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Circular RNAs (circRNAs) are generated from many pro-
tein-coding genes. Most accumulate in the cytoplasm,
but how circRNA localization or nuclear export is con-
trolled remains unclear. Using RNAi screening, we found
that depletion of the Drosophila DExH/D-box helicase
Hel25E results in nuclear accumulation of long (>800-
nucleotide), but not short, circRNAs. The human homo-
logs of Hel25E similarly regulate circRNA localization,
as depletion of UAP56 (DDX39B) or URH49 (DDX39A)
causes long and short circRNAs, respectively, to become
enriched in thenucleus. These data suggest that the lengths
of mature circRNAs are measured to dictate the mode of
nuclear export.
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As most eukaryotic genes are arranged in a split manner,
nascent transcripts must be spliced so that each of the
noncoding intronic segments are removed and the exonic
segments are joined to one another. This step in gene ex-
pression is highly regulated and can be exploited to gener-
ate a diverse set of RNAs, including circular RNAs
(circRNAs) that have covalently linked ends (for reviews,
see Barrett and Salzman 2016; Ebbesen et al. 2016; Wilusz
2018). circRNAs are generated from many protein-coding
genes when the pre-mRNA splicingmachinery “backspli-
ces” to join a splice donor to an upstream splice acceptor
(e.g., joining the end of exon 2 to the beginning of exon 2).
Backsplicing is often initiated when complementary se-
quences from different introns base-pair and bring the in-
tervening splice sites close together (Liang and Wilusz
2014; Zhang et al. 2014), but circRNA levels are also
controlled by the combinatorial action of RNA-binding
proteins (Ashwal-Fluss et al. 2014; Conn et al. 2015;
Kramer et al. 2015), exon-skipping events (Barrett et al.
2015), and the availability of spliceosomal components
(Liang et al. 2017). As circRNAs are naturally resistant
to degradation by exonucleases, some accumulate to
much higher levels than their associated linear mRNAs
(Salzman et al. 2012). The functions of most circRNAs

remain unknown, but some can act asmicroRNA sponges
(Hansen et al. 2013; Memczak et al. 2013) or templates
for translation (for review, see Tatomer and Wilusz
2017).
Although some circRNAs have been reported to accu-

mulate in the nucleus (Li et al. 2015; Conn et al. 2017),
most are efficiently exported to the cytoplasm (Salzman
et al. 2012; Jeck et al. 2013). Considering that many
circRNAs are expressed in nondividing cells, including
neurons, it seems highly likely that active transport pro-
cesses (and not simply a reliance on nuclear envelope
breakdown during mitosis) regulate the localization of
circRNAs. However, no factors involved in circRNA nu-
clear export have been identified so far.
RNAs typically reach the cytoplasm by binding to ex-

port receptors that enable transport through nuclear pore
complexes (for reviews, see Cullen 2003; Stutz and Izaur-
ralde 2003; Kohler and Hurt 2007; Natalizio and Wente
2013). To export classes ofRNAswithhighly related struc-
tures (e.g., transfer RNAs [tRNAs] or microRNAs), class-
specific receptors known as karyopherins or importins/
exportins directly bind these transcripts. In contrast,
mRNAs differ significantly in length, sequence, and struc-
ture, so bulkmRNAexportmechanisms take advantage of
adaptor proteins—such as Aly/REF or SR (serine/arginine-
rich) proteins—that are loaded cotranscriptionally onto
themRNA, often in the context of larger protein complex-
es such as the transcription/export (TREX), THO, and/or
exon junction (EJC) complexes. These adaptor proteins
then recruit the heterodimeric mRNA export receptor
NXF1–NXT1 (also known as TAP–p15 in metazoans) to
enable transport through the nuclear pore. Here, we used
RNAi screening to identify factors that regulate nuclear
export of circRNAs in Drosophila and human cells. We
found that Drosophila Hel25E and its human homologs,
UAP56/URH49, are key modulators of circRNA localiza-
tion and control the efficiency of nuclear export by sensing
the lengths of mature circRNAs.

Results and Discussion

Depletion of the DExH/D-box helicase Hel25E results in
nuclear accumulation of circdati

To examine the localization of circRNAs in Drosophila
DL1 cells, we used biochemical fractionation to isolate
nuclear and cytoplasmic RNAs followed by quantitative
RT–PCR (qRT–PCR) or Northern blotting. circRNAs de-
rived from the laccase2 anddati geneswere found to local-
ize predominately to the cytoplasm regardless of whether
they were generated from their endogenous gene loci (Fig.
1A) or an expression plasmid (Fig. 1B; Supplemental Fig.
S1A,B). We reasoned that RNAi screening could be used
to reveal factors that control circRNA localization, and
thus 26 proteins with known roles in nuclear export of
various classes of RNAs were individually knocked
down in DL1 cells for 3 d using dsRNAs (Supplemental
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Fig. S1C). qRT–PCR was then used to measure steady-
state circRNA levels in the nuclear and cytoplasmic frac-
tions (Fig. 1C,D). Depletion of nuclear export factor (NXF)
family members Nxt1 or sbr (also known as NXF1) had no
effect on steady-state circRNA levels or localization but
did result in nuclear accumulation of heat-shock factor
mRNAs, as reported previously (Supplemental Fig. S1D;
Herold et al. 2001; Wilkie et al. 2001). We instead found
that depletion of the DExH/D-box helicase Hel25E result-
ed in nuclear accumulation of the 1120-nucleotide (nt)
circdati transcript (Fig. 1C). This phenotype was not due
to an overall change in total circdati expression (Supple-
mental Fig. S2) and was robust, since it was (1) observed
using an independent nonoverlapping Hel25E dsRNA

(Supplemental Fig. S3A–C), (2) rescued using an Hel25E
expression plasmid that is insensitive to the dsRNA (Sup-
plemental Fig. 3D–F), and (3) also observed when examin-
ing plasmid-derived circdati (Supplemental Fig. S4A).
Steady-state levels of circdati in the cytoplasm decreased
only slightly upon Hel25E depletion (Fig. 1D), likely due
to the long half-lives of circRNAs and minimal turnover
of circRNAs generated prior to dsRNA treatment. Indeed,
when cells were treated with 4-thiouridine (4sU) so that
nascent circRNAs could be purified, we found that newly
generated circdati transcripts accumulated in the nucleus
and largely failed to reach the cytoplasm in the absence of
Hel25E (Fig. 2A,B). As Hel25E is required for nuclear ex-
port of many Drosophila mRNAs, including heat-shock
factor mRNAs (Supplemental Figs. S1D, S5A; Gatfield
et al. 2001; Herold et al. 2003), we concluded that efficient
nuclear export of circdati requires a subset of factors re-
quired for linear mRNA export.

Only longDrosophila circRNAs (>800 nt) require Hel25E
for nuclear export

Upon examining the localization of circlaccase2, we sur-
prisingly found that this 490-nt circRNA did not accumu-
late in the nucleus when Hel25E was depleted (Fig. 1C;
Supplemental Fig. S4B). We thus asked whether Hel25E
plays a general or limited role in circRNA export by de-
pleting Hel25E fromDL1 cells, labeling/purifying nascent
RNAs, and then examining the localization of 12 addi-
tional circRNAs that were of varying lengths and exon
counts (Supplemental Table S1). Notably, half of the na-
scent circRNAs accumulated significantly in the nucleus
upon Hel25E depletion (and were concomitantly depleted
from the cytoplasm), while the localization of the other
circRNAs was unchanged (Fig. 2A,B). Similar results
were observed upon examining the steady-state pools of
these circRNAs, although the effects were dampened
due to the pool of pre-existing circRNAs, as expected (Sup-
plemental Fig. S5B–D). There was no correlation between
nuclear accumulation and number of exons in the mature
circRNA. Instead, all of the circRNAs that accumulated
in the nucleus were >811 nt in length, whereas all of the
Hel25E-independent transcripts were <702 nt (Fig. 2A,B).
This suggested that the length of the mature circRNA
may dictate the nuclear export mechanism, with Hel25E
being required for efficient export of circRNAs >800 nt.

To directly test this length-dependent export model, we
generated expression plasmids that produce mature circ-
RNAs of different lengths (500, 700, 900, 1100, and 1677
nt) derived from the firefly luciferase gene (Fig. 2C; Supple-
mental Fig. S6). In all cases, the introns flanking circdati
were used to drive the backsplicing reaction. Regardless
of the circfirefly exon length, depletion of Hel25E resulted
in an ∼20% decrease in total expression of the mature
circRNAs (Supplemental Fig. S6A,B). Nevertheless, as
the length of the circfirefly exon progressively increased,
a larger and larger amount of the transcript accumulated
in the nucleus when Hel25E was depleted (Fig. 2C; Sup-
plemental Fig. S6C,D). The localization of short circfirefly
transcripts (500 or 700 nt) was unaffected, while circfirefly
transcripts that were≥900 nt accumulated in the nucleus.
These data mirror the effects of Hel25E depletion on the
localization of endogenous circRNAs (Fig. 2A). We thus
conclude that export of Drosophila circRNAs appears to
become more and more reliant on Hel25E as the length
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B

Figure 1. Drosophila circRNAs are enriched in the cytoplasmbut can
accumulate in the nucleus upon depletion of Hel25E. (A) qRT–PCR
quantification of endogenous Drosophila circRNAs in RNA purified
from DL1 nuclear (Nuc) or cytoplasmic (Cyt) fractions. U6 and U7
snRNAs served as markers for the nuclear fraction. 18S ribosomal
RNA (rRNA) and β-actin mRNA served as markers for the cytoplas-
mic fraction. The enriched fraction is set to 1. Data are shown as
mean ± SD. n = 3. (B) DL1 cell lines stably expressing an inducible lac-
case2 (left) or dati (right) reporter plasmid were fractionated after 14 h
of copper sulfate treatment to isolate nuclear and cytoplasmic RNA.
Northern blots using 3 µg of each RNA fraction were then used to ex-
amine the localization of reporter-derived transcripts. (C,D) DL1 cells
were treated with the indicated dsRNAs for 3 d followed by purifica-
tion of nuclear (C ) and cytoplasmic (D) RNA fractions. qRT–PCRwas
used to quantify expression of endogenous circlaccase2 and circdati.
Data were normalized to the β-gal dsRNA sample and are shown as
mean ± SD. n = 3. Known nuclear export receptors as well as compo-
nents of the THO, TREX, and EJC are noted.
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of the transcript increases (Fig. 2C). It is nevertheless im-
portant to note that there may be Hel25E-independent
modes of circRNA export given that the transcripts did
not become fully nuclear-retained when Hel25E was
depleted.

UAP56 and URH49, homologs of Drosophila Hel25E,
control localization of human circRNAs

Considering that endogenous human circRNAs also pre-
dominately localize to the cytoplasm (Fig. 3A), we next
asked whether the human homologs of Hel25E likewise
impact circRNA localization patterns. Humans encode
two homologs of Hel25E—UAP56 (DDX39B) and
URH49 (DDX39A)—that are 90% identical to one another
(Pryor et al. 2004; Yamazaki et al. 2010), with most of the

variation occurring within the first 30 amino acids (Fig.
3B; Supplemental Fig. S7). UAP56 and URH49 have been
implicated previously in nuclear export of many human
mRNAs (Luo et al. 2001; Kapadia et al. 2006; Yamazaki
et al. 2010; Akef et al. 2013), and we confirmed that
Hsp70 mRNA accumulates in the nucleus after UAP56
or URH49 have been depleted by siRNAs for 48 h (Fig.
3C; Supplemental Fig. S8A). We then used qRT–PCR to
examine the steady-state localization of 14 endogenous
human circRNAs that were of varying lengths and exon
counts (Fig. 3D,E; Supplemental Table S1; Supplemental
Fig. S8B). circRNAs <356 nt in length accumulated in
the nucleus upon depletion of URH49, but their localiza-
tion was notably unaffected by depletion of UAP56 (Fig.
3D,E, left panels). In stark contrast, depletion of URH49
did not affect the nuclear levels of circRNAs >1298 nt
in length (Fig. 3D,E, right panels). Instead, these long
circRNAs accumulated in the nucleus upon depletion of
UAP56. For circRNAs between 411 and 1099 nt in length
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Figure 2. Long (>800-nt) Drosophila circRNAs accumulate in the
nucleus upon Hel25E depletion. (A,B) DL1 cells were treated for 3 d
with a control (β-gal) dsRNA or a dsRNA to deplete Hel25E and
then labeled with 250 µM 4sU for 15 min prior to isolating RNA
from the nuclear (A) and cytoplasmic (B) fractions. 4sU-labeled na-
scent RNAs were purified from each fraction followed by qRT–PCR
to quantify expression of the indicated circRNAs, which are ordered
according to their mature circRNA lengths. Data were normalized
to the β-gal dsRNA sample and are shown as mean ± SD. n = 3. (C ) Re-
porter plasmids that produce firefly luciferase circRNAs (circfirefly)
of different lengths were transfected into DL1 cells treated with the
indicated dsRNAs. RNA was then purified from nuclear (N) or cyto-
plasmic (C) fractions, and 3.6 µg of each fraction was run onNorthern
blots to examine localization of reporter-derived transcripts.
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Figure 3. Localization of long and short human circRNAs is con-
trolled by UAP56 and URH49, respectively. (A) qRT–PCR quantifica-
tion of endogenous human circRNAs in RNA purified from HeLa
nuclear (Nuc) or cytoplasmic (Cyt) fractions. MALAT1 and 18S
rRNA served asmarkers for the nuclear and cytoplasmic fractions, re-
spectively. The enriched fraction is set to 1. (B) Humans encode two
closely related homologs of Drosophila Hel25E. The percent amino
acid identity is shown. (C ) HeLa cells were treated with siRNAs for
48 h to specifically deplete UAP56 or URH49. (D,E) HeLa cells were
then fractionated to isolate nuclear (D) and cytoplasmic (E) RNA.
qRT–PCRwasusedtoquantifysteady-stateexpressionof the indicated
circRNAs, which are ordered according to their mature RNA lengths.
Data throughout the figure were normalized to the β-gal dsRNA sam-
ples and are shown as mean ± SD. n = 3. (∗∗) P < 0.01; (∗) P < 0.05.
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(Fig. 3D,E, middle panels), the regulation appeared to be
more complicated, likely because RNA secondary struc-
tures impact the overall compactness of the mature
circRNA (Masuyama et al. 2004). In total, these data argue
that the lengths of mature circRNAs are also measured in
human cells, with URH49 and UAP56 modulating the lo-
calization of short (<400-nt) and long (>1200-nt) circ-
RNAs, respectively. Consistent with this model, UAP56
andURH49were found previously byChIRP-MS (compre-
hensive identification of RNA-binding proteins by mass
spectrometry) to bind to circRNAs in human cells (Chen
et al. 2017).

Four amino acids that are divergent among the Hel25E
homologs control their circRNA length preferences

Hel25E and its human homologs have well-characterized
ATPase and RNA helicase motifs (Fig. 4A; Shen et al.
2007; Kota et al. 2008; Thomas et al. 2011), but it was un-
clear how these proteins selectively regulate the localiza-
tion of circRNAs of different lengths. To define the key

regulatory motifs, a dsRNA was used to deplete endoge-
nousHel25E fromDL1cells, andwe then attempted to res-
cue the circRNA nuclear localization phenotypes
by expressing mutant versions of Hel25E from plasmids.
In cells expressing Hel25E mutants with greatly reduced
ATP-binding affinity (K91N) or helicase activity (D193E),
four out of the five long circRNAs examined were effi-
ciently exported to the cytoplasm (Supplemental Fig. S9).
This suggests that the enzymatic functions of Hel25E are
largely dispensable for long circRNA export, a result that
is consistent with prior data on the mechanism of linear
mRNA export in Schizosaccharomyces pombe (Thakurta
et al. 2007).

We next reasoned that the amino acids that control
circRNA length preferences should be conserved between
Hel25E and UAP56 (which act on long circRNAs) but not
conserved in URH49 (which acts on short circRNAs). We
identified a four-amino-acid motif located between the
substrate-binding and helicase domains that fits these
characteristics: A K-K/S-L-N motif is present in Hel25E/
UAP56, whereas a R-S-F-S motif is present in URH49
(Fig. 4A; Supplemental Fig. S7). To test whether these
four amino acids do indeed impact the circRNA length
preferences, we generated plasmids expressing mutant
Hel25E/UAP56 protein with the URH49 motif and mu-
tant URH49 protein with the Hel25E/UAP56 motif (Fig.
4A). As described above, endogenousHel25Ewas depleted
from DL1 cells, and the rescue plasmids were then trans-
fected (Fig. 4B,C; Supplemental Fig. S10A). Consistent
with expectations, wild-type Hel25E or UAP56 signifi-
cantly rescued nuclear accumulation of multiple long
circRNAs, including circdati (Fig. 4B), circEct4 (Fig. 4C),
and circmnb (Supplemental Fig. S10B), but wild-type
URH49 did not. Nevertheless, mutating URH49 so that
it contained theHel25E/UAP56motif was sufficient to al-
low the protein to rescue the long circRNAnuclear export
defects. Likewise,mutatingHel25E orUAP56 so that they
contained theURH49motif caused the proteins to no lon-
ger rescue nuclear accumulation of long circRNAs (Fig.
4B,C; Supplemental Fig. S10B). These data clearly demon-
strate that the divergent four-amino-acid motif is both
necessary and sufficient to dictate the circRNA length
preferences of Hel25E homologs.

In summary, we demonstrated that circRNA localiza-
tion patterns are actively controlled by Hel25E homologs
in bothDrosophila (Figs. 1, 2) andhuman (Fig. 3) cells.Dro-
sophila Hel25E and human UAP56 are required for effi-
cient nuclear export of long circRNAs, whereas human
URH49 controls the localization of short circRNAs. It re-
mains unclear what factors control localization of short
Drosophila circRNAs, but there may be functionally re-
dundant factors and/or other DExH/D-box helicases in-
volved. A role for RNA length in controlling nuclear
export of circRNAs was unexpected but is reminiscent of
the mechanism that determines how m7G-capped RNAs
are exported (Masuyama et al. 2004; McCloskey et al.
2012).Capped snRNAs are typically short (<200nt) and ex-
ported via the PHAX/CRM1-mediated pathway but be-
come exported via NXF1–NXT1 when their length is
increased (regardless of where the extra sequence is
inserted). Likewise, long capped mRNAs are typically ex-
ported via the NXF1–NXT1 export receptor, but shorten-
ing intronless mRNAs causes them to be exported via
PHAX/CRM1 (Masuyama et al. 2004). Heterogeneous nu-
clear ribonucleoprotein (hnRNP)C1/C2binds to regions in
m7G-capped transcripts that are >200–300 nt and acts to

A

B C

Figure 4. A region divergent among the Hel25E homologs controls
their circRNA length preferences. (A) Domain structure of Hel25E
family members, highlighting a four-amino-acid region that is diver-
gent between human UAP56 and URH49. Expression plasmids were
generated with these amino acids mutated to the indicated sequenc-
es. (B,C ) DL1 cells were first treated with a control (β-gal) dsRNA or a
dsRNA to deplete endogenous Hel25E. On the next day, inducible
plasmids expressing wild-type (WT) or mutant (MUT) helicases (in-
sensitive to dsRNA treatment) were transfected. Copper sulfate
(500 μM) was added after 8 h to induce helicase expression from the
plasmids, and cells were fractionated after 24 h. qRT–PCR was then
used to quantify steady-state expression of endogenous circdati
(B) or circEct4 (C ) in nuclear and cytoplasmic fractions. Data were
normalized to the β-gal dsRNA sample and are shown as mean ± SD.
n = 3. (∗∗) P < 0.01; (∗) P < 0.05.
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competitively block PHAX binding, thereby committing
long capped transcripts to the NXF1–NXT1 pathway (Mc-
Closkey et al. 2012). It is tempting to speculate that an
analogous mechanism may be used to measure circRNA
lengths, but further work is required to define themolecu-
lar details. Regardless of the exact mechanism, circRNA
lengths are somehowcommunicated to theHel25E homo-
logs, perhaps directly via the divergent four-amino-acid
motif (Fig. 4), and these proteins then enable efficient nu-
clear export of the mature circRNAs. Previous work has
suggested that UAP56 and URH49 have distinct protein-
binding partners, and it is possible that these unique inter-
actionsmayplaydistinct roles incircRNAexport. Interest-
ingly, it has also been proposed that UAP56 and URH49
preferentially export distinct subsets of linear mRNAs
(Yamazaki et al. 2010), but a role for mRNA length was
not examined. Our work suggests that RNA lengths may
be measured more often than is currently appreciated,
and it is thus possible that a similar mechanism involving
these helicases may be used to distinguish mRNAs of dif-
ferent lengths. Inconclusion, althoughcircRNAshavevar-
iable lengths, sequences, and structures, we provided
evidence that these transcripts are fed into specific nuclear
export pathways by evolutionarily conserved factors that
measure the length of the mature circRNAs.

Materials and methods

Drosophila cell culture, RNAi, and transfections

DrosophilaDL1 cells were cultured at 25°C in Schneider’sDrosophilame-
dium (Thermo Fisher Scientific, 21720024) supplemented with 10% fetal
bovine serum (HyClone, SH30910.03), 1% (v/v) penicillin–streptomycin
(Thermo Fisher Scientific, 15140122), and 1% (v/v) L-glutamine (Thermo
Fisher Scientific, 35050061). DL1 stable cell lines were generated and
maintained by selection with 150 µg/mL hygromycin B. dsRNAs from
the Drosophila RNAi Screening Center were generated by in vitro tran-
scription (MEGAscript kit, Thermo Fisher Scientific, AMB13345) of
PCR templates containing the T7 promoter sequence on both ends. Primer
sequences are shown in Supplemental Table S2. RNAi experiments in six-
well dishes were performed by bathing 3 × 106 cells with 4 µg of dsRNA.
Cells were incubated for 3 d, and, where indicated, a final concentration
of 500 µM copper sulfate (Fisher BioReagents, BP346-500) was added for
14 h. Cells were then fractionated (as described below), or total RNA
was isolated using Trizol (Thermo Fisher Scientific, 15596018) as per the
manufacturer’s instructions.
To generate plasmids for transfection into Drosophila DL1 cells, the

indicated sequences were inserted into a pMK33/pMtHy-based vector be-
tween the metallothionein promoter (pMT) and the SV40 polyadenylation
signal as described in detail in the Supplemental Material. For transient
transfections of plasmids, 2 × 106 cells were plated in complete medium
in six-well dishes, and 2 µg of each expression plasmid was transfected us-
ing Effectene (16 µL of enhancer and 30 µL of Effectene reagent; Qiagen,
301427). On the following day, a final concentration of 500 µM copper sul-
fate was added for 14 h (where indicated) to induce transcription from the
pMT. For experiments involving both RNAi and transfection of plasmids,
2 × 106 cells were plated in six-well dishes and bathed with 4 μg of dsRNA.
On the following day, each rescue plasmidwas transfected using Effectene,
500 µM copper sulfate was added to induce plasmid expression, and RNA/
protein samples were isolated as indicated.
Metabolic labeling of newly transcribed RNA using 4sU was performed

as described previously (Russo et al. 2017) with modifications that are de-
scribed in detail in the Supplemental Material.

Mammalian cell culture and transfections

HeLa cells were cultured at 37°C and 5%CO2withDMEM (Thermo Fisher
Scientific, 11995065) supplemented with 10% fetal bovine serum and 1%
(v/v) penicillin–streptomycin. siRNAs (100 nM final concentration) were

transfected intoHeLa cells using Lipofectamine RNAiMAX (Thermo Fish-
er Scientific, 13778150) according to the manufacturer’s instructions. For-
ty-eight hours after siRNA transfection, cells were fractionated (as
described below), or total RNAwas isolated using Trizol. siRNA sequenc-
es are listed in Supplemental Table S2.

Nuclear and cytoplasmic fractionation

Cellular fractionation was performed as described previously (Topisirovic
et al. 2003) with minor modifications. Briefly, cells were washed twice
with serum-free medium (DL1 cells) or PBS (HeLa cells) and resuspended
with slow pipetting in 1 mL of lysis buffer B (10 mM Tris-HCl at pH 8,
140 mM NaCl, 1.5 mM MgCl2, 0.5% IGEPAL CA-630, 1 mM dithiothrei-
tol, 80 U/mL RNase inhibitor [New England Biolabs, M0314L]). Samples
were centrifuged at 1000g for 3 min at 4°C, and the supernatant was saved
as the cytoplasmic fraction. Pellets were resuspended in 1mL of lysis buff-
er B, and 100 μL of detergent (3.3% [w/v] sodium deoxycholate, 6.6% [v/v]
Tween 40) was added. Samples were incubated for 5 min on ice, and nuclei
were then pelleted by centrifugation at 1000g for 3 min. The supernatant
was removed, and the nuclei were washed with 1 mL of lysis buffer B fol-
lowed by centrifugation at 1000g for 3 min. The final pellet (nuclear frac-
tion) was resuspended in Trizol. Efficient fractionation of nuclear and
cytoplasmic RNAs was verified by measuring levels of U6 snRNA and β-
actin mRNA (DL1 cells) or MALAT1 and 18S ribosomal RNA (rRNA;
HeLa cells).

qRT–PCR

Total RNA, cytoplasmic RNA, and nuclear RNA fractions were reverse-
transcribed using random hexamers and SuperScript III (Thermo Fisher
Scientific, 18080051) according to the manufacturer’s instructions. qRT–
PCRwas then carried out in triplicate using Power SYBR Green PCRmas-
ter mix (Thermo Fisher Scientific, 4367659). All qRT–PCR primer se-
quences are in Supplemental Tables S3 and S4.

Northern blotting

Northern blots using NorthernMax reagents (ThermoFisher Scientific)
and oligonucleotide probes were performed as described previously (Tato-
mer et al. 2017). All probe sequences are in Supplemental Table S5. Blots
were viewed with a Typhoon 9500 scanner (GE Healthcare) and quantified
using ImageJ. Representative blots are shown.

Western blotting

Whole-cell protein extracts were prepared using RIPA buffer, separated on
NuPAGE 4%–12% Bis-Tris gels (Thermo Fisher Scientific, NP0323), and
transferred to a PVDF membrane (Bio-Rad, 1620177). Antibodies used
were α-Flag M2 antibody (1:1,000 dilution; Sigma, F1804), α-Tubulin anti-
body (1:10,000 dilution; Sigma, T6074), and α-Discs Large (1:1,000 dilu-
tion; Developmental Studies Hybridoma Bank, 4F3). Membranes were
processed using a standard ECL protocol (Thermo Fisher Scientific,
EI9051).

Statistical analyses

Statistical significance for comparisons of means was assessed by Stu-
dent’s t-test for qRT–PCRs andNorthern blots. Statistical details and error
bars are defined in each figure legend: P < 0.01 (∗∗) and P < 0.05 (∗).
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