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Intron retention (IR) is a form of alternative splicing that can affect mRNA levels through
nonsense-mediated decay or by nuclear mMRNA detention. A complex, dynamic IR pattern

* Dynamic intron retention
programs exist in the murine
megakaryocyte and erythroid
and human erythroid
lineages.

¢ Intron retention inversely
correlates with expression
levels of a large set of
transcripts.

has been described in maturing mammalian granulocytes, but it is unknown whether IR
occurs broadly in other hematopoietic lineages. We globally assessed IR in primary
maturing mammalian erythroid and megakaryocyte (MK) lineages as well as their
common progenitor cells (MEPs). Both lineages exhibit an extensive differential IR
program involving hundreds of introns and genes with an overwhelming loss of IR in
erythroid cells and MKs compared with MEPs. Moreover, complex IR patterns were seen
throughout murine erythroid maturation. Similarly complex patterns were observed in
human erythroid differentiation, but not involving the murine orthologous introns or
genes. Despite the common origin of erythroid cells and MKs, and overlapping gene
expression patterns, the MK IR program is entirely distinct from that of the erythroid
lineage with regards to introns, genes, and affected gene ontologies. Importantly, our
results suggest that IR serves to broadly regulate mRNA levels. These findings highlight the importance of this understudied form of
alternative splicing in gene regulation and provide a useful resource for studies on gene expression in the MK and erythroid lineages.

(Blood. 2016;127(17):e24-34)

Introduction

Alternative splicing is critical to mammalian transcription because it
diversifies the proteome without a corresponding increase in genome
complexity. In a given transcript, 5" and 3’ splice sites can vary, exons
can be spliced out, pairs of exons can be mutually exclusive, and
introns can be retained.' Intron retention (IR) is the least studied form
of alternative splicing but is emerging as an important regulatory
mechanism in several cell types.>” IR can result in a truncated protein,
insert an amino acid sequence, or detain a transcript in the nucleus to
prevent translation. Importantly, however, it often promotes mRNA
destabilization via nonsense-mediated decay (NMD) in the cytoplasm
or other mechanisms in the nucleus.”>*'" The NMD machinery
degrades IR mRINAs because of the presence of premature termination
codons (PTCs) introduced by the introns.

Recent evidence argues that IR-induced mRNA modulation is not
uncommon and is biologically important.>* Of note, even in the case
of non-IR alternative splicing, exon splice variations can result in PTCs
that activate NMD.'''3 In fact, it is estimated that one third of genes
have an NMD-targeted splice variant.'*'> Thus, alternative splicing,
including IR, can affect mRNA quality and quantity. In addition,
understanding how alternative splicing and NMD together influence

mRNA levels is important because their misregulation is linked to
disease. It is estimated that one tenth to one third of known disease-
causing mutations alter splicing'®'” and one third of hereditary dis-
eases result from PTCs.'®2° Further, widespread IR was recently
reported in cancer.?!??

Intricate hematopoietic gene expression and alternative splicing
programs exist in the related megakaryocyte (MK) and erythrocyte
lineages,23'28 and splicing-coupled NMD is observed during human
erythropoiesis.'' However, if IR occurs in the MK and erythroid
lineages, whether it is distinct between these lineages, and how it is
modulated during maturation is unknown. Here, we used 3 RNA-seq
data sets, the first comprising a trio of murine MK-erythrocyte pre-
cursors (MEPs, the common precursor giving rise to both lineages),
MKs, and erythroid cells. The second and third represent terminal
erythroid maturation stages derived from murine bone marrow and
in vitro differentiated human cord blood cells, respectively. Using
these data sets and the bioinformatics tool Intron Retention Finder
(IRFinder), we uncovered a complex differential IR program that is
distinct among these lineages and highly dynamic during cellular
maturation.
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Methods

We assessed IR using an improved version of the bioinformatics tool Intron
Retention Finder (IRFinder, R.M. and W.R., manuscript in preparation). See the
supplemental material, available on the Blood Web site, for details. For each
intron, IRFinder estimates the abundance of transcripts retaining or not retaining
it. The fraction of transcripts retaining that intron is then calculated by taking the
ratio of transcripts retaining it to the sum of transcripts retaining or not retaining it.
This is the “IR ratio” and ranges from O to 1. Partial IR resulting from splicing
inside the intron is a distinct process and was not examined.”

To find introns differentially retained between 2 samples, we first identified
those whose range of IR ratios in replicates of 1 sample does not overlap with the
range of IR ratios in replicates of the other sample. For introns meeting this
criterion, IR ratios were calculated in pooled replicates of each sample. P values
indicating whether these IR ratios are different were calculated.®>® Introns
with a Benjamini-Hochberg adjusted P < .05 and IR ratio fold-change =2
were considered differentially retained.

Results
Dramatic IR changes during MEP differentiation

We investigated IR in murine MK and erythrocyte lineages using
existing, directional, paired-end RNA-seq data sets.>* These data sets
derive from primary tissues, including bone marrow MEPs, fetal liver
Ter119™ erythroid populations, and CD41" MKs differentiated in
vitro from fetal liver progenitors (Figure 1A). These samples allow
an initial global assessment of IR changes between MEPs and each
differentiated lineage and between both lineages. Using IRFinder,
we assessed IR in these cell types and identified differential retention
by independently comparing MEPs to each lineage (Figure 1B).
We analyzed approximately 200 000 introns in each sample and
excluded those with extremely low splice-junction read counts
(supplemental Methods). Most introns with measurable IR ratios
have little to no retention, a minority has high levels of retention,
and globally, MEPs have the most and MKs have the least IR (sup-
plemental Figure 1A). We identified 1466 introns in 969 genes that
change retention greater than or equal to twofold between MEPs and
MKs, with 58 (4%) increasing and a remarkable 1408 (96%) decreas-
ing their retention in MKs compared with MEPs (Figures 2A, upper
panels, and 2B; supplemental Figure 2A and supplemental Table 1).
Similarly, we identified 557 introns in 437 genes that change retention
greater than or equal to twofold, with 160 (29%) increasing and 397
(71%) decreasing their retention in erythroid cells compared with MEPs
(Figures 2A, lower panels, and 2B; supplemental Figure 2A and
supplemental Table 2). It is worth noting that first, within either lineage,
the majority of differential IR genes only possess one such intron
(Figure 2C). Second, in genes bearing multiple differentially retained
introns, retention almost exclusively changes in the same direction (not
shown). Third, we observed that retained introns are shorter and have a
higher GC content than nonretained introns (supplemental Figure 1B-D),
consistent with previous reports.>* Finally, because the MKs were
differentiated in vitro, we note that some MK IR events could possibly
result from the culturing. In summary, a subset of the retained introns
described before is differentially retained between samples and tends
to have lower retention levels in differentiated cells relative to MEPs.
In a previous study, IR increases during granulocyte maturation
correlated with expression decreases of a subset of splicing factors,’
suggesting splice factor downregulation as a cause. We examined
splicing and NMD factor gene expression and found that at the mRNA
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level, the majority of factors show little change when comparing MEPs
with MKs or erythroid cells (supplemental Figures 3A-B and 4A). The
dynamic IR patterns thus might not result from broad changes in the
splicing and NMD machinery. However, we cannot rule out a critical
role for the few factors with changing mRNA levels, or changes in the
splice or NMD machinery’s protein or activity levels.

Comparing differential IR between the MK and
erythrocyte lineages

IR dramatically declines during MEP differentiation toward either
lineage. We therefore asked whether there are commonalities among
the dynamically retained introns. Two-hundred thirty introns in 198
genes change retention in both lineages (Figure 2D; Table 1), with
nearly all introns changing retention in the same direction in each
lineage. The majority of these shared IR events decline during
differentiation. We additionally noted 258 genes with differential
retention in both lineages, including those with different introns
changing retention in each lineage. Finally, we assessed lineage-
specific IR changes and found decreases in the majority of MK-
specific IR events, whereas erythroid-specific IR has a more even
mix of increasing and decreasing IR. The differentially retained
introns in these lineages thus include a subset that changes IR ratios
in both lineages, mostly decreasing, and additional subsets that are
MK or erythroid-specific.

Enrichment of GO terms and KEGG pathways among
differential IR genes during MEP differentiation

We searched the differential IR genes for enriched Gene Ontology
(GO) terms and KEGG pathways using a background of all genes
with measured IR ratios (supplemental Tables 5-12). In the MEP-Ery
comparison, genes with decreasing IR are enriched for terms regarding
ribosomes, translation, splicing, and adenosine triphosphate bio-
synthesis; genes with increasing IR are enriched for terms regarding
mitosis, chromatin, and the spindle; and total genes with differential
IR are enriched for all these terms. In contrast, in the MEP-MK
comparison, where most genes have decreasing IR, differential IR
genes are enriched for terms including actin, immunity, ncRNA,
endocytosis, and the proteasome. Genes with the same intron changing
retention in both lineages are enriched for translation and ncRNA
processing terms. Finally, the lists of terms are fairly similar between
total and lineage-specific differential IR genes within each lineage. The
differential IR programs thus are enriched for functional terms that
differ between lineages.

IR during murine terminal erythroid maturation

During erythropoiesis, cells undergo dramatic changes including di-
minishing cell size, chromatin condensation, and erythroid-specific
gene upregulation.*"** Complex transcription and splicing programs
drive this process.'">*?"?® We therefore determined whether an IR
program exists during terminal maturation. We used nondirectional,
single-end RNA-seq data sets from primary bone marrow—derived
murine proerythroblasts and basophilic, polychromatic, and orthochro-
matic erythroblasts® (Figure 1A). Corresponding human populations
(including 2 basophilic stages) were differentiated in vitro from cord
blood progenitors.> These data sets were thus derived from pure stage-
matched populations and allow comparisons of both species.

We examined the murine lineage by independently comparing
proerythroblasts to each subsequent stage. Among all 3 compari-
sons, we identified 254 differentially retained introns in 178 genes,
the majority of genes containing one such intron (Figure 3A-C;

20z dunf g uo 3senb Aq jpd y2e/9rEE6E L/¥2e/ L LILT LIPd-aloe/poojq/ieu-suoneolgndyse//:djy woly papeojumog



e26 EDWARDS et al

BLOOD, 28 APRIL 2016 - VOLUME 127, NUMBER 17

MK sample:
CD41+*magnetic sort
from in vitro differentiated
Kit*fetal liver progenitors

Figure 1. Experimental strategy. (A) Purification strat-
egy for samples used to generate these data sets. Baso,
basophilic erythroblast; BFU-E, burst-forming unit-erythroid;
BFU-MK, burst-forming unit-megakaryocyte; CFU-E,
colony-forming unit-erythroid; CFU-MK, colony-forming
unit-megakaryocyte; MEP, megakaryocyte-erythrocyte
precursor; MK, megakaryocyte; Ortho, orthochromatic
erythroblast; Poly, polychromatic erythroblast; Pro,
proerythroblast. Purification strategies for MEPs, the MK
lineage in bulk, the erythroid lineage in bulk, and individ-
ual erythroid stages are indicated. (B) Strategy to identify
differentially retained introns between pairs of samples
using IRFinder.

FcyR2/3 low, CD34-,
FACS from marrow

A
BFU-MK CFU-MK MK
MEP%I
MEP sample: BFU-E CFU-E Pro Baso Poly Ortho
Kit, Lin-, Scat,

Erythroid sample:
@ ® Ter119* magnetic
sort from fetal liver

r 1

Murine maturahon sta es:

Human maturation stages:

Align reads to genome

Analyze introns in individual replicates

Identify introns whose IR ratio does not overlap
between replicates of samples A and B

Using pooled replicates, calculate IR ratios for
these introns and P values indicating whether
their IR ratios are different between
samples A and B

Select introns with Benjamini-Hochberg adjusted
P < .05 and IR ratio fold-change > 2

FACS from marrow using Ter119, CD44, & FSC

CD34* magnetic sort from cord blood, in vitro
differentiation, FACS using GPA, Band3, & a4-integrin

supplemental Figure 2B and supplemental Table 3). In surprising
contrast to the MEP/erythroid comparison, IR ratios almost exclu-
sively increase during maturation with a jump in the number of introns
atthe polychromatic stage. The IR signature thus changes considerably
during maturation. The IR patterns across the stages are complex
(Figure 3D), with several intron groups discernible. In the largest, IR
ratios are generally higher after the proerythroblast stage. In 2 smaller
groups, IR ratios peak strongly in either polychromatic or orthochro-
matic erythroblasts. The smallest group has IR ratios descending
during maturation.

Some splicing and NMD factors have decreasing mRNA levels
during maturation (supplemental Figures 3C-D and 4B). Smgs§, a
factor essential for human NMD,?? also has moderately lower tran-
script levels during the final stage. The extent to which these mRNA
changes influence IR is unclear and again, unseen changes in these
factors’ protein and activity levels may shape the IR program.
However, global changes in the splicing or NMD machineries seem
insufficient to account for the selectivity and complex dynamics of IR,
favoring the existence of cell type and/or stage-specific mechanisms.

To validate IR changes, we independently purified the same murine
erythroid maturational stages used for the RNA-seq data sets (Figures
1A and 4A) and performed quantitative reverse-transcription polymer-
ase chain reaction. Rising 3-major (Hbb-b1) mRNA levels confirmed
increasing maturity (Figure 4B). We selected 4 introns with predicted
retention increases during maturation. The ratios of intron-exon
junctions (IR transcript) to exon-exon junctions (spliced transcript)
were compared between proerythroblasts and downstream stages and
increased during maturation (Figure 4C).

IR during human terminal erythroid maturation

We next examined the human erythroid lineage. Among all 4 compar-
isons, we identified 523 differentially retained introns in 341 genes, the
majority of genes containing one such intron (Figure SA-C; supple-
mental Figure 2C and supplemental Table 4). Like the murine program,
IR patterns across stages are complex (Figure 5D). Approximately half
of the introns have retention peaking in orthochromatic erythroblasts.
Two smaller intron groups have retention peaking in polychromatic
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Figure 2. IR dynamics between MEPs and MKs or MEPs and erythroid cells. (A) IR changes between MEPs and MKs (upper panels) or erythroid cells (lower panels). Scatterplots
depict IR ratios between pairs of samples for introns with significantly (Ben-Hoch, P < .05) different IR ratios. Bar graphs depict log IR ratio fold-changes. Number of introns with IR
ratios increasing greater than or equal to twofold, decreasing greater than or equal to twofold, or changing less than twofold are indicated. Dashed bars indicate twofold changes. Empty
regions along bar graph x-axes are introns with IR = 0 in 1 sample, their fold-changes cannot be plotted on a log-transformed scale. (B) Differential IR among both lineages. Panels
indicate introns with greater than or equal to twofold IR ratio changes. (C) Histograms of introns per gene with greater than or equal to twofold IR ratio changes. Absolute frequencies
are indicated above bars. (D) Introns with greater than or equal to twofold IR ratio fold-changes in both lineages. Scatterplot depicts log, IR ratio fold-changes between MEPs and MKs
(x-axis) and MEPs and erythroid cells (y-axis). Introns with IR ratio = 0 in one sample cannot have their fold-changes plotted on a log-transformed scale and are omitted.

erythroblasts or the last 2 stages, and a fourth group decreases retention
during maturation. Unlike murine erythropoiesis, however, the fractions
of introns with retention peaking in the final stage or dropping during late
stages are larger. The orthochromatic erythroblast IR peak is striking. We
noticed a general decrease in the expression of splicing and NMD factors
during the later stages (supplemental Figures 3E-F and 4C), which might
account for some IR increases, but would fail to explain the simultaneous
IR decreases. A complex dynamic IR program thus exists during ter-
minal human erythropoiesis, with similarities to the murine program.

Enrichment of GO terms and KEGG pathways among
differential IR genes during terminal erythroid maturation

During murine terminal erythropoiesis, GO terms related to mitosis
and the KEGG pathway porphyrin and chlorophyll metabolism
(which includes heme metabolism genes) are enriched (supple-
mental Table 13). In humans, enriched GO terms include heme bio-
synthesis, iron homeostasis, splicing, post-transcriptional gene
regulation, translation, and glycosylation (supplemental Table 14).
We noted spectrin-associated cytoskeleton genes (dematin, ankyrin,
and o/} spectrin). In addition, genes with IR spiking in orthochro-
matic erythroblasts are enriched for splicing and transcription
terms (supplemental Table 15). These results are notable because
erythropoiesis involves producing optimal heme levels, metabolizing
iron, controlling the number of cell divisions, globally changing
mRNA levels, mass-producing erythroid proteins, and remodeling the
cell membrane and cytoskeletal scaffold.*"*? In summary, dynamic IR

genes are enriched for biologically important GO terms and
KEGG pathways during murine and human erythroid maturation.

IR conservation during erythroid maturation stages

To ask whether total IR is conserved between murine and human
erythroid differentiation, we identified introns with orthologs in both

Table 1. IR distribution among MK and erythroid lineages

Introns and genes with IR ratios changing >twofold

MK lineage-specific
Introns with IR ratios changing 1236
47 (4%)
1189 (96%)

Introns with IR ratios increasing
Introns with IR ratios decreasing

Genes with IR ratios changing 711
Erythroid lineage-specific
Introns with IR ratios changing 327

Introns with IR ratios increasing
Introns with IR ratios decreasing

145 (44%)
182 (56%)

Genes with IR ratios changing 179
Common to both lineages
Introns with IR ratios changing 230
Introns with IR ratios increasing in both lineages 11
Introns with IR ratios decreasing in both lineages 215
Introns with IR changing in different directions 4
Genes with same intron changing in both 198
lineages
Genes with same or different intron changing 258
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Figure 3. Differential IR at multiple stages during murine erythroid maturation. (A) Bar graphs depicting IR ratio fold-changes between pairs of samples. Number of introns
with IR ratios increasing greater than or equal to twofold, decreasing greater than or equal to twofold, or changing less than twofold are indicated. Dashed bars indicate twofold
changes. (B) Number of introns and genes with IR ratios changing greater than or equal to twofold between proerythroblasts and each downstream stage. Total introns and genes
among all pairwise comparisons is shown above. (C) Histograms of introns per gene with greater than or equal to twofold IR ratio changes. Absolute frequencies are indicated
above bars. (D) Heat map of IR ratios across stages. Rows represent introns whose IR ratio changes greater than or equal to twofold between proerythroblasts and at least 1
downstream stage. Columns represent stages. Colors indicate Z-scores of IR ratios across each row. Rows were ordered using the Pearson distance metric and complete
clustering method. Clusters were identified visually and using the dendrogram and are indicated to the right.

species (UCSC Liftover) and IR measurements in equivalent stages.
We compared each murine stage with its human counterpart with
murine basophilic erythroblasts compared with early or late human
basophilic erythroblasts. IR ratios showed a weak positive correla-
tion in every stage (supplemental Table 16). Importantly, in each
stage-matched comparison, 30% to 40% of murine-retained introns
are retained in humans (supplemental Table 17). Likewise, 40% to
50% of human-retained introns are retained in mice. This overlap is
significant (hypergeometric test P < 7E~>'?, 2-sided Fisher exact
test P < 22E"'°).

We similarly asked whether the murine and human differential IR
programs overlap. Among all introns with orthologs and IR measure-
ments in both species, 0.27% (84) and 0.65% (204) are differentially

retained in mice and humans, respectively. Importantly, only 6 are
differentially retained in both species (supplemental Figure 5A). This
overlap is significant (hypergeometric test P = 1.37E"°, 2-sided Fisher
exact test P = 1.94E~>) but miniscule. Of the overall murine differential
IR program’s 178 genes, nearly all have a human ortholog but only 18%
(32) are in the human differential IR program (supplemental Figure 5B).
Thus, total IR, but not differential IR, is conserved between murine and
human terminal erythropoiesis.

NMD inhibition did not upregulate retention of differentially
retained introns

IR can result in mRNA nuclear sequestration or cytoplasmic
degradation by PTC-triggered NMD.>>#? NMD operates in the
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Figure 4. Experimental validation of differential IR. (A) Fluorescence-activated cell sorting profiles of unsorted and sorted murine erythroid marrow cells. Target antigens
and fluorophores are indicated along axes. (B) Bar graph depicts quantitative reverse-transcription polymerase chain reaction of -major (Hbb-b1) mRNA levels normalized to
B-actin mRNA levels. (C) Genes and introns are indicated above, samples are indicated below, and the ratio of intron-exon signals (intron retained) to exon-exon signals
(intron spliced out) are indicated to the left of each graph. Graphs depict mean and standard error of the mean of 4 to 6 biological replicates. Asterisks indicate significance
(Wilcoxon rank-sum test, P < .05). Arrows indicate quantitative polymerase chain reaction primer locations.

erythroid lineage''*

and its factors are expressed in our samples

whether NMD degrades our differential IR transcripts, we purified

(supplemental Figure 4). More than 99% of the differentially
retained introns potentially introduce a PTC and more than 90%
are predicted to trigger NMD (supplemental Tables 18-21). To ask

adult murine bone marrow proerythroblasts and polychromatic
erythroblasts and inhibited NMD with cycloheximide (CHX,
100 uM for Pro, 100 uM or 500 uM for Poly; supplemental
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Figure 5. Differential IR at multiple stages during human erythroid maturation. (A) Bar graphs depicting IR ratio fold-changes between pairs of samples. Number of
introns with IR ratios increasing greater than or equal to twofold, decreasing greater than or equal to twofold, or changing less than twofold are indicated. Dashed bars indicate
twofold changes. (B) Number of introns and genes with IR ratios changing greater than or equal to twofold between proerythroblasts and each downstream stage. Total introns
and genes among all pairwise comparisons is shown above. (C) Histograms of introns per gene with greater than or equal to twofold IR ratio changes. Absolute
frequencies are indicated above bars. (D) Heat map of IR ratios across stages. Rows represent introns whose IR ratio changes greater than or equal to twofold between
proerythroblasts and at least 1 downstream stage. Columns represent stages. Colors indicate Z-scores of IR ratios across each row. Rows were ordered using the
Pearson distance metric and complete clustering method. Clusters were identified visually and using the dendrogram and are indicated to the right. EB, early basophilic

erythroblast; LB, late basophilic erythroblast.

Methods). Proerythroblasts received only 1 concentration be-
cause of low cell numbers. We assessed retention in the same 4
introns examined in Figure 4C, again checking IR at the 5" and 3’
intron-exon junctions. These four have NMD predicted and increase
retention during differentiation, whereas their transcript levels trend
downward (not shown).

B-major (Hbb-bI) and IR levels changed as expected during
maturation (supplemental Figure 6A,C, compare first and third
bars). Genes Srsf7 and Srsf3 served as positive controls for NMD
inhibition. Analyses of their human orthologs®> and UCSC genome
tracks suggest they contain differentially spliced “poison exons,” exons
introducing a PTC and triggering NMD. Despite sizeable quantitative
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polymerase chain reaction variation in some CHX-treated samples,
2 things were evident. First, for Srsf7 and Srsf3, CHX treatment
dramatically increased the ratio of transcripts containing the “poison”
exons to transcripts lacking them (supplemental Figure 6B).
Second, surprisingly, CHX caused no general IR increase (supplemental
Figure 6C). Although NMD thus functions during murine terminal
erythropoiesis, we found no evidence that it degrades our differential
IR transcripts.

IR regulates gene expression levels

Multiple studies have reported an inverse correlation between IR and
mRNA levels,>*?' though not all.* Although our CHX experiments did
not show a role for NMD in IR mRNA destabilization, we did not look
globally and mRNA degradation may occur via other mechanisms. We
therefore determined globally whether IR and mRNA levels inversely
correlate at the MEP to MK or erythroid transitions, and during the
erythroid stages with the most pronounced IR changes, namely
between human proerythroblasts and polychromatic or orthochromatic
erythroblasts.

We grouped genes into those with IR increasing or decreasing
greater than or equal to twofold, excluded those with mixed IR change
directions, and compared expression changes between those genes and
with all genes with IR measurements. All genes with IR measurements
have a fairly even mix of up- and downregulation during murine
MEP to MK or erythroid transitions (Figure 6, top 2 rows, center
column). Genes with increasing IR have similar or only slightly
different expression patterns (compare center and left columns). In
contrast, decreasing IR has a strong impact on expression with a
dramatically larger fraction of mRNAs upregulated (compare center
and right columns).

During human proerythroblast to polychromatic or orthochromatic
erythroblast transitions, genes with IR measurements and genes
with increasing IR tend to be downregulated (Figure 6, bottom 2 rows,
center and left columns). Again, when considering genes with reduced
IR, a shift occurs with a considerably larger fraction of genes in-
creasing their expression (compare center and right columns).
Median expression changes are highest for genes with decreasing IR
(Wilcoxon rank-sum, P < .05). The inverse correlation between IR
and expression is unaltered by raising the minimum IR fold-change
from two- to tenfold (not shown). In addition, these trends are
unchanged when parsing genes into those with only 1 or multiple
differentially retained introns (supplemental Figure 7). We note that
whether the multiple differential IR introns coexist or are in separate
mRNA molecules is unknown. Thus, genes with decreasing IR tend
to be more upregulated than either all genes with IR measurements or
the subset with increasing IR.

The inverse correlation between IR and mRNA changes is not
absolute, likely because of confounding effects from transcription
changes and the fact that IR does not guarantee mRNA degradation.
During murine terminal erythropoiesis, we observed almost no genes
with decreasing IR, contrasting with human cells. Regardless, overall,
our results add support to the hypothesis that IR serves to negatively
regulate mRNA levels.

Discussion

Using an improved version of IRFinder (R.M. and W.R., manuscript
in preparation), we discovered a program of differential IR in mammalian
MEP, MK, and erythroid cells. MEPs have more IR compared with
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erythroid and MK lineages. In addition, throughout erythroid
maturation, complex layers of IR are superimposed on the murine and
human gene expression programs. Importantly, dynamic IR correlates
inversely with transcript level changes, suggesting a major involvement
of IR-coupled mRNA degradation in regulating gene expression. Our IR
analysis thus adds further complexity to the mammalian MK and
erythroid lineages, emphasizes that gene regulation must be considered
post-transcriptionally, and presents a resource for those studying gene
expression in these lineages.

Our IR analysis strategy incorporated features worth considering.
IRFinder’s methods minimized the effects of small RNAs and local
coverage spikes on IR measurements. The algorithm considered both
canonical splicing (2 adjacent exons joined) and alternative splicing
(1 adjacent and 1 distal exon joined). Finally, RN A-seq data sets
were derived from polyA™ RNA, excluding nascent transcripts and
free introns.

Gene expression studies typically focus on transcript synthesis.
However, mRNA levels are influenced post-transcriptionally by
mechanisms such as the regulation of mRNA turnover with or
without miRNAs.*®3” Recent studies add alternative splicing and IR
to this list of mechanisms.>*>'"*! Qur analyses suggest that the
mammalian MK and erythroid lineage differential IR programs
may play such a role. We observed that expression of genes with
decreasing IR during differentiation trends upward relative to all
genes with IR measurements. This is consistent with IR triggering
mRNA destabilization. However, we observed a second gene set
with IR increasing during differentiation, but with similar expression
changes compared with all genes with IR measurements. The reason
for this asymmetric correlation between IR changes and transcript
level changes is unclear. One possibility is that the 2 transcript
groups differ in sensitivity to mRNA destabilization pathways. Our
analyses are confounded by transcriptional changes and the fact that
IR does not guarantee mRNA destabilization. In addition, we note
that because degraded IR transcripts cannot be detected, our IR level
assessments may be underestimates. Surprisingly, 4 differentially
retained introns we examined with regard to NMD regulation did not
generally increase retention upon NMD inhibition. This clearly
indicates that IR with a PTC does not guarantee NMD. Moreover,
NMD does not account for all IR-related changes in transcript levels
and IR mRNAs may be detained and degraded in the nucleus. This
last point is consistent with reports that retained introns are NMD-
resistant and enriched in the nuclei of human erythroid cells®®
(discussed next). However, it is possible, if not probable, that NMD
might play a role at other IR transcripts. Overall, our results strongly
suggest a role for differential IR programs in regulating mRNA levels.

Using another algorithm, others recently assessed terminal human
erythropoiesis IR* (see supplemental Methods for a comparison).
Similar to our findings, they observed increased retention of a set of
introns in gene groups enriched for mRNA processing GO terms.
Tested introns were NMD-resistant. Moreover, we noted some
overlap between our introns with increasing retention during late
erythropoiesis and one of their identified intron clusters (cluster C1)
which also has increasing retention during late erythropoiesis.
It should be noted that their strategy grouped introns into clusters
based on patterns of IR values throughout differentiation, whereas we
identified introns with statistically significant IR fold-changes between
maturational stages. Thus, although discrepancies between the IR
patterns identified by the 2 algorithms may result from mapping or
methodologic differences, they may also result from differences in the
organization and presentation of IR patterns. Overall, both approaches
yielded similar conclusions regarding IR patterns in human erythroid
maturation.
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Figure 6. An inverse correlation between gene expression changes and IR changes. Graphs depict log, expression changes between pairs of samples for all
genes with measured IR ratios (center panels), genes with IR ratios only increasing greater than or equal to twofold (left panels), and genes with IR ratios only
decreasing greater than or equal to twofold (right panels). Pairwise comparisons of samples are indicated to the left. Median log, expression changes are indicated

within each graph.

Downregulating or limiting transcript levels via IR-coupled deg-
radation seems counterintuitive because it is conceptually more
complex than silencing transcription and involves wasteful tran-
scription cycles. There are several possibilities why this mechanism
evolved. First, this gives cells an additional mechanism for adjusting
transcript levels. Second, it allows cells to coordinately regulate
genes lacking common miRNA target sequences or transcription

or translation regulators. Third, this mechanism utilizes existing
pathways, obviating the need to evolve or upregulate new proteins.
Fourth, protein production, and thus transcription repressor pro-
duction, might be at least as energetically expensive as mRNA
production.®® Hence, altering splicing might be more energy
efficient than producing repressor proteins. Finally, altering
splicing might be kinetically favorable compared with transcribing
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and translating a repressor. Of course, this strategy of leaving tran-
scription active and intercepting the mRNAs is not unprecedented,
as exemplified by miRNA-mediated repression.

Although IR is typically associated with mRNA degradation, it can
also influence protein production. IR transcripts for tissue factor and
IL-1B are present in MKs and carry over into anucleate platelets.***!
Introns are spliced out upon platelet activation and only then are the
transcripts successfully translated. Our MK and orthochromatic
erythroblast IR transcripts might similarly carry over into and affect
protein production in anucleate platelets and reticulocytes, respec-
tively. One corollary of this is that IR mRNAs would need to escape
degradation. This might account for the general lack of transcript
destabilization with increasing IR. Further investigations are needed to
reveal whether these IR programs have this role.

Many introns are retained at low levels, prompting questions re-
garding their biological impact. In this regard, 3 points should be
considered. First, as mentioned earlier, IR transcripts may be degraded
and their true extent and contribution to mRNA levels may thus be
higher than appears. Second, IR may affect cell biology via small but
collective effects on many transcripts. Finally, IR might serve to subtly
fine-tune gene expression.

Itis unclear what triggers differential IR in these lineages, but many
possible mechanisms exist. Splice factors can be regulated in terms
of expression, protein abundance, transcript-specific recruitment,
and RNA-binding and catalytic activity. Splice-site strength®>*3®
and intronic and exonic splice enhancers and silencers can also
modulate splicing.**** In addition, signaling pathways, the transcrip-
tion machinery, chromatin modifications, nucleosome occupancy,
transcription elongation kinetics, and ncRNAs may influence
splicing.">** Finally, degradation of intron-retaining transcripts
can involve nuclear ribonucleases, the NMD pathway, which is
linked to the translation machinery, and other factors, any of which
might be targets for modulation. In our murine samples, there is no
universal change in splice or NMD factor mRNAs, suggesting that
IR patterns might not result from nonspecific global changes.
Transcript levels change for a few factors and we cannot formally
rule out their involvement in differential IR. In human erythroid
cells, maturation is accompanied by more substantial downregulation
of splice and NMD factor transcripts. Yet, because IR does not increase
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globally, one would have to invoke differential sensitivity of introns to
alterations in the splicing or NMD pathways. In addition, reductions in
these factors do not easily explain the IR decrease during maturation.
Finally, unseen changes in the factors’ protein or activity levels may
shape the IR programs. In sum, this work suggests that IR is a mode of
mRNA regulation that functions in a gene-specific manner. Further
studies of IR in a variety of organisms will shed light on how this
intriguing mechanism evolved.
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