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Distinct biogenesis pathways may have led to
functional divergence of the human and Drosophila
Arglu1 sisRNA
Seow Neng Chan1 & Jun Wei Pek1,2,*

Abstract

Stable intronic sequence RNAs (sisRNAs) are stable, long noncoding
RNAs containing intronic sequences. While sisRNAs have been
found across diverse species, their level of conservation remains
poorly understood. Here we report that the biogenesis and func-
tions of a sisRNA transcribed from the highly conserved Arglu1
locus are distinct in human and Drosophila melanogaster. The
Arglu1 genes in both species show similar exon-intron structures
where the intron 2 is orthologous and positionally conserved. In
humans, Arglu1 sisRNA retains the entire intron 2 and promotes
host gene splicing. Mechanistically, Arglu1 sisRNA represses the
splicing-inhibitory activity of ARGLU1 protein by binding to
ARGLU1 protein and promoting its localization to nuclear speckles,
away from the Arglu1 gene locus. In contrast, Drosophila dArglu1
sisRNA forms via premature cleavage of intron 2 and represses
host gene splicing. This repression occurs through a local accumu-
lation of dARGLU1 protein and inhibition of telescripting by U1
snRNPs at the dArglu1 locus. We propose that distinct biogenesis
of positionally conserved Arglu1 sisRNAs in both species may have
led to functional divergence.
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Introduction

Over the past decade, a number of noncoding RNAs have been dis-

covered and implicated in various biological processes (Cech &

Steitz, 2014; Statello et al, 2020). One of the latest additions to the list

of regulatory long noncoding RNAs (lncRNAs) is the discovery of

stable intronic sequence (sis)RNAs. First discovered in the oocyte

nucleus of Xenopus tropicalis, these introns were—contrary to

conventional beliefs—not rapidly degraded but stably maintained

(Gardner et al, 2012). Since then, subsequent studies have discov-

ered sisRNAs in many different organisms, including viruses, Ara-

bidopsis, yeast, fruit fly, zebrafish, mouse, and human cells (Moss &

Steitz, 2013; Zhang et al, 2013; Tomita et al, 2015; Li et al, 2016;

Osman et al, 2016; Talhouarne & Gall, 2018; Wu et al, 2018; Morgan

et al, 2019; Parenteau et al, 2019). SisRNAs are found to be involved

in the starvation response of yeast and fruit flies (Osman &

Pek, 2018, 2021; Morgan et al, 2019; Parenteau et al, 2019; Voo

et al, 2021). They have also been found to affect germline stem cell

maintenance and embryonic development in Drosophila via feedback

loops (Pek et al, 2015; Tay & Pek, 2017; Ng et al, 2018b; Pek, 2018;

Koh & Pek, 2022). Accordingly, the definition of sisRNAs has been

revised to encompass not just spliced stable intronic sequences but

also stable lncRNAs that contain intronic sequences including those

produced by premature intronic cleavage, intron retention, and circu-

larization (Chan & Pek, 2019). Therefore, sisRNAs have important

regulatory roles in development and homeostasis.

As more studies begin to unravel the biological significance of

lncRNAs (including sisRNAs), there is an emerging interest to study

their evolution and conservation between different species. Unlike

protein coding transcripts, lncRNAs generally have low sequence

similarity and are usually rapidly evolving, making them difficult to

study in this respect (Ulitsky, 2016). To address this, different crite-

ria have been proposed to interpret conservation of lncRNAs,

including splicing patterns or exonic structures, secondary struc-

tures, syntenic positions and modes of action (Ulitsky, 2016).

Although conserved lncRNAs are generally believed to have similar

functions, a recent study by Guo et al (2020) reported a pair of posi-

tionally conserved lncRNAs in mouse and human, mFAST, and

hFAST, which show different functions owing to their differences in

RNA processing and subcellular localization. This suggests that

there are additional factors that can influence and contribute to the

functional evolution of conserved lncRNAs.

Arginine and glutamate-rich protein 1 (Arglu1) is a highly con-

served gene found in Drosophila melanogaster (known as CG31712)

and human. The function of ARGLU1 protein is not well character-

ized, but it has been reported to interact with Mediator subunit 1

protein (MED1) (Zhang et al, 2011) and involved in transcription
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and alternative splicing of genes mediated by nuclear receptors like

estrogen receptor and glucocorticoid receptor (Zhang et al, 2011;

Magomedova et al, 2019). Interestingly, a previous study by Pirnie

et al (2017) indicates that the intron 2 of Arglu1 gene is orthologous

in vertebrates as it contains an Ultraconserved element (UCE) that

shows 95% sequence conservation for 500 nucleotides between

human and chicken. Within the UCE region contains regulatory ele-

ments affecting alternative splicing (AS) of Arglu1 gene leading to

AS-nonsense mediated decay (AS-NMD) and intron retention (Pirnie

et al, 2017).

Here we report a pair of positionally conserved sisRNAs pro-

duced from the Arglu1 gene loci in human and Drosophila melano-

gaster, namely the human Arglu1 sisRNA and Drosophila Arglu1

(dArglu1) sisRNA. In both species, the Arglu1 genes have the same

exon-intron structures; however, the sequences of the orthologous

intron 2 are highly divergent. Arglu1 sisRNA is formed via retention

of the orthologous intron, while dArglu1 sisRNA is produced via

premature cleavage of the same intron. Both sisRNAs perform

autoregulatory functions by affecting the splicing of their host genes,

suggesting that sisRNAs help in maintaining homeostatic gene regu-

lation. Interestingly, whereas Arglu1 sisRNA promotes splicing,

dArglu1 sisRNA represses splicing and this can be linked to their dif-

ferent biogenesis processes. Taken together, our data suggest that

the distinct biogenesis and processing pathways may act as a previ-

ously unappreciated factor that contributes to the functional diver-

gence and evolution of these otherwise positionally conserved

sisRNAs.

Results

Identification of a sisRNA from the human Arglu1 locus

The human Arglu1 gene locus produces three different splicing iso-

forms; an mRNA, an unstable NMD transcript and an intron 2-

containing transcript (Fig 1A). Notably, the intron 2-containing tran-

script is stably localized in the nucleus in HEK293, MCF-7 and HeLa

cell lines, and it is not regulated by NMD (Pirnie et al, 2017). To

examine if the intron 2-containing transcript is a sisRNA, we first

checked the presence of this transcript using primers spanning the

junction of exon 2 and intron 2. We detected the transcript in MCF-

7, MDA-MB-231, T47D, and MDA-MB-468 breast cancer cell lines

(Fig 1B). Next, we characterized the intron 2-containing transcript

(hereafter named Arglu1 sisRNA) in MCF-7 cells. To check the sta-

bility of the Arglu1 sisRNA, we subjected the cells to a-amanitin

treatment, which inhibits transcription (Fig 1C). Actin and c-Myc

mRNA were used as the stable and unstable RNA control respec-

tively (Appendix Fig S1). Indeed, the results show that Arglu1

sisRNA is relatively more stable than the pre-mRNA (Fig 1D).

Consistent with previous observations that Arglu1 sisRNA local-

izes in the nucleus (Pirnie et al, 2017), our nuclear-cytoplasmic frac-

tionation (Fig 1E) and single molecule fluorescent in situ

hybridization (smFISH) (Fig 1F) experiments showed that Arglu1

sisRNA is localized in the nucleus of MCF-7 cells. We employed

smFISH to quantify the transcript copy number of Arglu1 sisRNA

(Buxbaum et al, 2014). To distinguish Arglu1 sisRNA from Arglu1

pre-mRNA, both of which contain intron 2, we designed specific

probes targeting introns 1 and 2 (Fig 1B). Transcripts with signals

exclusively from intron 2 probes were considered as sisRNAs, while

transcripts with signals from intron 1 or intron 1 and 2 probes were

considered as pre-mRNAs. The results showed that Arglu1 sisRNA

is approximately 5-fold more abundant than the Arglu1 pre-mRNA,

with each MCF-7 cell containing ~ 25 copies of Arglu1 sisRNAs and

~ 5 copies of Arglu1 pre-mRNAs (Fig 1G).

A previous study by Pirnie et al (2017) reported that the UCE

region is important for unproductive splicing and intron 2 retention,

suggesting its role in biogenesis of Arglu1 sisRNA. Manipulation of

the UCE region in a reporter minigene and in genomic context led to

a decrease in intron retention and Arglu1 sisRNA production (Pirnie

et al, 2017). To directly examine the role of the UCE in the biogene-

sis of Arglu1 sisRNA, we employed three antisense morpholino

oligonucleotides (AMOs) to block the UCE sequences on Arglu1 pre-

mRNA (Fig 1H). The levels of Arglu1 sisRNA were reduced while

the levels of spliced Arglu1 mRNA were increased in the AMO-

treated cells as compared to the control, indicating a reduction in

Arglu1 sisRNA production (Fig 1I). Taken together, these findings

suggest that the UCE is important for the biogenesis of Arglu1

sisRNA.

Arglu1 sisRNA is involved in autoregulation of its host gene

Increased levels of ARGLU1 protein have been shown to repress its

pre-mRNA splicing suggesting that unproductive splicing of the

Arglu1 intron 2 may lead to increased levels of Arglu1 sisRNA

(Pirnie et al, 2017). We hypothesized that Arglu1 sisRNA may be

involved in the autoregulation of its host gene, possibly by modulat-

ing the ARGLU1 protein-mediated negative feedback loop. We

knocked down Arglu1 sisRNA using two antisense oligonucleotides

(ASOs) targeting intron 2 and measured the splicing efficiency of

intron 2 (Fig 2A). We found that Arglu1 sisRNA—and not Arglu1

pre-mRNA—levels decreased following Arglu1 sisRNA knockdown

(KD), indicating that the ASOs target the sisRNA specifically (Fig 2B

and C). Importantly, Arglu1 sisRNA KD led to a significant downreg-

ulation of the Arglu1 intron 2 splicing efficiency (Fig 2D), suggesting

that Arglu1 sisRNA promotes splicing of Arglu1 intron 2. Similar

results were obtained in MDA-MB-231 and HEK293T cells

(Fig EV1A–C). We also observed that mature Arglu1 mRNA was

downregulated in Arglu1 sisRNA KD cells (Fig 2E and F), concomi-

tant with a drop in ARGLU1 protein levels following a three-day KD

(Fig 2G). While Arglu1 sisRNA promotes Arglu1 pre-mRNA splicing,

we did not observe an increase in pre-mRNA levels in Arglu1

sisRNA KD cells. This is because the Arglu1 pre-mRNA has been

spliced to form the AS-NMD transcript instead, as shown in emetine

treated Arglu1 sisRNA KD cells (Fig EV1D).

We are aware that ASOs targeting intronic sequences may target

pre-mRNAs and affect their stability (Lai et al, 2020; Lee & Men-

dell, 2020). However, there are also cases that show that ASOs do

not target endogenous pre-mRNAs (Yin et al, 2012; Zhang

et al, 2013). Thus, such observations cannot be generalized and the

specificity of ASOs has to be determined empirically by optimizing

the concentration used. Although the designed ASOs targeting

intron 2 can in principle bind to Arglu1 pre-mRNA, we reasoned

that at the concentration we were using, the intron 2 ASOs are

inclined to specifically target and downregulate the levels of sisRNA

due to their higher abundance (Fig 1D, F and G). To examine this,

we designed ASOs targeting the flanking introns (introns 1 and 3
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which are not present in the sisRNA) of the lower abundant Arglu1

pre-mRNA and the Arglu1 pre-mRNAs levels were significantly

downregulated following transfection of these ASOs at the same

concentration (Fig EV2A–C). Thus, at the concentration that we

were using, appropriate ASOs can deplete pre-mRNA but not those

that were designed to target the sisRNA. To further validate the

specificity and effects of the sisRNA ASOs, we checked the levels of

Arglu1 sisRNA and pre-mRNA with additional primers at different

locations and consistent results were obtained whereby Arglu1

sisRNA levels were downregulated while Arglu1 pre-mRNA

remained unchanged (Fig EV2D–F). Moreover, we also quantified

the copy number of nascent Arglu1 pre-mRNA via smFISH and the

results corroborated the qPCR findings (Fig EV2G). Taken together,

these control experiments independently confirm that at the concen-

tration we were using, our ASOs that target Arglu1 sisRNA specifi-

cally deplete the sisRNA but not pre-mRNA.

To test whether the UCE in the Arglu1 sisRNA is important for its

autoregulatory function, we overexpressed (OE) the full length

(WT) Arglu1 intron 2 and Arglu1 intron 2 with UCE-deleted (D)
(Fig 2H) in MCF-7 cells and checked the effects on endogenous

Arglu1 pre-mRNA splicing. OE of Arglu1 intron 2 WT, but not

DUCE, led to an increase in the splicing index of endogenous Arglu1

(Fig 2I). Concomitantly, the levels of endogenous Arglu1 sisRNA

were significantly downregulated in Arglu1 intron 2 WT OE cells as

compared to control and DUCE OE cells (Fig 2J).

Next, we examined whether Arglu1 sisRNA KD has any effects

on the expression of downstream genes regulated by ARGLU1 pro-

tein. A previous study by Zhang et al (2011) showed that ARGLU1

protein interacts with MED1 and is required for the transcription of

estrogen responsive genes such as c-Myc and pS2 (Zhang

et al, 2011). We knocked down the levels of Arglu1 sisRNA for

3 days and treated the MCF-7 cells using estrogen for 2 h. The

expression of c-Myc and pS2 was significantly downregulated after

estrogen treatment in Arglu1 sisRNA KD cells (Fig 2K and L). We

observed a similar downregulation in cFOS expression (Fig EV1E),

another estrogen-responsive gene involved in the growth of breast

cancer cells (Lu et al, 2005; Bittencourt et al, 2008). We also exam-

ined the effects of Arglu1 sisRNA on the alternative splicing of

AXIN1, a gene involved in breast cancer, since it is also mediated by

estrogen receptor (Bhat-Nakshatri et al, 2013). Indeed, following

Arglu1 sisRNA KD, we saw a downregulation on the splicing of the

AXIN1a variant and a reduction in the AXIN1a/AXIN1b splicing

ratio (Fig 2M). Taken together, our results suggest that Arglu1

sisRNA is involved in the autoregulation of its host gene by promot-

ing the splicing of intron 2 in a UCE-dependent manner (Fig 2N).

Arglu1 sisRNA binds to ARGLU1 protein and inhibits its
interaction with Arglu1 pre-mRNA

We hypothesized that sisRNA-mediated autoregulation of Arglu1

splicing occurs in a two-step process. First, ARGLU1 protein binds

to intron 2 of a nascent Arglu1 pre-mRNA that is being actively tran-

scribed at the gene locus and gives rise to Arglu1 sisRNA; Second,

Arglu1 sisRNA binds to the ARGLU1 protein and sequesters the pro-

tein at a distant location from the gene locus, hence alleviating the

inhibitory effect of ARGLU1 protein on Arglu1 pre-mRNA splicing.

We first examined the interaction between ARGLU1 protein

with Arglu1 pre-mRNA and sisRNA by performing RNA-

immunoprecipitation (RIP). ARGLU1 protein binds to Arglu1 sisRNA

with an approximately 5-fold enrichment when compared to the no

antibody control, while no enrichment of Arglu1 pre-mRNA was

detected (Fig 3A). Since Arglu1 sisRNA is more abundant and stable

than the transient Arglu1 pre-mRNA, we speculated that the immuno-

precipitated ARGLU1 protein is likely saturated with Arglu1 sisRNA.

To test this idea, we knocked down Arglu1 sisRNA using ASO1 for

1 day prior to RIP. Knocking down the Arglu1 sisRNA for 1 day did

not affect ARGLU1 protein levels (Fig 3B) in contrast to 3-day KD

(Fig 2G). Interestingly, a modest but significant enrichment of Arglu1

pre-mRNA at approximately 1.4-fold could now be observed (Fig 3C).

These results suggest that ARGLU1 protein can interact with both

Arglu1 sisRNA and Arglu1 pre-mRNA but is bound preferentially to

Arglu1 sisRNA due to its abundance. By reducing the levels of Arglu1

sisRNA, more unbound or “free” ARGLU1 protein can then interact

with Arglu1 pre-mRNA, resulting in its enrichment.

To visualize the colocalization between ARGLU1 protein, Arglu1

sisRNA, and Arglu1 pre-mRNA, we coupled smFISH of Arglu1

sisRNA and pre-mRNA with ARGLU1 protein immunofluorescence

(IF). Z-slices images of the stained MCF-7 cells showed that ARGLU1

protein forms foci and indeed colocalizes with Arglu1 sisRNA and

Arglu1 pre-mRNA (Fig 3D and E). Next, to check if levels of Arglu1

sisRNA affect the colocalization of ARGLU1 protein and Arglu1 pre-

mRNA, we knocked down Arglu1 sisRNA for 1 day before perform-

ing smFISH with ARGLU1 protein IF. The results showed that

Arglu1 sisRNAs were clearly reduced after Arglu1 sisRNA KD and

the Arglu1 pre-mRNA signals remained unchanged (Fig 3F–H), con-

sistent with our qPCR data (Fig 2B and C). We quantified and

◀ Figure 1. Characterization and biogenesis of Arglu1 sisRNA.

A Schematics showing the Arglu1 gene model and the different splicing isoforms.
B Top: Arglu1 gene locus indicating the primers’ location (black arrow) and smFISH probes designed for Arglu1 sisRNA (green line) and Arglu1 pre-mRNA (magenta line).

Bottom: RT-PCR showing the presence of Arglu1 sisRNA (P1 + P2) detected from the different breast cancer cell lines.
C Experimental scheme for transcription inhibition treatment using alpha-amanitin and the indicated time points for cell harvesting.
D qPCR of Arglu1 sisRNA, pre-mRNA and mRNA expression levels normalized to gapdh from alpha-amanitin treatment at indicated time points. (n = 3 biological repli-

cates). Data are presented as mean � SEM. **P ≤ 0.01 (Student’s t-test). See also Appendix Fig S1.
E RT-PCR indicating presence of Arglu1 sisRNA in the nuclear (N) and but not in the cytoplasmic (C) fraction. U85 gene was used as nuclear marker and 28S and 18S

rRNA as cytoplasmic marker.
F smFISH of Arglu1 pre-mRNA (magenta) and Arglu1 sisRNA (green). Merged dots (white, arrowheads) represent Arglu1 pre-mRNA transcript. Scale bar: 20 lm.
G Quantification of Arglu1 pre-mRNA and Arglu1 sisRNA copy number from (F). (n = 50 cells) Cross, mean; middle line, median; box, 25th–75th percentiles; whiskers, min-

imum to maximum.
H Diagram indicating the locations of antisense morpholino oligonucleotides (AMOs) targeting the UCE region of Arglu1 intron 2 and primers used in (I).
I RT-PCR of Arglu1 sisRNA, spliced mRNA levels and actin as control after AMOs treatment.
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compared the extent of colocalization between Arglu1 pre-mRNA

and ARGLU1 protein and our results confirmed that colocalization

of ARGLU1 protein with Arglu1 pre-mRNA increased when levels of

Arglu1 sisRNA were reduced (Fig 3I; Appendix Fig S2). Taken

together, our experiments provide evidence that Arglu1 sisRNA pre-

vents ARGLU1 protein from binding to Arglu1 pre-mRNA.

ARGLU1 protein forms dynamic foci at nuclear speckles

Next, we wanted to see if ARGLU1 protein is indeed sequestered at

locations distal to its gene locus in the nucleus. ARGLU1 protein

colocalizes with MED1 protein and localizes to nuclear speckles by

interacting with SC35 (SRSF2) in the nucleus (Zhang et al, 2011;

Magomedova et al, 2019). Thus, we wondered if ARGLU1 protein

may be sequestered in nuclear speckles. We performed IF of

ARGLU1 protein against SC35, a marker for nuclear speckle. Our

results showed that a majority of the ARGLU1 foci co-localize with

SC35 (Appendix Fig S3). Next, we examined the colocalization pat-

tern of ARGLU1 protein with SC35 and MED1 by transiently express-

ing mCherry-ARGLU1 in MCF-7 cells before performing SC35 and

MED1 IF. Our results showed that ARGLU1 protein colocalizes with

both MED1 and SC35 in nuclear speckles (Fig 4A).

To examine the dynamics of ARGLU1 protein in the nuclear

speckle, we performed fluorescence recovery after photobleaching

(FRAP) assay on live cells transiently expressing the mCherry-

ARGLU1 protein. As a positive control, we used GFP-SRSF2 (also

SC35), which had previously been shown to form phase-separated

liquid droplets and is able to recover after photo-bleaching (Greig

et al, 2020). Interestingly, mCherry-ARGLU1 foci were able to

recover to about 75% intensity after photo-bleaching comparable to

that of GFP-SRSF2 (Fig 4B and C), suggesting that the ARGLU1 pro-

tein is dynamic and exhibits mobility.

Arglu1 sisRNA promotes robust ARGLU1 protein phase separation
and localization to nuclear speckles

It has been proposed that lncRNA is able to sequester and drive

phase separation of RNA-binding proteins (RBPs) as a mechanism

to regulate the activity of the RBPs (Fox et al, 2018; Elguindy &

Mendell, 2021). We therefore hypothesized that Arglu1 sisRNA

sequesters and assists ARGLU1 protein localization to the nuclear

speckles by promoting phase separation. To test this hypothesis, we

knocked down Arglu1 sisRNA for 1 day prior all experiments

(Fig 3B) to exclude effects that may arise from variation in ARGLU1

protein levels and examined if it has any effect on ARGLU1 protein

foci formation. ARGLU1 protein IF in Arglu1 sisRNA KD cells

showed dispersed ARGLU1 foci formation and reduced co-

localization with nuclear speckles (as marked by SC35) (Fig 4D).

This result suggests that Arglu1 sisRNA promotes robust localiza-

tion of ARGLU1 protein to nuclear speckles.

Next, we examined whether Arglu1 sisRNA can promote phase

separation of ARGLU1 protein in vitro. We generated recombinant

ARGLU1 protein tagged with GFP at the C-terminal (ARGLU1-GFP)

and tested its ability to phase separate in vitro. Droplet assay showed

that ARGLU1-GFP protein formed droplets where the size and number

of droplets increased in a concentration-dependent manner. GFP pro-

tein was used as control and no droplets were formed (Fig EV3A). To

directly examine the roles of Arglu1 sisRNA and the UCE region in pro-

moting phase separation of ARGLU1 protein, we added in vitro tran-

scribed (IVT) Arglu1 intron 2 RNA with (intron 2 WT) or without UCE

region (intron 2 DUCE) with ARGLU1-GFP protein and examined the

number and size of ARGLU1-GFP protein droplet formed. Addition of

intron 2 WT RNA, but not intron 2 DUCE RNA, increased the number

of droplets formed as compared to ARGLU1-GFP only (Fig 4E and F).

Moreover, ARGLU1-GFP protein incorporated with intron 2 WT RNA

showed an increase in droplet size as compared to droplets that con-

tain only ARGLU1-GFP protein (Fig 4G). These results suggest that

Arglu1 sisRNA promotes phase separation of ARGLU1 protein with

the help of the UCE. Taken together, our in vivo and in vitro experi-

ments suggest that Arglu1 sisRNA promotes ARGLU1 protein phase

separation and robust localization to the nuclear speckles.

Formation of ARGLU1 nuclear bodies may assist in transcription
of estrogen-responsive genes

We next examined whether the incorporation of ARGLU1 protein

into its nuclear bodies is associated with the transcription of

estrogen-responsive genes. We first performed 1-day Arglu1 sisRNA

◀ Figure 2. Arglu1 sisRNA is involved in autoregulation of its host gene in a UCE-dependent manner.

A Arglu1 gene locus indicating the locations of antisense oligonucleotides (ASOs) (red lines) designed for Arglu1 sisRNA KD and primers used in (B–D).
B, C qPCR of Arglu1 sisRNA and Arglu1 pre-mRNA expression levels in Arglu1 sisRNA ASO1 and ASO2 cells vs. control cells. (n = 3 biological replicates).
D Chart showing the splicing indices (spliced/unspliced ratio) in Arglu1 sisRNA ASO1 and ASO2 cells vs. control cells as measured by qPCR. (n = 3 biological replicates).
E Arglu1 gene locus indicating the location of antisense oligonucleotide (ASO) (red line) designed for Arglu1 sisRNA KD and primers used in (F).
F qPCR of Arglu1 mRNA expression levels at different exon junctions in Arglu1 sisRNA KD cells vs. control cells. (n = 3 biological replicates).
G Left: Western blot analysis of ARGLU1 protein and GAPDH as loading control in control cells and Arglu1 sisRNA KD cells. Right: Quantification of relative ARGLU1

protein levels normalized to GADPH in Arglu1 sisRNA KD cells vs. control cells from western blot analysis (left). (n = 3 biological replicates).
H Top: Schematic showing minigene expressing Arglu1 intron 2 wild type (WT) or intron 2 with UCE deletion (D; location of UCE as indicated by orange bar). Bottom:

Arglu1 gene locus indicating the primers’ location (black arrows) for (I and J).
I Chart showing the splicing indices (spliced/unspliced ratio) in Arglu1 intron 2 WT OE cells and Arglu1 Intron 2 DUCE OE cells as measured by qPCR. (n = 3 biological

replicates).
J qPCR of Arglu1 sisRNA levels in Arglu1 intron 2 WT OE cells and Arglu1 Intron 2 DUCE OE cells vs. control cells (n = 3 biological replicates).
K, L qPCR of c-Myc and pS2 expression levels in 3 days Arglu1 sisRNA KD cells vs. control cells under 100 nM estrogen treatment at indicated time points. (n = 3 biologi-

cal replicates).
M Left: RT-PCR of AXIN1a and AXIN1b spliced levels and actin as loading control in 3 days Arglu1 sisRNA KD cells vs. control cells under 100 nM estrogen treatment

for 2 h. Right: Quantification of relative spliced AXIN1a/AXIN1b expression ratio normalized to actin from RT-PCR analysis (left). (n = 3 biological replicates).
N Schematics of Arglu1 gene autoregulatory loop model indicating involvement of Arglu1 sisRNA in promoting splicing of host gene (red arrow).

Data information: In (B–D, F, G, I–M), data are presented as mean � SEM. ns, not significant, *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 (Student’s t-test). See also Figs EV1
and EV2.
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KD and IF of ARGLU1 protein at 0, 0.5, and 2 h after estrogen treat-

ment and observed the formation of nuclear bodies (Fig EV3B). To

analyze the results quantitatively, we categorized the cells into three

groups based on the size of the foci they contain (i.e., big, intermedi-

ate, and small; see Materials and Methods; Fig EV3C). Next, we

counted the cells belonging to different foci categories at each time

point and compared the counts between Arglu1 sisRNA KD and con-

trol cells (Fig EV3D). The results showed that there was a signifi-

cantly lower percentage of cells with big and intermediate foci

(about 15–17%) in Arglu1 sisRNA KD cells at 0 and 0.5 h time point

as compared to control cells (30–40%). However, at 2 h time point,

the percentage of cells containing big and intermediate foci from the

Arglu1 sisRNA KD cells reached a similar level to control cells (about

28–30% for both), suggesting a “recovery” in foci formation. Inter-

estingly, the expression of estrogen-responsive genes c-Myc and pS2

correlate with the changes in the ARGLU1 nuclear body formation.

Transcript levels of c-Myc under estrogen treatment were signifi-

cantly reduced during the first 0.5 h but subsequently increased to a

level comparable to control cells (Fig EV3E). A similar delay in tran-

scriptional activity was also observed for pS2 (Fig EV3F).

To directly test if ARGLU1 nuclear body formation can regulate c-

Myc expression, we overexpressed mCherry-ARGLU1 in MCF-7 cells

and observed that ARGLU1 protein formed much bigger nuclear bod-

ies as compared to those in nontransfected cells (Fig EV3G). This

was also accompanied by a significant increase in c-Myc expression

(Fig EV3H). Our experiments suggest that increase in ARGLU1 pro-

tein levels leads to bigger ARGLU1 nuclear body formation and may

play a role in promoting the transcription of target genes.

Identification of a sisRNA from the Drosophila dArglu1 locus

Having characterized the Arglu1 sisRNA in human cells, we moved

on to examine whether sisRNA is produced from the conserved

Arglu1 gene locus in Drosophila. The CG31712 gene, hereafter called

dArglu1, possesses a similar exon-intron structure with the human

Arglu1 gene, consisting of 4 exons and 3 introns and the intron 2 is

positionally conserved between the conserved exons 2 and 3

(Fig 5A; Appendix Fig S4). Information on FlyBase (CG31712-RB,

FlyBase ID: FBtr0331636) and studies on human Arglu1 (Pirnie

et al, 2017) suggest that the intron 2 of both loci are orthologous

(Fig 5A) as they contain regulatory elements that modulate the alter-

native splicing-NMD pathways. Since human Arglu1 sisRNA biogen-

esis requires retention of intron 2, we asked whether the

orthologous intron 2 in dArglu1 locus can also lead to the produc-

tion of dArglu1 sisRNA through intron retention.

To identify sisRNAs in Drosophila, we used unfertilized eggs

(Fig 5B) as they are transcriptionally quiescent and contain a pool

of stable RNAs (Lasko, 2012; Pek et al, 2015). Based on the previous

RNA sequencing data from unfertilized eggs, we found reads that

were mapped to the intron 2 of dArglu1 at the poly(A) + fraction,

suggesting the presence of transcripts containing intron 2 sequences

(Fig 5C) (Ng et al, 2018b). To check if the dArglu1 intron 2 is also

retained, we designed primers targeting the 50 and 30 region of the

intron and performed reverse transcription (RT)-PCR using RNAs

extracted from unfertilized eggs. However, a band was detected only

at the 50 region but not the 30 region of intron 2 (Fig 5D). The primer

pair targeting the 30 region was shown to be working by using

Drosophila genomic DNA (gDNA) as the template (Fig EV4A). Con-

sequently, we searched the FlyBase and found an entry for an unan-

notated cDNA (FlyBase ID:FBcl0742967, GenBank:BT132987) which

covers from exon 2 to a premature termination in intron 2, corre-

sponding to the region where abundant reads were mapped

(Fig 5C). Interestingly, two cryptic motifs for premature polyadeny-

lation sites (PASs) are found upstream of the 30 end of this transcript

(Gruber et al, 2016; Sanfilippo et al, 2017) (Figs 5E and EV4B).

These led us to speculate that dArglu1 sisRNA may be produced by

premature cleavage of intron 2.

To confirm that, we checked for the presence of the full-length tran-

script by designing a forward primer from the 50 end and two reverse

primers, before and after the 30 end respectively (Fig 5C). RT-PCR

using RNAs from unfertilized eggs showed that a specific transcript

was amplified only with the primer pair before the 30 end, hereafter
named as dArglu1 sisRNA (Fig 5F). Finally, we confirmed the 30 end
sequence of dArglu1 sisRNA using 30 RACE (Fig EV4B). We also veri-

fied the stability of dArglu1 sisRNA in S2 cells using a-amanitin treat-

ment (Fig EV4C). Quantification of dArglu1 sisRNA revealed

~ 160,000–270,000 copies per mature oocyte, which translates to

~ 20–33 copies per somatic cell in the embryo (after 13 cell division

with 213 cells). These results show that dArglu1 sisRNA is a stable

RNA transcript formed by premature cleavage of intron 2 (Fig 5E).

◀ Figure 3. Arglu1 sisRNA binds ARGLU1 protein and inhibits its interaction with Arglu1 pre-mRNA.

A Top: Arglu1 gene locus indicating the primers’ location (black arrows) for (A–C). Bottom: RIP-qPCR of Arglu1 pre-mRNA (P3 + P4) and Arglu1 sisRNA (P1 + P2) levels
from ARGLU1 protein immunoprecipitation. Samples with beads and no antibodies were used as control. (n = 3 biological replicates).

B Left: Western blot analysis of ARGLU1 protein and GAPDH as loading control in 1 day Arglu1 sisRNA KD cells vs. control cells. Right: Quantification of relative
ARGLU1 protein expression level normalized to GADPH in 1 day Arglu1 sisRNA KD cells vs. control cells from western blot analysis (left). (n = 3 biological replicates).

C RIP-qPCR of Arglu1 pre-mRNA and Arglu1 sisRNA levels normalized to gapdh in 1 day Arglu1 sisRNA KD cells vs. control cells from ARGLU1 protein immunoprecipi-
tation. (n = 3 biological replicates).

D Left: smFISH of Arglu1 sisRNA (green) coupled with immunostaining of ARGLU1 protein (red) shown in z-stack. Right: Zoom in z-slice on the boxed area showing
co-localization (arrowheads) of Arglu1 sisRNA with ARGLU1 protein. The intensity plot shows the signal quantification and co-localization of Arglu1 sisRNA and
ARGLU1 protein in the direction of the white arrow. Scale bar: 20 lm.

E Left: smFISH of Arglu1 pre-mRNA (green) coupled with ARGLU1 protein (red) immunostaining shown in z-stack. Right: Zoom in z-slice on the boxed area showing
co-localization (arrowhead) of Arglu1 pre-mRNA with ARGLU1 protein. The intensity plot shows the signal quantification and co-localization of Arglu1 pre-mRNA
and ARGLU1 protein in the direction of the white arrow.

F smFISH of Arglu1 sisRNA (green) and Arglu1 pre-mRNA (magenta) in 1 day Arglu1 sisRNA KD cells vs. control cells. Scale bar: 20 lm.
G, H Quantification of Arglu1 sisRNA and Arglu1 pre-mRNA copy number from (F). (n = 90 cells). Cross, mean; middle line, median; box, 25th–75th percentiles; whiskers,

minimum to maximum.
I Quantification of Arglu1 pre-mRNA and ARGLU1 protein co-localization from Arglu1 pre-mRNA smFISH coupled with ARGLU1 immunostaining in 1 day Arglu1

sisRNA KD cells vs. control cells. (n = 5 biological replicates).

Data information: In (A–C, and G–I), data are presented as mean � SEM. ns, not significant, *P ≤ 0.05 and ***P ≤ 0.001 (Student’s t-test). See also Appendix Fig S2.
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Next, we investigated whether the two cryptic PASs upstream of

the 30 end of dArglu1 sisRNA is important for its biogenesis. We

cloned either wild-type (WT) dArglu1 intron 2 or individually PAS-

deleted dArglu1 intron 2 (DPAS1/DPAS2, where PAS1 is nearest to

the 30 end) into the dsred-intron-myc minigene reporter (Fig 5G)

and measured their splicing indices after transfection into S2 cells.

DPAS1 dArglu1 intron 2, but not DPAS2, showed an increase in

splicing index when compared to the WT dArglu1 intron 2 (Fig 5H).

This result suggests that PAS1 suppresses canonical splicing likely

by promoting intron cleavage, and hence promotes the production

of dArglu1 sisRNA. Together, these observations provide evidence

that the production of dArglu1 sisRNA is through premature cleav-

age of the orthologous intron 2 (Fig 5E).

U1 snRNP, a small nuclear RNA-protein complex involved in

RNA splicing, has also been reported to protect pre-mRNA from pre-

mature cleavage in introns by lining on the intronic region and sup-

pressing cryptic PAS sites in a process called telescripting (Kaida

et al, 2010; Berg et al, 2012; So et al, 2019; Venters et al, 2019). Since

dArglu1 sisRNA is produced by premature intronic cleavage, we

wondered whether U1 snRNP plays a role in suppressing the biogen-

esis of dArglu1 sisRNA by protecting the pre-mRNA from cleavage.

To verify this, we checked the expression of dArglu1 pre-mRNA and

sisRNA in the ovaries of heterozygous mutant flies for U1-70K, a

component of the U1 snRNP complex. The activity of U1 snRNP is

slightly perturbed by reducing one copy of U1-70K gene (Bai

et al, 2013). U1-70K heterozygous mutant ovaries contained higher

levels of dArglu1 sisRNA (Figs 5I and EV4D) and lower levels of

dArglu1 pre-mRNA compared to controls (Fig 5J). These results are

consistent with the idea that a reduction of U1 snRNP level results in

lower protection of the dArglu1 pre-mRNA by telescripting, leading

to premature cleavage and higher levels of dArglu1 sisRNA.

Drosophila dArglu1 sisRNA is involved in autoregulation of its
host gene

Since Arglu1 sisRNA and ARGLU1 protein are involved in the

autoregulatory of the host gene, we wanted to know if the same form

of regulation could be observed in dArglu1 as well. We first checked

whether dARGLU1 protein has any impact on the expression of

dArglu1 mRNA and the production of dArglu1 sisRNA. We overex-

pressed dArglu1 CDS-FLAG in S2 cells (Fig 5K) and checked the levels

of endogenous dArglu1 mRNA by designing primers at the 50 and 30

UTR. In addition, we also checked the levels of dArglu1 sisRNA

(Fig 5L). The results confirmed that dARGLU1 protein could autoreg-

ulate its splicing, by downregulating dArglu1 mRNA and upregulating

dArglu1 sisRNA in a manner similar to the human ARGLU1 protein.

Next, we knocked down dArglu1 sisRNA levels by designing two

short hairpin RNAs (shRNAs). The two shRNAs specifically reduced

dArglu1 sisRNA levels (Fig 5M) and not the dArglu1 pre-mRNA

levels (Fig 5N). Surprisingly, downregulation of dArglu1 sisRNA led

to an increase in intron 2 splicing efficiency with a greater spliced

mRNA to pre-mRNA ratio (Fig 5O). The results suggest that, in con-

trast to human Arglu1 sisRNA, which promotes splicing, dArglu1

sisRNA represses host gene splicing.

dArglu1 sisRNA suppresses splicing by inhibiting the activity of
U1 snRNP

Our previous results suggested that U1 snRNP promotes dArglu1

pre-mRNA splicing by suppressing intronic cleavage through tele-

scripting. We wondered if dArglu1 sisRNA represses splicing by

inhibiting the activity of U1 snRNP. We designed two genetic inter-

action experiments to test this hypothesis. First, we asked if the

activity of U1-70K can be enhanced by reducing dArglu1 sisRNA

levels. Thus, we attempted to rescue the U1-70K heterozygous

mutant phenotype by reducing the levels of dArglu1 sisRNA (Figs 5I

and EV4D). Indeed, dArglu1 sisRNA KD restored the levels of

dArglu1 pre-mRNA to normal (Fig 5J). The second experiment

aimed to test if the increase in splicing in dArglu1 sisRNA KD

ovaries was mediated by U1-70K. Consistent with our model, reduc-

ing the levels of U1-70K in dArglu1 sisRNA KD ovaries restored the

splicing ratio to normal (Figs 5P and EV4E). Together, our results

suggest that U1 snRNP promotes splicing and inhibits dArglu1

sisRNA biogenesis via telescripting. In turn, dArglu1 sisRNA sup-

presses splicing by inhibiting the activity of U1 snRNP (Fig 5Q).

dArglu1 sisRNA acts via promoting dARGLU1 protein
phase separation

dArglu1 sisRNA, despite being conserved, possesses a distinct

molecular function from its human ortholog. Intrigued, we wanted

to investigate the molecular mechanism behind this inhibitory

◀ Figure 4. Arglu1 sisRNA promotes robust ARGLU1 protein phase separation and localization to nuclear speckles.

A Immunostaining of MED1 (magenta) and SC35 (red) with transiently expressed mCherry-ARGLU1 protein (green) in MCF-7 cells. Zoom in of boxed area and the inten-
sity plot shows the co-localization and signal quantification of mCherry-ARGLU1 protein, MED1 and SC35 in the direction of the white arrow. Scale bar: 20 lm.

B Confocal images of GFP-SRSF2 (green, control) and mCherry-ARGLU1 protein (red) at the pre-bleach, bleach, and post-bleach time points in FRAP analysis. The boxed
area showing the speckle that was being bleached. Scale bar: 5 lm.

C Fluorescence intensities of the nuclear speckle over time in GFP-SRSF2 (green, control) and mCherry-ARGLU1 protein (red) FRAP analysis. (n = 3 separate nuclear
speckles).

D Immunostaining of ARGLU1 protein (green) and SC35 (red) in 1 day Arglu1 sisRNA KD cells vs. control cells. Zoom in of boxed area and the intensity plot shows the
co-localization and signal quantification of ARGLU1 protein and SC35 in the direction of the white arrow. Scale bar: 20 lm.

E Confocal images of 125 nM ARGLU1-GFP protein (green) only and ARGLU1-GFP protein added with 50 nM IVT RNA (magenta), of either Arglu1 intron 2 with UCE
(Intron 2 WT) or IVT Arglu1 intron without UCE (Intron 2 DUCE). White arrowhead indicates ARGLU1-GFP droplet incorporated with IVT Intron 2 WT and blue arrow-
head indicates free ARGLU1-GFP droplet not incorporated with IVT Intron 2 WT. Scale bar: 10 lm.

F Quantification of total ARGLU1-GFP droplets from (E). (n = 3 biological replicates). Cross, mean; Middle line, median; box, 25th–75th percentiles; whiskers, minimum to
maximum.

G Quantification of average ARGLU1-GFP droplets size with/without incorporation of IVT intron 2 WT from (E, ARGLU1-GFP + Intron 2 WT). (n = 3 biological replicates).
Cross, mean; Middle line, median; box, 25th–75th percentiles; whiskers, minimum to maximum.

Data information: In (C), data are presented as mean � SEM. ns, not significant and *P ≤ 0.05 (Student’s t-test). See also Fig EV3 and Appendix Fig S3.
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function of dArglu1 sisRNA. A previous study has shown that

dARGLU1 protein interacts with U1-70K (Guruharsha et al, 2011).

We hypothesized that dARGLU1 protein binds to the dArglu1 pre-

mRNA at the gene locus and inhibits the activity of U1 snRNP

through interaction with U1-70K, leading to increased production of

dArglu1 sisRNAs. Upregulation of dArglu1 sisRNA, which binds to

dARGLU1 protein and U1-70K in turn sequesters and accumulates

dARGLU1 protein locally. As dARGLU1 protein levels increase at the

gene locus, telescripting by U1 snRNP is inhibited. This positive

feedback loop results in greater repression of dArglu1 gene splicing.

To test the validity of this model, we first generated an antibody

against dARGLU1 protein and verified its specificity for different

applications, including IP (Fig 6A), immunoblotting (Fig EV5A), and

IF (Fig EV5B). We then examined the interactions between

dARGLU1 protein with dArglu1 sisRNA, pre-mRNA, and U1 snRNA

(an RNA component of U1 snRNP which also contains U1-70K)

using RIP in ovaries samples. The results showed about 1.7–2.3 fold

enrichment of the RNAs, but not for U85 snoRNA, in dARGLU1 pro-

tein immunoprecipitates compared to IgG controls, confirming their

specific interactions with the dARGLU1 protein (Fig 6B).

Next, we wanted to know if dArglu1 sisRNA is required in medi-

ating the interactions between dARGLU1 protein, pre-mRNA, and

U1 snRNP. Using ovaries from dArglu1 sisRNA KD flies, we per-

formed RIP for dARGLU1 protein to check its interaction with

dArglu1 pre-mRNA and U1 snRNA. As a control, the levels of

immunoprecipitated dArglu1 sisRNA were measured (Fig 6C). In

dArglu1 sisRNA KD ovaries, we observed a decrease in both

dArglu1 pre-mRNA and U1 snRNA enrichment (Fig 6D and E),

suggesting that dArglu1 sisRNA is important in maintaining their

interactions.

To examine how dArglu1 sisRNA promotes binding of dARGLU1

protein to dArglu1 pre-mRNA and U1 snRNP, we next asked if

dArglu1 sisRNA is required in the formation of dARGLU1 nuclear

foci. IF of dARGLU1 protein in the germaria showed that dARGLU1

protein localizes as foci in the nucleus, which were absent in

dARGLU1 protein KD ovaries (Fig EV5B). Consistent with the higher

splicing ratio of dArglu1 mRNA observed in dArglu1 sisRNA KD

flies, we also saw an increase in the levels of dARGLU1 protein in

dArglu1 sisRNA KD ovaries (Fig 6F). Interestingly, we observed

more diffused dARGLU1 protein foci in the nuclei of the germaria

from dArglu1 sisRNA KD flies (Fig 6G). We then quantified the per-

centage of germaria containing dARGLU1 protein foci and saw a sig-

nificant decrease in numbers when we compared control (90%)

against dArglu1 sisRNA KD (30%) (Fig 6H).

Next, we asked if the intron 2 sequence from dArglu1 sisRNA

can promote phase separation of dARGLU1 protein in vitro. We

performed in vitro droplet assay using IVT dArglu1 intron 2 (be-

fore the dArglu1 sisRNA 30 end) or dArglu1 pre-mRNA (intron 2

after the 30 end) added with recombinant dARGLU1-GFP protein

(GFP-tagged at C-terminal) and checked the number and size of

dARGLU1-GFP protein droplets formed. Like the human counter-

part, recombinant dARGLU1-GFP phase separated into droplets

in vitro where the size and number of droplets increased in a

concentration-dependent manner (Fig EV5C). The addition of IVT

dArglu1 intron 2, but not the IVT dArglu1 pre-mRNA, led to sig-

nificantly higher number of droplets (Fig 6I and J). The dARGLU1

droplets incorporated with dArglu1 sisRNA were also bigger as

compared to the those without dArglu1 sisRNA (Fig 6K). Taken

together, both in vivo and in vitro results support our hypothesis

that dArglu1 sisRNA is important for the formation of dARGLU1

◀ Figure 5. Drosophila dArglu1 sisRNA is involved in autoregulation of its host gene by inhibiting the activity of U1 snRNP.

A dArglu1 and Arglu1 gene structures in Drosophila and human, respectively. Orthologous introns 2 between the genes were indicated in light gray.
B Drawing of an ovariole showing germline cells at different stages of oogenesis in Drosophila and their transcriptional status.
C Genome browser view showing mapped sequencing reads to dArglu1 gene obtained from RNA-seq of unfertilized eggs of Drosophila. Locations of the primers

(black arrows) designed for (D and F) were indicated. Bottom: Bar showing the location of an unannotated cDNA entry identified at this locus based on information
from FlyBase.

D RT-PCR detecting presence of dArglu1 mRNA (P1 + P2) and dArglu1 sisRNA at the 50 end (P3 + P4) but not at the 30 end (P5 + P6) of the orthologous intron 2 from
the unfertilized Drosophila eggs.

E dArglu1 gene structure indicating locations of shRNAs (red bars), cryptic premature polyadenylation sites (PASs; green bars), locations of designed primers for (H–
P) (black arrows), and splicing isoforms from this locus.

F RT-PCR detecting presence of full-length dArglu1 sisRNA using primers before the 30 end (P7 + P8) and but not after (P7 + P9) as predicted in (C).
G Schematic showing dsred-intron-myc minigene expressing dArglu1 intron 2 wild type (WT) or dArglu1 intron 2 with either single PAS site deletion (D) (PAS1/2 sites

as indicated by green bar). Location of primers used in (H) was indicated by black arrows.
H Chart showing the splicing indices (spliced/unspliced ratio) of transfected minigenes containing dArglu1 intron 2 WT, dArglu1 intron 2 DPAS1/2 cells as measured

by qPCR. (n = 3 biological replicates).
I, J qPCR of Arglu1 sisRNA and Arglu1 pre-mRNA expression levels in U1-70K heterozygous mutant and U1-70K heterozygous mutant; dArglu1 sisRNA KD vs. control (y

w). (n = 3 biological replicates).
K qPCR of dArglu1 mRNA expression levels in dArglu1 CDS-FLAG overexpression S2 cells vs. control (untransfected S2 cells). (n = 3 biological replicates).
L qPCR of dArglu1 pre-mRNA at 50 untranslated region (UTR), 30 UTR and dArglu1 sisRNA expression levels in dArglu1 CDS-FLAG overexpression S2 cells vs. control

(untransfected S2 cells). (n = 3 biological replicates).
M, N qPCR of Arglu1 sisRNA and Arglu1 pre-mRNA expression levels in dArglu1 sisRNA shRNA ovaries vs. control (sibling control, MTD-GAL4/CyO). (n = 3 biological repli-

cates).
O Chart showing the splicing indices (spliced/unspliced ratio) in dArglu1 sisRNA KD vs. control (sibling control, MTD-GAL4/CyO) ovaries as measured by qPCR. (n = 3

biological replicates).
P Chart showing the splicing indices (spliced/unspliced ratio) in dArglu1 sisRNA KD and dArglu1 sisRNA KD; U1-70K heterozygous mutant vs. control (sibling control,

MTD-GAL4/CyO) ovaries as measured by qPCR. (n = 3 biological replicates).
Q Schematics of dArglu1 gene autoregulatory loop model involving dARGLU1 protein, U1-70K (a component of U1 snRNP), and dArglu1 sisRNA in repressing splicing

of host gene.

Data information: In (H–P), data are presented as mean � SEM. ns, not significant, *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 (Student’s t-test). See also Fig EV4 and
Appendix Fig S4.
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protein foci and is likely to localize at the gene locus through the

interaction with U1 snRNP.

Cross-species processing and functional analyses of Arglu1
sisRNA suggest species-specificity

We have shown that although in both Drosophila and human,

Arglu1 intron 2 sequences bind to Arglu1 protein, they are pro-

cessed into different forms of sisRNAs and have different down-

stream modes of action in regulating Arglu1 pre-mRNA splicing.

Hence, we asked if Arglu1 sisRNA biogenesis is species-specific by

performing cross-species in vitro droplet assays and mini-gene pro-

cessing experiments.

We first performed in vitro droplet assay by incubating IVT d/

hArglu1 intron 2 and d/hARGLU1-GFP protein in different combina-

tions (Fig 7A). Interestingly when IVT Arglu1 intron 2 and ARGLU1-

GFP from different species were incubated, the IVT Arglu1 intron 2

was incorporated into ARGLU1-GFP droplets although not as effi-

ciently when the same species were mixed. The number of nonin-

corporated IVT Arglu1 intron 2 (Fig 7A, arrowheads) is mostly low

to none when the same species were mixed, but is significantly

higher when different species were incubated, with

dARGLU1 + hArglu1 intron 2 showing a significant higher nonincor-

poration than hARGLU1 + dArglu1 intron 2 (Fig 7B). In addition,

the cross-species incorporation of IVT Arglu1 intron 2 into ARGLU1-

GFP droplets did not promote more or bigger ARGLU1-GFP droplet

formation when compared to those with the same species (Fig 7C–

F). The results suggest that IVT Arglu1 intron 2 can interact with

ARGLU1 protein cross species, albeit less efficiently, and is unable

to promote phase separation of the ARGLU1 protein.

Next, we asked how the orthologous Arglu1 intron 2 is processed

when it is being expressed in a different species. First, we cloned

the Drosophila and human orthologous Arglu1 intron 2 flanked by

their cognate exon 2 and exon 3 (Arglu1 E2i2E3) into expression

vectors (pcDNA 3.1 or pAW) and transfected them into human

MCF-7 or Drosophila S2 cells respectively. Interestingly, in MCF-7

cells, dArglu1 E2i2E3 can undergo normal splicing and be processed

into a premature cleavage transcript, reminiscent of dArglu1 sisRNA

(Fig 7G). Overexpression of dArglu1 E2i2E3 in MCF-7 cells also pro-

motes endogenous hArglu1 splicing with a concomitant drop in

hArglu1 sisRNA production (Fig 7H–K). In contrast, overexpression

of hArglu1 E2i2E3 in S2 cells did not produce any sisRNA via

intron-retention. Instead, it is spliced into canonical mRNA and sev-

eral alternatively spliced NMD transcripts (Fig 7L). Besides, overex-

pression of hArglu1 E2i2E3 had no effects on endogenous dArglu1

sisRNA production and splicing in S2 cells (Fig 7M–P).

Expression of dArglu1 E2i2E3 in MCF-7 cells led to production of

dArglu1 sisRNA and interfered with endogenous hArglu1 splicing

(Fig 7G–K). To examine if dArglu1 sisRNA indeed affects endoge-

nous hArglu1 splicing, we expressed full-length dArglu1 sisRNA in

MCF-7 cells and observed similar effects on endogenous hArglu1

splicing (Fig 8A–E). Our results corroborated the idea that dArglu1

sisRNA disrupts the endogenous hARGLU1 protein’s autoregulatory

function. Since hArglu1 E2i2E3 was not processed into hArglu1

sisRNA in S2 cells, we could not examine the function of hArglu1

sisRNA. To overcome this, we mutated the 50 splice site of intron 2

and successfully expressed full-length hArglu1 sisRNA in S2 cells

(Fig 8F). However, we did not observe any effects on endogenous

dArglu1 splicing and sisRNA production (Fig 8G–J). Taken together,

our results suggest that while dArglu1 intron 2 can be processed into

functional sisRNA in human MCF-7 cells, hArglu1 intron 2 cannot

be processed and hArglu1 sisRNA is not functional in Drosophila S2

cells.

Discussion

Posttranscriptional alternative splicing events, such as the genera-

tion of NMD, intron retention, or premature cleavage transcripts,

are known to regulate gene expression. Such regulation is often

◀ Figure 6. dArglu1 sisRNA interacts with U1 snNRP, Arglu1 pre-mRNA, and dARGLU1 protein in forming nuclear bodies and promotes dARGLU1 protein phase
separation.

A Western blot analysis of dARGLU1 protein level from dARGLU1 protein immunoprecipitation in S2 cells. Samples with rabbit-IgG antibodies were used as control.
ARGLU1 antibody #1, but not #2, worked for IP.

B RIP-qPCR of dArglu1 sisRNA, dArglu1 pre-mRNA, U1 snRNA, and U85 snoRNA levels from dARGLU1 protein immunoprecipitation using ovary lysates. Samples with
rabbit-IgG antibodies were used as control. (n = 3 biological replicates).

C–E RIP-qPCR of dArglu1 sisRNA, pre-mRNA and U1 snRNA levels normalized to U85 from dARGLU1 protein immunoprecipitation using dArglu1 sisRNA KD 1 and 2
ovaries vs. control (sibling control, MTD-GAL4/CyO) ovaries. (n = 3 biological replicates).

F Left: Western blot analysis of dARGLU1 protein levels and ACTIN5C as loading control in dArglu1 sisRNA KD ovaries vs. control (sibling control, MTD-GAL4/CyO)
ovaries. Right: Quantification of relative dARGLU1 protein levels in dArglu1 sisRNA KD ovaries vs. control ovaries from the western blot analysis. (n = 3 biological
replicates)

G Left: Immunostaining of dARGLU1 protein (green) and VASA (red) in dArglu1 sisRNA KD germaria vs. control (sibling control, MTD-GAL4/TM3) germaria. The asterisk
(*) marks the anterior of the germarium. Right: Zoom in of the boxed area and the intensity plot shows the signal quantification of dARGLU1 protein and VASA in
the direction of the white arrow. Scale bar: 10 lm.

H Quantification of germaria with and without nuclear speckle formation from dARGLU1 protein staining in dArglu1 sisRNA KD germaria vs. control (sibling control,
MTD-GAL4/TM3) germaria from (G). (n = 20 germaria)

I Confocal images of 125 nM dARGLU1-GFP protein (green) only and dARGLU1-GFP protein added with 50 nM IVT RNA (magenta), of either dArglu1 intron 2 until the
30 end of sisRNA (dArglu1 intron 2) or IVT dArglu1 intron 2 starting after 30 end of sisRNA (dArglu1 pre-mRNA). White arrowheads indicate dARGLU1-GFP droplets
incorporated with IVT dArglu1 intron 2 and blue arrowheads indicate free dARGLU1-GFP droplets not incorporated with IVT dArglu1 intron 2. Scale bar: 10 lm.

J Quantification of total dARGLU1-GFP droplets from (I). (n = 3 biological replicates). Cross, mean; middle line, median; box, 25th–75th percentiles; whiskers, minimum
to maximum.

K Quantification of average dARGLU1-GFP droplets size with/without incorporation of IVT dArglu1 intron 2 from (I, dARGLU1-GFP + dArglu1 intron 2). (n = 3 biological
replicates). Cross, mean; middle line, median; box, 25th–75th percentiles; whiskers, minimum to maximum.

Data information: In (B–F), data are presented as mean � SEM. ns, not significant, *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 (Student’s t-test). See also Fig EV5.
Source data are available online for this figure.
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interpreted from the perspective of protein homeostasis (Colgan &

Manley, 1997; Braunschweig et al, 2014; Boutz et al, 2015). How-

ever, it is still not known whether intron retention and premature

cleavage transcripts have any noncoding functions as they are often

regarded as RNA intermediates or thought to be degraded rapidly.

In this study, we identified a pair of orthologous sisRNAs produced

from alternative splicing of intron 2 at the highly conserved Arglu1

gene loci in Drosophila and human cells. We show that these

sisRNAs play a role in regulating Arglu1 splicing by modulating the

activity of ARGLU1 protein.

Conservation of Arglu1 sisRNAs in invertebrates and vertebrates

Although the sisRNAs do not show a high degree of sequence con-

servation, like most conserved lncRNAs, intron 2 exhibits positional

conservation by comparing the exon-intron structures of the Arglu1

gene loci (Fig 5A; Appendix Fig S4). Surprisingly, while both

sisRNAs regulate the splicing for their cognate genes, they exhibit

different modes of action. Previous reports have shown that subcel-

lular localization and RNA processing can affect the functions of

conserved lncRNAs (Chen, 2016; Guo et al, 2020). Our study pro-

vides the first example of how evolutionary divergence in biogenesis

and processing can lead to distinct sisRNA functions.

Intronic sequences are known to be rapidly evolving (Ulit-

sky, 2016). It is possible that the orthologous Arglu1 intron 2

evolved and gave rise to additional posttranscriptional gene regula-

tory elements, which could affect the biogenesis and modes of

action of these sisRNAs in the nucleus. We propose that in Droso-

phila, U1 snRNPs bind to dArglu1 intron 2 and inhibit the activation

of cryptic PAS site(s) in a process known as telescripting (Kaida

et al, 2010; Venters et al, 2019). The binding of dARGLU1 protein

with U1-70K at intron 2 inhibits the activity of U1 snRNP locally,

leading to production of dArglu1 sisRNA via intronic cleavage

(Fig 5). dArglu1 sisRNA then causes dARGLU1 protein to be seques-

tered locally, forming nuclear bodies containing U1-70K at the gene

locus (Fig 8K). It has been reported that U1 snRNP plays a role to

immobilize and retains lncRNAs at the chromatin (Yin et al, 2020).

Furthermore, phase separation of polyadenylation factors had been

shown to occur at specific poly(A) sites to promote cleavage and

polyadenylation (Fang et al, 2019). Thus, it is possible that U1

snRNP forms complex with dArglu1 sisRNA and dARGLU1 protein

at the gene locus to promote local accumulation of polyadenylation

factors via phase separation, which leads to intronic cleavage and

repression of pre-mRNA splicing (Fig 8K). At the stoichiometry

level, we do not propose that the less abundant dArglu1 sisRNA

represses the activity of U1 snRNP globally since U1 snRNP is

expressed at a much higher level than dArglu1 sisRNA. Instead, our

model proposes that dArglu1 sisRNA acts locally at the dArglu1

gene locus to inhibit local U1 snRNP activity by promoting

dARGLU1 phase separation. Such a model will make sense and is

consistent with recent work by others that some lncRNAs can act in

a sub-stoichiometric level by promoting phase separation of RNA

binding proteins (Wu et al, 2021; Unfried & Ulitsky, 2022).

In contrast, the intron 2 of human Arglu1 gene contains a stretch of

UCE, a highly conserved regulatory sequence that had been reported

to be an essential element in the homeostatic splicing of the Arglu1

gene by intron retention as well as the AS-NMD pathway in human

cells (Pirnie et al, 2017). We propose that ARGLU1 protein binds to

the UCE region and promotes sisRNA production via intron retention.

The Arglu1 sisRNA then in turn promotes localization of ARGLU1 pro-

tein to nuclear speckles, thereby sequestering it away from the gene

locus (Figs 4 and 8L). We speculate the human ARGLU1 protein may

have evolved to perform additional functions. Human ARGLU1 can

interact with SC35 and MED1 (nuclear speckle proteins), but not for

fly dARGLU1 (as shown in FlyBase). Hence, it is possible that the

interaction with SC35/MED1 or other unknown factors may have

driven the localization of ARGLU1 protein to the nuclear speckles.

Our cross-species experiments provide some insights on the evo-

lution of Arglu1 sisRNA biogenesis and function. We observed that

human sisRNA cannot be processed in Drosophila cells, and the

overexpression of full-length hArglu1 sisRNA had no effects in regu-

lating endogenous dArglu1 gene splicing. In contrast, dArglu1

sisRNA can be processed in human cells, and overexpression of full-

length dArglu1 sisRNA showed noncoding function in regulating

endogenous hArglu1 gene splicing. Hence, the ability to process pre-

mRNA to sisRNAs appears to be associated with functionality. We

speculate that dArglu1 intron 2 contains the essential sequences

required for sisRNA production regardless of binding to Drosophila

◀ Figure 7. Cross-species binding of Arglu1 intron 2 to ARGLU1 protein and processing into sisRNAs.

A Confocal images of 125 nM d/hARGLU1-GFP protein added with 50 nM IVT RNA of either hArglu1 intron 2 WT (magenta) or dArglu1 intron 2 (red). White arrow-
heads indicate free IVT RNA dots that are not co-localized with the d/hARGLU1-GFP droplets. Scale bar: 10 lm.

B Quantification of non co-localized RNA dots from (A, white arrowheads). (n = 16 biological replicates).
C, D Quantification of total hARGLU1-GFP droplets and the average droplet size with/without incorporation of IVT hArglu1 intron 2 WT or dArglu1 intron 2 from (A).

(n = 3 biological replicates).
E, F Quantification of total dARGLU1-GFP droplets and the average droplet size with/without incorporation of IVT hArglu1 intron 2 WT or dArglu1 intron 2 from (A).

(n = 3 biological replicates).
G Top: Schematic showing exon2-intron2-exon3 (E2i2E3) of dArglu1 used for exogenous expression in MCF-7 cells and locations of primers used for RT-PCR (bottom).

Bottom: RT-PCR of processed dArglu1 spliced isoforms and actin as control in dArglu1 E2i2E3 OE MCF-7 cells vs. untransfected (WT) MCF-7 cells.
H hArglu1 gene locus showing location of primers used in (I–K).
I–K qPCR of hArglu1 sisRNA, mRNA and pre-mRNA levels in dArglu1 E2i2E3 OE MCF-7 cells vs. untransfected (WT) MCF-7 cells. (n = 3 biological replicates).
L Top: Schematic showing exon2-intron2-exon3 (E2i2E3) of hArglu1 used for exogenous expression in S2 cells and locations of primers used for RT-PCR (bottom).

Bottom: RT-PCR of processed hArglu1 spliced isoforms and actin5C as control in hArglu1 E2i2E3 OE S2 cells vs. untransfected (WT) S2 cells.
M dArglu1 gene locus showing location of primers used in (N–P).
N–P qPCR of dArglu1 sisRNA, mRNA and pre-mRNA levels in hArglu1 E2i2E3 OE S2 cells vs. untransfected (WT) S2 cells (n = 3 biological replicates).

Data information: In (B–F), cross, mean; middle line, median; box, 25th–75th percentiles; whiskers, minimum to maximum. In (I–K, N–P), data are presented as
mean � SEM. ns, not significant, *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 (Student’s t-test).
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or human ARGLU1 protein. On the other hand, the UCE present in

hArglu1 intron 2 appears to be an evolutionary novelty (only found

conserved from chicken to human) that can only be processed by

hARGLU1 protein.

Arglu1 sisRNA in assisting ARGLU1 nuclear body formation

Arglu1 sisRNA has a relatively higher stability (half-life of more

than 4 h) than its host pre-mRNA and NMD isoform (Figs 1D and

EV1D). Furthermore, it is also relatively more stable than previously

described detained introns (DIs) in polyadenylated transcripts,

which were reported to be more abundant and stable than flanking

introns (Boutz et al, 2015). These DI transcripts are spliced post-

transcriptionally, show slower splicing kinetics, and possess a half-

life of approximately 1 h (Boutz et al, 2015).

In recent years, other examples of intron-retained transcripts

showing noncoding RNA functions with RNA-binding proteins have

also surfaced. For example, pCharme interacts with MATR3 and

PTBP1 on the chromatin for myogenesis (Desideri et al, 2020), while

the intron-retained transcript produced from SRSF7 locus was found

to assist in the formation of nuclear bodies (Königs et al, 2020). Our

in vitro and in vivo experiments suggest that although ARGLU1 can

phase separate on its own, Arglu1 sisRNA is required to facilitate

this process at the nuclear speckles. ARGLU1 protein contains a

stretch of arginine serine-rich sequence of low complexity or intrin-

sically disordered region at the N-terminus (Magomedova

et al, 2019) and proteins containing such regions are often predicted

to form membrane-less condensates through phase separation (Mur-

ray et al, 2017; Sabari et al, 2020). A role for lncRNA in “seeding”

nuclear body formation via phase separation, followed by self-

sustenance independent of the lncRNA had also been reported for

the lncRNAs Xist, SLERT, and NORAD (Xing et al, 2017; Pandya-

Jones et al, 2020; Elguindy & Mendell, 2021).

Nuclear speckle is proposed to be the hub for gene expression

where it is enriched with pre-mRNA splicing and transcription-

related factors (Hu et al, 2008; Spector & Lamond, 2011; Kim

et al, 2020), such as ARGLU1 protein. Indeed, larger ARGLU1 pro-

tein nuclear foci was positively correlated with higher c-Myc tran-

scription (Fig EV3G and H). The role of Arglu1 sisRNA in promoting

ARGLU1 protein nuclear speckle localization can account for the

delay in transcriptional induction of c-Myc and pS2 after estrogen

treatment in 1-day Arglu1 sisRNA ASO cells (Figs 4D and EV3E and

F). Although the number and size of ARGLU1 nuclear bodies were

low at earlier time point, they recovered back to normal eventually

(Fig EV3B–F). Estrogen had been shown to promote phase separa-

tion of MED1 with estrogen receptors for gene activation (Boija

et al, 2018), and MED1 is known to interact and co-localize with

ARGLU1 protein in the nuclear speckles (Zhang et al, 2011)

(Fig 4A). This process can promote the recovery of ARGLU1 nuclear

foci over time independent of Arglu1 sisRNA.

Current knowledge on the evolution of intronic sequences and

how they affect the biogenesis of conserved lncRNAs are still in

their infancy. Many areas remain unexplored, and this hinders

researchers from forming a comprehensive understanding of how

the processing of intronic sequences is linked to their functions.

Here, we propose that the sequence evolution of orthologous

introns, as shown in the Arglu1 gene between Drosophila and

human, can influence the fates of conserved lncRNAs in different

ways, including their biogenesis, molecular functions, and modes of

action. Flexibility in sequence conservation could be a strategy in

nature to confer tenacity in orthologous lncRNAs as they allow func-

tional diversification during evolution from simple organisms to

those of higher complexity.

Materials and Methods

Mammalian cell culture and estrogen treatment

MCF-7, MDA-MB-231, T-47D, and MDA-MB-468 breast cancer cell

lines were obtained from the American Type Culture Collection

(ATCC). The cells were maintained in Dulbecco’s Modified Eagle’s

Medium (DMEM; Gibco, ThermoFisher Scientific) and RPMI 1640

(Gibco, ThermoFisher Scientific), respectively, supplemented with

10% fetal bovine serum (FBS) (Gibco, ThermoFisher Scientific) and

incubated in a humidified incubator supplied with 5% of CO2/air at

37°C. The culture media were changed every 2–3 days or subcul-

tured when the cells reached 80% confluency. For the estrogen

treatment, it was performed with slight modification (Bhat-

Nakshatri et al, 2013). The cells were cultured in phenol-red free

DMEM with 5% dextran charcoal treated serum (Gibco, Thermo-

Fisher Scientific) for 3 days before treating with 100 nM estrogen

(Sigma-aldrich). The cells were harvested at the indicated time

points after treatment and used for RNA extraction.

◀ Figure 8. Cross-species functions of full-length sisRNAs and model.

A Top: Schematic showing full-length (FL) dArglu1 sisRNA used for exogenous expression in MCF-7 cells and locations of primers used for RT-PCR (bottom). Bottom:
RT-PCR of full-length dArglu1 sisRNA in dArglu1 sisRNA FL OE MCF-7 cells vs. untransfected (WT) MCF-7 cells.

B hArglu1 gene locus showing location of primers used in (C–E).
C–E qPCR of hArglu1 sisRNA, mRNA and pre-mRNA expression levels in dArglu1 sisRNA FL OE MCF-7 cells vs. untransfected (WT) MCF-7 cells. (n = 3 biological repli-

cates).
F Top: Schematic showing full-length (FL) hArglu1 sisRNA with 50 splice site mutated used for exogenous expression in S2 cells and locations of primers used for RT-

PCR (bottom). Bottom: RT-PCR of full-length hArglu1 sisRNA in hArglu1 sisRNA FL OE S2 cells vs. untransfected (WT) S2 cells.
G dArglu1 gene locus showing location of primers used in (H–J).
H–J qPCR of dArglu1 sisRNA, mRNA and pre-mRNA expression levels in hArglu1 sisRNA FL OE S2 cells vs. untransfected (WT) S2 cells. (n = 3 biological replicates).
K, L Model for Arglu1 sisRNA biogenesis in Drosophila and human leading to different localization and autoregulatory splicing effects. In Drosophila, dArglu1 sisRNA

formed by premature cleavage at intron 2 interacts with dARGLU1 protein and U1 snRNP leading to formation nuclear bodies at gene locus to repress dArglu1 pre-
mRNA splicing. In human, hArglu1 sisRNA formed by intron-retention by interacting with hARGLU1 protein and subsequently localizes at the nuclear speckles
owing to the additional interacting partners or factors of hARGLU1 protein. UCE in orange.

Data information: In (C–E) and (H–J), data are presented as mean � SEM. ns, not significant and *P ≤ 0.05 (Student’s t-test).
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RT-PCR/qPCR

RNA extraction was performed as described previously (Pek

et al, 2015), using TRIzol (Ambion) and followed by Direct-zol mini-

prep kit (Zymo Research). RT-PCR/qPCR was performed as

described previously (Pek et al, 2015). RT was performed using ran-

dom hexamers with M-MLV RT (Promega). PCR products were run

on 1% agarose gel to visualize DNA. qPCR was done using SYBR

Fast qPCR kit master mix (2×) universal (Kapa Biosystems, USA)

and on the Applied Biosystems 7900HT Fast Real-Time PCR system.

Oligonucleotides used can be found in Appendix Table S1. Relative

gene expression level was normalized to actin and actin5C in human

and Drosophila samples, respectively, unless specified otherwise.

Alpha-amanitin/emetine treatment

MCF-7 cells were incubated in DMEM with 10% FBS containing

20 lg/ml alpha-amanitin or 100 lg/ml emetine (Sigma) for the indi-

cated time points before RNA was extracted.

30 RACE

30 RACE was conducted by using poly-T specific reverse primer for

RT, and the cDNA was used for RT-PCR with gene specific primer

and poly-A specific reverse primer. The PCR product was run on an

agarose gel, excised, purified, and cloned into pGEM-T-Easy vector

and sequenced.

Nuclear-cytoplasmic fractionation

Nuclear-cytoplasmic fraction was performed as described previously

(Moss & Steitz, 2013) with slight modifications. Cells grown in

10 cm cell culture dishes with 80% confluency were washed twice

in cold 1× PBS buffer and harvested in 5 ml cold 1× PBS buffer. The

cells were pelleted at 1,000 g for 5 min at 4°C and homogenized in

200 ll of cold cell disruption buffer (10 mM KCl, 1.5 mM MgCl2,

20 mM Tris-Cl, 1 mM DTT, 0.1% Triton-X). Lysate was spun at

1,500 g for 10 min at 4°C. The supernatant was collected as the

cytoplasmic fraction. The crude nuclear pellet was homogenized in

cold cell disruption buffer and spun at 1,500 g for 10 min at 4°C.

The resultant pellet was collected as the nuclear fraction. After

nuclear-cytoplasmic fractionation, RNA was extracted and dissolved

in equal volumes of water. Equal volumes equivalent of RNA was

used for RT-PCR analyses.

RNA single-molecule fluorescence In situ hybridization (smFISH)

The smFISH was performed with reagents and probes designed and

purchased from RNAscope (ACDBio) and based on the manufac-

turer’s protocol with modifications. Briefly, MCF-7 cells were grown

to 80% confluency overnight on a chamber slide and fixed with

4.0% PFA for 10 min. The slide was washed twice with 1× PBS and

a hydrophobic barrier was drawn surrounding the cultured cells on

the slide using ImmEdge hydrophobic barrier pen. The cells were

permeabilized with RNAscope Protease III in 1:15 dilution with 1×

PBS for 10 min and proceeded with smFISH assay using RNAscope

Fluorescent Multiplex kit. Probes for Arglu1 sisRNA (C2) and Arglu1

pre-mRNA (C3) were diluted in 1:50 using probe diluent and

pipetted to cover the entire area within the hydrophobic barrier on

the slide. The probes were allowed to hybridize for 2 h, at 40°C in

the HybEZ oven. Then, the slide was washed twice with 1× wash

buffer and proceeded with hybridization at 40°C in HybEZ oven

using Amp 1-FL for 30 min, Amp 2-FL for 15 min, Amp 3-FL for

30 min, and Amp 4-FL for 15 min with two washes after each Amp

hybridization. For experiments that were coupled with immunos-

taining, the slides were immediately used for blocking in 1× PBX

with 5% normal goat serum and continued with immunostaining

protocol. If not, the slide was counterstained with DAPI and

mounted in Vectashield (Vector laboratories). Images were taken

with Spe II upright confocal microscope imaging system (Leica).

sisRNA knockdown by antisense oligonucleotides (ASOs)

Cells were seeded at 2 × 105 cells/well in a six-well plate in DMEM

supplemented with 10% FBS and allowed to grow overnight to

reach about 80% confluency at the point transfection. Transient

transfection was performed with ASOs and Lipofectamine 3000

reagent (Invitrogen, ThermoFisher Scientific) in the 2 ll:1 lg ratio

per well according to the manufacturer’s protocol. Briefly, the ASOs

and Lipofectamine 3000 reagent were prepared separately in 150 ll
of OPTI-MEM Reduced Serum Medium, mixed, and subsequently

incubated at room temperature for 5 min. After the incubation, the

cells were washed twice with 1× PBS and ASO-lipid complexes were

added to each well containing 1,700 ll of DMEM supplemented with

10% FBS. The plates were placed in a humidified incubator supplied

with 5% of CO2/air, 37°C for 24 h, or 72 h. All ASO transfection

assays were conducted in triplicates. Sequences of ASO are ASO

Arglu1 sisRNA1 (50-mA*mA*mU*mG*mA*T*T*T*G*T*A*C*T*G*

mU*mU*mA*mG*mC*mU-30), ASO Arglu1 sisRNA2 (50-mC*mC*

mU*mA*mU*A*C*T*C*C*T*T*T*A*mA*mU*mC*mA*mG*mC-30),
and ASO GFP1 (50-mC*mU*mG*mC*mC*A*T*C*C*A*G*A*T*C*G*

mU*mU*mA*mU*mC-30).

Blocking UCE by antisense Morpholino oligonucleotides (AMOs)

The synthesis of AMOs and Endo-Porter was acquired from Gene-

tools. MCF-7 cells are grown in a six-well plate to 80% confluency

at point of transfection, and the AMOs were delivered into the cells

using Endo-Porter according to the manufacturer’s protocol. Briefly,

0.6 lM of AMOs were added to 1 ml of the complete culture

medium followed by 6 ll of Endo-Porter and mixed well. The plates

were returned to the humidified incubator supplied with 5% of

CO2/air, 37°C for 24 h. All AMO transfection assays were conducted

in triplicate. Sequences of AMOs are AMO Arglu1 ALE1 (50-
CCATACGCGCCAGCTTCCTCTTTAA-30), AMO Arglu1 ALE2 (50-
TCCTGCAGAGTGTGCTCCTCGGCTG-30), and AMO Arglu1 ALE3

(50-TGAATATTTACTGTCTTGTCCAGTG-30).

Cloning and plasmid construction

For general cloning, the PCR product of interest was amplified using

primers listed in Appendix Table S1 and purified using QIAquick

PCR purification kit (Qiagen) according to manufacturer’s protocol.

The purified PCR product was cloned into pENTR TOPO cloning

vector (Invitrogen) and transformed into One Shot chemically com-

petent Escherichia coli cells. The inserted sequence of the plasmid
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was checked by sequencing before performing LR reactions to swap

into the destination vector using Gateway LR Clonase II Enzyme

mix (Invitrogen) (Wong et al, 2017). As for cloning into dsred-myc

minigene, sticky-end cloning using AscI and NotI site was per-

formed (Ng et al, 2018b). For preparation of UCE-deleted hArglu1

intron 2, PAS-deleted dArglu1 intron 2 and 50 splice site mutated

hArglu1 intron 2 expression plasmids, we synthesized the respective

templates for PCR as long dsDNA sequences cloned in pUC57 plas-

mid by outsourcing to GenScript. UCE-deleted hArglu1 intron 2 and

50 splice site mutated hArglu1 intron 2 was cloned into pcDNA3.1/

NV5-DEST (ThermoFisher) and pAW (Drosophila Genomics

Resource Center), respectively, with Gateway cloning, PAS-deleted

dArglu1 intron 2 was cloned into dsred-myc minigene.

Transfection of plasmid into S2 cells

S2 cells were transfected with 2 lg of plasmid of interest using Cell-

fectin (Invitrogen) in accordance with the manufacturer’s protocol

and harvested 48 h after transfection. S2 cells that are capable of

growing in serum-free conditions were obtained from Steve Cohen’s

laboratory. They were cultured at 25°C in Schneider’s medium

(Invitrogen) supplemented with 2 mM glutamine without serum

and subcultured every week.

Generation of dARGLU1 antibody

The anti-dARGLU1 antibody generation was outsourced to

GenScript, USA. The amino acid sequence, aa213-278 for dArglu1

(UnitProtKB – Q9VL63, FlyBaseID: CG31712), KREELEEILAENNR-

KIEEAQRKLAEERLAIIEEQRLMDEERQRMRKEQEKRVKEEQKVILGK

NNSR, was used as the epitope to generate antibodies in rabbit. The

specificity of this antibody was checked for various applications

including immunoprecipitation, immunostaining, and western

blotting.

Immunoprecipitation

Immunoprecipitation was performed as previously described (Wong

et al, 2017). MCF-7 cells grown overnight in 1 × 6 wells plate at

80% confluency or ~ 200 fly ovaries were homogenized in protein

extraction buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 5 mM

MgCl2, 0.1% NP-40) supplemented with Protease Inhibitor Cocktail

(Roche) and blocked using protein A/G agarose beads (Merck Milli-

pore). Eight microliters of rabbit anti-ARGLU1 (Novus Biologicals,

NBP1-87921) or rabbit anti-dARGLU1 (this study) were added and

incubated overnight at 4°C. As a control, rabbit anti-IgG or beads

without antibodies were used as stated in the figure legends. The

following day, protein A/G agarose beads were added and incubated

for another 4 h before three washes using protein extraction buffer.

RNA and protein were then extracted for RT-PCR and western blot-

ting. Western blotting was done using rabbit anti-ARGLU1 (Thermo-

Fisher, PA5-66041) (1:1,000) and rabbit anti-dARGLU1 (1:1,000) as

described before (Wong et al, 2017).

Western blotting

Western blotting was performed as previously described (Wong

et al, 2017; Tay & Pek, 2019). For cell lines, the cells were washed

twice in cold 1× PBS and harvested. The cell lysates were trans-

ferred and homogenized in 2× sample buffer containing b-
mercaptoethanol. As for fly samples, the ovaries were dissected in

Grace’s media and homogenized in 2× sample buffer containing b-
mercaptoethanol. Protein lysates were run under denaturing condi-

tions using SDS-PAGE gel and transferred to a PVDF membrane.

Antibodies used were anti-Arglu1 (1:1,000; ThermoFisher, PA5-

66041), rabbit anti-GAPDH (1:1,000; Abcam, ab9485), rabbit anti-

dArglu1 (1:1,000, this study), and mouse anti-Actin5C (1:1,000;

Developmental Studies Hybridoma Bank). Western blot detection

was done digitally using the ChemiDoc Touch Imaging System

(BioRad) and under nonsaturating conditions. The western blot

results were analyzed by using ImageJ. The band intensity of the

protein of interest was normalized to the loading controls (GAPDH,

ACTIN5C), and the ratio was compared to the control sample.

Immunostaining

Immunostaining was carried out as described previously (Pek &

Kai, 2011; Wong et al, 2017; Osman & Pek, 2018; Ng et al, 2018a).

For cell culture staining, the cells were grown overnight to 80% con-

fluency on chamber slides and fixed with 4% of paraformaldehyde.

The cells on the slides were washed twice with 1× PBX solution

(phosphate-buffered saline containing 0.2% Triton X-100) and pre-

absorbed in blocking solution (PBX containing 5% normal goat

serum) for at least 30 min. Next, primary antibodies were prepared

at the respective dilution and incubated for 1 h at room temperature.

Antibodies used were rabbit anti-Arglu1 (1:300; ThermoFisher, PA5-

66041), mouse anti-SC35 (1:300; kind gift from Joe Gall) and rabbit

anti-MED1 (1:100; ThermoFisher, PA5-36114). The slide was

washed twice with 1× PBX and continued with secondary antibody

incubation for another 1 h at room temperature. After the incuba-

tion, the slide was washed twice using 1× PBX before mounting in

Vectashield (Vector laboratories).

For fly ovaries, the ovaries were fixed in a solution containing

16% paraformaldehyde and Grace’s media at a ratio of 2:1 for

20 min. Fixed samples were rinsed and washed with 1× PBX solu-

tion and pre-absorbed in blocking solution for at least 30 min.

Primary antibody incubations were done at room temperature over-

night, followed by washing with 1× PBX for three times for 20 min

each, before secondary antibody incubation at room temperature for

4 h. The samples were then washed three times for 20 min each

using 1× PBX before mounting in Vectashield (Vector laboratories).

The antibodies used were rabbit polyclonal anti-dARGLU1 (1:2,000;

this study), mouse monoclonal anti-alpha Spectrin (3A9, 1:1; Devel-

opmental Studies Hybridoma Bank), and guinea pig anti-Vasa

(1:500, kind gift from Toshie Kai) (Patil & Kai, 2010). Images were

taken using an SPE II confocal microscope (Leica) and processed

using ImageJ. The intensity plot of the protein was analyzed using

BAR analysis in ImageJ.

Fluorescence recovery after photobleaching (FRAP)

MCF-7 cells were grown in a 35 mm glass bottom dish (Mattek) and

transiently transfected with mCherry-hARGLU1 plasmid (kind gift

from Carolyn Cummins; Magomedova et al, 2019) and pmEGFP-N1

SRSF2 plasmid (kind gift from Gregory Jedd; Greig et al, 2020) using

Lipofectamine 3000 in the ratio of 2 ll:1 lg for 24 h. The cells were
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washed twice with 1x PBS and replaced with fresh DMEM medium

supplemented with 10% FBS. The cultured dish was incubated in a

live-cell imaging (37°C, 5% CO2) stage top incubator (Tokai Hit)

mounted on an Olympus FV3000 laser scanning confocal micro-

scope. The cells were viewed at 60× magnification lens. Ninteen

frames were taken at maximum acquisition speed for one-way scan-

ning before the nuclear speckles were bleached with 100% laser

power (at 480 and 561 nM wavelength) at the 20th frame, then a

minimum of 380 subsequent frames was taken. FRAP analysis was

carried out using cellSens software (Olympus). Normalization was

carried out against the background of the imaged cell and non-

bleached area of the cells for photobleaching. Experiments and

quantification were carried out on three different nuclear speckles.

In vitro RNA transcription

Linear in vitro transcribed (IVT) RNA was generated using MEGA-

script T7 Transcription Kit (Thermo Fisher) according to manufac-

turer’s protocol with slight modifications. Fluorescent labeled IVT

RNA was generated using either Cyanine 3-UTP or Cyanine 5-UTP

(Perkin Elmer). Briefly, a 20 ll reaction was set up using 1 lg of

PCR product containing T7-promoter sequence as template. The

mixture was incubated at 37°C for 4 h, and the IVT RNA was puri-

fied using Illustra Microspin G-50 columns (Cytiva, USA) followed

by RNA precipitation with 3 M sodium acetate. The pellet washed

with 75% ethanol and resuspended in RNase-free water.

In vitro droplet assay

The generation of purified recombinant GFP-tagged human and fly

ARGLU1 proteins were outsourced to GenScript, USA. In vitro phase

separation assays were performed according to published protocols

with slight modification (Elguindy & Mendell, 2021). In vitro phase

separation assays of increasing concentration of recombinant puri-

fied human and fly GFP-tagged ARGLU1 were performed in the

presence of 10% polyethylene glycol-3000 (PEG3000). Different

concentrations of ARGLU1 proteins were diluted in 50 ll of phase
separation buffer with final concentrations of 20 mM Tris HCl pH

7.5, 150 mM NaCl, 1 mM DTT, 10% glycerol, and 10% PEG3000.

For IVT RNA-induced phase separation experiments, Cy3-UTP or

Cy5-UTP IVT RNA were diluted in water and denatured at 70 °C for

10 min before mixing into 125 nM of human or fly GFP-tagged

ARGLU1 protein to a volume of 50 ll modified phase separation

buffer, with final concentrations of 50 nM IVT RNA, 20 mM Tris

HCl pH 7.5, 150 mM NaCl, 1 mM MgCl2, 1 mM DTT and 10% glyc-

erol. A 20 ll of the protein or protein-RNA mixtures were pipetted

on glass base dish (Nunc) and incubated at room temperature for

30–60 min before imaging with Olympus FV3000 laser scanning

confocal microscope. The droplets images were analyzed with cell-

Sens software (Olympus) where the droplet number and total area

were quantified with the ‘Count and Measure’ function. Average

droplet size (area) was calculated by averaging the total area with

the number of droplets.

Scoring of MCF-7 cells based on ARGLU1 protein foci size

For Fig EV3B and C, the cells were categorized into three groups

based on the size of ARGLU1 protein foci and intensity plot analysis

by ImageJ software. Big foci (size > 1.70 lm): Cells generally con-

tain big ARGLU1 protein foci showing broad peak and high inten-

sity. Intermediate foci (1.20 lm < size < 1.69 lm): Cells generally

contain small ARGLU1 protein foci showing narrow peak and high

intensity. Small foci (size < 1.20 lm): Cells generally contain small

ARGLU1 protein foci with narrow peak and low intensity.

Fly strains

The following fly strains were used in this study: y w (used as con-

trol in Fig 6K and L), MTD-Gal4 (Petrella et al, 2007), UASp-dArglu1

KD (this study), P{PZ}snRNP-U1-70K02107cn1/CyO; ry506 (Bloom-

ington #11177), w1118; P{GD10340}v21402/TM3 dARGLU1 protein

KD (VDRC #21402). Flies were fed with wet yeast for 3 days at 25°C

before dissection unless otherwise stated.

Transgene and plasmid construction

For the generation of UASp-dArglu1 sisRNA KD, design of shRNA

sequences and cloning were done a previously described (Pek

et al, 2015; Osman & Pek, 2018). Previously, we found that shRNAs

driven by the UAS-GAL4 system were effective in knocking down

nuclear localized sisRNAs, but not pre-mRNAs (Pek et al, 2015;

Osman & Pek, 2018; Ng & Pek, 2021). Sequences used were:

dArglu1-shRNA-1 top (CGATGCGCTAGCAGTCACATGATGCAG

CAAGCTAAATAGTTATATTCAAGCATATTTAGCTTGCTGCATCAT

GTGGCGAATTCATGCTA), dArglu1-shRNA-1 bottom (TAGCATGA

ATTCGCCACATGATGCAGCAAGCTAAATATGCTTGAATATAACTA

TTTAGCTTGCTGCATCATGTGACTGCTAGCGCATCG), dArglu1-

shRNA-2 top (CGATGCGCTAGCAGTCAGACTTATTGCATACTCTT

ATAGTTATATTCAAGCATATAAGAGTATGCAATAAGTCTGGCGAA

TTCATGCTA), dArglu1-shRNA-2 bottom (TAGCATGAATTCGCCA

GACTTATTGCATACTCTTATATGCTTGAATATAACTATAAGAGTA

TGCAATAAGTCTGACTGCTAGCGCATCG). Transgenic flies were

generated by BestGene using phiC31 integrase-mediated insertion

into attP40 landing site.

Calculation of splicing index

Splicing index was calculated as previously described (Teo

et al, 2018). By using RT-qPCR, the spliced RNA was quantified

using primers that flank the intron of interest, while unspliced RNA

was quantified using primers that amplify pre-mRNA. Ct values for

spliced and unspliced RNA were normalized against housekeeping

genes (actin, actin5C) before the ratio was calculated. Splicing

indices for controls were set to 1 for comparison. An increase in

splicing index means an increase in spliced/unspliced RNA ratio,

hence more efficient splicing, and vice versa.

Calculation of dArglu1 sisRNA copy number

The copy number of dArglu1 sisRNA in unfertilized eggs was quanti-

fied using absolute quantification by qPCR method. Briefly, a CT

value vs. copy number standard curve for dArglu1 intron 2 and

dArglu1 pre-mRNA was plotted using serially diluted cDNA as tem-

plate. The cDNA template was generated by using 500 lg of IVT (ei-

ther dArglu1 sisRNA or pre-mRNA consisting of intron 2 sequences

after 30 end of dArglu1 sisRNA), and qPCR was performed using
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specific primers targeting dArglu1 sisRNA and pre-mRNA. The copy

number of dArglu1 sisRNA and pre-mRNA was acquired based on

their CT value amplified from unfertilized egg. As the dArglu1 sisRNA

primers also amplify pre-mRNA transcripts, the actual dArglu1

sisRNA per cell was calculated with the following formula (copy

number of dArglu1 sisRNA—copy number of dArglu1 pre-mRNA).

Conservation analysis of orthologous intron 2 in Arglu1 gene

Gene annotations and nucleotide sequences of Arglu1 gene for both

Drosophila melanogaster and human were retrieved from National

Center for Biotechnology Information (NCBI) Gene database. The

conservation of the orthologous intron 2 was examined using (1)

exon-intron structure and (2) positional conservation (Ulit-

sky, 2016). Exon-intron structures were examined based on the gene

annotation. Conservation of the flanking exons sequences (exon 2

and exon 3) of the orthologous intron 2 in Arglu1 gene were pair-

wisely compared using EMBOSS Needle (Madeira et al, 2019).

Statistical analysis

Two-tailed t-test for at least 3 biological replicates was performed

unless otherwise stated in the figure legends. Chi-square tests were

performed for Figs 6H and EV3D. For all analyses, ns: not signifi-

cant, *P < 0.05, **P < 0.01, and ***P < 0.001.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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