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SUMMARY
The nucleus is highly compartmentalized through the formation of distinct classes of membraneless do-
mains. However, the composition and function of many of these structures are not well understood. Using
APEX2-mediated proximity labeling and RNA sequencing, we surveyed human transcripts associated with
nuclear speckles, several additional domains, and the lamina. Remarkably, speckles and lamina are associ-
ated with distinct classes of retained introns enriched in genes that function in RNA processing, translation,
and the cell cycle, among other processes. In contrast to the lamina-proximal introns, retained introns asso-
ciated with speckles are relatively short, GC-rich, and enriched for functional sites of RNA-binding proteins
that are concentrated in these domains. They are also highly differentially regulated across diverse cellular
contexts, including the cell cycle. Thus, our study provides a resource of nuclear domain-associated tran-
scripts and further reveals speckles and lamina as hubs of distinct populations of retained introns linked
to gene regulation and cell cycle progression.
INTRODUCTION

In addition to organizing chromosomal DNA, the cell nucleus

contains multiple distinct membraneless nuclear domains or

bodies (Stan�ek and Fox, 2017). These include the following:

nucleoli, which form around ribosomal (r)RNA genes and func-

tion in the biogenesis of ribosomal subunits (Boisvert et al.,

2007; Lafontaine et al., 2021); speckles (also known as interchro-

matin granule clusters), which concentrate factors that function

in transcription, pre-mRNA processing and export (Galganski

et al., 2017; Gordon et al., 2021; Spector and Lamond, 2011);

paraspeckles, which regulate gene expression through seques-

tration of specific transcripts and protein components (Fox et al.,

2018); Cajal bodies, which function in the maturation of small nu-

clear and small nucleolar ribonucleoprotein particles (snRNPs

and snoRNPs) (Machyna et al., 2013); histone locus bodies

(HLBs), which are associated with the biogenesis of histone

mRNAs (Marzluff and Koreski, 2017; Nizami et al., 2010); and

promyelocytic leukemia (PML) bodies, which have been impli-
cated in the cell cycle, as well as genome repair and mainte-

nance (Corpet et al., 2020; Lallemand-Breitenbach and de

The, 2018).

Nuclear domains assemble through the coalescence of

nucleic acid and protein components. For example, the long

non-coding (lnc)RNA NEAT1 acts as a scaffold to concentrate

specific protein components to nucleate formation of para-

speckles (Clemson et al., 2009; Yamazaki et al., 2018). This

coalescence may arise through phase separation, whereby

RNA facilitates multivalent interactions involving intrinsically

disordered domains of bound proteins (Brangwynne et al.,

2009). This concept could apply more broadly to nuclear orga-

nization, in light of early and more recent evidence for important

roles of RNA in shaping nuclear architecture (Barutcu et al.,

2019; Creamer et al., 2021; Nickerson et al., 1995; Quinodoz

et al., 2021; Rinn and Guttman, 2014; Shin et al., 2018). These

studies collectively emphasize the importance of delineating

the RNA composition of nuclear domains. Important questions

include the following: where and how are specific classes of
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transcripts synthesized and processed in the nucleus, and

which RNAs impart critical nuclear organization-function

relationships?

These questions particularly apply to the 20–50 irregularly

shaped speckles detected in diverse cell types (Galganski

et al., 2017; Gordon et al., 2021). Speckles are associated with

open chromatin and sites of active transcription (this study;

Kim et al., 2020; Su et al., 2020) and have been proposed to func-

tion as sites of storage and recruitment of pre-mRNA processing

factors, the splicing of specific transcripts (Hall et al., 2006;

Spector and Lamond, 2011), and in RNA export (Chen et al.,

2019; Dias et al., 2010; Wang et al., 2018). However, while small

nuclear (sn)RNAs (Stanek and Neugebauer, 2006), the abundant

lncRNA MALAT1 (Hall et al., 2006; Spector and Lamond, 2011;

Tripathi et al., 2010), and a few additional transcripts (Duronio

and Marzluff, 2017; Yang et al., 2011) have been mapped to

speckles, the RNA composition of these and other nuclear do-

mains has not been systematically determined.

A recently described strategy for investigating the composi-

tion of cellular compartments is APEX-seq (Fazal et al., 2019; Pa-

drón et al., 2019). APEX2, an engineered ascorbate peroxidase

with enhanced activity, is localized to sub-cellular compartments

of interest through fusion to marker proteins. Following treat-

ment of cells with biotin-phenol (BP) and hydrogen peroxide,

the APEX2-markers biotinylate proteins, DNA, and RNA within

an approximate 20 nm radius, which generally is smaller than

the dimensions of cellular domains. This enables the recovery

and mapping of factors concentrated in diverse cellular struc-

tures (Fazal et al., 2019; Padrón et al., 2019). In this study, we

used APEX2-seq to generate a resource of nuclear domain-

associated transcripts enabling the exploration of nuclear orga-

nization-function relationships. Although some domains are

associated with relatively low overall levels of RNA that more

frequently comprise spliced transcripts, speckles and the lamina

are highly enriched for transcripts harboring retained introns.

Distinct characteristics of the speckle and lamina-associated re-

tained introns suggest that these nuclear structures coordinate

the regulation of large networks of functionally linked genes

required for multiple stages of gene expression and the

cell cycle.
Figure 1. APEX2-labeling of nuclear domains

(A) Overview of nuclear domain markers analyzed by APEX2-seq. Each indicated

Methods for details).

(B) Immunofluorescence microscopy localization of SRSF7-APEX2-FLAG and it

(SC35) antibodies, and a NeutrAvidin dye conjugate, respectively. Localization o

dicates overlapping biotin and SC35 signal in the merged images. Scale bars, 5

(C) Localization of SRSF7-APEX2-FLAG protein and associated biotin labeling in

(D) Heatmap showing degree of correlation between peptides detected bymass s

markers concentrated in speckle domains (SRSF7, SRSF1, and RNPS1), PML bo

coefficient.

(E) Heatmap showing correlation between prey proteins detected by MS following

correlation value as in (D). Correlating prey proteins labeled by speckle, PML-, and

in the gene ontology (GO) terms indicated. The top three most significantly enric

circle color, adjusted p value of the enriched GO term.

(F) qRT-PCR analysis of representative cellular RNAs following recovery from the

with and without H2O2 treatment. RNAs analyzed include MALAT1 (localized to s

(localized to the endoplasmic reticulum membrane), MTCO2 (localized to mitoc

biological replicates ±1 standard deviation.

(G) qRT-PCR analysis of representative RNAs as in (F) after recovery from the FL
RESULTS

APEX2-labeling of diverse nuclear domains
We generated HEK293 cell lines expressing N- or C-terminal

FLAG epitope and APEX2-tagged fusions representing protein

markers of speckles (SRSF7, SRSF1, and RNPS1), paraspeckles

(NONO, PSPC1, and EWSR1), Cajal bodies (COILIN, SMN2, and

WRAP53), PML bodies (PML, SP100), the SAM68 body

(KHDRBS1/SAM68) (Mannen et al., 2016), HLBs (NPAT), lamina

(LMNA), and the nucleolus (FBL) (final set of markers analyzed

shown in Figure 1A; STAR Methods and further on for details).

To facilitate uniform expression and control levels, each

APEX2-marker protein was stably expressed using the Flp-In

system under doxycycline induction (Figure S1A). To control

for non-specific labeling, APEX2 fusions containing FLAG

epitope, green fluorescent protein (GFP), or an SV40 nuclear

localization signal (NLS) were also analyzed.

The APEX2-markers were assessed for their localization and

biotin-labeling specificity by immunofluorescence microscopy

with anti-FLAG antibody and a modified streptavidin-dye conju-

gate, respectively. In general, the FLAG and biotin staining pat-

terns concentrated in the expected nuclear domains (Figures

1A, 1B, and S1B). For example, the speckle marker SRSF7-

APEX2 specifically biotin-labeled components in speckles, as

determined by co-localization with anti-FLAG antibody and

SC35 antibody, which specifically immunolabels these domains

(Figure 1B and 1C, top row) (Fu and Maniatis, 1990; Ilik et al.,

2020). However, biotinylation of domain components was not

detected when H2O2 was omitted (Figure 1C, bottom row). Spe-

cific co-localization between biotinylation and immunofluores-

cence signals was also observed for most other tested APEX2-

markers. Exceptions were those representing paraspeckles

and Coilin (STAR Methods for details). Therefore, these markers

were excluded from further analysis. It should also be noted that

WRAP53, in addition to concentrating in Cajal bodies, displays

cytoplasmic localization (Mahmoudi et al., 2010). This could ac-

count for significant transcript labeling differences between

WRAP53 and SMN2 (see further on). Analysis of the negative

controls revealed that APEX2-NLS has a relatively specific and

uniform nucleoplasmic distribution, whereas APEX2-GFP and
marker was N- or C-terminally fused to APEX2 and FLAG epitope (see STAR

s associated biotin-labeling signal, as detected by anti-FLAG or anti-SRRM2

f speckles is indicated by detection of endogenous SRRM2. Yellow color in-

mm.

the presence and absence of H2O2. Scale bars, 5 mm.

pectroscopy (MS) following recovery from selected cell lines expressing APEX2

dies (SP100), and in lamina (LMNA and LMNB1). Scale, Pearson’s correlation

recovery using the APEX2-nuclear marker cell lines shown in (D). Color scale,

lamina-marker-expressing cell lines form threemajor clusters that are enriched

hed terms are shown. Circle size, numbers of proteins enriched in a GO term;

SRSF7-APEX2-FLAG-expressing cell line in the presence of biotin-phenol (BP),

peckles), NEAT1 (localized to paraspeckles), 18S (localized to nucleoli), SSR2

hondria), and GAPDH (localized to the cytoplasm). Error bars, mean of three

AG-APEX2-FBL-expressing cell line.
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Figure 2. APEX2 RNA-seq analysis of nuclear domain marker-associated RNAs

(A) Heatmap showing unsupervised hierarchical clustering of transcripts recovered from APEX2-nuclear marker-expressing cell lines, over levels recovered from

the APEX2-NLS control line, and after normalizing for expression changes in the respective input samples. Scale, relative transcript abundance as z-score (STAR

Methods for details).

(legend continued on next page)
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APEX2-FLAG display less intense nuclear localization and sub-

stantial cytoplasmic signal (data not shown). Based on these dif-

ferences and the RNA and protein labeling profiles of the control

APEX2 fusions (STAR Methods), and unless stated otherwise,

analyses described further on focus on comparisons with the

APEX2-NLS control.

To further assess the specificity of biotin labeling, pull-downs

followedbymass spectrometry (MS)wereperformed for a subset

of the APEX2-markers, including the speckle proteins SRSF7,

SRSF1andRNPS1, PMLbodymarker SP100, and lamina protein

LMNA, with LMNB1 added for further comparison (Table S1).

Biotinylated proteins enriched in these pull-downs significantly

correlate with each other when the APEX2-markers localize to

the same versus different domains (Figures 1D and S1C, p <

7.79 3 10�121, hypergeometric test). Moreover, they show

gene ontology (GO) enrichment for expected functional cate-

gories (Figure 1E; Table S2); proteins labeled by speckle markers

are enriched in RNA-processing-related GO terms; proteins

labeled by SP100 are enriched in PML body, SUMO transferase

activity andDNA-damage-related terms; and Lamin-labeled pro-

teins are enriched in terms related to the nuclear periphery (Fig-

ure 1E; Table S2). Moreover, the speckle marker-enriched pro-

teins significantly overlap those identified in previous MS

analyses of speckle composition (Dopie et al., 2020; Mintz

et al., 1999) (Figure S1C; p < 1.643 10�41, hypergeometric test).

To assess the specificity of biotin labeling of RNA compo-

nents, qRT-PCR assays were performed on several non-coding

and protein-coding transcripts (Fazal et al., 2019) recovered

from a subset of the APEX2-fusion-expressing cell lines (Figures

1F and 1G). The speckle-localized lncRNAMALAT1 (Hutchinson

et al., 2007) is the most highly enriched transcript from cells ex-

pressing SRSF7-APEX2 (Figure 1F). Conversely, 18S rRNA is the

most enriched transcript recovered from cells expressing the

nucleolar marker APEX2-FBL (Figure 1G). Consistent with

the microscopy experiments, omission of H2O2 greatly reduces

the recovery of all analyzed RNAs (Figures 1F and 1G).

Collectively, these and additional results described further on

indicate that the APEX2-marker cell lines enable the specific la-

beling of components in diverse nuclear domains. To systemat-

ically investigate the RNA composition of these domains, we per-

formed RNA-seq analysis of biotinylated transcripts recovered

from each cell line.

APEX2-seq analysis of nuclear domain associated RNAs
RNA-seq was performed following rRNA depletion to analyze

biotin-labeled polyadenylated and non-polyadenylated tran-

scripts recovered from each APEX2-marker-expressing cell

line, and also on rRNA-depleted RNA from the respective input
(B–E) Genome tracks showing raw RNA-seq reads recovered from the APEX2-spe

LINC01126, and LINC02867, and the protein-coding geneMST1. Transcript expre

(F and G) Genome tracks showing RNA-seq reads recovered from the FLAG

LINC01515. Transcript expression range indicated as in B–E.

(H) RNA-FISH analysis using probes targeting the APEX2-speckle marker-enrich

and probes targeting MALAT1 for comparison. Arrowheads, representative RNA

(I) RNA-FISH analysis using probes targeting MST1 and KRAS as in (H), in comp

(J and K) Boxplots quantifying distributions of MALAT1 (J) or PML intensities (K)

targeting MST1 and KRAS transcripts. The data represent quantification of 172 M

234 KRAS foci from 60 cells localized for PML (***p < 0.001, Wilcoxon rank-sum
samples, focusing on transcripts longer than �200 nucleotides.

On average, 85% of the RNA-seq reads from each sample were

uniquely mapped and biological replicates showed a high de-

gree of expression correlation (Pearson’s correlation r > �0.9),

as well as proximal clustering by T-distributed stochastic

neighbor embedding (tSNE) analysis (Figures S2A–S2C; data

not shown). Consistent with the lack of appreciable changes

in cell morphology upon treatment with BP and H2O2, tran-

scripts from only four loci showed significant changes following

these labeling conditions (data not shown). Figure 2A depicts

unsupervised hierarchical clustering of transcripts enriched in

pull downs from the APEX2-marker-expressing cell lines, over

the level detected in the pull down from the APEX2-NLS cell

line, and relative to levels detected in the corresponding input

samples (Figures 2A, S3A, and S3B; Table S3). Each APEX2-

marker labels a distinct—although in some cases substantially

overlapping—subpopulation of transcripts (Figures 2A, S2D,

S3A, and S3B). The strongest relative enrichment of transcripts

is observed for the three APEX2-speckle markers and SAM68,

consistent with the known RNA-binding activities of these pro-

teins, and previous evidence indicating that RNA concentrates

in speckles (Dias et al., 2010; Hall et al., 2006; Molenaar et al.,

2004). Interestingly, APEX2-LMNA also results in a strong rela-

tive enrichment of a subpopulation of transcripts (Figures 2A

and S3A).

Consistent with APEX2-SRSF7, APEX2-SRSF1, and APEX2-

RNPS1 labeling a common set of speckle-associated RNAs,

transcripts enriched from these marker-expressing cell lines

significantly overlap with each other but not transcripts recov-

ered from the other cell lines (i.e., 21%–28.5% overlap versus

1%–4.5% overlap; Jaccard similarity index, p < 7.42 3 10�37,

Fisher’s exact test) (Figures S2D and S3A). Similarly, the PML

body markers PML and SP100 labeled transcripts that are

more similar to each other than those labeled by other markers

(30% versus 11.7% mean overlap) (p = 1.08 3 10�12, Fisher’s

exact test; Figures 2A, S2D, and S3A). Smaller subsets of tran-

scripts are commonly labeled by two or more of the PML

(SP100), Cajal body (WRAP53), and histone locus body (NPAT)

markers. It is possible that these overlapping patterns may

reflect functional interactions between these domains (Boisvert

et al., 2007; Imada et al., 2021; Nizami et al., 2010), although

we cannot exclude that they also arise through variable cyto-

plasmic localization or less-specific RNA associations with these

APEX2-marker proteins.

To identify candidate transcripts uniquely associated with

each nuclear domain, we established a dual-index scoring

method, which ranks a transcript based on its relative enrich-

ment in a given APEX2-marker pull-down over all other
ckle marker and control cell lines, mapped to loci encoding lncRNAsMALAT1,

ssion range (read counts permillion) is indicated at the bottom left of eachpanel.

-APEX2-LMNA cell line, mapped to loci encoding lncRNAs LINC00533 and

ed transcript MST1, KRAS (enriched from the FLAG-APEX2-SAM68 cell line),

foci overlapping MALAT1 signal in merged images. Scale bars, 5 mm.

arison with immunolocalization of PML bodies. Scale bars, 5 mm.

(normalized to a 0–1 scale) overlapping RNA-FISH foci detected using probes

ST1 and 239 KRAS foci from 72 cells localized for MALAT1, and 123 MST1 and

test).
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pull-downs, including the three negative control APEX2 sam-

ples (index 1), and based on the extent to which the expression

of a transcript is altered in response to induced expression of

the APEX2-marker in the corresponding input sample (index 2)

(Table S4; see STAR Methods for details). Thus, transcripts

with high ranks for both indices are considered strongly asso-

ciated with a nuclear domain independent of any possible

expression change in input samples, which in any case is infre-

quently observed (Figure S3B). A full list of dual-index-ranked

transcripts labeled by each nuclear domain marker is provided

in Table S4.

As expected, MALAT1 has a high dual-index score (0.96:0.85)

across the three nuclear speckle markers. Interestingly, �150

additional lncRNAs and transcripts from �850 protein-coding

genes have comparable dual-index scores as MALAT1. Repre-

sentative examples of transcripts preferentially labeled by

speckle and LMNA markers are highlighted by genome tracks

of reads mapped from the APEX2-RNA-seq data (Figures 2B–

2G; Table S4). RNA fluorescence in situ hybridization (FISH) anal-

ysis further indicates that transcripts from the protein-coding

gene MST1, which are preferentially labeled by all three

APEX2-speckle markers (Figure 2C), show a significantly greater

degree of overlap with these domains, as revealed by MALAT1

detection, compared with transcripts from the KRAS locus,

which are preferentially labeled by the APEX2-SAM68 marker

(p = 4.7 3 10�9, Wilcoxon rank-sum test; Figures 2H–2K and

S3C–S3G). Similar results were obtained when analyzing the

overlap between MST1 transcript foci and speckle domains de-

tected using anti-SRRM2 antibody (Blencowe et al., 2000) (Fig-

ure S3E). Moreover, MST1 transcripts do not show significantly

greater overlap with PML bodies compared with KRAS tran-

scripts (Figures 2I–2K). Additional RNA-FISH data supporting

the expected localization specificity of the nuclear marker-asso-

ciated transcripts detected by APEX2-seq are presented later

(see Figures 5 and S5). Collectively, the results indicate that

markers for different nuclear domains are associated with

distinct and in some cases partially overlapping subpopulations

of transcripts.

Transcriptomic and genomic features associated with
nuclear domain markers
Next, we investigated features of the transcripts specifically

labeled by the APEX2-nuclear domain markers. Speckle-associ-

ated coding transcripts have a significantly higher GC content

compared with coding transcripts associated with the other nu-

clear domain markers, as well as the average percent GC of all

nuclear-expressed transcripts (Figure 3A; p < 3.223 10�24, Wil-

coxon rank-sum test). On average, the speckle marker-associ-

ated transcripts are also significantly shorter than those labeled

by the other nuclear markers (Figure 3B; p < 4.47 3 10�17, Wil-

coxon rank-sum test). LncRNAs associated with the speckle

markers also show significantly increased GC-content

compared with lncRNAs associated with the other markers,

and the average GC content of all detected nuclear lncRNAs

(p < 1.213 10�6, Wilcoxon rank-sum test), whereas their tran-

script length is comparable (Figures S4A and S4B). Binning tran-

scripts associated with each domain marker based on the

magnitude of their index 1 scores reveals that percent GC-con-
6 Molecular Cell 82, 1–18, March 3, 2022
tent and length relate to the degree of relative enrichment in the

pull-downs (Figures S4C–S4H).

Next, we investigated characteristics of the genomic loci

encoding transcripts detected in association with the

domain markers. Previously, the tyramide signal amplification

sequencing (TSA-seq) procedure was used to label DNA prox-

imal to the speckle protein SON, providing an approximate mea-

sure of intranuclear distances of individual gene loci from

speckles (Chen et al., 2018). Reanalyzing these data, we quanti-

fied overlaps between domain-associated transcripts detected

by APEX2-seq labeling and positions of their corresponding

genomic loci, binned according to their TSA-seq-mapped rela-

tive distance to the SON protein (Figure 3C). Transcripts prefer-

entially labeled by the three APEX2-speckle markers show the

highest degree of overlap with corresponding loci that, from

TSA-seq mapping data, are the most proximal to speckles;

�69% of speckle-associated transcript-coding loci overlap

with the top three most speckle-proximal bins as measured by

TSA-seq, whereas �24% of LMNA transcript loci overlap with

these bins (Figure 3C; p < 9.77 3 10�72, Fisher’s exact test).

Conversely, �26% of the LMNA-associated loci overlap with

the three most speckle-distal bins assigned by TSA-seq,

compared with a �6% overlap between loci encoding

the speckle-associated transcripts and these bins (Figure 3C;

p < 4.45 3 10�159, Fisher’s exact test, Table S5).

We also investigated the genomic compartments overlapping

loci encoding transcripts associated with each nuclear domain

marker. The chromosome conformation capture method Hi–C

has been used to map open and closed chromatin regions,

referred to asA-type andB-type genomic compartments, respec-

tively (Lieberman-Aiden et al., 2009). A-type compartments have

been further subdivided into A1- and A2-types, representing

candidate nuclear speckle-associated and other active chromatin

regions, respectively. In contrast, B-type compartments have

been sub-divided into B1–B3 types, representing loci associated

with polycomb bodies (B1), nucleolar and lamin-associated do-

mains (B2), as well as HP1a heterochromatin (B3), which is asso-

ciated with the nuclear periphery in some cell types (Hildebrand

and Dekker, 2020; Rao et al., 2014; Xiong and Ma, 2019). We

observe a higher degree (�49%) of overlap between speckle

marker-associated transcripts and their corresponding coding

loci when encompassed within A1 compartments, compared

with a �12% overlap between A1 compartment loci correspond-

ing to LMNA-associated transcripts (Figure 3D; p < 2.063 10�128,

Fisher’s exact test). Moreover, transcripts labeled by APEX2-

LMNA show a 32% overlap with loci within B2 and B3 sub-com-

partments compared with an 11% overlap for speckle transcript

loci within these sub-compartments (Figure 3D; p < 1.96 3

10�83, Fisher’s exact test, Table S6).

Together, these analyses support a close interrelationship be-

tween the RNA composition of nuclear domains and the confor-

mation and gene content of proximal chromatin, i.e., speckle-

associated transcripts primarily derive from proximal ‘‘open’’

chromatin, whereas transcripts associated with various other

nuclear domains are more often associated with condensed

chromatin that is distal to speckles (Kim et al., 2020; Su

et al., 2020). Furthermore, the significant overlapbetween the

speckle marker-associated transcripts and TSA-seq-mapped
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Figure 3. Transcriptomic and genomic features associated with nuclear domain markers

(A) Violin plots comparing distributions of GC content of coding transcripts recovered from APEX2-marker-expressing cell line. Dashed line, average %GC of all

analyzed coding transcripts (***p < 0.001, Wilcoxon rank-sum test).

(B) Violin plots comparing distributions of lengths of coding transcripts recovered from APEX2- marker-expressing cell lines. Dashed line, average length of all

analyzed coding transcripts (***p < 0.001, Wilcoxon rank-sum test).

(C) Bar plot showing distribution of coding DNA loci of APEX-detected transcripts with respect to their proximity to nuclear speckles, as assessed by tyramide

signal amplification sequencing (TSA-seq) (Chen and Belmont, 2019) (***p < 0.001, Fisher’s exact test).

(D) Bar plot showing distribution of coding DNA loci of APEX2-seq-detected transcripts with respect to their overlap with mapped Hi–C genomic sub-com-

partments (Xiong and Ma, 2019) (***p < 0.001, Fisher’s exact test).
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speckle-proximal loci encoding these transcripts provides addi-

tional evidence that the APEX2-seq mapping data represent the

specific RNA content of these nuclear domains.

Nuclear domains associated with intron retention
Next, we used the APEX2-seq data to investigate splice variants

associated with nuclear domains. Transcripts enriched in each

APEX2 marker pull-down were analyzed for differential usage

of cassette alternative exons (CE), alternative 30 or 50 splice sites

(Alt3, Alt5), and intron retention (IR) events by comparing PSI
(percentage of transcripts from a gene with an exon sequence

spliced in) and percent intron retention (PIR) (percentage of tran-

scripts from a gene with the intron retained) values between the

APEX2-marker and APEX2-NLS pull downs, after normalizing for

possible PSI or PIR changes between the corresponding input

samples (Figures 4A, S5A, and S5B).

Unsupervised hierarchical clustering of the data based on the

magnitude of the PSI/PIR differences reveals particularly striking

patterns of differential IR (Figures 4A, and S5A–S5C; Table S7).

The highest frequencies of IR are detected in transcripts
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Figure 4. Analysis of intron retention (IR) events associated with nuclear domains

(A) Heatmap showing unsupervised hierarchical clustering of differential IR patterns between transcripts recovered from APEX2-marker-expressing cell lines

(main text and STARMethods for details). Scale, difference in percent intron retention (dPIR, the percentage of total transcript with the intron retained) expressed

as a z-score.

(B) Upset plot showing overlaps between IR events detected in transcripts enriched from cells expressing APEX2-speckle and -LMNA markers.

(C and D) GO terms enriched in genes with IR events detected in association with the speckle (C) and LMNA (D) markers. Circle sizes and borders indicate gene

numbers associated with a GO term and false discovery rate (FDR) cutoff, respectively. Edge thickness indicates degree of overlap between genes annotated

with different terms.

(E–G) Representative genome tracks showing RNA-seq reads recovered from the APEX2-domain marker and control cell lines, highlighting retained introns

enriched with the speckle markers (from EIF1 and EIF3G translation initiation factor genes), and LMNA (MTR gene). Arrowheads, introns detected as retained and

analyzed by RNA-FISH in Figures 5A, 5B, and S5E–S5I.

(H) Boxplots showing qRT-PCR quantification of IR events detected in biotinylated transcripts enriched from FLAG-APEX2-SRSF1 (left) and FLAG-APEX2-LMNA

(right)-expressing cell lines. Each plot shows the mean of enrichment of eight analyzed IR events, ±1 standard deviation (***p < 0.001, Student’s t test).
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Figure 5. FISH analysis of speckle and lamin-associated retained introns and their corresponding gene loci

(A) RNA-FISH analysis (using RNAScope probes) of APEX2-specklemarker-associated retained introns in DDX5 and EIF3G transcripts. MALAT1 is also probed to

mark speckles. Arrowheads, representative overlaps. Scale bars, 5 mm.

(B) RNA-FISH detection as in (A) of speckle marker-associated retained intron in EIF1 transcripts, and LMNA-associated retained intron in MTR transcripts.

Arrowheads, representative overlaps with MALAT1 signal. Scale bars, 5 mm.

(C) Boxplots quantifying the distribution of MALAT1 intensities (normalized to a 0–1 scale) overlapping RNA-FISH foci corresponding to retained introns in EIF1,

EIF3G, DDX5, and MTR transcripts. Data represent quantification of 215 EIF1, 519 EIF3G, 627 DDX5, and 204 MTR intron foci from 71–73 cells also probed for

MALAT1. (***p value: Wilcoxon rank-sum test).

(D) Boxplots quantifying percentages of MTR, EIF1, EIF3G, and DDX5 intron foci associated with the nuclear periphery (see STAR Methods) (***p < 0.001,

Wilcoxon rank-sum test).

(legend continued on next page)

ll
Resource

Molecular Cell 82, 1–18, March 3, 2022 9

Please cite this article in press as: Barutcu et al., Systematic mapping of nuclear domain-associated transcripts reveals speckles and lamina as hubs of
functionally distinct retained introns, Molecular Cell (2021), https://doi.org/10.1016/j.molcel.2021.12.010



ll
Resource

Please cite this article in press as: Barutcu et al., Systematic mapping of nuclear domain-associated transcripts reveals speckles and lamina as hubs of
functionally distinct retained introns, Molecular Cell (2021), https://doi.org/10.1016/j.molcel.2021.12.010
associated with the speckle markers and LMNA. These differ-

ences in PIR are not a consequence of expression of the

APEX2 nuclear markers, since only minor (i.e., 0.6%–5.6%)

changes in retention of the corresponding introns are observed

between the input samples (Figure S5C). Importantly, IR events

associated with the speckle markers show a significantly higher

degree of overlap with each other (24.1%–32.4%, Jaccard sim-

ilarity index), compared with their overlap with IR events associ-

ated with LMNA or the other nuclear domain marker pull downs

(0%–5.5%; Figures 4B and S5D; p < 2.25 3 10�308, Fisher’s

exact test).

Interestingly, IR events associated with LMNA are significantly

enriched in genes that function inmicrotubule organization, chro-

mosome organization, and ncRNA processing, whereas speckle

marker-associated retained introns are enriched in genes that

function in RNA processing, translation, and the cell cycle (Fig-

ures 4C and 4D; Table S8). Strikingly, the speckle-associated re-

tained introns are detected in numerous factors that function in

translation initiation, such as EIF1, EIF2B1, EIF3A, EIF3G,

EIF4G1, and EIF5 (p = 0.029, Fisher’s exact test; Table S8).

Genome browser tracks highlighting the specificity of IR read

mapping are shown for representative examples of the speckle

and LMNA-associated retained intron genes (Figures 4E–4G),

and qRT-PCR assays further validated the specificity of the

APEX2-seq mapping results for retained introns (Figure 4H).

Localization of speckle and lamin-associated retained
introns and their corresponding gene loci
Confirming the localization of retained introns detected by

APEX2-seq, RNA-FISH probes targeting speckle-associated re-

tained introns in DDX5, EIF1, and EIF3G transcripts show a

significantly greater degree of co-localization with speckles, as

detected by FISH of MALAT1 or immunostaining with anti-

SRRM2 antibody, than does a probe targeting the LMNA-asso-

ciated retained MTR intron (p < 3.09 3 10�16, Wilcoxon rank-

sum test; Figures 5A–5C, S3E, S5E, and S5F). Conversely, foci

corresponding to the lamina-associated MTR intron show a

significantly higher degree of co-localization with the nuclear pe-

riphery than foci representing the speckle-associated retained

introns (Figure 5D, p < 1.84 3 10�19, Fisher’s exact test; see

STARMethods). Further supporting the specificity of these local-

ization patterns, the EIF1, EIF3G, and MTR intron probe signals

do not show significant overlap with PML bodies (Figures

S5G–S5I). Moreover, although relatively large numbers of

DDX5 intron foci are detected, likely reflecting the higher abun-

dance of this intron, as detected by read counts from input

RNA-seq data, these foci also display a significantly higher de-

gree of overlap with MALAT1-speckles as compared with PML

bodies (p = 0.01, Wilcoxon rank-sum test; Figures S5E–S5I,

and data not shown).

To further characterize the MTR, EIF1, EIF3G, and DDX5 in-

tronic foci, we next investigated their spatial relationship with
(E–H) Combined RNA- and DNA FISH localization of retained introns and corres

EIF3G (F), and EIF1 (G) genes and the LMNA-associated MTR intron (H). MALAT1

and DNA foci; red arrows, representative RNA foci overlapping MALAT1-speckle

(I) Bar graph showing percentages of RNA foci for each indicated gene that d

quantification of 416 MTR, 375 EIF1, 1054 EIF3G, and 6921 DDX5 RNA foci from
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the corresponding gene loci, using combined RNA-FISH and

DNA-FISH analysis (Figures 5E–5H). Consistent with the results

described earlier, and an extensive body of literature showing

that relatively long introns are typically co-transcriptionally

spliced (Gordon et al., 2021), we observe that 81% of the MTR

retained intron foci, of which there are generally two to four per

nucleus, overlap MTR gene loci, which accordingly are also

concentrated at the nuclear periphery (Figures 5H and 5I). In

contrast, 41%, 15%, and 2% of EIF1, EIF3G, and DDX5 intronic

foci, respectively, overlap with their gene loci (Figures 5E–5I).

These loci are frequently observed adjacent to speckles, consis-

tent with evidence that active transcription and pre-mRNA pro-

cessing, possibly involving nascent RNA polymerase II tran-

scripts, may often occur at the periphery of these domains

(Chen and Belmont, 2019; Spector and Lamond, 2011). Howev-

er, additional intronic RNA foci that do not coincide with their

DNA loci, in particular from the DDX5 gene, overlap or are at

the edge of speckle domains (Figures 5E–5H). Therefore, these

foci likely derive from retained introns within transcriptionally

released but incompletely processed RNA and possibly also

from populations of relatively stable excised introns.

Collectively, the results provide evidence that speckles and

lamina are preferentially associated with transcripts harboring

functionally distinct sets of retained introns, and moreover that

different subsets of RNA foci corresponding to retained intron

transcripts concentrate at these nuclear structures through

mechanisms that are dependent and independent of proximal

gene loci.

Compositional and regulatory features of nuclear
domain-associated retained introns
Retained introns comprise different subtypes, including the

following: those that are (1) associated with otherwise spliced

and polyadenylated transcripts exported to the cytoplasm,

where the retained intron may elicit nonsense-mediated decay

(NMD) or control cellular targeting of a transcript; (2) associated

with nuclear or cytoplasmic turnover through other degradation

pathways to remove spurious transcripts from cells; and (3)

associated with relatively stable nuclear transcripts but which

may be spliced out to facilitate export and translation in response

to specific signaling events (Boutz et al., 2015; Braunschweig

et al., 2014; Monteuuis et al., 2019). Introns comprising the latter

class have been referred to as ‘‘detained introns’’ (Boutz et al.,

2015; Braun et al., 2017). These tend to be relatively short,

conserved, and exhibit elevated GC content and PIR levels.

Next, we investigated which of these subtypes of retained in-

trons are associated with the speckle markers and LMNA.

Retained introns associated with the speckle markers are

significantly shorter, have a higher GC content, and display

elevated PIR levels, when compared with the LMNA-associated

retained introns and a set of retained introns randomly selected

from those detected in the APEX2-NLS pull down control
ponding gene loci for speckle-associated retained introns from the DDX5 (E),

is detected to mark speckles. White arrows, representative overlapping RNA

s. Scale bars, 5 mm.

o or do not overlap with their corresponding gene loci. The data represent

85–112 cells.
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Figure 6. Composition and features of nuclear domain-associated retained introns

(A) Violin plot showing length distributions (log10 scale) of retained introns associated with APEX2-speckle markers, APEX2-LMNA, and a random set of IR events

(***p < 0.001, Wilcoxon rank-sum test).

(B) Violin plots showing distribution of GC content of retained introns associated with APEX2-speckle markers, APEX2-LMNA, and a random set of IR events

(***p < 0.001, Wilcoxon rank-sum test).

(C) Bar plot showing percentage of annotated detained introns (Boutz et al., 2015) that overlap with speckle marker-associated retained introns, LMNA-asso-

ciated retained introns, and a random set of IR events. (***p < 0.001, Fisher’s exact test.)

(D) Boxplot showing percentage of introns with retention (PIR > 5) detected in transcripts enriched from each APEX2-marker-expressing cell line.

(E–G) Boxplots showing percentage of introns with different IR levels within transcripts associated with nuclear speckle markers (E), LMNA (F), and PML (G).

(legend continued on next page)
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samples (Figures 6A–6C, p < 1.453 10�182, Wilcoxon rank-sum

test). In contrast, the LMNA-associated retained introns are

significantly longer and have a reduced GC content when

compared with the randomly selected retained introns (Figures

6A and 6B, p < 9.77 3 10�41, Wilcoxon rank-sum test). Given

that the speckle-associated retained introns bear hallmark fea-

tures of detained introns, we assessed the overlap between

these two groups. Notably, approximately 31% of the retained

introns associated with all three speckle markers overlap anno-

tated detained introns (Boutz et al., 2015), as compared with

�12% and 8% overlaps with the LMNA-associated and

randomly selected retained introns, respectively (Figure 6C;

p = 3.93 3 10�62, Fisher’s exact test).

Next, we assessed the extent to which the speckle and LMNA-

associated transcripts are processed. When calculating the per-

centages of total introns per gene that show retention in each

pull-down, as expected, the highest frequencies of IR are de-

tected in transcripts associated with the three speckle markers

(79.7%–91.6%) and LMNA (76.0%) versus 6.2%–10.4% associ-

ated with the other markers (p < 2.48 3 10�158, Wilcoxon rank-

sum test), which have correspondingly higher frequencies of

spliced junctions (Figures 6D and S6A). Moreover, introns asso-

ciated with the speckle markers generally display more variable

degrees of retention compared with those belonging to LMNA-

associated transcripts (Figures 6E–6G and S6B).

The extent of processing of the speckle-associated transcripts

appears to depend in part on the relative distances of their cor-

responding loci from these domains. Specifically, speckle-asso-

ciated transcripts originating from DNA loci that, by TSA-map-

ping, are the most speckle-proximal (i.e., the first decile bin in

Figure 3C), have higher frequencies of IR than speckle-associ-

ated transcripts from loci that are the most distal from speckles

(the last decile bin in Figure 3C) (Figures S6C–S6F). Taken

together, these observations provide evidence that speckles

and lamina are associated with structurally and functionally

distinct subpopulations of retained introns, and that the fre-

quency of IR depends on the distance between transcripts accu-

mulating at speckles and their sites of transcription. Moreover,

consistent with the DNA-FISH and RNA-FISH analyses in Fig-

ure 5, and additional data from polyA+ sequencing of transcripts

enriched from the APEX2-SRSF7-expressing cell line in which a

high frequency of IR is also observed (data not shown), the re-

sults suggest that a substantial fraction of partially retained

intron-containing RNAs associated with speckles are unlikely

derived from nascent transcripts.

Next, we investigated functional binding associations be-

tween RNA-binding proteins (RBPs) and the speckle- and

LMNA-associated retained introns. From analyzing ENCODE

knockdown RNA-seq, CLIP-seq, and localization data for 227

RBPs (Van Nostrand et al., 2020), we observe that speckle-asso-

ciated introns, compared with LMNA-associated introns, are
(H) Cumulative distribution plot comparing fractions of speckle-localized RNA-

depletion causes increased retention of introns associated with APEX2-speck

Knockdown RNA-seq data from HepG2 cells from Van Nostrand et al. (2020) (p

(I) Cumulative distribution plot comparing ratios of eCLIP-seq peaks from speckle

RBPs, within retained introns detected in association with the APEX2-nuclear sp

CLIP-seq data from HepG2 cells from (Van Nostrand et al., 2020) (p-value: Wilco
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significantly enriched for splicing changes upon knockdown of

RBPs that localize to speckles, as compared with RBPs that

are nuclear but that do not overlap with speckles (Figures 6H

and S6G; p < 1.12 3 10�110, Wilcoxon rank-sum test). Consis-

tently, speckle-associated retained introns, compared with

LMNA-associated introns, are significantly enriched for CLIP-

seq binding peaks of speckle-localized RBPs (Figures 6I and

S6H, p < 2.8 3 10�16, Wilcoxon rank-sum test). For example,

the U2 snRNP auxiliary factor (U2AF1), components of the U2

snRNP SF3 complex (e.g., SF3B4 and SF3A3), and U5 snRNP

and core spliceosomal protein PRPF8, are among the RBPs

with the highest relative enrichment of binding peaks over

speckle-associated introns (Table S9). These findings suggest

that speckle-associated retained introns may concentrate within

these nuclear domains at least in part through their propensity to

bind RBPs that have increased residency in speckles. In

contrast, LMNA-associated retained introns are not significantly

enriched for CLIP-seq binding peaks of splicing factors and

other RBPs that are concentrated in speckles (Figures 6H, 6I,

S6G, and S6H).

Functions of speckle-associated retained introns
To investigate functional attributes of the nuclear domain-asso-

ciated retained introns, we compared their regulatory charac-

teristics across diverse cellular contexts. Consistent with their

broader range of PIR levels (Figure 6E), and overlap with de-

tained introns (Figure 6C), the speckle-associated retained in-

trons generally display higher and larger differential inclusion

levels across diverse human cell and tissue types, as compared

with the LMNA-associated and a randomly selected control set

of introns (Figure 7A; see legend for details). In contrast, the

oocyte, early embryo, and ES cells show low overall levels of

IR across all three groups of introns. It is interesting to consider

that these observations may relate to previous findings indi-

cating that the formation of speckles is associated with

mammalian cell differentiation, as well as overall differences

in the transcriptional outputs of cells (Gordon et al., 2021; Spec-

tor and Lamond, 2011).

To explore a possible relationship between the integrity of nu-

clear speckles and the splicing of their associated retained in-

trons, we analyzed the RNA-seq data generated following

knockdown of SON (Lu et al., 2013), which functions in the

formation of speckles (Ilik et al., 2020; Lu et al., 2013;

Sharma et al., 2010). Strikingly, knockdown of SON results in

frequent increases in IR (Lu et al., 2013), and these SON knock-

down-dependent events significantly overlap those we have

detected in association with speckles but not the IR events asso-

ciated with LMNA (Figure 7B) (5.13%–9.87% versus 1.82%;

p < 7.97 3 10�23, Fisher’s exact test).

Speckles disassemble during mitosis to form mitotic inter-

chromatin granules during the cell cycle (Ferreira et al., 1994;
binding proteins (RBPs) versus non-speckle localized nuclear RBPs whose

le markers (red), LMNA (blue), and a random set of retained introns (gray).

-value: Wilcoxon rank-sum test).

-localized RNA-binding proteins (RBPs) versus non-speckle-localized nuclear

eckle markers (red), LMNA (blue), and a random set of retained introns (gray).

xon rank-sum test).
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Figure 7. Regulation and function of speckle-associated retained introns

(A) Heatmap showing percentages of introns with PIR > 20% detected in various cell and tissue types (data from VASTDB [Tapial et al., 2017]) that correspond to

speckle- or LMNA-associated introns, as well as a randomly selected set of control retained introns matched to have a similar distribution of median PIR in

VASTDB as the union of speckle- and LMNA-associated introns for comparison. St, Carnegie stage of brain development; wpc, weeks post conception; (E) SC,

(embryonic) stem cell; iPS cells, induced pluripotent cells; NPC, neural progenitor cells; ICM, inner cell mass; TE, trophectoderm.

(B) Bar graph showing percentage of retained introns associated with the APEX2-markers SRSF1, SRSF7, RNPS1, LMNA, and a randomly selected control set of

retained introns, which overlap retained introns regulated by SON (Lu et al., 2013). (***p < 0.001, Fisher’s exact test)

(C) Bar graph showing percentage of cell-cycle-regulated IR events (Dominguez et al., 2016) associated with different APEX2-markers. (***, p < 0.001, Fisher’s

exact test)

(D) Line plot showing clusters of introns that display distinct patterns of periodic change in IR splicing throughout the cell cycle. Line thickness represents the

fraction of overlap between IR events in each cluster and speckle marker-associated IR events: thin lines, 4% (lowest) overlap; thick lines; 92%, (highest) overlap.

(legend continued on next page)
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Tripathi and Parnaik, 2008). Therefore, we investigated whether

the cell cycle is linked to the differential regulation of speckle-

associated retained introns. Remarkably, retained introns asso-

ciated with the speckle markers, but not LMNA, significantly

overlap with retained introns that display differential regulation

across the cell cycle (Figure 7C, p < 1.413 10�20, Fisher’s exact

test) (Dominguez et al., 2016). Of note, a subgroup (Group B) of

the speckle-associated introns shows a marked decrease in PIR

during the G2-M andM-G1 transitions, phases that coincide with

the disassembly of speckles during mitosis (Figure 7D; Ferreira

et al., 1994; Tripathi and Parnaik, 2008). These speckle-associ-

ated retained introns represent genes that are enriched in func-

tional terms related to cell-cycle control (Figure 7E, p < 0.021,

Fisher’s exact test). Furthermore, these retained introns are

also significantly enriched among those that show increased

PIR upon knockdown of SON (p = 0.013, Fisher’s exact test),

which, in addition to perturbing speckle integrity, causes cell-cy-

cle arrest (Ahn et al., 2011; Lu et al., 2013; Sharma et al., 2010).

Taken together, the results suggest that the formation of

speckles, the splicing of their associated retained introns, and

cell-cycle progression, are coupled to one another.

DISCUSSION

Our results collectively support a role for speckles and lamina as

hubs of distinct classes of retained introns associated with the

coordinated regulation of multiple steps in gene expression

and the cell cycle. Although a subset of retained introns associ-

ated with speckles co-localize with or are proximal to their corre-

sponding genes, we also detect speckle-localized retained in-

trons that are distal from their gene loci, consistent with

growing evidence for speckle-proximal co-transcriptional

splicing and speckle-coincident post-transcriptional splicing

(Gordon et al., 2021). It is possible that gene loci and corre-

sponding transcripts harboring retained introns are positioned

proximal to speckles to ensure efficient and regulated process-

ing and as a quality control step to ensure complete processing

prior to mRNA export. Moreover, it is interesting to consider that

the speckle-enriched retained introns may contribute to the for-

mation of these structures, potentially by promoting coales-

cence with bound RBPs.

The distinct spatial relationships between nuclear domains,

gene loci, and their corresponding transcripts, may have an

important quantitative and qualitative impact on the splicing of

proximal introns. Notably, we observe that speckles are enriched

for relatively short and high-GC content introns with increased

retention levels, which presumably are more often spliced by

intron definition mechanisms (Amit et al., 2012). In contrast,

genes representing lamin-proximal transcripts have relatively

long and low-GC content introns and are likely to be more often

spliced by exon definition-type mechanisms. Consistently, re-

sults from a concurrent study reveal that the peripheral and cen-
(E) Plot showing the GO terms enriched in genes with retained introns detected

markers.

(F) Bar plot showing percentage of SON-regulated retained introns that overlap w

retained introns that are also cell-cycle-regulated, speckle-associated, retained

ciated retained introns that are not cell-cycle regulated (*p < 0.05, Fisher’s exact

14 Molecular Cell 82, 1–18, March 3, 2022
tral regions of the nucleus harbor genes and corresponding tran-

scripts with similar differential intron length, GC content, and

predicted splicing outcomes (Tammer et al., 2022). The strong

enrichment of speckle-associated retained introns in genes

with functions in transcription, RNA processing, and translation

initiation, further suggests that they could contribute to estab-

lishing cell fate and maintenance by coordinating multiple regu-

latory networks in diverse contexts. Moreover, the extensive

overlap of these retained introns with ‘‘detained’’ introns sug-

gests that many of them may be spliced in rapid response to

changes in cell growth conditions (Boutz et al., 2015; Braun

et al., 2017).

Further supporting the importance of the speckle-associated

retained introns is that a subset are differentially regulated and

function during the cell cycle. Examples are in transcripts encod-

ing themitotic checkpoint kinase AURKB and the CDC2-like dual

specificity kinases CLK1 and CLK4, which control phosphoryla-

tion levels of SR proteins, thereby impacting their associations

with speckles, as well as cell growth and proliferation (Colwill

et al., 1996; Dominguez et al., 2016; Sacco-Bubulya andSpector,

2002). Based on these observations, we propose that the

speckle-associated retained introns are intimately connected

with cell-cycle regulation. Notably, knockdown of SON, which

perturbs speckle integrity and inhibits cell-cycle progression

(Ahn et al., 2011; Lu et al., 2013; Sharma et al., 2010), increases

retention of many of the same introns that show increased

splicing during the M-G1 cell-cycle transition, which coincides

with speckle reassembly followingmetaphase. Thus, speckle for-

mation appears to be coupled to the regulation of speckle-asso-

ciated retained introns that are linked to control of the cell cycle.

Limitations of the study
Consistent with evidence that APEX2-fusions label cellular com-

ponents within an approximate 20 nm radius (Fazal et al., 2019;

Hung et al., 2016), we observe discrete labeling of targeted nu-

clear domains by microscopy, and through detection of signifi-

cantly overlapping profiles of RNA and proteins labeled by

markers residing within the same domains versus different do-

mains. However, the resolution limits of our data are unclear as

they depend on undefined parameters, such as the relative con-

centrations of each APEX2-marker protein, and diffusion rates of

biotin phenol within each domain relative to the surrounding

nucleoplasm. Moreover, although our dual indexing method

identifies transcripts associated with each nuclear domain, it

does not distinguish whether a transcript is concentrated within

or else proximal but within the APEX2-labeling radius of a

domain. As we have shown, differentiating these possibilities re-

quires follow-up RNA-FISH analyses. Future improvements in

mapping resolution may be achieved by the analysis of

increased numbers of markers specific for the same domains,

employment of labeling using ‘‘split’’ enzymes that can be recon-

stituted through fusion with interacting proteins that concentrate
in Group B genes (D) and that are associated with all three APEX2-speckle

ith speckle-associated retained introns (‘‘total speckle’’), speckle-associated

introns that are cell-cycle regulated in Group B (Figure 6D), or speckle-asso-

test).
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in the same domain, andmethods enabling reduced distances or

increased efficiencies of substrate labeling (Benhalevy et al.,

2018; Cho et al., 2020).
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Flag M2 Sigma-Aldrich Cat#F1804; RRID: AB_262044

anti-SRRM2 (Blencowe et al., 2000) N/A

anti-SC35 Sigma-Aldrich Cat#S4045; RRID: AB_477511

Anti-alpha-tubulin Sigma-Aldrich Cat#T6074; RRID: AB_477582

Goat-anti-mouse IgG HRP GE Cat#NA931V

Goat-anti-mouse IgG Alexa 488 Invitrogen Cat#A11001

Goat-anti-mouse IgG Alexa 647 Invitrogen Cat#A21236

Donkey-anti-rabbit IgG Alexa 555 Invitrogen Cat#A31572

Donkey-anti-mouse IgG Alexa 555 Invitrogen Cat#A31570

Alexa Fluor 647 IgG fraction monoclonal

mouse anti-digoxin

Jackson Immunoresearch Cat#200602156

Bacterial and virus strains

Subcloning Efficiency DH5a Competent Cells Thermo Fisher Scientific 18265017

Chemicals, peptides, and recombinant proteins

Human plasma fibronectin EMD Millipore Cat#FC010

Trolox Sigma-Aldrich Cat#238813

Sodium Ascorbate Sigma-Aldrich Cat#11140

Sodium Azide Bioshop Cat#SAZ001

Lipofectamine 2000 Invitrogen Cat#11668019

Dynabeads MyOne Streptavidin C1 Thermo Fisher Scientific Cat#65001

Streptavidin sepharose beads Millipore Sigma Cat#GE 17-5113-01

TRI Reagent Sigma Aldrich Cat#T9424

Biotin-phenol (Biotin tyramide) Sigma Aldrich Cat#SML2135

NeutrAvidin-Oregon Green 488 Conjugate Thermo Fisher Cat#A6374

Hoechst 33342 Sigma Aldrich Cat#B2261

TSA Plus fluorescein Akoya Bioscience Cat#NEL741001KT

TSA Plus Cyanine 3 Akoya Bioscience Cat#NEL744001KT

TSA Plus Cyanine 5 Akoya Bioscience Cat#NEL745001KT

10X PBS, pH7.4 Invitrogen Cat#AM9624

5M NaCl Invitrogen Cat#AM9759

Ultrapure 1M Tris-HCl pH7.5 Invitrogen Cat#15567-027

Ultrapure Distilled water Invitrogen Cat#10977-015

Ribolock RNase Inhibitor Thermo Fisher Cat#EO0381

Buffer RWT QIAGEN Cat#1067933

Hydrogen peroxide solution, 30% (w/w) Sigma-Aldrich Cat#H1009

ProLong Gold Antifade Mountant Thermo Fisher Cat#P36934

Permafluor Mountant Thermo Fisher Cat#TA-030-FM

RNase-Free DNase Set QIAGEN Cat#79256

Digoxigenin-dUTP, alkali-stable Enzo Life Sciences Inc. Cat#ENZ-NUC113-0025

DNA pol I Thermo Fisher Cat#EP0041

DNaseI Sigma-Aldrich Cat#D7291

Herring sperm DNA Sigma-Aldrich Cat#D6898

Human Cot DNA IDT Cat#1080769

Deionized Formamide Bioshop Cat#For001.500

Dextran sulfate Sigma-Aldrich Cat#D8906
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

SensiFAST SYBR� No-ROX Kit BIOLINE Cat#BIO-98005

Maxima First Strand cDNA Synthesis Kit Thermo Fisher Cat#K1671

SuperScriptIII Thermo Fisher Scientific Cat#18080044

RNeasy Mini Kit QIAGEN Cat#74106

OneStep RT-PCR Kit QIAGEN Cat#210210

RNAscope Multiplex Fluorescent Reagent Kit v2 Advanced Cell Diagnostics Cat#323135

RNAscope RNA-Protein Co-Detection Ancillary Kit Advanced Cell Diagnostics Cat#323180

NEBNext Ultra II Directional RNA NEB Cat#E7760S

Illumina NovaSeq, S1 flowcell v1.5, 100-cycle kit Illumina Cat#20028319

Illumina NovaSeq 6000 S2 Reagent Kit Illumina Cat##20028315

Illumina NextSeq 500/550 High-Output Kit v2.5 Illumina Cat#20024906

NEBNext Human/Mouse/Rat rRNA Depletion Kit NEB Cat#E6310

Agilent RNA 6000 Pico Kit Agilent Cat#5067-1513

Deposited data

APEX-Seq of nuclear domains this study GEO: GSE176439

Periodic alternative splicing linked to cell cycle (Dominguez et al., 2016) GEO: GSE81485

SON knockdown RNA-seq (Lu et al., 2013) ArrayExpress: E-MTAB-1687

ENCODE eCLIP and knockdown RNA-seq (Van Nostrand et al., 2020) (https://www.encodeproject.org)

ENCSR456FVU (CLIP), ENCSR369TWP

(RNA-seq)

APEX-MS data this study MassIVE: MSV000087649, PXD026758

Experimental models: Cell lines

Human: Flp-In-293 Cell Line Invitrogen R75007

Experimental models: Organisms/strains

Oligonucleotides N/A N/A

RNAscope Probe - Hs-MALAT1-O7-C3 Advanced Cell Diagnostics Cat#578171-C3

RNAscope Probe - Hs-EIF3G-intron7-C2 Advanced Cell Diagnostics Cat#1057981-C2

RNAscope Probe - Hs-KRAS-O1 Advanced Cell Diagnostics Cat#522961

RNAscope Probe - Hs-MTR-intron1-C2 Advanced Cell Diagnostics Cat#1060151-C2

RNAscope Probe - Hs-EIF1-intron1-C1 Advanced Cell Diagnostics Cat#1057961-C1

RNAscope Probe - Hs-DDX5-intron12-C1 Advanced Cell Diagnostics Cat#1057991-C1

RNAscope Probe - Hs-MST1-O1-C2 Advanced Cell Diagnostics Cat#1057931-C2

Recombinant DNA

pDEST-cDNA5-FRT/TO-3*Flag-APEX2 N-term this study N/A

pDEST-cDNA5-FRT/TO-3*Flag-APEX2 C-term this study N/A

pBACe3.6_RP11-81D7 BACPAC resource center

(Osoegawa et al., 2001)

RP11-81D7

pBACe3.6_RP11-156E5 BACPAC resource center

(Osoegawa et al., 2001)

RP11-156E5

pBACe3.6_RP11-298C17 BACPAC resource center

(Osoegawa et al., 2001)

RP11-298C17

pBACe3.6_RP11-959M8 BACPAC resource center

(Osoegawa et al., 2001)

RP11-959M8

Software and algorithms

vast-tools 2.5.1 (Tapial et al., 2017) https://github.com/vastgroup/vast-tools

DESeq2 (Love et al., 2014) https://github.com/mikelove/DESeq2

debrowser (Kucukural et al., 2019) https://github.com/UMMS-Biocore/debrowser

STAR v2.7.4.a (Dobin et al., 2013) https://github.com/alexdobin/STAR
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REAGENT or RESOURCE SOURCE IDENTIFIER

featureCounts (Dobin et al., 2013) http://bioinf.wehi.edu.au/featureCounts/

R v4.0.2 https://www.r-project.org/

pheatmap N/A https://github.com/raivokolde/pheatmap

ProHits-LIMS (Liu et al., 2010) http://prohitsms.com/Prohits_download/list.

php

Fiji (Schindelin et al., 2012) https://imagej.net/software/fiji/

Funcassociate 3.0 (Berriz et al., 2009) http://llama.mshri.on.ca/funcassociate/

documentation

SAINTexpress v3.6.1 (Teo et al., 2016) N/A

FASTQC (Thrash et al., 2018) https://github.com/s-andrews/FastQC

qualimap (Garcia-Alcalde et al., 2012) http://qualimap.conesalab.org/

ImageJ (Schindelin et al., 2015) https://imagej.net/

Zen black Zeiss N/A

Zen blue Zeiss N/A

Samtools (Li et al., 2009) http://www.htslib.org/

Deeptools (Ramirez et al., 2016) https://deeptools.readthedocs.io/en/develop/

Cytoscape v3.5.1 (Shannon et al., 2003) https://cytoscape.org/cy3.html

Enrichment Map Pipeline Collection v1.0.0 (Merico et al., 2010) https://apps.cytoscape.org/apps/

enrichmentmappipelinecollection

g:Profiler (Raudvere et al., 2019) https://biit.cs.ut.ee/gprofiler/gost

WashU epigenome Browser (Li et al., 2019) https://epigenomegateway.wustl.edu/

Salmon 0.14 (Patro et al., 2017) https://salmon.readthedocs.io/en/latest/

salmon.html
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources, reagents, andmaterials should be directed to and will be fulfilled by the lead contact,

Benjamin J. Blencowe (b.blencowe@utoronto.ca).

Materials Availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

Experimental Model and Subject Details
HEK293 Flp-In cells were grown in DMEM (high glucose; Sigma-Aldrich) supplemented with 10% FBS, non-essential amino acids,

and penicillin/streptomycin. Cells weremaintained at sub-confluent conditions, maintained at 37�Cwith 5%CO2 andwere passaged

every 2-3 days. Parental cell line with no integrated trans-gene was selected with 10mg/mL Blasticidin S, and cell lines with integrated

transgenes were selected with 200mg/mL Hygromycin. For APEX RNA-Seq, imaging or RT-qPCR experiments, plates or cover slips

were coated with 10 mg/mL fibronectin (EMD Millipore Sigma) for 1 hour at 37�C before cell plating.

Data and code availability
The datasets supporting the conclusions of this article have been deposited to the Gene Expression Omnibus (GEO) repository

(GSE176439). Proteomics data has been deposited to the MassIVE repository (https://massive.ucsd.edu/ProteoSAFe/static/

massive.jsp) with the accession number MSV000087649. The raw gel and microscopy images have been deposited to Mendeley

Data (https://data.mendeley.com/datasets/p3m8776742/1). This paper does not report original code. Any additional information

required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHODS DETAILS

Generation of APEX fusion constructs
Backbone of APEX2 expressing vector was amplified from the mito-V5-APEX2 plasmid (Addgene # 72480) (Fazal et al., 2019), and in-

serted into pcDNA5/FRT/TO-FLAG using the Gibson Assembly Cloning kit (NEB). Gateway cloning was used to fuse APEX2 to either to
Molecular Cell 82, 1–18.e1–e9, March 3, 2022 e3
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the 50 or the 30 ends of bait proteins of interest usingORF cDNAs fromavailable entry clones. All constructs generatedwere validated by

Sanger sequencing. Fusion constructs with an N-terminal FLAG-APEX2 sequence include RNPS1, SRSF1, LMNA, FBL, SAM68,

WRAP53, PSPC1, NONO, and COILIN ORFs; whereas constructs with a C-terminal FLAG-APEX2 sequence include SRSF7, PML,

SP100, NPAT, EWSR1, and SMN2 ORFs. Sequences of the oligos used to clone the constructs are provided in Table S10.

Generation of Stable Flp-In-HEK293 Cell Lines
Doxycycline-inducible Flp-In HEK293 cell lines were generated by transfecting 500 ng of each pcDNA5/FRT/TO-based plasmid with

2 mg of plasmid encoding pOG44 recombinase using Lipofectamine 2000 (Invitrogen), as per the manufacturer’s recommendations.

Cell lines with stably integrated constructs were selected and maintained with 10 mg/mL blasticidin S and 200 mg/mL hygromycin B.

Transgene expression was induced by addition of 2 mg/mL doxycycline for 24 hours.

APEX labeling in living cells
The APEX procedure was carried out as described previously (Fazal et al., 2019) with modifications (https://protocolexchange.

researchsquare.com/article/pex-71/v1). Briefly, 24 hours after inducing cells expressing the APEX2 fusion construct, APEX labeling

was performed by changing to fresh growthmedium containing 500 mMbiotin-phenol (Sigma-Aldrich), followed by incubation at 37
�
C

under 5% CO2 for 30 minutes. H2O2 (Sigma Aldrich) was then added to each well to a final concentration of 1 mM and the culture

dishes were gently agitated for 1 minute. The reaction was quenched by replacing the medium with an equal volume of 2X quench

buffer (10 mM Trolox , 20 mM sodium ascorbate, and 20 mM sodium azide in Dulbecco’s phosphate-buffered saline). The cells were

washed one more time with 2X quench buffer before imaging, RT-qPCR or RNA-seq experiments. The unlabeled controls were pro-

cessed identically, except that H2O2 was omitted.

Immunofluorescence staining
After the secondwashwith 2X quench buffer in the APEX labeling protocol, the cells were immediately fixedwith ice-coldmethanol at

–20oC for 15 minutes. Cells were washed three times with 1xPBS and blocked with blocking buffer (4% BSA, 1% FBS, and 0.1%

Triton in 1X PBS) at room temperature for 1 hour. Cells were then incubated with primary antibodies in blocking buffer overnight

at 4
�
C. Antibody dilutions: Mouse SC35-Sigma S4045 at 1:2000; rabbit anti-SRRM2 at 1:5000;mouse anti-FlagM2-antibody-(Sigma

Aldrich #F1804) at 1:1000.) After washing three times with 1xPBS, cells were incubated with secondary detection reagents (Neutra-

vidin-Oregon Green 488, AlexaFluor555 or AlexaFluor647 at 1:1000 dilution) in blocking buffer for 1 hour at room temperature. Sub-

sequently, cells were stained with Hoechst 33258 (Sigma Aldrich) at room temperature for 15minutes to indicate nuclei, then washed

three times with PBS, mounted with Permafluor mountant (Thermo Fisher Scientific), and imaged.

Fluorescence microscopy
The LSM880 with Airyscan Fast (Zeiss) was used for all microscopy experiments at the Imaging Facility at The Hospital for Sick Chil-

dren (SickKids Research Institute, Toronto, Canada). The ZEN black edition software version 2.3 (Zeiss) was used for acquisition. All

images shown were acquired in resolution-versus-sensitivity (R-S) mode with 8 bit, 0.3-0.45 mm z-slices. The oil immersion objective

Plan-Apochromat 63X/1.4 oil DIC M27 was used for all acquisitions.

APEX-MS
APEX-MS experiments were performed using methods adapted from Hung et al. (2016). All APEX-MS experiments were performed

with biological duplicates, and results were compared to the following control samples: 6 bait samples where no H2O2 was added, 2

NLS-APEX2 baits where no H2O2.was added, and 2 each of NLS-APEX2, GFP-APEX2, and FLAG-APEX2 where labeling was cata-

lyzed by addition of H2O2. Cells were pelleted with at least �0.1 g per sample, and snap frozen. For processing, cells were lysed at a

10:1 mL:g ratio in modified RIPA lysis buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 0.1% SDS (w/v), 1%

IGEPAL CA-630 NP-40 Substitute] with freshly added sodium deoxycholate (final 0.5% w/v), protease inhibitors (Sigma-Aldrich

P8340), 5mM Trolox (in DMSO), 10mMSodium Ascorbate (Vitamin C), and 10mMSodium Azide. Trolox, Sodium Ascorbate, and So-

dium Azide were added from freshly made stock solutions. Pellets weighing under 0.1g were treated as 0.1g. After addition of lysis

buffer, samples were solubilized for 20 minutes, gently rotating at 4�C, and all additional steps performed at 4�C incubations were

also performed with gentle rotation. Samples were sonicated at 30% amplitude for 5 sec on, 3 sec off cycles, for 3 cycles, using a

Qsonica sonicator with a CL-18 probe. 1 mL each of TurboNuclease (BioVision Cat#9207-50KU from CEDARLANE) and RNAse

(Sigma-Aldrich) were added to each sample and incubated for 30 minutes at 4�C. Samples were spiked with additional SDS to a final

concentration of 0.25% and incubated for 15minutes at 4�C. Samples were spun at 16,000 x g for 20minutes and the cleared lysates

(supernatants) were transferred to new tubes. At this stage, samples were normalized (by volume) to the cleared lysate of 0.1g pellet

samples. Streptavidin Sepharose beads (GE 17-5113-01) were washed 3X with modified RIPA buffer with 0.4% SDS, and 30 ml (bed

volume) was added to each sample and incubated rotating for 3 hours, 4�C. Samples were washed once with wash buffer (2% SDS,

50mMTris ), oncewithmodified RIPA buffer with 0.4%SDS, and 3Xwith ABC buffer [50mMammonium bicarbonate (pH 8.5), freshly

made]. Samples were spun, supernatant removed, and on-bead trypsin digest of peptides was performed by incubating with 1 mg

trypsin dissolved in 50mL of 50mMABCbuffer, rotating overnight at 37�C. The next day, beadswere spun down and supernatant was

transferred to new tubes. Beads were washed twice more with 50mL of HPLC-grade water, with each wash followed by a spin and
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collection of supernatant that was combined with the initial supernatant from overnight incubation. 0.5 mg trypsin in 50 mM ABCwas

added to the combined digested sample and incubated at 37�C for 4 hours. Fresh 50% formic acid was added to samples to a final

concentration of 2% prior to drying by vacuum centrifugation and subsequent storage at -80�C.

Mass spectrometry acquisition
Each sample (6 mL in 2% formic acid; corresponding to 1/4 of a 15 cm tissue culture dish) was directly loaded at 800 nL/min onto an

equilibrated HPLC column (pulled and packed in-house). The peptides were eluted from the column over a 90 minutes gradient

generated by a Eksigent ekspert� nanoLC 425 (Eksigent, Dublin CA) nano-pump and analysed on a TripleTOFTM 6600 instrument

(AB SCIEX, Concord, Ontario, Canada). The gradient was delivered at 400 nL/min starting from 2%acetonitrile with 0.1% formic acid

to 35% acetonitrile with 0.1% formic acid over 90 minutes followed by a 15-minute clean-up at 80% acetonitrile with 0.1% formic

acid, and a 15-minute equilibration period back to 2% acetonitrile with 0.1% formic acid, for a total of 120min. Tominimize carryover

between each sample, the analytical column was washed for 2 hours by running an alternating sawtooth gradient from 35% aceto-

nitrile with 0.1% formic acid to 80% acetonitrile with 0.1% formic acid at a flow rate of 1500 nL/min, holding each gradient concen-

tration for 5 min. Analytical column and instrument performance were verified after each sample by loading 30 fmol bovine serum

albumin (BSA) tryptic peptide standard with 60 fmol a-casein tryptic digest and running a short 30-minute gradient. TOF MS

mass calibration was performed on BSA reference ions before running the next sample to adjust for mass drift and verify peak in-

tensity. Samples were analyzed with two separate injections with instrument method set to data dependent acquisition (DDA)

mode. The DDA method consisted of one 250 milliseconds (ms) MS1 TOF survey scan from 400–1800 Da followed by ten 100 ms

MS2 candidate ion scans from 100–1800 Da in high sensitivity mode. Only ions with a charge of 2+ to 5+ that exceeded a threshold

of 300 cps were selected for MS2, and former precursors were excluded for 7 seconds after one occurrence.

RNA extraction for RT-qPCR or RNA-seq
After the second wash with 2X quench buffer in the APEX labeling protocol, cells were harvested by scraping them in 2X quench

buffer including 4mL Ribolock RNase inhibitor (Thermo Fisher). The cells were centrifuged for 5 minutes at 200xg at 4
�
C. After aspi-

rating the quench buffer, cells were lysed and processed using the RNeasy plus mini kit (Qiagen) following the manufacturer’s pro-

tocol with minor modifications, including addition of ß-mercaptoethanol to the RLT lysis buffer, washing with the RWTBuffer (Qiagen)

instead of RW1 buffer, and application of the on-column DNaseI digestion (Qiagen). The RNA was eluted in RNase-free water and

quantified using Nanodrop. Equal amounts of RNA were aliquoted prior to streptavidin pull-down of RNA for downstream applica-

tions. Sequences of the oligos used for RT-qPCR assays are provided in Table S10.

Streptavidin pull-down and RT-qPCR of APEX-labeled RNA
To enrich biotinylated RNAs, 40 ml each of Dynabeads� MyOne� Streptavidin C1 magnetic beads (Thermo Fisher) were used per

100 mg of RNA. The beads were washed 3 times in 500mL B&W buffer (5 mM Tris-HCl, pH = 7.5, 0.5 mM EDTA, 1 M NaCl, 0.1%

TWEEN 20 (Sigma Aldrich)), followed by 2 times in 500mL Solution A (0.1 M NaOH and 0.05 M NaCl), and 1 time in 500mL Solution

B (0.1MNaCl). Beadswere then incubatedwith purified RNA (100mg) in 0.05MNaCl with 4ml/400ml Ribolock RNase Inhibitor (Thermo)

at final volume of 800ml at 4
�
C for 2 hours with rotations. Following the incubation step, beads were washed 3 times with B&W buffer,

followed by the elution of RNA from the beads by adding TRI Reagent (Sigma-Aldrich T9424) on the beads and extracting according

to the manufacturer’s protocol. For RT-qPCR experiments, first-strand cDNA was generated by using the Maxima H Minus cDNA

Synthesis Master Mix (Thermo Fisher) according to themanufacturer’s protocol. qRT-PCRwas performed in a volume of 10 mL using

2mL of diluted cDNA, 500 nM primers and 5 mL SensiFAST SYBR No-ROX Kit (Bioline) using a CFX96 Real-Time PCR Detection Sys-

tem (BIO-RAD). The percent recovery quantified by RT-qPCR analysis was calculated as the ratio of RNA/cDNA recovered relative to

matched input controls using the 2(–delta Ct) method.

APEX Labeling of cells expressing paraspeckle marker proteins and coilin
When labeling cells expressing APEX2-tagged paraspeckle marker proteins (NONO, PSPC1, EWSR1), we observed that the FLAG-

APEX2 fusion proteins, as well as endogenous paraspeckle proteins (PSPC1 and SFPQ) showed abnormal patterns of localization

(data not shown). The mislocalization of paraspeckle marker proteins was not observed in cells without H2O2 treatment, nor in

parental HEK293 cells that do not express the APEX2-tagged paraspecklemarkers. These indicated that the APEX2-labeling of para-

speckle components disrupts paraspeckle morphology, and therefore we did not further analyze paraspeckles in this study. The ex-

pected localization pattern of the APEX2-COILIN fusion protein also was not observed, and therefore this marker was omitted from

the study (data not shown).

RNA-Sequencing
After the RNA extraction, RNA-seq libraries were prepared using the NextSeq 500/550 High Output Kit v2.5 (Illumina), NEBNext Ultra

II Directional RNA Library Prep Kit (NEB), NovaSeq 6000 S2 Reagent Kit (Ilumina), with NEBNext Human/Mouse/Rat rRNA Depletion

Kit (NEB). For input RNA samples themedian RIN scorewas 10. 6.5-10 ng of RNA recovered fromAPEX2-marker expressing cell lines

was amplified for 15 cycles, and input RNA samples (500 ng) were amplified for 10 cycles. Ribosomal RNA-depleted samples were

sequenced using lllumina NovaSeq platform with 75-100bp single-end sequencing.
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Immunoblotting
Cells were lysed in Tris lysis buffer (10 mM Tris-HCl pH8.0, 150 mM NaCl, 1% NP-40, and 10% glycerol) and sonicated. Lysate were

further centrifuged at 4
�
C, 17000g for 10 minutes, supernatants were collected, mixed with Laemmli buffer, and heated 5 minutes at

95
�
C. Samples were separated by SDS-PAGE using NuPAGE 4-12%Bis-Tris protein gels (Invitrogen) as per the manufacturer’s pro-

tocol, and transferred to PVDF membrane. Blots were blocked 1hr with 5%milk/PBST, incubated with primary antibodies (anti-Flag

M2 at 1:5000, anti-a-Tubulin at 1:10000 in 5% milk/PBST) for 2hrs. HRP-conjugated anti-mouse secondary antibody was used at

1:5000 in 5%milk/PBST for 45 minutes, immunoblots were developed using the ECL chemiluminescence-detection kit (PerkinElmer)

as per the manufacturer’s instructions.

RNA fluorescence in situ hybridization (RNA-FISH)
To localize whole transcripts and introns associated with nuclear speckle and other nuclear domain markers, RNA-FISH was per-

formed using the RNAscope Multiplex Fluorescent V2 kit (Advanced Cell Diagnostics, Newark, CA) on the HEK293 Flp-In ‘parental’

cell line, or cells with an integrated Flag-APEX-PML transgene (for PML detection), as per the manufacturer’s protocol. Briefly,

cells were seeded in a Nunc Lab-Tek 4-well Chamber Slide (Thermo-Fisher), coated with fibronectin (Millipore Sigma) 24 hours

prior to achieve 70-90% confluency at the time of fixation. Slides were washed and fixed with 4% paraformaldehyde (PFA) for

15 minutes at room temperature, followed by dehydration with a gradient of 50/70/100% EtOH and rehydration of 70%/50%

EtOH and 1x PBS. Next, slides were treated with hydrogen peroxide for 10 minutes at room temperature, followed by washing

with ddH2O three times. For co-localization experiments using immunofluorescence detection, the slides were incubated with

primary antibody (anti-Flag M2 at 1:250 and anti-SRRM2 at 1:1000) overnight at 4
�
C, using the RNAscope RNA-Protein Co-

Detection Ancillary Kit (Advanced Cell Diagnostics), as recommended by the manufacturer. After washing three times in PBST

(PBS+Tween20 0.1%), the slides were fixed again with 4%PFA for 15 minutes at RT, washed three times with PBST, then treated

with protease III (diluted 1:10-1:15 in PBS) for 10 minutes at room temperature. Next, after three washes in PBS, slides were hy-

bridized with RNAscope probes designed to detect MALAT1 and MST1 or KRAS transcripts, or retained intron sequences in EIF1,

MTR, DDX5, EIF3G transcripts (Advanced Cell Diagnostics). Hybridizations were performed at 42
�
C using the HybEZ II Hybridiza-

tion System (Advanced Cell Diagnostics) and detected using the RNAscope Multiplex Fluorescent V2 protocol with TSA plus fluo-

rophores (1:1500-1:4500 dilution for TSA-Cy3; 1:1000 for TSA-Cy5, 1:1500 for TSA Fluorescein) as per the manufacturer’s recom-

mendations. After applying the RNAscope assay, for immunofluorescence co-detection, slides were further incubated with a

secondary antibody (anti-mouse-Alexa488, anti-rabbit-Alexa488 or anti-rabbit-Alexa555 (for SRRM2 detection) at 1:250) for 30 mi-

nutes at RT. Finally, after two washes with PBST, slides were counterstained with DAPI and mounted on coverslips using ProLong

Gold antifade mounting media (ThermoFisher). Images were acquired using an LSM880 confocal microscope with Airyscan mod-

ule (Zeiss) within two days post-hybridization. Intensity settings were applied manually in ZEN blue, based on images with single

channel-only detection.

Dual RNA and DNA fluorescence in situ hybridization (RNA-DNA FISH)
Simultaneous RNA-DNA FISH was performed using a protocol adapted in part from a previous study (Martin et al., 2013), as well

as using conditions recommended for RNAScope FISH. Cells grown in Nunc Lab-Tek 4-well Chamber Slide (Thermo-Fisher) were

fixed, pretreated as per the RNAScope FISH protocol (see above) with the exception that a higher concentration of protease

digestion was used (1:5 dilution of Protease III) for 10 minutes at room temperature. RNAscope FISH was then performed, as

per the manufacturer’s recommendations (see above). Immediately after RNAscope FISH, cells were incubated in 2xSSC for 5 mi-

nutes at 40
�
C, and denatured by incubating in 70% formamide/2x SSC/50mM sodium phosphate pH7.0 for 4 minutes at 73

�
C.

Cells were immediately immersed in an ice-cold ethanol series (70%/90%/100%) for 5 minutes each, then air dried briefly before

DNA hybridization.

DNA-FISH probes were prepared to have a median length of �200bp and were generated using nick translation from BAC clones

(Osoegawa et al., 2001), using DNA pol I (ThermoFisher), DNase I (Sigma-Aldrich), and digoxigenin-dUTP incorporation (Enzo Life

Sciences). 2mg of the labelled BAC probes was diluted into 180mL DNA hybridization buffer (50% formamide/2x SSC/50mM sodium

phosphate pH7.0/10% Dextran Sulfate) with 50-100mg sonicated herring sperm DNA (Sigma Aldrich) and 100ug of Human Cot-1

DNA (IDT). The probe mix was denatured for 5 minutes at 75
�
C immediately prior to hybridization.

Denatured hybridization mixtures were applied to RNAScope-FISH-processed cells and incubated overnight at 37
�
C in humid-

ified chambers. Post-hybridization washes were performed 3 x 5 minutes each with 50% formamide/2x SSC/0.01% Tween-20 at

45
�
C, then 3 x 5 minutes each with 1X SSC/0.01% Tween-20 at 60

�
C. Cells were then blocked with RNAscope co-detection anti-

body diluent (Advanced Cell Diagnostics) for 15 minutes at room temperature, then incubated with Alexa647-conjugated mouse

anti-digoxigenin (Jackson ImmunoResearch) at a dilution of 1:150 in RNAscope co-detection antibody diluent for 60 minutes at

room temperature. After two PBST washes, slides were counterstained with DAPI and mounted with ProLong Gold antifade

mounting media (ThermoFisher). Images were acquired using an LSM880 confocal microscope with Airyscan module (Zeiss) within

1 day post mounting. For background controls, DNA-FISH probes were omitted from the protocol described above (data

not shown).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data-dependent acquisition mass spectrometry analysis
Mass spectrometry data generated were stored, searched, and analyzed using ProHits laboratory information management system

(LIMS) platform (Lambert et al., 2015). Within ProHits‘, WIFF files were converted to an MGF format using the WIFF2MGF converter‘,

and to an mzML format using ProteoWizard (V3.0.10702) and the AB SCIEX MS Data Converter (V1.3 beta). The data were then

searched using Mascot (V2.3.02) (Liu et al., 2016) and Comet (V2016.01 rev.2) (Perkins et al., 1999). The spectra were searched

with the human and adenovirus sequences in the RefSeq database (version 57, January 30th, 2013) acquired from NCBI, supple-

mented with ‘‘common contaminants’’ from the Max Planck Institute (http://maxquant.org/contaminants.zip) and the Global Prote-

ome Machine (GPM; ftp://ftp.thegpm.org/fasta/cRAP/crap.fasta), forward and reverse sequences (labeled ‘‘gi|9999’’ or ‘‘DECOY’’),

sequence tags (APEX2, BirA, GST26, mCherry andGFP) and streptavidin, for a total of 72,481 entries. Database parameters were set

to search for tryptic cleavages, allowing up to 2 missed cleavages sites per peptide with a mass tolerance of 35ppm for precursors

with charges of 2+ to 4+ and a tolerance of 0.15amu for fragment ions. Variable modifications were selected for deamidated aspar-

agine and glutamine and oxidized methionine. Results from each search engine were analyzed through TPP (the Trans-Proteomic

Pipeline, v.4.7 POLAR VORTEX rev 1) via the iProphet pipeline (Eng et al., 2013).

SAINT analysis
SAINT version 2.5.0 was used as a statistical tool to calculate the probability of potential protein-protein associations compared to

background contaminants using default parameters except: bait compression set to 2, control compression set to 2, andminFold set

to 0 (Teo et al., 2016). A 95% FDR iProphet filter was used before running SAINT. AvgP scores of R 0.9 were considered high-con-

fidence protein interactions. All non-human protein interactors (did not start with ‘‘NP’’ in Prey column) were removed from the SAINT

analysis, except for APEX2. Prey-prey and bait-bait correlation heatmapswere generated in ProHits-viz (Knight et al., 2017; Teo et al.,

2016) using SAINTexpress file generated from ProHits, with a minimum Spectral count sum (of two replicates) cutoff of 5, Pearson

correlation, and Euclidean distance settings.

RNA-seq mapping and visualization
All fastq files were first quality checked with FastQC. The RNA-seq libraries generated were mapped to the human reference genome

(GRCh38) with GENCODE v34 gene annotation using the STAR alignment tool (Dobin et al., 2013). The mapped reads were counted

using featureCounts (Liao et al., 2014). To quantify both unprocessed and mature transcripts, reads that map to each gene locus

were counted using the option ‘‘-t gene’’. The mapped data were visualized using WashU Epigenome Browser (Li et al., 2019). To

generate genome tracks, samtools was used to merge data from two biological replicates of each pull-down and convert to bigwig

file using bamCoverage in Deeptools with CPM normalizing (Li et al., 2009; Ramirez et al., 2016). The sequencing reads displayed a

high percentage (�85%) of uniquely mapped reads (Figure S2A), with an average correlation between sequenced replicates of

r=�0.9 (Pearson’s Correlation; Figures S2C and S2D, and data not shown). For splicing analyses, reads were trimmed to 50 nucleotide

segments for vast-tools analysis.

Differential gene expression analysis using DESeq2
Genes differentially enriched in APEX2 pull-downs were determined with DESeq2 (Kucukural et al., 2019; Love et al., 2014) with count

tables from featureCounts and first removing genes with <10 reads in any one sample, and by using a threshold of p.adj < 0.05 and

log-fold-change (LFC) > 0.5. This study focused on analyzing transcripts enriched in nuclear domains, therefore unless specified, the

nuclear-localizing APEX2-NLS fusion was used as control. The main rationale for applying this control in most of our analyses is that

APEX2-NLS has a relatively specific and uniform nucleoplasmic distribution, whereas APEX2-GFP and APEX2-FLAG display less

intense nuclear localization and substantial cytoplasmic signal (data not shown). Based on these observations, and also the numbers

of transcripts and alternative splicing events enriched in the control pull-down samples, APEX2-NLSwas considered to represent the

most appropriate background control for the APEX2-nuclear domain marker labelling analyses.

Evaluation of sequence features of APEX2-marker enriched transcripts
For transcripts enriched in the APEX2 pull-downs compared to NLS control, an APEX-bait specific weighted mean for each gene

based on the GC content and length of all GENCODE-annotated isoforms of the corresponding genes was calculated where the

weights are relative isoform abundances quantified by the Salmon pipeline (Patro et al., 2017). For the ‘‘all transcripts’’ control, all

transcripts expressed in the HEK293 APEX-NLS sample (cRPKM > 1) were used to calculate weights as described above. In order

to investigate characteristics of the genomic loci encoding transcripts associated with nuclear domain markers, we extracted the

genomic positions of associated transcripts and quantified the percentage that overlap with TSA-Seq distance bins (Chen et al.,

2018) or Hi-C sub-compartments (Liu et al., 2021).

Dual-index scoring method to identify transcripts uniquely associated with each nuclear domain
In order to identify transcripts that are specifically associated with each targeted nuclear domain, we established a dual index scoring

method. Index 1 assesses the enrichment of a transcript with a nuclear domainmarker in comparison to other nuclear domainmarker
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pull down samples, as well as the NLS, FLAG andGFP control pull-down samples. To calculate this, themarkers for a nuclear domain

of interest were compared to all the pull-down samples from all the other nuclear domain marker proteins combined using DESeq2

after filtering by requiring a threshold of p.adj < 0.05 and LFC > 0. Next, a second DESeq2 comparison using the same thresholds was

performed between the markers for a nuclear domain of interest and a combination of NLS, FLAG and GFP pull-down samples. For

enriched transcripts that overlap between the two comparisons, index 1 was calculated as the quantile of the LFC value from the first

comparison (i.e. vs. all the other nuclear bodymarkers). Index 2 represents the reverse quantile of the DESeq2 LFC value from a com-

parison between the input sample corresponding to a given APEX2 pull-down vs. the combination of the NLS, FLAG and GFP inputs.

Therefore, transcripts with the highest enrichment levels in a nuclear domain of interest over the other nuclear body markers, and the

controls, harbor high Index 1 scores. Index 2, on the other hand, measures the extent of increased expression of a transcript due to

expression of the APEX2 nuclear marker fusion protein. Therefore, a transcript with a high expression level in the input of an APEX2

pull down sample versus input samples from the NLS, FLAG andGFP controls is assigned a low Index 2 score. Thus, a transcript with

high Index 1 and Index 2 scores has strong enrichment in an APEX2 nuclear marker pull-down over the other pull-down samples,

without showing increased expression in the input controls. To mitigate skewing of Index scores for genes with relatively low expres-

sion, we initially removed genes from the analysis with an expression <10 reads in any given sample (see above). Nevertheless, to

assess whether the dual index scores might be biased for relatively lowly or highly expressed genes, we plotted the Index 1 and

2 scores against transcript abundance (cRPKM). This revealed a weak correlation (r = �0.15) between transcript abundance and in-

dex scores corresponding to transcripts labelled by the nuclear speckle, lamina, SAM68 and PML bodymarkers (data not shown). As

such, we concluded that the index scores are not strongly influenced by transcript abundance.

Post-processing and fluorescence microscopy analysis
Airyscan super-resolution raw data were deconvoluted and processed using ZEN black edition version 2.3 (release version 11.0,

Zeiss). Maximum intensity projections (MIP) were used to merge the z-stacks and intensify signals. Pixel intensity display settings

were automatically applied with ‘linear best-fit analysis’ to the entire field of view for the DAPI channel, and manually for the other

channels separately using ZEN blue edition (Zeiss). The same thresholds were used for APEX-labelled and unlabeled samples.

Z-stacks for all images were analyzed and confirmed that quantified signals are within the nuclear volume (i.e. overlapping with

DAPI signal).

RNAScope fluorescence in situ hybridization quantification
Images acquired with the LSM880 Airyscan Fast instrument provide increased sensitivity when compared to standard confocal mi-

croscopy, which can be differentiated during post-acquisition image processing. The analysis flow is described in Figures S3C and

S3D. After merging z-stack planes (each 0.40 mm) by MIPs, the ‘best fit’ model (Zeiss Zen) was used to preliminarily adjust intensity

thresholds. Next, marker and gene/intron foci were selected with a set threshold based on the average signal intensity across ac-

quired images using Fiji/ImageJ (Schindelin et al., 2015). Then, gene/intron foci (i.e regions of interest, ROIs) were selected by using

ImageJ/Fiji’s ‘‘analyze particles’’ tool. The assigned ROIs of the different introns and genes displayed a consistent distribution (Fig-

ure S3D). These ROIswere then overlaid with themarker channel (i.eMALAT1 or PML), and the fluorescent intensities ofmarker chan-

nel within each ROI, relative to themin/max fluorescent intensity scale of the channel (minimum intensity being 0, andmaximum as 1),

were quantified in �67 cells on average. For analyzing foci located at the nuclear periphery (Figure 5D), boundaries were calculated

by using the ROIs of the nuclear DAPI staining and intron foci that either overlapped within 0.5 mm of the nuclear boundaries (consid-

ered ‘‘peripherally located’’), or all the other intron foci (considered as ‘‘interior located’’). For quantification of KRAS foci in Figures 2J

and 2K, only those foci that localize in the nucleus were included in the analysis. All statistical tests used for microscopic quantifica-

tions are two-sided unless otherwise indicated.

Differential alternative splicing analysis
Alternative splicing analysis of RNA-Seq was performed with vast-tools version 2 (Tapial et al., 2017). Differential alternative splicing

was scoredwith vast-tools’ diff module, requiring |dPSI|R5%andMV_dPSI_at0.95CI > 0. For Figures 4A, S6A, and S6B, only events

that meet the minimum threshold in all pull-down samples (score 1 or 2 of read coverage above OK/LOW/VLOW in vast-tools), and

have significant changes in at least one nuclear domain marker pull-down were considered. To normalize the potential effect of a

change of alternative splicing caused by nuclear domain marker protein expression, we analyzed RNA-seq data from the corre-

sponding input samples. A linear regression model was used to evaluate the relationship between alternative splicing changes of

events in pull-down samples (vs NLS pull-down) and in input samples (vs NLS input) and used the residuals of pull-down dPSI after

linear regression (i.e after normalizing for PSI changes in the input comparison) as corrected dPSI in Figure 4A, S6A, and S6B.We did

not observe a significant effect of input differential AS on pull-down differential AS levels (Figure S5C).

Nuclear speckle-associated introns were defined as intron retention events that are more retained in all three nuclear speckle

marker pull-downs compared to the NLS control pull down (dPSIR5% and MVdPSI>0). To evaluate features of intron retention

events associated with nuclear speckle and LMNA, %GC content and lengths of the introns were plotted and compared to a set

of 10,000 introns randomly selected from events that were reliably detected by vast-tools in NLS input samples (score 4 of read

counts mapped to exon-exon and exon-intron junctions > 10, score 5 of read balance > 0.05, see https://github.com/vastgroup/

vast-tools#combine-output-format).
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Extended analysis of intron retention levels of nuclear speckle and LMNA associated transcripts
Transcripts differentially enriched in APEX2 pull-downs were called using a threshold of p.adj < 0.05 and LFC > 0.5 as specified

above. Only genes with more than three introns and which have at least 75% of the introns quantified by vast-tools (with less

than 25% of NAs in vast-tools combine table) were considered in the analysis. Percentages of introns per gene, where the introns

have PIR>5%, were quantified and plotted, after removing intron retention events with insufficient coverage for quantification.

Regulation of nuclear speckle and LMNA associated introns across tissues
Intron retention across cell and tissue types in VastDB (https://vastdb.crg.eu) (Tapial et al., 2017) was analyzed for introns that were

enriched in APEX2 pull-downs for speckle markers, LMNA, or a set of random introns as defined above. VastDB PIR values were first

filtered by quality scores (score 4 > 10, score 5 > 0.05), and subsamples of the same sample type according to the VastDB sample

annotation were averaged. In each subsample, the percentage of introns among introns associated with speckles, LMNA or random

introns with a PIR > 20 was scored.

Overlap of nuclear speckle and LMNA associated introns with RNA binding protein interaction sites and knockdown
dependent introns
ENCODE knockdown RNA-seq data was processed with vast-tools v2 as described above requiring |dPSI| R 5% and

MV_dPSI_at0.95CI > 0. Only intron retention events that are reliably detected in APEX2 pull-down samples and HepG2 RNA-Seq

data (score 4 > 10, score 5 > 0.05), and whose host genes are expressed both in HEK293 and HepG2 cells (ENCODE, FPKM>3)

were considered. RNA binding proteins with nuclear speckle localization/association were defined based on a BioID proximity

map of the HEK293 nuclear body proteome generated by B.J.A.D. and A.-C. G (manuscript in preparation). Nuclear-localizing

non-speckle proteins were defined as proteins annotated as nuclear (Van Nostrand et al., 2020), and not annotated as speckle-local-

izing by either ENCODE or by BioID proximity mapping data. For each intron, the fraction of nuclear speckle proteins whose knock-

down caused its increased retention, minus the fraction of non-speckle nuclear factors causing increased retention, was used to test

for the intron being preferentially regulated by nuclear speckle proteins.

eCLIP data from ENCODEwas analyzed by downloading IDR-filtered narrow-peak BED files of eCLIP-seq experiments performed

in HepG2 from the ENCODE data portal. For each intron in the three groups mentioned above, the difference in the fraction of RBPs

from among annotated speckle proteins and nuclear-localizing non-speckle proteins that have a peak, as well as the difference in

mean peak density (peaks/kb) between the two groups of RBPs, were scored. Figure 6H and 6I, respectively, show the cumulative

distributions of these metrics, while Figures S6G and S6H show the fraction of bound RBPs and peak density for both groups

separately.

Gene set enrichment analysis
To assess functional enrichment of genes with introns preferentially enriched with nuclear speckle markers or LMNA, we first ob-

tained enriched terms using the G:GOSt module of g:Profiler with a custom gene space comprising all genes with introns within

VastDB that survived quality filtering described above and the ‘custom over all known genes’ option, with the three GO domains

as annotation sources. Only terms comprising at least 5 and at most 1000 genes, and with an intersection with the input of at least

3 genes, were considered. Results were uploaded to the Cytoscape app EnrichmentMap together with the gene space GMT file from

g:Profiler. A network was constructed using the default parameters. Node size wasmapped to intersection size, node border to FDR,

and edge width was mapped to overlap represented as the Jaccard coefficient between pairs of nodes. Nodes above an FDR cutoff

of 0.05 and edges with a Jaccard coefficient above 3.75 were displayed. The AutoAnnotate app in Cytoscape was then used to clus-

ter nodes with default settings, and cluster names were manually curated from automatically generated three-word cluster labels.

Cell cycle associated alternative intron retention
Analyzed cell cycle-associated intron retention events are from Dominguez et al. (2016). Overlapping intron retention (IR) events de-

tected in the APEX2-nuclear marker pull down data (with cutoffs of dPIR > 5% andMV_dPSI_at0.95CI > 0) were included in the anal-

ysis. Clusters of IR events with similar splicing patterns were identified by EuclideanDistancED (Dominguez et al., 2016) and assigned

to distinct clusters (Figure 7D, cluster A-G). Genes enriched in Cluster B overlapping speckle-associated IR events were analysed for

functional enrichment compared to a background of genes assessed for IR events using FuncAssociate 3.0 (Berriz et al., 2009). The

background set represents genes with intron retention events reliably detected using vast-tools (score 4 > 10, score 5 > 0.05) in

HEK293 cells with FDR multiple test correction.

Statistical Analysis
All statistical tests were two-sided, unless stated otherwise. If multiple tests were carried out on the same data, p-values were cor-

rected for multiple testing by Bonferroni correction or as stated in the Results.
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