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Supplementary figures 

Figure S1. Additional analysis and validation of INSE calculation. (A) 2D histogram showing 
the correlation between INSE determined through targeting SON and SRRM2 in HepG2 cells. Genes 
with lfcSE<1 from DESeq analysis of ARTR-seq are included. “N” reports the total number of 
genes included in each plot, and “R” reports Pearson’s correlation coefficient. Linear function (y 
= ax+b) is used to fit INSE,SRRM2 to INSE,SON and labeled in the 2D histogram. (B) Comparison of the 
adjusted P-value for each gene in DESeq analysis of speckle enrichment between targeting SON 
and SRRM2 in HeLa and HepG2 cells. Data using SON antibody shows less variation than data 
using SRRM2 antibody. P-values are calculated using unpaired t-test. “N” reports the number of 
genes included in each comparison. The fraction of genes with adjusted P-value less than 0.05 (adj 
P < 0.05) in each case is labeled above each box plot. (C) Additional RNA FISH imaging 
validation of ARTR-seq on selected genes. COL7A1, HMG20B, U2AF2, SFPQ and NCL 
transcripts were imaged in HeLa cells. COL27A1 and ABCC2 transcripts were imaged in HepG2 
cells. Nuclear speckles were stained with AF488-labeled antibodies against SRRM2 (green), 
RNAs were labeled with AF647-labeled FISH probes (magenta), and nuclei were stained with 
DAPI (grey). Scale bar: 10 μm. 



Figure S2: Comparison between ARTR-seq and APEX-seq methods for nuclear speckle 
transcriptome analysis. 2D histogram showing the correlation between INSE (in log2 scale) 
determined by ARTR-seq in HeLa cells (A) or HepG2 cells (B) and Index 1 from APEX-seq (5). 
A higher Index 1 indicates higher speckle enrichment. Genes with lfcSE<1 from DESeq analysis 
of ARTR-seq, and with Index 2 > 0.5 in APEX-seq are included. This Index 2 threshold filters out 
genes exhibiting large expression level change upon expressing APEX-fused proteins. “N” reports 
the total number of genes included in each plot, and “R” reports Pearson’s correlation coefficient. 



Figure S3: Impact of Plad B treatment on nuclear speckles. (A) Representative images of co-
staining of SON and SRRM2 in nuclear speckles in the no treatment (NT) and Plad B treatment 
(+Plad B) conditions. SON was stained with AF488 labeled antibodies (green). SRRM2 was 
stained with CF568 labeled antibodies (magenta). Nuclei were stained with DAPI (grey). Scale 
bar: 5 μm. Violin plots of (B) speckle size, (C) number of speckles per cell, (D) total SON and 
SRRM2 intensity in the nucleus of each cell (left) and in speckles of each cell (right), (E) average 
SON and SRRM2 intensity in the nucleus of each cell (left) and in speckles of each cell (right). (F) 
Nuclear speckle enrichment of SON and SRRM2 relative to nucleoplasm (RNS/NU) is calculated as 
the ratio of the average intensity of SON/SRRM2 signal in speckles to the average intensity in the 
nucleoplasm. (G) IRFinder analysis (49) to identify intron excision affected by Plad B treatment. 
The number of intron retention events with more than 15% increase (∆IR>15%) or decrease (∆IR<-

15%) are labeled. (H) Percentage of Group A, B and C genes without and with taking the subset of 
genes containing ∆IR>15% introns. “N” reports total number of speckles in (B), total number of 
cells in (C)-(F), number of introns identified in (G) and number of genes in (H). P-values are 
calculated using unpaired t-test in (B)-(F) and using Fisher’s exact test in (H). 



Figure S4:  The ratio between the number of reads mapped to an intronic position 100 nt 
from a splice site (IN) to those mapped to an exon-intron boundary (EI). Without any intron 
lariats or lariat intermediates, a theoretical value of 1 would be expected, since each unexcised 
intron has the same contribution to the numerator and to the denominator. Intron lariats or lariat 
intermediates are expected to increase this value because they contribute more to the numerator 
than to the denominator. Consistent with the rapid degradation of lariats (32), nuclear RNA-seq 
and polyA RNA-seq do not show values greater than 1, suggesting insignificant impact of lariats. 
The discrepancy from the theoretical value is likely attributable to sequencing biases. We therefore 
do not expect ARTR-seq to capture a significant number of lariats or lariat intermediates. Indeed, 
both ARTR-seq with SON antibody and without a primary antibody show a similar ratio larger 
than 1, also likely due to sequencing biases in this method. Specifically, it is possible that in situ 
reverse transcription in crosslinked samples may be sensitive to the presence of spliceosomal 
complexes around splice sites, slightly reducing the number of EI reads.  



Figure S5: Comparison between ARTR-seq and TSA-seq in HepG2 cells and additional 
control images for GOLD FISH and RNA FISH.  (A) 2D histogram showing the correlation 
between INSE(intron) or INSE(exon) (in log2 scale) determined by ARTR-seq in HepG2 cells and TSA 
score from TSA-seq in K562 cells. Genes with higher TSA scores are closer to speckles. (B) To 
exclude the possibility that the combination of GOLD FISH and RNA FISH compromised the 
specificity of RNA FISH, intron-targeting RNA FISH probes for LAMA5 transcripts are split into 
two sets labeled with AF647 and CF568 (RNA probe set 1 and RNA probe set 2). Specific RNA 
probe binding should generate colocalized signals from the two RNA probe sets. The two-color 
RNA FISH signals show ~86% colocalization, validating the specificity of transcript detection. (C) 
Distributions of the number of RNA foci detected using RNA probe set 1 and RNA probe set 2 are 
consistent with the number of RNA foci detected in the GOLD FISH and RNA FISH co-staining 
(data from Figure 4I), further validating that the combination of GOLD FISH and RNA FISH did 
not compromise the accuracy of RNA foci detection.  “N” reports total number of cells included 
in the histogram, collected from 3 biological replicates.  



Figure S6: Correlation between transcript speckle enrichment and transcript abundance. 2D 
histogram showing the correlation between INSE(exon) or INSE(intron) determined by ARTR-seq using 
TPM (in log2 scale) from (A) polyA RNA-seq in HeLa cells or HepG2 cells; (B) rRNA-depleted 
nuclear RNA-seq in Hela cells or HepG2 cells; (C) GRO-seq in HeLa cells (38). TPM: transcripts 
per million reads. TPM was calculated by RSEM (71). Genes with lfcSE<1 from DESeq analysis 
of ARTR-seq are included. “N” reports number of genes included in each plot, and “R” reports 
Pearson’s correlation coefficient. 



Figure S7: Transcript speckle enrichment is associated with splicing timing and efficiency in 
HepG2 cells. (A) Violin plot comparing INSE values of in-order excised introns, concurrently 
excised introns, and out-of-order excised introns, as classified by CoLa-seq (39). (B) Violin plot 
comparing INSE(exon) or INSE(intron) values of transcripts containing different numbers of post-
transcriptionally excised introns, as characterized by nanopore RNA-seq (40). (C) Violin plot 
comparing INSE(exon) or INSE(intron) values of transcripts containing minor splice sites and those 
without (42). In (A) and (C), P-values calculated with unpaired t-tests are reported above each 
violin plot. “N” reports the total number of introns or genes in each comparison. (D-E) Fraction of 
unexcised introns (EI/(EI+EE)), calculated as in Figure 2A, for Group A, B and C genes under NT 
conditions at the polyA (determined from polyA RNA-seq) and nuclear RNA level (determined 
by nuclear RNA-seq). The two RNA-seq replicates were calculated individually. Each bar in (D)-
(E) reports the mean of the two replicates. P-values are calculated with unpaired t-tests.



Figure S8: Genome tracks and electrophoresis analysis of additional selected genes in RT-
PCR assay. (A) Genome tracks showing polyA RNA-seq (pink) and nuclear RNA-seq (blue) 
under NT and Plad B treatment conditions for additional selected Group A genes (COL7A1, 
MYO1C), Group B genes (KRT18, RPS21) and Group C genes (CALR, RFX5, TPI1). Selected 
introns are highlighted in cyan and red for efficiently excised introns and inefficiently excised 
introns respectively. (B) Representative images of immunofluorescence staining of SON (using 



AF488, green) and SRSF1 (using CF568, magenta). SRSF1 is moderately enriched in nuclear 
speckles and is uniformly distributed throughout nucleoplasm upon speckle disruption. Scale bar: 
5 μm. (C) Electrophoresis analysis of RT-PCR products from Group A gene (COL7A1, MYO1C), 
Group B gene (KRT18, RPS21), and Group C genes (CALR, RFX5, TPI1), either upon double 
knockdown of SON and SRRM2 (KD), or treatment with control siRNA (siC). Asterisks denote 
unknown bands, which were not considered in the calculation of apparent fraction of unexcised 
intron. 



Figure S9: Effect of speckle disruption by CLK1 overexpression on splicing. (A) 
Representative immunofluorescence images showing nuclear speckles in control (-CLK) and 
CLK1 overexpressed (+CLK) cells. Nuclear speckles were stained with AF488 labeled antibody 
against SON antibody (AF488, green) and SRRM2 (AF647, blue). Nuclei were stained with DAPI 
(grey). Cells with RFP-CLK1 overexpression show high RFP signal (magenta). Scale bar: 10 μm. 
(B) Histograms of SON and SRRM2 immunofluorescence intensity distribution of cells with and



without CLK1 overexpression. (C) Violin plot showing the number of speckles per cell with and 
without CLK1 overexpression. “N” reports total number of cells included in each plot in (B) and 
(C). Intensity threshold was applied based on the total intensity of SON and SRRM2 to select 
nuclear speckles. (D) Representative electrophoresis analysis of RT-PCR products from THOC6 
(intron 11), RPS21 (intron 2) and NCL (intron 13) in control and CLK1 overexpressed cells. (E) 
Apparent unexcised fractions of selected introns are calculated by ratios of the intensity of the 
unexcised band and the sum of the unexcised band and excised band. The intensity of bands was 
quantified using Fiji. Error bars report standard deviation from three biological replicates. P-values 
are calculated with unpaired t-tests in (C) and (E). 



Figure S10: RNA sequence features correlated with speckle enrichment. Comparison of 
transcript speckle enrichment in each bin based on mean exon length, mean exonic GC content, 
mean intronic GC content, mean intron length (log2 scale) and gene length (log2 scale) of each 
transcript for (A) INSE(exon) HeLa cells under NT condition; (B) INSE(exon) in HepG2 cells under NT 
condition; (C) INSE(intron) in HeLa cells with Plad B treatment. Genes with lfcSE<1 from DESeq 
analysis of ARTR-seq are included. “N” reports total number of genes included in each plot. “R” 
reports Pearson’s correlation coefficient calculated using unbinned data in each plot. (D) 2D 
histogram showing the correlation between mean intron length and total gene length. “N” reports 
total number of genes. “R” reports Pearson’s correlation coefficient. 





Figure S11: Additional regression analyses on transcript speckle enrichment under NT 
condition. Input parameters and other related details of the regression model are described in the 
main text and Methods. (A) The exon-centric regression model reveals contributions from GC 
content, mean intron length, individual exon length, and a combination of splice site strength, 
exonic ML score and flanking intronic ML score to the transcript speckle enrichment INSE(exon) 
values under NT in HepG2 cells. (B-C) The intron-centric regression model reveals contributions 
from GC content, mean intron length, individual exon length, and a combination of splice site 
strength, intronic ML score and flanking exonic ML score to INSE(exon) values in HeLa cells under 
NT (B), and in HepG2 cells under NT (C). (D) The exon-centric regression analysis on INSE(intron) 
values in HeLa cells under NT. “N” reports the number of genes in the regression analysis, and 
“R” reports Pearson’s correlation coefficient. 



Figure S12: Comparison of GC content, intron length, and splicing-related features in Group 
A, B, and C transcripts. GC content and intron length of Group A, B and C genes are shown in 
violin plots. P-values are calculated using unpaired t-test. Splicing-related features represented as 
a combination of ML score with splice site strength for Group A, B and C genes are shown in 
heatmaps. The color bar indicates the log2 fold change of counts of each splicing-related 
combination compared to expected counts. Blue: a combination with lower-than-expected count 
(depleted); red: a combination with higher-than-expected count (enriched).  



Figure S13: Regression analysis on transcript speckle enrichment under heat shock. The 
exon-centric regression analysis on INSE(exon) values in HeLa cells upon heat shock. “N” reports the 
number of genes in the regression analysis, and “R” reports Pearson’s correlation coefficient. 



Figure S14. INSE calculation using normalization to nuclear RNA-seq. (A) 2D histogram 
showing the correlation between mapped reads to each gene from ARTR-seq without primary 
antibody (N-priAB) and rRNA-depleted nuclear-RNA seq (Nnu-RNA) (left) or polyA RNA-seq (NpolyA-

RNA) (middle), and the correlation between TPM (in log2 scale) from nuclear RNA-seq (TPMnu-

RNA) and TPM (in log2 scale) from polyA RNA-seq (TPMpolyA-RNA) (right). (B) 2D histogram 
showing the correlation between INSE determined through targeting SON and SRRM2 in HeLa and 
HepG2 cells. INSE was calculated by differential analysis between a background corrected NSON (or 
NSRRM2) and Nnu-RNA. Genes with lfcSE<1 from DESeq analysis of ARTR-seq are included. Linear 
function (y = ax+b) is used to fit INSE, SRRM2 to INSE,SON and labeled in each 2D histogram.  (C) 
Correlation between INSE and RNS/NU values determined by RNA FISH imaging as in Figures 1E 
and S1C. Since Nnu-RNA reflects the nuclear RNA abundance, INSE calculated using normalization 
to Nnu-RNA reports the ratio of RNA concentration in nuclear speckles to the RNA concentration in 
nucleoplasm. RNS/NU value is defined by the ratio of RNA intensity in speckles to the RNA 
concentration in the nucleoplasm, equivalent to INSE determined using this normalization method. 
“N” reports the total number of genes included in each plot, and “R” reports Pearson’s correlation 
coefficient. 



Figure S15. Characterization of nuclear speckle-enriched transcriptome using ARTR-seq 
with SRRM2 antibody. (A) Correlation between speckle partition coefficient (RNS/cell) measured 
by RNA FISH imaging and INSE values determined by ARTR-seq using SRRM2 antibody. RNS/cell 
is calculated as described in Figure 1F. (B-C) 2D histogram showing the correlation between 
INSE(intron) (B) or INSE(exon) (C) in HeLa cells and TSA score from TSA-seq in K562 cells. Genes with 
higher TSA scores are closer to speckles. (D) Violin plot comparing INSE values of in-order excised 
introns, concurrently excised introns, and out-of-order excised introns, as classified by CoLa-seq. 
(E) Violin plot comparing INSE(exon) or INSE(intron) values of transcripts containing different numbers
of post-transcriptionally excised introns, as characterized by nanopore RNA-seq. (F) Violin plot
comparing INSE(exon) or INSE(intron) values of transcripts containing minor splice sites and those
without. (G) The exon-centric regression model reveals contributions from GC content, mean
intron length, individual exon length, and a combination of splice site strength, exonic ML score
and flanking intronic ML score to the transcript speckle enrichment INSE(exon) values under NT in
HeLa cells. “N” reports the number of genes included in the analysis in (A)-(C), (E) and (G), and
number of introns in (D) and (F). “R” reports Pearson’s correlation coefficient. P-values calculated
with unpaired t-tests are reported above each violin plot in (D) and (F).
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