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ABSTRACT

Recent in vitro reconstitution analyses have proven
that the physical interaction between the exosome
core and MTR4 helicase, which promotes the exo-
some activity, is maintained by either MPP6 or RRP6.
However, knowledge regarding the function of MPP6
with respect to in vivo exosome activity remains
scarce. Here, we demonstrate a facilitative function
of MPP6 that composes a specific part of MTR4-
dependent substrate decay by the human exosome.
Using RNA polymerase II-transcribed poly(A)+ sub-
strate accumulation as an indicator of a perturbed
exosome, we found functional redundancy between
RRP6 and MPP6 in the decay of these poly(A)+

transcripts. MTR4 binding to the exosome core via
MPP6 was essential for MPP6 to exert its redun-
dancy with RRP6. However, at least for the decay
of our identified exosome substrates, MTR4 recruit-
ment by MPP6 was not functionally equivalent to re-
cruitment by RRP6. Genome-wide classification of
substrates based on their sensitivity to each exo-
some component revealed that MPP6 deals with a
specific range of substrates and highlights the im-
portance of MTR4 for their decay. Considering recent
findings of competitive binding to the exosome be-
tween auxiliary complexes, our results suggest that
the MPP6-incorporated MTR4-exosome complex is
one of the multiple alternative complexes rather than
the prevailing one.
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INTRODUCTION

Transcription from eukaryotic genomes is pervasive and
generates not only classical protein-coding mRNAs and
stable, functional noncoding RNAs, but also short-lived
transcripts. These have been shown to functionally regu-
late a variety of cellular processes, including antisense RNA
transcriptional promotion, chromatin regulation, DNA
break repair, controlling cell-fate decisions and pluripo-
tency (1–4). Moreover, degradation activities that pro-
mote proper RNA processing and rapidly target short-lived
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RNAs are essential for the accurate expression of genomic
information and involve multiple types of nuclease (3–7).
Of these, the exosome is an essential and highly conserved
multimeric 3’-5’ exonuclease complex responsible for vari-
ous nucleolytic processes (4,6,8). The exosome’s enzymati-
cally inactive ‘core’ is a barrel-shaped structure consisting of
nine components, six of which––referred to as RNase PH-
like proteins––form a hexameric ring. The remaining three
S1/KH domain-containing proteins bind to the top of this
ring to form a central channel structure (9–12).

The catalytic nuclease itself binds to the PH-like domain
at the bottom of the barrel via a cysteine-rich motif in its
N-terminal domain (13–20). In yeast (Saccharomyces cere-
visiae), Rrp44p binds to the core both in the nucleus and in
the cytoplasm, while in humans, DIS3 binds in the nucleus
and DIS3L1 in the cytoplasm (19,20). DIS3 and DIS3L1
are homologues of Rrp44p, an enzyme capable of both
processive exonuclease activity derived from its C-terminal
RNase II/R (RNB) domain and endonuclease activity ex-
hibited by its N-terminal PilT N-terminal (PIN) domain
(12,14,19–21). These two activities function cooperatively in
vivo, and in yeast this can lead to synthetic growth defects
caused by mutations that inactivate both activities (14,15).
In the cytoplasm of human cells, another Rrp44p homo-
logue, DIS3L2, also exists, but it lacks the PIN domain and
does not bind to the exosome (22–24). In addition to these
Rrp44p homologues, another nuclease––known as Rrp6p
in yeast and RRP6 in humans––is a distributive exonucle-
ase belonging to the RNase D family, and binds to the core
in the nucleus in both species (25–27). RRP6 interacts with
the core via its C-terminal region, while its N-terminus is
coordinated on the S1/KH cap of the core, opposite to the
position of DIS3 within the complex (28–31).

In S. cerevisiae, a relatively broad range of substrates
has been observed for both Rrp44p and Rrp6p, as well
as synthetic lethality for rrp6Δ and rrp44exo-, suggesting
that these molecules act on common substrates (10,32). In
humans, DIS3 is excluded from the nucleolus and is dis-
tributed in the nucleoplasm, while RRP6 is enriched in
the nucleolus (19,33). Furthermore, DIS3 is responsible for
most of the nucleoplasmic substrate degradation by the ex-
osome, whereas the involvement of RRP6 has been proven
only for a limited number of substrates such as for rRNA
and snoRNA processing (34–37).

The broad substrate specificity of the exosome is achieved
not only by compartment-specific nucleases but also by var-
ious cofactors (4,6,8). In various nucleolytic processes in the
cytoplasm, including RNA turnover, surveillance, and in-
terference, the Ski2–Ski3–Ski8 (Ski) complex is known to
function with the core (38). In S. cerevisiae, the Trf4/5-
Air1/2-Mtr4 polyadenylation (TRAMP) complex is in-
volved in a wide range of nuclear substrate degradation (39–
45), while in humans, reflecting a greater diversity of sub-
strates, two additional complexes known as NEXT (nuclear
exosome targeting) and PAXT [poly(A) tail exosome target-
ing] have also been identified as nuclear cofactors (46,47).
The human TRAMP complex has been shown to be en-
riched in the nucleolus and is involved in the clearance of
5’ ETS during rRNA processing and the decay of telom-
erase RNAs (hTRs) (48–52). The continuous addition of
adenines to the 3’ end of either the 5’ ETS or hTRs by

PAPD5 in TRAMP is essential for these processes. PAPD5
(also known as TRF4-2 and TENT4B) is described as a
‘non-canonical’ poly(A) polymerase (PAP), in contrast to
canonical PAPs such as PAPOLA and PAPOLG (PAP A
and PAP G), which function in adenylation coupled tran-
scription termination mediated by polyadenylation signals
(PAS) embedded in transcripts (53–57). Relative to canoni-
cal PAPs, the tailing of transcripts by PAPD5 is more prone
to incorporate guanosines as well as adenines (58).

In the human nucleoplasm, the degradation of
molecules with an unprotected 3’ end, such as pro-
moter upstream transcripts/upstream antisense RNAs
(PROMPTs/uaRNAs), bidirectional enhancer RNAs
(eRNAs), hTRs, spliced introns and intron-encoded snoR-
NAs, is carried out soon after transcription by NEXT,
which contains a zinc-finger protein, ZCCHC8, as well
as RNA-binding motif protein 7 (RBM7), which has an
affinity for polypyrimidines (46,59–63). On the other hand,
nucleoplasmic degradation of molecules whose 3’ ends
have been processed and polyadenylated by canonical
PAPs is carried out by the PAXT complex, which contains
ZFC3H1, a zinc-finger protein, and PABPN1, which has
an affinity for polyadenines (47,64–68). An analogous
poly(A)+ tail-mediated decay system has also been found in
Schizosaccharomyces pombe (69–72). The polyadenylated
forms of PROMPTs, eRNAs and variant snRNAs, prod-
ucts of premature cleavage and polyadenylation/intronic
polyadenylation (PCPA/IPA), subsets of pre-mRNAs, and
relatively long noncoding RNAs such as snoRNA host
gene (SNHG)-derived molecules, have been identified as
substrates for this pathway in humans (65–68,73–81). In
addition, it has been observed that these substrates have
longer poly(A)+ tails than exosome-insensitive poly(A)+

transcripts when stabilized under exosome-inhibited con-
ditions (66). It is also known that PAXT tethers stabilized
substrate molecules within distinct domains of the nucleus
to achieve efficient transcript silencing (82,83). In these
domains, ZC3H3 and RBM26/RBM27 have been recently
identified as novel PAXT-composing candidates (84).
Although such distinctive characteristics can be captured
for substrates specific to NEXT or PAXT, the sensitivity of
a substrate to cofactors is not always mutually exclusive. As
seen in PROMPT degradation, when a substrate bypasses
the NEXT pathway, the downstream PAS is sometimes
utilized and molecules that acquire a poly(A)+ tail are
subsequently degraded by PAXT (85). Perhaps reflecting
the complexity in substrate sensitivity to cofactors, many
substrates identified as targets of the nuclear exosome show
ambiguous sensitivity to cofactors, despite the presence of
a poly(A)+ tail at their 3’ ends (86,87).

MTR4, an RNA helicase, is a common component found
in many nuclear cofactors, including NEXT, PAXT and
TRAMP (46,47,49,88,89). MTR4 competes with RNA
maturation/export factors for binding to the cap-binding
complex (CBC) at the 5’ end of RNAs and thereby
determines whether transcripts are matured or decayed
(79,86,90–93). NRDE2, a protein enriched in nuclear speck-
les, inhibits MTR4 recruitment onto transcripts and neg-
atively regulates exosome function by binding to MTR4,
which inhibits its interactions with the CBC and the exo-
some (94). Competition for binding to MTR4 is also ob-
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served among RNA decay cofactors (95,96). Hence, de-
pending on the complex it forms, MTR4 plays a pivotal role
in determining the fate of RNA.

Recent detailed structural analyses have revealed how
MTR4 is recruited to the top of the core barrel––i.e.
the S1/KH domain side of the exosome. The N-terminal
PMC2NT domain of RRP6, located at the upper S1/KH
cap, binds to cofactor C1D and provides a binding sur-
face for the N-terminus of MTR4 (97,98). Furthermore,
MPP6 (also known as MHOPSPH6), a cofactor whose in-
ternal region interacts with the S1/KH domain, binds to
the RecA domains of MTR4 at its N-terminus (99–102).
The interaction surface of MTR4 with MPP6 overlaps with
ZCCHC8 in the NEXT complex, and competition is antic-
ipated between the formation of MPP6-incorporating and
NEXT-binding exosomes (103). Detailed in vitro reconsti-
tution experiments have suggested that both MPP6-bound
and RRP6-bound MTR4 support substrate decay by DIS3,
which is located on the opposite side of the MTR4-binding
surface, at the bottom PH domain of the core, as well as
substrate decay by RRP6 (99–102).

Despite vigorous in vitro analyses of the functional sig-
nificance of MPP6 in supporting MTR4-core binding, in
vivo evidence for this is quite limited. MPP6 was first iden-
tified in humans as an exosome cofactor that is essential
for rRNA processing and has subsequently been reported
to function in degrading a wide range of nuclear substrates
in yeast (33,104). In S. cerevisiae, mpp6Δ exhibits syn-
thetic lethality with a deletion of either RRP6 or RRP47,
a C1D homologue whose protein expression is interdepen-
dent with Rrp6p; this reflects the functional redundancy
between Mpp6p and Rrp6p (33,97,104–106). It has been
also reported that yeast Mpp6p promotes degradation by
Rrp44p, but not by Rrp6p, of transcripts whose transcrip-
tion has been terminated by the Nrd1p-Nab3p-Sen1p com-
plex (44,45,107). This indicates that Mpp6p differs in its ex-
tent of contribution to Rrp44p and Rrp6p functions. The
N-terminal deletion of Mpp6p, which prevents it from bind-
ing to Mtr4p, in combination with rrp6Δ, resulted in syn-
thetic lethality of yeast cells, thereby suggesting that Mpp6p
has physiological importance involved in maintaining inter-
actions between Mtr4p and the core (100). However, to date,
we do not yet understand the range of substrates handled by
MPP6, the determinants of its substrate specificity, or the
functional differences between the MPP6-mediated MTR4-
core complex and complexes sustained by RRP6, especially
in humans. Furthermore, it is also unclear to what extent the
synthetic lethality of rrp6Δ and mpp6Δ observed in yeast re-
flects their Mtr4p-core supporting abilities, since Rrp6p is
a nuclease as well as a bridge molecule between Mtr4p and
the core.

In this paper, we demonstrated that MPP6, through its
binding to MTR4, facilitates the degradation of a certain
class of poly(A)+ substrates by RRP6 and DIS3 in the hu-
man nucleus. Rather than functioning on whole exosome
substrates, MPP6 acts on a limited subset of substrates
with specific features, including transcripts with lower ex-
tractability emerging from short transcription units and
higher sensitivity to the PAXT cofactor rather than the
NEXT. In addition, MPP6 seems essential for the decay of

these substrates by DIS3 even in situations where a sub-
stantial interaction between MTR4 and the exosome core
is maintained by RRP6. Our findings provide important in-
sight into the mechanisms by which MPP6 influences the
substrate specificity of the in vivo exosome complex by reg-
ulating the mechanism of MTR4 recruitment and the type
of cofactors it binds.

MATERIALS AND METHODS

Reagents and antibodies

Primers, siRNAs, oligoprobes, expression plasmids and
antibodies used in this study are described in Supple-
mentary Table S1. Plasmid construction was basically
performed as follows: Fragments containing genes of
interest were obtained by PCR amplification using the
human cDNA library as a template. Amplified fragments
digested with adequate restriction enzymes were ligated
with expression vectors indicated in Supplementary Table
S1. pcDNA5/FRT/TO/FLAG vector was generated by
ligation of the fragment of 3xFLAG Coding Sequence
(CDS), which was amplified from p3xFLAG-CMV-10
(MilliporeSigma, Burlington, MA) by PCR and digested
by HindIII, with pcDNA5/FRT/TO (Thermo Fisher Sci-
entific, Waltham, MA) using a HindIII site. To construct
pcDNA5/FRT/TO/RRP41-FLAG expressing vectors,
3xFLAG CDS cut out from pcDNA5/FRT/TO/FLAG
using HindIII restriction sites was first ligated with the
HindIII digested pCMV-Tag4 a (Agilent Technologies,
Santa Clara, CA), and using this vector as a template,
PCR to add a stop codon at 3’ end of 3xFLAG CDS was
performed. Resulting 3xFLAG CDS fragment (digested
by EcoRI and XhoI) and PCR amplified RRP41 CDS
fragment (digested by KpnI and EcoRI) were ligated
into KpnI and XhoI digested pcDNA5/FRT/TO. For
generating pcDNA5/FRT/TO/EGFP-DIS3 expressing
vectors, DIS3 CDS was first inserted into BglII and SalI
digested pEGFP-C1 using BamHI and XhoI restriction
sites then PCR amplified EGFP-DIS3 CDS was inserted
into HindIII and XhoI digested pcDNA5/FRT/TO using
In-Fusion HD Cloning Kit (Takara Bio Inc., Shiga, Japan).
All the constructs obtained were verified by sequencing.

Animal experiments to obtain antisera were performed
according to the guidelines of Animal Committee at Kyoto
University (permission number: Lif-K14004).

Cell culture and cell lines

U2OS, HeLa, A549, MCF7 and their derivative cell
lines expressing recombinant proteins were maintained
in Dulbecco’s modified Eagle’s medium (DMEM, FUJI-
FILM Wako Pure Chemical Corporation, Osaka, Japan)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) at 37◦C in a humidified chamber (5% CO2). Plas-
mid and siRNA transfections were performed using Lipo-
fectamine 2000 according to the manufacturer’s protocol
(Thermo Fisher Scientific). Experiments were basically per-
formed at 72 h post-transfection, and modifications are
noted in the figure captions.
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Flp-In T-REx cell lines stably expressing each
gene of interest were established by transfecting both
pcDNA5/FRT/TO vector containing each CDS of interest
and pOG44 (Thermo Fisher Scientific). Transfected cells
were selected in DMEM containing 100 �g/ml Hygromycin
B (FUJIFILM Wako Pure Chemical Corporation) to ob-
tain resistant clones. To obtain the EGFP expressing
HeLa Flp-In T-REx cell line, pEGFP-C1 transfected cells
were selected in media containing 10 �g/ml Puromycin
(InvivoGen, San Diego, CA).

Doxycycline (dox, MilliporeSigma) was supplemented to
DMEM at a concentration of 1000 ng/ml to induce the ex-
pression of each gene of interest in Flp-In T-REx cells. In
rescue experiments combined with siRNA transfection, dox
was added at 6 h after transfection, except for the rescue
experiments with expressed FLAG-RRP6, dox was supple-
mented 48 h before siRNA transfection, removed during
transfection and supplemented again 6 h after transfection.

Leptomycin B (Cayman Chemical, Ann Arbor, MI) was
supplemented at a concentration of 10 ng/ml into the
medium and cells were cultured in it for 10 h prior to fix-
ation.

Immunofluorescence staining and poly(A)+ RNA fluores-
cence in situ hybridization

Cells cultured on glass coverslips were fixed with 10%
formaldehyde in PBS at room temperature for 20 min and
permeabilized in PBS containing 0.1% Triton X-100 at
room temperature for 10 min. Cells were then washed three
times with PBS for 10 min each and blocked with 6% bovine
serum albumin (BSA) in PBS at room temperature for 1
h. Samples were incubated with primary antibodies in PBS
containing 1% BSA overnight at 4◦C in a humidified cham-
ber, washed three times with PBS for 10 min each, and sub-
sequently incubated with secondary antibodies conjugated
with either Alexa-488, Alexa-594 or Alexa-405 diluted in
PBS containing 1% BSA. Stained samples were briefly fixed
with 4% formaldehyde dissolved in PBS for 10 min at room
temperature, washed with PBS, and subjected to the follow-
ing procedure.

Poly(A)+ RNA fluorescence in situ hybridization
[poly(A)+ FISH] was performed as previously described
(108). For beta-globin mRNA detection simultaneously
with poly(A)+ RNAs, in situ hybridization using a specific
DNA oligoprobe labeled with Alexa-594 was performed
as previously (109), and followed by the poly(A)+ FISH
procedure. Sequences of oligoprobes used for in situ
hybridization are provided in Supplementary Table S1.
Chromosomal DNA was stained with 4’,6-diamidino-2-
phenylindole (DAPI, Thermo Fisher Scientific).

Fluorescence images were obtained with FV10i (Olym-
pus, Tokyo, Japan), a laser scanning confocal microscopy,
using the ×60 objective lens. Segmentation of the nu-
clei and the cytoplasm and subsequent quantification of
poly(A)+ RNA signals was performed using the CellProfiler
software v3.1.5 (110). Classification of the cells based on the
fluorescent signals from FLAG-staining was carried out by
the CellProfiler Analyst v2.2.1 (111) using a Random For-
est Classifier. Line Plot analysis was performed using FV10-
ASW v4.1 software (Olympus).

Total RNA isolation, reverse transcription and real-time PCR

Total RNAs were extracted with Sepasol-RNA I Super G
(Nacalai Tesque, Kyoto, Japan) according to the manu-
facturer’s protocol with a modification in the extraction
step. The modification is as follows. Cells (∼2 × 106) were
trypsinized, collected by centrifugation and washed with
PBS. 250 �l of Sepasol-RNA I Super G was added and
the extraction cycle of the 30-s incubation at 55◦C fol-
lowed by the 30-s vortexing was repeated 10 times. Ex-
tracted RNAs were treated with RNase-free RQ DNase I
(Promega, Madison, WI) and extracted by citrate-buffered
phenol/chloroform/isoamyl alcohol and ethanol precipi-
tated. 250 ng of DNase I treated total RNAs mixed with 25
pmol dT25 primer were incubated at 65◦C for 5 min and then
cooled on ice. To this mixture, reverse transcription was per-
formed by the steps of 23◦C for 10 min, 55◦C for 60 min and
75◦C for 15 min, using Superscript III (Thermo Fisher Sci-
entific). Random9 primed cDNA synthesis was performed
using ReverTraAce (TOYOBO, Osaka, Japan) according to
the manufacturer’s instructions. Real-time PCR was per-
formed with TB Green Premix Ex Taq II (Tli RNaseH Plus)
(Takara Bio Inc.) and analyzed by Thermal Cycler Dice real
time system II (Takara Bio Inc.). Primer sets and real-time
PCR conditions are described in Supplementary Table S1.

Immunoblotting of cytoplasmic and nuclear extracts

Cell extracts were prepared based on the method described
previously (112). Cells were washed with PBS, digested with
trypsin and collected by centrifugation. Packed cell vol-
ume (PCV) was estimated. Cell pellets were suspended care-
fully in ×5 PCV volume of solution A (10 mM HEPES–
KOH at pH, 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.2 mM
PMSF and 0.5 mM DTT) and immediately centrifuged at
100 × g for 10 min. After removing the supernatant, cell
pellets were suspended again carefully in ×3 PCV volume
of solution A and incubated on ice for 10 min. Suspended
cells were homogenized by 10-s vortexing, and centrifuged
at 1500 × g for 10 min. The supernatant was removed and
stored as the cytoplasmic extract. Nuclei pellets were resus-
pended in ×1/2 PCV volume of Low Salt buffer (20 mM
HEPES–KOH at pH 7.9, 1.5 mM MgCl2, 20 mM KCl,
0.2 mM EDTA, 25% glycerol, 0.2 mM PMSF and 0.5 mM
DTT) and ×1/2 PCV volume of High Salt buffer (20 mM
HEPES–KOH at pH 7.9, 1.5 mM MgCl2, 1.4 M KCl, 0.2
mM EDTA, 25% glycerol, 0.2 mM PMSF and 0.5 mM
DTT) was then added. Samples were rotated at 4◦C for 30
min and centrifuged to obtain the supernatant nuclear ex-
tract. The total protein concentration in the cytoplasmic
and the nuclear extract was determined by the Bradford as-
say (Nacalai Tesque).

Protein samples were mixed with 4× SDS sample buffer
(190 mM Tris–HCl at pH 6.8, 40% glycerol, 0.8% SDS,
0.2% bromophenol blue, 40 mM DTT) and boiled for 2
min. Denatured samples were separated by SDS-PAGE and
electro-transferred onto PVDF membrane using Trans-Blot
Turbo System (Bio-Rad, Hercules, CA). The blotted mem-
branes were blocked with 5% skim milk dissolved in PBS
containing 0.1% Tween-20 (PBS-T) at room temperature
for 1 h, rinsed with PBS-T and incubated with the pri-
mary antibodies at 4◦C overnight, with gentle rotation. The
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membranes were washed three times with PBS-T for 10
min each and then incubated with HRP conjugated sec-
ondary antibodies at room temperature for 90 min, rotat-
ing, followed by three washes with PBS-T for 10 min each.
PVDF membranes were developed with chemiluminescence
reagent (MilliporeSigma) and detected with LAS 4000 mini
(GE Healthcare Bioscience, Piscataway, NJ). ACTIN and
GAPDH were used as loading controls. Quantification was
performed using Image J v1.53a (National Institutes of
Health).

Immunoprecipitation

Immunoprecipitations were performed as previously de-
scribed (113). Briefly, nuclear extract of 150–200 �g was
mixed with a 2-fold volume of Nuclear Extract dilu-
tion buffer (20 mM HEPES–KOH at pH 7.9, 0.2 mM
EDTA, 20% glycerol, 0.1% Triton X-100, 0.2 mM PMSF,
0.5 mM DTT). Diluted extracts were mixed with 5 �l
antibody-conjugated beads, rotated continuously at 4◦C
overnight. The beads were washed four times with PBS
containing 0.1% Triton X-100, 0.2 mM PMSF and 0.5
mM DTT, eluted with 4× SDS sample buffer and boiled
for 2 min. Immunoblotting was performed as described
above.

Pulldown assay

Recombinant glutathione S-transferase (GST) fusion pro-
teins were produced in Escherichia coli and purified with
glutathione beads as described previously (113). Briefly, nu-
clear extracts diluted in PBS containing 0.1% Triton X-
100, 0.2 mM PMSF and 0.5 mM DTT were preincubated
with GST beads to remove proteins that interact with GST,
and then reacted with GST fusion protein-bound beads for
3 h at 4◦C, with gentle rotation. The beads were washed
four times with PBS containing 0.1% Triton X-100, 0.2 mM
PMSF, 0.5 mM DTT, eluted with 4× SDS sample buffer
and boiled for 2 min. Immunoblotting was performed as
described above.

Prediction of secondary structures and alignment of MPP6

Secondary structure prediction of MPP6 was performed
using a web tool, PSIPRED v4.0 (114), using human
MPP6 sequence (NP 005783.2) as an input. Align-
ment of MPP6 homolog sequences among multiple
species was performed with Multalin v5.4.1 (115), using
MPP6 sequences from Homo sapiens (NP 005783.2),
Xenopus tropicalis (NP 001016703.1), Drosophila
melanogaster (NP 001286116.1), Saccharomyces cere-
visiae (NP 014421.3) and Schizosaccharomyces pombe
(NP 593967.1) as inputs.

Preparation of nuclear RNA samples for Next-Generation
Sequencing

To prepare Next-Generation Sequencing (NGS) samples,
HeLa cells transfected with the siRNA of interest were
trypsinized and split into a 10 cm dish as well as on a cov-

erslip in a 12-well dish at 6 h post-transfection. At 72 h
post-transfection, cells on the coverslip were fixed and sub-
jected to in situ hybridization as described above. Simulta-
neously, cells in the 10 cm dish were collected by trypsiniza-
tion, washed with PBS and divided into two samples. One
of the samples was subjected to the nuclear extract prepa-
ration as described above to check the knockdown effi-
ciency. The other sample was incubated with 250 �l ice-
cold Nonidet P-40 (NP-40) containing buffer [50 mM Tris–
Cl at pH 8.0, 100 mM NaCl, 5 mM MgCl2, 0.5% NP-40,
1 mM DTT, 20 units/ml Recombinant RNase Inhibitor
(Takara Bio Inc.)] on ice for 5 min and centrifuged at 4◦C, at
300 × g for 5 min. The supernatant was carefully removed
and preserved as the cytoplasmic fraction protein sample.
Nuclei pellets were resuspended in 250 �l ice-cold NP-40
containing buffer and 50 �l of the suspension was trans-
ferred to another tube and preserved as the nuclear fraction
protein sample. Cytoplasmic and nuclear protein samples
from equal numbers of cells were denatured by 4× SDS
sample buffer and subjected to immunoblot analysis. Nu-
clei were collected by centrifugation at 4◦C, at 300 × g for
5 min and suspended in 250 �l Sepasol-RNA I Super G.
RNAs were extracted according to the manufacturer’s pro-
tocol with a modification in the extraction step. The ex-
traction step of the sonication-employing method (sonic-
method) was carried out by repeating 20 cycles of sonica-
tion at 50% output for 1 s and standing still for 1 s using
a Q125 sonicator (Qsonica, Newtown, CT), followed by 10
times repeated cycles of the incubation at 55◦C for 30 s and
vortexing for 30 s. The extraction step of the hot-phenol
method (hp-method) without sonication was performed as
described above. Control KD and RRP6/DIS3 KD sam-
ples were prepared in duplicate amounts to provide samples
from both the hp-method and the sonic-method. Extracted
RNAs were DNase I treated and extracted again by citrate-
buffered phenol/chloroform/isoamyl alcohol and ethanol
precipitated.

NGS library preparation and sequencing

Samples were prepared in two biological replicates. Nu-
clear total RNAs prepared as indicated above were an-
alyzed by Agilent 2100 Bioanalyzer (Agilent Technolo-
gies) using Agilent RNA 6000 Nano kit (Agilent Technolo-
gies). To 10 �l of 50 ng/�l total nuclear RNA, 1 �l of
1:100 diluted ERCC Spike-in Control (Thermo Fisher Sci-
entific) was added. cDNA libraries with barcoding were
generated using QuantSeq 3’mRNA-Seq Library Prep Kit
(FWD) (LEXOGEN, Vienna, Austria) according to the
manufacturer’s instructions. Generated libraries were an-
alyzed by Agilent 2100 Bioanalyzer using High sensitiv-
ity DNA kit (Agilent Technologies) and also quantified
by qPCRs. We mixed 3 nM of each library, and this
pooled library (containing 18 samples in total) was 150
nucleotide pair-end sequenced on a Hiseq2500 (Illumina
inc., San Diego, CA) at GENEWIZ (South Plainfield, NJ)
to yield 149.605 Gbases (498,683,027 reads) in total. Ob-
tained sequences were demultiplexed based on the index
information. Sequence data have been deposited at GEO:
GSE184274.
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Sequence quality control and mapping

Sequences were trimmed using TrimGalore v0.6.5 (https:
//doi.org/10.5281/zenodo.5127899) to remove low-quality
base calls from the 3’end of the reads, to detect and remove
i7 index (AGATCGGAAGAGC) and to discard trimmed
reads shorter than 20 bases. Remaining R1 reads were
mapped to the ERCC sequence combined GRCh37.75 as
single-end reads, using STAR aligner v2.5.3a (116) with op-
tions of –outFilterType BySJout –outFilterMultimapNmax
1, to generate bam files. Bam files were indexed using sam-
tools v1.3.1 (117).

Read count and differential expression analysis

Mapped reads were counted by HTseq htseq-count v0.9.5
(118) with options of -m intersection-nonempty -s yes -f
bam –r pos (feature type to count: default, exon), and the
genome annotation for GRCh37.75 from ENSEMBL com-
bined with the ERCC spike-in annotation from Thermo
Fisher Scientific. After the cut-off filter of at least 10 reads in
total across all samples to each gene, read counts from each
replicate were separately subjected to the subsequent anal-
yses using DESeq2 v1.24.0 (119). Regularized log trans-
form (rlog) counts, normalized using ERCC counts as a
control, were subjected to the principal component analy-
sis (PCA). Raw counts were used as input counts for DE-
Seq2 differential expression analysis. Genes with adjusted
P-value <0.05 and log2 FC >0.85 were filtered as genes
with a significant upregulation. Data visualization was per-
formed with ggplot2 (120) in R software [R Development
Core Team (2020) R: A Language and Environment for Sta-
tistical Computing. R Found. Stat. Comput.]. SparK v2.6.2
(121) visualized mapped reads within the genome region of
interest using bedgraphs generated from bam files by deep-
tools v3.4.3 (122).

Reanalysis of CLIP data

DIS3 PAR-CLIP data (37) and RRP6 iCLIP data (36) were
obtained from GEO: GSE64332 and GSE120574, respec-
tively. RRP6 bigwig files were converted into bedgraphs and
liftovered to hg19. Obtained bedgraphs and genome anno-
tation for GRCh37.75 from ENSEMBL were used as the in-
puts for ChIPseeker (123), an R package, to annotate CLIP
peaks. Peak scores overlapping the annotated genes were
summed by gene [regions annotated as 5’ UTR, 3’UTR,
exon, intron and downstream (≤300 bp) were analyzed] to
be compared between the exosome substrates and the non-
substrates.

In vitro DIG-labeled probe synthesis

Specific probes to detectRNVU1-14, RNVU1-20 and
RPL27A were synthesized by in vitro transcription using T7
RNA polymerase (Takara Bio Inc.) and DIG RNA label-
ing mix (MilliporeSigma). T7 promoter-attached templates
of RNVU1-14 and RPL27A were amplified by PCR from
cDNA of RRP45 depleted HeLa cells and sequenced. T7 at-

tached RNVU1-20 template was amplified from RNVU1-20
gene cloned in pcDNA5/FRT/IRES-dsRed vector. DNA
templates were purified using DNA Clean & Concentrator-
25 columns (Zymo Research, Irvine, CA). Synthesized la-
beled probes were purified using NucleoSpin RNA Clean-
up XS columns (Takara Bio Inc.).

Specific RNA fluorescence in situ hybridization

Fixed and permeabilized cells were prepared as described
for poly(A)+ RNA FISH samples in the above section. Spe-
cific RNA FISH experiments were conducted following the
procedure previously described, except that we used the
tyramide signal amplification to detect hybridized DIG-
labeled probes (124). The detection of hybridized DIG-
labeled probes was conducted as follows; samples were
rinsed once with PBS, blocked with 6% BSA in PBS at room
temperature for one hour and incubated with mouse mon-
oclonal antibody against DIG in PBS containing 1% BSA
at room temperature for 3 h. Then, samples were washed
three times with PBS for 10 min each and subsequently in-
cubated with secondary antibodies conjugated with HRP
diluted in PBS containing 1% BSA. After washing twice
with PBS, samples were washed once with 100 mM Tris–
HCl buffer at pH 7.4 containing 150 mM NaCl and in-
cubated with Alexa Fluor 594 Tyramide Reagent (Thermo
Fisher Scientific) diluted in 100 mM Tris–HCl buffer at
pH 7.4 containing 150 mM NaCl and 0.0015% hydro-
gen peroxide (Nacalai Tesque) at room temperature for 10
min. Samples were rinsed three times with PBS and once
with 2× SSC, then subjected to the poly(A)+ RNA FISH
procedure using the Alexa-488 dT45 probe as described
above.

Analysis on NEXT/PAXT-sensitivity annotated PROMPTs

Annotations of PROMPTs were obtained from previously
published data (85). Data was converted using LiftOver to
generate GTF in hg19. Our mapped reads were counted by
HTseq htseq-count v0.12.4 (118) using this GTF. Pseudo-
count + 1 applied read counts were subjected to differential
expression analysis using DESeq2 as described above. Anal-
yses were focused only on PROMPTs significantly stabilized
by RRP6/DIS3 KD in our NGS analysis.

Nuclear RNA profile changes by mRNA export block

The nuclear RNAs from Control KD HeLa cells and TAP
KD HeLa cells were prepared using the hp-method as de-
scribed above. cDNA libraries were prepared using TruSeq
Stranded mRNA Library Prep Kit (Illumina Inc.), follow-
ing the manufacturer’s instruction and 150 nucleotide pair-
end sequenced on NovaSeq 6000 (Illumina inc.). Obtained
sequences were demultiplexed based on the index informa-
tion. Sequence data were deposited at Japanese Genotype–
Phenotype Archive (JGA): JGAS000294. Reads were fur-
ther trimmed, mapped, counted and subjected to DESeq2
differential expression analysis as described above, except
that reads were treated as pairs.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/15/8779/6649946 by Kyoto U

niversity user on 01 Septem
ber 2022

https://doi.org/10.5281/zenodo.5127899


Nucleic Acids Research, 2022, Vol. 50, No. 15 8785

RESULTS

RRP6 and DIS3, two nucleases specifically associated with
the nuclear exosome, redundantly degrade a subset of Pol II-
transcribed nucleoplasmic poly(A)+ substrates

As previously found, a remarkable nuclear poly(A)+ RNA
accumulation is induced when the exosome is inhibited in
human cells (83,87,108). To elucidate how RRP6 and DIS3,
two nucleases that specifically associate with the nuclear ex-
osome, function in the decay of these poly(A)+ substrates,
using the U2OS cell line as a model, we depleted several
components of the exosome core, as well as RRP6 and
DIS3, and analyzed the subcellular localization of poly(A)+

RNAs under each condition (Figure 1A-C).
In contrast to control cells (Control KD cells), where

poly(A)+ RNA distribution is predominantly cytoplasmic
and weakly found in the nuclear speckles, poly(A)+ RNAs
strikingly accumulated as punctate foci in the nucleus upon
depletion of either component of the exosome core, RRP45,
RRP41 or RRP4 (Figure 1B–D). When either RRP6 or
DIS3 was solely knocked down, we observed no signifi-
cant nuclear accumulation of poly(A)+ RNAs, while the si-
multaneous knockdown of RRP6 and DIS3 (RRP6/DIS3
KD) resulted in the emergence of robust nuclear poly(A)+

RNA foci. These remarkable poly(A)+ aggregates resided
in discrete domains from the nuclear speckles [visualized
by SRRM2 staining (125)], consistent with the characteris-
tics of stabilized nuclear exosome substrates observed in the
previous reports [Figure 1D, contrastly, in cells deprived of
DBP5, an essential factor for mRNA export (126), poly(A)+

RNAs accumulated in the speckles (Figure 1A–D)] (83,87).
These data suggest that RRP6 and DIS3 redundantly de-
grade these poly(A)+ substrates.

Next, we tried to identify the polymerase responsible
for generating the poly(A)+ foci forming substrates. The
depletion of PAPD5, a TRAMP-associated non-canonical
PAP known to adenylate RNA polymerase I-transcribed
rRNAs and facilitate their processing, did not restore nu-
clear poly(A)+ RNA accumulation in RRP45 KD and
RRP6/DIS3 KD cells (Supplementary Figure S1A and
B) (87). Conversely, depleting both PAP A and PAP G
(two canonical PAPs) almost completely abolished nuclear
poly(A)+ RNA accumulation caused by the exosome inhibi-
tion; this was not found under conditions where only PAP A
or PAP G were depleted alone (Figure 1E–G). These data
suggest that two canonical PAPs adenylate poly(A)+ sub-
strates redundantly, implying that exosome substrates form-
ing poly(A)+ aggregates are mainly transcribed by RNA
polymerase II (Pol II), although rRNAs are one of the most
abundant substrates of the nuclear exosome. This interpre-
tation is also supported by the fact that the poly(A)+ foci
that emerged due to exosome dysfunction were excluded
from the nucleolus (Supplementary Figure S1C).

MTR4 inactivation resulted in poly(A)+ substrate stabiliza-
tion

The phenotypes derived from MTR4 KD in human cells
are more enigmatic. Recently, two groups have reported that
different phenotypes are derived from MTR4 KD in human

cells, including one with robust nuclear poly(A)+ RNA ac-
cumulation, and another with diminished poly(A)+ RNAs
in the nucleus, thought to be explained by leakage of stabi-
lized poly(A)+ substrates into the cytoplasm under MTR4-
depleted conditions (82,83,87). In the above experiment, we
observed a remarkable nuclear poly(A)+ RNA accumulat-
ing phenotype resulting from MTR4-depletion in U2OS
cells (Figure 1A–C).

These conflicting data prompted us to examine the ef-
fect of MTR4-depletion on several cell lines, including
HeLa, U2OS, A549 and MCF7 (Figure 2A–C). While
RRP6/DIS3 KD resulted in obvious nuclear poly(A)+

RNA accumulation in all cell lines tested, the MTR4
KD-induced poly(A)+ RNA accumulating phenotype was
more robust in U2OS and MCF7 cells than in HeLa
and A549 cells (Figure 2B and C). Notably, accumu-
lated poly(A)+ RNAs in MTR4-depleted U2OS cells
tended to co-localize with nuclear speckles, in contrast to
RRP6/DIS3 KD-derived poly(A)+ RNA foci (Figure 1D).
A similar SRRM2-associated poly(A)+ RNA accumula-
tion was also observed for exosome-deprived U2OS cells
when they were simultaneously depleted in ZFC3H1 or
PABPN1 (Supplementary Figure S2A-J). These data im-
ply that, under PAXT-depleted conditions, a system to re-
tain poly(A)+ substrates in the nucleus as punctate foci
is disrupted in all cell lines tested, and also that a sub-
stantial portion of stabilized poly(A)+ substrates are still
nuclear-retained in a speckle-associated manner in some
cell lines, including U2OS and MCF7. In these cells, an-
other mechanism, such as a specific retention system or
less effective nuclear export, is anticipated, although fur-
ther investigation is required to elucidate its structure and
function.

Despite different phenotypes induced by MTR4 KD in
each cell line, we found several lines of evidence that sup-
port MTR4’s involvement in degrading poly(A)+ substrates
included in poly(A)+ RNA foci derived from exosome KD.
Even in MTR4-depleted HeLa cells, which do not exhibit
a prominent poly(A)+ RNA accumulating phenotype, sub-
strates previously detected in the poly(A)+ RNA foci that
resulted from impaired exosome activity––namely proD-
NAJB4, vU1snRNA, and spliced SNHG19––were stabilized
as robustly as in RRP6/DIS3 KD cells (Figure 2D–F) (83).
In addition, we found that MTR4 proteins accumulated at
poly(A)+ foci in exosome-depleted cells but not in poly(A)+

sediments in DBP5 KD cells (Figure 2G). We also found
that the overexpression of Q144A, an MTR4 mutant that
lacks its helicase activity (88,89), provoked a dominant-
negative phenotype to develop Q144A-containing poly(A)+

foci (Figure 2H–J) (87). The localization of these foci was
distinct from nuclear speckles and analogous to the pat-
tern observed for poly(A)+ foci in exosome KD cells (Figure
2K, Figure 1D, RRP45 KD and RRP6/DIS3 KD), suggest-
ing that Q144A-caused poly(A)+ foci are derived from per-
turbed exosome function. Moreover, these transcripts accu-
mulated via MTR4 dysfunction are redundantly adenylated
by canonical PAPs (Supplementary Figure S2K–N). Taken
together, we conclude that these manifested poly(A)+ sub-
strates in exosome KD cells are degraded, at least partly, in
an MTR4-dependent fashion, although the degree of nu-
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Figure 1. Characteristics of nucleoplasmic poly(A)+ aggregates resulting from nuclear exosome impairment. (A–C) A robust nuclear poly(A)+ RNA ac-
cumulation is elicited in U2OS cells by nuclear exosome inhibition. (D) Subnuclear localization of poly(A)+ aggregates in U2OS cells. (E–G) PAP A and
PAP G redundantly adenylate substrates responsible for poly(A)+ foci emergence upon exosome inhibition. (A, E) Immunoblot analysis of the nuclear
extracts to confirm the specific depletion of each exosome component. Conditions of transfected siRNAs and used cell lines are as indicated in the upper
notes. In (E), the asterisk (*) indicates signals from non-phosphorylated PAP A, whereas a double asterisk (**) indicates signals from phosphorylated
PAP A. (B, F) The subcellular distribution of poly(A)+ RNAs was visualized by in situ hybridization using Alexa594 labeled dT45 probe [poly(A)+ FISH].
Conditions of transfected siRNAs and used cell lines are indicated at the bottom of and in the panels. Scale bar = 50 �m. (C, G) Quantification of the
nuclear/cytoplasmic (N/C) ratio of poly(A)+ FISH signal intensity from the experiment in (B), (F), respectively. Relative values normalized by the mean
value of Control KD within each cell line are shown. Statistical analysis was performed using Steel–Dwass test. *P < 0.05, **P < 0.01, ns: not significant,
n = 100. (D) Immunostaining followed by poly(A)+ FISH visualized SRRM2 simultaneously with poly(A)+ RNAs in U2OS cells. Factors depleted are
indicated in panels. Magnified pictures are shown in insets. Scale bar = 10 �m.

clear poly(A)+ RNA accumulation induced by MTR4 KD
differs between cell lines.

Given that these poly(A)+ substrates come through
MTR4 helicase, how do these RNAs reach the DIS3
nuclease, which sits on the opposite side of MTR4 in
the complex? It has been suggested that some substrates
reach DIS3 through the channel structure, while others
do so directly (127–133). To assess the contribution of
the channel structure to poly(A)+ substrate digestion, we
utilized a channel-occluding mutant (17,128,129) (Supple-
mentary Figure S3A–I). We established HeLa Flp-In T-
REx cell lines that stably expressed C-terminal FLAG-
fused and RNAi-resistant RRP41s of either wild-type or
R62E/A63D/R94E/R95E quadruple mutant (4M) form.
Both expressed RRP41-FLAGs exhibited proper subcel-
lular localization and complex formation (Supplementary
Figure S3A, C and D) (17,29,128,129,134). Introducing the
4M-mutation to the exosome complex efficiently occluded
the central channel, thereby inhibiting RNA access to DIS3
through the channel both in vitro and in vivo, while pre-
sumably maintaining the integrity of the surface within the
S1/KH cap that has been shown to be utilized by sub-
strate RNAs to reach RRP6 (17,29,128,129). In RRP6-
depleted 4M-expressing cells, we observed a marked accu-

mulation of nuclear poly(A)+ RNA, even though no obvi-
ous poly(A)+ substrate accumulation was found in RRP6
KD in either control or wild-type RRP41-expressing cells
(Supplementary Figure S3A and B). These results suggest
that RRP6 dominantly degrades these substrates in 4M-
expressing cells, which means that most substrates depend
on the channel to reach DIS3. Further support for this idea
came from the fact that the nuclear poly(A)+ RNA accumu-
lation derived from RRP41 KD was restored by 4M-mutant
expression; this proved to be just as efficient as wild-type
RRP41-expression. The likely mechanism was associated
with maintaining the abundance of RRP6 since wild-type
RRP41 but not 4M could restore the phenotype induced
by RRP6/RRP41 KD (Supplementary Figure S3A, B and
E–I).

MPP6 facilitates both RRP6- and DIS3-mediated degrada-
tion of nucleoplasmic poly(A)+ substrates

Using the poly(A)+ RNA accumulating phenotype as an in-
dicator of the impaired nuclear exosome, we next explored
the function of MPP6 in nuclear exosome activity. We de-
pleted exosome-associating factors, including MPP6, either
solely or simultaneously, and examined whether nuclear
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Figure 2. Substrates responsible for the nucleoplasmic poly(A)+ aggregates formed by exosome inhibition are also stabilized by MTR4 dysfunction. (A–C)
The effects of MTR4 KD on the nuclear poly(A)+ RNA accumulation in HeLa, A549, U2OS and MCF cell lines. (D–F) MTR4 KD in HeLa cells causes
a robust stabilization of exosome substrates in their adenylated forms. (G) Accumulation of MTR4 proteins to the exosome-inhibition induced poly(A)+

foci in U2OS cells. (H–K) Characterization of poly(A)+ aggregates in U2OS cells derived from the transient expression of Q144A, a helicase-null mutant of
MTR4. (A) Immunoblot analyses were performed for the nuclear extracts to confirm specific depletion of the factors indicated at the top of the panels. For
Control KD samples, nuclear extracts were also loaded in the indicated proportions. (B, H) Subcellular localization of poly(A)+ RNAs. Conditions of cell
lines, expressed proteins and depleted factors are stated at the top of and in panels. In (H), transiently expressed FLAG-MTR4 proteins were visualized by
FLAG-staining, and cells were categorized as either ‘FLAG-positive’ or ‘FLAG-negative’ cells using the Random Forest classifier in CellProfiler Analyst.
White lines outline ‘FLAG-positive’ cells. Scale bar = 50 �m. (C, I) Quantification of (B), (H), respectively. Nuclear/cytoplasmic (N/C) ratios of poly(A)+

FISH signal were normalized by the mean value of Control KD within each cell line in (C), by the mean value of wild-type MTR4 expressing cells sorted
as ‘FLAG-negative’ cells in (I). Statistical analysis was performed within each cell line using Steel–Dwass test following Kruskal–Wallis test. **P < 0.01,
ns: not significant, n = 150 in (C), FLAG-negative wild-type MTR4; n = 157, FLAG-positive wild-type MTR4; n = 42, FLAG-negative Q144A MTR4;
n = 82, FLAG-positive Q144A MTR4; n = 24 in (I). (D–F) RT-qPCRs were performed to quantify poly(A)+ tailed (D) proDNAJB4, (E) vU1snRNA, and
(F) spliced SHNG19. Values are relative abundances of each transcript normalized to GAPDH and Control KD sample. Bars and error bars represent
mean values ± SD. n = 3. (G) MTR4 was visualized by immunostaining simultaneously with poly(A)+ RNAs. Factors depleted are described in panels.
Magnified pictures are shown in the insets. Scale bar = 10 �m. (J, K) Transiently expressed Q144A visualized simultaneously with poly(A)+ RNAs. In (K),
SRRM2 was also immunostained. Arrowheads indicate FLAG-staining positive cells. Magnified pictures are shown in insets. Scale bar = 10 �m.
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poly(A)+ RNA accumulation was induced under each con-
dition in HeLa cells as well as U2OS cells (Figure 3A–C,
Supplementary Figure S4A). As shown above, RRP6/DIS3
KD led to a strong increase in nuclear poly(A)+ RNA abun-
dance (Figure 1B and C, Figure 3A–C, Supplementary Fig-
ure S4A). We also observed prominent nuclear poly(A)+

RNA accumulation induced by RRP6/MPP6 KD, similar
to that observed under the RRP6/DIS3 KD condition. Di-
agnostic features of poly(A)+ foci resulting from exosome
inhibition, such as discordance in the subnuclear localiza-
tion with SRRM2, PAP A/G-dependent adenylation, and
association with MTR4 proteins, were also observed for
RRP6/MPP6 KD-derived poly(A)+ RNAs (Figure 3D and
E, Supplementary Figure S4B), suggesting that MPP6 is es-
sential for DIS3 to degrade these substrates in the absence
of RRP6. The depletion of MPP6 alone resulted in only
modest nuclear poly(A)+ RNA accumulation, and these lev-
els were lower than those observed in either the RRP45-
or RRP6/DIS3-depleted cells. Because RRP6 and DIS3, at
least in the presence of MPP6, degrade these substrates re-
dundantly and efficiently without assistance from the other,
these data imply that MPP6 has a facilitative function for
both RRP6 and DIS3. In contrast to strong poly(A)+ RNA
accumulation in RRP6/MPP6 KD cells, MPP6/DIS3 KD
cells showed only mild nuclear poly(A)+ RNA accumula-
tion, indicating that RRP6 is not completely inhibited by
the depletion of MPP6. The notion that RRP6 has resid-
ual activity in the absence of MPP6 is also supported by the
mild accumulation of poly(A)+ substrates observed in 4M
channel-occluded cells deprived of MPP6 (Supplementary
Figure S4C and D). When the individual MTR4-sensitive
poly(A)+ substrates evaluated in Figure 2D–F were used as
reporters, we observed a similar MPP6 sensitivity as that of
bulk poly(A)+ substrates (Figure 3F–H). RRP6/MPP6 KD
cells showed an increased abundance of these transcripts,
comparable to RRP6/DIS3 KD conditions, while deple-
tion of either RRP6 or MPP6 resulted in a negligible or
much lower effect. We also evaluated the effect of deplet-
ing C1D on poly(A)+ substrate decay. C1D is an obligatory
factor for RRP6 expression and vice versa (33,105,106). As
expected, C1D knockdown resulted in a diminished RRP6,
while RRP6 knockdown almost abolished C1D (Supple-
mentary Figure S4E). Reflecting on the interdependent ex-
pression of RRP6 and C1D, we also obtained similar results
when C1D was knocked down instead of RRP6 (Supple-
mentary Figure S4F). These data confirm some redundant
functions between MPP6 and RRP6/C1D during the de-
cay of poly(A)+ substrate RNAs. Nevertheless, the detailed
mechanism, such as whether RRP6 functions as a nuclease
and/or a binding surface for MTR4 cooperatively formed
with C1D (97,98), remains unclear with the data thus far.

In the above experiments, we found that prolonged deple-
tion of MPP6 led to a diminished amount of nuclear RRP6,
but not to differences in DIS3 abundance (Figure 3A, Sup-
plementary Figure S4G). This phenomenon was neither due
to changes in the subcellular localization of RRP6, nor a
decrease in the abundance of its transcript (Supplementary
Figure S4H and I), which suggests that the regulation of
RRP6 expression occurs at the post-transcriptional level.
To minimize the effect of this phenomenon, we performed
our experiments at 72 h after siRNA transfection––i.e. at a

time when the co-depletion of RRP6 induced by MPP6 KD
is not prominent. However, it is still possible that a subtle
decrease in RRP6 elicited by MPP KD itself resulted in at-
tenuated RRP6 activity on poly(A)+ substrate decay. There-
fore, with the results reported thus far, we could not define
the actual contribution of MPP6 in facilitating RRP6 as a
nuclease (see the section below). However, it is notable that
RRP6 KD did not result in a significant nuclear poly(A)+

RNA accumulating phenotype despite the fact that it also
induces a decrease in MPP6 protein levels. This suggests
that remarkable nuclear poly(A)+ RNA accumulation is
caused only when a substantial population of MPP6 is de-
pleted, even in RRP6 KD cells.

MPP6 interacts with MTR4 in a region distinct from its core-
binding site

To elucidate in greater detail the mechanism by which
MPP6 stimulates the exosome to degrade nucleoplasmic
poly(A)+ substrates, we constructed several MPP6 mutants
and dissected their complex profiles. Because no three-
dimensional structure of MPP6 was available when we
started these analyses, we used a predicted secondary struc-
ture combined with alignments between human MPP6 and
yeast MPP6 (Figure 4A) (114,115). Although the sequence
of MPP6 is poorly conserved between species, the alignment
of human and yeast MPP6 sequences demonstrated rela-
tively high conservation within the N-terminal region (Fig-
ure 4A, Supplementary Figure S5A). This fact prompted us
to create a mutant that contained a deletion of 35 amino
acids in the N-terminal region. Based on the predicted
secondary structure of this region, we also constructed
�N4, �5–18 and �19–35 mutants, as well as several C-
terminal truncated mutants and internal region-deleted mu-
tants (Figure 4A).

We first tried to establish the cell lines that stably ex-
pressed each constructed MPP6 mutant. However, inter-
nal region-deleted mutants failed to express or expressed
poorly in human cells (Figure 4B and C). Because core
components are necessary for maintaining the expression
of MPP6 (Figure 3A, Figure 4D), we speculated that the in-
ternal regions of MPP6 are critical for the interaction with
the exosome core. To dissect the complex formation of these
mutants, we performed a GST-pulldown assay. Each GST-
fused MPP6 mutant was produced in E. coli and was pu-
rified to incubate with the nuclear extract prepared from
FLAG-RRP45 expressing HeLa Flp-In T-REx cells. As a
result, both N-terminal and C-terminal truncations did not
alter MPP6 binding to either RRP6 or exosome core com-
ponents, FLAG-RRP45 and CSL4 (Figure 4E–G). On the
contrary, deletion of internal regions (47–68,81–105) signif-
icantly diminished the interaction between MPP6 and the
core components, while a substantial proportion of RRP6
and MTR4 were still bound to each mutant protein (Fig-
ure 4E–H). These data suggest that the internal region of
MPP6 is critical for binding to the core and that MPP6
associates with core-unbound RRP6 and MTR4 in a dis-
crete domain that is distinct from its core-interacting region
(33,99–102).

In the above experiment, we also found that the �N35
mutant failed to bind to MTR4 (Figure 4E and H). To ver-
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Figure 3. MPP6 facilitates both DIS3 and RRP6 to degrade nucleoplasmic poly(A)+ substrates. (A–C) Effect of MPP6 depletion on the decay of bulk
poly(A)+ substrates in U2OS cells. (D, E) Characteristics of poly(A)+ aggregates formed in the U2OS nucleus by RRP6/MPP6 KD. (F–H) RT-qPCRs
to evaluate the effect of MPP6 depletion on individual substrate stabilization. (A) Immunoblot analysis of U2OS nuclear extracts to confirm specific
knockdown of factors described at top of the panels. (B) Poly(A)+ FISH under conditions of MPP6 depletion solely or simultaneously with RRP6 or
DIS3. Knocked-down factors are stated in the panels. Scale bar = 50 �m. (C) Quantification of (B). Relative nuclear/cytoplasmic (N/C) ratio of poly(A)+

FISH signal normalized to the mean value of Control KD cells. Statistical analysis was performed using Steel–Dwass test following Kruskal–Wallis test.
*P < 0.05, **P < 0.01, ns: not significant, n = 150. (D, E) Poly(A)+ RNAs were visualized simultaneously with SRRM2 in (D) and MTR4 in (E). Factors
depleted are shown in the panels. Magnified pictures are shown in insets. Scale bar = 10 �m. (F–H) PCR was performed on dT25-primed cDNA synthesized
using total RNA from whole cells to detect (F) proDNAJB4, (G) vU1snRNA and (H) spliced SNHG19. Values are shown as relative abundances of each
transcript normalized to GAPDH and the value of the Control KD sample. Bars and error bars denote mean values ± SD. n = 3.

ify this finding, we performed immunoprecipitation exper-
iments using antisera against MTR4 or RRP46 with nu-
clear extracts prepared from cells expressing FLAG-fused
full-length, �N35, �N4, �N5–18 or �N19–35 MPP6 mu-
tant proteins, respectively (Figure 4I–L). In accordance
with the experimental results of our pulldown assay (Fig-
ure 4E and H), the MTR4-MPP6 interaction disappeared
when N-terminal 35 residues were deleted in MPP6 (Fig-
ure 4I and J). Both �N5–18 and �N19–35 also failed to
interact with MTR4, whereas �N4 bound to MTR4 as ef-
ficiently as full-length MPP6 did, suggesting that the 5–
35 residues in the N-terminal region of MPP6 are criti-
cal for its binding to MTR4. On the other hand, all N-
terminal truncates as well as full-length MPP6 associated
efficiently with the exosome core, and this finding was
also in accord with the results of the pulldown experiment
(Figure 4E, F, K and L). These results further establish
that MPP6 binds to both MTR4 and the core in distinct
regions.

Highly conserved residues between yeast and humans
are concentrated in the 5–35 region, prompting us to fur-
ther examine whether these residues, L9, S10, M16, K17,
F18 and M19, are important for the association of MPP6
with MTR4 (Supplementary Figure S5A). Alanine sub-
stitutions were introduced to make L9A/S10A (LS)- and
M16A/K17A/F18A/M19A (MKFM)- mutants. Both mu-
tants failed to associate with MTR4 while they efficiently
bound to exosome core components, suggesting that these
conserved residues are significant for MTR4–MPP6 inter-
action (Supplementary Figure S5B). C-terminal deletions
did not exhibit any obvious effect on the interaction be-
tween MPP6 and either MTR4 or the exosome core, as
predicted from the pulldown results (Supplementary Figure
S5C–F).

Taken together, these results showed that MPP6
binds both MTR4 and the exosome core in distinct
regions, and is in excellent agreement with the re-
cently resolved structure of the reconstituted exosome
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Figure 4. Domains of MPP6 required for interaction with MTR4 and the core. (A) Construction of MPP6 mutants. (B, C) Immunoblot analysis of nuclear
extracts from HeLa Flp-In T-REx cell lines stably expressing FLAG-MPP6 mutants. (D) Co-depletion of MPP6 protein by knockdown of RRP41, an
exosome core component. (E–H) Pulldown assay of GST-MPP6 mutants. (I–L) Immunoprecipitation (IP) experiments to identify the MPP6 domain
responsible for the interaction with exosome components. (A) Structures predicted by PSIPRED are shown in the cartoon as stated in the inset. Highly
conserved regions are indicated in red lines at the top of the structure cartoon. According to its predicted structure and its sequence conservation, MPP6
was divided into three domains, N-terminal (1–35 a.a.), internal (36–105 a.a.) and C-terminal (105–160 a.a.) domains. a.a. = amino acid. (B) Used cell
lines are noted at the top. Ø represents FLAG only. (C) Quantification of chemiluminescent signals from (B). Represented values are relative amounts
of each MPP6 mutant normalized to ACTIN signal and to FLAG-MPP6 full-length value. (D) Immunoblot analysis of nuclear extracts from HeLa cells
deprived of indicated factors at the top. (E) Pulldown assay was performed on the nuclear extracts from FLAG-RRP45 expressing HeLa Flp-In T-REx cells.
GST-MPP6 proteins were indicated at the top. (F–H) Quantification of chemiluminescent signals from three independent GST-pulldown assays including
(E). Normalization was applied to (F) CSL4, (G) RRP6, and (H) MTR4 by the amount of each GST-MPP6 protein and by the value of GST-MPP6
full-length to obtain their relative coprecipitated amounts. Bars and error bars denote mean values ± SD. Statistical analysis was performed by Dunnett
test. *P < 0.05, **P < 0.01. (I, K) IPs were performed to nuclear extracts from HeLa Flp-In T-REx cells expressing FLAG-fused MPP6 mutants using
anti-MTR4 antiserum in (I) and anti-RRP46 antibody in (K), respectively. Rabbit pre-immune antiserum was used as a control in the precipitation step.
(J, L) Quantification of chemiluminescent signals from (I) and (K), respectively. Relative precipitated amounts of the corresponding FLAG-MPP6 mutant
were obtained as follows. The ratio of FLAG-MPP6 either to MTR4 in (I) or to RRP46 in (K) in each precipitate was normalized by the respective ratio
in each input extract and by the value of the FLAG-MPP6 full-length sample.
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complex accompanied by both MPP6 and MTR4
(101).

MPP6 sustains the interaction between the core and MTR4

A previous report suggested that the interaction be-
tween MTR4 and the exosome core is impaired by
MPP6-depletion in human cells (135). In that study,
MPP6-depletion also caused a great reduction in RRP6-
MTR4 interaction, and the authors concluded that
MPP6 was an auxiliary factor for the RRP6-MTR4
interaction. However, their complex formation anal-
yses were performed on forcibly expressed proteins,
making it difficult to evaluate the precise contributions
of RRP6 and MPP6 to maintaining the MTR4-core
interaction.

To elucidate the extent to which either endogenous pro-
tein, RRP6 or MPP6, contributes to the MTR4-core inter-
action in vivo, we performed immunoprecipitation experi-
ments using antisera against endogenous MTR4, RRP46
(Figure 5A–D, Supplementary Figure S6A and B), and
RRP45 (Supplementary Figure S6C and D). We observed
a significant reduction in MTR4-core binding under the
MPP6 KD condition, as well as the same strong decrease
in MTR4-core interaction by RRP6 KD that has been de-
scribed before (Figure 5A-D) (46), while DIS3-depletion
provoked a moderate increase in MTR4-containing exo-
somes rather than an attenuated MTR4-core interaction
(Supplementary Figure S6A–D). We failed to detect DIS3
in either MTR4- or exosome core-precipitates, and thus
could not estimate the effect of depleting each exosome co-
factor on the DIS3-core interaction (Supplementary Fig-
ure S6A-D). This difficulty likely reflects, as previously
demonstrated, the low affinity of DIS3 to the exosome core
(19,136).

Exogenously expressed full-length MPP6, but not �N35,
rescued the reduced MTR4-core interaction elicited by
endogenous MPP6-deprivation (Figure 5E–H), indicating
that the interaction between the core and MTR4 is main-
tained via binding of MPP6’s N-terminal region to MTR4.
We also observed a larger decrease in MTR4–core inter-
action in RRP6 KD cells than resulted from MPP6 KD
alone, but the strongest decrease was observed under the
RRP6/MPP6 KD condition (Figure 5A–D). Knocking
down either RRP6 or MPP6 often influenced the abun-
dance of exosome components, which makes it difficult to
precisely quantify co-precipitated factors. To address this
problem, we employed a GST-MTR4 pulldown assay and
observed that MPP6-depletion leads to a decrease in the
MTR4–core interaction, albeit to a lesser extent than re-
sulted from RRP6-deprivation, thereby confirming our im-
munoprecipitation results (Supplementary Figure S6E and
F). Recent in vitro reconstitution experiments suggest that
RRP6 and MPP6 contribute to the recruitment of MTR4
to the core cooperatively, but to different degrees, which
is in accordance with our results (100). Together, these re-
sults demonstrate that MPP6, albeit to a lesser extent than
RRP6, sustains the interaction between MTR4 and the core
in human cells.

The interaction with MTR4 is crucial for MPP6’s stimula-
tory function on both RRP6 and DIS3 to degrade poly(A)+

substrates

Next, we attempted to clarify the functional significance of
the MPP6–MTR4 interaction in nuclear exosome-mediated
poly(A)+ substrate decay. The effect of each mutation on
MPP6’s stimulatory function of bulk poly(A)+ substrates
was examined first (Figure 6A and B, Supplementary Figure
S7A). All expressed RNAi-resistant MPP6 mutants exhib-
ited similar subcellular localization and were found to be
concentrated mainly in the nucleolus, as observed in a pre-
vious study (Figure 6A, Supplementary Figure S7A) (33).

While the wild-type and �N4 MPP6s effectively restored
nuclear poly(A)+ substrate accumulation under MPP6 KD
conditions, the �N35, �N5–18 and �19–35 mutants, as
well as LS and MKFM, did not rescue poly(A)+ RNA
accumulating phenotypes (Figure 6A and B, Supplemen-
tary Figure S7A). Both �N35 and �C33, as well as wild-
type MPP6, efficiently restored decreased RRP6 protein
levels caused by endogenous MPP6-depletion (Figure 6C
and D). Thus, a prominent phenotype observed in MPP6
N-terminal mutant-expressing cells under MPP6 KD con-
ditions does not seem to be derived from the co-depletion
of RRP6 protein. This confirms the direct role of MPP6,
as well as the functional significance of the N-terminal re-
gion of MPP6, in stimulating both RRP6 and DIS3, thereby
substrate decay in human cells as described in recent in vitro
experiments (99–102).

The mild nuclear poly(A)+ RNA accumulation observed
in MPP6/DIS3 KD and MPP6 KD 4M-expressing cells
indicates that MPP6 is essential for the optimal substrate
decay conducted by RRP6, despite the residual activity of
RRP6 even in the absence of MPP6 (Figure 3A–C, Supple-
mentary Figure S4C and D). The �N35, �N5–18 and �19–
35 mutants, as well as LS and MKFM, failed to rescue the
MPP6/DIS3 KD-elicited phenotype, while the wild-type
and the �N4 mutant both efficiently restored it (Figure 6A
and B, Supplementary Figure S7A), suggesting that MTR4,
recruited by MPP6, can stimulate RRP6-mediated poly(A)+

substrate decay. These MPP6 mutants lack the capacity
to bind MTR4 and failed to restore the nuclear poly(A)+

RNA accumulating phenotype found in RRP6/MPP6 KD
cells, suggesting that binding to MTR4 is also essential
for MPP6 to exert its functional redundancy with RRP6
(Figure 6A, E–G, Supplementary Figure S7A–D). We also
observed a considerable nuclear accumulation of poly(A)+

RNA when either �N35, �N5–18, �19–35, LS or MKFM
was expressed in RRP6 KD cells, as well as in DIS3 KD
cells, even without depleting endogenous MPP6 protein,
which further supports that the importance of MTR4 re-
cruitment by MPP6 for a stimulatory function of MPP6 on
both RRP6 and DIS3 (Figure 6A and B, Supplementary
Figure S7A).

In these experiments, we observed the exclusion of
FLAG-MPP6s from the nucleolus when RRP6 was de-
pleted (Figure 6A). However, this phenomenon was not
derived from a decrease in the expression of FLAG-fused
proteins and was induced irrespective of whether the ex-
pressed FLAG-fused MPP6 was wild-type or mutant-type
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Figure 5. Contribution of RRP6 and MPP6 to maintain the MTR4-core interaction. (A–D) Immunoprecipitation (IP) analyses to assess the effect of
either RRP6 KD, MPP6 KD, or RRP6/MPP6 KD on the MTR4-core interaction. (E–H) N35 of MPP6 is essential to maintain the interaction between
MTR4 and the core. (A), (B) IP experiments were performed on nuclear extracts from HeLa cells deprived of factors noted above the panels using the
anti-RRP46 antibody in (A) and the anti-MTR4 antiserum in (B). In these experiments, since the high background of the immunoblotting analyses derived
from rabbit antibodies used during the immunoprecipitation step made it difficult to distinguish the genuine RRP6 signal, we used C1D to confirm the
RRP6 abundance. Since RRP6 binds to C1D at a 1:1 ratio, which is essential for its stability, C1D should exhibit similar stoichiometric behavior to RRP6 in
both the cellular extracts and purified complexes. (C), (D) Quantification of two independent anti-RRP46 IP experiments and anti-MTR4 IP experiments,
including (A) and (B), respectively. The ratio of either MTR4 to RRP46 in (C) or of RRP41 to MTR4 in (D) in each precipitate was normalized by the
respective ratio in each input extract and by the value of the Control KD sample to render the relative coprecipitated amount of the protein in each sample.
Bars and error bars denote mean values ± SD. Statistical analysis was performed using Holm test following one-way ANOVA. *P < 0.05, **P < 0.01, ns:
not significant. (E, F) IPs were performed on nuclear extracts using the anti-MTR4 antiserum in (E) and using the anti-RRP46 antibody in (F). Extracts
were prepared from HeLa Flp-In T-REx cells under the conditions described in the upper part of the panel. Ø represents FLAG only. Rabbit pre-immune
antiserum was used as a control in the IP step. (G, H) Quantification of (E) and (F), respectively. The ratio of either RRP45 to MTR4 in (E) or of MTR4 to
RRP46 in (H) in each precipitate was normalized by the respective ratio in each input extract and by the value of the Control KD FLAG only expressing
sample.

(Supplementary Figure S7E, Figure 6A and B). In addition,
poly(A)+ substrate accumulation was observed even when
FLAG-MPP6 mainly resided in the nucleolus––e.g. under
MPP6- and DIS3-depleted conditions––implying that the
overall change in the localization of exogenously expressed
MPP6 is not a direct cause of a perturbation in exosome ac-
tivity (Figure 6A and B); however, it is possible that the in-
creased nucleoplasmic quantity of the loss-of-function mu-
tants contributes to a severer phenotype.

The amino acid residues involved in the contact of MPP6
with MTR4’s two RecA domains are mostly concentrated
within the 5–18 domain rather than in the 19–35 domain,
which might explain why a stronger phenotype was exhib-
ited by �5–18-expressing cells than was observed in �19–
35 cells (Figure 6A, B and E–G) (100,101). In contrast to
these observations, which demonstrated the significance of
the N-terminal region of MPP6 for substrate decay, we did
not find any obvious defects in MPP6 function when we per-
formed similar experiments for �C11 and �C33 MPP6s,
which could efficiently bind to both MTR4 and the exosome
core (Supplementary Figure S7F–I, Figure 4E–H, Supple-
mentary Figure S5C–F).

Functional nonequivalence between MTR4s recruited by
MPP6 and by RRP6 in human cells

Our data so far clearly demonstrate that the physical asso-
ciation of MPP6 with MTR4 is essential for its functional
redundancy with RRP6. However, since RRP6 is a nucle-
ase as well as a bridge molecule between MTR4 and the
core, in the above experiments it was difficult to estimate
the genuine contribution of MTR4 recruitment via RRP6
with respect to substrate decay. Recent in vitro reconstitu-
tion analyses have suggested that the binding surface pro-
vided by RRP6-C1D is sufficient for bound MTR4 to form
a channel-threading path to DIS3 without the aid of MPP6
(99–102). Accordingly, a catalytically inert RRP6 can facili-
tate MTR4-dependent decay of the substrates by the nucle-
olytic activity of DIS3 (100,101). If such a functional equiv-
alence between RRP6-bound MTR4 and MPP6-bound
MTR4 is also the case in vivo, expressing a catalytically in-
ert RRP6 should effectively restore the poly(A)+ substrate
accumulation derived from RRP6/MPP6 KD.

To examine this hypothesis, we first constructed FLAG-
fused RNAi-resistant RRP6s, wild-type and a catalyti-
cally inert mutant, Y436A, and tested their ability to sup-
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Figure 6. MTR4 binding is essential for MPP6 to function redundantly with RRP6 to mediate poly(A)+ substrate decay. (A, B) Poly(A)+ FISH analysis of
HeLa Flp-In T-REx cells expressing FLAG-MPP6 mutants. (C, D) Exogenously expressed ΔN35, as well as �C33, maintains the expression level of RRP6
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port the substrate decay attributed to DIS3 (Figure 7A–F)
(27). When stably expressed in HeLa Flp-In T-REx cells,
wild-type RRP6 readily dissolved nuclear poly(A)+ sub-
strate accumulation derived not only from RRP6/DIS3
KD, but also from RRP6/MPP6 KD. On the other hand,
expressed Y436A rescued neither the RRP6/DIS3 KD-
nor the RRP6/MPP6 KD-induced phenotype. However,
Y436A could restore the RRP6 KD-derived reduction of
MTR4-core association to a comparable extent as the wild-
type (Supplementary Figure S8A and B). A similar result
was observed when expressing another catalytically inert
mutant, E315A (Supplementary Figure S8C) (27). These
results suggest that the functional redundancy of RRP6
with MPP6 observed in our poly(A)+ substrate decay as-
says is related to its nuclease function, rather than it being
a bridge molecule between MTR4 and the core. In other
words, DIS3 cannot degrade nucleoplasmic poly(A)+ sub-
strates without the aid of MPP6 even when a considerable
amount of MTR4 is recruited to the core via its interac-
tion with RRP6 [Supplementary Figure S8D, (x) MPP6 KD
RRP6Δexo].

To further elucidate the indispensability of MTR4 re-
cruited by MPP6 for poly(A)+ substrate decay by DIS3,
we used the dominant-negative phenotype exhibited by a
DIS3 mutant lacking both exo- and endonuclease activ-
ities (37,137). Because DIS3 is a processive exonuclease,
when this activity does not function properly, the 3’end
of the substrate should be stuck to this enzyme. Such a
substrate can be cut out and liberated again by the en-
donuclease activity of DIS3. If the decay of the substrate
depends solely on DIS3, it should therefore be stabilized
when the exonuclease activity of DIS3 is continuously per-
turbed. On the other hand, if this substrate can be pro-
cessed not only by DIS3 but also by RRP6, then the lib-
erated substrate can bind to RRP6 and be decayed even
if the exonuclease activity of DIS3 is absent. Since, as we
have observed, poly(A)+ substrates are degraded redun-
dantly by RRP6 and DIS3, we expected that inhibiting
only the exonuclease activity of DIS3 would not stabilize
the substrate, but preventing both exo- and endonuclease
activity should do so. In agreement with this hypothesis,
we observed a robust nuclear poly(A)+ RNA accumulation
by transiently expressing FLAG-fused DIS3endo-exo−, while
an equivalently dominant-negative phenotype was not pro-
voked by expressing DIS3WT, DIS3endo−, or DIS3exo- (Sup-
plementary Figure S8E). Such stabilization of nucleoplas-
mic substrates by expressing DIS3endo-exo− was also demon-
strated in a previous report (37,137).

Analogous results were obtained in established HeLa
Flp-In T-REx cell lines that stably expressed RNAi-
resistant N-terminal EGFP tagged DIS3 mutants, except
for EGFP-DIS3exo−, which elicited a subtle dominant-
negative poly(A)+ RNA accumulating phenotype (Figure
7G-I, Control KD). These results implied that N-terminal
EGFP tagging somewhat disturbs DIS3’s endonuclease ac-
tivity. Depletion of MPP6 from EGFP-DIS3endo-exo− ex-
pressing cells resulted in diminished nuclear poly(A)+ sub-
strate accumulation at a level comparable to that induced
solely by MPP6 depletion (Figure 7J–O). We also ob-
served a markedly reduced expression of EGFP-DIS3 under

MPP6 KD conditions, regardless of whether the expressed
DIS3 was the wild-type or DIS3endo-exo− mutant. However,
even when doxycycline was added to equalize the expres-
sion level of the EGFP- DIS3endo-exo− mutant to the lev-
els found in MPP6-depleted cells, the poly(A)+ RNA ac-
cumulating phenotype was still observed (Supplementary
Figure S8F–I). Hence, these results also suggest that sub-
strates are unable to efficiently reach DIS3 in the absence
of MPP6 even though a considerable MTR4-core interac-
tion is sustained by RRP6-MTR4 binding [Supplementary
Figure S8D, compare between (v) MPP6 KD DIS3endo-exo−
and (ix) DIS3endo-exo−; poly(A)+ substrates are not tethered
to DIS3 in MPP6 KD DIS3endo-exo− cells, allowing them to
be decayed by RRP6, although not fully decayed in the ab-
sence of MPP6]. These results illuminate the significance of
MPP6 for tying MTR4 and DIS3 into a functional form.

We also tried to clarify the extent that RRP6-bound
MTR4 contributes to the substrate decay executed by
RRP6. Even though MTR4 binding to MPP6 is still essen-
tial for the optimal function of RRP6, mild poly(A)+ sub-
strate accumulation was observed in both MPP6/DIS3 KD
U2OS and MPP6 KD 4M-expressing cells, thereby indicat-
ing that RRP6-bound MTR4 can somewhat support the
poly(A)+ substrate decay conducted by RRP6 without the
aid of MPP6 (Figure 3A–C, Supplementary Figure S4A and
C). To confirm the functional significance of the MTR4-
core complex bridged via RRP6 in RRP6-executed sub-
strate decay, we assessed the activity of the �N75 MTR4
mutant, an N-terminal truncated MTR4 that fails to in-
teract with RRP6. U2OS Flp-In T-REx cell lines express-
ing FLAG-fused and RNAi-resistant MTR4 of either wild-
type, a helicase-null Q144A mutant, or �N75 were estab-
lished (Figure 7P–R, Supplementary Figure S8J and K)
(98). As demonstrated in a related U2OS cell line (Fig-
ure 2A–C), remarkable nuclear poly(A)+ RNA accumula-
tion was induced by the depletion of endogenous MTR4 in
U2OS parental Flp-In T-REx cells. The �N75 mutant re-
stored nuclear poly(A)+ RNA accumulation derived from
the depletion of endogenous MTR4 as efficiently as wild-
type MTR4 did, while Q144A rather enhanced the phe-
notype, indicating that this truncation does not signifi-
cantly disturb the helicase activity of MTR4. These results
also confirm the dispensability of RRP6-bound MTR4 for
substrate decay when the path from MTR4 to DIS3 sup-
ported by MPP6 is available. MTR4/DIS3 KD in �N75-
expressing cells provoked mild nuclear poly(A)+ RNA ac-
cumulation, while the same knockdown in wild-type MTR4
expressing cells resulted in no obvious accumulation, sug-
gesting that RRP6-conducted poly(A)+ substrate decay is
attenuated when the RRP6–MTR4 interaction is absent
[Figure 7P-R, Supplementary Figure S8D, (vi) DIS3 KD
ΔN75 MTR4]. Knocking down of MPP6 in MTR4/DIS3-
depleted �N75-expressing cells further enhanced poly(A)+

substrate accumulation, indicating that considerable ac-
tivity is indeed sustained by MTR4 recruitment through
MPP6 even without the RRP6-MTR4 interaction. Thus,
our data demonstrate that RRP6 requires MTR4 to be
bound to both RRP6 and MPP6 for optimal function. Sum-
marily, these data suggest a nonequivalence of MTR4 re-
cruited by RRP6 to MPP6-bound MTR4.
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Genome-wide analysis of exosome substrates using a highly
efficient RNA extraction method

Although our results so far have proven an MPP’s stimula-
tory function on the nuclear exosome, whether its function
covers whole substrates of the nuclear exosome or is limited
to a subset with a specific feature remains to be elucidated.
To answer this question, we next performed a genome-
wide analysis on nuclear poly(A)+ RNAs under Control
KD, RRP6 KD, DIS3 KD, MPP6 KD, RRP6/DIS3 KD,
RRP6/MPP6 KD and MTR4 KD conditions (Figure 8A–
C). Since poly(A)+ foci emerged upon exosome perturba-
tion were tightly associated with PABPN1 and were remi-
niscent of persistent aggregates with poor extractability––as
observed for disease-causing PABPN1-aggregates––for the
first step of this experiment, we modified the RNA extrac-
tion and cDNA library preparation methods to achieve
thorough transcriptome profiling (Supplementary Figure
S2E) (138,139).

The acid guanidinium thiocyanate–phenol–chloroform
(AGPC) extraction method with heating has been reported
to improve the efficiency of extracting RNA from cells, espe-
cially for nuclear body-associated architectural noncoding
RNAs (140). However, it was not yet known whether this
method is also sufficient for extracting transcripts within
poly(A)+ aggregates induced by exosome inhibition. Thus,
we first tried a harsh extraction method, employing son-
ication and heating (hereafter the sonic-method), and ex-
amined whether this method further elevated the efficiency
of extracting representative substrates of the nuclear exo-
some (Supplementary Figure S9A and B). As previously re-
ported, a heating-employing AGPC method [hereafter the
hot-phenol (hp) method] greatly enhanced the efficiency of
extracting NEAT1 2, an architectural transcript associated
with paraspeckles (Supplementary Figure S9B) (140). This
method seemed also to be effective for extracting SNHG19
and SNHG10, substrates of the exosome, albeit to a much
milder extent (47,65–68). When samples underwent son-
ication in addition to heating, the relative abundance of
SHNG19 and SNHG10 within the total RNA was further
elevated, suggesting that sonication is effective for tran-
scripts with extremely low extractability (Supplementary
Figure S9A).

Despite enhanced efficiency in extracting substrates, we
found that the sonication step led to the fragmentation of
extracted transcripts, which manifested as a low RNA in-
tegrity number (Supplementary Figure S9C, left panels),
and a decrease in the abundance of NEAT1 2 and PGK1
(Supplementary Figure S9A and B). To minimize the ef-
fect of such fragmentation on the preparation of cDNA li-

braries, and hence to avoid biasing the resulting quantifica-
tion, we generated a cDNA library of sequences limited to
narrow regions upstream of the 3’ A-tail. The size distribu-
tions of the resulting cDNA libraries were similar between
libraries, including one prepared from intact total RNA and
one prepared from total RNA fragmented by sonication
(Supplementary Figure S9C, right panels).

Synthesized cDNA libraries were sequenced and ac-
quired sequences were trimmed and mapped to hg19. Be-
cause of the narrow window for our cDNA libraries,
it is inappropriate to normalize read counts using gene
length. However, counting reads using ‘gene’ features that
includes both introns and exons can easily detect false-
positive substrates derived from long introns covered with
low-density reads (Supplementary Figure S9D–F). There-
fore, we focused on ‘exon’ features in this study to avoid
the noise and simplify interpretation. Counting data of
mapped reads were then subject to DESeq2 differential
expression analysis (Supplementary Figure S9G) (119).
ENSEMBL GRCh37.75 genes that showed adjusted P-
values <0.05 and log2 FC >0.85 were classified as signif-
icantly upregulated genes whose products were stabilized
(hereafter, referred to as ‘stabilized substrates’). Most of the
identified RRP6/DIS3 KD-induced stabilized substrates
(RRP6/DIS3 KD vs Control KD stabilized: RRP6/DIS3
KD stabilized) in samples prepared using the hp-method
were also identified as RRP6/DIS3 KD stabilized sub-
strates in sonic-method samples (Figure 8D, Supplemen-
tary Figure S9H, proDNAJB4 and RNVU1-14). Addition-
ally, the number of stabilized substrates significantly in-
creased in samples prepared using the sonic-method com-
pared to those prepared using the hp-method (Figure 8D
and E, Supplementary Figure S9H, SNHG19, SNHG10,
GBAP1 and RPL14). Moreover, for the substrates stabilized
in both the hp- and sonic-method samples, the fold increase
estimates obtained from sonic-method samples tended to be
greater than those from the hp-method samples (Figure 8E,
Supplementary Figure S9H, RNVU1-14 and proDNAJB4).
These results suggest that sonication can strongly improve
the extraction efficiency of transcripts stabilized under im-
paired nuclear exosome conditions.

By analyzing the samples prepared using the sonic-
method, we classified RRP6/DIS3 KD stabilized sub-
strates, corresponding to the entire exosome poly(A)+ sub-
strates within the scope of our analysis, following the sen-
sitivity to either RRP6 or DIS3. Substrates were sorted
into four classes as follows: class1: substrates specifically
degraded by RRP6, class2: substrates specifically degraded
by DIS3, class3: substrates stabilized by the sole deple-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
a DIS3 mutant that lacks both endonuclease and exonuclease activities, exhibits a nuclear poly(A)+ RNA accumulating dominant-negative phenotype.
(J–O) Nuclear poly(A)+ RNA accumulation induced by the expression of DIS3endo-exo− is abrogated by MPP6 KD. (P–R) RRP6–MTR4 interaction is
indispensable for optimal substrate decay by RRP6. (A, G, J, P) Immunoblot analysis of nuclear extracts. Cell lines and depleted factors are indicated
above the panels. Ø means FLAG only in (A) and (P), EGFP only in (G) and (J). (B, H, K), Q) Poly(A)+ FISH experiments. Conditions of cell lines and
depleted factors are stated both in and at the bottom of the panels. Scale bar = 50 �m in (B) and (Q), and 10 �m in (H) and (K). (C, I, L, R) Quantification
of (B), (H), (K), (Q), respectively. Relative nuclear/cytoplasmic (N/C) ratio of poly(A)+ FISH signal normalized to the mean value of Control KD cells
within each cell line in (C) and (R), and to the mean value of Control KD EGFP only expressing cells in (I) and (L). Statistical analysis was performed
using Kruskal–Wallis test followed by Steel test in (C) and Steel-Dwass test in (L, R). *P < 0.05, **P < 0.01, ns: not significant, n = 100. (D–F, M–O)
PCR was performed on dT25-primed cDNA synthesized using total RNA from whole cells to quantify proDNAJB4 in (D) and (M), vU1snRNA in (E) and
(N), and spliced SNHG19 in (E) and (N). Values shown are relative amounts of each transcript normalized by GAPDH and by the value of Control KD
sample within each cell line in (D)–(F), and by the value of Control KD EGFP only expressing cells in (M)–(O).
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Figure 8. Genome-wide analysis of poly(A)+ substrates redundantly decayed by RRP6 and MPP6. (A–C) Preparation of NGS samples. (D, E, G, H, J–M)
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tion of either RRP6 or DIS3, and class4: substrates that
RRP6 and DIS3 redundantly degrade in a manner sim-
ilar to the observed degradation of bulk poly(A)+ sub-
strates in our experiments (Supplementary Figure S9I, Sup-
plementary Table S2). Most substrates (357 of 362) were
sorted into class4, suggesting a pervasive functional redun-
dancy between RRP6 and DIS3 in nuclear substrate de-
cay. Relatively few substrates were sorted into class1 and
class2 and none were sorted into class3 with our applied
filter. In class1, we identified RNA45SN5, which is tran-
scribed into 47S rRNA precursors, as observed in previ-
ous analyses (34–36). Substrates sorted into class2 were
also identified as nucleoplasmic targets for DIS3 in a pre-
vious study (Supplementary Figure S9J) (36), although
we do not yet know why these substrates are not sus-
ceptible to RRP6 in the absence of DIS3. Most of the
substrates reported in previous analyses were enriched
in class4 (including SNHGs, proDNAJB4, vU1snRNAs,
RNU5Es, pseudo U2snRNAs, U4ATAC, PCF11 IPA tran-
scripts, DNAJC30, c12orf57, MIR17HG, SNORD83A,
LINC01311, RNF139-AS, etc., Supplementary Table S2)
(47,65,67,68,76,80,81,86,141,142). Also, reanalyzing the
previous CLIP data revealed a significant physical associa-
tion of DIS3 to our identified substrates, although the bind-
ing of RRP6 to the substrates was less obvious (Figure 8F,
see also DISCUSSION section) (36,37). The similarities of
the identified substrates to those found in previous analyses
increase our confidence in the validity of our analysis.

MPP6 acts on a specific subset of exosome-sensitive sub-
strates

Concerning RRP6/MPP6 KD stabilized substrates, most
did not fall into a class where stabilization occurred by de-
pleting only one of RRP6 or MPP6 (48 out of 53 substrates
were stabilized only when both RRP6 and MPP6 were de-
pleted, Supplementary Figure S9K), suggesting that these
substrates are prone to be degraded in an RRP6 and MPP6
redundant manner. More specifically, we infer from our ex-
perimental data that the decay of these substrates is redun-
dantly conducted by MPP6-assisted RRP6 and DIS3, al-
beit that the decay by RRP6 does not depend exclusively on

MPP6. Actually, most of these substrates were also stabi-
lized by RRP6/DIS3 KD (48 out of 53 RRP6/MPP6 KD
stabilized, Figure 8G). On the other hand, RRP6/MPP6
KD stabilized substrates accounted for only a limited sub-
set of RRP6/DIS3 KD stabilized ones corresponding to
the entire poly(A)+ exosome substrates in our analysis win-
dow (48 out of 362 RRP6/DIS3 KD stabilized, Figure
8G). The overall RNA stabilization tended to be smaller in
RRP6/MPP6 KD samples than in RRP6/DIS3 KD sam-
ples. However, at the same time, we observed that some sub-
strates were greatly stabilized by both RRP6/DIS3 KD and
RRP6/MPP6 KD, while others were strongly stabilized by
RRP6/DIS3 KD but not by RRP6/MPP6 KD. Such a dis-
crepancy in the stabilization between the RRP6/DIS3 KD
and RRP6/MPP6 KD conditions was most prominent be-
tween snRNAs and snoRNAs (Figure 8H). Thus, a poor va-
riety in RRP6/MPP6 KD stabilized substrates did not seem
to be necessarily caused by a smaller stabilization in general,
but rather reflected the specificity of RRP6 and MPP6 for
their substrates.

The robust nuclear poly(A)+ RNA accumulation induced
by RRP6/MPP6 KD implies that this specific RRP6/MPP6
KD-susceptible subset is prone to form poly(A)+ aggre-
gates. Furthermore, poly(A)+ substrates that are stabilized
not only under RRP6/DIS3 KD condition but also un-
der RRP6/MPP6 KD condition are plausible components
of poly(A)+ aggregates elicited by exosome inhibition. Im-
portantly, most of the identified RRP6/MPP6 KD stabi-
lized substrates met this criterion (Supplementary Figure
S9L). In addition, low extractability was observed across
the entire substrates, but was particularly pronounced for
RRP6/MPP6 KD stabilized subsets (Supplementary Fig-
ure S9M). Furthermore, we visualized several exosome
substrates identified in our NGS analysis and observed
that RRP6/MPP6 KD stabilized substrates, RNVU1-14
and RNVU1-20, co-localized with poly(A)+ foci either in
RRP6/DIS3 KD or RRP6/MPP6 KD cells, whereas as
RPL27A, an RRP6/MPP6 KD NOT stabilized substrate,
did not (Figure 8I, Supplementary Table S2). The incor-
poration within the exosome-KD derived poly(A)+ aggre-
gates was also demonstrated for other RRP6/MPP6 KD
stabilized substrates, such as SNHG19 and proDNAJB4, in

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Visualization of the substrates using specific FISH probes. (A) Schematic diagram of the preparation of NGS samples. (B, C) Checking NGS samples by
immunoblotting in (B) and by poly(A)+ FISH in (C). (D, G) Venn diagram view to compare the stabilized substrates between the hot-phenol (hp)- and the
sonic-RRP6/DIS3 KD samples in (D), and between the RRP6/DIS3 KD and the RRP6/MPP6 KD sonic samples in (G). Numeric values indicate the
number of substrates in each category. (E, H) Plots of log2 fold change (log2 FC) for each substrate among the sonic RRP6/DIS3 KD stabilized substrates.
In (E), log2 FC induced by RRP6/DIS3 KD in the hp samples was plotted to that in the sonic samples. Read coverages to the regions of the substrates noted
in black letters are shown in supplementary Figure S9H. In (H), log2 FC induced by RRP6/DIS3 KD was plotted against that induced by RRP6/MPP6
KD in the sonic samples, for each gene-biotype category. The line in the figure shows y = x. (F) Published DIS3 PAR-CLIP and RRP6 iCLIP data were
compared between the sonic RRP6/DIS3 KD stabilized substrates and sonic RRP6/DIS3 KD NOT stabilized substrates, i.e. between ‘exosome substrate’
and ‘non-substrate’. CLIP scores were calculated per gene as described in the MATERIAL AND METHODS section. For DIS3 PAR-CLIP data, scores
were compared within each replicate, rep1 and rep2. CAT and WT indicate the catalytically inert and wild-type RRP6, respectively. For CAT and WT,
replicates are shown in the merged data. Statistical analysis was conducted using the Wilcoxon rank sum test with continuity correction. (I) RNVU1-14,
RNVU1-20 and RPL27A were visualized using DIG-labeled RNA probes simultaneously with poly(A)+ RNA. Factors depleted are described in panels.
Magnified pictures are shown in the insets. Scale bar = 10 �m. (J, M) Pie chart showing the breakdown of gene-biotype. In (J), the entire RRP6/DIS3
KD stabilized substrates and its derived subsets, the RRP6/MPP6 KD stabilized and NOT stabilized, were dissected. In (M), the RRP6/MPP6 KD
NOT stabilized subset extracted from the RRP6/DIS3 KD stabilized substrates and its derived subsets, the MTR4 KD stabilized and NOT stabilized,
were dissected. Others represent the sum of the genes categorized as encoding sense intronic RNAs, sense overlapping RNAs, miscellaneous RNAs (misc
RNAs), and ribosomal RNAs (rRNAs). Numeric values indicate the number of substrates in each category. (K) Sensitivity to MTR4 of the RRP6/MPP6
KD stabilized and the NOT stabilized subclasses. Numeric values indicate the number of substrates in each category. (L) Effect of RRP6/MPP6 KD on
the stabilization of PAXT- and NEXT-PROMPTs. Log2 FC induced for each PROMPT under the conditions described at the top of the panels is shown
in violin plots. Only those PROMPTs whose expression was stabilized in our RRP6/DIS3 KD samples were analyzed.
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previous studies (83). These findings support the hypothe-
sis that the RRP6/MPP6 KD-susceptible transcripts com-
prise a subset of exosome substrates that readily generate
poly(A)+ aggregates when stabilized.

Features for RRP6/MPP6 KD stabilized substrates

Next, we attempted to identify the characteristics common
to this limited subset of substrates. The analysis of the
gene-biotypes of RRP6/MPP6 KD stabilized substrates re-
vealed that noncoding genes were ubiquitously relative to
all the identified exosome substrates (Figure 8J). This cat-
egory includes representative substrates such as SNHG19,
vU1snRNA, and proDNAJB4 (Supplementary Table S2).
The most concentrated gene-biotype was snRNA. Many
of these were annotated as variant snRNAs rather than as
authentic snRNAs (13 out of 14; 10 as variant snRNAs
and 3 as pseudo snRNA genes). Furthermore, when tak-
ing a closer look at protein-coding genes, 12 out of 14 iden-
tified genes were histone-coding genes. It has been shown
that authentic snRNAs and histone mRNAs, when properly
processed, arise as transcripts with non-adenylated 3’ ends;
however, variant snRNAs and 3’ extended histone mRNAs
undergo polyadenylation and enter a distinct pathway from
the authentic transcripts (61,80,81,141,143,144). Variant
snRNAs and histone-coding genes accounted for more than
half of the gene-biotypes found in RRP6/MPP6 KD sta-
bilized substrates. Although ALY/REF, a general mRNA
export adaptor recruiting NXF1 exporter onto RNA tran-
scripts, has been shown to facilitate proper 3’ end processing
and the nuclear export of histone mRNAs (145), our ob-
served abnormal polyadenylated forms of histone mRNAs
were retained in the nucleus to be degraded by the exosome
and may follow a different fate from matured ones even af-
ter release from tethering mechanisms.

Finally, when RRP6/MPP6 KD stabilized substrates
were further sorted based on their sensitivity to MTR4,
most exhibited MTR4 KD susceptibility, suggesting that
the substrate decay executed redundantly by MPP6-assisted
RRP6 and DIS3 is strongly linked to MTR4 activity (Fig-
ure 8K). In contrast, MTR4-sensitivity was less characteris-
tic of the whole substrates and of the substrates less suscep-
tible to RRP6/MPP6 KD (RRP6/MPP6 KD NOT stabi-
lized), although it cannot be ruled out that the contribution
of MTR4 to the decay of these substrates may have been
underestimated because the nuclear substrate retention sys-
tem in HeLa cells used in these experiments seems not to
be so stringent under MTR4 KD condition (Figure 2A-C)
(82,83).

Despite such a strong association between MPP6 func-
tion and MTR4, a dominant cofactor for the nuclear ex-
osome, a limited range of RRP6/MPP6 KD stabilized
substrates implicates some MPP6-irrelevant exosome ac-
tivities. To examine which cofactor-supported degradation
processes MPP6 is involved in, we used the information
from PAXT- and NEXT-sensitive annotated PROMPTs
provided in the previous report (85). Here our analysis was
limited to the PROMPTs that were significantly detected
as exosome substrates in our libraries (Figure 8L, 88 out
of 5582 total LiftOvered PROMPTs). While it was true
that the number of our evaluated PROMPTs was so limited

that no statistically significant differences were detected,
PAXT-specific PROMPTs (PAXT-RPOMPTs), rather than
the NEXT-specific ones (NEXT-RPOMPTs), tended to ex-
hibit a higher sensitivity to RRP6/MPP6 KD (Figure 8L).
On the other hand, we did not find such a tendency in
RRP6/DIS3 KD or MTR4 KD samples. These results, and
the efficient stabilization observed in the decay of SNHG19,
a typical PAXT-dependent substrate, in RRP6/MPP6 KD
cells (Figure 3H, Figure 6G, Supplementary Figure S2J),
suggest that MPP6 generally supports PAXT-dependent de-
cay.

In these NGS analyses, we detected some stabilized
NEXT-PROMPTs in their adenylated forms. Since these
PROMPTs have been annotated as NEXT-sensitive
PROMPTs due to their sensitivity to NEXT KD and
insensitivity to PAXT KD, regardless of the functional
redundancy between NEXT and PAXT to degrade them,
such NEXT-PROMPTs may become polyadenylated and
subsequently decayed by the PAXT-employed backup
system when the NEXT fails to guide them to be degraded
(85). That may explain why these NEXT-PROMPTs were
detected in their adenylated forms under exosome-inhibited
conditions, especially when MTR4, a factor involved in
both NEXT and PAXT function, was depleted. We
also identified snoRNA as the particularly concentrated
gene-biotype in a class that was significantly stabilized by
MTR4 KD, but not by RRP6/MPP6KD (Figure 8M).
Recently, it was reported that prolonged inhibition of
NEXT-exosome activity stabilizes the intron-encoded
snoRNAs in an adenylated state, and our RRP6/DIS3 KD
experimental condition, as well as MTR4 KD condition,
would correspond to this (146). Although adenylated
forms of these PROMPTs and snoRNAs might no longer
be true NEXT-sensitive targets, the fact that they were
less stabilized under RRP6/MPP6 KD conditions than
in RRP6/DIS3 KD or MTR4 KD conditions, implies
that the NEXT substantially functions to eliminate these
adenylated transcripts even when RRP6 and MPP6 are
knocked down, by degrading them directly or by pro-
moting an upstream decay process that prevents their
appearance.

The preferential action on PAXT-sensitive substrates and
the poor involvement in NEXT-dependent substrate decay
suggest that the MPP6-incorporated exosome is a specific
device for distinct substrate subsets rather than the preva-
lent complex form (Figure 9).

DISCUSSION

Although the role of MPP6 in the physical interaction of
the exosome core with its critical cofactor, MTR4, has been
explicitly proven in vitro (99–102), its actual biological im-
pact on the complex formation and substrate decay has been
unclear. In this study, we recapitulate the involvement of
MPP6 in the MTR4-core interaction that excellently agrees
with the previous in vitro analyses, and identify the dis-
tinct functions between the MTR4s recruited by RRP6 and
MPP6 that have not been captured in those experiments.
This study also suggests that MPP6, by forming a specific
MTR4-containing exosome complex, conducts the decay of
a certain portion of the entire exosome substrate.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/15/8779/6649946 by Kyoto U

niversity user on 01 Septem
ber 2022



8800 Nucleic Acids Research, 2022, Vol. 50, No. 15

Control KD

variant snRNAs, RDH mRNAs, PROMPTs etc.

Adenylation by canonical PAPs
Pol II

A
A

A

A

A
A

A
AA

Pol II

NEXT dependent substrates;
PROMPTs, snoRNAs etc.

MPP6 incorporating exosome
including PAXT exosome

NEXT exosome

pooly(A)+ foci

variant snRNAs, RDH mRNAs, PROMPTs etc.

Adenylation by canonical PAPs
Pol II Pol II

NEXT dependent substrates;
PROMPTs, snoRNAs etc.

NEXT exosome

RRP6/DIS3 KD

Poly(A)+ foci formation
within discrete domains from the speckles

(PAXT-dependent retention) 

MPP6 incorporating exosome
including PAXT exosome

AAAA
AA

Substrate stabilized
(some substrates undergo

adenylation at downstream PAS)

variant snRNAs, RDH mRNAs, PROMPTs etc.

Adenylation by canonical PAPs
Pol II Pol II

NEXT dependent substrates;
PROMPTs, snoRNAs etc.

NEXT exosome

RRP6/MPP6 KD

MPP6 incorporating exosome
including PAXT exosome

Poly(A)+ foci formation
within discrete domains from the speckles

(PAXT-dependent retention) 

AAAAAAA

AAAAAAA

AAAAAAA

AAAAAAA

AAAAAAA

AAAAAAA

AAAAAAA

AAAAAAA

AAAAAAA

AAAAAAA

 Speckles

 Speckles

 Speckles

Figure 9. Model of how MPP6 functions in MTR4-dependent poly(A)+ substrate decay in the human nucleus. (Control KD) In the control KD nucleus,
MPP6 incorporating exosome complexes (including PAXT bound exosome) degrade the adenylated form of transcripts generated via ARS2-mediated
transcription termination of short transcription units (TUs), such as variant snRNAs and replication-dependent histone (RDH) encoding mRNAs (see
also the DISCUSSION section). MPP6-independent exosome complexes also exist to function in the degradation of other substrates. As a representa-
tive example, we describe NEXT associating exosome, which functions in the decay of intron-encoded snoRNAs and NEXT-PROMPTs. (RRP6/DIS3
KD) RRP6/DIS3 KD stabilizes the entire exosome substrates. Poly(A)+ substrates, which are decayed under normal conditions by MPP6-incorporating
exosome complexes, are stabilized and form MTR4-associated poly(A)+ foci that are retained at discrete domains from the nuclear speckles in a PAXT-
dependent manner. Some of the NEXT substrates become adenylated when stabilized, probably at polyadenylation signal (PAS) embedded in their 3’
extended sequences. (RRP6/MPP6 KD) Under the RRP6/MPP6 KD condition, poly(A)+ clumps similar to those observed in the nucleus of RRP6/DIS3
KD cells emerge, as observed in the RRP6/DIS3 KD nucleus, whereas NEXT-dependent decay remains active.
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The results indicate that MPP6 stimulates both RRP6
and DIS3, two nuclear exosome-relevant nucleases, to re-
dundantly degrade these substrates, albeit to different de-
grees. Previous studies have demonstrated that DIS3 pri-
marily degrades nucleoplasmic exosome substrates (36,37).
The reanalyses of the previous data on our identified sub-
strates indicate the stabilization of these substrates by the
rapid DIS3 depletion and a significant binding of our iden-
tified substrates to DIS3 but not to RRP6, suggesting that
DIS3 decays these transcripts under normal conditions
(Supplementary Figure S10A, Figure 8F) (36,37). There-
fore, RRP6 seems to function on these nucleoplasmic sub-
strates only when DIS3 is inhibited. Such a conditional
compensation of DIS3 by RRP6 was also observed in a pre-
vious study, albeit only for several PROMPT molecules, and
explained by RRP6 re-localization to the nucleoplasm from
the nucleolus (37). Although such a drastic change in RRP6
localization was undetected under our experimental condi-
tions, the expression of other exosome components, includ-
ing RRP6, was somewhat increased in the absence of DIS3;
this may account for the activity of the RRP6-incorporated
exosome complex in the nucleoplasm (Supplementary Fig-
ure S10B, Figure 1A), as well as a subtle but significant de-
crease in the nuclear/cytoplasmic poly(A)+ RNA intensity
ratio often observed under experimental DIS3 KD condi-
tions (e.g. Figure 1B and C, Supplementary Figure S3A and
B, Figure 6A and B).

MPP6 simultaneously binds to MTR4 and the core with
distinct regions, just as previous structural analyses demon-
strate (99–102). MTR4 recruitment to the core by MPP6
is essential for its stimulating activity on both DIS3 and
RRP6. Specifically, MPP6-bound MTR4 dominantly sus-
tains DIS3-executed poly(A)+ substrate decay, and RRP6-
recruited MTR4 cannot efficiently support this process. In
experiments using the 4M channel-occluding mutant, the
substrate stabilization by MPP6 KD in 4M-expressing cells
was larger than that in the wild-type RRP41-expressing
cells, which can mean that, to some extent, RRP6-recruited
MTR4 supports the substrate path to DIS3 (Supplemen-
tary Figure S3A and B). However, it is also possible that
this effect is due to the latent effect of the introduced 4M-
mutation on the upper channel surface functioning in the
substrate supply to RRP6, which is only manifested in the
absence of MPP6. The failure of catalytically inert RRP6s
to support substrate decay in the absence of MPP6, and
the mitigation of DIS3endo-exo−-linked substrate accumula-
tion by MPP6 KD, led us to conclude that MPP6-bound
MTR4 is essential for DIS3 to efficiently access the sub-
strates. Additionally, poly(A)+ substrate accumulation was
more pronounced in MPP6 KD cells although the dimin-
ishment of MTR4–core complexes was greater under the
RRP6 KD condition than under the MPP6 KD condition
(Figure 5A–D, Figure 3A–C). This highlights the functional
significance of the proper arrangement of MTR4 within the
exosome complex and/or the appropriate cofactor compo-
sition of the MTR4-bound exosome, rather than the mere
abundance of bound MTR4. Although our results indicate
that MPP6-recruited MTR4 has a function that cannot be
substituted, at least regarding the degradation of a certain
subset of substrates, it is also probable that MTR4, which
RRP6 recruits to the core, maintains the decay process con-

ducted by DIS3 for other substrates, as reported in previous
in vitro analyses (99–102).

Our genome-wide survey indicates that MPP6 conducts
in the decay of a limited subset among the entire nuclear
exosome substrates. When stabilized, they manifest as a
robust poly(A)+ RNA accumulation, despite their narrow
range. Nuclear poly(A)+ RNA accumulation is also used
as a marker of mRNA transport defects. However, no ob-
vious effect of exosome inhibition on the nuclear export
of transiently expressed reporter mRNAs (Supplementary
Fig. S10C) (87) nor any significant correlation between
the nuclear poly(A)+RNA profiles in the exosome-inhibited
and the mRNA nuclear export-perturbed cells was ob-
served (Supplementary Figure S10D). Therefore, the accu-
mulated poly(A)+ RNAs reflects stabilized poly(A)+ sub-
strates that would normally be degraded by the exosome
and is probably not the result of compromised mRNA
transport in general. Indeed, several of our identified sub-
strates co-localized with poly(A)+ foci when stabilized. How
is it possible to achieve such a remarkable phenotype with
such a limited substrate? We observed a significantly higher
expression level for the exosome substrates over the non-
substrates, and for the RRP6/MPP6 KD stabilized over
the RRP6/MPP6 KD NOT stabilized substrates under the
RRP6/DIS3 KD condition (Supplementary Figure S10E).
However, considering the overwhelming variety in the non-
substrate subset, it is difficult to conclude that the high
abundance of the substrates alone can explain the signif-
icant poly(A)+ signal. Although it is currently very diffi-
cult to conclude the decision for the pronounced poly(A)+

accumulating phenotype, other RNA characteristics may
contribute to this prominent phenotype, such as the ex-
tension of poly(A)+ tail length and/or the localization of
diverse transcripts to a constrained space due to aggrega-
tion (66,83,147,148). These characteristics are also related
to those of the substrates we have identified. Namely, the
substantially higher PAXT sensitivity, which may result in
the extension of their poly(A)+ tails, as previously demon-
strated (66), and the lower extractability, which indicates
their inclusion in persistent aggregates (140). Additionally,
it is also possible that a number of 3’ adenylated ends
mapped outside the exon features that were unaddressed
in this analysis may largely contribute to the poly(A)+ ac-
cumulating phenotype (approximately up to half of the
mapped reads were within ‘exon’ features, Supplementary
Figure S10F), although their sensitivity to each exosome
component or their adenylation status is unknown thus far
(e.g. whether canonical PAPs polyadenylate them or not).
Carefully dissecting these unaddressed 3’ ends, as well as
further analysis including the information about the global
poly(A)+ tail status, which was missing from our NGS li-
braries, would help to clarify the cause of such a pro-
nounced poly(A)+ aggregates.

Among RRP6/MPP6 KD stabilized substrates, we have
identified many transcripts from the relatively short tran-
scription units (TUs), including variant snRNAs and
replication-dependent histone (RDH)-coding RNAs. Al-
though we have not probed if this short length is a de-
terminant of MPP6-sensitivity, several lines of evidence
support the finding of a concentration of short TU tran-
scripts among RRP6/MPP6 KD stabilized substrates. It
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has been reported that ARS2 achieves early transcrip-
tion termination of short TUs, prompting us to assess the
contribution of poly(A)+ ends generated via ARS2 func-
tion in forming the exosome KD-derived poly(A)+ aggre-
gates (90,141). ARS2 depletion significantly restored nu-
clear poly(A)+ RNA accumulation (Supplementary Figure
S10G and H). Additionally, when cells were treated with
Leptomycin B (LMB), an inhibitor of the CRM1 trans-
porter (149), the extent of nuclear poly(A)+ RNA accumu-
lation in both HeLa and A549 cells deprived of MTR4 was
significantly enhanced, implying that CRM1 has a function
linked to the transport of these substrates to the cytoplasm
under MTR4 KD conditions (Supplementary Figure S10I
and J). Since it has been demonstrated that PHAX/CRM1,
an adaptor and transporter complex, functions in the nu-
clear export of short length Pol II-transcribed transcripts
(150), this result also supports that RRP6/MPP6 KD UP
substrates are enriched in short transcripts. Thus, the short
length of these transcripts or some features associated with
the mechanism underlying their generation might confer
them with increased susceptibility to MPP6.

MPP6 appears to be considerably involved in the PAXT-
dependent substrate decay. However, bulk poly(A)+ RNAs
and several individual RRP6/MPP6 KD stabilized sub-
strates, including vU1snRNA and proDNAJB4, were not
markedly stabilized by the depletion of either PAXT com-
ponents (ZFC3H1 or PABPN1) (Supplementary Figure
S2C and H–J). With the simultaneous knockdown of
RRP45 with these factors, poly(A)+ addition to the sub-
strate occurs even in the absence of ZFC3H1 and PABPN1,
indicating that the lesser degree of substrate stabilization
observed under ZFC3H1- or PABPN1-depleted conditions
may not be due to the poor adenylation of substrates, but
to the small amount of substrate present. Hence, PAXT
seems not to dominate the degradation of these substrates.
It is unelucidated whether it is the distinctive dependency
on a specific cofactor or the significant redundancy be-
tween cofactors to recruit MTR4 that functions to decay
them. In line with the poor involvement of MPP6 in the
NEXT-dependent substrate decay observed in our analy-
ses, previous structural analyses have suggested that ZC-
CHC8, a component of the NEXT complex, competes with
MPP6-bound MTR4 for binding to the exosome core (103).
Such an MPP6- irrelevant function of NEXT-exosome
has been also proposed by a very recent study showing
that the exclusively NEXT-dependent trimming of the 3’
ends of snoRNAs can somehow progress in the absence
of RRP40, a component of the exosome core that pro-
vides the main surface for binding to MPP6 (99,101). Al-
though the contribution of core-independent exonucleases,
namely PARN and RRP6, to this trimming process was sug-
gested in that study, some residual NEXT-exosome activ-
ity may also be involved, since RRP40 depletion seems to
have only a minor effect on the abundance of other core
components and cofactors in their experiments. We only
dissected the adenylated substrates in this study, hence we
could not evaluate the precise impact of RRP6/MPP6 KD
on NEXT-exosome function. Again, scrutiny over a wider
range of substrates to elucidate their sensitivities to vari-
ous cofactors including PAXT and NEXT, as well as their
adenylated/non-adenylated states should allow us to fur-

ther understand how distinct exosome complexes functions
in vivo.
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