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ABSTRACT

Controlling proper RNA pool for nuclear export is
important for accurate gene expression. ZFC3H1
is a key controller that not only facilitates nuclear
exosomal degradation, but also retains its bound
polyadenylated RNAs in the nucleus upon exosome
inactivation. However, how ZFC3H1 retains RNAs and
how its roles in RNA retention and degradation are
related remain largely unclear. Here, we found that
upon degradation inhibition, ZFC3H1 forms nuclear
condensates to prevent RNA trafficking to nuclear
speckles (NSs) where many RNAs gain export com-
petence. Systematic mapping of ZFC3H1 revealed
that it utilizes distinct domains for condensation and
RNA degradation. Interestingly, ZFC3H1 condensa-
tion activity is required for preventing RNA traffick-
ing to NSs, but not for RNA degradation. Considering
that no apparent ZFC3H1 condensates are formed
in normal cells, our study suggests that nuclear
RNA degradation and retention are two independent
mechanisms with different preference for controlling
proper export RNA pool—degradation is preferred in
normal cells, and condensation retention is activated
upon degradation inhibition.

INTRODUCTION

In eukaryotes, genetic information needs to be transferred
from the nucleus to the cytoplasm through mRNA export.
Except for mRNAs, many other kinds of RNAs are pro-
duced by RNA polymerase IT (RNAPII). Some of these
RNAs are processed and transported to the cytoplasm,
while others, like RNAs produced by pervasive transcrip-
tion, are rapidly degraded shortly after transcription (1,2).

To ensure proper gene expression, nascent transcripts need
to be rapidly and accurately sorted into the export and the
degradation pathway.

Transcripts produced by RNAPII are capped co-
transcriptionally. The cap structure is bound by the cap-
binding complex (CBC), consisting of the canonical com-
ponents CBP80 and CBP20, and non-canonical compo-
nent ARS2 (3,4). CBC facilitates mRNA export via directly
interacting with and recruiting the mRNA export adap-
tor ALYREF to the 5 region of mRNAs (5-7). In ad-
dition to CBC, the nuclear polyadenylate (polyA)-binding
protein PABPN1 that binds mRNAs post-transcriptionally
also facilitates ALYREF recruitment, mainly to the 3
region of the mRNA (5). It was recently reported
that ALYREF is co-transcriptionally recruited (8), and
elF4A3, a component of the exon junction complex that
is loaded on mRNAs during co-transcriptional splic-
ing, associates with ALYREF and promotes ALYREF
recruitment (8,9). Thus, ALYREF is likely recruited
both co-transcriptionally and post-transcriptionally, with
post-transcriptional recruitment mainly occurring in nu-
clear speckles (NSs), where mRNA export factors are
enriched and many mRNAs gain export competence
(10-14).

The evolutionarily conserved exosome complex (exo-
some) is the central RNA degradation machine (15-17).
To recognize its diverse types of substrates and to achieve
its full activity, exosome needs to associate with many
co-factors. A central co-factor is the conserved RNA he-
licase MTR4, which facilitates exosome functions alone
or through forming multiple complexes with other pro-
teins (1,2,18-20). These complexes include the nuclear ex-
osome targeting complex (MTR4-RBM7-ZCCHCS), the
polyA tail exosome targeting (PAXT) connection (MTR4—
ZFC3HI1-PABPNI1) and the TRAMP complex (MTR4-
PAPD5-ZCCHC7) (1,2,18). Among these, PAXT is local-
ized in the nucleoplasm and is involved in the degradation
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of polyA transcripts, such as snoRNA host gene (SNHG)
transcripts, prematurely terminated RNAs (ptRNAs) and
polyA + promoter upstream transcripts (PROMPTs)
(1,18,21-24). Different from the above-mentioned com-
plexes that all facilitate exosome functions, MTR4 also
forms a complex with NRDE2 that is enriched in NSs
and negatively impacts exosomal degradation. In this way,
NRDE2 ensures NSs as perfect sites for mRNAs gaining
export competence (10,25).

Accurate sorting of nascent RNAs into the nuclear ex-
port and the nuclear degradation pathway is a fundamental
issue that every eukaryotic cell must deal with. Recent stud-
ies revealed that the competition between the export and the
degradation machinery provides an important mechanism
for RNA sorting (20,24,26,27). For most polyA RNAs,
including mRNAs and IncRNAs, MTR4 competes with
ALYREEF for CBC bound at the 5’ region before RNA traf-
fics to NSs (20,27). As a consequence, MTR4 targets RNAs,
which cannot rapidly and/or efficiently recruit ALYREF,
to degradation in the nucleoplasm (20,27). At the 3’ re-
gion, the PAXT component ZFC3H1 functionally com-
petes with ALYREF for PABPN1 and serves as a nuclear
retention factor for its bound RNAs upon exosome inacti-
vation (24). Recent studies demonstrated that exosome in-
activation triggers the formation of specific nucleoplasmic
polyA foci, in which exosome target RNAs as well as PAXT
components are accumulated (24,27). However, it is still an
open question whether these polyA foci are functionally
important for retaining exosome target RNAs in the nu-
cleus. Interestingly, ZFC3H1 knockdown (KD) resulted in
diminished polyA foci (24). However, it is unclear whether
ZFC3HI1 directly functions in foci formation, or just pro-
motes their formation indirectly by retaining polyA RNAs
in the nucleus.

In this study, we report that ZFC3H1 forms nuclear con-
densates to prevent its target RNAs trafficking to NSs, from
where they could be exported to the cytoplasm. Nuclear
RNA retention and degradation are independent mecha-
nisms for controlling proper nuclear RNA pool for export,
as condensation and degradation activities are attributed
to different ZFC3H1 domains, and the condensation activ-
ity is required for retention, but not degradation. Together
with previous findings, our data suggest that in normal cells,
ZFC3HI1 preferentially triggers exosomal degradation to
prevent the accumulation of unwanted RNAs; upon nu-
clear RNA degradation inactivation, ZFC3HI1 forms nu-
clear condensates to trap accumulated RNAs in the nucleus.

MATERIALS AND METHODS
Plasmids and antibodies

To construct the expression plasmids of Flag-ZFC3H1 full
length (FL) or fragments, the corresponding sequences were
cloned into Flag-Phage using ClonExpress® Ultra One
Step Cloning Kit (Vazyme Biotech Co., Ltd). The deletion
or point mutation ZFC3H]1 expression plasmids were con-
structed by mutagenesis using the KOD-Plus-Mutagenesis
Kit (Takara). ZFC3H1-FL-ZsGreen and ZFC3HI1-NP-
ZsGreen were constructed by deletion of the sequence be-
tween ZFC3H1 and ZsGreen in Flag-ZFC3H1-FL and
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Flag-ZFC3H1-NP, respectively. Plasmids encoding Flag-
elF4A3 and Flag-DDX3 were described previously (20,25).
To generate construct for gene editing, sgRNA targeting
ZFC3H1 was synthesized, annealed and ligated to the
pX330-mCherry plasmid. The sgRNA sequence is shown
in Supplementary Table S1. The Smad and B-globin con-
structs were described previously (28).

The CBP80, MTR4, UAP56 and ARS2 antibodies were
described previously (20). Antibodies against PABPNI1
(Abcam), ZFC3H1 (Novus), Flag (Sigma-Aldrich),
GAPDH (Proteintech), Tubulin (Proteintech), SC35
(Sigma-Aldrich), digoxin (Roche) and SON (Thermo
Fisher) were purchased. Alexa Fluor 546, Alexa Fluor 488
or Alexa Fluor 647 conjugated secondary antibodies were
purchased from Life Technologies.

Cell culture, transfections and RNAi

HeLa cells were cultured in DMEM supplemented with
10% FBS (Biochrom) and penicillin/streptomycin. Lipofec-
tamine 2000 (Invitrogen) was used for DNA transfection.
For RNAI, siRNA transfection was carried out with Lipo-
fectamine RNAiMax (Invitrogen) following manufacturer’s
protocol. The siRNA targeting sequences are shown in Sup-
plementary Table S1. It is of note that both UAP56 and its
homolog URH49 must be knocked down to observe a ro-
bust export block (29).

RNA isolation, reverse transcription and PCR analysis

Total RNAs were extracted with TRIzol (Invitrogen) and
treated with the RNase-free RQ DNase I (Promega) to re-
move genomic DNA. cDNAs were synthesized from 1 pg
of RNAs with random primer using M-MLV reverse tran-
scriptase (Promega). Quantitative PCR was carried out us-
ing SYBR qPCR SuperMix (Novoprotein) according to the
manufacturer’s instruction. Primer sequences are listed in
Supplementary Table S2.

FISH, immunofluorescence and DNA microinjections

To detect polyA RNAs, HelLa cells were fixed with 4%
formaldehyde/acetic acid in 1x PBS. Cells were washed
with 1x PBS three times and permeabilized with 0.1%
Triton in 1x PBS for 15 min, followed by washes with
2x saline-sodium citrate buffer (SSC) twice and incuba-
tion at 37°C with a high-performance liquid chromatogra-
phy (HPLC)-purified Alexa 546-conjugated oligo dT (50-
nt) probe for 12-16 h. Cells were then washed with 2x SSC
twice and 0.5x SSC once, followed by DAPI staining. For
immunofluorescence, SC35 (1:1000), SON (1:200) or Flag
(1:1000) antibody were used. After primary antibody incu-
bation for 1 h, cells were washed three times with 1x PBS
and incubated with Alexa 488- or 647-labeled anti-mouse or
anti-rabbit secondary antibody (1:1000) in blocking buffer
(1x PBS, 0.1% Triton X-100 and 2 mg/ml BSA) at room
temperature for 1 h. Then cells were washed with 1x PBS
three times for 10 min each. Confocal imaging was per-
formed on a Leica TCS SP8 WLL. All structured illumi-
nation microscopy (SIM) experiments were performed on
a DeltaVision OMX SR system (GE Healthcare) equipped
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with a 60x/1.42 NA Plan Apo oil-immersion objective
(Olympus) and three laser beams (405, 488 and 546 nm).
FISH quantitation was carried out using the ImageJ soft-
ware (National Institutes of Health). After stacking the
FISH and IF images, FISH signals in NSs and nucleus were
measured for NS/N ratios. Measurements were obtained
for fluorescence in NSs for FISH probe (Fy, F, ..., Fy), flu-
orescence in the nucleus for FISH probe (F), area of NSs
(A1, Az, ..., A,) and area of the nucleus (4"). NS/N ratios
were calculated as NS/N = (A4 Fy + Ay F> + -+ A, F,))/A'F .
N/T and N/C ratios were calculated as described (30).

To analyze the distribution of B-globin and Smad spliced
mRNAs, HeLa cells transfected with B-globin and Smad
constructs were fixed with 4% PFA in 1x PBS for 15 min,
followed by washes with 1x PBS three times and perme-
abilization with 1 x PBS/0.1% Triton for 15 min. Cells were
then washed with 1 x PBS three times and 1x SSC/50% for-
mamide twice, and were incubated with an HPLC-purified
Alexa 546-conjugated 70-nt probe (vector probe) that hy-
bridizes to the pcDNA3 vector sequence at 37°C for 12-16
h. The cells were then washed with 1 x SSC/50% formamide
four times, followed by DAPI staining. The vector probe
targeting sequence is shown in Supplementary Table S3.
Images were captured with a DP72-CCD camera (Olym-
pus) on an inverted microscope using the DP-BSW soft-
ware (Olympus). FISH quantitation was carried out using
the ImageJ software (National Institutes of Health). N/C
ratios were calculated as described (30).

To detect endogenous SNHG19 RNA and NS pro-
tein SON simultaneously, HeLa cells were fixed with 4%
formaldehyde/acetic acid in 1x PBS for 20 min, followed
by three washes with 1x PBS and permeabilization with
1x PBS/0.1% Triton X-100/2 mM ribonucleoside vanadyl
complex for 15 min. The cells were incubated with specific
probes that were labeled with digoxin at 50°C for 16 h. The
targeting sequence of the SNHG19 probe is shown in Sup-
plementary Table S3. After extensive wash, cells were incu-
bated with the digoxin antibody diluted in blocking buffer
for 1 h. After three washes with 1x PBS, cells were incu-
bated with the Alexa Flour 488-labeled anti-sheep antibody
(1:1000) for 1 h and washed with 1x PBS three times. For
SON IF, cells were incubated with SON antibody (1:5000)
for 40 min and the Alexa Fluor 546-labeled anti-rabbit anti-
body (1:5000) for another 40 min, followed by DAPI stain-
ing and three washes with 1x PBS. Confocal imaging was
performed on a Leica TCS SP§ WLL. FISH quantitation
was carried out using the ImagelJ software (National Insti-
tutes of Health).

For DNA microinjection, HeLa cells were plated on 20-
mm coverslips at the bottom of 35-mm dishes, and 100
ng/pnl plasmid DNA was injected into cells. For each ex-
periment, ~200 cells were microinjected, followed by incu-
bation at 37°C. Two hours post-microinjection, cells were
fixed with 4% PFA and followed by DAPI staining.

Protein immunoprecipitations

For each assay, 10 cells were suspended in the lysis buffer
(20 mM Tris—HCI, pH 7.4, 100 mM NaCl, 2 mM EDTA,
pH 8.0, 0.1% Triton, 1 mM DTT, I mM PMSF). After
sonication and centrifugation, the lysate was treated with

RNase A for 20 min at 30°C, followed by incubation with
antibody-crosslinked beads at 4°C overnight. The beads
were washed three times with the lysis buffer, and proteins
were eluted for western blot analysis.

RNA immunoprecipitations

Cells treated with different siRNAs for 72 h were washed
with cold 1x PBS and then suspended in 1 ml NET-2 buffer
(50 mM Tris, pH 7.4, 150 mM NacCl, 0.1% NP-40, 0.2 mM
PMSF), followed by sonication on ice. The lysates were in-
cubated with the ZFC3H1 or Myc antibody at 4°C for 2 h,
followed by rotation with nProtein A Sepharose (GE) for
another 2 h at 4°C. The beads were washed three times with
NET-2 buffer. One fifth of the immunoprecipitate was an-
alyzed by western blotting. The rest of the immunoprecipi-
tate was treated with proteinase K, and RNAs were recov-
ered by phenol/chloroform extraction and ethanol precip-
itation. RNAs were then treated with the RNase-free RQ
DNase I (Promega) for 2 h at 37°C. RT-qPCR was carried
out as described above.

UV-crosslinking RNA immunoprecipitations

Cells transfected with different plasmids for 24 h were
washed with cold 1x PBS and then UV crosslinked at 150
mJ/cm?. Cells were resuspended with 1 ml RNA immuno-
precipitation (RIP) buffer (50 mM Tris, pH 7.4, 150 mM
NaCl, 0.2% NP-40, 0.1% sodium deoxycholate, 0.2 mM
PMSF), followed by sonication on ice. Cell lysates were pre-
cleared with 20 pl nProtein A Sepharose (GE) for 1 h to
get rid of non-specific binding. Then, the precleared lysates
were incubated with the Flag or Myc antibody at 4°C for 2
h, followed by rotation with nProtein A Sepharose (GE) for
another 2 h at 4°C. The beads were washed twice with buffer
1 (50 mM Tris, pH 7.4, 300 mM NacCl, 0.2% NP-40, 0.2%
sodium deoxycholate, 2 mM VRC, 0.2 mM PMSF) and
once with buffer 2 (50 mM Tris, pH 7.4, 300 mM NaCl, 0.2%
NP-40, 0.2% sodium deoxycholate, 2 mM VRC, 0.2 M urea,
0.2 mM PMSF). One fifth of the immunoprecipitate was an-
alyzed by western blotting. The rest of the immunoprecipi-
tate was treated with proteinase K, and RNAs were recov-
ered by phenol/chloroform extraction and ethanol precip-
itation. RNAs were then treated with the RNase-free RQ
DNase I (Promega) for 2 h at 37°C. RT-qPCR was carried
out as described above.

Fluorescence recovery after photobleaching

Cells were transfected using 1 wg of plasmid DNA per dish.
Twenty-four hours post-transfection, cells were imaged us-
ing a Nikon A1 confocal microscope operated by Nikon El-
ements, a 60x objective lens, and a heating chamber with
CO, pre-warmed to 37°C. The regions of interest (ROIs)
were outlined with Elements and photobleached using a 488
nm laser set at 70% power, 1 pulse/s x 7 s. Fluorescence
recovery was monitored up to 10 min after photobleach-
ing. Images were acquired every 10 s. The fluorescence in-
tensity in the obtained images was measured in ROIs us-
ing the ImageJ software. The recovery ratio is defined as
(Foo — Fo)/(F; — Fy), where F,, is the fluorescence in the



bleached region after full recovery, F; is the fluorescence be-
fore bleaching and Fj is the fluorescence just after bleaching

a31).

Live cell imaging

For time-lapse microscopy of droplet fusion, HelLa
cells were transfected with ZFC3HI1-FL-ZsGreen or
ZFC3H1-NP-ZsGreen plasmid. Twenty-four hours post-
transfection, live cell imaging was performed on a Zeiss
Celldiscoverer 7. Images were acquired every 5 min. All
images were acquired using ZEN software.

RESULTS
ZFC3HI1 prevents RNA trafficking to NSs

In a previous study, we found that ZFC3H1 KD resulted
in elevated polyA signals in NSs (27). At first glance, this
observation seemed to conflict with the reported roles of
ZFC3H1 in nuclear RNA retention (24), as increased polyA
RNA signals in NSs are usually associated with inhib-
ited mRNA nuclear export. To study how ZFC3H1 af-
fects polyA RNA distribution, we knocked it out in HeLa
cells using CRISPR—Cas9 and obtained two independent
knockout (KO) cell lines. Western blot and DNA sequenc-
ing confirmed successful KO (Supplementary Figure S1A
and B). As expected from previous studies (18,21,23,24),
in these KO cells, SNHG transcripts, well-known PAXT
targets, were significantly upregulated (Supplementary Fig-
ure S1C), and cytoplasmic polyA RNA signals were ele-
vated (Figure 1A). Interestingly, same as previous obser-
vations with ZFC3H1 KD (27), nuclear polyA signals ap-
parently increased in ZFC3H1 KO cells (Figure 1A), and
these increased polyA signals were colocalized with SC35
immunofluorescence signals used to indicate NSs (Figure
1B). To specifically examine polyA signal change in NSs,
we quantified the fluorescence intensities of polyA RNAs
at NSs and normalized them to that in the nucleus (NS/N).
The polyA RNA NS/N ratios increased in both KO lines
in comparison to WT cells (Figure 1B). Importantly, ex-
ogenous expression of ZFC3H1 with proper level appar-
ently rescued the increased polyA signals in NSs (Figure
1C). Note that in cells with very high ZFC3H]1 expression,
nuclear polyA signals were not reduced but even enhanced
(Supplementary Figure S1D) (see results and discussion
later).

Why did polyA signals in NSs increase upon ZFC3HI1
downregulation? Considering that many mRNAs gain ex-
port competence in NSs (10) and ZFC3H1 functions in nu-
clear RNA retention (24), we reasoned that ZFC3H1 might
prevent its bound polyA RNAs trafficking to NSs (Figure
1D), and thus in the absence of ZFC3HI1, they traffic to NSs
from where a part of them are released to the cytoplasm.
If true, one would expect that in ZFC3H1 KO cells, cyto-
plasmic accumulated polyA RNAs had trafficked through
NSs before nuclear export. Indeed, KD of UAPS56, a key
export factor required for polyA RNA release from NSs
(32), abolished cytoplasmic polyA signals in ZFC3H1 KO,
and led to even more apparently enhanced NS polyA sig-
nals compared to UAPS6-depleted WT cells (Supplemen-
tary Figure S2A-C). Importantly, when a specific ZFC3H1
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target RNA, SNHG19, was examined in ZFC3H]1 KO cells,
similar observations were obtained. SNHG19 was largely
detected in both NSs and the cytoplasm in Cntl KD cells,
and was mostly accumulated in NSs upon UAP56 depletion
(Figure 1E, KO; Supplementary Figure S2D). Together,
these data are consistent with the view that ZFC3H1 pre-
vents its bound RNAs trafficking into NSs. Note that in
WT cells, UAP56 depletion also resulted in SNHG19 ac-
cumulation in NSs (Figure 1E, WT; Supplementary Fig-
ure S2D), suggesting that in normal condition, a small part
of SNHG19 escaped from ZFC3H1 binding and trafficked
through NSs prior to transport to cytoplasm.

Without ZFC3HI1, why are some accumulated polyA
RNAs retained in NSs, rather than all released to the cy-
toplasm? This retention could be due to low abilities of
ZFC3HI1 target RNAs in recruiting export factors in NSs.
Consistent with this possibility, ZFC3H1 target levels were
elevated not only in the cytoplasm, but also in the nucleus
upon its downregulation (1,24). However, it was also possi-
ble that accumulated ZFC3H1 targets occupied export fac-
tors, resulting in impaired nuclear export of bulk mRNAs.
To examine this possibility, we compared export efficien-
cies of two different reporters, spliced B-globin and Smad
mRNAs, which are not exosome targets (20), in WT and
KO cells. For both reporters, no apparent difference in nu-
cleocytoplasmic distribution was detected between WT and
KO cells (Supplementary Figure S2E). Thus, it is likely that
many ZFC3HI1 target RNAs have limited export activities.
In the absence of ZFC3H1, although they were free to traf-
fic to NSs, a part of them were still retained there.

PABPNI plays a primary role in ZFC3H1 recruitment to
many targets

We next asked how ZFC3H1 is recruited to its target RNAs,
including SNHG RNAs, polyA + PROMPTs and ptRNAs.
As expected (1,18,22), the levels of these RNAs were ap-
parently elevated in ZFC3H1 KO cells (Supplementary Fig-
ures S1C and S3A). ZFC3HI1 was found to associate with
nuclear CBC and nuclear polyA-binding protein PABPNI,
both of which are important platforms for recruiting export
and degradation machineries (Figure 2A) (1,5,7,18,20). We
examined how CBC and PABPNI function in ZFC3H1
recruitment by carrying out RIPs with a ZFC3H1 anti-
body followed by RT-qPCRs. For all SNHG RNAs we
tested, co-KD of CBP80 and ARS2 demonstrated moder-
ate or no inhibitory effect on ZFC3H]1 associations (Fig-
ure 2B-D). Compared to CBC KD, PABPN1 KD showed
more dramatic effects, with ZFC3H]1 associations with all
tested SNHG RNAs apparently weakened (Figure 2E-G).
Similar to SNHG RNAs, ZFC3H1 recruitment to three
polyA + PROMPTs was more sensitive to PABPN1 KD
in comparison to CBC KD (Supplementary Figure S3B).
For some unclear reasons, no apparent binding of ZFC3H1
with ptRNAs was detected in normal cells (Supplemen-
tary Figure S3C). One possibility is that ptRNAs might
be rapidly degraded upon binding by ZFC3H1. Together,
these data suggest that PABPNI plays a primary role in
facilitating ZFC3H1 recruitment, at least to SNHGs and
polyA + PROMPTs. In agreement with this, PABPN1 KD
led to apparent accumulation of SNHG19 RNA in NSs
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Figure 1. ZFC3H1 depletion results in polyA RNA accumulation in NSs. (A) (Top) FISH with an oligo(dT) probe to detect polyA RNAs in WT and
ZFC3H1 KO cells. Scale bar, 10 wm. (Bottom) Quantification of nuclear and cytoplasmic FISH signals of polyA RNAs in WT and ZFC3H1 KO cells.
FISH signals of 30 cells were calculated in each experiment. Error bars, standard deviations (rz = 3). (B) (Left) Confocal microscopic imaging to examine the
colocalization of polyA RNAs with NSs in WT and ZFC3H1 KO cells. FISH with an oligo(dT) probe and IF using the SC35 (as an NS marker) antibody
were carried out. The red and green lines in the graphs show the intensities of FISH and SC35 IF signals along the freely positioned arrow indicated from
A to B, respectively. Scale bar, 10 wm. (Right) Quantification of NS/N ratios of polyA RNA signals in WT and ZFC3H1 KO cells. Error bars, standard
deviations (n = 15). (C) (Top) Confocal microscopy analysis to examine the effect of Flag-DDX3 (Cntl) and Flag-ZFC3H]1 on polyA RNA signalsin WT
and ZFC3H1 KO cells. FISH with an oligo(dT) probe and IF using Flag and SON (as an NS marker) antibodies were carried out. Exemplified cells with
proper expression of Flag-ZFC3H1 or Flag-Cntl are indicated by white dashed lines. Scale bar, 10 pm. (Bottom) Quantification of polyA RNA NS/N
ratios in cells transfected with corresponding constructs. Error bars, standard deviations (n = 10). (D) The illustration of possible fate of normal mRNAs
and ZFC3H]1 targets. Normal mRNAs traffic into NSs to gain export competence and are consequently exported to the cytoplasm. ZFC3H]1 prevents its
target RNAs trafficking into NSs and facilitates their degradation. (E) (Top) Confocal microscopic imaging to examine the colocalization of endogenous
SNHG19 RNA with NSs in WT and ZFC3H]1 KO cells treated with Cntl or UAP56/URH49 siRNAs. FISH with an SNHG19-specific probe and IF
using a SON (as an NS marker) antibody were carried out. The green and red lines in the graphs show the intensities of FISH and SON IF signals along
the freely positioned arrow indicated from A to B, respectively. Scale bar, 10 pm. (Bottom) Quantification of NS/N ratios of SNHG19 RNA. Error bars,
standard deviations (n = 10). Statistical analysis was performed using Student’s #-test. P < 0.05, **P < 0.01, ™" P < 0.001, n.s., not significant.
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ZFC3HI (D). Error bars, standard deviations (n = 3). The white line delineates the boundary where irrelevant lanes have been removed from the same
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Error bars, standard deviations (n = 3). Statistical analysis was performed using Student’s r-test. *P < 0.05, ** P < 0.01, ™" P < 0.001, n.s., not significant.

(Supplementary Figure S3D and E). Note that this accu-
mulation was even more pronounced compared to that in
ZFC3HI1 KO, probably due to the requirement for PABPN1
in ALYREF recruitment for release from NSs (5,32).

ZFC3H1 interacts with CBC, PABPN1 and MTR4 through
distinct domains

We next sought to determine how ZFC3H]1 interacted
with CBC, PABPN1 and MTR4. ZFC3H1 contains five
predicted coiled-coil domains in the N terminal part (1-
990 aa, NP), and a highly conserved zinc finger do-
main (ZnFD) and seven TPRs in the C terminal part
(991-1989 aa, CP) (Figure 3A). We first separated it into
the NP and the CP fragment and Flag-tagged. Flag im-
munoprecipitations (IPs) with or without RNase treat-
ment showed that CBC and PABPNI interacted with NP,
whereas MTR4 mainly associated with CP (Figure 3B;
Supplementary Figure S4). Although the expression of the
FL protein was quite low, it efficiently associated with
CBC, PABPNI1 and MTR4 (Figure 3B; Supplementary Fig-
ure S4). Further mapping revealed that two N-terminal
domains, ZFC3H1; 359,, (CID, CBC-interacting domain)
and ZFC3H g0 99022 (PID, PABPN1-interacting domain),

mainly associated with CBC and PABPNI, respectively
(Figure 3C and D). Although CID also weakly associated
with PABPNI, this association became undetectable upon
RNase treatment (Figure 3D).

Considering that the MTR4-ZFC3H1 interaction is
conserved in fission yeast (33,34), and the ZnF domain
(ZnFD, 1185-1206 aa) is the most conserved part between
ZFC3HI1 and its fission yeast counterpart Red1, we exam-
ined whether ZnFD is required for interacting with MTR4.
Truncation of ZnFD in FL led to very low expression; we
thus made the deletion on the basis of CP instead. ZnFD
deletion diminished CP interaction with MTR4, indicating
that ZnFD is required for the ZFC3H1-MTR4 interaction
(Figure 3E and F). Mutation of H1203 supposed to directly
bind the zinc ion to lysine did not show a similarly strong
effect to ZnFD deletion (Figure 3E).

PID and ZnFD, but not CID, are required for ZFC3H]1 func-
tion in target RNA degradation

We next asked how the interactions with CBC, PABPNI1
and MTR4 contribute to ZFC3H1 functions in RNA
degradation and distribution. To answer this question, we
first examined whether expression of ZFC3H1 mutants
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lacking CID, PID or ZnFD could rescue increased target
RNA levels in KO cells (Figure 4A). As mentioned ear-
lier, deletion of ZnFD in FL resulted in very low expres-
sion; we thus used ACP here instead. When these mutants
as well as FL were expressed in ZFC3H1 KO cells, the in-
creased SNHG RNA levels were inhibited by expression of
FL and the ACID mutant, indicating that CID is not im-
portant for ZFC3H1 function in RNA degradation (Figure
4B and C). In agreement with the primary role of PABPN1
in ZFC3H1 recruitment, the APID mutant did not appar-
ently affect SNHG levels in KO cells. As expected from the
loss of MTR4 interaction, the ACP mutant did not repress
increased SNHG RNA levels either (Figure 4D and E).

Next, we examined how these mutants affected polyA
signal intensities and distribution patterns in ZFC3H1 KO
cells. Considering that highly overexpressed FL caused even
more apparently increased nuclear polyA signals (Supple-
mentary Figure S1D), here we examined cells with simi-
larly low expression of FL and mutants. Consistent with
RT-gPCR data, similar to that of FL, expression of the
ACID mutant led to the reversal of elevated polyA RNA
signals in both the nucleus and the cytoplasm (Figure 4F).
In contrast, expression of the APID mutant did not display
an apparent effect (Figure 4F). Interestingly, expression of
the AZnFD or the ACP mutant led to further increased
nuclear polyA signals (Figure 4F). This additionally rein-
forced nuclear polyA RNA signals might be due to distri-
bution change of these RNAs (see results later). Consistent
with this possibility, when the same set of proteins were ex-
pressed in WT cells, the ACP mutant and in some cases
AZnFD, but not others, caused increased nuclear polyA
signals (Supplementary Figure S5). Together, the interac-
tions of ZFC3H1 with PABPN1 and MTR4 are important
for its functions in both degradation and distribution of
RNA:s.

ZFC3H1 forms condensates via its N terminal IDR

How does ZFC3H1 prevent RNAs trafficking into NSs?
We noticed that overexpressed FL formed nuclear conden-
sates that did not colocalize with NSs in WT cells (Fig-
ure SA). Super-resolution 3D SIM analysis revealed that
polyA RNAs were intertwined with ZFC3HI in these con-
densates (Figure 5B). These data, together with previous
studies showing polyA foci formation upon exosome inac-
tivation (24,27), suggested that high concentration of either
exosome target polyA RNAs or the protein itself triggers
ZFC3HI1 condensation. ZFC3H1 condensates trap polyA
RNAs, resulting in the formation of nucleoplasmic polyA
foci (Figure 5C). This explains why high overexpression of
ZFC3H1 in KO cells led to even more apparently increased
polyA signals in the nucleus (Supplementary Figure S1D).

We next asked how ZFC3H]1 forms condensates. Based
on sequence analysis, ZFC3HI1-NP is an intrinsic disor-
dered region (IDR) (Figure 5D). Indeed, NP apparently
formed droplet-like granules in the cells, and the sizes of
these granules increased along with their elevated expres-
sion level (Figure 5E). In contrast, CP showed a diffused
pattern (Figure SE). Note that like nuclear condensates
formed by FL, these granules also colocalized with polyA
RNAs and were distinct from NSs (Supplementary Fig-
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ure S6A). Although like FL condensates, NP granules were
also colocalized with polyA RNAs and distinct from NSs,
polyA RNAs were mostly attached to the surfaces of these
granules (Supplementary Figure S6B). Interestingly, nu-
clear condensates formed by both FL and NP exhibited dy-
namic properties, moving freely in the nucleus and fusing
when approached one another, indicative of liquid-like be-
havior (Figure 5F). We next examined whether these con-
densates showed internal rearrangement by photobleaching
condensates, and tracking the recovery of fluorescence in-
tensity by laser scanning confocal microscopy. Condensates
formed by FL and NP both displayed internal rearrange-
ment over the course of minutes consistent with liquid-like
properties (Figure 5G).

When we tried to further narrow down the condensation
domain by separating NP into 1-359 aa (CID), 360-599
aa and 600-990 aa (PID) fragments, none of them formed
condensates (Figure SH). Because CID was mainly cyto-
plasmic, we also examined the distribution pattern of 1-599
aa and found it diffused in the nucleus (Figure SH). Bear-
ing in mind that NP contains CBC- and PABPN1-binding
domains, it was possible that NP sub-fragments cannot
form condensates due to their reduced interactions with
CBC or PABPNI1. However, in cells depleted of CBC or
PABPNI, the granule formation activity of NP was largely
unchanged (Figure 5I). Together, these data indicate that
NP is required and sufficient for ZFC3H]1 forming conden-
sates with liquid-like properties.

Condensation of many proteins also involves nucleic acid
binding (35-37). This could be also true for ZFC3H1 as
its condensation is triggered upon target RNA accumula-
tion. Further, UV-crosslinking RIPs showed that NP that
possesses condensation activity also exhibited direct RNA
binding ability, while CP that lacks condensation activity
did not (Supplementary Figure S6C-E). These data are in
agreement with the view that RNA binding is involved in
ZFC3HI1 condensation.

ZFC3H1 condensation activity is important for nuclear RNA
retention, but not degradation

The next important question is whether ZFC3H1 conden-
sation activity is required for preventing RNAs trafficking
into NSs. To answer this question, we first sought to disrupt
its degradation function but keep its condensation activity,
and detect where the accumulated RNAs distributed. The
AZnFD mutant, which contained the intact IDR but lost
MTRA4 interaction, perfectly satisfied this requisite. Indeed,
in KO cells overexpressing AZnFD, consistent with degra-
dation inhibition, the overall polyA signals increased (Fig-
ure 4F). Importantly, these increased nuclear polyA RNAs
did not overlap with NSs, but were mostly colocalized with
nuclear condensates formed by the mutant protein (Figure
6A and B; Supplementary Figure S7A). We next sought to
inhibit ZFC3H1 condensation without affecting its degra-
dation activity. Considering the whole NP is required for
condensation, we reasoned that the ACID mutant, which
showed similar RNA degradation functions to FL, might
have reduced condensation activity. Indeed, different from
FL (Figure 5A), overexpressed ZFC3H1,cip did not ap-
parently form nucleoplasmic foci, but was enriched in NSs
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as well as diffused in the nucleoplasm in WT cells (Figure
6C and D; Supplementary Figure S7B). An important in-
dication from these data is that the condensation activity
is not required for ZFC3H1-mediated exosomal degrada-
tion. We next made CID and ZnFD double deletion mu-
tant (ZFC3H]1 acipazarp) to repress ZFC3H1 degradation
and condensation activities simultancously. Significantly,
ZFC3H1 acipazorp did not form nuclear condensates in
KO cells like ZFC3H1aznrp, and polyA RNAs trafficked
into NSs again (Figure 6B and E; Supplementary Figure
S7C). These data together indicate that ZFC3H1 condensa-
tion activity is required for preventing RNA trafficking into
NSs. We noted that overexpression of the ACID AZnFD
mutant in KO cells caused enhanced polyA RNA retention
in NSs and concomitantly reduced accumulation in the cy-
toplasm (Supplementary Figure S7D). This might be due to
precluded ALYREF recruitment by binding of the mutant
protein on ZFC3HI target polyA RNAs.

DISCUSSION

To ensure accurate gene expression, nascent RNAs need to
be rapidly sorted into the export and the degradation path-
way. ZFC3HI1 is a key RNA sorter that mediates exosomal
degradation and nuclear retention of exosome target RNAs
(1,18,24). To date, how ZFC3HI1 executes these two func-
tions remains largely unclear. For example, whether its re-
tention activity is required for facilitating degradation, and
how does ZFC3H]1 retain its bound RNAs in the nucleus?
We found that forming condensates and consequently pre-
venting trafficking of its bound RNAs into NSs is an im-
portant mechanism for ZFC3H1 retaining RNAs. Further,
ZFC3HI1 condensation-retention activity is not important
for its RNA degradation functions. Together with previ-
ous work, our data suggest that ZFC3H1 plays two-layer
surveillance roles in keeping unwanted RNAs from the cy-
toplasm, removing these RNAs rapidly as the first choice in
normal condition and preventing their entry into NSs for
gaining export competence upon degradation inhibition.
Taking degradation as the first choice makes sense, as
accumulated target RNAs occupy functional proteins, i.e.
PABPNI1, ARS2 and MTR4, in the nucleus (24). However,
when unwanted RNAs accumulate anyway, cells then ac-
tivate the second-choice surveillance mechanism, forming
nuclear condensates that trap these RNAs to prevent their
transport to the cytoplasm. When ZFC3H1 lost its conden-
sation activity, no polyA foci are formed even in the pres-
ence of accumulated target polyA RNAs. This suggests that
ZFC3HI1 directly triggers the formation of nucleoplasmic
polyA foci through condensation. Our data also imply that
polyA foci formed upon exosome inactivation are impor-
tant for retaining exosome targets in the nucleus, as disrup-
tion of ZFC3H1 condensation led to the release of its bound
polyA RNAs into NSs as well as the cytoplasm. Several ex-
osome subunits are downregulated during epidermal and
erythroid cell maturation (38,39). ZFC3H1-mediated con-
densation retention might have a more dominant role un-
der such circumstances. In addition, mutations in exosome
components have been associated with neurodevelopmental
delay and intellectual disability (40,41). It would be interest-
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ing to examine whether polyA foci are formed in neurons of
patients.

In normal cells, no apparent nuclear condensates were
formed by ZFC3HI, probably due to rapid target RNA
degradation. From this point of view, RNA degradation
seems not very active in condensates resulted from ZFC3H]1
overexpression, as polyA RNAs were clearly detected in
them. In Schizosaccharomyces pombe, Redl is the coun-
terpart of ZFC3HI1 that promotes selective removal of
meiotic mRNAs containing determinant of selective re-
moval (DSR) sequences in mitotic cells (42). Different from
ZFC3H]1, in normal condition, Red1 localizes in nuclear
dots in which meiotic RNA degradation is thought to oc-
cur (42,43). Thus, not like mammalian cells that have an
ordered choice for degradation and retention, Red1 might
execute these functions simultancously. Further, Mmil, a
Redl-interacting protein, forms nuclear dots through self-
interaction and tethers DSR-containing meiotic transcripts
to prevent the mistimed expression (44). Thus, it is possible
that the condensation-retention mechanism we found here
is evolutionarily conserved.

NSs are subnuclear structures in which mRNA export
factors are enriched and many mRNAs are packaged into
export-competent mRNPs (9-13). Previously, we found
that MTR4 competes with ALYREF to sort nascent mR-
NAs into the degradation and export pathways prior to traf-
ficking into NSs (20,27). Upon MTR4 depletion, its target
mRNAs passed through NSs before being released to the
cytoplasm (27). Here, we showed that in the absence of nu-
clear RNA decay, ZFC3H1 condenses and retains its bound
RNAs in the nucleus through preventing their entry into
NS:s. In the absence of the ZFC3H1 protein or its condensa-
tion activity, its target RNAs trafficked through NSs from
where they were exported to the cytoplasm. Thus, prevent-
ing NS entry seems to be a common and effective way for
precluding unwanted RNAs from transporting to the cyto-
plasm.

Data shown here suggest that PABPNI is the primary
determinant for ZFC3H1 recruitment. However, PABPN1
ubiquitously binds to RNAs with a polyA tail; how is
ZFC3HI selectively recruited to its target RNAs, i.e. SNHG
RNASs? It is possible that ZFC3HI, like Red]1 in yeast, di-
rectly or indirectly recognizes certain RNA sequences or
structures. In this case, although PABPN1 provides an im-
portant platform for ZFC3H]1 recruitment, ZFC3H]1 itself
determines the binding specificity. Alternatively, PABPN1
might determine ZFC3H1 binding specificity through other
unclear mechanisms. In future, these possibilities need to be
investigated.
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