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ABSTRACT Formation of the mammalian hematopoietic system is under a complex set
of developmental controls. Here, we report that mouse embryos lacking the KH domain
poly(C) binding protein, Pcbp2, are selectively deficient in the definitive erythroid lin-
eage. Compared to wild-type controls, transcript splicing analysis of the Pcbp2�/� em-
bryonic liver reveals accentuated exclusion of an exon (exon 6) that encodes a highly
conserved transcriptional control segment of the hematopoietic master regulator, Runx1.
Embryos rendered homozygous for a Runx1 locus lacking this cassette exon (Runx1ΔE6)
effectively phenocopy the loss of the definitive erythroid lineage in Pcbp2�/� embryos.
These data support a model in which enhancement of Runx1 cassette exon 6 inclusion
by Pcbp2 serves a critical role in development of hematopoietic progenitors and consti-
tutes a critical step in the developmental pathway of the definitive erythropoietic lin-
eage.
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The development of the mammalian erythroid system is a highly complex process
involving successive lineage commitments and corresponding levels of molecular

controls (1). Substantial efforts have gone into identifying various sets of transcription
factors involved in these pathways and how they impact alterations in chromatin
structures and PolII activities that drive erythroid lineage commitment. However, it is
increasingly clear that the composition and function of the mRNAs that encode these
factors can be significantly altered by layers of posttranscriptional controls. These
controls are mediated by RNA-binding proteins as well as noncoding RNAs that impact
mRNA processing, localization, translation, and turnover. Identifying the intersection of
these transcriptional and posttranscriptional controls presents a critical challenge to
achieving a comprehensive understanding of developmental pathways in general and
in the specific pathways that drive the erythroid lineages.

Erythroid hematopoiesis is characterized by the generation of two successive lin-
eages in the developing mouse embryo. Primitive erythroblasts derived from yolk sac
blood islands first appear in the circulation at embryonic day 8.25 (E8.25) and can be
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identified by their unique expression of the embryonic hemoglobin genes Hbb-y and
Hbb-bh1 (1, 2). Maturation of these primitive erythroblasts peaks between E9.0 and
E12.0 (1, 3). A second wave of erythroid progenitors generates the definitive erythroid
series. These cells derive primarily from the dorsal aorta and other embryonic vessels
and seed the fetal liver and bone marrow beginning at E10.5 (4). The definitive
erythroid cell lineage expresses the adult hemoglobin genes (Hbb-bs, Hbb-bt, Hba-a1,
and Hba-a2) and represents the predominant red blood cell system that persists into
adulthood (1, 4). The midgestational liver (E12.5 to E14.5) contains cells derived from
both lineages, as they reciprocally change in their relative predominance, and is thus an
optimal site for analysis of the lineage switching process. Importantly, the distinct
spatial and temporal development of the primitive and definitive erythroid lineages
suggests that unique developmental controls and regulatory circuits are required for
their emergence.

Multiple studies have defined sets of transcription factors that mediate essential
functions in erythroid lineage development (1, 5, 6). For example, Gata1 or Fog1
loss-of-function mutations block maturation of the primitive erythroid lineage at
the proerythroblast stage and result in embryonic lethality at E9.5 to E10.5 (7). In
contrast, development of the definitive erythroid lineage is markedly impaired in
c-Myb and Klf1 null mice with midgestational lethality (8, 9). Expression of these
and other transcription factors is under the control of additional upstream factors
that serve as central drivers of hematopoietic commitment and erythroid lineage
expansion and function. Prominent among the factors responsible for the most
proximal decisions in erythroid lineage commitment is the transcription factor
Runx1. Germ line inactivation of Runx1 in the mouse is embryonic lethal at E12.5,
and the predominant impact of this inactivation on hematopoiesis is a selective and
profound loss of the definitive erythroid lineage (10, 11).

While transcriptional factors such as Runx1 have been intensively studied for their
contributions to erythroid lineage development, posttranscriptional controls in eryth-
ropoiesis have received less attention. A central role of posttranscriptional controls in
erythropoiesis was initially described in the context of terminal erythrocyte maturation
when transcription is being globally silenced and alterations in the transcriptome and
protein expression are dependent on regulation of mRNA stability and translation
(12–16). Analysis of these posttranscriptional controls have revealed important func-
tions for a number of RNA binding proteins (RBPs). The roles of RBPs and posttran-
scriptional controls in modulating and driving the complex network of hematopoietic
regulatory pathways remains to be more fully explored.

Poly(C) binding proteins (Pcbps; also referred to as hnRNPEs and �CPs) comprise a
widely expressed and functionally heterogeneous gene family of RBPs (17–20). The
Pcbps have specific relevance to normal erythroid differentiation and function. Studies
have demonstrated that Pcbps support high levels of human adult �-globin mRNA
expression by integrating nuclear and cytoplasmic events (21). These proteins were
initially shown to stabilize cytoplasmic human �-globin mRNA and subsequently
demonstrated to control transcript processing (splicing and cleavage/polyadenylation)
in the nucleus of the erythroblast (16, 22–24). More recently we have demonstrated
that Pcbp1 and Pcbp2 loci are independently essential for mouse embryonic viability,
each impacting embryonic development at different stages (25). Pcbp1 null embryos
lose viability very early (peri-implantation) in development, while Pcbp2 null embryos
survive until midgestation (E12.5 to E13.5). Transcriptome analysis of Pcbp2 null fetal
liver at E12.5 revealed substantial impairments in erythroblast maturation and mega-
karyocyte development that corresponded with global repression of transcriptional
programs essential for these two hematopoietic lineages. These data suggest that
Pcbp2 constitutes an important determinant of erythroid and megakaryocyte lineage
development, most likely impacting the megakaryocyte-erythrocyte progenitor (MEP)
cell population or their earlier myeloid stem cell progenitors (1, 26). While this impact
of Pcbp2 on embryonic hematopoiesis has been demonstrated, the underlying mech-
anistic pathway(s) that is altered in Pcbp2 null embryos and the impact on posttran-
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scriptional controls relevant to hematopoietic lineage development and function re-
main undefined.

The current study describes the impact of Pcbp2 on the embryonic erythroid
lineages and identifies an underlying molecular pathway. Analysis of midgestational
embryos reveals that loss of Pcbp2 results in a pronounced and selective impairment
of the definitive erythroid lineage while sparing the preceding primitive lineage. While
no large shifts in steady-state levels of transcription factors linked to the definitive
erythroid lineage were observed in the Pcbp2-null embryos that might account for this
effect, a splicing analysis revealed that the loss of Pcbp2 resulted in a marked reduction
in the inclusion of exon 6 in the Runx1 mRNA. This impact of Pcbp2 on Runx1
alternative splicing was linked to the presence of a high-affinity and evolutionarily
conserved Pcbp2 binding site within the exon 6 splice acceptor (27). Analysis of
embryos that were rendered homozygous for the Runx1ΔE6 mutation, resulting in loss
of the exon 6-encoded protein segment, revealed a selective impairment of definitive
erythroid lineage development that phenocopied that observed in Pcbp2-null mice.
These data support a model where Pcbp2 drives development of the definitive ery-
throid lineage in the mouse embryo by enforcing retention of exon 6 in Runx1 mRNA.
These findings establish a posttranscriptional control pathway that maintains the
structure of a transcriptional factor critical to definitive erythropoiesis.

RESULTS
Pcbp2-null embryos (Pcbp2�/�) have impaired development of the definitive

erythroid lineage. Mouse embryos homozygous for germ line inactivation of the
Pcbp2 locus (Pcbp2�/�) lose viability at E13.5. Analysis of hematopoiesis in their livers
at E12.5 reveals substantial defects in erythropoiesis, as reflected by a decrease in
mature erythroblasts and reciprocal increase in erythroid progenitors (25). To further
define this defect, we assessed the transcriptome signatures that distinguish the
primitive and definitive erythroid lineages (1, 5). Transcriptome sequencing (RNA-seq)
analysis of midgestational Pcbp2�/� embryos (E12.5) revealed a significant decrease in
the expression of mRNAs that characterize the definitive lineage as opposed to
primitive lineages (Fig. 1A) (P value of �0.05 by Mann-Whitney U test). These data
pointed to a selective role of Pcbp2 in the generation of the definitive erythroid lineage
in the mouse embryo.
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FIG 1 Development of the definitive erythroid lineage is selectively repressed in Pcbp2�/� fetal liver. (A) Cumulative distribution plot of gene
expression changes (Pcbp2�/� versus WT, log2 fold change; GEO accession number GSE72491 [25]) for genes that characterize distinct erythroid
lineages as defined by Greenfest-Allen et al. (N, total number of genes that define each lineage) (5). P values were determined using a
Mann-Whitney U test. (B) Inactivation of the Pcbp2 loci (Pcbp2�/�) impairs definitive globin gene expression. mRNA expression of primitive and
definitive globin genes derived from RNA-seq data (25). Bars correspond to expression values derived from each biological replicate. Controls
comprise four genes that are widely expressed in the mouse. The absence of Pcbp2 mRNA from the Pcbp2�/� sample confirms its gene deletion
status.
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Globin gene expression constitutes a landmark identifier of erythroid differentiation
and delineates the primitive from definitive erythroid lineages. Embryonic globin genes
are uniquely expressed in primitive erythroid cells, whereas adult globin genes are
specific to definitive erythroid cells. Comparison of globin gene expression profiles from
fetal livers of wild-type and Pcbp2�/� embryos revealed a selective and dramatic
decrease in the expression of the definitive globin genes, while embryonic globin gene
expression was fully maintained or slightly enhanced (Fig. 1B). Of note, expression of
the major Pcbp paralog, Pcbp1, was unaffected in the Pcpb2�/� embryos. These data
led us to conclude that Pcbp2 plays a nonredundant role in supporting the develop-
ment of the definitive erythroid lineage in the embryonic mouse liver.

Splicing of the Runx1 transcript is markedly altered in Pcbp2�/� mice. Tran-
scription factors linked to the differentiation of the primitive and definitive erythroid
lineages have been well characterized (1, 5, 6). To account for the loss of definitive
erythroid lineage development in the Pcpb2�/� embryos, we determined the extent to
which select transcription factors that are upregulated during definitive erythroid
differentiation (6) are impacted in Pcbp2�/� fetal livers. Surprisingly, this analysis failed
to reveal any alterations greater than 2-fold in the steady-state levels of mRNAs
encoding these erythroid cell-linked transcription factors (primitive erythroid cell spe-
cific, Pbx1, increased 30%, adjusted P value of 0.034 [values for Foxh1, Arid3a, Pdlim7,
Cited2 were not significant]; definitive erythroid cell specific, Sox6 decreased 45%,
adjusted P value of 0.004 [values for Nr3c1, Cebpa, Myb, and Irf9 were not significant];
GEO accession number GSE72491 [25]). Pcbp2 is a robust mediator of alternative
splicing and previously has been shown to be responsible for the enhancement of
splicing of a subset of cassette exons in mammalian erythroid cells (27). With this in
mind, we mapped the splicing patterns of mRNAs in Pcbp2�/� embryos compared with
those of wild-type controls. Fetal liver RNA-seq data sets (Pcbp2�/� versus wild type)
previously established from E12.5 embryos (25) were compared using a robust pipeline
for transcript structural analysis (modeling alternative junction inclusion quantification
[MAJIQ] algorithm [28]). This analysis identified 76 high-confidence local splice varia-
tions (LSVs) within Pcbp2�/� fetal liver that contained one or more differentially spliced
junctions in 64 genes (probability [�dPSI�, �20%], �95%) (see Table S3 in the supple-
mental material). One of the most strongly impacted splice junctions involved alterna-
tive splicing of exon 6 within the Runx1 transcript. There was a striking reduction in
exon 6 inclusion in the Runx1 mRNA (Fig. 2A). The analysis failed to reveal significant
alterations in the utilization of the other splice junctions in the Runx1 transcript or a
change in steady-state Runx1 mRNA expression (Fig. 2B). This control of Runx1 exon 6
inclusion was of particular interest, as Runx1 is an extensively characterized and
essential transcriptional regulator of embryonic hematopoiesis (10, 11) and exon 6
encodes a highly conserved and kinase-regulated determinant of Runx1 transcriptional
activity (29–31). Importantly, there was no impact on splicing of any other Runx1 exons
or on the corresponding exon in the transcript encoding the Runx1 paralog, Runx2 (Fig.
2C). These data are consistent with a model in which Pcbp2 enhances exon 6 inclusion
in the Runx1 mRNA and suggest that this splicing control by Pcpb2 constitutes a critical
step in the pathway of definitive erythropoiesis.

Concordant impacts of Pcbp�/� and Runx1�/� on hematopoietic gene expres-
sion in the embryonic liver. To further explore a potential linkage of Pcbp2 splicing
control with Runx1 functions, we compared the effects of Pcbp2 loss (Pcbp�/�) and of
Runx1 loss (Runx1�/�) on hematopoietic gene expression. The subset of genes that
were compared were previously defined by chromatin immunoprecipitation sequenc-
ing (ChIP-seq) analysis as binding targets of Runx1 (32). This analysis revealed a
remarkable concordance between the impacts of the two mouse knockout models (Fig.
3): Runx1 target genes whose expression positively correlated with the high Runx1
expression during endothelial-to-hematopoietic differentiation of embryonic stem cells
had lower levels in Pcbp2�/� than wild-type fetal liver (P value of �5.84 � 10�5 by
Mann-Whitney U test, correlated versus noncorrelated), while Runx1 target genes
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whose expression was higher when Runx1 expression was low (i.e., putatively sup-
pressed by Runx1) had higher levels in the absence of Pcbp2 (P value of �3.09 � 10�5

by Mann-Whitney U test, correlated versus anticorrelated) (Fig. 3A). The expression of
Runx1 target genes whose expression was unchanged in the comparison of wild-type
and Runx1�/� samples was unchanged in Pcbp�/� fetal liver (not significant by
Mann-Whitney U test) (Fig. 3A). Furthermore, genes either upregulated or downregu-
lated in Runx1�/� vascular endothelial cadherin-positive embryonic cells at E7.5 were
similarly altered in Pcbp2�/� fetal liver (P value of 2.44 � 10�10 by Mann-Whitney U
test) (Fig. 3B). These data demonstrate that alterations of the hematopoietic transcrip-
tome profile in Pcbp2�/� embryos are concordant with loss of Runx1 function and
support a linkage between Pcbp2 and Runx1 functions that is mediated by the Pcbp2
enhancement of Runx1 exon 6 splicing.

Enhanced splicing of Runx1 exon 6 is linked to its conserved C-rich splice
acceptor sequence and to the actions of Pcbp2. The importance of the exon
6-encoded protein segment to Runx1 function is supported by a high level of evolu-
tionary conservation (Fig. 4A) and by its contribution to Runx1 transcriptional control
functions (31). Pcbp2 is a KH domain RNA-binding protein with specific and high-
affinity binding to C-rich motifs (33). Pcbp2 has been demonstrated to enhance cassette
exon splicing by specific binding to polypyrimidine tract (PPT) splice acceptor sites that
are enriched for C versus U content (27). The splice acceptor site of Runx1 exon 6 is
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remarkable for a C-rich PPT that is strongly conserved among mammalian species (Fig.
4B). This C-rich PPT structure contrasts with the canonical U-rich PPTs, bound by the
U2AF65 splicing factor, that are found at the great majority of splice acceptor sites in
mammalian genomes (34).

PPTs serve as a critical locus for splicing regulation. PPTs can be bound by multiple
different RNA binding proteins that recognize a variety of pyrimidine-rich motifs and
serve as platforms for multiple splice regulatory pathways (34). To further define the
mechanistic basis for Pcbp2 control of exon 6 splicing, we selectively depleted K562, a
human cancer cell line with some erythroblast characteristics, of each of 5 distinct and
well-characterized PPT binding proteins associated with splicing controls: PCBP1,
PCBP2, PTB, hnRNPK, and U2AF65. Each targeted depletion was verified by Western
blotting (Fig. 4C), and the corresponding impact on RUNX1 exon 6 splicing was assayed
by RT-PCR (Fig. 4D). Depletion of PCBP2 caused a substantial increase in exon 6
exclusion. Depletion of PCBP1 impacted exon 6 splicing in the same direction but was
markedly less pronounced. Depletion of PTBP1 had no impact on exon 6 splicing, while
depletions of hnRNPK and U2AF65 each triggered a decrease in exon 6 skipping (see
Discussion). Thus, the impact of Pcbp2 on Runx1 exon 6 splicing that we observed in
the embryonic mouse liver is conserved in human erythroblast cells. These data led us
to conclude that Pcbp2 plays a specific and conserved role in the enhancement of exon
6 retention within Runx1 mRNA.

Generation of mice lacking exon 6 of Runx1 (Runx1�E6 allele). Runx1 and Pcbp2
are both essential gene products in the mouse, and Runx1�/� and Pcbp2�/� homozygous
null embryos lose viability at approximately the same time in development (E12.5 to E13.5)
(10, 11, 25). The concordant impairment of the definitive erythroid lineage in the midges-
tation livers of Runx1�/� (10, 11) and Pcbp2�/� embryos (25) further supported an overlap
in their functions. The observation that Pcbp2 impacts the splicing of a conserved and
functionally important exon (exon 6) of the Runx1 transcript suggested a mechanistic link
between the actions of the Pcbp2 RNA-binding protein and the functions of the Runx1
transcription factor. The hypothesis that Runx1 exon 6 has a critical impact on the
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development of the definitive erythroid lineage was directly tested by assessing hemato-
poiesis in mice carrying a germ line deletion of exon 6 (Runx1ΔE6). Runx1ΔE6 mice were
generated via a CRISPR-Cas9 gene-editing strategy (Fig. 5A). Germ line deletion of exon 6
was confirmed by sequencing across the targeted deletion junction (Fig. 5B). The impact of
exon 6 deletion on Runx1 expression was assessed in midgestation fetal liver, a site of
robust Runx1 expression and overlapping primitive and definitive erythropoietic lineages
(35). Selective absence of exon 6 in Runx1 mRNA was confirmed in Runx1ΔE6 homozygous
embryos by targeted RT-PCR (Fig. 5C). This loss of exon 6 had no significant impact on

FIG 4 Conservation of Runx1 exon 6 coding potential, C-rich composition of its splice acceptor, and splicing enhancement by Pcbp2. (A) High-level conservation
of the Runx1 exon 6-encoded protein segment. Comparison of Runx1 exon 6 amino acid sequences from the indicated vertebrate species. Proportional
representation of the amino acids is displayed as a sequence logo above the alignment. Consensus amino acids are capitalized in red text beneath the
alignment. Conserved amino acids are highlighted in blue. (B) A C-rich PPT is conserved 5= to the Runx1 exon 6 splice acceptor. Exon 6 splice acceptor site and
contiguous intron 5 sequences are displayed for the noted vertebrate species. The conserved C-rich PPT preceding the splice acceptor is highlighted in blue.
Sequence logo and consensus are portrayed as described for panel A (alignment and image generated using ClustalW and the Multiple Sequence Alignment
package [85]). (C) Specific depletion of five distinct polypyrimidine tract binding proteins from the human erythroblast cell line K562. Cells were depleted of
each indicated protein by the corresponding siRNA. Western blot (WB) analysis confirms the effective protein depletions in each case. Ribosomal protein L7a
serves as a loading control. (D) RUNX1 exon 6 skipping is selectively enhanced in Pcbp2-depleted cells. RT-PCR analysis of RUNX1 exon 6 skipping (amplification
diagram to the right of the gel image) from siRNA-transfected cells as in panel C. Percentages of exon 6 skipping in each sample are shown. Arrows denote
forward and reverse amplification primer positioning.
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steady-state Runx1 mRNA levels (Fig. 5D), and Western blot analysis with a Runx1-specific
antibody demonstrated a protein of the predicted apparent mass for Runx1ΔE6 (�45 to 47
kDa) (Fig. 5E). Total Runx1 protein levels (full length plus ΔE6 protein) demonstrated a
1.3-fold and 1.5-fold increase in Runx1	/ΔE6 and Runx1ΔE6/ΔE6 mice, respectively, compared
to levels of the wild type. Importantly, full-length Runx1 expression is entirely lost in
Runx1ΔE6/ΔE6 homozygous mice. These data confirm that the Runx1ΔE6 allele yields the
predicted exon 6-deleted mRNA in the fetal liver and that a corresponding truncated Runx1
protein is generated without a substantial decrement in steady-state expression.

Viability of Runx1�E6/�E6 embryos. The impact of the Runx1ΔE6 allele on organ-
ismal viability and growth was assessed by Runx1ΔE6/	 intercrosses. Analysis at E14.5
revealed a slight but significant decrease in viable Runx1ΔE6/ΔE6 embryos compared to
the expected Mendelian distribution (17% versus the expected 25.0%) (P value of 0.027;
chi square, 7.237; degrees of freedom, 2) (Table 1). Genotyping at later stages (E15.5
through postnatal day 0 [P0]) revealed viable Runx1ΔE6/ΔE6 progeny at frequencies
comparable to those present at E14.5. Postnatal analysis of 7- to 10-day-old (P7 to P10)
pups demonstrated a survival disadvantage of the Runx1ΔE6/ΔE6 liveborns versus the
wild type during weaning (Table 1). Male and female Runx1ΔE6/ΔE6 mice that survived
to adulthood were fertile and otherwise grossly normal. The viability of Runx1ΔE6/ΔE6

mice through embryonic and into adult stages of life stands in sharp distinction to the
uniform midgestational lethality observed in their germ line Runx1�/� counterparts
(10, 11). The cause(s) of the reduced midgestational representation and diminished
perinatal fitness of the Runx1ΔE6/ΔE6 conceptions remains unexplored.
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FIG 5 Generation of a Runx1 locus lacking exon 6 (Runx1ΔE6 allele) (A) Germ line deletion of mouse Runx1 exon 6 via CRISPR-Cas9-targeted cleavage. Schematic
of the mouse Runx1 locus at exon 6 is shown with the guide RNA (sgRNA) target sequences indicated in blue and the protospacer adjacent motif (PAM)
highlighted in red. Primer sites used for PCR genotyping are depicted (arrows). (B) Determinations of Runx1 exon 6 mutant allele genotypes. PCR analysis of
the genomic region corresponding to exon 6 (primer positioning as described for panel A). Wild-type and mutant amplicon sizes are noted in the WT,
heterozygote, and homozygote for the Runx1ΔE6 allele. The Sanger sequencing chromatogram confirms the exon 6 deletion junction of intron 5 and intron
6 in the mutant allele. (C) Runx1 mRNA transcript lacking exon 6 is generated from the Runx1ΔE6 allele. Total RNA from wild-type, Runx1ΔE6 heterozygous,
and Runx1ΔE6 homozygous 14.5-dpc fetal livers were analyzed by RT-PCR across the exon 6 deletion site. The size of exon 6 and relative signal density
(percentage) of the exon 6-deleted amplification product are indicated. (D) Wild-type levels of Runx1 mRNA are generated from the Runx1ΔE6 mutant allele.
Total RNA from wild-type, Runx1ΔE6 heterozygous, and Runx1ΔE6 homozygous 14.5-dpc fetal liver were analyzed by qPCR for Runx1 mRNA expression. RT-PCR
primers span exon 7 to exon 8 and capture all 4 annotated mouse splice variants. The standard errors for each sample are shown (minimum of three biological
replicates per genotype). Statistical significance was determined by Student’s t test. (E) Protein expressed from the Runx1ΔE6 mutant allele is of the predicted
size for loss of exon 6 and is expressed at levels comparable to those of wild-type and heterozygous littermates. A representative Western blot from Runx1
wild-type, Runx1ΔE6 heterozygous, and Runx1ΔE6 homozygous fetal liver used in panels C and D is shown. Bands representing the full-length Runx1 isoform
(FL) and the Runx1ΔE6 isoform are noted in green. Runx1 protein signal density was quantified and normalized to GAPDH expression. The relative signal density
of the exon 6-deleted protein for each genotype is shown.
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Maturation of the definitive erythroid series is impeded in the Runx1�E6/�E6

fetal liver. Prior studies have demonstrated a failure of definitive erythroid develop-
ment in midgestation Runx1�/� embryos with selective sparing of the primitive
erythroid lineage (1, 10, 11). To determine if the Runx1ΔE6 mutation resulted in a
similar impact on erythroid development, we examined erythroid maturation in E14.5
fetal livers, a developmental time point that fully captures late stages of definitive
erythroid maturation. Mouse definitive erythroid differentiation from erythroid colony-
forming cells (CFU-e; stage 0/1 [S0/S1]) to mature erythroblasts (S5) was stratified based
upon the presence and expression levels of two validated erythroid cell surface
markers, Ter119 and CD71 (36). These data revealed a significant delay in generation of
the mature erythroblast populations (S4 and S5) and corresponding accumulation of
immature cells (S1 and S2) in Runx1ΔE6/ΔE6 fetal liver compared to wild-type and
Runx1	/ΔE6 littermate controls (Fig. 6A and B). These data reveal that exon 6 of Runx1
serves a critical function in embryonic erythroid maturation.

TABLE 1 Mice lacking Runx1 exon 6 are viable with reduced neonatal fitnessa

Time point

No. (%) of offspring resulting from Runx1�/�E6 � Runx1�/�E6

intercrosses

Total �/� �/�E6 �E6/�E6

E14.5 165 62 (37.6) 75 (45.4) 28 (17.0)
E15.5–P0 58 14 (24.1) 32 (55.2) 12 (20.7)
7–14 days old 171 65 (38.2) 103 (60.6) 3 (1.8)
aObserved genotypes were from E14.5 embryos, those spanning E15.5 to postnatal day 0 (P0), and pups 1 to
2 weeks postpartum.
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Runx1 exon 6 deletion impairs hematopoietic progenitor function. Prior studies
have revealed that Runx1 plays a critical role(s) at multiple stages of hematopoietic
stem cell and myeloid lineage differentiation (10, 37). To determine if Runx1ΔE6
impacted specific myeloid progenitor populations, we assessed the relative abundance
of fetal liver hematopoietic stem and myeloid progenitor cells by multiparameter flow
cytometry of Lin� Sca1	 c-Kit	 (LSK) cells (38). The fetal liver is normally enriched for
long-term hematopoietic stem cells (HSCs) and progenitor cells capable of bone
marrow reconstitution. The analysis of Runx1ΔE6/ΔE6 fetal livers compared to wild-type
and heterozygous controls revealed a significant loss in these precursor populations
(Fig. 7A and B). Subset analysis of the LSK population revealed a significant decrease in
multipotent progenitor (MPP) populations in Runx1ΔE6 heterozygous and homozygous
fetal liver compared to the wild type and a corresponding increase in short-term HSCs.
Myeloid progenitors from Runx1ΔE6/ΔE6 fetal livers were significantly decreased for both
the common myeloid progenitor (CMP) and granulocyte-monocyte progenitor (GMP)
populations. These data point to an intrinsic defect in hematopoiesis in Runx1ΔE6/ΔE6

fetal liver at the level of the hematopoietic stem cell or myeloid progenitor.
The functional capacity of fetal liver cells to undergo myeloid differentiation was

further assessed using an ex vivo methylcellulose colony-forming assay (39). While no
significant differences in colony-forming ability were observed between Runx1ΔE6
heterozygous and wild-type littermates (Fig. 7C), Runx1ΔE6/ΔE6 embryos displayed a
dramatic reduction in CFU-GM and CFU-E progenitors compared to controls. Of note,
there was a virtual absence of early myeloid (CFU-GEMM) and early erythroid (BFU-E)
progenitor colonies under these assay conditions. These data led us to conclude that
Runx1 exon 6 function is required for hematopoietic progenitor cells to establish
normal myeloid lineages in the fetal liver.

The selective loss of definitive globin gene expression in Runx1�E6/�E6 embry-
onic liver phenocopies Pcbp2�/�. To further define the impact of Runx1 exon 6
deletion on definitive erythroid development, we compared globin gene expression in
wild-type, Runx1	/ΔE6, and Runx1ΔE6/ΔE6 E12.5 fetal liver tissue. The analysis of
Runx1ΔE6/ΔE6 embryos revealed a significant decrease in adult globin expression in the
Runx1ΔE6 embryos. This contrasted with robust expression of primitive hemoglobin
gene expression (Fig. 7D). The selective depression of adult globin expression in the
Runx1ΔE6/ΔE6 embryos phenocopies Pcbp2�/� embryos (Fig. 1B). Runx1ΔE6 heterozy-
gous embryos demonstrated intermediate levels of embryonic and adult globin gene
expression compared to wild-type and Runx1ΔE6/ΔE6 embryos. We conclude from these
data that Runx1 exon 6 is critical for appropriately timed activation of definitive
hemoglobin gene expression in mouse embryonic liver.

Hematopoietic defects in Runx1�E6/�E6 adults. The observed defect in definitive
erythropoiesis in the Runx1ΔE6/ΔE6 E14.5 embryonic liver did not appear to significantly
impact erythroid series steady-state levels in the adult. While Runx1ΔE6/ΔE6 adults had
minor changes in mean corpuscular volume (MCV) and mean corpuscular hemoglobin
(MCH), the remainder of the red blood cell counts and indices were within normal limits
(Fig. 8). Analysis of adult Runx1ΔE6/ΔE6 animals did, however, reveal significant lym-
phopenia and thrombocytopenia, paralleling phenotypes previously reported in adult
mice with conditional Runx1 knockout generated by interferon-inducible Mx-Cre-
mediated recombination (37). While these data do not define the mechanism by which
an essentially normal erythroid lineage is established in adult Runx1ΔE6/ΔE6 mice
despite the major alteration in definitive erythroid lineage development in the midg-
estation embryo, they are consistent with previously reported robust compensatory
mechanisms in the murine hematopoietic system (40, 41).

DISCUSSION

Here, we explore the basis for impaired hematopoiesis in embryos lacking the RNA
binding protein Pcbp2 (Pcbp2�/�). We find that this defect is characterized by a
selective repression of the definitive erythroid lineage (Fig. 1). The transcriptome of
Pcbp2�/� embryos revealed a shift in alternative splicing of the Runx1 transcript with
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FIG 7 Runx1 exon 6 deletion impairs hematopoietic progenitor development and function. (A) Runx1 exon 6 is essential for normal production of hematopoietic
multipotent progenitor (MPP) cells. Flow cytometry assay was performed on embryonic day 14.5 fetal liver cells from WT, Runx1	/ΔE6, and Runx1ΔE6/ΔE6 embryos.
FACS analysis of cells stained with the indicated hematopoietic stem cell and myeloid progenitor cell markers is depicted. (B) Quantitative analysis of
hematopoietic progenitor populations. The data are derived from the flow analysis as presented in panel D. Box plots and statistical significance are as described
for Fig. 6B. (C) Runx1 exon 6 function is required for myeloid progenitor differentiation. Hematopoietic progenitor colonies arising from ex vivo differentiation
of E14.5 fetal liver embryonic stem cells. CFU-GM, CFU-GEMM, and BFU-E colonies were scored on day 7 of incubation, and CFU-E colonies were scored on day
2. A minimum of 6 embryos per genotype were analyzed across 4 litters. Colonies were counted per 1 � 104 fetal liver cells plated in triplicate. Data were
normalized within litters, with the wild type set to 1. Box plots and statistical significance are as described for Fig. 6B. (D) Definitive hemoglobin mRNA
expression is impaired in Runx1ΔE6/ΔE6 fetal liver. Total RNA from WT, Runx1ΔE6 heterozygous, and Runx1ΔE6 homozygous 12.5-dpc fetal liver was analyzed
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a substantial reduction in cassette exon 6 retention (Fig. 2A). Runx1 (also referred to as
AML1, CBFA2, and others) is a master transcriptional regulator of definitive hemato-
poiesis (42), and the segment of this protein encoded by exon 6 is highly conserved and
is critical to Runx1 transcriptional function. We observed a significant correlation
between the impacts of Pcbp2�/� and Runx1�/� genotypes on the expression of
Runx1 target genes in hematopoietic and vascular tissues (Fig. 3) and on the develop-
ment of the definitive hematopoietic lineage (10, 11). Based on these findings, we
hypothesized that the defect in midgestational development of the definitive erythro-
poietic lineage in Pcbp2�/� embryos is mechanistically linked to the observed decrease
in Runx1 exon 6 splicing. Exon 6 and its encoded protein segment are highly conserved
in mammalian species (Fig. 4A and B) and critical to Runx1 function (29–31). Direct
attribution of exon 6-encoded functions to definitive erythropoiesis was confirmed by
analysis of embryos with germ line mutation of the Runx1 locus that eliminates exon
6 (Runx1ΔE6/ΔE6) (Fig. 5). These studies serve to establish a mechanistic link between the
actions of a specific RNA binding protein (Pcbp2) on cassette exon splicing with a
subsequent impact on the function of a critical transcription factor (Runx1). This
posttranscriptional pathway of gene regulation appears to play a pivotal role in
hematopoietic development.

Runx1 expression is under a complex set of transcriptional and posttranscriptional
controls. Runx1 isoforms are expressed from two distinct promoters in a tissue-
dependent fashion (43–45). This results in expression of three major isoforms in
humans (RUNX1a, RUNX1b, and RUNX1c) but only two in mice (Runx1b and Runx1c)
(30). Exon 6 alternative splice variants from each of the major Runx1 isoforms have
been described in human and mouse adult tissues and mouse fetal liver (46–48).
Although the relative abundance of isoforms lacking exon 6 varies in a tissue-
dependent manner (46), the major Runx1 isoforms in adult mouse bone marrow and
fetal liver contain exon 6 (Fig. 5C) (30). The protein domain encoded by exon 6 resides
between the DNA-binding domain (Runt homology domain) and C-terminal transacti-
vation and autoinhibitory domains (44). Runx1 by itself is a weak transcriptional
activator and most commonly heterodimerizes with core binding factor � or other
transcription factors to activate or repress transcription (49, 50). Runx1 chromosomal
inversions involving Runx1 account for �20% of human acute myeloid leukemias. The
most common of these, t(8;21), occurs at a chromosomal translocation hot spot in the
human Runx1 locus between exon 5 and exon 6 and results in the AML1-ETO fusion
oncoprotein which lacks exon 6 and all C-terminal functional domains (51). In vitro and
cell line-based overexpression studies have demonstrated that Runx1 proteins lacking
exon 6 have reduced transactivation potential (48, 52). Numerical and functional
abnormalities in adult hematopoietic stem cells were recently reported to occur in a
Runx1 mutant mouse that had constitutive exon 6 inclusion (30). These findings point
to a functional role for alternative splicing of Runx1 exon 6 in developmental settings
and imply that factors that control exon 6 inclusion are of importance to Runx1
function.

Our analysis of Pcbp2�/� fetal liver transcriptome revealed a marked shift in Runx1
alternative splicing with a substantial decrease in exon 6 inclusion (Fig. 2). This impact on
exon 6 splicing was highly selective in that splicing of all other Runx1 exons in the
Pcbp2�/� fetal liver was unchanged and consistent with the unique presence of a C-rich
PPT 5= to the exon 6 splice site (27) (Fig. 4B). These findings prompted us to determine the
in vivo physiological function of Runx1 exon 6 by generating a Runx1 locus that excluded
exon 6 (Fig. 5). Mice homozygous for the Runx1ΔE6 mutation had a marked impairment in
definitive erythroid lineage maturation in the embryonic liver (Fig. 6) that was remarkably

FIG 7 Legend (Continued)
by qPCR for primitive and definitive hemoglobin mRNA expression. Normalized expression of mRNAs from WT mice was defined as 1.0 in each case. The means
and standard errors for each genotype are shown (minimum of three biological replicates per genotype). Statistical significance was determined by 2-sided
Student’s t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001). Hbb-bt, hemoglobin beta, adult t chain; Hba-a1, hemoglobin alpha, adult chain 1;
Hbb-y, hemoglobin Y, beta-like embryonic chain; Hbb-bh1, hemoglobin Z, beta-like embryonic chain.
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FIG 8 Runx1ΔE6/ΔE6 adult mice have lymphopenia and thrombocytopenia with sparing of the erythroid series. Histograms show complete blood count
data obtained by submandibular vein venipuncture from 8-week-old mice. Data are partitioned based on cell class and further subdivided by
measured parameter. Red blood cell series abbreviations: RBC, red blood cell; Hgb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume;
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similar to that seen in Pcbp2�/� mouse embryos (25). In contrast, Runx1	/ΔE6 mice had no
discernible definitive erythroid phenotype in fetal liver or adult animals (Fig. 6 and 8),
arguing against a dominant-negative effect of the Runx1ΔE6 mutant allele upon erythroid
ontogeny. We observed a small increase in total Runx1 protein in Runx1	/ΔE6 and
Runx1ΔE6/ΔE6 fetal liver compared to levels for the wild type (Fig. 5E). Thus, it is possible that
Runx1 overexpression is contributing to the observed erythroid phenotype. Importantly,
however, we observed that the difference between Runx1 total protein expression in
Runx1	/ΔE6 and Runx1ΔE6/ΔE6 is modest (�0.2-fold), yet the impact of Runx1ΔE6/ΔE6 ho-
mozygosity on fetal liver definitive erythropoiesis, where full-length Runx1 expression is
fully lost, is markedly deleterious. This suggests that the definitive erythroid phenotype in
Runx1ΔE6/ΔE6 mice stems from loss of exon 6 rather than altered steady-state Runx1 total
protein expression. The impairment of hematopoietic stem cell function in Runx1ΔE6
homozygote embryos was highlighted in a series of ex vivo burst-forming colony assays
(BFU-E) and erythroid colony formation (CFU-E) assays (Fig. 7C). These data reveal strong
correlations in the impacts of Pcbp2�/� and Runx1ΔE6/ΔE6 genotypes on embryonic ery-
throid development.

Runx1 exon 6 deletion in mice has a milder phenotype than either the Pcbp2 or
Runx1 null allele. Runx1 germ line inactivation results in a lethal phenotype at E12.5
characterized by embryonic hemorrhage, a complete loss of definitive hematopoiesis,
and relative sparing of primitive hematopoiesis (10, 11). Similarly, Pcbp2 null embryos
lose viability at E13.5, manifesting widespread hemorrhage associated with selective
impacts on definitive erythroblast maturation and megakaryocyte development (25). In
sharp contrast, Runx1ΔE6/ΔE6 mice survive to parturition (Table 1). Runx1ΔE6/ΔE6 em-
bryos, like Runx1 and Pcbp2 null embryos, display a specific defect in development of
the definitive erythroid lineage (Fig. 5) and decreased numbers and function of
definitive myeloid progenitors (Fig. 7A to C). This indicates that Runx1 exon 6 selec-
tively impacts definitive hematopoiesis in the embryonic liver while preserving other
functions critical to embryonic viability.

The disparity between the marked impairment in fetal liver erythropoiesis and an
essentially normal adult erythropoiesis in Runx1ΔE6/ΔE6 mice points to a robust capacity in
the mouse to overcome a substantial embryonic delay in erythron development (Fig. 8).
This observation is in accord with reports demonstrating impaired early erythropoiesis in
conjunction with normal adult red blood cell metrics in conditional Runx1 (Vav-cre)
knockout mice (53, 54). Other studies exploring the impact of inducible Runx1 gene
deletion upon adult hematopoiesis similarly demonstrated normal steady-state peripheral
blood red blood cell populations (37, 55). Because the erythron has robust compensatory
mechanisms for a variety of physiological stresses, notably the ability to dramatically
increase erythropoietin synthesis to enhance erythroid differentiation and expansion (56,
57), we speculate that these in vivo mechanisms are intact and operative in surviving
Runx1ΔE6/ΔE6 mice. In summary, the Runx1ΔE6 mutant mouse model has demonstrated
that Runx1 exon 6 is critical for normal progression of fetal liver definitive erythropoiesis but
is dispensable for maintenance of steady-state erythropoiesis in adult mice.

Hematopoietic stem cells in Runx1ΔE6/ΔE6 embryos have significant numerical and
functional impairments. Similar to mice with germ line Runx1 deletion (Runx1�/�) and
mice with compartmentalized Runx1 genetic ablation in early hematopoietic progen-
itors (10, 54), the Runx1ΔE6/ΔE6 E14.5 embryos displayed reduced Lin� Sca1	 c-Kit	

stem cell populations and markedly decreased MPP, CMP, and GMP progenitor lineages
(Fig. 7A and B). This corresponded with a nearly complete absence of myeloid and

FIG 8 Legend (Continued)
MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin content. Reticulocyte series abbreviations: RET, reticulocyte absolute
count; RET%, reticulocyte percentage; LFR, low fluorescence ratio; MFR, middle fluorescence ratio; HFR, high fluorescence ratio; IRF, immature
reticulocyte fraction. Leukocyte differential abbreviations: WBC, white blood cells; NEUT, neutrophils; LYMPH, lymphocytes; MONO, monocytes; EO,
eosinophils; BASO, basophils; NEUT#, absolute neutrophil count; LYMPH#, absolute lymphocyte count; MONO#, absolute monocyte count; EO#,
absolute eosinophil count; BASO#, absolute basophil count. Platelet series abbreviations: PLT, absolute platelet count; PDW, platelet distribution
width; MPV, mean platelet volume; P-LCR, platelet larger cell ratio; PCT, plateletcrit.
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erythroid colony formation ability (Fig. 7C). These data demonstrate that Runx1 exon 6
encodes activities critical for both maintenance and function of multipotent and
myeloid progenitor cells in the embryo. In conjunction with the observation that
Runx1ΔE6/ΔE6 adult mice have defects in nonerythroid hematopoietic lineages (Fig. 8),
these data further define a specific mechanistic role of the exon 6-encoded segment on
embryonic and adult definitive hematopoiesis.

Although there was a stepwise reduction in MPP and CMP populations in Runx1ΔE6
heterozygous mice, we did not observe a functional difference in the ability of fetal liver
stem cells from these mice to generate ex vivo early myeloid or erythroid colonies. This
result may be attributable to a well-described Runx1 gene dosage effect in hemato-
poiesis (51). For example, a Runx1 haploinsufficiency phenotype in mice impacts the
timing and spatial distribution of hematopoietic stem cells (58) and decreases erythroid
and myeloid progenitor levels in mutant embryos (10, 59). Based on these data, we
speculate that mechanisms that control the splicing activity of exon 6 in Runx1 isoforms
operate to maintain a critical balance between populations of pluripotent HSCs and
more committed progenitors in the mouse fetal liver.

The polypyrimidine tract (PPT) at the Runx1 exon 6 splice acceptor is markedly
enriched for cytosine content (Fig. 4B). We have previously demonstrated that PPTs
with such C-rich structures enhance cassette exon retention in a Pcbp-dependent
manner (27). Our prior studies further demonstrated that this preference for C-rich
structures contrasts with the U-rich binding activity of U2AF65. U2AF65 is the canonical
splice acceptor PPT binding protein splice factor that is active at the great majority of
mammalian splice sites. The mechanism by which Pcbps enhance splicing of C-rich
splice acceptors is the direct interaction and recruitment of splicing factors associated
with the U2 snRNP complex (27). In this way, Pcbps operate to replace U2AF65 as the
PPT binding protein at C-rich splice acceptors and facilitate spliceosome assembly. Our
analysis of a subset of PPT binding proteins revealed that Pcbp2 function served to
specifically enhance exon 6 inclusion in Runx1 splicing (Fig. 4C). This control is likely
mediated by direct in vivo binding of Pcbp2 to the Runx1 exon 6 PPT. This model is
supported by eCLIP data (ENCODE project experiment ENCSR339FUY [60]) demonstrat-
ing the direct binding of Pcbp2 to this site in a hepatocellular carcinoma cell line. Short
interfering RNA (siRNA) knockdown of Pcbp1 had a modest effect on Pcbp2 protein
expression and resulted in a small increase in exon 6 skipping (Fig. 4D). Therefore, the
modest impact of Pcbp1 knockdown on Runx1 exon 6 skipping may be attributable to
a crossover impact of the Pcbp1 siRNA on Pcbp2 levels. The apparent negative effect
of hnRNPK on exon 6 splicing that we observed (Fig. 4D) is in keeping with reports
describing this closely related KH domain poly(C) binding protein as a repressor of
Runx1 exon 6 splicing during neuronal differentiation and could reflect direct compe-
tition of hnRNPK with Pcbp2 for PPT binding (61). We conclude from these studies that
the mechanistic role of Pcbp2 during murine fetal liver development and in erythroid
lineage cells across mammalian species is conserved and serves to specifically enhance
functional splicing of Runx1 exon 6.

Runx1 is a DNA binding protein that can function as a transcriptional repressor
through direct association/recruitment of corepressors such as the Sin3a deacetylase
complex (62–66). Runx1 binding to the Sin3a complex occurs by interactions with the
protein domain encoded by Runx1 exon 6; Runx1 proteins lacking the exon 6-encoded
domain fail to repress transcription in cell-based assays (65). Recent studies have
demonstrated that both Runx1 and the Sin3a deacetylase complex are components of
the Bcl11a corepressor complex that maintains fetal hemoglobin silencing in adult
erythroid cells (62). In addition, human Sin3a allelic variants associated with lower Sin3a
expression and higher fetal hemoglobin levels in adult erythroid cells have been
described (67). We observe that both the Runx1ΔE6/ΔE6 and Pcbp2�/� embryos had
increased embryonic hemoglobin gene expression in fetal liver, with proportional
reductions in definitive hemoglobin gene expression (Fig. 1B and 6C). Whether these
changes relate directly to alterations in Bcl11A function remains to be explored.

Runx1 has a well-documented role in the expansion and maintenance of lymphoid
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and platelet populations (37, 54, 55, 68, 69). Adult Runx1ΔE6/ΔE6 mice demonstrate a
similar phenotype of cytopenias in blood lymphocyte and platelet populations (Fig. 8).
The lymphoid transcription factor Ets-1 heterodimerizes with Runx1 to assemble a
transcriptional activator complex (70). The Runx1 exon 6-encoded protein segment
encompasses one of two Ets-1-interacting domains required for full transcriptional
activity of the Runx1-Ets-1 heterodimer. While Runx1 isoforms lacking exon 6 can still
bind Ets-1, the heterodimer has significantly reduced transactivation ability compared
to that of the exon 6-containing isoform (70). These data lead us to suggest that the
decreased lymphocyte numbers observed in the Runx1ΔE6 mice reflect the assembly of
functionally defective Runx1-Ets-1 heterodimers at critical promoter sites.

Arginine methylation by PRMT1 and PRMT4 occurs at three sites in exon 6 (31, 71).
Opposing methylation-dependent effects on Runx1 transcriptional activity appear to occur
at different stages of myeloid development. Methylation of Runx1 by PRMT4 in HSCs
triggers formation of a multiprotein repressor complex that suppresses expression of the
microRNA Mir-223, an activity essential for normal myeloid differentiation of human CD34	

cord blood cells (71). In contrast, Runx1 methylation also releases Runx1 from Sin3A
transcriptional repressor complexes and increases Runx1 transcriptional activity of at least
two hematopoietic target gene promoters, CD41 and PU.1 (31), in CD34	 cells stimulated
to differentiate toward the myeloid lineage. Given the complex and stage-specific depen-
dence of Runx1 methylation and its consequences on Runx1 activity during myelopoiesis,
it is conceivable that the Runx1ΔE6 phenotypes described here arise in whole, or in part,
due to abnormal posttranslational methylation of the Runx1 protein.

Although Runx1 exon 6 is not essential for fetal survival, Runx1ΔE6/ΔE6 mice had
significantly reduced neonatal fitness (Table 1). Diminished postpartum survival has
been reported for other mouse lines carrying conditional Runx1 gene deletion in
hematopoietic lineages (53, 54). Our data revealed that Runx1ΔE6/ΔE6 neonates had
normal birth weight compared to littermates and were capable of nursing based upon
the presence of normal milk spots, arguing against intrauterine growth retardation or
major defects in oral motor function (data not shown). Because Runx1 is a critical factor
in neuronal differentiation, proliferation, and migration during development (72–76),
we speculate that neurological deficits or impairments in the enteric nervous system,
unassociated with the defined hematopoietic abnormalities (53), in some manner
diminish neonatal fitness.

In summary, these data highlight the importance of Pcbp2 to the progression of
embryonic hematopoiesis and the activation of the definitive erythroid lineage. The
impact of Pcbp2 on splicing of Runx1 exon 6 and the hematologic phenotype of
embryos exclusively expressing the Runx1ΔE6 protein support a mechanistic linkage
between the defect in definitive erythroid development in Pcbp2�/� embryos and the
impact of Pcbp2 on Runx1 structure and function. What is now of clear interest is to
address how these splicing controls may themselves be modulated during develop-
ment and/or in response to environmental stimuli. Pcbp RNA binding activities can be
controlled by intracellular compartmentalization, phosphorylation in response to trans-
forming growth factor beta (TGF�) signaling, interactions with other cytosolic factors,
and signals emanating from nutritional status (77–79). While it is clear that Pcbp
proteins are critical regulators of alternative splicing in the erythroid lineage, as
demonstrated by this study and earlier reports (27), subsequent studies designed to
extend our understanding of the mechanisms controlling Pcbp RNA functions during
erythropoiesis will further contribute to models of the pathways that control these
developmental processes.

MATERIALS AND METHODS
MAJIQ. TruSeq stranded mRNA sequencing libraries were generated from Pcbp2�/� 12.5-day-

postcoitus (dpc) fetal liver and wild-type littermates and sequenced as previously reported (data sets are
available at the Gene Expression Omnibus [GEO] database under accession number GSE72491 [25]).
Libraries from three wild-type and four Pcbp2�/� biological replicates were indexed, pooled, and
sequenced in a single lane. RNA-seq reads were aligned using STAR (80). Differential alternative splicing
analysis was performed using MAJIQ (v 1.0.4) (28). Local splicing variations (LSVs) were defined, and
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high-confidence splicing changes were determined by selecting those with one or more junctions with
P(Δ
 �0.2) of �0.95, where Δ
 is the relative change in the percent selected index (PSI, 
) for each
junction involved in an LSV. LSVs detected in only one of the replicates per genotype were excluded.

Gene set data analysis. Log2 fold changes from RNA-seq of Pcbp2�/� versus wild-type fetal liver (25)
were intersected with lists of primitive and definitive erythroid genes defined by Greenfest-Allen et al. (5).
Only genes with an essentiality score of �1.8 were used for analysis. Similarly, log2 fold changes from
Pcbp2�/� versus wild-type fetal liver RNA-Seq (25) were intersected with lists of (i) genes that are binding
targets of Runx1 as defined by ChIP-seq and their correlation with Runx1 expression during embryonic
stem cell differentiation and (ii) differentially expressed genes in VE-cadherin	 cells from Runx1�/�

embryos reported by Tanaka et al. (32). Results were visualized as cumulative distribution functions of the
log2 fold changes for each subset or as box plots, and statistics were performed with the Mann-Whitney
U test.

Cell culture and siRNA transfection. K562 cells were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (HyClone) and antibiotic/antimycotic (Gibco) at 37°C in a standard
humidified 5% CO2 incubator. K562 cells were transfected with siRNAs using Nucleofector V (Amaxa) as
previously described (81). siRNAs targeting U2AF65, PCBP1, PCBP2, and a negative control (medium GC
content) were as previously described (27). The sequences of the siRNAs to PCBP1, PCBP2, and U2AF65
were as previously described (27). siRNAs to PTBP1 (HSS143520, HSS143518, and HSS183787) and to
hnRNPK (HSS179311, HSS179312, and HSS179313) were purchased from Invitrogen. In each case three
distinct siRNAs targeting the indicated mRNA were pooled prior to transfection. Cells were cultured for
3 days after transfection prior to harvesting for analysis.

Mouse studies. All mouse studies were conducted in accordance with protocols approved by the
Institutional Animal Care and Use Committee at the Perelman School of Medicine at the University of
Pennsylvania and at the Children’s Hospital of Philadelphia. All mice were housed in standard cages
within a barrier facility under 12 h of on/off light cycling conditions and were given ad libitum access to
standard mouse chow and water. Euthanasia was achieved by an approved protocol of carbon dioxide
inhalation followed by cervical dislocation. The Pcpb2 knockout mouse line used in this study was
previously described (25).

Targeted deletion of mouse Runx1 exon 6 using Cas9 endonucleases. Standard CRISPR-Cas9-
mediated gene editing (82) was utilized to generate an exon 6-deleted mutant allele of the Runx1 locus
(Runx1ΔE6). Single-guide RNAs (sgRNAs) targeting the introns flanking exon 6 were selected based on
principles that minimize off-target effects as described in Doench et al. (83). The intron 5 sgRNA
(Runx1E6_gRNA.254, GGGCACCGAGTCCCAGACTG) was designed to target chromosome 16 (Chr 16)
coordinates 92644590 to 92644609 (Mus musculus genomic assembly mm10) and the intron 6 sgRNA
(Runx1E6_gRNA.121, GAAACCCCGCAGCATCAGCT) targeted to Chr 16, positions 92644031 to 92644050
(Fig. 5A). Synthesized sgRNAs and tracrRNA (Alt-R CRISPR-Cas9 tracrRNA; number 1072532) were ob-
tained from Integrated DNA Technologies (CA). sgRNA and tracrRNA were diluted to 50 �M (final
concentration in duplex mix) in nuclease-free duplex buffer (number 11-01-03-01; IDT), and the annealed
sgRNA-tracrRNA duplexes were generated by heating for 10 min at 95°C and cooling to room temper-
ature. Each sgRNA-tracr duplex was diluted to 75 ng/�l. The capped and polyadenylated Cas9 mRNA
(number L-7206; TriLink BioTechnologies) was diluted to 100 ng/�l final concentration in microinjection
buffer (10 mM Tris-HCl, pH 7.4, 0.1 mM EDTA) and stored at �80°C until microinjection. Cytoplasmic
microinjection was performed in single-cell embryos derived from mating male and female B6SJLF1/J
mice (stock number 100012; Jackson Laboratory) at the Transgenic and Chimeric Mouse Facility of the
University of Pennsylvania. Embryos were transferred into pseudopregnant CD-1 females (Charles
River Production), and resultant pups were screened for mutations by PCR (forward primer,
Runx1E6_delta_995_for, TAGTGTCTGCCCACCCGAG; reverse primer, Runx1E6_delta_995_rev, AGATTAAA
CCGAAGGTGGGTTG) (Fig. 5B). PCR products were subcloned for sequencing using a TOPO TA cloning kit
(number K4500J10; Invitrogen). A minimum of 10 clones were Sanger sequenced for each pup to confirm
exon 6 deletion (Fig. 5B). The founder line was designated Runx1ΔE6.

Western blotting. (i) Fetal liver. Fetal livers from three E14.5 embryos per genotype were obtained
from CO2-euthanized dams. Gestational dating was verified by crown-rump measurements done ex vivo
at the time of embryo harvest. Embryos were kept in ice-cold 1� phosphate-buffered saline (PBS) during
dissection for anesthesia. The liver tissue was homogenized by mortar and pestle in ice-cold lysis buffer
(1� PBS, pH 7.2, 0.1% SDS, 0.5% IGEPAL CA-630, protease inhibitor cocktail [11836170001; Roche]) with
prechilled instruments and tubes. SDS-PAGE and Western blotting were performed as described previ-
ously (25). Fetal liver proteins were visualized with fluorophore-conjugated secondary antibodies at
1:15,000 in 1� PBS, pH 7.2, 0.1% Tween, 0.1% SDS (IRDye 800CW anti-rabbit antibody; number
925-32213), and IRDye 680RD anti-mouse antibody (925-68072; LI-COR, Lincoln, NE). Signal density was
measured on a LI-COR Odyssey CLx imaging platform. Relative expression of full-length and truncated
Runx1 signals was determined by normalization to signal density of the housekeeping glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) gene using Image Studio, version 3.1.

(ii) Transfected cells. For K562 transfection experiments, total cellular protein extracts were pre-
pared from TRIzol-dissolved transfected K562 cells according to the manufacturer’s instructions (TRIzol
reagent; 15596; Invitrogen). Extracts were separated by SDS-PAGE on a 4 to 12% NuPAGE gel (Invitrogen)
and electroblotted to nitrocellulose membranes (Protran BA 85; Schleicher & Schuell) for 1 h at 150 mA
in transfer buffer (20 mM Tris, 150 mM glycine, 20% methanol) using a Semi-phor transfer apparatus
(Hoefer). The membranes were blocked in 1% nonfat milk in 1� PBS for 1 h at room temperature,
followed by 3 h with primary antisera (see Table S1 in the supplemental material). Goat anti-rabbit
immunoglobulin G–horseradish peroxidase (IgG-HRP) secondary antibody (7074S; Cell Signaling) and
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sheep anti-mouse IgG–HRP secondary antibody (NA931V; GE Healthcare) were used at a 1:5,000 dilution.
Proteins were visualized by enhanced chemiluminescence (RPN2109; GE Healthcare).

RNA analyses. Normalized mRNA expression from Pcbp2 wild-type and Pcbp2 knockout E12.5 fetal
liver was computed from RNA-seq data reported by Ghanem et al. (GSE72491) (25). In this report, DESeq2
was used to identify differentially expressed genes (P � 0.001) (84).

RT-PCR analyses. Total RNA from K562 cells or mouse fetal liver was purified by TRIzol reagent
(15596026; Invitrogen) and then treated with DNase I (Invitrogen) and reverse transcribed using
oligo(dT)12–18 priming (18418012; Invitrogen), Moloney murine leukemia virus reverse transcriptase
(Promega), and 1� Moloney murine leukemia virus reverse transcription (RT) buffer (Promega) according
to the manufacturer’s instructions. The reaction mixture was incubated at 37°C for 1 h, and cDNA was
used as a template for PCR. The forward primer (20 pmol) was end labeled by incubation with [�32-P]ATP
and T4 PNK kinase (New England BioLabs). The PCR included 1 �l of the reverse transcription product,
0.2 mM deoxynucleoside triphosphates (dNTPs), 1.5 mM MgCl2, 1 pmol of the labeled forward primer, 20
pmol of each unlabeled forward and reverse primer, 0.25 U of AmpliTaq (PerkinElmer), and 1� PCR buffer
II (PerkinElmer) in a 25-�l reaction volume. The number of PCR cycles in each study was adjusted to be
in the linear range. Samples were electrophoresed on a denaturing 6% polyacrylamide gel and quantified
by PhosphorImager (ImageQuant; Molecular Dynamics). Runx1 exon 6 alternative splicing efficiency was
determined by calculating the inclusion level (percent) of this exon in all isoforms. Human Runx1 and
mouse Runx1 RT-PCR primers for exon 6 alternative splicing analysis are detailed in Table S2.

qPCR. Fetal liver RNA from E12.5 and E14.5 embryos was purified per the manufacturer’s protocol
using TRIzol (15596026; Invitrogen). Four hundred nanograms of total RNA was DNase I treated and used
for cDNA synthesis. RNA was primed with oligo(dT)12–18 and random hexamers and reverse transcribed
for 50 min at 50°C with Superscript III per the vendor’s protocol (18080085; Invitrogen). cDNA was diluted
10-fold, and 2 �l of diluted cDNA was used for each 20-�l quantitative PCR (qPCR; Fast SYBR green mix;
4385612; Applied Biosystems). Amplification was performed on an Applied Biosystems 7900HT Fast
real-time PCR. Normalized relative quantification was performed as previously described (25). qPCR
target genes and primer sequences are detailed in Table S2.

Complete blood counts. Blood for steady-state peripheral blood counts were obtained from
8-week-old adult mice by submandibular vein phlebotomy. Blood was mixed by gentle inversion 10
times in potassium-EDTA tubes (363706; Becton Dickinson) to anticoagulate. Complete blood count,
leukocyte differential, and reticulocyte counts were obtained on a Sysmex XT-2000iV automated hema-
tology analyzer in the Translational Core Laboratory at the Children’s Hospital of Philadelphia Research
Institute.

Flow cytometry. Murine hematopoietic cells were isolated from E14.5 fetal livers. Viability of all
embryos at the time of harvest was confirmed by visualization of a heartbeat. Livers were dissected and
immediately placed into ice-cold PBS supplemented with 2% fetal bovine serum, 2.5 mM EDTA, and 1%
penicillin-streptomycin (PenStrep). Single-cell suspensions were generated by passage through 40-�m
prechilled cell strainers. Cells were washed with PBS and resuspended in 1:500 Live/Dead aqua in PBS
and incubated at 4°C for 30 min. Cells were then resuspended in PBS with fluorophore-conjugated
antibodies (Table S1) and incubated in the primary antibody stain on ice for 1 h in the dark, washed with
PBS, and then resuspended in supplemented PBS for fluorescence-activated cell sorter (FACS) analysis.
For erythroid differentiation analysis by CD71 and Ter119 staining, a minimum of 100,000 cells per
sample were captured on an LSR Fortessa flow cytometer (BD Biosciences) in the Flow Cytometry Core
Laboratory of The Children’s Hospital of the Philadelphia Research Institute, and data were analyzed
using FlowJo. The S staging system for erythroid maturation (stages S0 through S5) was used to define
gates for quantitation of erythroid progenitors as described previously (36). For stem cell and myeloid
progenitor analysis, fetal liver cells prepared as described above were stained with a cell viability dye per
the manufacturer’s instructions (Live/Dead fixable aqua; L34957; Invitrogen), washed, and then incubated
with a primary antibody stain mix (c-Kit, ScaI, CD34, Flt3, FcgrIII, and mature lineage markers [CD3, B220,
Gr-1, and Ter119]; Table S1) and washed before FACS analysis (38).

CFU assays. The ability of fetal liver stem cells to differentiate and produce myeloid progenitor cells
was quantified as CFU (39). E14.5 mouse fetal livers were harvested into 1 ml PBS–2% FBS–PenStrep–2.5
mM EDTA and processed into single-cell suspensions by triturating and straining through 40-�m filters.
Nucleated cells were counted by hemocytometer using methylene blue and 3% acetic acid stain (07060;
Stemcell Technologies). Fetal liver cells were cultured in triplicate for each genotype in methylcellulose
medium containing growth factors (03434; Stemcell Technologies) at 10,000 cells per 1 ml medium in a
35-mm dish to measure BFU-E, CFU-GM, and CFU-GEMM colonies. Cells were cultured for 7 days at 37°C
and 5% CO2 in a humidified incubator. Colonies were visualized by bright-field microscopy and scored
in a blinded manner based on parameters set forth in the manufacturer’s instructions (mouse CFU assays
using Methocult, technical manual version 3.5.0; Stemcell Technologies). CFU-E colonies were cultured in
methylcellulose supplemented with erythropoietin (03334; Stemcell Technologies) and scored on day 2.
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