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ABSTRACT

Steps of MRNA maturation are important gene regulatory events that occur in distinct
cellular locations. However, transcriptomic analyses often lose information on the
subcellular distribution of processed and unprocessed transcripts. We generated
extensive RNA-seq datasets to track mMRNA maturation across subcellular locations in
mouse embryonic stem cells, neuronal progenitor cells, and postmitotic neurons. We find
disparate patterns of RNA enrichment between the cytoplasmic, nucleoplasmic and
chromatin fractions, with some genes maintaining more polyadenylated RNA in
chromatin than in the cytoplasm. We bioinformatically defined four regulatory groups for
intron retention, including complete cotranscriptional splicing, complete intron retention
in the cytoplasmic RNA, and two intron groups present in nuclear and chromatin
transcripts but fully excised in cytoplasm. We find that introns switch their regulatory
group between cell types, including neuronally excised introns repressed by
polypyrimidine track binding protein 1 (PTBP1). Notably, transcripts for the neuronal
gamma-aminobutyric acid type B receptor subunit 1 (GABBR1) are highly expressed in
mMESC but are absent from the cytoplasm. Instead, incompletely spliced Gabbrl RNA
remains sequestered on chromatin, where it is bound by PTBP1 similar to certain long
non-coding RNAs. Upon neuronal differentiation, Gabbrl RNA becomes fully processed
and exported for translation. Thus, splicing repression and chromatin anchoring of RNA
combine to allow posttranscriptional regulation of Gabbrl over development. For this
and other genes, polyadenylated RNA abundance does not indicate functional gene
expression. Our datasets provide a rich resource for analyzing many other aspects of

MRNA maturation in subcellular locations and across development.
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INTRODUCTION

After transcription initiation, the maturation of pre-messenger RNA (pre-mRNA)
requires splicing, polyadenylation, and release of the RNA from the chromatin template,
before export to the cytoplasm for translation. For many genes, the bulk of expressed
RNA exists in the cytoplasm as mature mRNA, while nascent, intron-containing
transcripts are limited to small nuclear puncta at the sites of transcription (Vargas et al.
2011; Coulon et al. 2014). For other genes, unspliced introns may remain after transcript
completion but are ultimately excised to allow export (Girard et al. 2012; Popp and
Maquat 2013; Stewart 2019). These nuclear transcripts are not necessarily found at their
gene loci but some polyadenylated transcripts, including many non-coding RNAs, are
tightly associated with chromatin (Quinn and Chang 2016). Although proteins affecting
processes such as DNA template release, RNA export, and nuclear RNA decay have
been identified (Schmid and Jensen 2018; Stewart 2019), the global distribution of RNA
transcripts between subcellular compartments, and the alteration of their maturation and
location with development have not been well studied.

In earlier studies, we examined the kinetics of transcription, splicing, and nuclear
export for macrophage transcripts induced by inflammatory stimuli (Bhatt et al. 2012;
Pandya-Jones et al. 2013). By following inflammatory gene transcripts, we found that
partially spliced but polyadenylated transcripts in the chromatin fraction completed
splicing over time, and were released to the soluble nucleoplasmic fraction before
appearing in the cytoplasm as functional mMRNAs (Bhatt et al. 2012; Pandya-Jones et al.
2013). These studies focused on introns whose slow splicing impacted the rate of
inflammatory gene expression. However, polyadenylated, partially spliced RNA has
been long been observed in nuclei where its interactions and localization are largely

unknown.
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The above analyses used a fractionation procedure to enrich for nucleoplasmic
or chromatin-associated RNA (Wuarin and Schibler 1994; Pawlicki and Steitz 2008;
Pandya-Jones and Black 2009; Khodor et al. 2012; Herzel and Neugebauer 2015; Yeom
and Damianov 2017). Nucleoplasmic and chromatin compartments are operationally
defined as the supernatant and pellet fractions, respectively, after nuclear lysis in a
stringent buffer containing NP-40, Urea, and NacCl. This solubilizes many components
such as the U1 snRNP, while leaving other molecules associated with the high
molecular weight chromatin pellet (Wuarin and Schibler 1994). The cytoplasmic fraction
is enriched for mature mRNA, while the nucleoplasmic fraction contains recently
matured transcripts released from the chromatin that have not yet reached the
cytoplasm (Bhatt et al. 2012; Pandya-Jones et al. 2013), as well as some mature
MRNAs associated with ER and mitochondria (Yeom and Damianov 2017). The
chromatin pellet is enriched for nascent RNA bound by elongating RNA Pol Il, but also
contains substantial polyadenylated RNA, including the Xist non-coding RNA tightly
bound to chromatin (Pandya-Jones et al. 2020), and the Malatl non-coding RNA, which
is enriched in nuclear speckles that are adjacent to chromatin but only partially in contact
with it (Hutchinson et al. 2007; Fei et al. 2017).

The consequences of intron retention are diverse and complex to dissect. Splice
sites and binding of spliceosomal components can prevent nuclear RNA export
(Hautbergue 2017; Stewart 2019; Garland and Jensen 2020). Nevertheless, some intron
containing transcripts are exported to the cytoplasm as alternative mRNA isoforms that
either encode an alternative protein or are subject to altered translation and decay
(Jacob and Smith 2017; Wegener and Muller-McNicoll 2018). Other introns slow to be
excised relative to transcription are ultimately removed and their transcripts exported as
fully spliced mRNAs (Ninomiya et al. 2011; Bhatt et al. 2012; Hao and Baltimore 2013;

Pandya-Jones et al. 2013; Frankiw et al. 2019a). Such transcripts can create a nuclear
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pool of partially spliced RNA, which acts as a reservoir to feed the cytoplasmic mMRNA
pool upon splicing. A group of these introns found in genes affecting growth control and
cell division were named “detained introns” to distinguish them from classical “retained
introns” found in cytoplasmic MRNA (Boutz et al. 2015; Braun et al. 2017). A similar pool
of incompletely spliced transcripts affecting synaptic function is found in neurons, where
cell stimulation induces their processing to allow transcription independent changes in
MRNA pools (Mauger et al. 2016). The term “retained intron” thus encompasses a wide
range of molecular behaviors.

Retained introns are more difficult to characterize than other patterns of
alternative splicing in whole transcriptome RNA-seq data. Overlapping patterns of
alternative processing can be mis-called as intron retention by sequence analysis tools
(Wang and Rio 2018; Broseus and Ritchie 2020). Many RNA-seq studies have identified
conditions leading to higher levels of unspliced introns across the transcriptome (Wong
et al. 2013; Braunschweig et al. 2014; Pimentel et al. 2016; Edwards et al. 2016;
Schmitz et al. 2017; Jacob and Smith 2017; Naro et al. 2017; Parra et al. 2018). These
studies have not always distinguished between nuclear and cytoplasmic RNA or
examined the fate of the partially spliced transcripts, information that is essential to
understanding the biological role of these regulatory mechanisms.

Here we undertook a broad examination of how RNAs are distributed between
subcellular compartments and how this compartmentalization changes with development.
Our goals were to distinguish transcripts in the nucleoplasmic and chromatin-associated
RNA pools from cytoplasmic mRNAs and assess how their processing and localization

to chromatin tracked with expression of mature cytoplasmic mRNA.
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RESULTS
Both coding and non-coding RNAs exhibit defined partitioning between cellular
compartments.

To broadly categorize RNAs enriched in different cellular locations, and gain
insight into how this compartmentalization might be regulated across cell types, we
generated deep RNA-seq data from mouse embryonic stem cells (MESC), a neuronal
progenitor cell line derived from embryonic mouse brain (MNPC), and explanted mouse
cortical neurons cultured in vitro for 5 days (E15DIV5; mCtx) (Fig. 1A). RNA was isolated
from three fractions of each cell: cytoplasm, soluble nucleoplasm, and chromatin pellet
as previously described (Wuarin and Schibler 1994; Pandya-Jones and Black 2009;
Bhatt et al. 2012; Yeom and Damianov 2017). The quality of subcellular fractionation
was assessed by immunoblot for GAPDH and Tubulin alpha-1A (TUBA1A) proteins as
cytoplasmic markers, SNRNP70 fractionating with the soluble nucleoplasm, and Histone
H3.1 as a chromatin marker (Supplemental Fig. S1A; Supplemental Table S1B).

To provide information on the maturation of transcripts in each cell type and
location, RNA was isolated as two separate pools. A total RNA pool depleted of
ribosomal RNA (Total) will include nascent incomplete transcripts. A polyadenylated pool
(Poly(A)+) includes RNAs whose transcription and 3’ processing is complete. Each RNA
pool from each fraction was isolated from three separate cultures of each cell type to
yield biological triplicates of each experimental condition. The RNA pools were
converted to cDNA libraries, sequenced on the lllumina platform to yield 100 nt paired
end reads, and aligned to the genome (Supplemental Table S2). Gene expression
markers for each of the three cell types confirmed the expected patterns of ESC, NPC or
immature neurons (E15DIV5; Supplemental Fig. S1B). Clustering of gene expression
values across all the datasets showed the expected segregation by cell type, fraction,

and replicate, for both the poly(A)+ and total RNA libraries (Supplemental Fig. S1C). The
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resulting 54 datasets constitute an extensive resource for examining multiple aspects of
RNA maturation and its modulation during development [GSE159919 for poly(A)+ RNA
and GSE159944 for total RNA]. In addition to the libraries used in this study, we also
generated libraries of small RNAs (< 200 nt) from all samples. As previously described,
these can be used to assess miRNA maturation and other processes (Yeom et al. 2018).
These 27 datasets are also available from GEO [GSE159971].

Examining read distributions in the different RNA pools and fractions, we found
that the housekeeping gene Gapdh (Fig. 1B) yields similar patterns of reads from either
the poly(A)+ or the total RNA populations, with the RNA being most abundant in the
cytoplasm. The total Gapdh RNA on chromatin contains intron reads from the nascent
transcripts (Fig. 1B bottom). Although more abundant in the soluble nucleoplasm and
especially in the cytoplasm, polyadenylated Gapdh transcripts are also found in the
chromatin fraction, but in contrast to the total RNA lack intron reads. We also examined
the long non-coding RNA Xist, which condenses on the inactive X Chromosome in
female cells (Fig. 1C). The mNPCs were isolated from female mice, and Xist is seen to
partition almost completely to chromatin in these cells. The poly(A)+ and the total RNA
samples yielded very similar patterns of Xist reads indicating that this RNA is largely
spliced and polyadenylated (Brockdorff et al. 1992). Other non-coding RNAs yielded
more complex patterns of subcellular partitioning that changed with cell type. The
paraspeckle INcRNA Neatl is more highly expressed in mESC than mNPC or neurons
(Supplemental Fig. S2A). The short polyadenylated form (Neatl_1) predominates in
ESC and is found mostly with chromatin but also in the nucleoplasm. The longer non-
polyadenylated Neatl RNA (Neatl_2) is seen in the total RNA samples and is also
chromatin-enriched. Whether this is a stable long isoform or nascent RNA is not clear.
This longer RNA contributes a larger portion of the Neatl transcripts in mNPC and

neurons, consistent with observations that Neatl cleavage and polyadenylation may be
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modulated (Naganuma et al. 2012). Overall, we find that gene transcripts can exhibit
diverse patterns of enrichment and processing across the different fractions and cell
types.

Because the relative transcript numbers and overall library complexity will differ
between fractions, RPM (Reads Per Million) values or other read number normalizations
of individual genes cannot be directly compared between different subcellular fractions.
Using gRT-PCR in mESC to directly quantify individual transcripts in different fractions,
we found that for cytoplasmic enriched transcripts in both the poly(A)+ and the total RNA
libraries, RPM values undercounted the RNA abundance in the cytoplasmic fraction
relative to the chromatin and nucleoplasm (Supplemental Table S3). On the other hand,
for RNAs that are primarily chromatin associated, gqRT-PCR quantification yielded
cytoplasmic to chromatin ratios that were similar to relative RPM numbers
(Supplemental Table S3). Although the absolute transcript levels were not quantifiable
by RPM, the ratios of these RPM values did reflect their relative enrichment in each
fraction across a variety of genes. As an index for how RNAs partition between the
chromatin and cytoplasmic pools, we used DESeq2 (Anders and Huber 2010) to
measure the fold change in reads for each gene between the chromatin and cytoplasmic
poly(A)+ RNA. This returns the ratio of the averaged read counts for each gene between
fractions. For genes whose TPM (Transcripts Per Million) value in chromatin was over
the median and which had read counts greater than 0 in the cytoplasm (13,036 genes),
this chromatin partition index was distributed over a 100 fold range centered on 1
(Log,=0). Thus, a typical gene showed equal normalized read counts in chromatin and
cytoplasm (Fig. 1D). Examining the Ensembl annotations (V.91) for genes in the left,
middle, and right side of this distribution (400 genes each), we found that genes with
predominately cytoplasmic reads as well as genes with roughly equal read numbers in

cytoplasm and chromatin were annotated almost entirely as protein-coding genes. For
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example, on the left edge (Fig. 1D), Gapdh RNAs partition much more strongly to the
cytoplasm than is typical. In the middle of the distribution, Rbfox2 RNAs exhibit slightly
fewer reads on chromatin than in the cytoplasm, whereas Cdk8 exhibits 2 to 3 fold more
chromatin reads (Fig. 1D). Thus, although the transcripts from protein coding genes are
usually most abundant in the cytoplasm, a substantial fraction of a gene’s RNA product
is often nuclear and chromatin-associated. Comparing gRT-PCR quantification for select
genes to their chromatin partition indices, we found that RNAs from genes exhibiting a
partition index above 3.6 were actually more abundant in chromatin than the cytoplasm.
This included about 3 % of protein coding genes. At the right edge of the curve, the 400
most chromatin enriched transcripts included the expected non-coding RNAs, such as
pri-miRNAs, snoRNAs, and IncRNAs, but also many protein-coding genes, including
Clcn2, Ankrd16, and Gpc2 (Supplemental Figs. S2C, S2D, S6B), and Gabbrl, which is
analyzed further below. For these protein-coding genes, the majority of the
polyadenylated product RNA is chromatin associated where it is presumably inactive for
protein expression (Supplemental Figs. S2C, S2D, S6B).

Examination of individual genes whose poly(A)+ transcripts remain sequestered
with chromatin showed that their splicing was modulated across cell types. The
chromatin-associated Meg3 non-coding RNA is well expressed in mESC and neurons
but not in mMNPC (Supplemental Fig. S2B). Meg3 is the host transcript for the miRNAs
MiR-770 and MiR-1906-1. Mature MiR-770, processed from the last Meg3 intron, is
weakly expressed in neurons but absent from mESC (Supplemental Table S4). This
intron is absent from the RNA in mESC where it is apparently efficiently spliced. By
contrast in neurons, this intron is abundant in the chromatin fraction of polyadenylated
RNA, where its reduced excision might allow more efficient processing of MiR-770
(Supplemental Fig. S2B). This is consistent with observations that perturbations causing

a host transcript to be released from chromatin reduce DROSHA cleavage and miRNA
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expression (Pawlicki and Steitz 2008; Liu et al. 2016a). The mESC small RNA data was
previously used to examine expression of primary MiR-124a-1 in mESC whose
processing is blocked by PTBP1 in the chromatin fraction (Yeom et al. 2018). For Meg3,
the processing of MiR-770 may be modulated by the excision rate of its host intron. The
upstream portion of Meg3 that includes MiR-1906-1 undergoes complex processing and
exhibits more splicing in neurons than in mESC. Thus, an additional product from the
gene, possibly MiR-1906-1, may also be differentially regulated between mESC and
neurons. These introns present in the polyadenylated RNA are not more abundant in the
total RNA than adjacent exon sequences, indicating an absence of excised intron, which
could also give rise to the miRNAs. Overall the data indicate that splicing of the Meg3

transcript is regulated on chromatin to allow differential expression of its mature products.

Chromatin associated transcripts can be spliced either cotranscriptionally or
posttranscriptionally.

It is expected that most introns will be transient species within the chromatin RNA,
with many introns excised prior to transcript completion, while some introns with slow
kinetics will be removed later. Various studies estimate that 45 to 84 % of introns are
cotranscriptionally excised in mammals (Ameur et al. 2011; Bhatt et al. 2012; Girard et al.
2012; Khodor et al. 2012; Tilgner et al. 2012; Windhager et al. 2012). Several
approaches compare read numbers for spliced (exon-exon) and unspliced (exon-intron
or intron-exon) junctions in nascent RNA to those in total RNA to measure
cotranscriptional excision (Tilgner et al. 2012; Windhager et al. 2012; Herzel and
Neugebauer 2015). To ensure that measurements are of the nascent RNA, this requires
removal of polyadenylated RNA from the chromatin fraction and prevents parallel
analysis of posttranscriptional events. Other studies identified sawtooth patterns of RNA

read abundance in total cellular RNA, where reads peak in exons and then decline to the
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next exon or recursive splice site. Such a pattern is thought to indicate that the time
needed to excise an intron is small relative to the time for RNA synthesis through the
next intron downstream (Ameur et al. 2011; Duff et al. 2015; Sibley et al. 2015). While
sawtooth read densities can be observed on certain introns in the total chromatin RNA
pools (Supplemental Fig. S3), these patterns were infrequent and lost on introns shorter
than 50kb, many of which are expected to be cotranscriptionally excised (Ameur et al.
2011).

As an alternative for defining cotranscriptional and posttranscriptional intron
excision, we compared the total RNA from chromatin to the poly(A)+ RNA from the same
fraction. Introns remaining in polyadenylated RNA must be excised after transcription or
be dead-end products. For example, in the Sorbs1 gene (Fig. 2A) reads are observed
across all the introns in the total RNA from chromatin indicating the presence of
unspliced introns in the nascent transcripts. In the polyadenylated RNA on chromatin,
reads are largely absent from introns indicating that by the time of polyadenylation or
shortly after, these introns have been spliced out. However, one intron in Sorbs1 exhibits
substantial read numbers in poly(A)+ RNA on chromatin that are reduced in RNA from
the nucleoplasm and absent from the cytoplasm (Fig. 2A). This intron is presumably
excised after cleavage/polyadenylation. While most introns are absent from the
polyadenylated RNA and likely spliced cotranscriptionally, there are many transcripts
with one or more introns that are highly retained in the polyadenylated chromatin
associated RNA (Figs. 2A, 2B). The comparison of intron levels in total and poly(A)+
RNA on chromatin provides a simple bioinformatic metric for distinguishing co- versus
posttranscriptional excision.

To compare intron levels in the total and poly(A)+ RNA pools, we determined
fractional inclusion values (FI; Supplemental Fig. S4A) by counting reads across exon-

intron, intron-exon, and exon-exon junctions. Assessing intron retention (IR) by FI value


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

12

can be confounded by alternative splicing, polyadenylation or transcription initiation
events occurring within the intron being measured (Supplemental Fig. S4B) (Wang and
Rio 2018; Broseus and Ritchie 2020). To avoid errors in IR measurements arising from
other processes, we defined a set of introns exhibiting a unique Ensembl v91 annotation
without alternative processing events (Supplemental Fig. S4B). This set of 149,333
“unique” introns (U introns) across 28,733 genes was used for subsequent analysis.
Focusing on the mESC RNA, we determined the Fl values of all U introns in the total
RNA and the poly(A)+ RNA for genes above the median expression level as measured
by kallisto (Bray et al. 2016). We included only introns excised by the major spliceosome
with GU/AG splice junctions. Reads from poly(A)+ RNA containing long unspliced introns
can be biased toward the 3’ ends. To avoid undercounting in the poly(A)+ samples, we
removed genes where reads per nucleotide length from the second exon were less than
half that of the second to last exon. To filter out introns that were not measurable due to
anomalies in the generation of particular junction reads, we removed introns yielding a FI
value below 0.1 in the total RNA, and introns with a zero value for one or more of the
junction read counts. In mESC, these criteria returned 49,629 U introns within 7,672
genes for analysis.

Of the 49,629 U introns being measured, 34,939 introns (within 6,952 genes)
exhibited low FI values in the poly(A)+ RNA (FI < 0.1) and are presumably spliced before
transcript completion. Conversely, 14,753 introns within 5,550 genes exhibited a Fl value
greater than or equal to 0.1 in the poly(A)+ RNA. These introns (29.7 %) appear to be
excised posttranscriptionally, with many highly unspliced in the chromatin poly(A)+ RNA
despite being fully spliced in other fractions. By this analysis, at least 70.3 % of introns
within our analysis set are excised cotranscriptionally, similar to estimates made by other
methods (Fig. 2C; Supplemental Figs. S4C — S4F; Supplemental Table S5). On the

other hand, the majority of genes (5,550 out of 7,672) have at least one
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posttranscriptionally spliced intron. Restricting the analysis to the top quartile of
expressed genes rather than the top half, the fractions of co- and posttranscriptional
splicing change only slightly (70.7 % cotranscriptional). The fraction of cotranscriptionally
spliced introns is also essentially the same if the analysis is restricted to the first introns
in each transcript or to internal introns. For introns that are the last intron transcribed
before the polyadenylation site, a slightly higher fraction is classified as
posttranscriptional, presumably because they are polyadenylated more rapidly after
intron synthesis (Supplemental Fig. S4F). Thus, posttranscriptional splicing does not
appear to be associated with higher or lower gene expression, or with the position of an
intron along the gene. Examples of introns defined as co or posttranscriptional by these
measures are shown in Fig. 2B. Although in the minority, posttranscriptionally spliced
introns are found across a wide range of genes, and often exhibit high FI values in the
chromatin fraction, even though the cytoplasmic RNA is completely spliced.

In addition to the U introns analyzed above, we also analyzed a set of introns
flanking simple cassette exons that could also be unambiguously measured for FI. Using
the same parameters to define co- versus posttranscriptional splicing, we found a
reversal in the percentages. Of these introns flanking alternative exons, approximately
67 % exhibit high read numbers (FI > 0.1) in the poly(A)+ RNA and thus appear to be
excised posttranscriptionally (Fig. 2C; Supplemental Fig. S4E). This was seen for introns
both upstream and downstream of the cassette exon. These data indicate that the
majority of regulated splicing events occur with slower kinetics than the excision of

typical constitutive introns.

Retained introns can be classified by their enrichment in the chromatin,

nucleoplasmic, and cytoplasmic compartments.
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A variety of fates are possible for transcripts that retain introns after
polyadenylation. Intron containing transcripts can be sequestered in the nucleus until
they are spliced or can undergo nuclear decay. Other intron containing mRNAs are
exported unspliced to the cytoplasm where they can be translated or undergo
Nonsense-mediated mRNA decay (NMD). To categorize introns based on both their
retention levels and location, Fl values for the unique intron set in the polyadenylated
RNA of all cells and fractions were subjected to X-means cluster analysis (Fig. 3A,;
Supplemental Table S6) (Pelleg and Moore 2000). Consistently, in all three cell types
the clustering algorithm defined four groups of introns. The largest cluster Group A,
containing 49,981 introns in mESC, was almost entirely spliced in all three fractions.
Introns in Group B (7,529), exhibited measurable retention in the poly(A)+ RNA from
chromatin, but showed nearly complete splicing in the nucleoplasm and cytoplasm (Fig.
3A). Group C introns (1,351), including introns in Zfp598 and Neil3 (Fig. 3B), showed
higher FI values in the chromatin and nucleoplasm than Group B, but were almost
completely excised from the cytoplasmic RNA. The smallest cluster of only 247 introns in
MESC, Group D, was almost entirely retained in all three fractions. Each of the other two
cell types also generated four clusters with similar splicing levels and similar numbers of
introns in each group (Fig. 3A).

Group B and C introns that do not leave the nucleus can be seen to have
different properties from Group D introns that also have high retention levels in the
cytoplasm. A larger percentage of Group D introns are found in 5" and 3' UTR
sequences, where they will not disrupt the primary reading frame, but will likely affect
translation and decay (Supplemental Table S7B). Group D introns were also found to be
depleted of in-frame premature termination codons (PTC) compared to Groups A, B and

C (Fig. 3C), presumably due to selection to prevent NMD in the cytoplasm. These
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observations indicate that the different intron clusters arise from selection for different
functions in the intron containing RNAs.

We found that among transcripts where all introns could be assigned a group
(Supplemental Fig. S4G), RNAs containing at least one Group C intron have a higher
average chromatin partition index than transcripts with no Group C intron (Supplemental
Fig. S4H). Previous work defined nuclear transcripts in mESC containing what are called
detained introns (DI), whose splicing is modulated in cancer and growth control
pathways (Boutz et al. 2015; Braun et al. 2017). Of 3,150 detained introns, 1,021 were
on our U intron list (Supplemental Tables S7A, S7B). Of these, 1,000 introns passed the
filters for FI measurement and are seen to fall predominantly into Groups B and C, in
agreement with the earlier studies (Fig. 3D). However, the 1,021 detained introns were
only a subset of the nearly 9,000 retained introns identified in Groups B and C
(Supplemental Table S8B). Similar to the detained introns affecting growth control, as
well as inflammatory and neuronal gene introns also identified previously (Bhatt et al.
2012; Hao and Baltimore 2013; Pandya-Jones et al. 2013; Mauger et al. 2016; Frankiw
et al. 2019b), these new retained introns could affect cellular function by altering the

movement of material through the gene expression pathway.

Predicting retained introns

To examine whether introns in different groups could be identified by their
sequence features alone, we developed a deep learning model for predicting intron
behavior. We extracted 1,387 sequence features from the first and last 300 nucleotides
of each intron and from the two flanking exons. For introns less than 300 nucleotides,
the intron interval includes some adjacent exon sequence. Analyzed features included
short motif frequencies, predicted RBP binding elements, propensity to form local

secondary structure, splice site strength scores, conservation scores, and nucleosome
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positioning scores (Supplemental Table S9A). This feature information was used to train
a three-layer deep neural network tasked with predicting whether an intron belonged in
Group A, B, C, or D (Fig. 4A).

The performance of the model was assessed using Receiver Operating
Characteristic (ROC) curves plotting the false and true positive rates (Fig. 4B). The
model was highly predictive in distinguishing Group D introns from A, yielding an Area
Under the Curve of 0.94 (AUC = probability that any true positive will rank higher than
any true negative). Group D introns could also be distinguished from Group B and C
(AUC=0.9 and 0.84, respectively), and Group B and C introns from Group A with
reduced accuracy (AUC = 0.68 and 0.76, respectively). Thus, the Group D introns are
most different from the introns of other groups.

To assess the features of Group C and D introns that distinguish them from each other
and from Group A, we isolated the top 15 features predictive of intron retention or its
absence and used a t-distributed stochastic neighbor embedding algorithm (t-SNE) to
project them onto two dimensions (Fig. 4C; Supplemental Table S9B for top 50 features).
As previously observed, high splice site strength scores were predictive of Groups A and
C over D, and also Group A over C (Sakabe and de Souza 2007; Braunschweig et al.
2014). Other features redundant with splice site strength scores were also predictive of
Groups A or C, including GTAAG count in the 5’ portion of the intron and the
conservation of the splice site sequences. Translatability of the flanking exons and their
spliced product was predictive of Groups A and C over D. This may reflect a greater
percentage of Group D introns in 5’ and 3’ UTR sequences (Supplemental Table S7B).
Conversely, the translatability of the exon-intron-exon unit containing the retained intron
was predictive of Group D over Group C, in agreement with the Group D introns being

depleted of in frame termination codons (Fig. 3C) and adding a coding segment to the
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MRNA. Overall, the data indicate that intron retention is controlled by many factors each
having relatively small effect.

We examined whether particular sequence elements correlated with the intron
group assignments, indicative of regulatory protein binding sites. The model did not
clearly identify known elements affecting nuclear localization or intron retention such as
constitutive transport elements or decoy exons (Li et al. 2006; Parra et al. 2018).
However, the sequence conservation score of the 5’ portion of the intron was predictive
of Group D over Groups C or A, and conservation of both ends of the intron was
predictive of C over A (Supplemental Table S9B). Particular triplet motif frequencies
within introns or their flanking exons were also predictive of intron behavior. For example,
CGA triplets in the 3’ portion of the intron were predictive of Group D over C, whereas
TTG and GTT triplets in the 5’ intron segment were predictive of Group C over D. The
predictive power of intron sequence conservation and of multiple triplets indicate that
particular RNA/protein interactions likely determine the retention properties of these

groups.

Intron retention and chromatin association are regulated with neuronal
development.

Since the X-means analysis yielded four intron clusters in each cell type, these
cluster definitions allow bioinformatic analysis of IR regulation between cell types. While
many introns maintain their classification between cell types (Fig. 5A, left), some introns
switched their group (Fig. 5A, right). One example is Med22 (Fig. 5B), which contains a
highly retained intron 3 (13) in all three fractions of mMESC (Group D). This intron became
more spliced in MNPC and was classified as Group C, and then became almost fully
spliced as a Group B intron in neurons. The nearby intron 1 (11) was maintained as a

Group A intron in all three cell types. Med22 encodes a subunit of the transcriptional
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mediator complex. The retention or splicing of Med22 intron 3 creates MED22 proteins
with different C-terminal peptides that likely alters mediator function in the two cell types.
The group switching introns are presumably part of the extensive alternative splicing
programs modulated during neuronal development. Examining their Gene Ontology
(GO) functions, we found that the 231 genes containing introns highly spliced in mESC
but unspliced in neurons (switching from Group A or B to Group C or D) were enriched in
processes such as ribosome biogenesis, organelle assembly, and metabolism. These
functional categories may reflect the different proliferation rates and metabolic status of
the two cells. In contrast, 413 genes whose introns were unspliced in mESC and
became more spliced in neurons (switching from Group C or D to Group A or B) were
enriched in GO biological processes of glutamatergic synaptic transmission and
organelle localization by membrane tethering, in keeping with gene expression and cell
morphology changes in the early neuronal state (Supplemental Fig. S5).

The changes in splicing between mESC, mNPC and neurons are driven by
changes in the expression of multiple protein regulators. In previous work, we and others
characterized alternative splicing programs controlled by the polypyrimidine tract binding
proteins, PTBP1 and PTBP2 (Keppetipola et al. 2012; Vuong et al. 2016). In ESC and
other cells, PTBP1 maintains alternative splicing patterns characteristic of non-neuronal
cells, and PTBP1 downregulation is a key step in neuronal differentiation. While the
cultured NPC's are not true lineage precursors to the immature cortical neurons used
here, the depletion of PTBP1 is common to many neuronal lineages. We previously
reported neuronal cassette exons regulated by PTBP1 in ESC (Linares et al. 2015), and
PTBP1 regulated retained introns, including the Med22 intron, have been described in a
neuronal cell line (Yap et al. 2012). We next examined whether additional PTBP1 targets

could be identified in the chromatin compartment of mESC.
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To assess PTBP1 regulation, we fractionated cells after Ptbpl knockdown and
measured the splicing of polyadenylated RNA in the different compartments by RNA-seq.
This confirmed the PTBP1 dependence of Med22 intron 3, which shifted from Group D
to Group C with Ptbpl depletion (Fig. 5B, right). Examining all the retained introns, we
found that many more splicing changes could be observed in the chromatin associated
RNA than in the nucleoplasmic and cytoplasmic fractions (Fig. 5C). As shown previously
with cassette exons, these PTBP1 dependent introns in ESC also change with neuronal
differentiation as PTBPL1 levels drop (Fig. 5C). These include introns identified previously
(Yap et al. 2012) as well as new introns. Other introns whose splicing changes with
neuronal development but are not sensitive to PTBP1 are presumably regulated by other
factors.

By examining the chromatin associated RNA, our analysis identified substantially
more PTBP1-regulated introns than previously recognized. The transcripts containing
these introns may remain in the nucleus, similar to detained introns, or may be exported
to the cytoplasm and then lost to NMD. To assess this, we used data from a study of
unfractionated polyadenylated RNA after Upfl knockdown that globally identified NMD
targets in mMESC (Hurt et al. 2013). A majority of Group A, B and C introns are predicted
to induce NMD, if their parent transcripts were exported to the cytoplasm (Fig. 3C).
However, we find that of 871 genes containing PTBP1 dependent retained introns in the
chromatin fraction, only 87 exhibited greater than 10 % transcript upregulation after Upfl
depletion (Supplemental Table S8C). Thus, the majority of the PTBP1 dependent
retained intron transcripts likely stay in the nucleus and will be eliminated by nuclear
RNA decay pathways.

Looking more broadly at whether NMD might create the apparent nuclear
enrichment of some transcripts, we found that protein-coding genes with high chromatin

partition indices were actually less likely to show increases after Upfl depletion than
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other genes across the distribution (Supplemental Table S8D). For the genes in the L, M,
and R regions in Fig. 1D, NMD targets constituted 4.2, 7.2, and 1.1 % respectively.
Rather than NMD causing the observed nuclear enrichment by depleting the cytoplasmic
RNA, the nuclear enrichment may buffer the effect of NMD on the level of total RNA. It
would be interesting to assess this by examining the effect of Upfl knockdown

specifically on the levels of cytoplasmic mRNA.

Posttranscriptional repression of Gabbrl expression.

For the most part, transcripts enriched in the chromatin fraction of mESC'’s (Fig.
1D) were only mildly or unaffected by Upfl depletion (Supplemental Table S8D). Rather
than cytoplasmic degradation, other processes prevent mRNA expression from these
genes. A notable example is Gabbrl, which encodes GABBRL, an inhibitory
neurotransmitter receptor whose cytoplasmic mRNAs are highly expressed in neurons,
moderately expressed in mNPC, but nearly absent in mESC (Fig. 6A). By immunoblot,
GABBRL1 protein is only observed in neurons (Fig. 6C). In the chromatin fraction of
MESC the Gabbrl precursor RNA is present at high levels that nearly match those seen
in MNPC and neurons (Fig. 6A). This Gabbrl RNA is polyadenylated and most introns
are excised, but introns 4 and 5 that exhibit a complex pattern of alternative processing
in neurons, are largely unprocessed in mMESC (Fig. 6A). Gabbrl mRNA expression is
apparently blocked by a combined process of splicing inhibition and sequestration on
chromatin. Upon differentiation into neurons, the chromatin partition index of Gabbrl
RNA shifts from 4.43 to -0.69, as the RNA becomes fully processed and released from
chromatin to appear in the cytoplasm as mature mRNA (Fig. 6A). Other protein coding
transcripts, including Gpc2, were found to behave similarly to Gabbrl with RNA

abundant in mESC chromatin but low in cytoplasm. In neurons, this pattern was
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reversed with the Gpc2 partition index shifting from 4.60 in mESC to 1.09 in neurons
(Supplemental Fig. S6B).

PTBP1 was previously found to regulate Gabbrl exon 15 in a neuronal cell line
(Makeyev et al. 2007). To assess introns 4 and 5, we examined iCLIP maps of PTBP1
binding in mMESC (Linares et al. 2015), which showed prominent PTBP1 binding peaks in
the intron 4-5 region, as well as confirming PTBP1 binding upstream of exon 15 and to
the 3' UTR (Figs. 6A, 6B). Examining the fractionated RNA-seq data, we found that
Ptbpl knockdown led to processing of the Gabbrl RNA into the neuronal isoforms,
including activation of exon 15 and activation of the exon 5 microexon encoding a 6
amino acid linker of Gabbrla (Figs. 6A, 6B). Some processed Gabbrl mRNA was
present in the cytoplasm after Ptbpl knockdown, but more of this spliced RNA was in
the soluble nuclear fraction. Even after Ptbpl depletion, a majority of the Gabbrl RNA
was still in the chromatin fraction and still unprocessed in the intron 4-5 region, despite
exon 15 being strongly activated for splicing in this fraction (Supplemental Fig. S6C).
GABBR1 protein was also not observed in mESC after Ptbpl knockdown (Supplemental
Fig. S6D). Thus, although PTBP1 strongly affected the processing of Gabbrl, its
depletion did not yield the predominantly cytoplasmic RNA seen in neurons. There must
be additional factors preventing release of the RNA from chromatin in mESC. Gabbrl is
highly transcribed in mESC, but its mRNA expression is blocked by a combination of
splicing repression, NMD of transcripts that enter the cytoplasm, and sequestration of

the unprocessed RNA on chromatin, with the latter mechanism having the largest effect.
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DISCUSSION
A resource for the analysis of RNA-level gene regulation.

We developed extensive datasets to examine RNA maturation events across
cellular location and developmental state. Applying these data to analyze intron retention,
we compare total and polyadenylated RNA across subcellular fractions and cell types to
define classes of introns exhibiting different regulatory behaviors, and we uncover a
novel form of gene regulation acting on chromatin associated RNA. We find that a
substantial fraction of the polyadenylated RNA product of some genes is incompletely
spliced and still associated with chromatin. This points to a limitation for whole
transcriptome measurements of gene expression that assess total cellular
polyadenylated RNA; The RNA being measured in these studies is not all cytoplasmic
MRNA. The presence of nuclear polyadenylated RNA may thus contribute to the
observed lack of correlation between RNA and protein levels in global gene expression
measurements (Edfors et al. 2016; Liu et al. 2016Db).

The isolation of chromatin associated RNA has frequently been used to enrich for
nascent pre-mRNAs and other short lived species (Pandya-Jones and Black 2009;
Davidson et al. 2012; Herzel et al. 2017). We find that many introns are only observed in
the total RNA of this fraction, while others are also present in the polyadenylated RNA.
Quantifying this difference, we estimate that 70 % of introns within our analysis set are
spliced before the RNA has been completely transcribed. Although this roughly agrees
with other studies, we believe it is a lower-bound estimate in our system because the
criteria for counting cotranscriptionally excised introns required a measurable presence
of the intron in the total RNA. In contrast, we find that introns flanking alternatively
spliced cassette exons are mostly spliced posttranscriptionally - exhibiting significant
intron retention levels in the polyadenylated RNA. These introns may be spliced more

slowly than typical constitutive introns because of the complex regulatory RNP structures
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that must assemble onto the sequences flanking alternative exons. By creating a pool of
unspliced RNA for these genes, the delayed splicing may allow additional controls over
the isoform choice. It will be interesting to examine whether the subset of exons whose
inclusion is affected by transcription elongation rates and perturbations of RNA Pol Il are
among the 30 % that appear to be cotranscriptionally excised (Naftelberg et al. 2015;
Saldi et al. 2016; Herzel and Neugebauer 2015).

Our data provide a rich resource for examining other questions of RNA
metabolism and its regulation over development. Besides introns, transient species one
could observe in chromatin associated RNA include upstream antisense RNAs and
extended transcripts downstream from polyadenylation sites (Seila et al. 2008; Flynn et
al. 2011; Vilborg and Steitz 2017). These data could also allow more sensitive detection
of recursive or back-splicing, and inform studies of regulated RNA export. We have also
examined regulated miRNA processing using parallel data from short RNA libraries

(GSE159971; Supplemental Table S4) (Yeom et al. 2018).

Behaviors of retained introns.

To characterize incompletely spliced transcripts, we assessed introns based on
their retention levels across fractions and cell types. Unsupervised X-means clustering
yielded four intron groups in each cell type. The largest cluster (Group A) were
completely spliced in the poly(A)+ RNA, including in the chromatin fraction, and are
presumably excised prior to transcription termination. The smallest cluster (Group D)
behaved like classical retained introns in being exported to the cytoplasm within the
otherwise fully spliced mRNA. Two intermediate clusters of introns (Groups B and C)
were fully spliced in the cytoplasm while exhibiting different levels of retention on
chromatin and to some extent the nucleoplasm. A deep neural network trained using a

well-defined set of introns and a wide range of genomic features was able to distinguish
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introns in Group D from those in A or C with high accuracy. Group C introns were also
distinguished from Group A with moderate accuracy (Fig. 4B). These data indicate that
Groups D and C are functionally distinct and the features which define them should give
clues to their regulation. These features include those previously associated with
retained introns, such as weak splice sites, conservation, and coding capacity (Sakabe
and de Souza 2007; Jaillon et al. 2008; Braunschweig et al. 2014; Dvinge and Bradley
2015; Mauger et al. 2016; Parra et al. 2018). We found that introns of the different
groups were defined by enrichment of particular short sequence motifs in their terminal
regions and adjacent exons. We have not yet identified proteins whose binding sites
might underlie the enrichment of these motifs. This may be because the recognition
elements assigned to individual proteins are not sufficiently specific. Introns also may be
regulated by so many different proteins that no single binding motif is strongly predictive.
Proteins including PTBP1 and others are known to regulate particular retained introns
(Yap et al. 2012; Horan et al. 2015; Pendleton et al. 2017; Frankiw et al. 2019b), but
there may be many such factors each regulating a subset of introns in a group. The
extension of our approach to larger datasets will allow correlation of changes in intron
group assignment with the expression of particular RNA-binding proteins.

Groups B and C include several previously described sets of interesting retained
introns. Detained introns were defined as partially spliced introns in transcripts affecting
growth control, whose excision can be modulated by cellular stimuli (Ninomiya et al.
2011; Boutz et al. 2015; Braun et al. 2017). These detained introns are a subset of the
Group B and particularly Group C introns we defined in mESC. Another group of
retained introns were shown to be regulated by PTB proteins in a neuronal cell line (Yap
et al. 2012). Our analytical strategy identified many new PTBP1 dependent introns that
remain as chromatin associated transcripts in mESC. In the total cellular polyadenylated

RNA of mature primary neuronal cultures (Mauger et al., 2016), retained introns were
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characterized as transient or stable according to their splicing after transcription
inhibition. In our data from less mature neurons, we found that the largest portion of
transient introns were in Group C (40 %). In contrast, of the stable introns that we could
assay in our cultures, about 40 % were in Group D (Supplemental Table S8E),
consistent with the stable introns remaining in cytoplasmic mMRNA after transcriptional
shutoff. Similar to detained introns, Mauger et al. found that synaptic activation could
change the splicing level of some retained introns. It will be interesting to examine
whether these introns are associated with chromatin, but this will require improved

isolation of nuclei from mature neuronal cultures.

Developmental regulation by splicing inhibition and chromatin sequestration.

In previous studies, we showed how the neuronal specific expression of certain
genes is determined by the coupling of a PTBP1 dependent splicing event to NMD.
RNAs for the neuronal PTBP2 and PSD-95 proteins are expressed in ESC and other
non-neuronal cells, but through the action of PTBP1 are spliced as isoforms that are
subject to NMD (Boutz et al. 2007; Makeyev et al. 2007; Spellman et al. 2007; Zheng et
al. 2012; Linares et al. 2015). A similar mechanism affects Gabbrl through regulation of
exon 15 by PTBP1 (Makeyev et al. 2007), but the change in RNA with loss of NMD is
small (Hurt et al. 2013). Most protein-coding transcripts exhibiting chromatin enrichment
were not seen to be upregulated by Upfl depletion, while some were modestly affected
similar to Gabbrl. The nuclear pools of these RNAs may reduce the observed efficiency
of NMD on total RNA levels, where transcripts exhibit only partial depletion by the decay
pathway even though near complete loss of protein is observed. Here we uncover
another mechanism controlling the developmental specific expression of a neuronal
protein. The Gabbrl RNA is abundant in mESC but its splicing is incomplete and its

transcript remains in the chromatin compartment.
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Gabbrl is expressed as multiple isoforms (Kaupmann et al. 1997). The long
Gabbrla isoform comes from a promoter active in all three cell types studied here.
Gabbrlb, which lacks N-terminal sushi domains, arises from an alternative promoter
within intron 5 active in neurons (Vigot et al. 2006). There is also a short transcript
derived from an alternative polyadenylation site in intron 4. A microexon 5 between
these two introns adds a linker into the 1a isoform (Vigot et al. 2006). This complex
intron 4-5 region is largely unprocessed in mESC cells and becomes processed in
neurons with the production of cytoplasmic mRNA including exon 5. The depletion of
Ptbpl from mESC leads to multiple changes in Gabbrl splicing including activation of
microexon 5 and downstream exon 15. This leads to some expression of neuronal
MRNA isoforms but very limited protein expression. Much of the RNA remains nuclear
indicating that additional factors prevent its mobilization. Instead of regulation at the level
of transcription or MRNA stability, incomplete Gabbrl splicing and sequestration of its
RNA on chromatin are modulated to control gene output over development.

The Gabbrl transcript is extensively bound by PTBP1. Studies have shown that
when binding RNA at high stoichiometry, PTBP1 can cause the condensation of
RNA/protein liquid droplets in vitro (Lin et al. 2015). Extensive PTBP1 binding to the long
non-coding RNA Xist is required for Xist condensation onto the X Chromosome during X
inactivation (Pandya-Jones et al. 2020). PTBP1 also drives the condensation of the long
non-coding RNA PNCTR in the perinucleolar compartment, and a similar mechanism
may be involved in its interaction with LINE RNAs (Attig et al. 2018; Yap et al. 2018). It
will be interesting to examine whether PTBP1 might create a nuclear condensate of
Gabbrl RNA. Although Ptbpl knockdown led to increased splicing and increased mRNA
in the nucleoplasm and cytoplasm, it did not eliminate the enrichment of the unspliced
RNA in the chromatin. This may be due to the partial depletion of Ptbpl by RNAI, but it

seems likely that other proteins will also contribute to the sequestration of Gabbrl RNA,
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as is seen with Xist. If the chromatin enrichment of protein-coding transcripts like Gabbrl
involve similar mechanisms to those controlling IncRNA function, they may also have

similar effects on chromatin condensation and gene expression.
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METHODS
Subcellular fractionation, RNA isolation, and library construction

Total RNA was isolated from mESCs, mNPCs, and cortical neurons (mCtx) that
were fractionated into cytoplasmic, soluble nuclear, and chromatin pellet compartments
as described previously (Pandya-Jones 2009, Wuarin Schibler 1994, Yeom Damianov
2017, Yeom 2018). After checking RNA quantity and integrity, RNAs longer than 200 nt
(long RNA) and shorter than 200 nt (short RNA) were separated using RNeasy MinElute
Cleanup Kit (Qiagen). Long RNAs were used for total and poly(A)+ libraries, and short

RNAs were used for small RNA library construction. See also Supplemental Materials.

Calculation of chromatin partition indices and biotype analysis

To analyze differential compartmentalization of RNAs, genes were selected that
had chromatin expression greater or equal to the median TPM reported by kallisto (2.13
TPM), and had read counts greater than 0 in the cytoplasmic fractions as measured by
FeatureCount. This returned 13,036 genes for analysis. DESeq2 was used to measure
fold change in read counts between the chromatin-associated and the cytoplasmic
poly(A)+ RNA by calculating the average read count among replicates of the chromatin
fraction divided by the average read counts of the cytoplasmic fraction. The chromatin
partition index was defined as the log, of this ratio (Fig. 1D).

Biotypes were retrieved from Ensembl annotation (V.91). Of the 13,036 genes,
400 genes (3.1 %) were analyzed in each of three ranges of the distribution. Partition
indices were from -4.2 to -2.6 for region L, -0.1 to 0.1 for region M, and 4.1 to 8.6 for

region R.

Measurement of intron retention
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We developed SIRI (Systematic Investigation of Retained Introns), a tool to
stringently quantify unspliced introns by deep sequencing
(https://github.com/Xinglab/siri). In this tool, we first retrieved all introns from Ensembl
gene transfer format (GTF) version 91 for the mouse mm10 genome (Hunt et al. 2018).
The number of reads mapping to each exon-exon (EE), exon-intron (El), and intron-exon
(IE) junctions were counted to determine the FI (Fraction of intron Inclusion) value of
each intron. We selected only introns with a unique intron annotation (U introns) that are
not involved in other alternative processing events (Supplemental Fig. S4B). Introns
subjected to FI measurement were also required have an intron length greater than and
equal to 60 and have a sum of EE + El + IE reads be greater than and equal to 20
(Supplemental Table S6). From this set, IR events with EE reads no fewer than 2 in at

least one cell compartment in one cell type were then kept for downstream analysis.

X-means clustering of IR events

X-means clustering was performed using the Pyclustering tool (Novikov 2019)
applied to the FI values determined in all three compartments of each cell type (Fig. 3A),
with the maximum number of clusters set at 6. The distance matrix for X-means
clustering is based on the Dynamic Time Warping (DTW) algorithm (Berndt and Clifford
1994) for the purpose of investigating directional changes of Fl values from chromatin to
nucleoplasm to cytoplasm. The Circos plot (Krzywinski et al. 2009) showing the intron
group changes from one cell type to another cell type was produced using R (R Core

Team 2020) package circlize (version 0.4.4) (Gu et al. 2014) (Fig. 5A).

Predicting intron retention patterns by deep learning
To apply deep learning to IR group prediction, we constructed a compendium of

1,387 intron features of five types: sequence motifs, transcript features, RNA secondary
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structure, nucleosome positioning, and conservation (Supplemental Table S9).
Sequence motif features included splice site consensus sequences, position-specific
matrices of RNA-binding proteins, dinucleotide and trinucleotide frequencies of introns
and flanking exons. Transcript features included the lengths of upstream exon (E1),
downstream exon (E2), and intron (I) and intron number in the host gene. The
translatability of E1, E2, E1 + E2, | and E1 + | + E2 were defined by confirming the
absence of a stop codon in one of the three reading frames. To predict RNA secondary
structure, RNA sequences from the regions from -20 to +20 nt relative to each splice site
were examined. Sequence intervals from 1 to 70 nt, 70 to 140 nt, 140 to 210 nt from the
5’ portion of the intron, and from -210 to -140 nt, -140 to -70 nt and -70 to -1 nt from the
3’ portion of the intron were also examined. We computed the free energy of folding for
each region with RNAfold (2.2.10) (Kerpedijiev et al. 2015) and used the free energy of
unfolding for each region as features for the deep learning. The nucleosome positioning
was predicted by NuPoP (version 1.0, set to the mouse model) (Xi et al. 2010) on the
last 50 nt of the upstream exon, the first 100 nt of 5’ intron region, the last 100 nt of 3’
intron region, and the first 50 nt of downstream exon. The training dataset included
introns that had grouping information in at least two cell types and excluded U11/U12
introns and other introns lacking GT or AG splice sites. We trained a Deep Neural
Network (DNN) (LeCun et al. 2015) with these 1,387 features to predict whether introns
belong to group A, B, C, and D for each cell type (Fig. 3A). The training was done with
fivefold cross-validation with area under the ROC curves on data held-out during training
reported for performance evaluation (Pounraja et al. 2019). To evaluate the strengths of
individual features, we assessed the decrease of AUC on held-out data when the values

of each feature were substituted by its median.
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DATA ACCESS

All raw and processed sequencing data generated in this study have been
submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession numbers GSE159944 for total RNA,
GSE159919 for poly(A)+ RNA, GSE159971 for small RNA, and GSE159993 for poly(A)+
RNA in Ptbp knockdown experiments in Figs. 5, 6.

Links to the data displayed on the UCSC Genome Browser are here:
(https://genome.ucsc.edu/s/Chiaho/Kay_fraction_total _hub_ 10202020 for total RNA, and
https://genome.ucsc.edu/s/Chiaho/Kay_fraction_polyA%2B _hub 10202020 for poly(A)+
RNA).

The source code of data analysis is available in https://github.com/Xinglab/intron-
retention-paper, as well as in Supplemental Code files. The data resources used to

reproduce the analysis are available in https://doi.org/10.5281/zenodo.4540589.

ACKNOWLEDGMENTS

We thank Grigori Enikolopov (Cold Spring Harbor Laboratory) for the Nestin-GFP
mouse line; Celine Vuong, Amy Pandya-Jones, Kathrin Plath, and members of the Black
lab for help, discussions and comments on the manuscript. Financial support was
provided by W.M. Keck Foundation and NIH RO1 MH109166 grants to DLB and YX, NIH
R0O1 GM088342 to YX, and R35 GM136426, R01 GM049662 and funding from the David
Geffen School of Medicine and Division of Life Sciences at UCLA to DLB. K-HY received
a postdoctoral fellowship from Eli and Edythe Broad Center of Regenerative Medicine
and Stem Cell Research at UCLA. HL was supported by Whitcome Warsaw Family

fellowships from UCLA.

AUTHOR CONTRIBUTIONS


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

32

K-HY, ZP, XY and DLB: conception and study design. K-HY: all experiments and
data generation, except Ptbp knockdown experiments and microscopy performed by HL
and WX. ZP, C-HL and K-HY: data processing and analysis. ZP: defining unique introns,
clustering analyses and deep learning analyses. K-HY and DLB wrote the manuscript

with input from ZP and XY. DLB and XY: supervision and funding.

DISCLOSURE DECLARATION

The authors declare no competing interests.


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

33

FIGURE LEGENDS

Figure 1. RNA patrtitioning between subcellular compartments.

A. Workflow used in this study. B. Genome browser tracks of the Gapdh locus in mESC.
GENCODE annotated isoforms (M11) are diagrammed at the top. Poly(A)+ RNA (open
box), total RNA (grey box), and peak RPM are noted on the left. RNA from chromatin
(Chr), nucleoplasmic (Nuc), and cytoplasmic (Cyto) fractions are labeled at the right. The
fixed Y scale (RPM) shows the strong enrichment of Gapdh RNA in the cytoplasm. The
bottom tracks show chromatin RNA with an extended Y scale to observe the intron reads.
C. Genome browser tracks of the Xist/Tsix locus in female mNPCs show strong
chromatin enrichment of Xist RNA. D. Distribution of chromatin partition indices. The
Chromatin / Cytoplasm ratio [Chr_Poly(A)+ / Cyto_Poly(A)+] of the averaged read
counts of each gene are plotted as a distribution along the log, scale, with partition
indices of representative genes indicated below. Biotypes of the 400 genes from bottom
(left (L), blue bar), peak (middle (M), green bar), and top (right (R), red bar) of the

distribution are presented in the bar graph below.

Figure 2. Cotranscriptional and posttranscriptional intron excision.

A. Genome browser tracks of the Sorbs1 locus in mESC. Total chromatin RNA (grey
box) shows intron reads, but the poly(A)+ RNA (open box) shows primarily exon reads
except one posttranscriptional intron. B. Genome browser tracks of chromatin RNA at
the Wdr55 and Vegfb loci in mESC. Total (grey box) and poly(A)+ (open box) are shown,
with cotranscriptionally and posttranscriptionally spliced introns are highlighted in green
and red respectively. Yellow highlighted introns were not analyzable due to multiple
processing patterns. C. Proportions of co- and posttranscriptional splicing for 49,692 U

introns in MESC, using criteria described in Supplemental Figs. S4C — S4E. Introns
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upstream (2,779) and downstream (2,744) from simple cassette exons were similarly

analyzed.

Figure 3. Intron Groups defined by their retention level and fractionation behavior.

A. X-means clustering was applied to intron Fl values and fraction enrichment in mESC,
mNPC, and mCtx. The Fl distribution for introns in each subcellular fraction and group is
shown. B. Genome browser tracks (top) and RT-PCR validation (bottom) of
representative transcripts in mESC. Validated introns are indicated by a blue highlight
and a bracket below. Gel images are one of 3 biological replicates. C. The proportion of
introns containing a PTC in frame with the upstream sequence is shown for each cluster
and cell type. D. Percent of introns in each group for U introns from mESC and for

detained introns within the U intron set (Boutz et al. 2015).

Figure 4. Deep Learning Analysis of Intron Groups.

A. Flow diagram for training the deep neural network. B. Performance of the model in
distinguishing introns of different groups. ROC curves were plotted for individual pairwise
comparisons with AUC values shown in parentheses. C. t-SNE plots of the 15 genomic
features most predictive for distinguishing intron groups. Features distinguishing Group
A from Groups C and D are shown above and those distinguishing Group C from Group
D below. Features colored blue or red indicate the group for which they are positively

correlated.

Figure 5. Regulation of intron retention and chromatin association during neuronal
development.
A. Circos plot (Krzywinski et al. 2009; Gu et al. 2014) of intron group changes between

cell types (MESC, mNPC, and mCitx). Introns not changing groups are on the left.


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

35

Introns switching groups between cell types on the right. B. Genome browser tracks of
Med22 during neuronal differentiation (left three panels) and after Ptbp knockdown in
MESC (right three panels). Dashed boxes indicate U introns with measured Fl values
(introns 1 and 3) under each track. Group classification of intron 3 is at the bottom. C.
Scatter plots of FI change between mESC and neurons (mCtx) plotted for each fraction
against FI change after Ptbpl knockdown in mESC. Introns with delta FI less than -0.1 in
both conditions are in red, and with delta FI greater than 0.1 in blue. Number of introns
showing these changes with the number carrying PTBP1 iCLIP tags in parentheses, are

above and below (Linares et al. 2015). Intron 3 of Med22 is circled in green.

Figure 6. Chromatin enrichment and PTBP1 regulation of Gabbrl transcripts.

A. Genome browser tracks of Gabbrl in mESC and mCtx. PTBP1 iCLIP tags in mESC
are plotted above in pink. Y axis indicates the maximum RPM in each cell type. The
green box and bracket mark the intron 4-5 region expanded in panel B. PTBP1
responsive exons 5 and 15 are marked with arrowheads. B. Sashimi plots of the Gabbrl
intron 4-5 region in mMESC, mCtx, and after Ptbp knockdown in mESC. RPKM is plotted
on the Y axis. PTBPL1 responsive exon 5 is marked with an arrowhead. Exons encoding
the two sushi domains and the 6-aa linker are marked on the conservation track below.
C. Immunoblot showing expression of GABBRL1 protein relative to other proteins in

MESC and cortical neurons.
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