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The exosome functions in the degradation of diverse RNA species, yet how it is negatively regulated remains largely
unknown. Here, we show that NRDE2 forms a 1:1 complex with MTR4, a nuclear exosome cofactor critical for
exosome recruitment, via a conserved MTR4-interacting domain (MID). Unexpectedly, NRDE2 mainly localizes in
nuclear speckles, where it inhibits MTR4 recruitment and RNA degradation, and thereby ensures efficient mRNA
nuclear export. Structural and biochemical data revealed that NRDE2 interacts with MTR4’s key residues, locks
MTR4 in a closed conformation, and inhibits MTR4 interaction with the exosome as well as proteins important for
MTR4 recruitment, such as the cap-binding complex (CBC) and ZFC3H1. Functionally, MID deletion results in the
loss of self-renewal of mouse embryonic stem cells. Together, our data pinpoint NRDE2 as a nuclear exosome
negative regulator that ensures mRNA stability and nuclear export.
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The highly conserved exosome complex is themost versa-
tile RNA surveillance and degradation machine. To
achieve its full in vivo functions, the exosome associates
with many cofactors, among which the RNA helicase
MTR4 is essential for every aspect of nuclear exosome
functions (LaCava et al. 2005; Vaňáčová et al. 2005;Wyers
et al. 2005; San Paolo et al. 2009; Shcherbik et al. 2010;
Lubas et al. 2011; Andersen et al. 2013; Hallais et al.
2013). Inmammalian cells,MTR4 forms into spatially dif-
ferent complexes that link the nuclear exosome to differ-
ent types of substrate RNAs. In the nucleolus, MTR4

associates with PAPD5 and ZCCHC7 to form the human
TRAMPcomplex that is predominantly involved in rRNA
processing (Lubas et al. 2011;Molleston et al. 2016). In the
nucleoplasm, MTR4 interacts with RBM7 and ZCCHC8,
forming the NEXT complex that is important for the deg-
radation of promoter upstream transcripts (PROMPTs),
snRNAs and a subset of pre-mRNAswith specific features
(Lubas et al. 2011; Andersen et al. 2013; Hallais et al. 2013;
Hrossova et al. 2015). Furthermore, MTR4 forms a com-
plex with ZFC3H1, in the presence or absence of the
polyA-binding protein PABPN1, functioning in the
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degradation of long processed transcripts, such as
snoRNAhost transcripts aswell as unstable RNAs (Meola
et al. 2016; Ogami and Manley 2017; Ogami et al. 2017).
To date, proteins that have been identified to associate
with MTR4 and the exosome all facilitate exosome func-
tions. How the exosome is negatively regulated is largely
unclear.
Recent studies revealed that the competition between

RNA export factors and the exosome cofactors is impor-
tant for sorting RNAs into the export or the degradation
pathway (Fan et al. 2017, 2018; Giacometti et al. 2017;
Silla et al. 2018). On mRNAs and lncRNAs, MTR4 phys-
ically and functionally competes with ALYREF, a key
mRNA export adaptor (Strässer and Hurt 2000), for inter-
acting with cap-binding complex (CBC) bound at the
5′ end of RNAs (Fan et al. 2017). At the 3′ end, the
MTR4–ZFC3H1 complex functionally competes with
ALYREF for PABPN1 (Silla et al. 2018).Nuclear RNA sort-
ing occurs in the nucleoplasm rapidly after transcription
(Fan et al. 2018; Silla et al. 2018). RNAs that have passed
quality control are assembled into export-competent
mRNPs in nuclear speckles (Wang et al. 2018), where exo-
some functions are likely inhibited (Fan et al. 2018; Wang
et al. 2018). HowRNA export factors outcompete the exo-
some in nuclear speckles is still unknown.
In this study, we demonstrate that NRDE2 forms a 1:1

complex withMTR4. Interestingly, NRDE2mainly local-
izes in nuclear speckles and plays a widespread inhibitory
role in MTR4 recruitment and RNA degradation. Consis-
tent with these roles, NRDE2 depletion results in nuclear
retention of a significant fraction of mRNAs. In the

NRDE2–MTR4 complex, NRDE2 shares binding path-
ways with other important exosome cofactors and locks
MTR4 in an unusually closed conformation, suggesting
that NRDE2 might disrupt MTR4 interaction with other
cofactors. Indeed, NRDE2 inhibits MTR4 interaction
with CBC and ZFC3H1, correlating with its negative im-
pact on MTR4 recruitment. Intriguingly, NRDE2 also at-
tenuates the MTR4–exosome interaction, pinpointing
NRDE2 as an exosomenegative regulator.We also provide
evidence that NRDE2-mediated nuclear exosome nega-
tive regulation is required for embryonic stem cell (ESC)
self-renewal.

Results

NRDE2 and MTR4 tightly interact in vivo and form
a complex of equal stoichiometry in vitro

In an attempt to identify MTR4-associating proteins, we
detected NRDE2 by mass spectrometry (MS) (Fan et al.
2017). To validate the MS result, we carried out immuno-
precipitations from RNase-treated HeLa cell lysates using
MTR4 and NRDE2 antibodies. Western analysis revealed
that NRDE2 and MTR4 associate with each other (Fig.
1A) (while this work was in progress, Ogami et al. 2017
also identified NRDE2 as an MTR4-associating protein).
We found that the NRDE2–MTR4 association is salt-
resistant, as NRDE2 was efficiently coprecipitated with
MTR4 even in 350 mM salt (Fig. 1B). Together, these re-
sults indicate that NRDE2 tightly associates with MTR4
in vivo.
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Figure 1. NRDE2 tightly interacts with
MTR4 in vivo and forms a stoichiometric
complex with MTR4 in vitro. (A) NRDE2
andMTR4coimmunoprecipitateeachother.
Immunoprecipitations using IgG and anti-
bodies to NRDE2 and MTR4 were carried
out from RNase A-treated HeLa cell lysate,
followed byWestern blotting with indicated
antibodies. IgG was used as a negative
control. (∗)Nonspecificband. (B)MTR4asso-
ciates with NRDE2 in a salt-resistant man-
ner. Immunoprecipitations with Cntl and
the MTR4 antibody were carried out from
RNase A-treated HeLa cell lysate under
150 or 350 mM salt condition, followed by
Western blotting with indicated antibodies.
IgG was used as a negative control.
(C ) NRDE2 directly interacts with MTR4
in vitro. MBP pull-downs were carried out
with His-NRDE2111–1164 andMBP-MTR4FL.
His-VCAM-1 and MBP-ALYREF were used
as negative controls. The input (12.5%) and

the bound fractions (33%)were analyzed by SDS-PAGE followed byCoomassie staining. (D) NRDE2 andMTR4 forma complex of 1:1 stoi-
chiometry.His-MTR471–1042 either in isolation or in the complexwithNRDE2111–1164was separated by gel filtration chromatography. The
molecularweight standard is shownabove the chromatogram.The indicated fractionswere further analyzed bySDS-PAGEandCoomassie
staining. (E) MTR4 knockdown reducesNRDE2 protein level. Western blotting to examine protein levels of NRDE2 andMTR4 in Cntl or
MTR4knockdowncells. Tubulinwas used as a loading control. (F )MTR4knockdowndoes not reduce, but enhancesNRDE2mRNAlevel.
RT-qPCRs to examine the mRNA level of NRDE2 in Cntl and MTR4 knockdown cells. NRDE2 mRNA levels were normalized to 18S
rRNA. Error bar indicate standard deviation (n=3). Statistical analysis was performed using Student’s t-test. (∗∗) P<0.01. (G) Same as
(E), except that instead of MTR4, NRDE2 was knocked down. (∗) Nonspecific band.
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To examine whether NRDE2 directly interacts with
MTR4 in vitro, pull-downs were carried out using purified
His-NRDE2 and MBP-MTR4. MBP-ALYREF (MBP-Cntl)
and His-VCAM-1 (His-Cntl) served as negative controls.
Significantly, Coomassie staining showed that His-
NRDE2, but not His-Cntl, was apparently pulled down
by MBP-MTR4, demonstrating a direct interaction of
NRDE2 with MTR4 (Fig. 1C). Importantly, coexpression
of untagged NRDE2 with His-MTR4 in Sf9 cells produced
a well-behaved complex of NRDE2–MTR4 as revealed by
gel filtration chromatography, and the two proteins were
present at 1:1 stoichiometry in the complex (Fig. 1D).

The tight and direct NRDE2–MTR4 interaction pro-
moted us to examinewhether these two proteins stabilize
each other. Indeed, upon MTR4 knockdown, the level of
NRDE2 protein, but not that of the mRNA, was signifi-
cantly reduced (Fig. 1E,F). By contrast, NRDE2 depletion
did not have an apparent effect on MTR4 protein level
(Fig. 1G). These results support the notion thatNRDE2 re-
quires MTR4 for maintaining its protein level.

NRDE2 is enriched in nuclear speckles and plays
a widespread negative role in RNA degradation

MTR4 forms into spatially different complexes that link
the exosome to distinct types of substrate RNAs (Lubas
et al. 2011;Meola et al. 2016; Ogami et al. 2017). To obtain
some clues about functions of the NRDE2–MTR4
complex, we examined the subcellular localization of
NRDE2 in Flag-NRDE2 stable expression cells. Interest-
ingly,NRDE2mainly colocalizedwith polyARNAs innu-
clear speckles (Fig. 2A; Carter et al. 1991; Visa et al. 1993;
Huang et al. 1994; Dias et al. 2010). In addition, some
NRDE2 signals were also detected in the nucleoli as well
as in the nucleoplasm (Fig. 2A; Supplemental Fig. S1A).
Consistent with the NRDE2–MTR4 interaction, MTR4
showed moderate enrichment in nuclear speckles, al-
though it also diffused in the nucleoplasm (Supplemental
Fig. S1B).

The localization ofNRDE2 in nuclear speckles is of spe-
cial interest, as exosomal degradation is inhibited in these
domains by unknown mechanisms (Fan et al. 2018). We
speculated that NRDE2 might play an inhibitory role in
exosomal RNA degradation, as none of the known
MTR4/exosome-associating proteins was enriched in nu-
clear speckles. Consistent with this possibility, overex-
pression of NRDE2 resulted in elevated levels of most
RNAs we examined (Fig. 2B; Supplemental Fig. S2A). To
further investigate this possibility, we next examined
how NRDE2 downregulation affects RNA levels ge-
nome-wide by carrying out RNA sequencing (RNA-seq)
in control (Cntl) and NRDE2 knockdown cells (Fig. 2C).
To assess experimental variation, the experiment was re-
peated twice. Considering that nuclear speckles are en-
riched with polyA RNAs (Carter et al. 1991; Visa et al.
1993; Huang et al. 1994; Dias et al. 2010), we focused on
mRNAs and lncRNAs. In both biological replicates, we
observed widespread reduced RNA levels in NRDE2
knockdown cells (Fig. 2D). Specifically, 2153 mRNAs
(18%) and 116 lncRNAs (14%) reproducibly exhibited de-

creased levels (false discovery rate [FDR] < 5%) (Fig. 2D),
with the C1S mRNA shown as an example (Fig. 2E).
RT-qPCR data revealed that seven out of eight RNAs
that were up-regulated upon NRDE2 overexpression
showed reduced levels in NRDE2 knockdown cells (Fig.
2F), suggesting that NRDE2 might play an inhibitory role
in RNA degradation. However, it was also possible that
the widely reduced RNA levels in NRDE2 knockdown
was due to transcription down-regulation. This possibility
was not supported by the P-Ser5 RNAP II chromatin im-
munoprecipitation (ChIP)-PCR data. In NRDE2 knock-
down cells, no apparent reduction in RNAP II binding
was observed with all down-regulated genes we examined
(Supplemental Fig. S2B). Together, these data demonstrate
a widespread role of NRDE2 in maintaining the levels of
mRNAs and lncRNAs.

NRDE2 globally inhibits MTR4 recruitment

How could NRDE2 function in maintaining RNA levels?
Considering the important role of MTR4 in exosome re-
cruitment (Fan et al. 2017), we reasoned that NRDE2
might inhibit MTR4 association with RNAs. To examine
this possibility, we carried out MTR4 RNA immunopre-
cipitations (RIPs) fromCntl and NRDE2 knockdown cells
in triplicate, followed by sequencing (Fig. 2G). Using total
RNA-seq data as a reference, we found that 6589 mRNAs
(60%) and 628 lncRNAs (65%) showed significantly en-
hanced MTR4 association upon NRDE2 knockdown
(FDR<5%; Fig. 2H). RIP-seq signals of the two exempli-
fiedmRNAs, EXOSC1 and SAP30, are shown in Figure 2I.

Importantly, the vast majority of down-regulated
mRNAs (91%) and lncRNAs (70%) in NRDE2 knock-
down showed enhanced MTR4 association (Fig. 2J), sug-
gesting that NRDE2 knockdown results in the reduction
inRNA levels by enhancingMTR4/exosome recruitment.
In the cells, MTR4 is much more abundant than the exo-
some proteins (Lubas et al. 2011). Thus, RNAs showing
enhancedMTR4 association but not reduced levels might
be those having recruited MTR4 but not yet undergone
exosomal degradation. The enhanced MTR4 association
with selected RNAs in NRDE2 knockdown cells was val-
idated by MTR4 RIP-RT-qPCRs (Fig. 2K). Together, these
data indicate thatNRDE2 globally inhibitsMTR4 recruit-
ment (Fig. 2L).

NRDE2 ensures efficient nuclear export of a significant
fraction of mRNAs

Considering the competition between MTR4 and
ALYREF for RNA binding (Fan et al. 2017), the inhibi-
tory role of NRDE2 in MTR4 recruitment raised the
possibility that NRDE2 might positively impact mRNA
export. To test this possibility, we prepared nuclear
fractions from Cntl and NRDE2 knockdown cells (Fig.
3A), and carried out nuclear RNA-seq. To identify endog-
enous mRNAs whose nuclear export was inhibited upon
NRDE2 depletion, nuclear mRNA abundance was nor-
malized to whole-cell transcript levels. This yielded a
total of 2261 candidate mRNAs that reproducibly
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Figure 2. NRED2 is enriched in nuclear speckles and inhibits MTR4 recruitment and RNA degradation. (A) NRDE2mainly localizes in
nuclear speckles. Confocal microscopic image to show the colocalization of Flag-NRDE2 with polyA RNAs, and the colocalization of
polyA RNAs with SC35, a standard nuclear speckle marker. Flag-NRDE2 signals in nuclear speckles and the nucleoplasm are marked
with arrowheads and arrows, respectively. Scale bar, 10 µm. (B) NRDE2 overexpression leads to elevated RNA levels. RT-qPCRs to exam-
ine the levels of indicatedmRNAs and lncRNAs inCntl (eIF4AIII) andNRDE2-overexpressing cells. Error bars indicate standard deviation
(n= 3). Statistical analysis was performed using Student’s t-test. (∗) P <0.05; (∗∗) P<0.01; (∗∗∗) P< 0.001; (n.s.) P >0.05. (C ) Western analysis
to examine NRDE2 knockdown efficiency. Tubulin was used as a loading control. (D) The Venn diagrams depict mRNAs and lncRNAs
with reproducibly reduced levels (false discovery rate [FDR] < 0.05) uponNRDE2 knockdown. (E) Screenshot of two replicates of RNA se-
quencing (RNA-seq) signals ofC1S. (F ) RT-qPCRs to examineMTR4 associationswithRNAs inCntl andNRDE2depleted cells. Error bars
indicate standard deviation (n =3). Statistical analysis was performed using Student’s t-test. (∗) P <0.05; (∗∗) P< 0.01; (∗∗∗) P <0.001, (n.s.) P>
0.05. (G) Western analysis to examineMTR4 immunoprecipitation efficiencies fromCntl andNRDE2knockdown cells. IgGwas used as a
negative control. (H) The Venn diagrams depict mRNAs and lncRNAs with reproducibly enhanced MTR4 association (FDR<0.05) upon
NRDE2 knockdown. (I ) Screenshot of two replicates of RNA immunoprecipitation sequencing (RIP-seq) signals of the EXOSC1 and
SAP30 mRNAs. (J) Venn diagrams showing overlapping of mRNAs and lncRNAs with enhanced MTR4 binding among and those with
reduced levels in NRDE2 depleted cells. Statistical analysis P-value was used to measure the overlapping using Fisher’s exact test by R
language. The overlapping of mRNAs, P <2.2 × 10−16; odds ratio = 27.906. The overlapping of lncRNAs, P< 2.2 × 10−16, odds ratio =
52.692. (K ) MTR4 RIP-RT-qPCRs to examine the association of MTR4 with RNAs in Cntl and NRDE2 depleted cells. Error bars indicate
standard deviation (n =3). Statistical analysis was performed using Student’s t-test. (∗) P<0.05; (∗∗∗) P <0.001. (L) Graphic displays that
NRDE2 inhibits MTR4 binding with RNAs.
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exhibited a net increase in nuclear abundance when the
NRDE2 protein was depleted (Fig. 3B). Notably, among
thesemRNAs, 1524 (67%) demonstrated reproducibly en-
hanced MTR4 binding upon NRDE2 depletion (Fig. 3C).
Nuclear RNA-seq signals of NABP1 and SAP30 mRNAs
are shown in Figure 3D. RT-qPCR data confirmed in-
creased nucleocytoplasmic ratios of selected mRNAs in
NRDE2 knockdown cells (Fig. 3E). Importantly, the
C12orf57mRNA, which showed enhanced MTR4 associ-
ation and nuclear retention based on RNA-seq and/or RT-
qPCR data (Fig. 3E; Supplemental Fig. S3A), was mostly
retained in nuclear speckles in NRDE2 knockdown cells,
in marked contrast to its apparent cytoplasmic accumula-
tion inCntl cells (Fig. 3F). It was also possible thatNRDE2
knockdown results in nuclear mRNA retention due to
splicing inhibition. However, no apparent difference in
exon and intron read population was detected between
Cntl and NRDE2 knockdown cells (Supplemental Fig.
S3B), and only 316 out of 2261 nuclear retained mRNAs
showed increased intron retention (Supplemental Fig.
S3C), refuting the possibility thatNRDE2 knockdown im-
pacts mRNA export through splicing regulation. Togeth-
er, these data are in agreement with the proposal that
NRDE2 ensures mRNA export by inhibiting MTR4/exo-
some recruitment in nuclear speckles.

NRDE2 interacts with MTR4 via a conserved N-terminal
domain

To understand the mechanism for NRDE2 inhibiting
MTR4 recruitment, we first asked how NRDE2 interacts
with MTR4. NRDE2 has a predicted coiled-coil domain

and a NRDE2 domain in the N-terminal part (N2-1) (Fig.
4A). Immunoprecipitations using Flag-tagged NRDE2
fragments revealed that the coiled-coil domain (N2-3),
but not the rest part of NRDE2, interacts with MTR4
(Fig. 4B,C). In the coiled-coil domain, two fragments
(N2-5, residues 67–123; N2-6, residues 163–266) are con-
served from Schizosaccharomyces pombe to humans
(Supplemental Fig. S4). Further mapping demonstrated
that N2-6, but not N2-5, is required and sufficient for in-
teracting with MTR4 (Fig. 4D). We thus named N2-6 as
MTR4-inteacting domain (MID).

MTR4 contains RecA_1, RecA_2, Arch, helical bundle
(HB), andWH domains (Fig. 4E). Based onMTR4 structure
(Jackson et al. 2010; Weir et al. 2010), deletion of RecA_1,
RecA_2, and HB would result in nonfunctional protein.
Indeed, when ΔRecA_1, ΔRecA_2, or ΔHB mutant was
used for immunoprecipitations, none of them associated
with NRDE2 (Fig. 4F). Interestingly, depletion of the
Arch domain that is not predicted to disrupt MTR4 struc-
ture also diminished the NRDE2–MTR4 interaction (Fig.
4F), indicating that the Arch domain is required forMTR4
interacting with NRDE2.

NRDE2 ties MTR4 in an unusually closed
conformation

We next crystalized the human NRDE2MID–MTR471–1042

complex and refined the crystal structure to 2.88 Å resolu-
tion (Fig. 5A; Supplemental Fig. S5; Supplemental Table
S1). For comparison, the structure of apo-MTR471–1042

was also determined (Fig. 5B). MTR4, both in complex
with NRDE2MID and in apo-state, exhibits the typical
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Figure 3. NRDE2 ensures efficient mRNA
nuclear export. (A) Western analysis to ex-
amine the purities of nuclear fractions
from Cntl and NRDE2 knockdown cells.
UAP56 and Tubulin served as nuclear and
cytoplasmic markers, respectively. (∗) Non-
specific band. (B) The Venn diagrams depict
mRNAs with reproducibly nuclear reten-
tion (FDR<0.05) uponNRDE2 knockdown.
(C ) The Venn diagram depicts the overlap-
ping of mRNAs with increased nuclear re-
tention with those with reproducibly
enhancedMTR4 binding in NRDE2 knock-
down cells. Statistical analysis P-value was
used to measure the overlapping using Fish-
er’s exact test by R language. P-value <2.2 ×
10−16; odds ratio = 5.3157. (D) Screenshot of
two replicates of nuclearRNA-seq signals of
NABP1 and SAP30 mRNAs. (E) RT-qPCRs
to examine nuclear/total ratios of mRNAs
in Cntl and NRDE2 knockdown cells. Error
bars indicate standard deviation (n= 3). Stat-
istical analysis was performed using Stu-
dent’s t-test. (∗∗∗) P <0.001. (F ) The
C12orf57 mRNA is retained in nuclear
speckles in NRDE2 knockdown cells.

FISH with the transcript-specific probe and IF with the SC35 antibody were performed in Cntl and NRDE2 knockdown cells. Scale
bar, 20 µm.

Wang et al.

540 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.322602.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.322602.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.322602.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.322602.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.322602.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.322602.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.322602.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.322602.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.322602.118/-/DC1


architecture composed of the four-domain helicase core
(RecA_1, RecA_2, HB, and WH) and an Arch domain (Fig.
5A,B; Supplemental Fig. S6A). The MTR4-interacting
domain (MID) binds on the surface of MTR4, wrapping it
from the Arch domain to HB and RecA_2 domains (Fig.
5A). Although the helicase core structure of MTR4 in the
complex closely resembles that in apo-MTR4 as well as
other reported MTR4 structures, the orientation of the
Arch domain is apparently different (Fig. 5A,B; Supple-
mental Fig. S6A; Weir et al. 2010; Falk et al. 2014, 2017;
Taylor et al. 2014; Conrad et al. 2016; Puno and Lima
2018; Schuller et al. 2018; Weick et al. 2018). Specifically,
the Arch domain rotates and approaches the helicase core,
resulting in an unusually “closed” conformation (Fig. 5A,
B; Supplemental Fig. S6A).Tovalidate thekey interactions
revealed by the structural data, we constructed a set of
NRDE2 and MTR4 mutants and carried out coimmuno-
precipitation experiments. These data demonstrate that
NRDE2 mainly binds on the MTR4 Arch via residues
163–207, and conserved residues Phe163/Asp166/
Tyr187/Arg189 are important for this binding (Fig. 5C).
Notably, mutations in these four residues resulted in the
loss of RNA stabilizing effect of NRDE2 overexpression
(Supplemental Fig. S6B). Furthermore, NRDE2211–258

that binds on RecA_2 and HB domains also makes contri-
bution to MTR4 interaction (Fig. 5C). These results sug-
gest that NRDE2 binding on the Arch domain and the

helicase core ties MTR4 into a closed conformation. In
line with this view, mutations in conserved residues of
Arg658, Arg743, and Glu697 in the Arch domain and
Phe989/Glu990 in the HB domain disrupted MTR4 inter-
action withNRDE2 (Fig. 5D,E, insets 1 and 2; Supplemen-
tal Fig. S7).
The closed conformation of MTR4 might inhibit its

RNA binding properties. To examine this possibility, we
carried out gel shift experiments using purified MTR4 or
NRDE2MID-MTR4 complex. However, MTR4 in the com-
plex with NRDE2MID exhibited apparently enhanced
binding affinity (approximately eightfold), as compared
toMTR4 in isolation (Supplemental Fig. S8A). Consistent
with this, the helicase activity of MTR4 was also stimu-
lated (approximately eightfold) by NRDE2MID (Supple-
mental Fig. S8B). How NRDE2 enhances the in vitro
RNA-binding and helicase activity of MTR4 remains un-
known (see the Discussion). Nevertheless, these data do
not support the notion that NRDE2 precludes MTR4 re-
cruitment in the cells by directly inhibiting its RNA bind-
ing affinity.

NRDE2 occupies key residues of MTR4

How does it inhibit MTR4 recruitment in vivo? Many
exosome cofactors share a consensusmotif-AIM (Arch-in-
teracting motif, LFXϕD), through which they form
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Figure 4. NRDE2 interactswithMTR4 via
a conserved N-terminal domain. (A) Do-
main schematic representation of NRDE2.
NRDE2 fragments used for mapping
MTR4-interacting domains (MIDs) are illus-
trated. (B) The N-terminal, but not the C-
terminal, fragment of NRDE2, associates
with MTR4. Immunoprecipitations with
Cntl or the Flag antibody were carried out
from HeLa cell lysates expressing Flag-
tagged eIF4AIII (Cntl), the full-length (FL)
or fragments (N2-1 andN2-2) of NRDE2, re-
spectively. IgG was used as a negative con-
trol. Western blotting was performed with
indicated antibodies. (C ) The predicted
coiled-coil domain, but not the NRDE2
domain, associates with MTR4. Same as in
(B), except that instead of N2-1 and N2-2,
N2-3 and N2-4 were used. (D) The fragment
of N2-6 is sufficient and necessary for
NRDE2 interacting with MTR4. Same as
in (B), except that instead of N2-1 and N2-
2, N2-5 to N2-8 fragments were used.
Note that N2-5 and N2-6 fragments were
Flag- and GST-tagged to obtain good ex-
pression. (E) Domain schematic representa-
tion of MTR4. MTR4 fragments used for
mapping NRDE2-interacting domains are
illustrated. (F ) Deletion of any MTR4 func-
tional domain results in the loss of interac-
tion with NRDE2. Immunoprecipitations
were carried out using the Flag antibody

fromHeLa cell lysates expressing Flag-tagged eIF4AIII (Cntl), the full-length (FL) or truncation mutants of MTR4, followed by Western
blotting with indicated antibodies. (∗) Nonspecific band.
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distinct complexes with MTR4 (Thoms et al. 2015; Falk
et al. 2017). We identified a conserved AIM-like motif in
NRDE2 (residues 163–166, FRTD) that binds to MTR4
at the same sites and through the same interactions as
the typical AIMs do (Fig. 5E, inset 1; Supplemental Fig.
S4; Falk et al. 2014, 2017), suggesting that NRDE2 binding
might be incompatible with other AIM-containing pro-
teins. In support of this possibility, although mutation
in MTR4 Arg658 and Arg743 that contact to the AIM re-
duced both NRDE2-MTR4 and ZCCHC8-MTR4 interac-
tions, mutations in MTR4 Phe989A/Glu990K that
contact to residues other thanAIM reduced its interaction
with NRDE2, but enhanced that with ZCCHC8 (Fig. 5D).
In addition, on MTR4 helicase core, NRDE2 also binds in
the same pathways as Air2 and Trf4 (Supplemental Fig.
S7A, insets 3 and 4; Falk et al. 2014). These structural
data raised the possibility that NRDE2 might prevent

MTR4 from binding with other proteins, and thereby in-
hibit MTR4 recruitment and RNA degradation.

NRDE2 inhibitsMTR4 interactionwithCBC, ZFC3H1 as
well as the exosome

To examine how NRDE2 affects the MTR4 interactome,
we carried out MTR4 immunoprecipitations in NRDE2-
overexpressing and knockdown cells, followed by semi-
quantitative MS (Fig. 6A). MTR4 association with many
proteins was impacted by the altered NRDE2 expression
level (Supplemental Dataset S1). Among these, CBC com-
ponents, CBP80 and ARS2, as well as ZFC3H1, attracted
our attention (Fig. 6A), as they are important forMTR4 re-
cruitment (Meola et al. 2016; Fan et al. 2017; Giacometti
et al. 2017; Silla et al. 2018). Significantly, NRDE2
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Figure 5. NRDE2MID interacts with key res-
idues of MTR4 and ties it in an unusually
closed conformation. (A,B) Overall structures
of NRDE2MID-MTR471–1042 and apo-
MTR471–1042. The proteins are shown as car-
toonswithhelices incylindricalpresentation.
The Arch, RecA_1, RecA_2, HB, and WH do-
mains are shown in gray, yellow, cyan, light-
blue, and green, respectively. NRDE2 is
shown in purple. (C ) Identification of key res-
idues forNRDE2interactingwithMTR4.Flag
immunoprecipitations were carried out from
RNase A-treated HeLa cell lysates expressing
Flag-tagged Cntl, wild-type or mutant forms
of NRDE2, followed by Western blotting
with Flag and MTR4 antibodies. (D) Identifi-
cation of key residues for MTR4 interacting
with NRDE2. HA immunoprecipitations
were carried out from RNase A-treated HeLa
cell lysates stably expressing Flag-NRDE2 to-
getherwithHA-tagged SLBP (Cntl),wild-type
or mutant forms of MTR4, followed byWest-
ernblottingwithHA,ZCCHC8andFlag anti-
bodies. (E) Key interactions between
MTR471–1042 and NRDE2MID. Insets 1, 2, 3,
and 4 are close views. Key residues participat-
ing in the interactionsareshownassticks,and
polar interactions are indicated by black
dashes.
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overexpression reduced, whereas its knockdown en-
hanced, the enrichments of these proteins in the MTR4
immunoprecipitate, indicating that NRDE2 inhibits
MTR4 interaction with both CBC and ZFC3H1 (Fig.
6A). These data are in linewith the notion thatNRDE2 in-
hibits MTR4 association with mRNAs and lncRNAs by
inhibiting its recruitment via CBC and ZFC3H1. Intrigu-
ingly, we found that the associations of MTR4 with
most exosome components were also apparently inhibit-
ed by NRDE2 overexpression and enhanced by its knock-
down (Fig. 6A). Note that no protein has been identified to
inhibit MTR4 interaction with the exosome. These al-
tered interactions with MTR4 in NRDE2-overexpressing
and knockdown cells were validated by immunoprecipita-
tion-Western data (Fig. 6B,C; Supplemental Fig. S8C). To-
gether, these data demonstrate that NRDE2 inhibits
MTR4 interactions with the exosome as well as its key re-
cruiters, CBC and ZFC3H1, providing mechanistic expla-
nation for its negative impacts on MTR4 recruitment and
RNA degradation (Fig. 6D).

NRDE2-mediated exosome negative regulation is
required for maintaining ESC pluripotency

To study whether the role of NRDE2 in negatively regu-
lating exosome is biologically relevant, we depleted
the NRDE2MID (residues 171–275 in mouse NRDE2;
Supplemental Fig. S9) using CRISPR–Cas9-based gene ed-
iting in mouse ESCs. Using two pairs of sgRNAs, we ob-
tained two ΔMID homogenous cells, in which either the

mNRDE2170–309 (ΔMID#1) or mNRDE2138–309 (ΔMID#2)
was deleted without disrupting the downstream reading
frame (Fig. 7A; Supplemental Figs. S9, S10). Interestingly,
homogenous MID depletion resulted in the loss of typical
ESC morphology and alkaline phosphatase (AP) staining
(Fig. 7B,C). In addition, their depletion also increased the
expression of lineage markers, such as Cdx2, Gata3,
Gata4, Gata6, and Fgf5, determined by RT-qPCRs (Fig.
7D). These results indicate that MID is required for main-
taining ESC self-renewal.

Discussion

The exosome has a central role in several aspects of RNA
biogenesis, including RNA maturation, degradation and
surveillance. Since its discovery,many cofactors and asso-
ciating proteins that facilitate exosome functions have
been identified (LaCava et al. 2005; Vaňáčová et al.
2005; Wyers et al. 2005; San Paolo et al. 2009; Shcherbik
et al. 2010; Lubas et al. 2011; Andersen et al. 2013; Hallais
et al. 2013). However, how this powerful machinery is
negatively regulated remains largely unknown. Our study
demonstrates that NRDE2 is a negative regulator of the
nuclear exosome (see model in Fig. 7E). We show that
NRDE2 forms a complex with MTR4 in nuclear speckles,
where it impedes MTR4 recruitment and exosome inter-
action, and thereby ensures the stability and nuclear ex-
port of mRNAs. In the absence of NRDE2 binding,
MTR4 is unlocked, binds on the RNAs and recruits the
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Figure 6. NRED2 disrupts MTR4 interactions with CBC, ZFC3H1 and the exosome. (A) Semiquantitative mass spec data revealed that
NRDE2 negatively impacts MTR4 interaction with the exosome, CBC and ZFC3H1. (B) Immunoprecipitation-Western data confirmed
that altered association of MTR4 with ZFC3H1 as well as CBC and exosome components. Immunoprecipitations using the MTR4 anti-
body were carried out from RNase A-treated HeLa cell lysates overexpressing Flag-eIF4AIII (Cntl) or Flag-NRDE2, followed by Western
blotting with indicated antibodies. The averaged ratios (n =3) of abundance of each protein present in MTR4 immunoprecipitate from
NRDE2-overexpressing versus Cntl cells are shown at the right. (C ) Same as (B), except that NRDE2 and Cntl knockdown cells were
used for immunoprecipitations. The averaged ratios (n=2) of abundance of each protein present in MTR4 immunoprecipitate from
NRDE2 knockdown versus Cntl cells are shown at the right. (D) Graphic displays that NRDE2 disrupts MTR4 interaction with the exo-
some as well as CBC and ZFC3H1 bound at the 5′ and 3′ end of the RNA.
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exosome, resulting in enhanced mRNA nuclear retention
and degradation.

Negative roles of NRDE2 in MTR4 recruitment
and exosomal degradation

MTR4 plays essential roles in all aspects of nuclear exo-
some functions by recognizing exosome target RNAs, re-
cruiting them to the exosome, and facilitating their
channeling into the exosome (LaCava et al. 2005;
Vaňáčová et al. 2005; Wyers et al. 2005; Houseley et al.
2006; Vasiljeva and Buratowski 2006; San Paolo et al.
2009; Shcherbik et al. 2010; Lubas et al. 2011; Andersen
et al. 2013; Hallais et al. 2013; Fan et al. 2017; Schuller
et al. 2018;Weicket al. 2018).Thus, blockingMTR4seems
to be an economic and efficientway to inhibit nuclear exo-
some functions. Our study here reveals that NRDE2 has a
two-layer inhibitory role in exosome functions (Seemodel
in Fig. 7E). On the one hand, NRDE2 binding inhibits
MTR4 interaction with CBC and ZFC3H1, both of which
are important for MTR4 recruitment (Meola et al. 2016),
resulting in reduced MTR4/exosome recruitment. On
the other hand, NRDE2 prevents MTR4 from interacting
with the exosome, further ensuring that even in the case
that MTR4 recruitment did occur, exosome cannot be re-
cruited for RNA degradation.

How could NRDE2 inhibit MTR4 interaction with
so many proteins? NRDE2MID occupies MTR4 residues/
interfaces critical for binding with other proteins (Falk
et al. 2014, 2017; Thoms et al. 2015). For example,

NRDE2 directly contact to the highly conserved MTR4
Arg658 that is required for MTR4 interaction with
NRDE2, ZCCHC8, Nop53, and Air2 (Falk et al. 2014;
Thoms et al. 2015). Furthermore, in the complex with
NRDE2, MTR4 is in an unusually closed conformation
that might be infeasible for binding with many proteins,
including the exosome. Based on the modeling of an exo-
some/MTR4/pre-60S super complex (Supplemental Fig.
S11A; Schuller et al. 2018), Rrp6 and Rrp47 form a helices
bundle that binds toMTR4 on both the Arch and the heli-
case core (Supplemental Fig. S11A). In the NRDE2-MTR4
complex, the closed MTR4 conformation would abolish
the interaction between MTR4 Arch domain and the
Rrp6/47 helices bundle, and thereby decrease MTR4 in-
teraction with the exosome (Supplemental Fig. S11B)
and pre-60S (Supplemental Fig. S12). Also, the closed
Arch domain would also apparently impede its interac-
tion with the preribosome due to obvious steric hindrance
(Supplemental Fig. S12; Schuller et al. 2018). In addition to
RRP6/47, MTR4 is also recruited to the exosome by
MPP6. Although based on the recently reported MTR4–
exosome structure (Weick et al. 2018), NRDE2MID itself
does not seem to interfere with the interaction of MPP6
(Supplemental Fig. S13), it is possible that the rest part
of NRDE2 (residues 1-162; 267-1164)might hinder this in-
teraction. Ski2 is the cytoplasmic counterpart of MTR4
that displays a similar structure (Anderson and Parker
1998; Halbach et al. 2012; Schmidt et al. 2016). It would
be interesting to investigate whether a NRDE2-like factor
negatively regulates the cytoplasmic exosome functions.
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Figure 7. MID depletion results in the loss of
self-renewal of mouse ESC. (A) Schematic illus-
tration of ΔMID mutants. (B) ESC morphology
of E14, ΔMID#1 and ΔMID#2 cells. (C ) AP stain-
ing of E14, ΔMID#1 and ΔMID#2 cells. (D) Line-
age marker expression in E14, ΔMID#1 and
ΔMID#2 cells. Relative expression levels of line-
age markers toGAPDHwere determined by RT-
qPCR. Error bars indicate standard deviation (n =
3). Statistical analysis was performed using Stu-
dent’s t-test. (∗) P <0.05; (∗∗) P <0.01; (∗∗∗) P<
0.001. (E) A model for NRDE2 negatively regu-
lates MTR4/exosome. See details in the text.
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NRDE2 ensures efficient nuclear mRNA export

Why do cells require a negative regulator of exosome
functions? Accumulating evidence suggests that the
competition between the nuclear export and the degrada-
tion machinery is important for sorting nascent RNAs
for export or degradation (Fan et al. 2017, 2018; Giaco-
metti et al. 2017; Silla et al. 2018). Newly transcribed
RNAs that have passed quality control in the nucleo-
plasm enter nuclear speckles to assemble into export-
competent mRNPs (Mor et al. 2016; Fan et al. 2018; Silla
et al. 2018; Wang et al. 2018). Considering that MTR4/
exosome are not excluded from nuclear speckles, local
mechanisms are needed to preclude MTR4 from compet-
ing with ALYREF for RNAs in these subnuclear do-
mains. Our data showing that NRDE2 is concentrated
in nuclear speckles and inhibits MTR4 recruitment sug-
gest that NRDE2 facilitates ALYREF recruitment and
mRNA export. In support of this view, depletion of
NRDE2 results in nuclear retention of one-sixth of
mRNAs.
We provide evidence that NRDE2-mediated exosome

negative regulation is of biological importance, as MID
depletion results in the loss of ESC self-renewal. How
NRDE2 ensures ESC self-renewal remains unknown.
Nevertheless, these data do support that the view that
NRDE2-mediated negative regulation of the exosome is
of significant biological importance.
A recent study reported that both NRDE2 and MTR4

negatively affects DNA damage responses in mammalian
cells (Richard et al. 2018), indicating that NRDE2 could
cooperate with MTR4 in some other biological processes
that are independent of CBC/ZFC3H1 and the exosome.
In line with this, similar to previous finding with
ZCCHC8 (Puno and Lima 2018) and Trf4/Air2 (Jia et al.
2012), NRDE2 binding enhances in vitro RNA-binding
properties and helicase activity of MTR4. How these pro-
teins, including NRDE2, enhanceMTR4 helicase activity
remains unknown. Based on the data thatNRDE2 enhanc-
es RNA binding affinity and helicase activity of MTR4 by
similar fold, we speculate that this might be due to en-
hanced RNA binding ability. Together with studies re-
ported by Puno and Lima (2018) and Jia et al. (2012), we
speculate that MTR4 alone exhibiting limited RNA bind-
ing ability might be due to the hindrance of the flexible
Arch domain. When in complex with ZCCHC8, Trf4/
Air2 or NRDE2, the Arch domain is positioned atmore fa-
vorable orientations for RNA binding. Further studies are
required to investigate this possibility.

Materials and methods

Plasmids and antibodies

To construct the expression plasmids of Flag-eIF4AIII, Flag-
MTR4, Flag-NRDE2FL, or fragments, the corresponding se-
quences were cloned into Flag-pHAGE. To construct HA-MTR4
and HA-SLBP, MTR4 and SLBP coding sequences were inserted
into Flag-pHAGEwith Flag replaced byHA. The deletion or point
mutation expression plasmids of MTR4 and NRDE2 were con-
structed by mutagenesis using the KOD-Plus-Mutagenesis Kit

(Takara). To construct Flag-GST-tagged NRDE2 fragments,
GSTwas first cloned into the p3xFlag plasmid, followed by inser-
tion of NRDE2 fragments. MTR471–1042, MTR4134–1042, and
NRDE2111–1164 were cloned into pFastBac HT A with or without
an N-terminal 6xHis-tag followed by a tobacco etch virus (TEV)
protease cleavage site. NRDE2MID was cloned into a modified
pET28a vector with an N-terminal 6xHis-SUMO-tag followed
by ubiquitin-like-specific protease 1 (Ulp1) protease cleavage
site.TogenerateCRISPR–Cas9plasmids for geneediting, sgRNAs
of target genes were synthesized, annealed, and ligated to the
pX330-mCherry plasmid.
The UAP56, CBP80, MTR4, MTR3, and ARS2 antibodies were

described previously (Chi et al. 2013; Fan et al. 2017). Primary an-
tibodies used for Western blotting included Flag (1:1000; Sigma-
Aldrich), HA (1:1000; Sigma-Aldrich), NRDE2 (1:500; Protein-
Tech), RRP6 (1:1000; Sigma-Aldrich), Tubulin (1:1000; Sigma-Al-
drich), ZFC3H1 (1:500; Novus), and ZCCHC8 (1:1000; Abcam).
Primary antibodies used for immunofluorescence, including
Nucleolin (1:200; Abcam), Flag (1:200; Sigma-Aldrich), and
SC35 (1:2000; Sigma-Aldrich), were purchased. The P-Ser5
RNAP II antibody (1:200; Abcam) used for ChIP was purchased.
The Digoxin (1:200; Roche) antibody used for FISH to detect the
endogenous C12orf57mRNAwas purchased. IgG was purchased
from Santa Cruz Biotechnology. Alexa Fluor 546- andAlexa Fluor
488-conjugated secondary antibodies were purchased from Life
Technologies.

Cell culture and transfection

HeLa and 293FT cells were cultured in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal bovine serum (FBS)
and penicillin/streptomycin. E14Tg2a (E14) cells were obtained
from the Core Facility for Stem Cell Research and cultured in
DMEMmedium supplementedwith 15%FBS, 1000U/mL leuke-
mia inhibitory factor (LIF), 3 µM CHIR99021, and 1 µM
PD0325901.
For siRNA transfection, HeLa cells seeded in six-well plate

were transfected with 1.625 pmol of siRNA per well using
lipofectamine RNAi Max (Invitrogen) following the manufactur-
er’s protocol. DNA transfection was performed using Lipofect-
amine 2000 (Invitrogen) following the manufacturer’s protocol.
The siRNA, shRNA, and sgRNA sequences are listed in Supple-
mental Table S2.

RNA extraction and RT-qPCR

Total RNA was extracted using TRI reagent (Sigma-Aldrich) and
treated with RNase-free RQ1 DNase I (Promega) to remove geno-
mic DNA. Random primer was used for reverse transcription by
M-MLV reverse transcriptase (Promega). Quantitative PCR was
carried out using SYBR qPCR Super Mix Plus (Novoprotein) ac-
cording to the manufacturer’s instruction. The primers used for
qPCR were listed in Supplemental Table S3.

Protein immunoprecipitations

Antibodies were covalently cross-linked to nProtein A Sepharose
(GE Healthcare) by dimethyl pimelimidate. Cells were lysed in
the lysis buffer (20 mM Tris at pH 7.4, 150 mM NaCl, 2 mM
EDTA at pH 8.0, 0.1% Triton, 1 mMDTT, 1 mM PMSF, protease
inhibitor [Roche]) and gently sonicated. The lysates were centri-
fuged and treated with RNase A for 20 min at 30°C, followed by
incubation with antibody-cross-linked beads overnight at 4°C.
The mixtures were washed with the lysis buffer six times, and
the proteins were eluted with SDS loading buffer.
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Immunofluorescence, FISH, and AP staining

Cells were fixedwith 4%PFA in 1× PBS for 15min, permeabilized
with 0.5% Triton in 1× PBS for 5 min, and then blocked in block-
ing buffer (2 mg/mL BSA, 0.1% Triton, 1× PBS). Cells were incu-
bated with the primary antibody diluted in blocking buffer for 1 h
at room temperature, followed by incubationwith the Alexa-546-
or Alexa-488-labeled second antibodies for 1 h andDAPI staining.
Cells were imaged by confocal microscope (Olympus FV1200).
FISH to detect polyARNAs using a high performance liquid chro-
matography-purified Alexa 548-conjugated oligo dT (70) probe
was performed as previously described (Chi et al. 2014).
To detect the endogenous mRNA with SC35 simultaneously,

HeLa cells were fixed with 3.6% formaldehyde plus 10% acetic
acid in PBS (pH 7.4) for 20 min, followed by three washes with
1× PBS and permeabilized with 1× PBS/0.1% Triton/2 mM
Vanadyl Ribonucleoside Complex (VRC) for 15 min. The cells
were incubated with specific probes that were labeled with
digoxin for 16 h at 50°C. After extensivewash, cells were incubat-
edwith the digoxin, and SC35 antibodieswere diluted in blocking
buffer (1× PBS, 0.1% Triton, 2 mg/mL BSA) for 1 h. After three
washes with 1× PBS and incubation with the Alexa-488-labeled
anti-sheep antibody for 1 h, the cells were washed with 1× PBS
three times and incubated with the Alexa-546-labeled anti-
mouse antibody for another 1 h, followed by DAPI staining and
three washes with 1× PBS.
For AP staining, ESCs were fixed with 4% paraformaldehyde

(PFA) for 10 min at room temperature, followed by staining
with Fast Red TR Salt 1,5-naphthalenedisulfonate salt kit
(Sigma-Aldrich) according to the manufacturer’s instruction.

Gel filtration

His-MTR471–1042 and untagged NRDE2111–1164 were co-
expressed in Sf9 insect cells and affinity purified using Chelating
Sepharose column (GE Healthcare) charged with Ni2+. The pro-
teins were further purified by a Mono Q (GE Healthcare) to re-
move free NRDE2111–1164. Finally, the protein was concentrated
and loaded onto a Superdex 200 10/300 gel-filtration column
(GE Healthcare) equilibrated with buffer containing 20 mM Tris
(pH 8.0), 150 mM NaCl, 1% (v/v) glycerol, and 1 mM TCEP.

MBP pull-downs

For each pull-down reaction, 8 μg ofMBP-tagged proteins and 8 μg
of His-tagged proteins were added to 20 μL of Amylose Resin
(New England BioLabs) in pull-down buffer (1× PBS, 0.1% Triton,
0.2mMPMSF, protease inhibitor). Themixture was rotated over-
night at 4°C, and, after three washes with the washing buffer (1×
PBS, 0.1% Triton, 0.2 mM PMSF), proteins were eluted with SDS
loading buffer. The samples were separated by SDS-PAGE fol-
lowed by Coomassie staining.

RIPs

For RIPs from Cntl and NRDE2 knockdown cells, cells were
transfected with siRNAs. Seventy-two hours after transfection,
cells were resuspended by NET-2 buffer (50 mM Tris at pH 7.4,
150 mM NaCl, 0.1% NP-40, 0.2 mM PMSF), followed by sonica-
tion and centrifugation. The lysates were incubated with MTR4
antibody for 2 h at 4°C, followed by rotation with nProtein A
Sepharose (GE Healthcare) for another 2 h at 4°C. The beads
were washed three times with the NET-2 buffer. The immuno-
precipitated RNA was extracted by TRI reagent (Sigma-Aldrich).

RNA-seq

For rRNA-depleted RNA-seq, RNA was isolated from nuclear
fractionwithTRI reagent (Sigma-Aldrich). Fourmicrogramsof to-
tal RNA was depleted with rRNA, and stranded cDNA libraries
were generated with TruSeq Stranded Total RNA Sample Prep
Kit (Illumina) according to the manufacturer’s instructions. For
MTR4 RIP-seq, stranded cDNA libraries were generated with
TruSeq Stranded Total RNA Sample Prep Kit (Illumina). RNA-
seq was performed on an Illumina HiSeq X Ten using a double-
read protocol of 300 cycles at Geneseeq, with a 150-nt run length.

Data analysis

RNA-seq and RIP-seq reads containing adaptors were trimmed
with cutadapt (Martin 2011) program, and reads <10 bp were dis-
carded. The remaining reads were then mapped to the human ge-
nome (hg19), including splicing junctions from GENCODE gene
annotation (v19) with STAR (Martin 2011). Reads mapping to
multiple independent genomic locations were assigned to the
most abundant biotype of the locations. Genome annotations
fromRefSeq and ENSEMBLwere downloaded from the UCSC ge-
nome browser website. For total RNA-seq, edgeR (Robinson et al.
2010) was used to identify differentially expressed genes. For nu-
clear RNA-seq, low abundance (CPM<1 between two replicates)
or predominantly cytoplasmic transcripts (CPM ratio of whole
cell/nuclear >3) were removed from the nuclear data set, and sig-
nificant changes (P <0.05 and fold change >1.5) that occur in total
RNA-seq were filtered out. Transcripts with at least 1.5-fold net
increase in nuclear abundance were considered nuclear retained.
Additionally, retained introns were analyzed by IRFounder (Mid-
dleton et al. 2017).

Nuclear fraction preparation

Nuclear fraction preparation was performed as previously de-
scribed (Fan et al. 2017). Briefly, cells were suspended in hypoton-
ic buffer (10 mM HEPES at pH 7.9, 1.5 mM MgCl2, 10 mM KCl,
0.2 mM PMSF, 0.5 mM DTT) and incubated for 10 min on ice.
The swollen cells were dounced followed by centrifugation. Re-
suspended the pellet slowly by 1/2 packed nuclear volume
(PNV) of low-salt buffer (20mMHEPES at pH 7.9, 1.5mMMgCl2,
20 mM KCl, 0.2 mM EDTA, 25% glycerol, 0.2 mM PMSF,
0.5 mM DTT). After that, added 1/2 PNV of high-salt buffer (20
mM HEPES at pH 7.9, 1.5 mM MgCl2, 1.4 M KCl, 0.2 mM
EDTA, 25% glycerol, 0.2 mM PMSF, 0.5 mMDTT) into the mix-
ture. The mixture was rotated for 30 min at 4°C followed by cen-
trifugation and the supernatant is the nuclear extract. Total
RNAs of nuclear extract were extracted by TRI reagent (Sigma-
Aldrich).

Crystallization, data collection, and structure determination

The purified NRDE2MID–MTR471–1042 complex or the apo-
MTR471–1042 protein was mixed with 1 mM ADP before crystal-
lization. All crystals were made by the hanging-drop vapor diffu-
sion method. The crystallization reservoir solution for
NRDE2MID–MTR471–1042 complex was 50 mM glycine (pH 9.0),
100 mM NaCl, and 33% (w/v) polyethylene glycol 300 (PEG
300), and for apo-MTR471–1042 was 15 mM Tris (pH 8.5) and
12% (w/v) PEG4000. Crystals were flash-frozen in liquid nitrogen
in a cryo-protectant made of the reservoir solution supplemented
with 25% ethylene glycol.
The diffraction data were collected at the Shanghai SSRF

BL19U1 beamline at 100K. The data were processed with
HKL3000 (Minor et al. 2006). The NRDE2MID–MTR471–1042
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complex structure was determined by molecular replacement
with Phaser (McCoy et al. 2007) using individual domains of yeast
MTR4 as the search model (Protein Data Bank [PDB] 4U4C).
The apo-MTR471–1042 structure was solved by molecular replace-
ment using individual domains of MTR4 in the NRDE2MID–

MTR471–1042 complex structure as the search models. Iterative
cycles of manual refitting and crystallographic refinement were
performed using COOT (Emsley et al. 2010) and Phenix (Adams
et al. 2002). The wwPDB Validation Service was used for the val-
idation of the crystal structure (https://validate-rcsb-2.wwpdb
.org). All figures for the molecular models were prepared using
the PyMOL program (https://www.pymol.org/2). Statistics of dif-
fraction data processing and structure refinement are shown in
Supplemental Table S1.

Semiquantitative MS

Proteins were tryptic digested before passing through the C18
column packed with 1.9umAqua C18 material (Phenomenex).
Peptides eluted from the LC column were directly electro-
sprayed into a Q-Exactive plus mass spectrometer (Thermo-
Fisher, San Jose, CA). MS scan functions and HPLC solvent
gradients were controlled by the Xcalibur data system (Thermo-
Fisher). All raw files were processed using Maxquant software
(version 1.5.3.30) (Beer et al. 2017) for feature detection, database
searching, and protein/peptide quantification. MS/MS spectra
were searched against the UniProtKB/Swiss-Prot human data-
base (containing 20,386 reviewed sequences). The minimum
peptide length was seven amino acids, and maximum peptide
mass was 4600 Da. The allowed missed cleavages for each pep-
tide was two. The second peptide search was activated to iden-
tify coeluting and cofragmented peptides from one MS/MS
spectrum. Both peptides and proteins were filtered with a max-
imum FDR of 0.01. LFQ calculations were performed separately
in each parameter group. Both unique and razor peptides were
selected for protein quantification. Other unmentioned parame-
ters were the default settings of the Maxquant software (Beer
et al. 2017).

Electrophoretic mobility shift assay (EMSA)

Various concentrations of protein were incubated individually
with the RNAs for 30 min on ice in the protein buffer (20 mM
Tris at pH 8.0, 150 mM NaCl, 1% [v/v] glycerol, 1 mM TCEP)
containing 8mMMgCl2, 4 U RNase inhibitor, and AMPPNP. Af-
ter incubation, protein-bound and free RNA were separated by
electrophoresis on nondenaturing 5% polyacrylamide gels
(29:1) with TBE running buffer. Fluorescein-labeled RNA was
detected by FluorChemM System (ProteinSimple). The sequenc-
es of the RNAs used for EMSA were listed in Supplemental
Table S4.

Gel-shift helicase assay

Gel-shift helicase assay was carried out as described (Puno and
Lima 2018). Briefly, RNA duplexes were prepared from oligonu-
cleotide (Integrated DNA Technologies) in annealing buffer con-
taining 20 mM Tris (pH 7.0) and 100 mM potassium acetate.
Proteins were individually incubated with RNA duplexes in the
protein dialysis buffer (20 mM Tris at pH 8.0, 150 mM NaCl,
1% [v/v] glycerol, 1 mM TCEP) for 5 min at 30°C. Unwinding re-
action was initiated by adding 2 mMATP (pH 7.0), 2 mMMgCl2,
and 400 nM DNA capture strand. Unwinding reaction was
stopped using 0.5% SDS, 5 mM EDTA, and 10% glycerol.
RNAs were separated by electrophoresis on 5% polyacrylamide

gels (29:1) with TBE running buffer. The oligonucleotides used
for helicase assay are listed in Supplemental Table S4.

Accession numbers

The accession numbers for the structure reported in this study are
PDB 6IEH and 6IEG. All sequencing data have been deposited to
the Gene Expression Omnibus as GSE120206.
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