that is relieved under these conditions, resulting in elevated TRAIL-R2 mRNA and protein in MCF-7
cells, rendering them sensitive to TRAIL-mediated apoptosis. Our work identifies the role of DDX21 in regulation at the
translational level through biologically relevant rG4 and shows that MAGED2 protein levels are regulated, at least in
part, by the potential to form rG4 in their 5′′′′′-UTRs.
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INTRODUCTION

DDX21 is an RNA helicase with a diverse set of biological
functions. It plays important roles in ribosomal RNA bio-
genesis (Henning et al. 2003; Yang et al. 2003) by coordi-
nating Pol I transcription and association of late acting
snoRNAs with preribosomal complexes (Calo et al. 2014;
Sloan et al. 2015). DDX21 has also been implicated in
double-stranded RNA sensing and antiviral response
(Zhang et al. 2011; Chen et al. 2014; Dong et al. 2016;
Hammond et al. 2018) as well as epigenetic silencing of
genes (Zhang et al. 2018). Abnormal levels of DDX21 pro-
tein has been observed in colorectal (Jung et al. 2011) and
breast cancers (Cimino et al. 2008), where it has been
correlated with disease-free survival, possibly mediated
by regulating c-Jun activity and rRNA biogenesis
(Holmström et al. 2008; Zhang et al. 2014). Recently, we
have shown that DDX21 can bind and unwind RNA gua-
nine-quadruplexes (rG4s) and affect the translation of a re-
porter construct with a rG4 in its 5′ untranslated region
(UTR) of its mRNA (McRae et al. 2017). This activity is me-
diated by an evolutionarily conserved repeat region

(F/PRGQR) in its carboxyl terminus that preferentially inter-
acts with the backbone of rG4s (McRae et al. 2018).
Recently, individual-nucleotide resolution cross-linking
and immunoprecipitation (iCLIP) data using anti-DDX21
antibodies showed that ∼35% of DDX21-bound RNA is
mRNA (Calo et al. 2018), yet rG4 targets of DDX21 in
mRNA have not been explored.

rG4s are four-stranded RNA structures that form in gua-
nine-rich regions.When four guanines align in a plane they
can form an extended hydrogen-bonding network called a
guanine tetrad. Successive guanine tetrads can pi stack on
top of one another to form a stable rG4 structure. The ca-
nonical rG4 forming sequence is GGG(N1–7)GGG(N1–7)
GGG(N1–7)GGG, where (N1–7) represents a short loop of
1–7 nt. However, longer loops as well as interrupted G-
tracts have been shown to allow for rG4 formation.
Canonical rG4s (Bugaut and Balasubramanian 2012) as
well as noncanonical rG4s (Bolduc et al. 2016) present in
mRNA have been shown to modulate mRNA translation
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through stalling of scanning preinitiation complexes on 5′-
UTRs (Bugaut and Balasubramanian 2012), by impacting
alternative splicing (Ribeiro et al. 2014; Huang et al.
2017; Weldon et al. 2018), or through affecting miRNA
binding to 3′-UTRs (Booy et al. 2014; Rouleau et al.
2017). A transcriptome-wide sequencing approach that
exploits the ability of RNA rG4s to cause reverse transcrip-
tase stop (rG4-seq) has identified thousands of rG4, many
of which are noncanonical rG4s that would likely bemissed
by bioinformatic searches (Kwok et al. 2016). A major
source of rG4 resolving activity (Creacy et al. 2008),
DHX36, has been shown to bind multiple G-rich mRNA
targets and DHX36 knockout renders these mRNA transla-
tionally incompetent (Sauer et al. 2019). Multiple rG4-
containing mRNA targets of DHX36 have been identified
and a mechanism proposed whereby it regulates transla-
tion by resolving rG4s (Chen et al. 2018). If not resolved
these rG4s can lead to translation initiation at upstream
open reading frames, precluding the translation of the
downstream open reading frame (Murat et al. 2018). This
work also showed DDX21 to be highly abundant at trans-
lationally active polysome fractions but did not investigate
its role in rG4 mediated translational regulation.
In our current study, we use proteomic mass spectrome-

try (MS) to compare the levels of proteins in cell popula-
tions that are expressing wild-type DDX21 or a DDX21
mutant with impaired rG4 binding and unwinding abilities
but intact duplex unwinding (DDX21 M4) (Valdez 2000;
Valdez et al. 1997; McRae et al. 2017). We compare this
list of candidate proteins to an rG4-seq database (Kwok
et al. 2016), revealing a significant enrichment for rG4-
containing mRNA in our list of candidate proteins. We
then confirm the interaction of DDX21 with the mRNA of
some candidate proteins by immunoprecipitation of
DDX21 and quantitative PCR on bound RNA (RIP-qPCR).
The abundance of a promising candidate protein,

Melanoma associated antigen D2 (MAGED2) protein, is
significantly reduced in cells expressing DDX21 M4 in
place of the wild-type helicase. MAGE proteins are a
diverse set of proteins that contain the MAGE homology
domain (MHD); themajority of theMAGE family of proteins
are tumor antigens (Xiao and Chen 2005). An exception to
this is the MAGED family; these proteins are expressed
ubiquitously and contain none of the 20 antigenic peptides
known to be recognized by T-lymphocytes (Lucas et al.
1999). MAGED proteins are known to regulate cell cycle
progression, apoptosis, and transcription and are up-
regulated in key points of embryogenesis as well as in mul-
tiple cancer types (Kurt et al. 2000; Barker and Salehi 2002).
Overexpression ofMAGED2 has been implicated in can-

cer progression and resistance to treatment of human
breast cancers, specifically, MAGED2 acts as a transcrip-
tional repressor of tumor necrosis factor-related apopto-
sis-inducing ligand (TRAIL) death receptor 2 (TRAIL-R2)
mRNA (Tseng et al. 2012; Strekalova et al. 2016). TRAIL

has long been studied as a natural antitumoral protein
with the ability to selectively trigger cell death in cancer
cells through interactions with surface-expressed recep-
tors, DR4 and DR5 (TRAIL-R1 and TRAIL-R2) (Mérino et al.
2007). TRAIL resistance occurs in breast cancer cells when
the death receptors DR4 and TRAIL-R2 are no longer ex-
pressed on the cell surface (Zhang and Zhang 2008).
TRAIL sensitization is emerging as a novel therapeutic tar-
get for treating resistant breast cancers by increasing
TRAIL-R2 expression and then treating with TRAIL (Trivedi
and Mishra 2015; Manouchehri et al. 2018). We confirm
by qPCR and western blot that regulation of MAGED2 by
DDX21 also affects the downstream target of MAGED2,
TRAIL-R2, and imparts sensitivity to TRAIL-mediated apo-
ptosis in a model breast cancer cell line (MCF-7).
To further investigate the link between rG4 and

MAGED2 we synthesized a mutant version of the
MAGED25′-UTRwithG toCmutations that disrupt rG4 for-
mation.Weprovide direct evidence of rG4 formation in the
in vitro transcribed wild-type 5′-UTR but not the mutant
UTR by using an RNA G4 specific fluorescent probe,
Thioflavin T (ThT), and a modified reverse transcription
stop method that also demonstrates rG4 unwinding by
DDX21 in vitro. A side-by-side comparison of the effect
of wild-type andmutant 5′-UTR in a luciferase assay reveals
a loss of DDX21-mediated regulatory effect when rG4 are
not present in the 5′-UTR. Together these results indicate
that DDX21 regulates translation of MAGED2 mRNA in
an rG4dependentmanner and contributes to the sensitiza-
tion to TRAIL-mediated apoptosis.

RESULTS

Identifying putative rG4 targets of DDX21

To look for potential rG4 targets of DDX21 we wanted to
compare cell populations expressing wild-type DDX21
versus a mutant DDX21 that has impaired rG4 binding
and unwinding activities (M4). The M4 mutant contains a
PRGQR to YEGIQ mutation in the carboxy-terminal repeat
region of DDX21 that has been previously shown to disrupt
rG4 binding and unwinding activities (McRae et al. 2017).
Previous studies have also shown that deletion of the en-
tire carboxy-terminal 209 amino acids results in only a
25% decrease in dsRNA helicase activity, while completely
abolishing rG4 helicase activity (Valdez et al. 1997), indi-
cating that the M4 mutation should not significantly affect
non-rG4 structures. Differences observed between the
wild-type DDX21 recovery (WT) and M4 DDX21 recovery
experiments are therefore primarily due to differences in
DDX21–rG4 interactions.
Briefly, HEK293T cells were first transfected with a plas-

mid expressing either WT or M4 DDX21. Following this,
endogenous DDX21 was depleted by siRNA knockdown.
Using label-free whole-cell proteome analysis we
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identified 26 candidate proteins (Fig. 1A) whose expres-
sion level was significantly different between the M4 and
WT samples. The data in Figure 1A is represented as the
ratio of the amount of a protein detected in the M4 versus
WT samples, this allows us to visualize a fold change in pro-
tein level in the absence of DDX21’s rG4-binding activity.
Proteins with values below 1 were detected in decreased
abundance in the presence of M4 DDX21, indicating that
the rG4 may be impeding protein expression. Proteins
with values above 1 have increased abundance in the pres-
ence ofM4DDX21, indicating that a rG4 could be promot-
ing expression of the protein; such mechanisms could
include IRES formation or ribosome shunting (Rogers
et al. 2004; Morris et al. 2010).

The efficiency of endogenous DDX21 knockdown was
confirmed by MS where DDX21 was undetected in two
of three knockdown samples and 10-fold less than nega-
tive control in the third replicate. The exogenous DDX21
(WT and M4) from the recovery samples was on average
10-fold more abundant than the endogenous DDX21
present in negative control samples. In order to exclude
any artefactual differences caused by overexpression of
the wild-type protein, proteins that were significantly dif-
ferent between our negative control (NC), which express-
es only endogenous DDX21, and WT recovery sample
groups were excluded. Any proteins that were not signifi-
cantly different between NC and M4 recovery sample

groups were also excluded. The efficiency of knockdown
and recovery of DDX21 was also assessed by western
blot (Fig. 1B).

From the list of 26 candidate proteins, 19 (73%) were
shown to have quadruplex forming regions in their
mRNA by rG4-seq experiments (Kwok et al. 2016).
Comparatively, of the 17,622 unique transcripts mapped
in the rG4-seq experiment only 37.5% showed evidence
of RNA rG4 formation. The average rG4 density per kilo-
base of mRNA has previously been reported as 0.1, 0.02,
and 0.08 rG4/kb for the 5′-UTR, coding sequence (CDS)
and 3′-UTR, respectively (Kwok et al. 2016). The rG4 den-
sity observed in the mRNA of our candidate proteins was
determined to be 0.8, 0.09, and 0.2 rG4/kb for 5′-UTR,
CDS and 3′-UTR regions. Statistical significance of the en-
richment of our 26 candidate proteins for rG4 formation
was confirmed by Fisher’s exact test, which yields a P-value
of <0.0001 at a 99% confidence interval. Of the 19 candi-
date proteins shown to have rG4 in their mRNA, 45% were
in the 3′-UTR, 32% in the 5′-UTR and 23% in the CDS.
Comparatively, the distribution of rG4 in the transcriptome
is ∼62% 3′-UTR, 16% 5′-UTR, and 20.6% CDS. There does
not appear to be a specific consensus sequence, beyond
G-richness, for the rG4s found in our candidate protein
list, but their abundance in the 5′-UTR is double that of
the rG4-seq database. The large enrichment of proteins
with rG4-containing mRNA in our list indicates there is

good potential for direct regulatory
effects to be discovered.

Validating rG4 targets of DDX21

To determine if the change in protein
levels observed could be due to al-
tered mRNA abundance, we per-
formed qPCR on RNA extracts from
the samples (Fig. 2). While some
mRNA levels were found to be sig-
nificantly different than negative con-
trol samples (PSMD11, HNRNPA3,
TMPO, CAPZA, HIST1H4A, and
CNOT3), there was no significant dif-
ference observed between WT and
M4 recovery samples, indicating that
the altered mRNA levels are likely
not due to rG4 activities of DDX21.
Since the observed differences be-
tween candidate protein levels in WT
and M4 samples could not be ex-
plained by differences inmRNA abun-
dance, the remaining reasonable
explanations are altered translation ef-
ficiency or protein stability.
To see if DDX21 preferentially

bound to the mRNA of our candidate

A

B

FIGURE 1. (A) Fold difference in protein levels determined by MS for HEK293T cells express-
ing M4 DDX21 and WT-DDX21. Two-way Anova tests determined the significance of the dif-
ference, error bars represent the standard deviation between three biological replicates.
(B) Representative western blot showing DDX21 levels for each sample.
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proteins we performed immunopre-
cipitation of DDX21 followed by real-
time quantitative PCR (RT-qPCR) on
the coprecipitated RNA. Significant
enrichment (three standard deviations
above GAPDH) of five of the candi-
date proteins’ mRNA was observed
(Fig. 3). All five of these mRNAs had
previously been shown to have rG4
forming regions, two of which were
in their 5′-UTR and three had rG4s in
their CDS (Kwok et al. 2016). While
each of the five candidates are poten-
tially interesting, we focused our ef-
forts on MAGED2. Our rationale was
twofold. First, the MAGED2 rG4 was
reportedly in its 5′-UTR (as opposed
to the CDS), making it straightforward
to introduce mutations to the rG4
forming region to study the impact
on translation. Second, the direction
of regulation is consistent with the
most commonly observedmechanism
of rG4 regulation (i.e., steric hin-
drance by rG4 blocking translation).
Western blots (Fig. 4) with anti-

MAGED2 antibodies were performed
on the cell lysates used in the mass-
spectrometry experiments and con-
firm the trend observed in Figure
1A. When quantified by densitome-
try, the western blot data shows that
the WT-recovery sample has 1.7±
0.2 times the signal observed in the
M4-recovery sample, within an error
of the 2.00±0.15-fold difference
determined by mass-spectrometry.
Similarly, there is 2.0 ± 0.2 times as
much signal in the negative control
sample compared to the DDX21
knockdown sample.

MAGED2 transcript variant 2
preferentially interacts with
DDX21

MAGED2 has three reported tran-
script variants (TV) that contain differ-
ent 5′-UTR but have no difference in
protein CDS (Fig. 5A). Though the var-
iants share 31 conserved nucleotides
before the start codon, their 5′ re-
gions vary in length and sequence;
125 nt for TV1, 234 nt for TV2, and
193 nt for TV3. Bioinformatic analysis

FIGURE 2. RT-qPCR analysis comparing mRNA levels of target proteins betweenWT and M4
DDX21 recovery samples. Error bars represent the standard deviation between three biolog-
ical replicates.

A

B

FIGURE 3. (A) RIP-qPCR data fromHEK293T cell lysate comparing Ct values of DDX21 IP sam-
ple to the RNA extracted from the pre-IP lysate. The horizontal gray dashed line represents a 3
standard deviation difference in enrichment above GAPDH; error bars represent the standard
deviation between three independent IP replicates. (B) Western blot showing DDX21 present
in the lysate, IP, and to a lesser extent in the post-IP lysate.
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of the three transcript variants was performed with the
G4RNAweb server (Garant et al. 2018) and QGRS mapper
(Kikin et al. 2006). This analysis revealed that all transcript
variants have rG4 forming potential. The rG4 sequence
previously reported for MAGED2 mRNA was from the
TV3 5′-UTR (Kwok et al. 2016) and is also predicted to
form rG4 by the three software used in our study. The scor-
ing and location of the rG4 forming regions from three rG4
prediction algorithms, QGRSmapper,
G4Hunter (Bedrat et al. 2016), and
G4RNA screener (Garant et al. 2017)
can be found in Figure 5B–D. To deci-
pher which of these transcript variants
could be contributing to the regula-
tion of MAGED2 we returned to our
DDX21-RNA-IP samples and looked
for differences in enrichment between
primer sets specific for individual tran-
script variants (Fig. 5E). While a primer
set that does not discriminate be-
tween MAGED2 transcript variants is
enriched 4.6-fold from pooled cellular
RNA, TV1 and TV3 were only enriched
1.7- and 2.2-fold, respectively. TV2
has the highest fold enrichment with
a 5.5-fold change, indicating it is pref-
erentially interacting with DDX21 in
cell lysate.

In vitro characterization of the
MAGED2 transcript variant
2 5′′′′′-UTR

To assess the importance of a po-
tential rG4 in the 5′-UTR of the
MAGED2 mRNA, a mutant version of
TV2 (TV2m) unable to form rG4 was
created by mutating all nine runs of
consecutive guanines to contain a sin-

gle cytosine that would disrupt each guanine tract (GGG to
GCG mutation). The TV2 and TV2m 5′-UTR were in vitro
transcribed and purified by size exclusion chromatogra-
phy. To confirm the possibility of direct interactions with
DDX21, electrophoretic mobility shift assays (EMSA)
were performed (Fig. 6) with recombinant purified
DDX21 and either TV2 and TV2m RNA. At the highest
DDX21 concentration (1000 nM) both RNA completely
shifted to higher molecular weight complexes, while at
the second-highest concentration only the wild-type TV2
was completely shifted. Densitometric analysis using the
FluorChem Q software allowed for fitting of the EMSA to
a Hill binding model where the recombinant purified
DDX21 showed a marginally higher affinity for TV2 versus
TV2m (100 nM vs. 300 nM).

Next, TV2 and TV2m were assayed for rG4 formation us-
ing ThT, a fluorescent probe sensitive to rG4 formation (De
La Faverie et al. 2014; Xu et al. 2016).WhenThT is bound to
rG4 it exhibits enhanced fluorescence. rG4 conformations
are stabilized by K+ and destabilized by Li+, while non-
rG4 conformations are not greatly affectedby these cations
(Bhattacharyyaet al. 2016). By comparingThT fluorescence
in the presence of rG4 stabilizing and destabilizing cations

FIGURE 4. Validation of the changes in protein level observed by
mass spectrometry between negative control, DDX21 knockdown
and WT, or M4-DDX21 recovery samples by western blot. DDX21
knockdown and recovery (top) affects the signal from the MAGED2
antibody, but not Tubulin.

0

3

6

TV1 TV2 TV3

Fo
ld

 e
n
ri
ch

m
en

t

MAGED2
non-specific

125ntTV1 - NM_014599.5 AUG

233ntTV2 - NM_177433.2 AUG

193ntTV3 - NM_201222.2 AUG

A

TV1 TV2 TV3

Nucleotide #Nucleotide #

Nucleotide #

G
-S

co
re

G
4
N

N
 s

co
re

G
4
 H

u
n
te

r

C

D E

B

sc
o
re

0 50 100 150 200 0
0

13

1

-1

50 100 150 200

0 50 100 150 200

20

40

0

FIGURE 5. (A) Graphic depiction of MAGED2 5′-UTR transcript variants 1, 2, and 3 with their
accession numbers; the gray ends represent the 31 nt shared by all three transcript variants.
(B–D) graphic depictions of bioinformatic analysis of MAGED2 5′-UTR transcript variants
with G4 Hunter, G4NN, and QGRSmapper, respectively. The prediction was performed using
a 30 nt window and a 1nt step size within the G4RNA screener parameters. The horizontal line
in B and C represents the threshold for likely rG4 formation and the nucleotide # refers to the
position 5′ most nucleotide involved in the putative rG4. (E) DDX21 RNA IP enrichesMAGED2
TV2 preferentially to TV1 and TV3 by RT-qPCR. Aprimer set that detects allMAGED2 transcript
variants as well as TV1, TV2, and TV3 specific primer sets were used to determine the enrich-
ment of each transcript variant by DDX21-Immunoprecipitation from pooled cellular RNA.

McRae et al.

48 RNA (2020) Vol. 26, No. 1



we strengthen the evidence that enhanced fluorescence is
due to rG4 formation. TV2 induces significantly more fluo-
rescence from ThT than TV2m, furthermore, the large dif-
ference in the fluorescence from the K+ and Li+

containing TV2 samples (Fig. 7A) is indicative of rG4 forma-
tion being the underlying cause for the fluorescent en-
hancement by TV2. At lower RNA concentrations TV2 has
the greatest difference in ThT fluorescence between K+

and Li+ samples but at higher RNA concentrations the dif-
ference in fluorescence tapers off, indicating the RNA
may be forming rG4 at higher concentrations despite the
unfavorable Li+ cation. TV2m has considerably less effect
on ThT fluorescence, typically emitting 10%–30% the
amount of fluorescence compared to TV2 at a given con-
centration; together with a lack of significant difference be-
tween TV2m in K+ or Li+ containing samples this indicates
that TV2m does not form a stable rG4.
Next, we used a modified reverse-transcriptase stop as-

say (rt-stop) to demonstrate structural differences between
TV2 and TV2m. The principle of this assay is that a struc-
tured RNA will not be efficiently reverse-transcribed and
result in a mixture of full length and aborted transcripts.
By comparing the amount of reverse transcriptase stop-
ping between TV2 and TV2m we can infer differences in
their 5′-UTR structure. Briefly, reverse transcription reac-
tions were performed on equal amounts of both of the in
vitro purified RNA at 37°C for 20 min. After purification
of cDNA, qPCR was used to amplify the cDNA and the

cycle at which the qPCR signal reached its critical threshold
Ct was taken as an indicator of the efficiency of cDNA syn-
thesis. To normalize for potential differences in the amount
of RNA in the reactions we used a primer set that only cov-
ered the 3′ most region of the UTR, before any potential
rG4 forming regions. The other primer set spanned the en-
tire RNA. Reverse transcription products that stopped due
to structures in the region of mRNA containing the G tracts
would not be amplified by the primer set spanning the full
UTR, whereas they could still be amplified by the control
primer set. For TV2m, both primer sets gave comparable
Ct values, resulting in a ΔCt of 0.05±0.48 cycles between
them (Fig. 7B). For the wild-type TV2 the Ct was reached
3.06±0.35 cycles later with the primer set spanning the
full UTR than the internal control primer set, indicating
that a significant number of abortive transcripts were being
produced.

Identification of rG4 location and evidence of rG4
unwinding by DDX21

To begin to characterize the rG4 forming sequence in the
MAGED2 TV2 UTR we performed reverse transcription re-
actions on TV2 and TV2musing fluorescently labeled prim-
ers; this allowed us to visualize the rt-stop products by

BA

C

FIGURE 6. Electrophoretic mobility shift assays of MAGED2 5′-UTRs,
(A) TV2, (B) TV2m with a serial (1:1) dilution of DDX21. Fitting curves
(C ) determined in Prism from a Specific binding model with Hill slope
from densitometric analysis of EMSA images. Error bars represent the
standard deviation between three replicates.

A

B

FIGURE 7. (A) Thioflavin T fluorescence enhancement on serial
dilutions of TV2 and TV2m, the data is presented as the ratio of the
normalized fluorescence in K+ versus Li+ containing buffers.
(B) Reverse transcriptase stop assay performed on TV2 and TV2m
and quantified by qPCR, ΔCt values represent the difference of the
Ct values for the primer set spanning the rG4 forming region and
the control primer set. Error bars represent the standard deviation be-
tween three reverse transcription reactions.
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denaturing PAGE (Fig. 8A). The full length 234 nt cDNA
was observed in both TV2 and TV2m reverse transcription
reactions, while a shorter∼115 nt cDNAwas only observed
with TV2 (Fig. 8B). This shorter cDNA is likely the result of a
stalled reverse transcriptase that encountered significant
secondary structure. From the length of this rt-stop

product, we can locate the position of the interfering struc-
ture in the TV2 RNA. The rt-stop is immediately prior to a
sequence with high rG4 forming potential: (5′GGGCTG
GGCTGGGTTGGG3′) nt101–119, as predicted by GQRS
mapper, G4Hunter and G4RNA screener (Fig. 5B–D).

When enzymatic amounts of recombinant purified
DDX21 is added to the reverse transcription reaction
with the TV2 RNA we observe a twofold decrease in rt-
stop products by densitometric analysis, remarkably con-
sistent with the change in MAGED2 protein we see with
DDX21 knockdown and M4 recovery (Figs. 1A, 3). This
data indicates that DDX21 can unwind or destabilize the
rG4 within TV2 sufficiently to alter the reverse-transcription
efficiency.

While the length of the full 5′-UTR does not allow for a
straightforward biophysical characterization, shorter oligo-
nucleotides with a single structural motif are more easily
identified. To this end we performed circular dichroism
as well as a UV-Vis thermal difference experiment on the
18 nt immediately 5′ of our rt-stop where a putative rG4
may form. A key feature of a parallel rG4 in the circular
dichroism spectrum is the nonconservative exciton cen-
tred at 250 nm, with a large positive ellipticity at 264 nm
and a shallow negative at 240 nm. Further to this, RNA
G4 also have positive ellipticity at 210 nm, where A-form
RNA are characteristically very negative (Kypr et al.
2009). The thermal difference spectrum is the subtraction
of the UV-Vis spectrum of an oligonucleotide in a folded
state (20°C) from that of the unfolded state (90°C). The re-
sult is a spectroscopic signature that is unique to the oligo-
nucleotide, but allows classification based on its secondary
structure. For rG4 the characteristic spectra include a neg-
ative peak at 295 nm and two positive peaks around 240
and 280 nm, with a dip in the middle at ∼260 nm
(Mergny et al. 2005). Using both methods we show that
the region of the MAGED2 TV2 5′-UTR that is responsible
for the rt-stop can form an rG4 in vitro (Fig. 8C,D).

MAGED2 5′′′′′-UTR luciferase assays

TV2 and TV2mwere cloned into the dual-luciferase vector,
psiCheck-2, immediately 5′ of the hRLuc gene such that
they would be transcribed as a 5′-UTR. A common criticism
of these assays is that the efficient transcription from the
promotor on the luciferase vector results in levels of
hRLucmRNA that far exceed the levels of mRNA of the en-
dogenous mRNA. In the context of rG4 regulation, the in-
creased number of rG4s could exceed the capacity of the
cellular rG4 helicase proteins to unwind them (Serikawa
et al. 2017). To mitigate this effect, we truncated the
CMV promotor in front of our 5′-UTR to reduce the level
of reporter mRNA being made. HEK293T cells were treat-
ed as they were for the MS experiments and at 48 h post
endogenous DDX21 knockdown they were transfected
with the dual-luciferase reporter vector.

A

B

C

D

FIGURE 8. (A) Cartoon diagram showing the workflow of the rt-stop
assay with fluorescent primers. (B) Visualization of rt-stop products
using fluorescently labeled primers for rt-reactions. The in house pre-
pared RNA ladder (left) had 234, 200, 156, 119, 81, and 69 nt Cy5-
labeled oligonucleotides. Full-length cDNA products are observed
for TV2 and TV2m adjacent to the 234 nt ladder. Reverse transcrip-
tion-stop products (boxed in gray) are observed only with the TV2
RNA template. Addition of DDX21 (56 nM) to the rt reaction reduces
the intensity of the rt-stop by twofold (quantified by densitometry).
Template RNA was used at a concentration of 665 nM. (C ) Circular
dichroism spectrum of the 18 nt G4 forming sequence located at
the rt-stop location. (D) Thermal difference spectrum of the 18 nt
G4 forming sequence located at the rt-stop location.
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In the experiments with the wild-type TV2 5′-UTR,
DDX21 knockdown significantly (P<0.05) reduced the lu-
ciferase activity from the levels observed in the negative
control cells (Fig. 9). This effect was rescued by overexpres-
sion of theWT-DDX21 but not M4. In the experiments with
TV2m or an empty vector (no 5′-UTR added), no significant
change in luciferase activity was detected between NC,
KD, WT, or M4 samples.
We also introduced an RNA rG4 stabilizing ligand car-

boxypyridostatin (Di Antonio et al. 2012) (cPDS) into the lu-
ciferase assays to see if there were any rG4 dependent
effects on translation. Cells were treated with cPDS imme-
diately prior to transfection of the PsiCheck-2 vector.
Compared to the samples that were not treated with
cPDS, the treated samples had only 15% of the luciferase
activity from the vector with the intact TV2 5′-UTR. The
TV2m reporter construct showed no change in luciferase
expression in the presence of cPDS. The empty vector
samples were similarly unaffected by cPDS with the excep-
tion of one replicate having increased luciferase activity,
adding significant error to the average luciferase activity.

DDX21 regulates TRAIL-R2 expression and protects
cells from TRAIL-mediated apoptosis

MAGED2 has been shown to regulate TRAIL-R2 protein
and mRNA levels in a p53-dependent manner
(Papageorgio et al. 2007; Tseng et al. 2012; Strekalova
et al. 2016). To test whether the changes in MAGED2 level
from DDX21 knockdown could affect TRAIL-R2 we per-
formed qPCR on RNA extracted from our knockdown re-
covery experiments. The RNA from the HEK293T cells
showed no difference in mRNA levels of p53, MAGED2
or TRAIL-R2 (Fig. 2). Since this pathway has been shown
to be p53-dependent, and HEK293T have p53 suppressed
by the SV40 large T antigen (Lin et al. 2014), we repeated

the experiment with MCF-7 cells that have wild-type p53
(Leroy et al. 2014). In MCF-7 cells we saw an increase in
TRAIL-R2 mRNA levels upon DDX21 knockdown, but not
in p53 or MAGED2 mRNA (Fig. 10A). Furthermore, west-
ern blots confirm a change in protein levels of TRAIL-R2
in response to DDX21 activity (Fig. 10B). Next, we investi-
gated the TRAIL sensitivity of our four conditions; 72 h after
knockdown of DDX21MCF-7 cells were treatedwith TRAIL
protein and left overnight. To detect TRAIL-mediated ap-
optosis, we used fluorescent Annexin V to stain cells un-
dergoing apoptosis and counted fluorescent cells by
flow cytometry (Fig. 10C). The DDX21 knockdown and
M4-DDX21 recovery samples were significantly sensitized
to TRAIL-mediated apoptosis with ∼20% of the counted
cells showed staining by Annexin V. Comparatively the
negative control treated cells and theWT-DDX21 recovery
had only 0.19±0.02% and 0.52±0.18% of cells stained
with Annexin V. These results demonstrate that regulation
of MAGED2 by DDX21 is enough to affect the TRAIL-
sensitization of cells by overexpression of TRAIL-R2.

DISCUSSION

Recently we discovered DDX21 to be an RNA rG4-binding
protein that has the ability to destabilize rG4s (McRae et al.
2017). Until now studies have focused on model RNA sys-
tems and there are no endogenous rG4s that DDX21 is
known to interact with. A unique aspect of our study is
the implementation of an RNA helicase protein that has
been site-specifically mutated to have reduced affinity
for rG4. By comparing differences in the whole-cell prote-
ome in cell populations with either a wild-type or mutant
helicase protein we can discern differences that are due
to the reduced affinity for rG4. We use this tool to identify,
for the first time, biologically relevant rG4 targets of the
RNA helicase protein DDX21. This method could also be
adapted to the study of other moonlighting proteins
where the biochemical data exists to allow for specific mu-
tations that only affect one of its activities.
From the list of proteins affected by replacement of wild-

typeDDX21withM4, we validated the effect onMAGED2.
A twofold decrease in the MAGED2 protein level is ob-
served by both western blot and mass-spectrometry in
cell populations expressing M4 DDX21. MAGED proteins
are known to regulate cell cycle progression, apoptosis,
and transcription and are up-regulated in key points of em-
bryogenesis as well as in multiple cancer types (Kurt et al.
2000; Barker and Salehi 2002). Overexpression of
MAGED2 has been linked to resistance to treatment with
TRAIL (Tseng et al. 2012), making it an interesting and
valuable target for us to validate for rG4 regulation by
DDX21. MAGED2 has been shown to interact with p53
and affect both transcription of and protein levels of
TRAIL-R2. It has been hypothesized that increased
MAGED2 expression is a mechanism to selectively

FIGURE 9. The effect of DDX21 status and rG4 stabilizer cPDS on the
translation of luciferase mRNA under control of MAGED2 TV2, TV2m,
and no 5′-UTRs. Luminescence from the hrLuc protein (under control
of the 5′-UTR variant) was normalized to the luminescence from the
hLuc protein (consistent 5′-UTR) for each sample and then scaled to
the normalized luminescence of the negative control samples of
each 5′-UTR variant. Error bars represent the standard deviation be-
tween three biological replicates.
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inactivate certain p53 targets, including TRAIL-R2.
Previous studies have shown that a decrease in MAGED2
protein results in up-regulation of p53 and TRAIL-R2 at
the mRNA and protein level (Papageorgio et al. 2007;
Tseng et al. 2012). We observed a similar effect in MCF-
7 cells, revealing a pathway whereby DDX21 can facilitate
MAGED2 translation that in turn blocks TRAIL-R2 expres-
sion. Replacement of the DDX21 with the M4 mutant re-
sults in decreased MAGED2 protein and in turn an
increase in TRAIL-R2 expression, indicating that rG4 bind-
ing and unwinding is important for efficient translation of
MAGED2 mRNA. This increase in TRAIL-R2 expression is
significant enough to allow for TRAIL-induced apoptosis
in MCF-7 cells depleted of DDX21 or expressing only
M4 DDX21.

We determined transcript variant 2 of MAGED2 prefer-
entially interacts with DDX21 and can form rG4 in its 5′-
UTR. Due to the length of the 5′-UTR being investigated
(234 nt) more traditional rG4 detection methods were
not practical. Spectrophotometric methods such as circu-
lar dichroism and thermal difference spectroscopy pro-
duced complex spectra that are likely a convolution of

multiple structures existing within the long RNA. Yet no
methods exist to deconvolute the individual spectral char-
acteristics of these complex spectra. While other methods
such as in-line probing (Beaudoin et al. 2013) can work on
longer nucleic acid sequences they do reach a practical
limit for separation of the cleavage products after ∼100
nt. By using a reverse transcription stopping assay we cir-
cumnavigate the length limitations of other rG4 detection
methods and examine rG4 formation in the context of the
full MAGED2 TV2 5′-UTR. We then incorporated fluores-
cent primers into the assay estimate the size of the rt-
stop product allowing us to approximate the position of
the rG4 in the 5′-UTR. When the 18 nt of sequence prior
to the stop was analyzed by both circular dichroism and
thermal difference spectra, features characteristic of rG4
are observed.

By adding DDX21 into the reverse transcription reaction
we turn this easy to perform rG4 detection method into a
functional helicase assay. A major downfall of the current
methods used to probe rG4 helicase activity is the lack
of sequence context surrounding the rG4 structure. In
this assay we can convincingly show rG4 disruption in the
context of a full length 5′-UTR, in this case, where the
rG4 is in the centre of a 234 nt RNA. In our opinion, this
is a significant advancement from the trap-based assays
(Booy et al. 2015), tetramolecular assays (Creacy et al.
2008), and nuclease sensitivity assays (McRae et al. 2017)
used previously. The detection of reverse transcription
stops around the G-rich region of TV2 that can be relieved
by introduction of DDX21 support the notion of DDX21-af-
fected rG4 formation that can sterically hinder enzyme
readthrough, which can be extended to its effect on trans-
lation efficiency.

Targeting of rG4 regulated pathways is an emerging
area of therapeutic potential for fighting cancer (Rhodes
and Lipps 2015; Fay et al. 2018) and sensitization of
TRAIL-resistant breast carcinoma to TRAIL-mediated apo-
ptosis is a current therapeutic target (Mérino et al. 2007;
Trivedi and Mishra 2015; Manouchehri et al. 2018). Our
data underline the potential for the integration of rG4 ther-
apeutics with an existing cancer treatment interest.
Current research suggests that DDX21 has a unique speci-
ficity for certain rG4s that may be dependent on the loop
sequence (McRae et al. 2017, 2018). Further work aims
to identify the structure of the TV2 rG4 that DDX21 is rec-
ognizing, deciphering the specificity of DDX21 may po-
tentially allow for the design of small molecules that
specifically block its action.

MATERIALS AND METHODS

Cell culture and reagents

TheHEK293T cell linewas a gift fromDr. Thomas Klonisch and the
MCF-7 cell line was a gift from Dr. Spencer Gibson. Both cell lines

A

B

C

FIGURE 10. Assessing the effects of DDX21 knockdown,WT, andM4
recovery on MCF-7 cells by: (A) RT-qPCR for MAGED2 mRNA and its
downstream targets TRAIL-R2 and P53. (B) Western blot for TRAIL-R2
levels. (C ) Flow cytometry analysis of Annexin V staining post TRAIL
treatment to detect apoptosis. Error bars represent the standard devi-
ation between three biological replicates.
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were grown in Dulbecco’s Modified Eagle Medium from Thermo
Fisher Scientific supplemented with 10% Fetal Bovine Serum
(Thermo Fisher Scientific). Gibco Trypsin/EDTA solution
(Thermo Fisher Scientific) was used to detach the MCF-7 cells.
Polyethyleneimine (Thermo Fisher Scientific) was used as the
transfection reagent for plasmid DNA transfections.

DDX21 siRNA knockdown and recovery

HEK293T cells were grown to 80% confluence in 150 mm cell cul-
ture plates and transfected with empty pcDNA 3.1+ (negative
control and knockdown samples) or siRNA resistant wt-DDX21
orm4-DDX21 expressing pcDNA3.1+. The following day the cells
were split 1:9 and reverse transfected using transfectamine siRNA
Max with either negative control siRNA (negative control sample)
or DDX21 siRNA (knockdown and wild-type and m4 recovery
samples). Seventy-two hours after reverse transfection the cells
were collected in Phosphate Buffered Saline (Thermo Fisher
Scientific) and rinsed twice. MCF-7 cells were treated the same
way but cultured in six-well dishes and only split 1:3 when reverse
transfecting the siRNA. The remainder were lysed in ice-cold RIPA
buffer supplemented with 100× HALT proteinase cocktail
(Thermo Fisher Scientific). Cells were vortexed and sonicated
briefly before pelleting cell debris by centrifugation at 21,000g.
The protein concentration of the soluble portion was determined
by Bradford assay and 50 µg of each sample was used for SDS-
PAGE and western blots.

In-gel digestion

Protein lanes were visualized by Coomassie blue staining prior to
whole-lane excision. Each lane was subsequently cut into 15
equal bands, with each band corresponding to a region of the
gel containing proteins of a distinct molecular weight range.
Each of the gel fractions was subjected to in-gel tryptic digestion
as previously described (Khan et al. 2015); the resulting extracted
peptides were then dried and suspended in 60 µL of 0.2% formic
acid in 5% ACN.

LC-MS/MS analysis

Digested peptides were analyzed by LC-MS/MS using a
ThermoScientific Easy nLC-1000 in tandem with a Q-Exactive
Orbitrap mass spectrometer. Five microliters of each sample
was subject to a 120 min gradient (0%–45% buffer B; buffer A:
0.2% formic acid in 5% ACN; buffer B: 0.2% formic acid in ACN)
on a 2 cm Acclaim 100 PepMap Nanoviper C18 trapping column
in tandem with a New Objective PicoChip reverse-phase analyti-
cal LC column. For data-dependent analysis, the top 15 most
abundant ions were analyzed for MS/MS analysis while +1 ions
were excluded from MS/MS analysis. Additionally, a dynamic ex-
clusion of 10 sec was applied to prevent continued reanalysis of
abundant peptides. For the analysis, a resolution of 35,000 was
used for full scans that ranged from 400 to 2000 m/z and a reso-
lution of 17,500 was used for MS/MS analysis.

For data analysis, raw data files corresponding to samples com-
prising an entire gel lane were grouped together and searched
using Proteome Discoverer 1.4.1.14’s SEQUEST search algorithm

using the reviewed, nonredundant H. sapien complete proteome
retrieved from UniprotKB. Search parameters were identical to
those previously reported (Kramer et al. 2017). During data pro-
cessing, the “Precursor Ion Area Detector” node of Proteome
Discoverer 1.4.1.14’s SEQUEST workflow editor was implement-
ed to quantify the extracted ion chromatogram for each protein
identified from the raw data. Searched results were filtered using
a minimum of two medium confidence peptides per protein.
The mass spectrometry proteomics data have been deposited

to the ProteomeXchangeConsortium (Deutsch et al. 2017) via the
PRIDE (Perez-Riverol et al. 2016, 2019) partner repository with the
data set identifier PXD013501.

Protein–RNA coimmunoprecipitation and RT-qPCR

Native RNA immunoprecipitations were performed on one
150 mm dish of HEK293T cells as previously described (Booy
et al. 2018) using anti-DDX21 antibody (Novus NB100-1716).
RT-qPCR analysis was performed on Applied Biosystems
StepOnePlus instrument with the RNA to Ct One-step RT-qPCR
kit (Thermo Fisher Scientific) according to the manufacturer’s in-
structions. To determine fold enrichment, RNA was extracted
from the total cell lysate using the GeneJET RNA purification kit
(Thermo Fisher Scientific) to serve as a reference sample.
Twenty-five nanograms of template RNA was used in all RT-
qPCR reactions.

Western blots

For each sample, 50 µgof protein in SDS-PAGE loaddyewas load-
ed onto a 10% SDS-PAGE gel and ran at a 200V for 45 min.
Proteins were transferred to a 0.2 µm PVDF membrane (BioRad
Laboratories) using the Trans-Blot Turbo transfer system (BioRad
Laboratories). Membranes were blocked for 30 min in 5% milk
powder dissolved in Tris Buffered Saline+Tween (TBST) (20 mM
Tris pH 7.5, 150mMNaCl, 0.1% Tween). The following antibodies
were used: DDX21 (Novus NB100-1716), MAGED2 (ProteinTech
15252-1-AP), TRAIL-R2 (AbCam EPR19310, AB199357), CNOT3
(ProteinTech 11135-1-AP), XPO6 (ProteinTech 11408-1-AP),
GAPDH (Life Technologies AM4300), Mouse anti-Tubulin
(T6074, Sigma-Alrich), goat anti-rabbit secondary (Millipore 12–
348), goat anti-mouse (Millipore 12–349). DDX21, MAGED2 and
TRAIL-R2 primary antibodies were incubated overnight at 4°C in
TBST+5% milk, GAPDH and tubulin primary antibodies were in-
cubated for 1 h at room temperature in TBST+5% milk. Three
sequential 5-minwasheswith 5%TBS-Twere followedby 1-h incu-
bation with secondary antibodies (1:10,000) in TBST+5% milk
and then four more 10-min washes with TBS-T. Prior to imaging
with the FluorChem Q system (Protein Simple), 1 mL of
Illuminata Forte Western HRP substrate (EMDMillipore) was add-
ed to theblots.Due toweak signal fromsomeantibodies auniform
adjustment to the brilliance was made using Inkscape V 0.91.

Annexin V staining and TRAIL treatment

MCF-7 cells were treated as described in the DDX21 siRNA
knockdown and recovery section. At 48 h post knockdown,
TRAIL protein (Millipore GF092) was added to the media to a final
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concentration of 50 ng/mL. Approximately 18 h later the cells
were washed with 1× trypsin and then incubated with 1× trypsin
at 37°C for 5 min. Detached cells were collected, washed with
cold PBS and resuspended in 100 µL of cold 1× Annexin-binding
buffer supplemented with AlexaFluor 488 annexin V (Thermo
Fisher Scientific) and incubated in the dark for 15 min. Samples
were then diluted to 500 µL with 1× Annexin-binding buffer
and kept on ice. Annexin V binding was measured using the BD
FACSCalibur platform and analyzed using the BD CellQuest Pro
software (BD Biosciences), 10,000 cells from each sample were
analyzed and each sample performed in biological triplicate.

Cloning

The pcDNA3 vector was used to create a CMV promotor lacking
nucleotides between 208 and 746, this was then cloned into the
BglII andNheI sites of the psiCHECK-2 vector, removing the SV40
promotor. 5′-UTRs of MAGED2 TV2 and TV3 were amplified by
RT-PCR from RNA isolated from human testes tissue purchased
from Takara Bio. The 5′-UTR of TV1 was amplified from a DNA
fragment purchased fromGenscript. Each TV was amplified using
primers that contain restriction enzyme sites for NheI and cloned
into the psiCHECK-2 vector. The cDNA that encodes the human
DDX21 protein, isoform 1, was amplified by PCR using DNA prim-
ers that were designed to encode a NheI and NotI restriction en-
zyme sites and cloned into the pET28b expression vector.

Luciferase assays

For luciferase assays, HEK293T cells were treated as described in
the DDX21 siRNA knockdown and recovery section scaled down
to a six-well dish sample size. Forty-eight hours post knockdown,
the cells were transfected with 1 µg of psiCheck-2 vector in 250 µL
serum-free DMEM with 1.5 µg of polyethyleneimine. For carbox-
ypyridostatin treated cells, cPDS was added to a concentration of
1 µM immediately prior to the transfection of the psiCheck-2 vec-
tor. Twenty-four hours after the transfection of Psi-Check-2, the
cells were collected in cold PBS. Half of the cells were used for
RNA purification using the GeneJET RNA purification kit
(Thermo Fisher Scientific) and the other half used in the luciferase
assay. The Dual-Glo Luciferase Assay system (Promega) was used
according to manufacturer instructions, luminescence was mea-
sured for 10 sec using the SpectraMax iD3 plate reader and
each sample performed in at least biological triplicate. To control
for transfection efficiency and sample preparation, luminescence
from the hRluc protein, under control of the 5′-UTR of interest was
normalized to the signal from the hluc protein from the same sam-
ple. The normalized luminescence from the negative control sam-
ple was then set to 1 and the other conditions scaled accordingly.

In vitro transcription and protein purification

The 5′-UTRs of each transcript variant were transcribed and puri-
fied in vitro as previously described (Booy et al. 2012) from linear-
ized recombinant psiCHECK2 vector (Promega) that contained
one of the three UTR sequences downstream from a T7 promoter.
The vector was linearized with NcoI restriction enzyme and puri-
fied by phenol–chloroform extraction. In vitro transcription was

carried out at 37°C for 3 h. The transcription reaction was then
stopped by addition of EDTA and T7 polymerase was removed
by phenol–chloroform extraction. Residual phenol was removed
using a DG10 desalting column (BioRad), from which the RNA
was eluted in 20 mM Tris pH 7.5, 1 mM EDTA and either 100
mM KCl (TEK), or 100 mM LiCl (TELi). The RNA was then separat-
ed from the plasmid and remaining NTPs by FPLC purification us-
ing a Superdex 200 filtration column (GE Healthcare Life
Sciences) using TEK or TELi buffer. FPLC fractions were then con-
centrated and stored at 4°C. RNAs were heated at 95°C and
cooled on ice prior to use.

DDX21 was purified from LOBSTR E. coli BL21 (DE3) (Kerafast
Inc.) cells transformed with DDX21 expressing pET28b. The
stop codon from DDX21 cDNAwas retained so that the recombi-
nant protein only had the amino-terminal 6His tag and thrombin
cleavage site and not the carboxy-terminal 6×His-tag. Cells
were grown at 37°C in a shaker incubator to an optical density
of 0.4 at A600, then induced with 0.3 mM IPTG and grown over-
night at 18°C. Cells were pelleted, then resuspended in 20 mM
Tris 7.5, 1 M NaCl, 10% glycerol, 1 mM DTT and 1 mM PMSF,
and lysed by sonication. After centrifugation of lysate, recombi-
nant DDX21 was purified from the soluble fraction using HisPur
Cobalt Resin (Thermo-Fisher) and eluted using 200 mM imidaz-
ole. Elution fractions were dialyzed against 20 mM Tris pH 7.5,
300 mM NaCl, 10% glycerol, 2 mM DTT, and stored at 4°C.

Electrophoretic mobility shift assays

DDX21, or an equal volume of protein storage buffer (20 mM Tris
pH 7.5, 300mMNaCl, 10%glycerol, 2mMDTT) was added to the
binding reactions in a 1:1 serial dilution, with the first condition
containing no DDX21. Binding reactions were performed with
100 nM RNA in 50 mM Tris-acetate, pH 7.8, 100 mM KCl,
10 mM NaCl, 3 mM MgCl2, 70 mM glycine, 10% glycerol,
0.05 mg/mL bovine serum albumin (BSA) for 10 min at room tem-
perature and resolved by native Tris-borate EDTA (TBE) 8% poly-
acrylamide gel electrophoresis (TBE-PAGE) for 150 min at 75
V. The RNAs were then stained with the fluorescent nucleic acid
dye SYBRGold and imaged on a FluorchemQ imaging system us-
ing the Cy2 excitation LEDs and emission filters (Protein Simple).

Thioflavin T assays

In a 96-well plate, the in vitro transcribed RNAwas serially diluted
3:1 with 20mMTris pH 7.5, 1 mMEDTA and either 100mMKCl or
100 mM LiCl, from 10 to 0.4 µM. Thioflavin T was added with a
final concentration of 1.5 µM. Samples incubated for 5 min at
room temperature and fluorescence was measured with Applied
Biosystems Step-One-Plus qPCRmachine. Fluorescence data was
extracted from the BLUE channel from the raw data output of the
Step-One-Plus.

Reverse transcriptase stop assays

First-strand synthesis of cDNA from 50 ng of in vitro transcribed
5′-UTR of TV2 and TV2m was performed in a 20 µL reaction using
1 µM reverse primer, 500 µM dNTPs, 4 µL 5× RT Buffer (250 mM
Tris-HCl [pH 8.3 at 25°C], 375 mM KCl, 15 mM MgCl2, 50 mM
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DTT) (Thermo Fisher), and 200U Maxima H-Minus RT (Thermo-
Fisher). Reactions were carried out at 37°C for 60min before heat-
ing at 85°C for 5 min to inactivate the RT enzyme. The cDNA was
diluted 1:20 to the qPCR reaction using PowerUp Sybr Green
Master Mix (Applied Biosystems), forward primers were added
to a final concentration of 1 µM. Forty cycles of qPCR were
performed with 60°C annealing temperature and 30 sec ex-
tension time using a Step-One-Plus qPCR machine (Applied
Biosystems). CT values were determined using StepOne software.

For visualization of rt-stop products, first-strand synthesis of
cDNA from 1 µg of in vitro transcribed TV2 and TV2m was per-
formed in a 20 µL reaction using 1 µM Cy5 labeled primer,
500 µM dNTPs, 4 µL 5× RT Buffer (250 mM Tris-HCl [pH 8.3 at
25°C], 375 mM KCl, 15 mM MgCl2, 50 mM DTT) (Thermo
Fisher), and 200U Maxima H-Minus RT (Thermo-Fisher).
Reactions were performed at 37°C, with or without 56 nM
DDX21, for 60 min before heating at 85°C for 5 min to inactivate
the RT. To remove DNA:RNA heteroduplex from the reactions,
the cDNA samples were treated with RNase H for 20 min at
37°C. After RNase H digestion, cDNA was mixed with an equal
volume of denaturing RNA load dye (95% formamide, 0.01%
SDS, 0.5 mM EDTA, 0.025% [w/v] Orange G), heated at 95°C for
5 min, and resolved by TBE-urea PAGE with 12% acrylamide
gels. Cy5 labeled RNA ladder was prepared as described previ-
ously (Booy et al. 2016) with the addition of Cy5-labeled TV2
for the additional 234 nt band. Reverse transcription products
and ladder were visualized with Cy5 excitation and emission
filters.

Circular dichroism

Circular dichroism spectra were recorded at room temperature
using a Jasco J-810 spectropolarimeter (Jasco Inc.) using scan-
ning mode, with a 1 nm data pitch, 50 nm/min scanning speed
and a 1 sec response time. A total of 10 µM RNA in TEK in a
0.1 cm quartz cell (Hellma) was measured six times and the data
averaged and background subtracted with a buffer spectrum.

Thermal difference spectra

RNA was measured at a concentration of 5 µM in TEK buffer. UV-
Vis spectra were collected using a temperature-controlled
Evolution 260 Bio UV-Vis spectrophotometer (Thermo Scientific)
from 340 to 220 nm at 20°C and 90°C. The 20°C spectrum was
then subtracted from the 90° spectrum and then normalized to
the wavelength with the highest difference.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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