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ABSTRACT

Quality control of mRNA represents an important regulatory mechanism for gene expression in eukaryotes. One compo-
nent of this quality control is the nuclear retention and decay of misprocessed RNAs. Previously, we demonstrated that
mature mRNAs containing a 5′′′′′ splice site (5′′′′′SS) motif, which is typically found in misprocessed RNAs such as intronic poly-
adenylated (IPA) transcripts, are nuclear retained and degraded. Using high-throughput sequencing of cellular fractions,
we now demonstrate that IPA transcripts require the zinc finger protein ZFC3H1 for their nuclear retention and degrada-
tion. Using reporter mRNAs, we demonstrate that ZFC3H1 promotes the nuclear retention of mRNAs with intact 5′′′′′SS mo-
tifs by sequestering them into nuclear speckles. Furthermore, we find that U1-70K, a component of the spliceosomal U1
snRNP, is also required for the nuclear retention of these reporter mRNAs and likely functions in the same pathway as
ZFC3H1. Finally, we show that the disassembly of nuclear speckles impairs the nuclear retention of reporter mRNAs
with 5′′′′′SS motifs. Our results highlight a splicing independent role of U1 snRNP and indicate that it works in conjunction
with ZFC3H1 in preventing the nuclear export of misprocessed mRNAs by sequestering them into nuclear speckles.
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INTRODUCTION

Eukaryotic cells aredivided into two compartments: the nu-
cleus and cytoplasm. In the nucleus, DNA is transcribed
into pre-mRNAs, which undergo a number of processing
events to generate mature mRNAs. These mRNAs are
then exported to the cytoplasm where they are translated
into proteins. Importantly, a subset of all transcripts aremis-
processed (Pickrell et al. 2010; Skandalis 2016) and, if trans-
ported to the cytoplasm, they would be translated into
truncated proteins that are often toxic (Veitia 2007). To
deal with these misprocessed transcripts, eukaryotic cells
have evolved quality control mechanisms that prevent
these mRNAs from being exported and instead target
these RNAs for degradation (Lee et al. 2015). For example,
transcripts that contain retained introns are sequestered in
the nucleus and targeted for decay (Palazzo and Lee 2018).
Such RNAs still contain intron-associated cis-elements,

which are normally removed during splicing. These include
the elements that specify the exon–intron boundaries (the
5′ splice site [5′SS] and the 3′ splice site [3′SS] motifs) and
the branchpoint. Other misprocessed transcripts may be
generated when a cryptic 3′ cleavage signal within an in-
tron is used. These intronic polyadenylated (IPA) transcripts
also include anunutilized5′SSmotif present near the 3′ end
of the RNA (Tian et al. 2007). Interestingly, it has been pro-
posed that many lncRNAs are also nuclear retained due to
the fact that they have poorly spliced introns (Zuckerman
and Ulitsky 2019). Moreover, other studies have found
that many lncRNAs are retained by the U1 snRNP (Azam
et al. 2019; Yin et al. 2020; Lubelsky et al. 2021), the com-
ponent of the spliceosome that recognizes 5′SS motifs,
which are likely found in lncRNAs with retained introns.

Previously, we showed that RNAs that contain a consen-
sus 5′SS motif near their 3′ end are retained in the nucleus
and degraded (Lee et al. 2015). Our findings are consistent
with other lines of experiments that have demonstrated
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that the presence of a 5′SSmotif in amaturemRNA inhibits
protein expression (Boelens et al. 1993; Gunderson et al.
1998; Vagner et al. 2000; Fortes et al. 2003; Guan et al.
2007; Abad et al. 2008; Goraczniak et al. 2009; Blázquez
andFortes 2013). It remains unclear how the5′SSmotif trig-
gers nuclear retention.One possibility is that the U1 snRNP
itselfmayplay a role. This is in linewith the finding that teth-
eringU1components to a reporter promotesnuclear reten-
tion (Takemura et al. 2011). Interestingly, U1 snRNP is
present at very high levels, about one order of magnitude
higher than other snRNPs (Baserga and Steitz 1993), sup-
porting the idea that it has additional roles beyond splicing.
Indeed, the U1 snRNP components U1A and U1-70K have
been shown to be required for the ability of the 5′SS motif
to inhibit protein expression by repressing 3′ cleavage and
polyadenylation (Boelens et al. 1993; Gunderson et al.
1998; Vagner et al. 2000). The U1 snRNP is also required
for the 5′SSmotif to inhibit cleavage at downstream cryptic
3′ cleavage signals in introns that produce IPA transcripts
(Kaida et al. 2010; Berg et al. 2012). U1mayalso help to sta-
bilize certain transcripts. Many cryptic transcripts, especial-
ly upstream anti-sense transcripts from bidirectional
promoters, are depleted in 5′SS motifs and as a conse-
quence fail to recruit U1 and are thus rapidly cleaved and
targeted for decay (Almada et al. 2013).
Previously we noted that reporter RNAs that contained

5′SS motifs accumulated in nuclear speckles (Lee et al.
2015). These liquid–liquid phase separated nuclear com-
partments contain splicing factors, such as SR proteins
and U1 snRNPs, nuclear export factors, such as the TREX
complex, and other mRNP factors, such as the exon junc-
tion complex (Huang and Spector 1992; Schmidt et al.
2006; Dias et al. 2010; Dufu et al. 2010; Spector and
Lamond 2011; Daguenet et al. 2012; Akef et al. 2013;
Galganski et al. 2017). It has been suggested thatpost-tran-
scriptional splicing occurs in these compartments (Dias
et al. 2010). Thus, the recruitment of U1 snRNP may help
to target mRNAs with intact 5′SSmotifs into nuclear speck-
les where they are either spliced (if the 5′SS is followed by a
proper branchpoint and a 3′SSmotif) or sequestered (if the
5′SS is followed by a poly(A)-tail).
Beyond theU1 snRNP, it hasbeenunclearwhatother fac-

tors may be involved. One likely candidate is the PAXT
complex, which is composed of MTR4, ZFC3H1,
PABPN1, and other accessory proteins (Meola et al.
2016; Ogami and Manley 2017; Ogami et al. 2017; Silla
et al. 2020; Wu et al. 2020). While MTR4 is found in other
complexes and generally targets RNAs to the nuclear exo-
some (Schilders et al. 2007; Ogami et al. 2018), ZFC3H1 is
thought to form the core of the PAXT complex and specif-
ically recognize certain RNA substrates. Although it con-
tains a zinc-finger domain and a coiled-coil region, it is
largely unstructured and can promote phase-separation
when expressed in cells (Wang et al. 2021). PABPN1 binds
to poly(A)-tails and has been implicated in many different

aspects of RNA metabolism, not only in PAXT-dependent
RNA surveillance but also in nuclear export and non-
sense-mediated decay (Sato and Maquat 2009; Apponi
et al. 2010).
Previously, it had been shown that upon depletion of

MTR4 or ZFC3H1 in HeLa cells, IPA transcripts become
stabilized and then accumulate in the cytoplasm (Ogami
et al. 2017). This work looked at the overall distribution of
mRNAs by next-generation sequencing in MTR4-depleted
cells and only specific IPA transcripts by RT-PCR in
ZFC3H1-depleted cells. Depletion of PAXT components
also led to the up-regulation of certain non-coding tran-
scripts, such as a subset of enhancer RNAs (eRNAs) and
promoter upstream transcripts (PROMPTs) (Meola et al.
2016; Fan et al. 2017; Silla et al. 2020; Wu et al. 2020).
Interestingly, MTR4 depletion in HeLa cells also led to
ZFC3H1 co-depletion (Ogami et al. 2017; Silla et al.
2018), likely by destabilizing the PAXT complex. Thus, it
was not clear whether the effects observed on IPA tran-
scripts were due to the direct depletion of MTR4, the indi-
rect depletion of ZFC3H1, or a combination of the two.
MTR4 and ZFC3H1 may directly compete with the TREX
component Aly (also known as AlyRef) for RNA binding
(Fan et al. 2017; Silla et al. 2018), although whether this is
related to any putative U1-mediated nuclear retention re-
mains unclear.
Here we identify factors that promote the nuclear reten-

tion of RNAs that contain a 5′SS motif, and investigate the
role of nuclear speckles in this process.We find that follow-
ing ZFC3H1 depletion, there is a global up-regulation of
IPA transcripts, which accumulate in the cytoplasm. In ad-
dition, we observe that there is a defect in the nuclear ex-
port of mRNAs with long 3′UTRs that are generated from
distal 3′ polyadenylation/cleavage sites. Using reporter
mRNAs, we demonstrate that ZFC3H1, but not other
PAXT components are required for the nuclear retention
of mRNAs with intact 5′SS motifs in human U2OS cells.
We also find that U1-70K is also required for their nuclear
retention and likely acts in the same pathway as ZFC3H1.
We demonstrate that ZFC3H1 and U1-70K are required
for mRNAs with 5′SS motifs to be retained in nuclear
speckles and that disassembly of nuclear speckles pre-
vents nuclear retention.

RESULTS

Depletion of ZFC3H1 leads to the stabilization
and cytoplasmic accumulation of intronic
polyadenylated (IPA) transcripts

To investigate how ZFC3H1 affects the distribution and
levels of various mRNAs, we depleted it from human oste-
osarcoma (U2OS) cells using lentiviral-delivered shRNA
(“ZFC3H1-2”), isolated total, nuclear and cytoplasmic frac-
tions, and purified poly(A)-selected RNAs for next-
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generation sequencing (Fig. 1A). The fractions had mini-
mal cross contamination (Fig. 1B) and the depletion was al-
most complete (Fig. 1C). Note that ZFC3H1 depletion had
no observable effects on MTR4 levels (Fig. 2A).

In line with what had been previously reported in MTR4-
depleted cells (Ogami et al. 2017), ZFC3H1 depletion
caused an up-regulation of IPA transcripts with no detect-
able effect on fully processed mRNAs produced from the
same genes (Fig. 1D; Supplemental Table 1). When we
looked at particular examples, such as PCF11, which has
a well characterized IPA (Wang et al. 2019), we observed
that it was up-regulated more than 10-fold after ZFC3H1
depletion (Fig. 1E, note that the 3′ end of the PCF11 IPA
transcript is indicated by the red arrow), while the full-
lengthPCF11mRNAwas unaffected (Fig. 1E, see10×mag-
nification). The up-regulation of IPA transcripts was also ap-
parent for other genes (Supplemental Fig. S1A–C).
Although most IPAs occur through the action of cryptic 3′

polyadenylation/cleavage sites in the first intron, aminority
are generated by sites found in internal introns, for exam-
ple, in the KCT13 gene, and these were also up-regulated
after ZFC3H1 depletion (Supplemental Fig. S1C).

When the levels of these IPAs were compared between
the nucleus and the cytoplasm, we found that their cytoplas-
mic levels generally increasedmore than their nuclear levels
in the ZFC3H1-depleted cells (Fig. 1F), suggesting that
ZFC3H1 was also required for their nuclear retention. This
could be clearly seen in individual examples, such as the
PCF11 IPA (Fig. 1G) and other IPA transcripts (Fig. 1H–J).

As documented previously, we also observed that
ZFC3H1 depletion caused an up-regulation in certain
PROMPTs (an example is shown in Supplemental Fig.
S1D), and in many cases these tended to accumulate
more rapidly in the cytoplasm than in the nucleus (an ex-
ample is shown in Supplemental Fig. S1E).

From these results, we conclude that depletion of
ZFC3H1 results in the up-regulation of IPA transcripts and
their accumulation in the cytoplasm. These results are in
line with previously published results examiningMTR4-de-
pleted cells (Ogami et al. 2017). In addition, ZFC3H1
depletion led to the up-regulation of a subset of
PROMPTs, as described by others (Meola et al. 2016;
Silla et al. 2020; Wu et al. 2020), and their cytoplasmic
accumulation.

Depletion of ZFC3H1 leads to the inhibition of
nuclear export of mRNAs generated from distal
3′′′′′ polyadenylation/cleavage sites

Although ZFC3H1 depletion did not grossly affect the nu-
clear/cytoplasmic distribution of most mRNAs, we did no-
tice that for mRNAs generated from genes with several 3′

polyadenylation/cleavage signals (Supplemental Fig.
S2A), the cytoplasmic/nuclear distribution of the long
mRNA isoforms, generated from distal 3′ polyadenyla-

tion/cleavage sites, tended to be more nuclear in the
ZFC3H1-depleted cells when compared to control cells
(Supplemental Fig. S2B,C). In contrast, the overall distribu-
tion of mRNAs was generally unaffected (see “mRNAs” in
Supplemental Fig. S2B). To determine whether this inhibi-
tionof exportwas true for short isoformsproduced from the
same genes, we compared the portions of the 3′UTR that
are common to both short and long isoforms (cUTR, see
Supplemental Fig. S2A). Reads that mapped to cUTR re-
gions were less affected but still more skewed toward the
nucleoplasmic fraction (Supplemental Fig. S2B,D). Since
these reads come fromboth long and short isoforms, we at-
tempted to infer the short UTR counts by subtracting out
the signal in the cUTR reads that came from the long iso-
form (seeMaterials andMethods). The distribution of these
inferred short UTR counts between the nucleus and cyto-
plasm were relatively unaffected (Supplemental Fig. S2E).
To determine whether these trends were due to an overall
destabilization of long isoforms, we next compared the
change in cytoplasmic/nuclear distribution to the overall
mRNA levels. We observed that upon ZFC3H1 depletion,
the decrease in cytoplasmic/nuclear distribution was
much larger than any change in the total levels for the
long isoform mRNAs (Supplemental Fig. S2F). Again, this
trend was less pronounced in cUTR reads (which come
from both short and long isoforms), and completely disap-
peared in the inferred short UTR counts (Supplemental Fig.
S2G,H). These trends were also seen when the levels in the
cytoplasm and nucleus were directly compared with total
levels (Supplemental Fig. S3).

From these results, we conclude that ZFC3H1 is likely re-
quired for the export of mRNAs generated from distal
3′ polyadenylation/cleavage sites.

ZFC3H1, but not other members of the PAXT
complex, are required for the nuclear retention
of reporter mRNAs containing 5′′′′′SS motifs

Previously, we documented thatmRNAs that contain intact
5′SSmotifswere nuclear retained. These reporters have the
same configuration as IPA transcripts since both contain in-
tact 5′SS motifs just upstream of the poly(A)-tail. In light of
this, we assessed whether MTR4 or ZFC3H1 were required
for the nuclear retention of reporter mRNAs containing
5′SSmotifs.We treatedU2OS cells with lentiviral-delivered
shRNAs against MTR4 or ZFC3H1, or control shRNAs (Fig.
2A) and transfected plasmids containing the reporter
mRNA fushi tarazu ( ftz) with and without the 5′SS motif
(Fig. 2B) as previously described (Lee et al. 2015, 2020).
Note that the 5′SS motif is present in a DNA region found
in many expression vectors and encodes a V5-His epitope
tag; however, within the ftz reporter, this region is present
downstream from the stop codon and is not translated.
Additionally, this version of ftz lacks any intron (Δi). To suc-
cessfully deplete MTR4, we used a pool of two separate
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FIGURE 1. ZFC3H1 depletion leads to cytoplasmic accumulation of endogenous 5′SS motif containing mRNAs (or intronic polyadenylated tran-
scripts). (A) Workflow for RNA Frac-seq. ZFC3H1- or control-depleted U2OS cells were fractionated into nuclear and cytoplasmic/ER fractions (see
MaterialsandMethods formoredetails).RNAwaspurified fromthese fractionsand fromtotal cell lysates, and thenanalyzedby Illuminasequencing.
(B) Nuclear “N” and cytoplasmic “C” fractions were collected from ZFC3H1- or control-depleted U2OS cells, then separated by SDS-PAGE and
analyzed by immunoblot for nuclear (Aly), ER (Trap-α), and cytoplasmic (tubulin) protein markers. (C ) Lysates collected from ZFC3H1- or control-
depleted U2OS cells (96 h post-transduction with lentiviral-delivered ZFC3H1-2 shRNA) were analyzed by immunoblot for ZFC3H1 and tubulin.
(D) Fold change in total levels of intronicpolyadenylated (IPA) transcripts (ZFC3H1depletionvs. control depletion) (x-axis), plottedagainst the chan-
ge in the total levels of fully processedmRNA (using cUTR reads, y-axis). Eachdot corresponds to reads fromonegene that is known toproduce IPA
transcripts (listed in Supplemental Table 1). Note that ZFC3H1 depletion leads to the up-regulation of IPA transcripts, but not fully processed
mRNAs. (E) (Top) Schematic of a fully processedmRNAand IPA transcript generated from the samegene.Note that the IPA transcript is generated
froma3′ cleavage/polyadenylation signal in the first intronandcontains a5′SSmotif. (Bottom) genomebrowser tracksof thePCF11gene in control-
“shCon” or ZFC3H1-depleted “shZFC” cells at 500× and 50× resolution. Note the large peak for the IPA transcript (intronic cleavage/polyadeny-
lation site is denoted with a red arrow), which is up-regulated in ZFC3H1-depleted cells. Also note that the reads corresponding to the full-length
transcript are unaffected by ZFC3H1 depletion. (F ) Similar to D, except that the fold change of IPA transcript levels in the cytoplasmic fraction
(ZFC3H1 depletion vs. control depletion, x-axis) is plotted against the fold change in the nuclear fraction (ZFC3H1 depletion vs. control depletion,
y-axis).Note thatZFC3H1depletion leads tocytoplasmicaccumulationofmany IPAtranscripts (comparebluedots to red).Toaccount for reads from
fully processedmRNAs, the IPA transcript levels arenormalized to the cUTR transcript levels of the samegene. (G) Similar toE, except the IPApeaks
in thenuclearandcytoplasmic fractionsare shown forPCF11. In control-depletedcells, reads fromthePCF11 IPAareenriched in thenuclear,butnot
thecytoplasmic fractions. InZFC3H1-depletedcells, reads fromthePCF11 IPAareat comparable levels in thenuclearandcytoplasmic fractions. (H–
J) Genomebrowser tracks of three IPA transcript-producinggenes,“CCDC71,” “BRD3,” and“ZFPM1.”Note theaccumulationof IPA transcripts in
the cytoplasmic fractions upon ZFC3H1 depletion. The intronic 3′ cleavage/polyadenylation sites are denoted by red arrows.
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shRNAs, as transductionwith any single lentiviral-delivered
shRNAgave poor depletion (data not shown). In contrast to
what had been seen previously in HeLa cells (Ogami et al.
2017; Silla et al. 2018), MTR4 depletion did not lead to
the co-depletion of ZFC3H1 (Fig. 2A). This allowed us to
determine whether MTR4 directly affects IPAs indepen-
dently of ZFC3H1.Depletionof ZFC3H1wasperformedus-
ing two independent shRNAs, and this did not affect MTR4

protein levels (Fig. 2A). When we analyzed the distribution
of the ftz reportermRNAby fluorescent in situ hybridization
(FISH), we found that MTR4 depletion did not affect the
cytoplasmic/nuclear levels of ftz mRNA containing the
5′SS motif ( ftz-Δi-5′SS) (Fig. 2C,D). In contrast, depletion
of ZFC3H1 with either shRNA led to a significant inhibition
in the nuclear retention of the same mRNA (Fig. 2C,D).
Depletion of either MTR4 or ZFC3H1 had no drastic

A
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FIGURE 2. (Legend on next page)

882 RNA (2022) Vol. 28, No. 6

Lee et al.



effect on the cytoplasmic/nuclear levels of ftz lacking the
5′SSmotif ( ftz-Δi), although in certainMTR4-depleted cells,
this RNA became slightly more nuclear (Fig. 2C,D).
Depletionof ZFC3H1, but notMTR4, also led to an increase
in the total levels of both ftz and ftz-Δi-5′SS (Supplemental
Fig. S4A).
WenextassessedhowZFC3H1depletionaffectedthedis-

tribution of two reporters,CCDC71-IPA andPCF11-IPA (Fig.
2E; Supplemental Fig. S5A), that generate IPA transcripts.
Both are fragments of endogenous genes that produce nat-
ural IPA transcripts whose decay and nuclear retention re-
quire ZFC3H1 according to our sequencing results (Fig.
1E,G,H). To specifically visualize the IPA transcripts, trans-
fected U2OS cells were probed with FISH oligonucleotides
that target intronic regions upstream of the intronic 3′ cleav-
age/polyadenylation site (Fig. 2E; Supplemental Fig. S5A).
Aswehadpreviously documented for reporterRNAswith in-
tact 5′SS motifs, the CCDC71-IPA was enriched in nuclear
speckles (Fig. 2F). Although the PCF11-IPA transcript also
tended to accumulate in puncta that overlappedwith speck-
les, the degree of colocalization was not as high
(Supplemental Fig. S5B). We also observed that the deple-
tion of ZFC3H1 significantly inhibited the nuclear retention
of the CCDC71 IPA transcript (Fig. 2G,H). We observed a
similar, albeit more subtle, effect on the PCF11-IPA tran-
script (Supplemental Fig. S5C,D). Depletion of ZFC3H1
also led to an increase in overall levels of CCDC71-IPA and
PCF11IPA transcripts (Supplemental Fig. S4B,C).
Next,weanalyzed theeffect of PABPN1depletionon the

distribution of mRNA with 5′SS motifs. We depleted

PABPN1 with two independent shRNAs in U2OS cells
(Supplemental Fig. S6A) and monitored the distribution
of various ftz mRNA reporters (Supplemental Fig. S6B) by
FISH. We did not see a significant change in the cytoplas-
mic/nuclear distributions of ftz mRNA containing the 5′SS
motif. This was true for intronless ( ftz-Δi-5′SS) or intron-con-
taining ( ftz-i-5′SS) versions of ftz (Supplemental Fig.
S6C,D). We did see a modest but significant inhibition in
the nuclear export of our control reporter ( ftz-Δi), in line
with previous findings that PABPN1 is required for efficient
mRNA nuclear export (Apponi et al. 2010). Thus, it remains
formerly possible that since overall mRNA nuclear export is
lower in PABPN1-depleted cells, this could have counter-
acted any putative inhibition of nuclear retention for ftz
mRNAs containing the 5′SS motif. Previously, we showed
that depletion of TPR led to the general inhibition in
mRNA export and a further enhancement in the nuclear re-
tentionof ftz-Δi-5′SSmRNA (Leeet al. 2020), unlikewhatwe
see after PABPN1 depletion.
Interestingly, depletion of PABPN1 decreased the total

levels of both ftz and ftz-Δi-5′SS RNAs relative to control
shRNA-treated cells (Supplemental Fig. S4D). Thus, like
ZFC3H1, PABPN1 appears to affect the total levels of over-
expressed reporter RNAs irrespective of the presence of a
5′SS motif, although in this instance the effect is in the op-
posite direction.
Overall, our results indicate that ZFC3H1 is required for

the nuclear retention of mRNAs that contain intact 5′SS
motifs. As for other PAXT complex components, our data
indicates that MTR4 is not required for this process, while

FIGURE 2. ZFC3H1 is required for the nuclear retention of 5′SS motif containing mRNAs. (A) U2OS cells were treated with different lentivirus
shRNAs against ZFC3H1 (“ZFC3H1-1” and “ZFC3H1-2”), MTR4 (“MTR4-1+2”) or control shRNA. Lysates were collected 96 h post-transduction,
separated by SDS-PAGE and immunoprobed for ZFC3H1, MTR4, or tubulin. Note that to effectively deplete MTR4, cells were treated with len-
tivirus containing two shRNA plasmids. (B) Schematic of the intronless (Δi) ftz reporter ( ftz-Δi) construct used in this study, with and without the V5-
His element in the 3′UTR ( ftz-Δi-5′SS). Note that the V5-His element contains a consensus 5′SS motif, which promotes nuclear retention. (C,D)
Control-, MTR4-, and ZFC3H1-depleted cells were transfectedwith the intronless ftz reporter plasmid (±5′SS). Eighteen to twenty-four hours later,
the cells were fixed and themRNAwas visualized by FISH. Note that depletion of ZFC3H1, but notMTR4, caused the cytoplasmic accumulation of
the ftz-Δi-5′SSmRNA. Representative images are shown in C (scale bar, 10 µm) and quantification is shown in D. Each bar represents the average
and standard error of at least three independent experiments, each experiment consisting of at least 30 to 60 cells. Student’s t-test was performed
for Figure 2D. (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<0.001. (E) Schematic of CCDC71-IPA reporter used in this study (see also Fig. 1H). The position of
the FISH probe used to visualize the IPA RNA is marked in gray and the position of the 3′ cleavage site in the intron is as indicated. (F ) U2OS cells
were transfected with the CCDC71-IPA reporter and, 18 to 24 hours later, the cells were fixed. The IPA transcript was visualized by FISH and nu-
clear speckles were visualized by immunofluorescence against SC35. Representative images are shown with a merged overlay showing the
CCDC71-IPA mRNA in red and SC35 in green. Scale bar, 10 µM. Examples of CCDC71-IPA/SC35 colocalization are indicated with arrows. (G,
H) Control- and ZFC3H1-depleted cells were transfected with the CCDC71-IPA reporter and the IPA transcript was visualized by FISH.
ZFC3H1 depletion increased the cytoplasmic accumulation of the CCDC71-IPA. Representative images are shown in G (scale bar, 10 µm) and
quantification is shown in H. Each bar represents the average and standard error of at least three independent experiments, each experiment
consisting of at least 30 to 60 cells. Student’s t-test was performed for Figure 2H. (∗∗) P<0.01. (I–K ) ePAT assay and 3′RACEwere used to examine
3′ end processing. (I ) Schematic of the ePAT assay as described in Janicke et al. (2012). The ftz-specific (F′) and universal (R′) primers used to am-
plify the ePAT amplicon are indicated. The sequence of the ePAT amplicon before the cleavage site is shown in J and is 117 nt long. (J) The se-
quence of the end of the 3′UTR is shown. Indicated in bold are the ftz-specific F′ primer annealing site (used in the ePAT and 3′RACE experiments),
the hexanucleotide motif, and the cleavage site (as determined by 3′RACE experiments on mRNAs derived from U2OS cells transfected with ei-
ther ftz-Δi or ftz-Δi-5′SS). (K ) PCR products from the ePAT assay were separated on a 1% agarose gel and stained with ethidium bromide. Lane 1:
Molecular weight markers with sizes in bp indicated on the left; lanes 3–6: ePAT amplicons from U2OS cells that were transfected with plasmids
containing the indicated versions of the ftz reporter (without [Δi] or with [i] an intron, without or with the 5′SSmotif). Note that the amplicons gen-
erated from all four reactions are the same length (∼230 nt). Since the amplified region in the 3′UTR is 117 bp long (see J), and the universal primer
has a 14 nt extension (see J), the poly(A)-tail is estimated to be ∼100 nt long.
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for PABPN1 we are unable to make
any firm assessment, as its effects on
nuclear retention may be masked by
its effects on mRNA export.

mRNA nuclear retention is not
dependent on alterations in 3′′′′′

cleavage or poly(A)-tail length

Previously, ZFC3H1was identified in a
mass spectrometry analysis of U1
snRNP-associated factors, which also
contained 3′ end processing compo-
nents (So et al. 2019). Additionally,
the presence of 5′SS motifs has been
shown to inhibit both 3′ cleavage
and polyadenylation (Boelens et al.
1993; Gunderson et al. 1998; Vagner
et al. 2000). In light of these observa-
tions, ftz-Δi-5′SS mRNA might be nu-
clear retained due to alterations in 3′

cleavage or polyadenylation that are
potentially regulated by ZFC3H1.

To determinewhether the presence
of a 5′SS motif disrupted normal 3′

cleavage or polyadenylation of the
ftz mRNA reporter, we expressed in-
tron lacking and containing versions
of this reporter, with and without the
5′SS motif, extracted mRNA from
these lysates, and assessed the 3′

cleavage by 3′ RACE and the poly(A)-
tail length using the ePAT assay (Fig.
2I; Janicke et al. 2012). By 3′ RACE,
both ftz-Δi and ftz-Δi-5′SS had the
same 3′ cleavage site (Fig. 2J) indicat-
ing that the 5′SS did not alter the 3′

end of the transcript. We also found
that the presence of the 5′SS motif
did not alter the size of the ePAT
amplicons (Fig. 2K), which comprises
the 3′ end of the RNA and the entire
poly(A)-tail, which we estimate to be
∼100 nt long (Fig. 2I). Although, it is
likely that in many cases the presence
of the 5′SS affects 3′ cleavage, this
may depend on the strength of the
3′ cleavage/polyadenylation signal.
In cases where these signals are
strong, as in the ftz reporter, which
contains the bovine growth hormone
polyadenylation signal (Pfarr et al.
1986), cleavage and polyadenylation
are likely not affected. Thus, we con-
clude that the ability of the 5′SS to

A

C

D

B

FIGURE 3. ZFC3H1 and U1-70K function in the same pathway for the nuclear retention of 5′SS
motif containing mRNAs. (A) U2OS cells were treated with lentivirus shRNA against either U1-
70K, ZFC3H1, or a mixture of the two. Lysates were collected 96 h post-transduction, separat-
ed by SDS-PAGE and immunoprobed for U1-70K, ZFC3H1, and mAb414. Note that to effec-
tively deplete U1-70K, cells were treated with lentivirus containing four shRNA plasmids. Also
note that the asterisk (∗) denotes a non-specific band. (B,C ) Control-, U1-70K-, ZFC3H1-, or
codepleted cells were transfected with the intronless ftz reporter ±5′SS as described in
Figure 2. Note that the cytoplasmic/nuclear distribution of ftz-Δi-5′SS mRNA in cells code-
pleted of U1-70K and ZFC3H1 resembles the distribution in single depletion cells, suggesting
that both proteins function in the same pathway. Representative images are shown in C (scale
bar, 10 µm) and quantification is shown in D. Each bar represents the average and standard
error of at least three independent experiments, each experiment consisting of at least 30
to 60 cells. Student’s t-test was performed for C. (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<0.001. (D)
HEK cells expressing carboxy-terminally tagged ZFC3H1 (ZFC3H1-FLAG) were lysed and sub-
jected to immunoprecipitation reactions with FLAG M2 beads or mouse IgG (“Control IP”).
Immunoprecipitates were separated by SDS-PAGE and immunoprobed for FLAG and U1-
70K. For comparison, 1% of the input lysate was also analyzed. The full-length ZFC3H1-
FLAG protein is denoted by the asterisk (∗) and a shorter band, likely a degradation product,
is denoted by the pound (#) sign.

Lee et al.

884 RNA (2022) Vol. 28, No. 6



inhibit nuclear export is functionally distinct from its ability
to inhibit 3′ cleavage and polyadenylation. This finding is in
agreement with the observation that the PAXT complex
acts on PROMPTs after they have become polyadenylated
(Wu et al. 2020).

U1-70K acts in the same pathway as ZFC3H1 in the
nuclear retention of 5′′′′′SS motif containing mRNAs

As described above, ZFC3H1 was identified in a mass spec-
trometry analysis of U1 snRNP-interacting proteins (So et al.
2019). In addition, immunoprecipitates of ZFC3H1 con-
tained U1-70K, a component of the U1 snRNP, as detected
by mass spectrometry (Meola et al. 2016). These observa-
tions raised the possibility that 5′SSmotifs are initially recog-
nized by U1 snRNP and that in the absence of a 3′SS motif,
which would normally recruit other components of the spli-
ceosome, U1 snRNP recruits ZFC3H1 to redirect the tran-
script to a nuclear retention and/or decay pathway.
To assesswhether U1 snRNPwas required for the nuclear

retention of 5′SS motif containing mRNAs, we used a mix-
ture of four lentiviral-delivered shRNA to deplete U1-70K
(Fig. 3A). U1-70K has been shown to be required for
many activities of the U1 snRNP outside of splicing, includ-
ing polyadenylation and 3′ cleavage (Gunderson et al.
1998; Vagner et al. 2000). We observed that U1-70K-de-
pleted U2OS cells did not efficiently retain ftz reporters
that contained a 5′SS motif ( ftz-Δi-5′SS) in the nucleus
(Fig. 3B,C). In contrast, U1-70K depletion had no effect
on the distribution of ftz-Δi mRNA, which lacks a 5′SS
(Fig. 3B,C). Note that ZFC3H1 protein levels were unaffect-
ed by U1-70K depletion.
To test whether these two factors functioned in the same

pathway, we assessed the distribution of our reporter
mRNAs in cells depleted of both ZFC3H1 and U1-70K
and compared these to the single depletions (Fig. 3A).
We observed that the double depleted cells had cytoplas-
mic/nuclear levels of ftz-Δi-5′SS that were not significantly
different than in each of the single depleted cells (Fig. 3B,
C). Note that the distribution of this reporter was still more
nuclear than a version that lacked a 5′SS motif (compare
ftz-Δi-5′SS to ftz-Δi; Fig. 3C). These data strongly indicate
that nuclear retention of ftz-Δi-5′SSwas only partially inhib-
ited in the single and double knockdown cells, and that
ZFC3H1 and U1-70K act in the same pathway. When the
overall levels of mRNA were assessed, we found that U1-
70K-depletion did not significantly affect the levels of ei-
ther ftz-Δi or ftz-Δi-5′SS (Supplemental Fig. S4E). In con-
trast, the levels of these two reporter RNAs rose in the
double depleted cells, consistent with the idea that
ZFC3H1 promotes the decay of these reporters. Despite
this, we did not observe a significant increase of either
ftz-Δi or ftz-Δi-5′SS levels in the ZFC3H1-depleted cells in
this particular set of experiments (Supplemental Fig.
S4E), unlike our previous experiments (see Supplemental

Fig. S4A). This difference may simply be due to the large
amount of variability in these measurements (note the
large error bars in all these experiments).
We next sought to confirm previous mass spectrometry

data that suggested an interaction between U1 snRNP and
ZFC3H1 (Meola et al. 2016; So et al. 2019). When we im-
munoprecipitated overexpressed ZFC3H1-FLAG from
RNase-treated cell lysates, we detected endogenous U1-
70K in the precipitates (Fig. 3D). These results confirm
that ZFC3H1 and U1-70K are likely in a complex.
In summary, these data suggest that both ZFC3H1 and

U1-70K retain 5′SS motif containing mRNAs using a com-
mon pathway, and likely by forming a complex.

ZFC3H1 and U1-70K are required for the egress of
5′′′′′SS motif containing mRNAs from nuclear speckles

Previously, we showed that 5′SS motif containing mRNAs
that are retained in the nucleus also colocalize with nuclear
speckles and remain in these compartments under steady
state conditions (Lee et al. 2015). Since the ftz mRNA is
trafficked to speckles independently of the 5′SS (Akef
et al. 2013), we monitored the β-globin (βG) reporter
mRNA, which requires the 5′SS motif for nuclear speckle
localization (Fig. 4A), as previously described (Akef et al.
2013; Lee et al. 2015). To determine whether ZFC3H1 or
U1-70K are required for targeting newly synthesized
mRNAs with 5′SS motifs to nuclear speckles, we microin-
jected plasmids containing either the intronless β-globin
gene without (βG-Δi) or with (βG-Δi-5′SS) a 5′SS motif
into the nuclei of cells depleted of ZFC3H1 or U1-70K,
or treated with control shRNA. We then fixed cells at vari-
ous time points and monitored the colocalization of newly
synthesized mRNA with the nuclear speckle marker SC35
by Pearson correlation coefficient analysis, as we have
done previously (Akef et al. 2013; Lee et al. 2015). Note
that microinjection allows for the generation of a large
amount of mRNA in a short time span allowing one to ob-
serve events that happen only in the early stages of gene
expression (Gueroussov et al. 2010).
In control shRNA-treated cells, we observed that within

30 min of expression, βG-Δi-5′SSmRNA began to accumu-
late in nuclear speckles and the degree of speckle localiza-
tion increased over time (Fig. 4B; Supplemental Fig. S7A).
In contrast, βG-Δi mRNA was not as robustly targeted to
speckles during this time course. The speckle targeting
βG-Δi-5′SS mRNA was not affected by depletion of
ZFC3H1 or U1-70K (Fig. 4B; Supplemental Fig. S7A). We
also monitored the speckle targeting of ftz-Δi without
and with a 5′SS motif. Again, depletion of ZFC3H1 did
not significantly impact the targeting of this mRNA to nu-
clear speckles (Supplemental Fig. S7B).
Wenext investigatedwhether ZFC3H1orU1-70Kwas re-

quired for the egress of mRNAs containing 5′SS motifs out
of nuclear speckles. To determine this, we monitored the
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FIGURE 4. ZFC3H1 and U1-70K are required for nuclear retention of 5′SS motif containing mRNAs in speckles. (A,B) Control or ZFC3H1-deplet-
ed U2OS cells weremicroinjectedwith plasmids containing the βG-Δi reporter ± the 5′SSmotif. After the indicated times, the cells were fixed and
stained for βGmRNA by FISH and for the nuclear speckle marker SC35 by immunofluorescence. (A) Example images of U2OS cells fixed 2 h post-
injection with βG reporter mRNA ± the 5′SS motif, with each row representing a single field of view with white arrows pointing to examples of βG
mRNA/SC35 colocalization. The merged overlayed image shows βGmRNA in red, SC35 in green. (B) Quantification of the degree of βGmRNA/
SC35 colocalization in cells depleted of ZFC3H1 or control shRNA treatment by Pearson correlation coefficient analysis as previously described
(Akef et al. 2013). Each bar represents the average and standard error of three independent experiments, each experiment consisting of 150 to
200 nuclear speckles from 15 to 20 cells. Note that ZFC3H1 is not required for the targeting of 5′SS motif containing mRNAs to nuclear speckles.
(C–E) Control, U1-70K- or ZFC3H1-depletedU2OS cells were transfectedwith ftz-Δi± 5′SSmotif. Eighteen to twenty-four hours post-transfection,
the cells were fixed and stained for ftzmRNA by FISH and for the nuclear speckle marker SC35 by immunofluorescence. Representative images,
with each row depicting a single field of view, is shown in C with merged overlays showing ftzmRNA in red and SC35 in green. Scale bar, 10 µM.
Examples of ftz/SC35 colocalization are indicatedwith arrows. (D) The degree of ftz/SC35 colocalization by Pearson correlation coefficient analysis
was quantified as above, except that values <0.25 were counted as “not colocalized.”Note that U1-70K or ZFC3H1 depletion leads to decreased
level of colocalization between ftzmRNA and SC35. Each bar represents the average and standard error of three independent experiments, each
experiment consisting of 100–200 nuclear speckles from 10 to 20 cells. (E) The amount of ftz reporter mRNA present in nuclear speckles as a
percentage of either the nuclear (“Spec/Nuc”) or total cellular (“Spec/Total”) mRNA levels in transfected cells. Each data point represents the
average and standard error of the mean of at least three independent experiments, each experiment consisting of 10–20 cells. Student’s t-
test was performed, (∗∗) P<0.01, (∗∗∗) P<0.001.
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localization of ftz without ( ftz-Δi) and with ( ftz-Δi-5′SS) the
5′SS motif in transfected cells, where the total amount of
nuclear speckle localization reflects steady-state dynamics
(i.e., both nuclear speckle targeting and egress). Note that
we did not use βG-Δi-5′SSmRNA for these experiments, as
the βG-ΔimRNAcontains other elements that inhibit nucle-
ar export andpromotedecay in a nuclear speckle-indepen-
dent manner (Akef et al. 2015). Additionally, note that
although newly synthesized ftz reporter mRNA transits
through nuclear speckles, it is retained in nuclear speckles
at later time points in a 5′SS motif-dependent manner (Lee
et al. 2015). We found that depletion of either U1-70K or
ZFC3H1 resulted in a decrease in nuclear speckle localized
ftz-Δi-5′SSmRNA (Fig. 4C,D). When we quantified the frac-
tion of ftz-ΔimRNAFISH signal in nuclear speckles, the 5′SS

motif caused an increase, and this was reversed in cells de-
pleted of either U1-70K or ZFC3H1 (Fig. 4E).
From these experiments, we concluded that ZFC3H1

and U1-70K help to retain 5′SS motif containing mRNAs
in nuclear speckles.

Nuclear speckles are required for the efficient
nuclear retention of 5′′′′′SS motif containing mRNAs

Next, we examined whether nuclear speckles are required
for the nuclear retention of 5′SS motif containing mRNAs.
We overexpressed GFP-CLK3 to trigger nuclear speckle
disassembly, as was previously described (Wong et al.
2011), and examined the distribution of either ftz-Δi-5′SS
and ftz-Δi mRNA and of the speckle marker SC35. As a

A

B D

C

FIGURE 5. Nuclear speckles promote mRNA nuclear retention of 5′SS motif containing mRNA. (A–D) U2OS cells were cotransfected with either
ftz-Δi-5′SS or ftz-Δi, and with either H1B-GFP, GFP-CLK3, or empty vector (“-”). Twenty-four hours post-transfection, cells were fixed and stained
for ftzmRNA by FISH and for the speckle marker SC35 by immunofluorescence. Representative images, with each row depicting a single field of
view imaged for GFP, ftz mRNA, and SC35 is shown in A. Scale bar, 10 µM. Enlarged images of the regions indicated in A are depicted in B.
Examples of ftz/SC35 colocalization are indicated with arrows. Scale bar, 10 µM. Note that the overexpression of GFP-CLK3 disrupts nuclear
speckles (SC35) compared toH1B-GFPor non-GFP-expressing cells. (C ) The number of cells that lacked or contained nuclear speckles were quan-
tified. Each bar represents the average and standard error of two ( ftz-Δi) or four ( ftz-Δi-5′SS) independent experiments, each consisting of 30–50
cells. Note that expression of GFP-CLK3 disrupts nuclear speckles compared to control cells. (∗∗) P<0.01, (∗∗∗) P<0.001 (Student’s t-test). (D)
Quantification of the cytoplasmic/nuclear FISH signal with each bar representing the average and standard error of two ( ftz-Δi) or four ( ftz-Δi-
5′SS) independent experiments, each experiment consisting of at least 30 to 60 cells. (∗∗) P<0.01 (Student’s t-test).
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control, we overexpressed Histone 1B-GFP (H1B-GFP). As
was reported previously (Wong et al. 2011), expression of
GFP-CLK3 resulted in the disappearance of detectable nu-
clear speckles (Fig. 5A–C), and in these cells we observed
that ftz-Δi-5′SSmRNAwas significantly enriched in the cyto-
plasm (Fig. 5A,D). In some cells, the nuclear speckle mark-
er, SC35, completely disappeared, while in other cells, its
levels did not significantly drop, but instead became dif-
fuse throughout the nucleoplasm. In H1B-GFP expressing
cells, ftz-Δi-5′SS mRNA was nuclear, similar to what we
had seen in control U2OS cells (Fig. 5A,C). Cells expressing
GFP-CLK3 still exported ftz-Δi, which lacks the 5′SS motif,
indicating that expression of this kinase did not disrupt nor-
mal mRNA export (Fig. 5C,D; Supplemental Fig. S8A).
GFP-CLK3 overexpression led to the increase in total ftz-
Δi and ftz-Δi-5′SS RNA levels (Supplemental Fig. S4F).

Interestingly, expression of ftz-Δi-5′SS alone caused
many cells to have larger nuclear speckles than what is typ-
ically seen in untransfected cells (Fig. 5B; Supplemental
Fig. S8B), perhaps because these regions grew as more
mRNA became incorporated into them. Coexpression of
H1B-GFP did cause some cells to have smaller nuclear
speckles than what is seen in untransfected cells; however,
most cells still contained these structures (Fig. 5B, also see
Supplemental Fig. S8B).

In summary, our results suggest that nuclear speckles
are required for the efficient nuclear retention of 5′SSmotif
containing mRNAs, although it remains possible that GFP-
CLK3 expression disrupts mRNA nuclear retention inde-
pendently of its effects on nuclear speckles.

DISCUSSION

Here we show that 5′SS motif containing mRNAs require
ZFC3H1 and U1-70K for their efficient nuclear retention.
Moreover, our data indicates that these two proteins act in
the same pathway. It is likely that when a newly synthesized
transcript has a 5′SS motif, it first recruits the U1 snRNP to
initiate splicing; however, if this is followed by a strong 3′

cleavage/polyadenylation signal, ZFC3H1 is recruited in-
stead. This leads to nuclear retention in nuclear speckles
and degradation of the transcript. In support of this idea,
we demonstrate that upon ZFC3H1 depletion, there is a
widespread stabilization and export of endogenous IPA
transcripts, which contain intact 5′SS motifs followed by
poly(A)-tails. Furthermore, depletion of either ZFC3H1 or
U1-70K impairs the nuclear retention of reporter mRNAs
with intact 5′SSs. Although ZFC3H1 depletion also affected
the stability of our reporters, this seemed independent of
the presence of the 5′SS motif (Supplemental Fig. S4).

Our results indicate that ZFC3H1 has other effects on
mRNA localization. ZFC3H1 promotes the nuclear reten-
tion of PROMPTs and other ncRNAs, as indicated by our
RNAFrac-seqdata (Supplemental Fig. S1D,E) andprevious
reports (Silla et al. 2018). ZFC3H1 also appears to promote

the export of mRNAs generated from distal 3′ cleavage/
polyadenylation sites (Supplemental Figs. S2, S3). It may
be that in ZFC3H1-depleted cells, mRNAs generated
from distal 3′ cleavage/polyadenylation sites are outcom-
peted for binding to nuclear export factors by noncoding
RNAs (ncRNAs) and IPAs. Alternatively, ZFC3H1 may
directly participate in their nuclear export. Further studies
will be needed to test these various possibilities.

Interestingly, depletion of MTR4 and PABPN1 had min-
imal effects on the nuclear retention of reporter mRNAs
containing 5′SS motifs in U2OS cells. This is in contrast to
previous observations of IPA transcript distributions in
HeLa cells (Ogami et al. 2017). Importantly, MTR4 deple-
tion caused the co-depletion of ZFC3H1 in HeLa (Ogami
et al. 2017; Silla et al. 2018) but not U2OS cells (Fig. 2A).
It is also possible that other factors present in U2OS cells
act redundantly with MTR4. Alternatively, nuclear reten-
tion of IPA transcripts may only require low levels of
MTR4. As for PABPN1, its depletion in U2OS cells disrupt-
ed mRNA nuclear export, complicating the interpretation
of our results. Previously, when mRNA export was disrupt-
ed by TPR depletion, we observed that the ftz-Δi-5′SS
mRNA became even more nuclear (Lee et al. 2020), sug-
gesting that a general block in mRNA export should in-
crease the nuclear distribution of ftz-Δi-5′SS. However,
we do not see this in PAPBN1-depleted cells. Thus, we
cannot rule out the possibility that depletion of PABPN1
both inhibited export and nuclear retention, ultimately
leading to no overall net change in the distribution of the
ftz-Δi-5′SS mRNA.

There has been much interest in the role of nuclear
speckles in promoting nuclear retention and export (Dias
et al. 2010; Akef et al. 2013; Jain and Vale 2017; Palazzo
and Lee 2018; Wang et al. 2018). Our new results suggest
that ZFC3H1 and U1-70K prevent these mRNAs from leav-
ing nuclear speckles (Fig. 4C,D).We still do not understand
how these mRNAs are targeted to speckles. Likely this is
due in part to U1 snRNP, although U1-70K does not ap-
pear to be required for this trafficking. It remains possible
that U1 snRNP, which remains intact after U1-70K deple-
tion (Rösel-Hillgärtner et al. 2013), can still target mRNAs
to speckles but fails to recruit ZFC3H1 to the transcript.
This is in agreement with previous results where the tether-
ing of U1-70K to a reporter mRNA promoted nuclear re-
tention without targeting the transcript to nuclear
speckles (Takemura et al. 2011). Recently, it has been
shown that the amino-terminal domain of ZFC3H1 forms
phase-separated nuclear compartments, which partially
overlap with nuclear speckles (Wang et al. 2021). The for-
mation of these phase-separated compartments is thought
to be required for the nuclear retention of substrate RNAs,
which get trapped in these structures (Silla et al. 2018;
Wang et al. 2021). It remains possible that the 5′SS motif
targets mRNAs to structures that only partially overlap
with speckles, and this may explain why the nuclear
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speckle localization of some IPA transcripts, such as the
PCF11 IPA transcript (Supplemental Fig. S5B), is poor.
Intriguingly, in the fission yeast S. pombe, homologs of

ZFC3H1 (Red1) and MTR4 (Mtl1) are required for both the
decayand the sequestrationofmeioticmRNAs and transpos-
able element-derived transcripts into nuclear foci (Sugiyama
and Sugioka-Sugiyama 2011; Shichino et al. 2018, 2020).
These results suggest that the ability of ZFC3H1 to negatively
regulate expression of mRNAs and ncRNAs, by promoting
retention in nuclear subdomains and triggering RNA decay,
is widely conserved in eukaryotes.
Previously, we showed that mRNAs with 5′SS motifs still

acquiredTREXcomponents, such asUAP56, and thenucle-
ar transport receptor NXF1 but still fail to be exported (Lee
et al. 2015). Thus, it is likely that the export-promoting ac-
tivity of these factors is inhibited by ZFC3H1. Indeed, it ap-
pears that UAP56-dependent ATP-hydrolysis is required
for mRNAs to leave nuclear speckles (Hondele et al.
2019) and this may be directly counteracted by ZFC3H1.
In previously published results, we found that micro-

injected fully processed mRNAs with 5′SS motifs were ef-
ficiently exported from nuclei (Lee et al. 2015), suggesting
that these mRNAs fail to recruit either U1 snRNP and/or
ZFC3H1. This may indicate that these factors are recruited
during transcription or processing. This idea is supported
by observations that U1 snRNP directly associates with
RNA polymerase II (Zhang et al. 2021). However, since mi-
croinjected mRNAs are spliced within 15 min after being
injected into nuclei (Palazzo et al. 2007), it must be that mi-
croinjected mRNAs are still recognized by U1 snRNP. The
fact that microinjected mRNAs with intact 5′SS motifs are
exported, suggests that either ZFC3H1 or some other crit-
ical nuclear retention component may be recruited to na-
scent transcripts by the joint action of U1 snRNP and RNA
polymerase II in a cotranscriptional manner. Further exper-
iments are needed to validate this model.

MATERIALS AND METHODS

Plasmids constructs and antibodies

All plasmids for reporter constructs in pcDNA3.0 and H1B-GFP
were previously described (Palazzo et al. 2007; Akef et al. 2013;
Lee et al. 2015, 2020). Plasmid expressing GFP-CLK3 was previ-
ously described (Wong et al. 2011). Plasmid for ZFC3H1
(BC156732, IMAGE: 100062212) was obtained from the
Open Freezer cDNA repository at the Lunenfeld-Tanenbaum
Research Institute, Mount Sinai Hospital. To generate FLAG-
tagged ZFC3H1, the cDNA sequence was amplified with these
primer sequences: F′ 5′-GAT ATC AAA TGG CGA CCG CAG
ATA CT-3′ and R′ 5′-GCG GCC GCA AGT GAT TCT TGC TTT
CTG TTT TGT T-3′ and subcloned into pcDNA 5-FRT with EcoV
and NotI (NEB). To construct the CCDC71-IPA reporter, the first
exon and a portion of the intron (past the intronic 3′ polyadenyla-
tion site) was amplified from HEK genomic cDNA by Phusion po-
lymerase (NEB) based on themanufacturer’s instructions using the

primer sequences: F′ 5′-GGTACCGGGCGGCCATGTTGGAGC
AG-3′ and R′ 5′-TACAGCCCAGATGGAGGTGAC TGAGAAC-
3′. The resulting∼1 kbPCR fragmentwas separated on an agarose
gel, gel purified (Geneaid gel purification kit), and cloned into the
pJET1.2 vector (CloneJET PCR cloning kit, Thermo Fisher). The
construct was subcloned into pcDNA5-FRT/TO using KpnI and
XbaI (NEB). For the PCF11-IPA reporter, a portion of the PCF11
gene (exon1–intron1–exon2) was synthesized and cloned into
pJET1.2 vector (General Biosystems), and subsequently subcl-
oned into pcDNA3.0 using NotI and XbaI (NEB). To insert the en-
dogenous PCF11 5′UTR into this construct, the 5′UTR was first
amplified from HAP1 genomic cDNA using the following primers:
F′ 5′-ACG ACT CAC TAT AGG GCA CGA CGC AGC GGT TGG
GAA C-3′ and R′ 5′-GAC AAC ACC CCA TGG CAT TGC GCC
GCG GCC CCC-3′. The amplified 5′UTR sequence was cloned
into the PCF11–pcDNA3.1 plasmid (first linearized with XhoI
and KpnI) with an In-Fusion cloning kit (Takara) according to the
manufacturer’s protocol.
Antibodies used in this study include rabbit polyclonals against

ZFC3H1 (also known as CCDC131) (Bethyl Laboratories, A301-
457A), MTR4 (also known as SKIV2L2) (Bethyl Laboratories,
A300-614A), PABPN1 (Bethyl Laboratories, A303-523A), U1-70K
(Abcam, ab83306), Aly (Zhou et al. 2000), and TRAPα (Görlich
et al. 1990) or mouse monoclonals against U1-70K (Sigma-
Aldrich, clone 9C4.1), mAb414 (Sigma), SC35 (Clone SC35,
Sigma), and α-tubulin (DM1A, Sigma). Immunofluorescence was
performed with Alexa647-conjgated secondaries (Thermo
Fisher) and HRP-conjugated secondaries (Cell Signaling). All anti-
bodies were diluted 1:1000 for western blotting and 1:100 to
1:250 for immunofluorescence microscopy.

Cell culture, DNA transfection experiments, and
lentiviral-delivered shRNA protein depletion

U2OS and HEK293T cells were grown in DMEM media (Wisent)
supplemented with 10% fetal bovine serum (FBS) (Wisent) and
5% penicillin/streptomycin (Wisent). DNA transfection experi-
ments were performed as previously described (Palazzo et al.
2007; Akef et al. 2013; Lee et al. 2015, 2020).
For all DNA transfections, U2OS cells were transfected with the

appropriate amount of DNA plasmid according to the manufac-
turer’s protocol using GenJet U2OS DNA in vitro transfection re-
agent (SignaGen Laboratories) for 18 to 24 h.
The lentiviral-delivered shRNA protein depletion was performed

as previously described (Akef et al. 2013; Lee et al. 2015, 2020).
Briefly, HEK293T were plated at 50% confluency on 60 mm dishes
and transiently transfected with the gene-specific shRNA pLKO.1
plasmid (Sigma), packaging plasmid (Δ8.9), and envelope (VSVG)
vectors using Lipo293T DNA in vitro transfection reagent
(SignaGen Laboratories) according to the manufacturer’s protocol.
Fortyeight hours post-transfection, viruseswere harvested from the
media and added to U2OS cells pretreated with 8 µg/mL hexadi-
methrine bromide. Cells were selected with 2 µg/mL puromycin
media for at least 4 to 6 d.Western blotting was used to determine
the efficiency of ZFC3H1, MTR4, PABPN1, and U1-70K depletion.
The shRNAs constructs (Sigma) used in this study are as follows:
ZFC3H1-1 “TRCN0000129932” 5′-CCGGGCCAAG AAGCAATC
TA TCAATCTCGA GATTGATAGA TTGCTTCTTG GCTTTTTTG-3′,
ZFC3H1-2 “TRCN0000432333” 5′-CCGGGACTGA TGACATC
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GCT AATTTCTCGA GAAATTAGCG ATGTCATCAG TCTTTT
TTG-3′, MTR4-1 “TRCN0000307086” 5′-CCGGCCCAGG ATAG
AAGAGT CAATACTCGA GTATTGACTC TTCTATCCTG GGTTT
TTG-3′, MTR4-2 “TRCN0000296268” 5′-CCGGAGCAGG ACC
ACTTCGT CAAATCTCGA GATTTGACGA AGTGGTCCTG CTTT
TTTG-3′, PABPN1-1 “TRCN0000000124” 5′-CCGGAGGTAG
AGAAGCAGAT GAATACTCGA GTATTCATCT GCTTCTCTAC
CTTTTTT-3′, PABPN1-2 “TRCN0000000120” 5′-CCGGCCCATA
ACTAACTGCT GAGGACTCGA GTCCTCAGCA GTTAGTTATG
GGTTTTT-3′, U1-70K-A “TRCN0000000011” 5′-CCGGCCAAG
G GTAGGTGTCT CATTTCTCGA GAAATGAGAC ACCTACC
CTT GGTTTTT-3′, U1-70K-B “TRCN0000349622” 5′-CCGGGAC
ATG CACTCCGCTT ACAAACTCGA GTTTGTAAGC GGAGTG
CATG TCTTTTTG-3′, U1-70K-C “TRCN0000287201” 5′-CCGG
GCACCA TACATCCGAG AGTTTCTCGA GAAACTCTCG GATG
TATGGT GCTTTTTG-3′, and U1-70K-D “TRCN0000287138”
5′-CCGGCGATGC CTTCAAGACT CTGTTCTCGA GAACAGAG
TC TTGAAGGCAT CGTTTTTG-3′.

Microinjections, fluorescent in situ hybridization
(FISH) staining, immunostaining, and nuclear
speckle Pearson correlation and enrichment
quantifications

Microinjections, fluorescent in situ hybridization, and immunos-
taining were performed as previously described (Gueroussov
et al. 2010; Lee and Palazzo 2017; Lee et al. 2020). To detect
intronic polyadenylated transcripts within the CCDC71-IPA and
PCF11-IPA reporters, specific FISH probes were designed
with the Alexa-546 conjugated to the 5′ end (IDT): CCDC71-IPA
5′-GGCCCAAGCC GTGAGGCGGG GGTCACTGAG GCAGC
GAAAT GTACAGGGTG AACGGTGCTA G-3′, PCF11-IPA report-
er is 5′-TTTTTAAAGGCCACTTTAACAACAACCACCAATATATT
GT TTAGAGACGG TTTCTGTCTA GTGTA-3′.

Nuclear speckle localization by Pearson correlation was per-
formed as previously described (Akef et al. 2013; Lee et al.
2015, 2020). Briefly, for each cell, the 10 brightest nuclear speck-
les, as observed by SC35 staining, were selected and Pearson cor-
relation analysis was conducted between the FISH signal and
SC35 immunofluorescence signal using rectangular regions of in-
terest 1–4 µm2 in size. Each experiment consists of an analysis of
10 cells (for a total of 100 speckles). Graphs in Figure 4 and
Supplemental Figure S7 consist of the average and standard devi-
ation of three independent experiments.

The quantification of mRNA enrichment in speckles was per-
formed as previously described (Akef et al. 2013). Briefly, thresh-
olds were drawn on the SC35 immunofluorescence channel so
that 10% (±0.5%) of the nuclear area was selected per cell.
Using this selected area, the fluorescence intensity of RNA was
calculated and divided by either the total integrated mRNA sig-
nals in the nucleus (“Spec/Nuc”) or the cell body (“Spec/Total”).

3′′′′′RACE, RT-PCR, and ePAT

For 3′RACE and RT-PCR experiments, total RNA was extracted
from transfected U2OS cells using TRIzol (Life Sciences). About
1 µg total RNA was used for first strand synthesized using murine
MLV reverse transcriptase (Invitrogen) and oligo(dT) primer ac-
cording to the manufacturer’s instructions. For 3′RACE experi-

ments, the resulting cDNA was amplified using ftz F′ primer
5′-ATG GGG TGT TGT CCC GGC TGT TGT-3′ and an oligo(dT)
primer. The resulting PCR product was inserted into CloneJet
(Fermentas) vector following the sticky-end cloning protocol
(see manufacturer’s instructions) and transformed into DH5α-
competent cells. DNA was extracted from colonies using a
Miniprep Kit (Geneaid) and sent for sequencing.

ePAT was performed as previously described (Janicke et al.
2012). Total RNA was extracted by TRIzol from cells transfected
with the indicated ftz plasmid and expressed for 18–24 h. The
ePAT anchor primer used was 5′-GCG AGC TCC GCG GCC
GCG TTT TTT TTT TTT-3′, the universal primer used was
5′-GCG AGC TCC GCG GCC GCG-3′, and the ftz-specific ePAT
primer used was 5′-ATG GGG TGT TGT CCC GGC TGT TGT-3′.

Co-IP experiment

Approximately 2×107 HEK cells transfected with ZFC3H1-FLAG
plasmid were trypsinized, pelleted, and washed three times in
ice-cold 1× PBS and flash frozen in liquid nitrogen. The cell pellet
was lysed in ∼2 mL of IP buffer (20 mM Tris-HCl, pH8, 137 mM
NaCl, 1%NP-40, 2mMEDTA, and cOmpleteMini Protease inhib-
itor [Roche]) mixed for 15 min at 4°C to ensure complete lysis. To
ensure that the nuclear proteins were released from the chroma-
tin, the sample was passed through a 25¾′′ needle to shear the
chromatin multiple times before incubation. To release proteins
from RNA, the cell lysate was treated with 0.1 mg/mL RNase A
(Thermo, EN0531). The cell lysis was cleared by centrifugation
at 16,100g for 10 min and ∼0.9 mL supernatant was mixed with
either 50 µL FLAG M2 beads (Sigma Aldrich, A2220) or Protein
G beads (NEB, #37478S), preincubated with 2% BSA overnight,
and prewashed three times with IP wash buffer (same as IP buffer,
except that 0.05%NP-40 was used). The cell lysate was incubated
with the beads for 3 h at 4°C. Following incubation, the beads
were washed five times with IP wash buffer. To elute the proteins,
50 µL of 2.5× Laemmli sample buffer was added to all the samples
and boiled for 5 min. Samples were separated on an SDS-PAGE
gel and transferred onto a blot for immunoblotting.

RNA Frac-seq, data processing, and analysis

RNA Frac-seq was performed as previously described (Lee et al.
2020). RNA Fraq-seq data were deposited in GEO database as
GSE176144. IPA analysis was performed as described (Wang et al.
2019) using a curated list of IPA transcripts (Supplemental Table 1).

To estimate reads from short 3′UTRs, we used these calcula-
tions:

cUTR reads = short UTR reads

+ long UTR reads from cUTR regions

Read densitycUTR = cUTR reads
cUTR length

Read densityLong UTR = distal UTR reads
distal length

Read densityshort UTR = short UTR reads
cUTR length

Read densityshort UTR = Read densitycUTR − Read densityLong UTR
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short UTR reads = (Read densitycUTR
− Read densityLong UTR)(cUTR length)

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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MEET THE FIRST AUTHOR

Eliza Lee

Meet the First Author(s) is a new editorial feature within RNA,
in which the first author(s) of research-based papers in each
issue have the opportunity to introduce themselves and their
work to readers of RNA and the RNA research community.
Eliza Lee is the first author of this paper, “ZFC3H1 and U1-
70K promote the nuclear retention of mRNAs with 5′′′′′ splice
site motifs within nuclear speckles.” Eliza is a postdoctoral fel-
low (former PhD student) in the laboratory of Alex Palazzo at
the University of Toronto. She is studyingmRNAnuclear export
and nuclear retention as a quality control mechanism in eukary-
otic cells.

What are the major results described in your paper and how
do they impact this branch of the field?

The defining feature of a eukaryotic cell is that it is divided into two
compartments: the nucleus, where RNA synthesis and processing
occurs, and the cytoplasm, where the protein synthesis machinery
is localized. This segregation allows for quality control mechanisms
to act on mRNAs before they are exported into the cytoplasm and
translated into protein. Normally, misprocessed mRNAs are re-
tained in the nucleus and degraded by the nuclear surveillance
machinery. It is imperative that these mRNAs are not exported
into the cytoplasm as they would otherwise be translated into toxic
peptides that are deleterious to the cell. Previously, I showed that
the 5′ splice site (5′SS) motif promotes mRNA decay and/or nucle-
ar retention. Within a cell, 5′SS motif containing mRNAs are
formed from intronic polyadenylated (IPA) transcripts and are an
example of misprocessedmRNAs. In this paper, I identified a com-
plex, ZFC3H1-U1-70K, as required for the nuclear retention of 5′SS
motif containing mRNAs. ZFC3H1 is a component of the PolyA
Exosome Targeting (PAXT) complex, a nuclear surveillance com-
plex that targets mRNAs for degradation. U1-70K is a protein com-
ponent of the U1 snRNP, which is required for splicing.

Interestingly, I show that the 5′SS motif targets mRNA to nuclear
speckles, a liquid–liquid phase separated subcompartment of
the nucleus, which contains splicing and mRNA export factors,
and are sites of post-transcriptional splicing. We find that the
ZFC3H1-U1-70K is required for the retention of 5′SSmotif contain-
ing mRNAs, and disruption of nuclear speckles leads to partial cy-
toplasmic leakage of these mRNAs.

What led you to study RNA or this aspect of RNA science?

During my undergraduate studies, I became fascinated by epige-
netics/chromatin biology. I was fortunate enough to work in the
laboratory of Dr. Jane Mellor for my 4th year project who greatly
inspired me. This led to my interest in RNA processing and RNA
biology in general. I therefore jumped at the opportunity to study
mRNA nuclear export when I joined the laboratory of Alex Palazzo
for my PhD studies. I did not set out to study nuclear RNA surveil-
lance: a set of interesting observations led us there, and we sort of
stumbled upon this field by some happy accident. A few years lat-
er, we realized that our work supported the discoveries of many
other labs (who primarily worked in the context of RNAprocessing,
RNA degradation, or nuclear RNA surveillance) and how impactful
it could be.

If you were able to give one piece of advice to your younger
self, what would that be?

My advice to my younger self is that unexpected and puzzling re-
sults often give rise to new opportunities—this paper is a living ex-
ample! I did not set out specifically to investigate this set of
scientific questions but we have ended up with this story. It has
been an interesting journey, full of twists and turns, which has
been very fulfilling on a personal level.

Are there specific individuals or groups who have influenced
your philosophy or approach to science?

Kimura and Ohto proposed the “nearly neutral theory of evolu-
tion,”which has greatly influencedmywork and how I (and our lab-
oratory) approach big data and the idea of “functional” RNA.With
the advent of sequencing technologies, there are a lot of hyper-
adaptionalist ideas and “just so stories,” especially when we de-
bate the “function” of noncoding RNAs. Simply put, the presence
of any RNA (especially at low levels) does not immediately suggest
that the RNA is “functional.” Contrary to expectations, most of
evolution is shaped by drift and “neutral forces” and not necessar-
ily by natural selection. For most mammals who have small effec-
tive population sizes (breeding population), the possibility that a
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slightly deleterious allele reaches fixation in the population is non-
zero. These slightly deleterious mutations include transposable el-
ement replication and the generation of spurious transcriptional
start sites. These ideas account for why most of the genome is
“junk,” with vast quantities of spurious transcription by RNA poly-
merase II and a plethora of sophisticated RNA surveillance mech-

anisms to degrade the junk or misprocessed RNA. Importantly,
the presence of a nucleus (the segregation of the splicing and
protein translationmachinery) has allowed for this junk RNA to per-
sist and, over time, certain aspects of this junk RNA has been
coopted by the cell and acquired a new function, which has
been selected for.
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