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Abstract

Quality control of mMRNA represents an importantulatpry mechanism for gene expression in
eukaryotes. One component of this quality contsothie nuclear retention and decay of misprocessed
RNAs. Previously, we demonstrated that mature mRNAs containing a 5’ splice site (51S)vhioh is
typically found in misprocessed RNAs such as iritrgoolyadenylated (IPA) transcripts, are nuclear
retained and degraded. Here we demonstrate thee thenscripts require the zinc finger protein ZHC3
for their decay and nuclear retention into nuclepeckles. Furthermore, we find that U1-70K, a
component of the U1 snRNP spliceosomal complealsis required for their nuclear retention and lkel
functions in the same pathway as ZFC3H1. Finallg, show that the disassembly of nuclear speckles
impairs the nuclear retention of mRNAs with 5’SStifiso Together, our results suggest a model where
MRNAs with 5’'SS motifs are recognized by U1 snRMRijch then acts with ZFC3H1 to both promote
their decay and prevent nuclear export of these AdRbl sequestering them in nuclear speckles. Our
results highlight a splicing independent role of $HRNP and indicate that it works in conjunctiorihwi

ZFC3H1 in preventing the nuclear export of mispsseel mMRNAs.
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Introduction

Eukaryotic cells are divided into two compartmenitee nucleus and cytoplasm. In the nucleus,
DNA is transcribed into pre-mRNAs, which undergawmber of processing events to generate mature
MRNAs. These mMRNA are then exported to the cytoplaghere they are translated into proteins.
Importantly, a subset of all transcripts are mispesed (Pickrell et al. 2010; Skandalis 2016) dnd i
transported to the cytoplasm, they would be translated into truncated proteins that are ofteretiiic (V
2007). To deal with these misprocessed transcrigikaryotic cells have evolved quality control
mechanisms that prevent these mRNAs from being réeghoand instead target these RNAs for
degradation (Lee et al. 2015). For example, trapiscthat contain retained introns are retainedhim
nucleus and targeted for dec@alazzo and Le2018). Such RNAs still coain intron-associateds-
elements, which are normally removed during spgjcifhese include the elements that specify the exon
intron boundaries (the 5’ splice site (5’'SS) anel 3hsplice site (3'SS) motifs) and the branchpobther
misprocessed transcripts may be generated whegpticcB' cleavage signal within an intron is used.
These htronic Polyadenylation (IPA) transcripts also include an unzgidl 5°SS motif present near the 3’
end of the RNA (Tian et al. 2007). Interestinghjhas been proposed that many IncRNAs are alseaucl
retained due to the fact that they have poorlycspliintrons (Zuckerman and Ulitsky 2019). Moreover,
other studies have found that many INcRNAs arametbby the U1 snRNP (Azam et al. 2019; Lubelsky
et al. 2021; Yin et al. 2020), the component of spéceosome that recognizes 5SS motifs which are
likely found in IncRNAs with retained introns.

Previously, we showed that RNA s that contain aseasus 5’'SS motif near their 3’ end are
retained in the nucleus and degraded (Lee et d45)2@ur findings are consistent with other linds o
experiments that have demonstrated that the presdrec 5'SS motif in a mature mRNA inhibits protein
expression (Abad et al. 2008; Blazquez and For@k32Boelens et al. 1993; Fortes et al. 2003;
Goraczniak et a009; Guan et al. 2007; Gundemset al. 1998; Vagner et al. 2000). It remainslesrc
how the 5'SS motif triggers nuclear retention. @ossibility is that the U1 snRNP itself may plasoée.
This is in line with the finding that tethering U1 components to a reporter promotes nuclear retention
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(Takemura et al. 2011). Interestingly, Ul snRNPpiiesent at very high levels, about one order of
magnitude higher that other shRNPs (Baserga aritt 3893), supporting the idea that it has adddlon
roles beyond splicing. The U1 snRNP components didé U1-70K have been shown to be required for
the ability of the 5SS motif to inhibit protein ppession by repressing 3’ cleavage and efficient
polyadenylation (Boelens et al. 1993; Gundersoml.€1998; Vagner et al. 2000). The U1 snRNP is also
required for the 5'SS motif to inhibit cleavagecayptic 3’ cleavage signals in introns that prodiRA
transcripts (Berg et al. 2012; Kaida et al. 20@her cryptic transcripts, especially upstream-aetise
transcripts from bi-directional promoters, ofteil fa recruit U1 and are rapidly cleaved and taegefor
decay (Almada et al. 2013).

Beyond the Ul snRNP, it has been unclear what ddrors may be involved. One likely
candidate is the PAXT complex, which is composedldR4, ZFC3H1, PABPN1, and other accessory
proteins (Meola et al. 2016; Ogami and Manley 20Q@gami et al. 2017; Silla et al. 2020; Wu et al.
2020). Depletion of MTR4 or ZFC3H1 in Hela celldéo the accumulation of IPA transcripts in
polysomes (Ogami and Manley 2017). Depletion of FACOmMponents also led to the upregulation of
certain non-coding transcripts, such as a subsenbéncer RNAs (eRNAs) and PRGter URtream
Transcripts (PROMPTSs) (Meola et @016; Silla et al. 2020; Wu at. 2020; Fan et al. 2017). MTR4 and
ZFC3H1 may directly compete with the nuclear ex@atapter Aly (also known as AlyRef) for RNA
binding (Fan et al. 2017; Silla et al. 2018), althb whether this is related to any putative U1-ratdi
nuclear retention remains unclear.

Previously we noted that reporter RNAs that comdis’'SS motifs accumulated in nuclear
speckles (Lee et al. 2015). These liquid-liquid gghaeparated nuclear compartments contain splicing
factors, such as SR-proteins, nuclear export facamd other mMRNP factors such as components of the
TREX and exon junction complexes (Akef et al. 20Daguenet et al. 2012; Dias et al. 2010; Dufu et al
2010; Galganski et al. 2017; Schmidt et al. 20Q&ec¥or and Lamond 2011). Although the majority of
splicing occurs co-transcriptionally, certain ptsiascriptional splicing is thought to occur in fear
speckles (Girard et al. 2012; Mor et al. 2016). siipport of the idea that post-transcriptional Gpg
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occurs in nuclear speckles, it has been obsenatdéntain reporter mMRNAs expressed from plasmies a
spliced in these structures (Dias et al. 2010).

How these mRNAs are targeted to speckles remaicteam It has been observed that exon
splicing enhancer elements, which recruit SR spdidactors and promote splicing, also help to targe
MRNAs to speckles (Wang et al. 2018). Since thes5¥%otif also promotes speckle localization, it is
likely that U1 snRNP may also promote this relagtion. Indeed, there are significant amounts of Ul
snRNP stored and/or localized in these structuresmiig and Spector 1992). The idea that U1 snRNP
directs MRNAs to speckles is consistent with theeokation that inhibition of either U2 or U4 snRNPs
which would be required to complete post-transwig@l splicing, caused the accumulation of unsglice
MRNAs in nuclear speckles (Hett and West 2014; &&dal. 2007). Once splicing is complete, nuclear
speckle-associated mMRNAs may require the RNA h&dicctivity of the TREX-component UAP56 to
exit speckles and promote nuclear export (Akel.€2@13; Dias et al. 2010; Hondele et al. 2019).

Here we dissect the requirement for reporter RN¥asg tontain a 5’'SS motif to be retained in the
nucleus and the role of nuclear speckles in thiegss. We find that upon ZFC3H1-depletion, ther is
global upregulation of IPA transcripts which accuates in the cytoplasm. In addition, we observe tha
there is a defect in the nuclear export of mMRNAthvibng 3'UTRs that are generated from distal 3’
polyadenylation/cleavage sites. Using reporter mBNwe demonstrate that ZFC3H1, but not other
PAXT components are required for the nuclear redandof mRNAs with intact 5’'SS motifs in U20S
cells. We also find that U1-70K, a component of tHesnRNP is also require for their nuclear retamnti
and likely acts in the same pathway as ZFC3H1. hmaahstrate that ZFC3H1 is required for mRNAs
with 5'SS motifs to be retained in nuclear speckdes that nuclear speckle disassembly prevents this
retention. Our data provides novel insight into hovisprocessed mRNAs, and likely how certain

functional non-coding RNAs (ncRNAs), are localizedhe nucleus.
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Results
Depletion of ZFC3H1 leads to the stabilization and cytoplasmic accumulation of Intronic
Polyadenylation (1 PA) transcripts.

Previously, it had been shown that upon depledbMTR4 or ZFC3H1 in HelLa cellsntronic
Polyadenylation (IPA) transcripts become stabilized #meh accumulate in the cytoplasm (Ogami et al.
2017). This work looked at the overall distributiohmRNAs by next-generation sequencing in MTR4-
depleted cells and only specific IPA transcriptsAgyR in ZFC3H1-depleted cells. Interestingly, MTR4-
depletion in HelLa cells also led to ZFC3H1 co-dgpte(Ogami et al. 2017; Silla et al. 2018), likddy
destabilizing the PAXT complex. Thus, it was naasl whether the effects observed on IPA transcripts
were due to the direct depletion of MTRA4, the iadirdepletion of ZFC3H1, or a combination of the tw

Other work with ZFC3H1-depleted or knockout cebamined whole transcriptome sequencing
with respect to the decay and nuclear retentioRROMPTs and eRNAs, but not IPA transcripts (Meola
et al. 2016; Silla et al. 2020; Wat al. 2020). Furthermore, to infer effects on eaclexport, sequencing
must be carried out on cytoplasmic and nucleatifmas independently, which has yet to be performed
cells lacking or depleted of ZFC3H1.

To investigate how ZFC3H1 affects the distributeord levels of various mMRNAs, we depleted
this protein using lentiviral delivered shRNA (“*ZBB1-2"), isolated total, nuclear and cytoplasmic
fractions and purified poly(A)-selected RNAs forxhgeneration sequencing (Figure 1A). The fractions
had minimal cross contamination (Figure 1B) anddbpletion was almost complete (Figure 1C). Note
that ZFC3H1-depletion had no observable effectsdiR4 levels (Figure 2A).

In line with what had been seen in MTR4-depletadlsc ZFC3H1-depletion caused an
upregulation of IPA transcripts with no detectabftect on fully processed mRNAs produced from the
same genes (Figure 1D, Supplemental Table 1). Wieelvoked at particular examples, sucHPa$11,
which has a well characterized IPA (Wang et al. 0lve observed that it was upregulated more titan 1
fold after ZFC3H1-depletion (Figure 1E, note thet 8’ end of thd°’CF11 IPA transcript is indicated by
the red arrow). The upregulation of IPA transcriptas also apparent for other genes (Supplemental
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Figure 1A-C). Although most IPAs occur through #ion of cryptic 3’ polyadenylation/cleavage sites
in the first intron, a minority are generated bigsifound in internal introns, for example in KRET13
gene, and these were also upregulated after ZFG@gletion (Supplemental Figure 1C). When the
levels of these IPAs were compared between theenschnd the cytoplasm, we found that their
cytoplasmic levels generally grew more than theiclear levels, suggesting that ZFC3H1 was also
required for their nuclear retention (Figure 1R)isTcould be clearly seen in individual examplagFe
1G-I).

As documented previously, we also saw that ZFC3efdlation caused an upregulation in certain
PROMPTs (an example is shown in Supplemental Figub¢ and in many cases these tended to
accumulate more rapidly in thetoplasm than in the nucleus (amample is showin Suppemental
Figure 1E).

From these results we conclude that depletion EEZH1 results in the upregulation of IPA
transcripts and their accumulation time cytoplasm. Thesesults are inlie with previously published
results examining MTR4-depleted cells (Ogamakt2017). In addition, ZFC3H1-depletion led to the
upregulation of a subset of PROMPTSs, as descrilyaatters (Meola et al. 2016; Silla et al. 2020; @{u

al. 2020), and their cypdasmic 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 affelae thuclear/cytoplasmic distribution of most
MRNAs, we did notice that for mRNAs generated frgemes with several 3’ polyadenylation/cleavage
signals (Supplemental Figure 2A), the cytoplasniclear distribution of the long mRNA isoforms,
generated from distal 3' polyadenylation/cleavagess tended to be more nuclear in the ZFC3H1-
depleted cells when compared to control cells (8rpental Figure 2B-C). In contrast the overall
distribution of mMRNAs was generally unaffected (s@@RNAs” in Supplemental Figure 2B). To
determine whether this inhibition of export wasetfar short isoforms produced from the same gemes,
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compared the portions of the 3'UTR that are comnmrboth short and long isoforms (cUTR, see
Supplemental Figure 2A). Reads that mapped to ctEéffions were less affected but still more skewed
towards the nucleoplasmic fraction (Supplementgufé 2B, D). Since these reads come from both long
and short isoforms, we attempted to infer the sb@fR counts by subtracting out the signal in thdBU
reads that came from the long isoform (see methdd® distribution of these inferred short UTR ctsun
between the nucleus and cytoplasm were relativeiffacted (Supplemental Figure 2E). To determine
whether these trends were due to an overall ddigethin of long isoforms we next compared the aen
in cytoplasmic/nuclear distribution to the mRNA'vepall levels. We observed that upon ZFC3H1-
depletion the decrease cytoplasmic/nuclear digidbuwas much larger than any change in levelsHer
long isoform mRNAs (Supplemental Figure 2F). Agahrs trend was less pronounced in cUTR reads
(which come from both short and long isoforms), anthpletely disappeared in the inferred short UTR
counts (Supplemental Figures 2G-H). These trends &80 seen when the levels in the cytoplasm and
nucleus were directly compared with total levelsg@emental Figure 3).

From these results we conclude that ZFC3HL1 is \likelquired for the export of mRNAs

generated from distal Yolyadenylation/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 that mRNAs that conitiact 5’SS motifs were nuclear retained.
Since these generally resemble IPA transcriptsnext tested whether MTR4 or ZFC3H1 were required
for their nuclear retention. We thus treated U2@savith lentiviral delivered shRNAs against MTRR4
ZFC3H1, or control shRNAs (Figure 2A) and transéecplasmids containing the reporter mRIN&hi
tarazu (ftz) with and without the 5’'SS motif (Figure 2B) agypiously described (Lee et al. 2015, 2020).
Note that the 5’SS motif is present in a DNA regioand in many expression vectors and encodes a V5-
His epitope tag; however, within tliz reporter this region is present downstream of tbp sodon and
is not translated. Additionally, this versionftf lacks any intronAi). To successfully deplete MTR4 we
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used a pool of two separate shRNAs, as transduatiin any single lentiviral-delivered shRNA gave
poor depletion (data not shown). In contrast totwizal been seen previously in HelLa cells (Ogaral.et
2017; Silla et al. 2018), MTR4-depletion did naadeto the co-depletion of ZFC3H1 (Figure 2A). This
allowed us to determine whether MTR4 directly affetPAs independent of ZFC3H1. Depletion of
ZFC3H1 was performed using two independent shRN#s, this did not affect MTR4 levels (Figure
2A).

When we analyzed the distribution of titereporter mRNA by fluorescemn situ hybridization
(FISH), we found that MTR4-depletion did not affdbte cytoplasmic/nuclear levels @iz mRNA
containing the 5'SS motifftg-4i-V5-His) (Figure 2C-D). In contrast, depletion of ZFC3Hithaeither
shRNA led to a significant inhibition in the nucdieeetention of the same mRNA (Figure 3C-D).
Depletion of either MTR4 or ZFC3H1 had no effecttbe cytoplasmic/nuclear levels iz lacking the
5’'SS motif ftz-4i) (Figure 3C-D).

Next, we analyzed the effect of PABPN1-depletiontioe distribution of our reporter mRNAs.
We depleted PABPN1 with two independent shRNAs 208 cells (Supplemental Figure 4A) and
monitored the distribution of variodtz mMRNA reporters (Supplemental Figure 4B) by FISH 8d not
see a significant change in the cytoplasmic/nuaiiéstributions offtz mMRNA containing the 5’SS motif.
This was true for intronless ft£4i-V5-His) or intron-containing fz-i-V5-His) versions of ftz
(Supplemental Figure 4C-D). We did see a modestsiguaificant inhibition in the nuclear export of our
control reporter f(z-4i), in line with previous findings that PABPNL1 isquered for efficient mRNA
nuclear export (Apponi et al. 2010). Thus, it remsaiormerly possible that since overall MRNA nuclea
export is lower in PABPN1-depleted cells, this cbulave counteracted any putative increase in
cytoplasmic levels of the 5’SS motif-containing mRdNdue to a general inhibition of nuclear retention
Previously, we showed that a general inhibitiormRNA export by depleting the nuclear pore protein
TPR led to a further enhancement in the nuclear retentidte-df-V5-His mRNA (Lee et al. 2020),

unlike what we see after PABPN1-depletion. Thesssioerations not withstanding, our results suggest
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that PABPN1-depletion does not have a large immectthe nuclear retention of reporter mRNAs

containing 5’SS motifs.

MRNA nuclear retention is not dependent on alterationsin 3' cleavage or poly(A)-tail length

Interestingly, ZFC3H1 was identified in a mass $menetry analysis of UL snRNP-associated
factors, which also contained 3’ processing comptséSo et al. 2019). Additionally, the presence of
5'SS motifs has been shown to inhibit both 3’ ckggey and polyadenylation (Boelens et al. 1993;
Gunderson et al. 1998; Vagner et al. 2000). Intlgfithese observationz-/i-V5-His mRNA might be
nuclear retained due to alterations in 3’ cleavage or 3’ processing that are potentially regulated by
ZFC3HL1.

To determine whether the presence of a 5SS masfudted normal 3’ cleavage or
polyadenylation of thétz mRNA reporter, we expressed intron lacking andtaiomg versions of this
reporter, with and without the 5’'SS motif in U20d8ls, extracted mRNA from these lysates and asdesse
the 3’ cleavage by 3' RACE and the poly(A)-tail ¢¢in using the ePAT assay (Figure 2E) (Janicke.et al
2012). By 3' RACE, botHtz-4i andftz-4i-V5-His had the same 3’ cleavage site (Figure 2F) indigatin
that the 5’'SS did not alter the 3’ end of the traipg. We also found that the presence of the V&-Hi
region did not alter the size of the ePAT amplic{figure 2G), which comprises the 3’ end of the RNA
and the entire poly(A)-tail, which we estimate #® ©120 nucleotides long (Figure 2E). Although sit i
likely that in many cases the presence of a 5’3&t 3’ cleavage, this may depend on the streafyth
the 3’ cleavage/polyadenylation signal. In casesretthese signals are strong, as inftheeporter which
contains the bovine growth hormone polyadenylatgignal (Pfarr et al. 1986), cleavage and
polyadenylation are likely not affected. Thus, vemdude that the ability of the 5’'SS to inhibit hesr
export is functionally distinct from its ability tohibit 3’ cleavage and polyadenylation. This findingns
agreement with the observation that the PAXT comets on PROMPTs after they have become

polyadenylated (Wu et al. 2020).
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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 ngssctrometry analysis of U1 snRNP-
interacting proteins (So et al. 2019). In additionmunoprecipitates of ZFC3H1 contained U1-70K, a
component of the Ul snRNP as detected by massrepetty (Meola et al. 2016). These observations
raised the possibility that 5’SS motifs are inlfjalecognized by U1 snRNP and that in the absefiece o
3'SS motif, which would normally recruit other cooments of the spliceosome, U1 recruited ZFC3H1 to
redirect the transcript to a nuclear retention deday pathway. To assess whether U1 snRNP was
required for the nuclear retention of 5’'SS motihtmining mMRNAs, we used a mixture of four lentivira
delivered shRNA to deplete U1-70K (Figure 3A). UdK7has been shown to be required for many
activities of the U1 snRNP outside of splicing,luting polyadenylation and 3’ cleavage (Gunderson e
al. 1998; Vagner et al. 2000). We observed tha70K-depleted U20S cells did not efficiently retéiin
reporters that contained a 5’'SS motig{i-V5-His) in the nucleus (Figure 3B-C). In contrast, U1-70K
depletion had no effect on the distributionftaf4i mMRNA, which lacks a 5'SS (Figure 3B-C). Note that
ZFC3H1 was unaffected by U1-70K-depletion.

To test whether these factors functioned in theespathway, we assessed the distribution of our
reporter mRNAs in cells depleted of both ZFC3H1 dntt70K and compared these to the single
depletions (Figure 3A). We observed that the dodelgleted cells had cytoplasmic/nuclear levelfzf
4i-V5-His that were not significantly different than in eaghthe single depleted cells (Figure 3B-C).
Note that the distribution of this reporter wadl stiore nuclear than a version that lacked a 5’S&ifm
(compareftz-4i-V5-His to ftz-4i Figure 3C). These data strongly indicate that rardtetention oftz-4i-
V5-His was only partially inhibited in the single and ttiknockdown cells and that ZFC3H1 and U1-
70K act in the same pathway.

We next sought to confirm previous mass spectrogmegports that suggested an interaction

between Ul and ZFC3H1 (Meola et al. 2016; So €2@l9). Indeed, we detected endogenous ZFC3H1
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in immunoprecipitates of endogenous U1-70K butinatontrol immunoprecipitates (Figure 3D). These
results indicate that ZFC3H1 and U1-70K are botthexsame complex in cells.
In summary, these data suggest that both ZFC3H1JARA0K (and by extension the U1 snRNP)

retain 5’SS motif containing MRNAs using a commaithwvay, and likely by forming a complex.

ZFC3H1lisrequired for the egress of 5°SS motif containing mRNASs from nuclear speckles

Previously, we showed that 5’'SS motif containingMAf2 that are retained in the nucleus also
co-localize with nuclear speckles and remain irs¢heompartments under steady state conditionsglee
al. 2015). To determine if ZFC3H1 or U1-70K areuiegd for targeting newly synthesized mRNAs with
5’'SS maotifs to nuclear speckles, we microinjectemids containing either the intronlgsglobin gene
without (5G-Ai) or with (fG-4i-V5-His) a 5’'SS motif into the nuclei of cells depletedZ6fC3H1 or U1-
70K, or treated with control shRNA. We then fixeells at various time points and monitored the co-
localization of newly synthesized mRNA with the taar speckle marker SC35 by Pearson correlation
coefficient analysis, as we have done previouslkefAet al. 2013; Lee et al. 2015). Note that
microinjection allows for the generation of a lagyaount of MRNA in a short time span allowing ooe t
observe events that happen only in the early staiggene expression (Gueroussov et al. 2010). Shece
ftz mMRNA is trafficked to speckles independently o t'SS (Akef et al. 2013), we used thé-Ai
MRNA which requires the 5'SS motif for nuclear dgeclocalization (Supplemental Figure 5A), as
previously described (Akef et al. 2013; Lee eRall5).

In control shRNA-treated cells, we observed thahini 30 min of expressioniG-4i-V5-His
MRNA began to accumulate into nuclear specklesthadiegree of speckle localization increased over
time (Supplemental Figure 5B-C). In contrg®G-4i mRNA was not as robustly targeted to speckles
during this time course. The speckle targeth@}1i-V5-His mMRNA was not affected by depletion of
ZFC3H1 or U1-70K (Supplemental Figure 5B-C). Weoaimonitored the speckle targeting ftd-Ai
without and with a 5’'SS motif. Again, depletion 2FC3H1 did not significantly impact the targeting o
this MRNA to nuclear speckles (Supplemental Figbg
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We next investigated whether ZFC3H1 was requitedte egress of mRNAs containing 5’'SS
motifs out of nuclear speckles. To determine this monitored the localization &z without ftzi) and
with (ftz4i-V5-His) a 5’'SS motif in transfected cells where the taéahount of nuclear speckle
localization reflects steady state dynamics (iahlnuclear speckle targeting and egress). Noteviba
did not usefG-4i-V5-His mRNA for these experiments, as #@-4i mMRNA contains other elements that
inhibit nuclear export and promote decay in a rarcgpeckle-independent manner (Akef et al. 201%. W
found that depletion of ZFC3H1 resulted in a deseem nuclear speckle localized mRNA by Pearson
correlation coefficient analysis (Figure 4A-B). Wheve quantified the amount of mRNA in nuclear
speckles, the 5’'SS motif caused an increase, aadviis reversed in cells depleted of ZFC3H1 (Figure
4C).

From these experiments we concluded that ZFC3Hdshe promote the localization of 5'SS

motif containing MRNAS to nuclear speckles.

Nuclear specklesarerequired for the efficient nuclear retention of 5SS motif containing mMRNAs

Next we examined whether nuclear speckles are nedjfior the nuclear retention of 5’SS motif
containing mRNAs. We overexpressed GFP-CLK3 toggignuclear speckle disassembly, as was
previously described (Wong et al. 2011), and exanhithe distribution of eithdtz-4i-V5-His andftz-4i
MRNA, and of the speckle marker SC35. As a comtmbverexpressed Histone 1B-GFP (H1B-GFP). As
was reported previously (Wong et al. 2011), expoessf GFP-CLK3 resulted in the disappearance of
detectable nuclear speckles (Figure 5A-C), andh@se cells we observed thet4i-V5-His mRNA was
significantly enriched in the cytoplasm (Figure 32). In some cells the nuclear speckle marker, SC35
completely disappeared, while in other cells itgele did not significantly drop, but it became dgé
throughout the nucleoplasm. In H1B-GFP expresseily,dtz-1i-V5-His mRNA was nuclear, similar to
what we had seen in control U20S cells (Figure GA,Cells expressing GFP-CLK3 still exportr i,
which lacks the 5’SS motif, indicating that expieasof this kinase did not disrupt normal mRNA exrpo
(Figure 5C-D, Supplemental Figure 6A).
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Interestingly, expression diiz-4i-V5-His alone caused many cells to have larger nucleakigse
than what is tyically seen in untransfectezklls (Figure 5B Supplemental Figure 6B), likely because
these regions grew as more and more mRNA becaroepioiated into them. Co-expression of H1B-GFP
did cause some cells to have smaller nuclear spet¢kbn what is seen in untransfected cells, howeve
most cells still contained these structures (FigiBealso see Supplemental Figure 6B).

In summary, our results suggest that nuclear $peckre required for the efficient nuclear
retention of 5’'SS motif containing mMRNAs, althoughremains possible that GFP-CLK3 expression

disrupts mRNA nuclear retention independently ®kitfects on nuclear speckles.
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Discussion

Here we show that 5'SS motif containing mMRNAs regquiFC3H1 and U1-70K for their efficient
nuclear retention. Moreover, our data indicates that these two proteins act in the same pathwaly It is lik
that when a newly synthesized transcript has a 53i®f, it first recruits the Ul snRNP to initiate
splicing, however, if this is followed by a stroBleavage/polyadenylation signal ZFC3HL1 is re@uit
instead. This leads to nuclear retention in nucépackles and degradation of the transcript. Ipsuyof
this we demonstrate that upon ZFC3H1-depletionretlie a widespread stabilization and export of
endogenous IPA transcripts, which contain intaB$motifs followed by poly(A)-tails.

Interestingly, depletion of MTR4 and PABPN1 had mmal effects on the nuclear retention of
reporter mRNAs containing 5’SS motifs in U20S cellbis is in contrast to previous findings in HelLa
cells (Ogami et al. 2017). It remains possible fRAPBN1 disrupted both nuclear retention and export
complicating the interpretation of our results.dad, when mRNA export is disrupted by TPR-depletion
we observed thdtz-4i-V5-His mRNA was even more nuclear (Lee et al. 2020)kardur current results
in PAPBN1-depleted cells. As for the discrepancyveen our results with MTR4 and past results, ithis
likely explained by the fact that MTR4-depletiorusad co-depletion of ZFC3H1 in HeLa (Ogami et al.
2017; Silla et al. 2018) but not U20S cells (Fig@®). It is possible that other factors present act
redundantly with MTR4 in U20S cells. Alternativelguclear retention of IPA transcripts may only
require low levels of MTR4.

There has been much interest in the role of nudpackles in promoting nuclear retention and
export (Akef et al2013; Das et al. 2010; Jain anthle 2017; Palazzo andcek 2018; Wang et al. 2018).
Our new results show that ZFC3H1 reduces the nusfeeckle egress of mMRNAs. Interestingly, this was
true for both mRNAs with and without 5’SS motifsidére 4B). We still do not understand how these
MRNAs are targeted to speckles. Likely this is mupart to U1 snRNP, although not U1-70K. It rensain
possible that U1 snRNP, which remains intact aftef70K-depletion (Rosel-Hillgartner et al. 2013c

still target MRNAs to speckles but fails to rectdEC3H1 to the transcript. This is in agreementwit
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previous results where the tethering of U1-70K to a reporter mMRNA promoted nuclear retgthidnrn
targeting the transcript to nuclear speckles (Takerat al. 2011).

Intriguingly, in the fission yeass pombe, homologs of ZFC3H1 (Redl) and MTR4 (Mtl1) are
required for both the decay and the sequestratianeiotic mMRNAs and transposable element derived
transcripts into nuclear foci (Shichino et al. 202820; Sugiyama and Sugioka-Sugiyama 2011). These
results suggest that the ability of ZFC3H1 to niegat regulate expression of mMRNAs and ncRNAs, by
promoting retention in nuclear subdomains and ¢niggy RNA decay, is widely conserved in eukaryotes.

Previously, we showed that mMRNAs with 5’SS motii§ acquired TREX components, such as
UAP56, and the nuclear transport receptor NXF1fhiltto be exported (Lee et al. 2015). Thus, it is
likely that the export-promoting activity of thefactors is inhibited by ZFC3H1. Indeed, it appeitiet
UAP56-dependent ATP-hydrolysis is required for eaclegress (Hondele et al. 2019) and this is dyrect
counteracted by ZFC3HL1.

In previously published results, we found that wigjected mRNAs with 5’'SS motifs were
efficiently exported from nuclei (Lee et al. 201%his may indicate that U1 snRNP and/or ZFC3H1 may
be recruited during transcription, and this is sarfgrl by observations that U1 snRNP directly asdesi
with RNA polymerase Il (Zhang et al. 2021). Howewnce microinjected mRNAs are spliced within 15
mins after being injected into nuclei (PalazzoleR@07), it is likely that microinjected mRNAs aséll
recognized by Ul snRNP but not ZFC3H1. This suggésit ZFC3H1 may be recruited to nascent
transcripts by the joint action of U1 and RNA pobmase Il in a co-transcriptional manner.

Our RNA Frac-Seq data indicates that ZFC3H1 likahjibits the nuclear export of PROMPTs
and other ncRNAs, as indicated by previous rep@iia et al. 2018), and algoromotes the export of
MRNAs generated from distal 3'cleavage/polyadeifasites (Supplemental Figures 2 and 3). It may be
that this later class of mMRNAs are outcompeted 6RRNWAs and IPAs for binding to nuclear export
factors. Alternatively, ZFC3H1 may directly parpate in their nuclear export. Further studies \wél

needed to test these various possibilities.
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Material and methods

Plasmids constructs and antibodies

All plasmids for reporter constructs in pcDNA31daH1B-GFP were previously described (Akef
et al. 2013; Lee et al. 2015, 2020; Palazzo e2@0.7). Plasmid expressing GFP-CLK3 was previously

described (Wong et al. 2011).

Antibodies used in this study include rabbit pabydls against ZFC3H1 (also known as
CCDC131) (Bethyl laboratories, A301-457A), MTR4s@lknown as SKIV2L2) (Bethyl laboratories,
A300-614A), PABPN1 (Bethyl laboratories, A303-523A)1-70K (Abcam, ab83306), Aly (Zhou et al.
2000) and TRAR (Gorlich et al. 1990) or mouse monoclonals agaihkt7OK (Sigma-Aldrich, clone
9C4.1), mAb414 (Sigma), SC35 (Clone SC35, Sigmahd a-tubulin (DM1A, Sigma).
Immunofluorescence with Alexa647-conjgated secdadar(Thermo-Fisher) and HRP-conjugated
secondaries (Cell Signaling). All antibodies weiletdd 1:1000 for western blotting and 1:100 to5D2

for immunofluorescence microscopy.

Cell culture, DNA transfection experiments and Lentiviral delivered shRNA protein depletion

U20S and HEK293T cells were grown in DMEM media §&it) supplemented with 10% fetal
bovine serum (FBS) (Wisent) and 5% penicillin/stoepycin (Wisent). DNA transfection experiments

were performed as previously daebed (Akef et al. 2013;ee et al. 2015, 202®alazzo eal. 2007).

For all DNA transfections, U20S cells were traotfd with the appropriate amount of DNA
plasmid according to the manufacturer’'s protocahgissenJet U20S DNAnN vitro transfection reagent

(SignaGen Laboratories) for 18 to 24 hrs.

The lentiviral delivered shRNA protein depletionsngerformed as previously described (Akef et

al. 2013; Lee et al. 2015, 2020). Briefly, HEK29&&re plated at 50% confluency on 60 mm dishes and
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transiently transfected with the gene specific SARMKO.1 plasmid (Sigma), packaging plasmix8(9)
and envelope (VSVG) vectors using Lipo293T DNA iitrosr transfection reagent (SignaGen
Laboratories) according to the manufacture’s pmitod8 h post-transfection, viruses were harvested
from the media and added to U20S cells pre-treaiéid 8 ug/ml hexadimethrine bromide. Cells were
selected with 21g/ml puromycin media for at least 4 to 6 days. Wesblotting was used to determine
the efficiency of ZFC3H1, MTR4, PABPN1 and U1-70&pdketion. The shRNAs constructs (Sigma) used
in this study are as follows: ZFC3H1-1 “TRCN0000232" 5-CCGGGCCAAG AAGCAATCTA
TCAATCTCGA GATTGATAGA TTGCTTCTTG GCTTTTTTG-3’, ZFCHB1-2 “TRCN0000432333”
5-CCGGGACTGA TGACATCGCT AATTTCTCGA GAAATTAGCG ATGCATCAG TCTTTTTTG-

3, MTR4-1 “TRCNO0000307086”" 5-CGGCCCAGG ATAGAAGAGT CAATACTCGA
GTATTGACTC TTCTATCCTG GGTTTTTG-3’, MTR4-2 “TRCNOO@®6268” 5-CCGGAGCAGG
ACCACTTCGT CAAATCTCGA GATTTGACGA AGTGGTCCTG CTTTTTG-3, PABPN1-1
“TRCNO0000000124” 5C€CGGAGGTAG AGAAGCAGAT GAATACTCGA GTATTCATCT
GCTTCTCTAC CTTTTTT-3’, PABPN1-2 “TRCNO0000000120” -€CGGCCCATA ACTAACTGCT
GAGGACTCGA GTCCTCAGCA GTTAGTTATG GGTTTTT-3’, U1-704A “TRCNO0O00000011” 5'-
CCGGCCAAGG GTAGGTGTCT CATTTCTCGA GAAATGAGAC ACCTACCTT GGTTTTT-3,
U1-70K-B “TRCN0000349622" 5'-CCGGGACATG CACTCCGCTACAAACTCGA GTTTGTAAGC
GGAGTGCATG TCTTTTTG-3’, U1-70K-C “TRCN000287201” 5CCGGGCACCA TACATCCGAG
AGTTTCTCGA GAAACTCTCG GATGTATGGT GCTTTTTG-3’ and UTIOK-D “TRCN0000287138”
5-CCGGCGATGC CTTCAAGACT CTGTTCTCGA GAACAGAGTC TTGAGGCAT CGTTTTTG-

3.

Microinjections, fluorescent in situ hybridization (FISH) staining, immunostaining and nuclear

speckle Pear son correlation and enrichment quantifications
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Microinjections, fluorescent in situ hybridizatioand immunostaining were performed as

previously describeflGueroussov et al. 2010; LerchPalazz®?017; Lee et al. 2020).

Nuclear speckle localization by Pearson correlatias performed as previously described (Akef
et al. 2013Lee et al2015, 2020). Brieflyfor each cell the 10 brightest naal speckles, as observed by
SC35 staining were selected and Pearson correlatialysis was conducted between the FISH signal and
SC35 immunofluorescence signal using areas reckangegions of interest(14 um? in size. Each
experiment consists of an analysis of 10 cells @aiotal of 100 speckles). Graphs in Figure 4 and

Supplemental Figure 5 consist of the average artiatd deviation of 3 independent experiments.

The quantification of mMRNA enrichment in speckleaswperformed as previously described
(Akef et al. 2013). Briefly, thresholds were draamthe SC35 immunofluorescence channel so that 10%
(+/- 0.5%) of the nuclear area was selected pérldsing this selected area, the fluorescence siteof
RNA was calculated and divided by either the total integrated mRNA signals 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 wasraoted from transfected U20S cells
using Trizol (Life Sciences). About (g total RNA was used for first strand synthesizethg murine
MLV reverse transcriptase (Invitrogen) and oligo(dprimer according to the manufacturer's
instructions. For 3'RACE experiments, the resulttigNA was amplified usindtz F' primer 5'- ATG
GGG TGT TGT CCC GGC TGT TGT - 3’ and an oligo(dTijnmer. The resulting PCR product was
inserted into CloneJet (Fermentas) vector followtng sticky-end cloning protocol (see manufacture’s
instructions) and transformed into Délsompetent cells. DNA was extracted from colonissng

Miniprep kit (Geneaid) and sent for sequencing.
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ePAT was performed as previously described (Jaretlkd. 2012). Total RNA was extracted by
Trizol from cell transfected with the indicatéd plasmid and expressed for 18-24 hrs. The ePATa@nch
primer used was 5'- GCG AGC TCC GCG GCC GCG TTT TImT TTT-3', the universal primer used
was 5'- GCG AGC TCC GCG GCC GCG-3' aftdspecific ePAT primer used was 5- ATG GGG TGT

TGT CCC GGC TGT TGT - 3.

Co-I P experiment

~ 1.2 10 U20S cells were trypsinized, pelleted and washédiBes in ice-cold 1X PBS and
flash frozen in liquid nitrogen. The cell pellet sviysed in ~1.4 ml of IP buffer (20 mM Tris-HCIHB,
137 mM NacCl, 1% NP-40, 2 mM EDTA armaDmplete mini-protease inhibitor (Roche)) mixed for 25
minutes at 4 °C to ensure complete lysis. To enshuae the nuclear proteins were released from the
chromatin, the sample was passeauigh a 25%" needle tsheer the chromatin multiple times before
and after incubation. The cell lysis was clearedcbwtrifugation at 16,1@0for 10 min and 0.65 ml
supernatant was mixed with [H0Protein G beads (NEB, #37478S) pre-conjugatedte/OK antibody
(Sigma-Aldrich, clone 9C4.1), pre-washed 3X timathviP wash buffer (same as IP buffer, except that
0.05 % NP-40 was used). The cell lysate was ineabfdr 3 hours at 4 °C. As a control experimerg, th
same amount of cell lysate was added to the saueneoof or Mouse IgG antibody (Santa Cruz, sc-
2025). Following incubation, the beads were washés 5X times with IP wash buffer. To elute the
proteins, 5@l of 2.5X Laemmli sample buffer was added to a# gamples and boiled for 5 minutes.

Samples were separated on an SDS-PAGE gel andetnausonto a blot for immunoblotting.

RNA Frac-Seq, data processing and analysis

RNA Frac-Seq were performed as previously desdrithee et al. 2020). RNA Frag-Seq data
were deposited in GEO database as GSE176144. |IBsismwas performed as described (Wang et al.
2019) using a curated list of IPA transcripts (Sepental Table 1).

To estimate reads from short 3'UTRs, we used thakmilations:
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cUTR reads = short UTR reads + long UTR reads from cUTR regions

cUTR reads

Read densitchTR = m

distal UTR reads
distal length

Read densityong utr =

short UTR reads
cUTR length

Read densitysnort ytr =

Read densitysnore yrr = Read density g — Read density, ong yrr

short UTR reads = (Read density .,z — Read density, g4 yrr)(CUTR length)
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Figure 1. ZFC3H1-depletion leads to cytoplasmic accumulation of endogenous 5SS motif
containing mRNASs (or intronic polyadenylated transcripts)

(A) Workflow for RNA Frac-Seq. ZFC3H1- or controkpleted U20S cells were fractionated into
nuclear and cytoplasmic/ER fractions, see Mataia Methods for more details. RNA was purified from
these fractions and from total cell lysates, amohtanalyzed by lllumina Sequencing.

(B) Nuclear “N” and cytoplasmic “C” fractions weosllected from ZFC3H1- or control-depleted U20S
cells, then separated by SDS-PAGE and analyzednioyuhoblot for nuclear (Aly), ER (Trag- and
cytoplasmic (Tubulin) protein markers.

(C) Lysates collected from ZFC3H1- or control-dépte U20S cells (96 hours post treatment with
lentiviral delivered ZFC3H1-2 shRNA) were analyzgdimmunoblot for ZFC3H1 and Tubulin.

(D) Fold change in total levels of Intronic Polyagkated (IPA) transcripts (ZFC3H1-depletion vs ¢oht
depletion) x-axis), plotted against the change in the total levels of fully processed mRNA (using cUTR
reads,y-axis). Each dot corresponds to reads from one geneighatown to produce IPA transcripts
(listed in Supplemental Table 1). Note that ZFC3Hpletion leads to the upregulation of IPA
transcripts, but not fully processed mRNAs.

(E) Top, schematic of a fully processed mRNA and tRanscript generated from the same gene. Note
that the IPA transcript is generated from a 3’ wiepe/polyadenylation signal in the first intron and
contains a 5'SS motif. Bottom, genome browser saok the PCF11 gene in control- “shCon” or
ZFC3H1-depleted “shZFC” cells at 500x and 50x nesoh. Note the large peak for the IPA transcript
(intronic cleavage/polyadenylation site is denotéth a red arrow), which is upregulated in ZFC3H1-
depleted cells at 50x resolution. This transcslso seen in control cells at higher magnifica{s00x).
Also note the reads that correspond to the fuldlertranscript which are present in both contral an
ZFC3H1-depleted cells.

(F) Similar to (D), except the fold change (ZFC3é#Hdpletion vs control depletion) in cytoplasmic lisve
of Intronic Polyadenylated (IPA) transcriptsdxis) is compared to the fold change (ZFC3H1-depletion
vs control depletion) in nuclear fractioy-gxis). Note that ZFC3H1-depletion leads to cytoplasmic
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accumulation of IPA transcripts (compare blue dotsed). To account for reads from fully processed
MRNAs, the IPA transcript levels are normalizethi® cUTR transcript levels of the same gene.

(G-l) Genome browser tracks of three IPA transeomiducing genes, CCDC71", “BRD3" and
“ZFPM1". Note the accumulation of IPA transcripts in thgtoplasmic fractions. The intronic 3’

cleavage/polyadenylation sites are denoted by mredva.
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Figure2. ZFC3H1lisrequired for the nuclear retention of 5°SS motif containing mRNAs
(A) U20S cells were treated with different lentisr sShRNAs against ZFC3H1 (“ZFC3H1-1" and

“ZFC3H1-2"), MTR4 (“MTR4-1+2") or scrambled contrdlLysates were collected after 96 hrs, separated

30


https://doi.org/10.1101/2021.06.08.447610
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.08.447610; this version posted June 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

by SDS-PAGE and immunoprobed for ZFC3H1, MTR4 or tubulin. Note that to effectivelgteepl
MTR4, cells were treated with lentivirus containimgth shRNA plasmids.

(B) Schematic of the intronlesdij ftz reporter construct used in this study, with antheut theV5-His
element in the 3' UTR. Note that théb-His element contains a consensus 5’SS motif which ptesn
nuclear retention.

(C-D) Control-, MTR4- and ZFC3H1-depleted cells weransfected with the intronle$ reporter
plasmid (+/-V5-His). 18-24 hours later the cells were fixed and th&NA was visualized by FISH. Note
that depletion of ZFC3H1, but not MTR4, caused plgemic accumulation of th&z-/i-V5-His.
Representative images are shown in (C), scale d&r #m, and quantification is shown in (D). Each ba
represents the average and standard error of sit fle@e independent experiments, each experiment
consisting of at least 30 to 60 cells. Studenst-teas performed for Figure 2C p*< 0.05, **p < 0.01,

%% 1 < 0.001.

(E-G) ePAT assay was performed to examine 3’ emdgwsing. (E) Schematic of the ePAT assay as
described in Janicke et al 2013. Arrows represeaftz specific F' and universal R’ primers used to
amplify the ePAT amplicon. The sequence of the eRAiplicon before the cleavage site is shown in (F)
and is 117 nucleotide long. (F) The sequence oétiteof the 3'UTR is shown. Indicated in bold dre t
ftz specific F' primer annealing site (used in the &Paad 3'RACE experiments), the hexanucleotide
motif, and the cleavage site (as determined by £EB/xperiments on mRNAs derived from U20S cells
transfected with eithdtz-4i or ftz-4i-V5-His). (G) PCR products from the ePAT assay were st

a 1% agarose gel and stained with ethidium broniidee 1: Molecular weight markers with sizes in bp
indicated on the left, lanes 3-6: ePAT amplicormsnrU20S cells that were transfected with plasmids
containing the indicated versions of titereporter (without4i) or with () an intron, without or with the
V5-His element). Note that the amplicons generated fromd aeactions are the same length (~ 250
nucleotides). Since the amplified region in the BRJis 117 bp long (see F), and the universal prinaer

a 14 nucleotide extension (see F), the poly(A)isadistimated to be approximately 120 nucleotides |
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Figure 3. ZFC3H1 and U1-70K function in the same pathway for the nuclear retention of 5'SS
motif containing mMRNASs

(A) U20S cells were treated with lentivirus shRNgaast either U1-70K, ZFC3H1 or a mixture of the
two. Lysates were collected 96 hrs, separated b$-BRGE and immunoprobed for U1-70K, ZFC3H1
and mAb414. Note that to effectively deplete ul-70H&lls were treated with lentivirus containing rfou

shRNA plasmids. Also note that the asterisk (*)ates a non-specific band.
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(B-C) Control-, U1-70K-, ZFC3H1- or co-depletedlsalere transfected with the intronldtsreporter

+/- V5-His and as for figure 2. The cytoplasmic localizatadrftz-4i-V5-His mRNA in cells co-depleted
of U1-70K and ZFC3H1 resembles the single depletsaggesting that both proteins function in the
same pathway. Representative images are showr),is¢&le bar = 10 um, and quantification is shawn i
(D). Each bar represents the average and standandoé at least three independent experimentdh) eac
experiment consisting of at least 30 to 60 celtad&nt t-test was performed for (C)p*< 0.05, *p <
0.01, *** p < 0.001.

(D) U20S cell lyates were subjected to immunopriiion reactions with mouse anti-U1-70K antibody
(“U1-70K IP™), or mouse IgG (“Control IP"). Immunogcipitates were separated by SDS-PAGE and
immunoprobed for U1-70K and ZFC3H1. For comparisoemall amount of input lysates (3%) was also
analyzed. Note that the predominant ZFC3H1 bancayspto migrate faster than in samples that are

rapidly denatured (see A), likely due to proteayieavage after extended incubations.

A B 100 c
shRNA: 0
a mSpeciNuc
_ - = =Spec/Total
\ ; Q
5 s i 3 @ | W J Strong
= . e n E
= 7] ¥
3 A [ ] = 01
o= - A 5 51
7T : £ . a 50 4 g
(=2} | Weak E =
' : ) == o} Not colocalize
-
[=
@
2 |
S
S g L 0
5 —r———— z Control + % s .
]
2 % Control  + - + - £lzrcami2 - + . .
N =|ZFC3H1-2 - + -+ ftz-Ai ftz-Ai-V5-His
*p <002, p=0004

S S
¢ e
B

Figure4. ZFC3H1 isrequired for nuclear retention of 5°SS motif containing mRNAs in speckles

(A-C) Control or ZFC3H1-depleted U20S cells wer@nsfected withtz-4i +/- V5-His. 18-24 hrs post-
transfection, the cells were fixed and stainedfftomRNA by FISH and for the nuclear speckle marker
SC35 by immunofluorescence. Representative imagés,each row depicting a single field of view, is
shown in (A) with merged overlays showiftg mMRNA in red and SC35 in green. Scale bar = 10 pM.

Examples oftzZ/SC35 co-localization are indicated with arrows.
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(B) The degree oftzZ/SC35 co-localization by Pearson correlation cogdfit analysis was quantified as
previously described (Akef et &013), exept that ‘not colodazed’ values < 0.25 and each bin contains
values increasing by increments of 0.25. Note TBRC3H1-depletion leads to decreased level of
colocalization betweeftz MRNA and SC35. Each bar represents the averagstandard error of three
independent expenents, each experiment consistingl0D-200 nuclear speckles from 10-20 cells.

(C) The amount oftz reporter mMRNA present in nuclear speckles as aeptage of either the total
nuclear (“spec/nuc”) or total cellular (“spec/t§JjaimnRNA levels in transfected cells. Each data poin
represents the average and standard error of the ofehree independent experiments, each experimen

consisting of 10-20 cells. Student’s t-test wadgrered, *p < 0.02, **p < 0.004.
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Figure5. Nuclear speckles promote mRNA nuclear retention of 5SS motif containing mRNA
(A-D) U20S cells were transfected wiftiz-/i-V5-His or ftz-4i, alone (“-*) or with either GFP-CLK3, or

H1B-GFP. 24 hrs post-transfection, cells were fixedl stained foftz mRNA by FISH and for the

34


https://doi.org/10.1101/2021.06.08.447610
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.08.447610; this version posted June 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

speckle marker SC35 by immunofluorescence. Reptatbes images, with each row depicting a single
field of view imaged for GFHtz mRNA and SC35 is shown in (A). Note that the ovpression of GFP-
CLK3 disrupts nuclear speckles (SC35) comparediB-BFP or non GFP-expressing cells. Scale bar =
10 uM. Enlarged images of the regions indicatedAnare depicted in (B). Examples fi#/SC35 co-
localization are indicated with arrows. Scale bad@ uM. (C) The number of cells that lacked or
contained nuclear speckles were quantified. Eachrdfesents the average and standard error of two
(ftz4i) or four (tz-4i-V5-His) independent experiments, each consisting of 3@&lk. Note that
expression of GFP-CLK3 disrupts nuclear specklespaved to control cells. **p < 0.001 (Student’s t-
test). (D) Quantification of the cytoplasmic/nuclddSH signal with each bar representing the awerag
and standard error of twdt£4i) or four (tz-4i-V5-His) independent experiments, each experiment

consisting of at least 30 to 60 cells.* 0.01 (Student’s t-test).
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Figure S1. Genome browser tracks of endogenous 5’ SS motif containing transcripts

(A-C) Selected examples of IPA transcripts upregaafollowing ZFC3H1-depletion in total RNA
samples. The intronic 3'cleavage/polyadenylatioa isi denoted by the red arrows.

(D-E) Selected example of PROMPT®ROGGNBP2" and “proLZTR1") that are upregulated following
ZFC3H1-depletion. The PROMPTs are denoted by aarsalv. Note that following ZFC3H1 depletion,

“proLZTR1" is more cytoplasmic.
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Figure S2. ZFC3H1-depletion leadsto nuclear localization of mMRNAswith long 3' UTRs

(A) Schematic depicting alternative polyadenylatiirthe proximal polyadenylation site (PAS) is dse
this generates a short UTR isoform. If the distABRs used, this generates mRNAs with long 3' UTRs
(“long UTR"). Note that regions of the 3'UTR thatafound only when the distal site is used areltabe

in red while regions common to both short and Isodorms are denoted by “cUTR”.

(B) Violin plots of the log change in cytoplasmic/nuclear ratio of mMRNAs fallog ZFC3H1-depletion
(“shZFC v CTRL C/N") compared between reads mappmdong UTR regions (red regions in (A)),
cUTR regions (blue regions in (A®nd all mMRNA regions. Note that reads from long UTRs, which are

generated from distal PASs, are more nuclear falgu FC3H1-depletion than reads mapping to cUTR

or mRNAs in general.
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(C-E) The nucleanfaxis)- cytoplasmic X-axis) distribution of (C) long, (D) cUTR and (E) shaJfTRs
following ZFC3H1-depletion. Each data point représereads from a separate gene. See methods for
how levels of short UTR reads were inferred. Notat ZFC3H1-depletion leads to nuclear retention of
MRNAs with long UTRs (compare red dots to blueGy)( This is not observed for short UTRs in (E). To
eliminate the contribution of long UTRs from cUTRads, we estimated reads that corresponds to only
the short UTRs.

(F-H) Similar to (C-E), except the cytoplasmic/rean ratio x-axis) was compared to total RNA-éxis).

Note that the change in cytoplasmic/nuclear ratioléng UTR reads was much more pronounced than

the change in total levels.

38


https://doi.org/10.1101/2021.06.08.447610
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.08.447610; this version posted June 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

>
w

4 7 Long UTR 4 - Long UTR

N
N
"

shZFC v CTRL
Long UTR Total (log,)
o
shZFC v CTRL
Long UTR Tetal (log,)
(=]

-2 -2 1
-4 T T T ] -4 T T T ]
-4 -2 0 2 4 -4 -2 0 2 4
shZFC v CTRL shZFC v CTRL
Long UTR Cyto (log,) Long UTR Nuc (log,)
c 4, CUTR : D . wmw ‘
2521 ; 28?27 |
== H == i
O = ;S . O —= o
>3 - .
Q 2 0 3 ’ v T
¥ ' [14 ‘
NE : NE ;
w32 "% 2
4 r T T ] -4 T T T ]
-4 -2 0 2 4 -4 -2 0 2 4
shZFC v CTRL shZFC v CTRL
cUTR Cyto (log,) cUTR Nuc (log,)
E 4 1 Short UTR ! F 4 q Short UTR

N

shZFC v CTRL
Short UTR Total (log,)
o

n
L

shZFC v CTRL
Short UTR Total (log,)
o

2 2 ]
-4 T T T ] -4 T T T 1
-4 -2 0 2 4 -4 -2 0 2 4
shZFC v CTRL shZFC v CTRL
Short UTR Cyto (log,) Short UTR Nuc (log,)

Figure S3. Analysis of nuclear and cytoplasmic levels of 3'UTR reads upon ZFC3H 1-depletion

(A-B) Similar to Supplemental Figure 2C, excepttitine (A) cytoplasmic or (B) nuclear long UTR reads
(x-axis) were plotted against total reagsakis) following ZFC3H1-depletion.

(C-D) Similar to Supplemental Figure 2D, except tiha (C) cytoplasmic or (D) nuclear long UTR reads
(x-axis) were plotted against total reagsakis) following ZFC3H1-depletion.

(E-F) Similar to Supplemental Figure S2E, except the (E) cytoplasmic or (F) nuclear long UTR ad

(x-axis) were plotted against total reagsakis) following ZFC3H1-depletion.
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Figure S4. PABPN1-depletion has a minor effect on the nuclear retention of 5°SS motif containing
MRNAs
(A) U20S cells were treated with two different ieimus shRNAs against PABPN1 (“PABPN1-1" and
“PABPN1-2"). Lysates were collected after 72 tol96, separated by SDS-PAGE and immunoprobed for
PABPN1 and mAb414, which recognizes FG-containinig®N(Davis and Blobel 1986).
(B) Schematic of th&éz reporter constructs used.
(C-D) Control- or PABPN1-depleted U20S cells wasnsfected with the intronle$iz reporter +/-V5-
His and the intron-containin§z-V5-His reporter. After 18-24 hrs the cells were fixedyirstd forftz,
imaged (C) and the cytoplasmic/nuclear ratios veprantified (D). Each bar represents the average and
standard error of at least three independent exgets, each experiment consisting 30 to 60 cells.
Student t-test was performed with *** denotipg< 0.001, N.S. not significant. Note that PABPN1-
depletion reduced the cytoplasmic level of the martz-4i mRNA but did not significantly affect the

localization of thdtz-V5-His containing reporters. Scale bar = 10 uM.
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Figure S5. ZFC3H1 and U1-70K are not required for trafficking 5'SS motif containing mRNASs to
nuclear speckles

Control, ZFC3H1- or U1-70K depleted U20S cells werieroinjected with plasmids containing thé-
Ai +/- V5-His (A-C) or ftz-4i +/- V5-His (D) reporter plasmids. After the indicated timd® cells were
fixed and stained fof-globin or ftz mMRNA by FISH and for the nuclear speckle marker S®%
immunofluorescence.

(A) Example images of U20S cells fixed 2 hours gogction with g-globin +/- V5-His reporter
MRNA, with each row representing a single fieldvadw with white arrows point to examples Bf
globin/SC35 co-localization. The merged overlayed imagpidas f-globin mRNA in read, SC35 in
green. Scale bar = 10 pM.

(B-D) Quantification of the degree ¢fglobin/SC35 (B, C) orftzzZSC35 (D) co-localization in cells
depleted of ZFC3H1 (B, D), U1-70K (C) or after amhtshRNA-treatment (B-D) by Pearson correlation
coefficient analysis. Each bar represents the geeaad standard error of three independent expetane
each experiment consisting of 150 to 200 nucleacldps from 15-20 cells. Note that depletion ofi@it

ZFC3H1 or U1-70K did not affect the targeting 085 motif containing mMRNAs to nuclear speckles.
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Figure S6. Disruption of nuclear speckles does not affect nuclear export of ftz-4i mMRNAs

(A) U20S cells were co- transfected wiftz-4i and GFP-CLK3 or H1B-GFP. 18 to 24 hrs post-
transfection, cells were fixed and stained flarmRNA by FISH and for the speckle marker SC35 by
immunofluorescence. Representative images, with eaw depicting a single field of view imaged for
GFP,ftzmRNA and SC35 is shown in (A). Scale bar = 10 pB).Y20S cells were transfected witt-
Ai-V5-His or ftz-4i alone (“-*) or with either GFP-CLK3, or H1B-GFP. 2%s post-transfection, cells
were fixed and stained fétz mRNA by FISH and for the speckle marker SC35 bgnimofluorescence
and the nuclear speckle morphology was visuallpected and quantified for each cell. Untransfected
cells were also quantified to determine the morpgwlof nuclear speckles without any exogenously
expressed mRNAs of GFP-tagged proteins. Each paggents the average and standard error offteto (

A1) or four ftz-4i-V5-His) independent experiments, each consisting of 36e88.
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Supplementary Table 1. List of IPA Transcripts Analyzed.
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