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ABSTRACT We previously demonstrated that the two paralogous RNA-binding
proteins PCBP1 and PCBP2 are individually essential for mouse development:
Pcbp1-null embryos are peri-implantation lethal, while Pcbp2-null embryos lose vi-
ability at midgestation. Midgestation Pcbp2~—/~ embryos revealed a complex phe-
notype that included loss of certain hematopoietic determinants. Whether PCBP2
directly contributes to erythropoietic differentiation and whether PCBP1 has a
role in this process remained undetermined. Here, we selectively inactivated the
genes encoding these two RNA-binding proteins during differentiation of the ery-
throid lineage in the developing mouse embryo. Individual inactivation of either
locus failed to impact viability or blood formation. However, combined inactiva-
tion of the two loci resulted in midgestational repression of erythroid/hematopoi-
etic gene expression, loss of blood formation, and fetal demise. Orthogonal ex
vivo analyses of primary erythroid progenitors selectively depleted of these two
RNA-binding proteins revealed that they mediate a combination of overlapping
and isoform-specific impacts on hematopoietic lineage transcriptome, impacting
both mRNA representation and exon splicing. These data lead us to conclude
that PCBP1 and PCBP2 mediate functions critical to differentiation of the ery-
throid lineage.

KEYWORDS murine erythropoiesis, posttranscriptional controls, PCBP1, PCBP2, RNA-
binding proteins, conditional gene inactivation

NA-binding proteins participate in a complex array of posttranscriptional controls

essential to cell type specification and somatic development. The critical roles of such
posttranscriptional controls are most clearly apparent in settings of global silencing of
transcription. Posttranscriptional controls of terminal erythroid differentiation constitute
one such highly informative experimental model (1-5).

The poly(C) binding proteins (PCBPs) comprise a widely expressed and multifunc-
tional family of KH domain RNA-binding proteins associated with numerous erythroid
and nonerythroid mRNAs (6, 7). Studies focused on globin gene expression in cell cul-
ture models have revealed that the PCBPs can integrate nuclear controls over splicing
and 3’ processing with cytoplasmic controls over mRNA stabilization and translation
(8, 9). These controls are mediated to a large extent via direct interactions of PCBPs
with pyrimidine-pure cytosine-rich motifs located at critical sites within nuclear tran-
scripts and cytoplasmic mRNAs (8-13). Transcriptome-wide analyses in a number of
experimental settings have further revealed that PCBPs control the structures,
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abundance, and functions of a wide array of mMRNAs encoded by multiple gene subsets
throughout the mammalian transcriptome (11, 12).

The PCBPs are encoded by genes representing four dispersed loci: Pcbp1 to Pcbp4.
The ubiquitous expression profiles of the major isoforms Pcbp1 and Pcbp2 contrast
with the lower and more restricted expression of Pcbp3 and Pcbp4 (14-17). In contrast
to the multiexonic gene of Pcbp2, Pcbp1 is carried by an intronless gene that evolved
by retrotransposition of a fully processed Pcbp2 mRNA isoform (14, 16). The remarkably
high level of structural conservation of the Pcbp1 and Pcbp2 homologs across eukaryo-
tic taxa suggests strong evolutionary constraints in their functions (17).

The PCBP1 and PCBP2 proteins appear to have shared as well as isoform-specific func-
tions (18-20). Recently we have shown that Pcbp? and Pcbp2 constitute essential genes in
mice (21); homozygous germ line inactivation of Pcbp1 renders embryos nonviable in the
peri-implantation stage (between E4.5 and E8.5), while Pcbp2-null mouse embryos
undergo normal development through E12.5/13.5, at which point they undergo a loss in
viability and develop a complex array of phenotypic defects. These defects prominently
include alterations in the hematopoietic system (21). The very early (preimplantation) loss
of Pcbp1-null embryos obviates detection of an in vivo impact of PCBP1 on hematopoiesis.

In the current study, we specifically focus on the impact of Pcbp1 and Pcbp2 on he-
matopoietic differentiation. The conditional, erythroid-specific inactivation of the
Pcbp1 and/or Pcbp2 locus in the developing mouse embryo in conjunction with tar-
geted ex vivo depletions of these proteins in primary hematopoietic cells reveals that
the PCBPs play a critical role in mammalian erythropoiesis.

RESULTS

Selective loss of Pcbp1 or Pcbp2 in the erythroid lineage is compatible with
embryonic viability and adult function. To explore the individual role(s) of Pcbp1
and Pcbp2 in mouse erythropoiesis, we selectively inactivated the corresponding genes
in the erythroid lineage of the developing mouse embryo. Mice homozygous for a
floxed Pcbp2 allele (Pcbp2™7) were crossed with an EpoR-cre line. The EpoR-cre locus is
composed of a Cre recombinase open reading frame (ORF) inserted within the endoge-
nous erythropoietin receptor (EpoR) locus (22). EPOR is specifically activated at the ery-
throid burst-forming unit (BFU-E) stage erythroid differentiation and is maximally
expressed in proerythroblasts within the erythroid CFU (CFU-E) (22, 23). EpoR-cre-medi-
ated recombination within the floxed Pcbp2 locus deletes the first two exons of Pcbp2,
thus inactivating gene expression in the erythroid lineage (21).

Cre-mediated inactivation of the PCBP2 locus was confirmed by DNA, RNA, and pro-
tein analyses of erythroid cells isolated from Pcbp2™7/EpoR-Cre fetal livers at E14.5 (Fig.
1A to C). Pcbp2™/EpoR-cre embryos at E14.5 were developmentally intact (Fig. 1D),
and corresponding adult mice appeared entirely normal, with the sole exception of a
minor decrease in platelet levels (data not shown). Thus, in contrast to the embryonic
lethality and hematopoietic abnormalities seen in germ line Pcbp2-null mice (21), the
selective homozygous inactivation of the Pcbp2 loci during erythroid lineage develop-
ment failed to have an impact on hematopoiesis or overall development.

We next intercrossed EpoR-cre mice with mice carrying floxed Pcbp1 loci. Pcbp1
inactivation was confirmed by analyses of Pcbp17f/EpoR-cre embryonic liver erythroid
cells (Fig. 2A to Q). Pcbp1™/EpoR-cre mice were born at the expected Mendelian ratio,
and the corresponding adults were within normal weight range compared to litter-
mate controls. However, when assessed at E14.5, the Pcbp17/EpoR-cre embryos were
observed to be pale compared to littermate controls (Fig. 2D). This pallor, along with
alterations in a subset of red cell indices (RDW-CV and RDW-SD) and an elevated reticu-
locyte count suggested a mild level of erythroid stress in the Pcbp1™f/EpoR-cre adults
(data not shown). Thus, the selective homozygous inactivation of Pcbp1 loci by EpoR-
cre resulted in nonlethal and compensated alterations in the hematopoietic pathway.

Combined inactivation of the Pcbp1 and Pcbp2 loci impacts erythroid lineage
formation and embryonic viability. To further explore the in vivo functional relation-
ships of the two Pcbp isoforms in the context of hematopoiesis, we generated intercrosses
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FIG 1 Embryos lacking Pcbp2 in the erythroid lineage (Pcbp2™/EpoR-cre) appear normal at E14.5. (A) Genotyping.
E14.5 embryos generated from a cross between Pcbp2™”" and Pcbp2™/EpoR-cre mice were genotyped with primers
specific for the floxed Pcbp2 and EpoR-cre loci. The genotypes of each of four embryos in a single litter are
summarized to the right of the gel. (B) RNA analysis. The Ter119*-enriched cells isolated from the livers of embryos
(in panel A) were analyzed for Pcbp2 mRNA. (C) Protein analysis. The Ter119"-enriched cells (as in panel B) were
assessed for PCBP2 protein content by Western analysis using a monospecific PCBP2 antibody (see Materials and
Methods). Ribosomal protein L7a served as a loading control. (D) Embryo appearance. A Pcbp2™/EpoR-cre E14.5
embryo (right) demonstrated normal appearance compared with a Pcbp2™” littermate control (left).

of mice carrying the floxed Pcbp1 and Pcbp2 alleles and the EpoR-cre locus. Mice com-
pound heterozygous for inactivation of the two Pcbp loci (Pcbp1%t/Pcbp2™/EpoR-cre)
were born at normal Mendelian ratios and appeared healthy at 2 months old, with normal
complete blood counts (CBCs). The same intact functional state was observed for embryos
that were Pcbp2 null in the erythroblast lineage combined with Pcbp1 haploidy (Pcbp 174t/
Pcbp2™f/EpoR-cre) (Fig. 3A). In addition, mice with this genotype were viable at birth and
as adults. In contrast, homozygosity for Pcbp1 inactivation in combination with Pcbp2 hap-
loidy (Pcbp1™/Pcbp2™*t/EpoR-cre) was embryonic lethal. Analysis of E14.5 embryos with
this genotype demonstrated marked overall pallor with faint and atrophic livers (Fig. 3B).
In addition, mice with this genotype were embryonic lethal. These observations led us to
conclude that there was a level of redundancy in Pcbp1 and Pcbp2 functions in the ery-
throid developmental pathway as well as a predominant role for PCBP1 versus PCBP2 in
this process.

The most severe hematopoietic phenotype was observed for embryos compound
homozygous for loss of the Pcbp1 and Pcbp2 loci (Fig. 3). These embryos (Pcbp 171/
Pcbp2™/EpoR-cre) had markedly pale yolk sacs at E11.5 (Fig. 3C), extreme overall pallor
and absence of liver erythropoiesis at E12.5 (Fig. 3D), and loss of viability by E13.5 (Fig.
3E). Thus, the complete loss of Pcbp1 in the erythroid lineage is well tolerated when
both Pcbp2 loci are functioning, is embryonic lethal in the context of Pcbp2 haploidy,
and is even more devastating in terms of erythroid development and embryonic viabil-
ity in embryos that are compound homozygous for inactivation of Pcbp1 and Pcbp2
(Pcbp17f/Pcbp2™1/EpoR-cre). The foregoing observations support a dose dependency
in the combined activities of Pcbp1 and Pcbp2 on erythropoiesis, with a predominant
role played by Pcbp1.
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FIG 2 Embryos lacking Pcbp1 in the erythroid lineage (Pcbp1™7/EpoR-cre) demonstrate mild pallor at E14.5. (A)
Genotyping. E14.5 embryos generated from a cross between Pcbp1™" and Pcbp1™/EpoR-cre mice were genotyped
by PCR for the floxed PcbpT and EpoR-cre loci. The genotypes of seven embryos in a single litter are summarized to
the right of the gel. (B) RNA analysis. Ter119"-enriched cell populations from each of the indicated embryos (as in
panel A) were analyzed for Pcbp? mRNA. (C) Protein analysis. The Ter119*-enriched cell populations (as in panel B)
were assessed by Western analysis with a monospecific PCBP1 antibody. Ribosomal protein L7a served as a loading
control. (D) Embryo appearance. The Pcbp1”/EpoR-cre E14.5 embryo (right) demonstrated mild pallor compared
with a Pcbp 1™ littermate control (left).

Orthogonal evidence for a predominant role of PCBP1 in erythroid terminal
differentiation. An orthogonal assessment of Pcbp1 and Pcbp2 functions in terminal
erythroid differentiation was carried out in the mouse erythroleukemia (MEL) cell cul-
ture model (24). Depletion of Pcbp2 by short hairpin RNA (shRNA) treatment had no
appreciable impact on the induction of terminal erythroid differentiation, while a paral-
lel depletion of Pcbp1 from the MEL cells resulted in a dramatic blockade of hemoglo-
bin synthesis (data not shown). These data further support a predominant role for
Pcbp1 compared to Pcbp2 in murine erythroid differentiation.

Distinct contributions of Pcbp1 and Pcbp2 to the erythroid lineage as revealed
by transcriptome analysis. While PCBP1 and PCBP2 protein structures are highly con-
served and share a C-rich binding motif (14-17, 25), these two proteins have been
shown to function both redundantly as well as with isoform specificity in various con-
texts (21, 26-33). A combination of redundant and isoform-specific functions in hema-
topoiesis would be consistent with the results of the preceding conditional gene inacti-
vation studies (Fig. 1 and 3). To further explore the relative roles of PCBP1 and PCBP2
in hematopoiesis, we analyzed the impacts of selective depletion of each protein on
the transcriptomes of primary hematopoietic progenitors induced to differentiate ex
vivo under controlled conditions (34, 35). This ex vivo culture system supports terminal
erythroblast proliferation and differentiation in a manner that closely mimics the in
vivo terminal proliferation and maturation of erythroid cells (35). This experimental
model, in which differentiation is monitored in a quantitative manner by flow cytome-
try, allows for erythroid cells at particular developmental stages to be identified and
analyzed (35).

Sets of shRNAs targeting PCBP1, PCBP2, and nontargeting control sequences were
used to assess the impact of PCBP depletion on ex vivo erythroid differentiation.
Hematopoietic progenitor cells were affinity purified from wild-type E14.5 fetal livers,
expanded, and selectively depleted of Pcbp1 or Pcbp2 using 4 distinct shRNAs for each
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FIG 3 Compound conditional inactivations of the Pcbpl and Pcbp2 loci in the erythroid lineage reveal their
essential roles in development of erythroid activity and in sustaining embryonic viability. (A) The mouse embryo
with an erythroid lineage lacking PCBP2 combined with haploidy for PCBP1 appears normal at E13.5. A Pcbp1™*/
Pcbp2™/EpoR-cre E13.5 embryo is shown next to corresponding littermate control (floxed alleles without EpoR-cre).
Embryos with the Pcbp1”*/Pcbp2™/EpoR-cre genotype retain viability through term and into adult life. (B) The
mouse embryo with an erythroid lineage lacking PCBP1 combined with haploidy for PCBP2 is small and pale at
E14.5. A Pcbp1™/Pcbp2”**/EpoR-cre embryo is shown next to the corresponding littermate control (floxed alleles
without EpoR-cre). Embryos with the Pcbp1™/Pcbp2™*/EpoR-cre genotype are embryonic lethal. (C) Combined
homozygous inactivation of PCBP1 and PCBP2 loci results in marked loss of erythroid activity at E11.5. The yolk sacs
of two E11.5 littermate embryos are shown along with their indicated genotypes. (D) E12.5 embryos with combined
homozygous inactivation of the Pcbpl and Pcbp2 loci are markedly pale. The embryos shown are from a single
litter; corresponding genotypes are shown above each embryo. (E) Compound homozygous inactivation of Pcbp1
and Pcbp2 in the erythroid lineage is embryonic lethal. The numbers in the table reflect a total of 42 embryos from
a total of 7 litters.

isoform. A set of nontargeting (control) shRNAs were used in parallel to control for
nonspecific shRNA-induced perturbations of the transcriptome (34, 36).

RNA from each population was isolated at days 0 and 2 of induced differentiation.
Sequencing of these RNA populations yielded approximately 35 million reads per sam-
ple. Analyses of the transcriptomes at day 0 confirmed an efficient depletion of PCBP1
or PCBP2 (>90%) for both PCBP1 and PCBP2 mRNAs (Fig. 4A) and proteins (Fig. 4B).
The differential gene expression (DGE) analysis of the transcriptome sequencing (RNA-
seq) data sets revealed that Pcbpl had a greater overall impact on gene expression
than did Pcbp2 (Fig. 5). This difference was observed both prior to and subsequent to
erythroid induction (days 0 and 2, respectively) (see Table S2 in the supplemental ma-
terial). It was additionally noted that the overall number of impacted genes was sub-
stantially greater at day 2 versus day 0, a trend that parallels the major shift in tran-
scriptome composition during erythroid differentiation (37). Pathway analysis revealed
significant enrichment for pathways relevant to chromatin assembly, cell adhesion, cell
differentiation, regulation of signal transduction, cellular response to stress, cell prolif-
eration, regulation of mitotic cell cycle, and erythroid differentiation after erythroid de-
velopment induction (see Table S3 in the supplemental material).

The degree of overlap between the sets of Pcbpi- and Pcbp2-impacted genes was
evaluated next. This overlap was minimal at day 0 but was substantially increased at
day 2, in parallel with the overall increase in the number of impacted genes in the
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FIG 4 Selective depletion of PCBP1 and PCBP2 in hematopoietic stem cell (HSC)/progenitor cells. (A)
Depletions of Pcbp1 and Pcbp2 mRNAs in primary HSC/progenitor cells. MSCV-PIG (puromycin-IRES-GFP)-based
shRNAs targeting either PCBP1 or PCBP2 were transduced into HSC/progenitor cells purified from wild-type
E14.5 mouse livers. The impact of the targeted depletions was quantified 2 days after transfection by qRT-PCR
(with values normalized to corresponding glyceraldehyde-3-phosphate dehydrogenase [GAPDH] mRNA levels).
P values were calculated by comparing the impact of Pcbp2 and Pcbp1 depletion with the result from parallel
controls. ***, P < 0.001. (B) Western analysis. The protein analysis confirms efficient depletion of PCBP1 and
PCBP2 proteins in shRNA-transduced cells. L7a, large ribosomal subunit 7a. The shRNAs are abbreviated as
follows: Scr, Scrambled; Luc, luciferase.

differentiating erythroblasts (Fig. 5A and B). The differential impacts resulting from
Pcbp1 versus Pcbp2 depletions during erythroid induction noted in this study were
consistent with the distinct patterns and timing of embryonic lethality observed sec-
ondary to somatic loss of these two isoforms (21). Thus, these DGE studies supported a
combination of redundancy and isoform specificity in Pcbp isoform activities in the dif-
ferentiating erythroid lineage.

Impacts of Pcbp1 and Pcbp2 on mRNA expression appear to reflect both direct
and indirect mechanisms. To explore the mechanisms of Pcbp impact on the ery-
throid transcriptome, we searched for C-rich binding site motifs in target mRNAs. This
search focused on 3’ untranslated regions (UTRs) of mRNAs that were impacted by
depletion of PCBP1 or PCBP2 during the process of the ex vivo erythropoietic differen-
tiation process. Past studies have demonstrated that canonical C-rich binding sites in
3’ UTRs within target mRNAs are linked to major pathways of PCBP-mediated posttran-
scriptional control, including mRNA stability and 3’ processing (8, 11, 12). The current
analysis revealed a significant enrichment in cognate Pcbpl and Pcbp2 binding sites
(CISBP-RNA database [38]) in 3" UTRs of genes downregulated in the differentiating he-
matopoietic precursors upon depletion of Pcbp1 (Fig. 5C, top) or Pcbp2 (Fig. 5C, bot-
tom). Pathway analysis of these genes revealed significant enrichment for pathways
relevant to chromatin assembly, nucleosome organization, RNA metabolism, chromatin
silencing, and negative regulation of gene expression (see Table S4 in the supplemen-
tal material). This finding supports a model in which direct PCBP binding plays a posi-
tive role in the expression of a subset of mRNAs during the differentiation process.

Remarkably, the motif searches revealed additional motifs, distinct from the poly(C)-
rich sequences, that were also enriched in 3" UTRs of PCBP-impacted mRNAs. Of particular
interest was the identification of the consensus motif for RBM38 (GU rich) for many genes
(Fig. 5D; see Table S5 in the supplemental material). RBM38 is of particular interest as this
RNA-binding protein is downregulated when either Pcbp1 or Pcbp2 was depleted (data
not shown), likely due to the presence of several C-rich motifs in its 3" UTR, and has been
reported to have a critical role in erythroid differentiation (39-42). These data indicated
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FIG 5 Comparative impacts of Pcbpl and Pcbp2 depletions on hematopoietic transcriptomes during ex vivo erythroid differentiation. (A) Genes upregulated by
Pcbp1 or Pcbp2 depletions. (Top) Venn diagram displays the numbers of genes in primary hematopoietic progenitors that are upregulated upon Pcbp1 or Pcbp2
depletion prior to erythroid induction (day 0). PcbpT depletion versus control is in light blue, Pcbp2 depletion versus control is in light brown, and genes
upregulated by both Pcbp1 and Pcbp2 depletions are in white (overlap). (Bottom) A Venn diagram displays the numbers of genes upregulated by depletion of
Pcbp1 or Pcbp2 after 2days of induced erythroid differentiation (day 2). The color code is as in the top diagrams. (B) Genes downregulated by Pcbp1 or Pcbp2
depletions. (Top) A Venn diagram displays the numbers of genes in primary hematopoietic progenitors that are downregulated upon Pcbp1 or Pcbp2 depletion
prior to erythroid induction (day 0). The color code is as in panel A. (Bottom) A Venn diagram displays the numbers of genes that are downregulated by
depletion of Pcbpl or Pcbp2 after 2days of induced erythroid differentiation (day 2). The color code is as in panel A. (C) Pyrimidine-pure/C-rich motifs are
enriched in the 3’ UTRs of genes downregulated upon PcbpT and Pcbp2 depletions. (Top) Motif maps showing the frequency and positioning of PcbpT motifs
(defined in the CISBP-RNA database [38]) in the 3’ UTRs of genes that are impacted (upregulated in red and downregulated in blue) upon Pcbp1 depletion in
primary embryonic erythroid cells (combined day 0 and day 2 data). The Pcbpl motifs are significantly enriched in the downregulated genes relative to the
control as background (FDR corrected P = 3.56e—06, one-sided Fisher's exact test). Motif significance was computed with sequences up to 1,000 nucleotides (nt)
into the 3’ UTRs of these genes. Frequencies were smoothed using a running mean of 50 nt. (Bottom) Motif maps showing the frequency and positioning of
Pcbp2 motifs (CISBP-RNA database [38]) in the 3’ UTRs of genes that are upregulated (red) and downregulated (blue) upon Pcbp2 depletion in primary embryonic
erythroid cells (combined day 0 and day 2 data). The color code is as in the top panel. The Pcbp2 motifs are significantly enriched in the downregulated genes,
with the control as the background (FDR corrected P = 2.09e—15, one-sided Fisher's exact test). Motif significance was computed with sequences up to 1,000 nt
into the 3’ UTRs of these genes. Frequencies were smoothed using a running mean of 50 nt. (D) The Rbm38 motif (GU-rich) is significantly enriched in the 3’
UTRs of mRNAs that are upregulated upon Pcbp2 depletion. (Top) Motif maps showing the frequency and positioning of Rbm38 motifs in the 3’ UTRs of genes
that are upregulated (red) and downregulated (blue) upon Pcbp1 depletion (combined day 0 and day 2 data). The PcbpT motif is not significantly enriched in
either upregulated genes or downregulated genes relative to control depletion as the background (black). Motif significance was computed with sequences up to
1,000 nt into the 3" UTRs of these genes. Frequencies were smoothed using a running mean of 50 nt. (Bottom) Motif maps showing the frequency and
positioning of the Rbm38 motif in the 3" UTRs of genes that are upregulated (red) and downregulated (blue) upon Pcbp2 depletion (combined day 0 and day 2
data). The Rbm38 motif is significantly enriched in the genes upregulated upon Pcbp2 depletion, with control depletion as the background (FDR corrected P =
0.003, one-sided Fisher's exact test). Motif significance was computed with sequences up to 1,000 nt into the 3’ UTRs of these genes. Frequencies were
smoothed using a running mean of 50 nt. (E) Impact of Pcbp1 and Pcbp2 depletions on genes linked to hematopoietic/erythropoietic differentiation and function.
RT-PCR analyses were carried out on RNA isolated from HSC/progenitor cells post-erythroid induction (day 2 cells). The graph reflects the average and standard
deviation of results from 10 separate RNA samples. The shRNAs targeting Pcbp1 are shown as 1-1, 1-3, and 1-4, the shRNAs targeting Pcbp2 are shown as 2-1, 2-
2, 2-3, and 2-4, and the control shRNAs are shown as scr1, scr2, Lucl, and Luc2. Each mRNA value was normalized to the corresponding Gapdh mRNA level prior
to calculation of the averages and significance values. P values were calculated by comparing the impact of Pcbp1 (top row) and Pcbp2 (low row) depletion with
values from parallel controls. *, P < 0.05; **, P < 0.01; n.s., not significant.
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that the Rbm38 motif was not significantly enriched in the 3’ UTRs of genes impacted by
Pcbp1 depletion. On the other hand, the Rbm38 motif was enriched in the 3’ UTRs of up-
regulated genes after Pcbp2 was depleted from the primary cells (Fig. 5D). Pathway analy-
sis of these genes containing RBM38 binding sites in the encoded 3’ UTRs revealed signifi-
cant enrichment for pathways relevant to cell death, organ development, and cell
signaling (Table S5). In sum, these data support roles for PCBPs in modulating the develop-
ing erythroid transcriptome via direct recognition of the cognate poly(C)-rich motif as well
as via indirect actions mediated by alterations in expression of downstream RNA-binding
proteins such as RBM38.

Targeted analyses confirm redundant and unique impacts of Pcbp1 and Pcbp2
on erythroid lineage transcripts. The global transcriptome analyses of primary hema-
topoietic cells depleted of Pcbpl and Pcbp2 (described above) pointed to a combina-
tion of redundant and isoform-specific actions of the PCBPs on erythroblast gene
expression (described above). To further explore this combination of mechanisms, we
carried out targeted analyses of 10 genes whose encoded proteins have well-docu-
mented roles in hematopoietic lineage commitment and/or erythroid differentiation
(Fig. 5E). These data revealed Pcbp1 specifically impacts 2 genes (Ldb1 and EpoR),
Pcbp2 specifically impacts 2 genes (Pu.7 and Gatal), and the impacts of Pcbpl and
Pcbp2 depletions on the remaining 6 genes (Alas2, Gfilb, Tal1, Lmo2, Runx1, and Gata2)
overlap. These data support the conclusion that the two Pcbp isoforms mediate redun-
dant as well as isoform-specific roles on erythroid lineage development.

Pcbp1 and Pcbp2 demonstrate different impacts on exon splicing in the erythroid
transcriptome. Pcbps have well-described impacts on alternative splicing pathways in
multiple settings (9, 11, 26, 43, 44). With this in mind, we next analyzed our RNA-seq
data for cassette exon inclusion/exclusion rates in the setting of Pcbpl and Pcbp2
depletion in the primary hematopoietic cell culture model (Fig. 6A and B). This alterna-
tive splicing (AS) analysis revealed a greater impact by Pcbp! compared to Pcbp2
depletions at both days 0 and 2 of erythroid induction (see Table S6 in the supplemen-
tal material). This difference was observed for enhanced as well as repressed cassette
exons. Pathway analysis of these genes with AS revealed significant enrichment for
pathways relevant to RNA processing, RNA splicing, erythrocyte homeostasis, and
erythrocyte differentiation (see Table S7 in the supplemental material). Thus, the AS
and DGE analyses were consistent in revealing that a large subset of the impacts of the
two Pcbp isoforms on the transcriptome were isoform specific, that the impact of
Pcbp1 had a greater impact than Pcbp2, and that the number of events impacted by
Pcbp depletions increased during erythroid lineage induction.

We next searched for evidence of direct impacts of PCBPs on splicing in the ery-
throid transcriptome. MEME analysis of mRNAs whose alternative exon splicing was
impacted by Pcbp1 and Pcbp2 depletion revealed enrichment for C-rich motifs in the
splice-proximal regions of the alternatively spliced exons (Fig. 6C). In the setting of
both Pcbp1 and Pcbp2 depletions, a C-rich motif is significantly enriched in the region
of the splice acceptor site of repressed cassette exons; Pcbp1 depletion was linked to
significantly enriched peaks in the cassette exons with repressed inclusion (Fig. 6C,
blue) adjacent to the splice acceptor sites (nucleotides [nt] —300 to +50; false-discov-
ery rate [FDR] corrected P = 3.23e—06) and splice donor sites (nt —50 to +300; FDR
corrected P = 0.01). Enriched peaks in the cassette exons with enhanced inclusion (Fig.
6C, red) in the intronic region were also visually apparent in proximity to the splice do-
nor site (nt +150 to +300), although this did not reach statistical significance (P = not
significant [NS]).

Upon Pcbp2 depletion, there were visually apparent peaks of enrichment of the C-
rich motif in the cassette exons with repressed inclusion (Fig. 6C, blue) in the intronic
region in proximity to the splice donor site (nt +100 to +175 and +250 to +300) and
in the intronic region in proximity to the splice acceptor site (nt —50 to 0). There were
also visually apparent enriched peaks in the cassette exons with enhanced inclusion
(Fig. 6C, red) in the intronic region near the splice acceptor site (nt —300 to —225,
—150 to —100, and —50 to 0). These enrichments of C-rich motifs associated with
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FIG 6 Pcbpl and Pcbp2 have distinct impacts on alternative exon splicing in primary hematopoietic cells. (A) Enhanced exon inclusion events in cells
depleted of Pcbp1 or Pcbp2 cells at days 0 and 2 of erythroid induction highlight isoform-specific functions. (Top) A Venn diagram displays the numbers of
exons whose inclusion is enhanced subsequent to Pcbp1 (blue) and Pcbp2 (yellow) depletion prior to induction (day 0). Each binary comparison is noted
below the corresponding circle. Exons whose splicing is impacted by both Pcbp1 and Pcbp2 depletions are shown in the overlap (white). (Bottom) A Venn
diagram displays the numbers of exons whose inclusion is enhanced subsequent to Pcbp1 (blue) and Pcbp2 (yellow) depletion after 2days of erythroid
induction (day 2). Each binary comparison is noted below the corresponding circle. Exons whose splicing is impacted by both Pcbp1 and Pcbp2 depletions
are shown in the overlap (white). (B) Repressed exon inclusion in cells depleted of Pcbpl or Pcbp2 at days 0 and 2 of erythroid induction. (Top) A Venn
diagram displays the numbers of exons whose inclusion is repressed subsequent to PcbpT (blue) and Pcbp2 (yellow) depletion prior to induction (day 0).
Each binary comparison is noted below the corresponding circle. Exons whose splicing is impacted by both PcbpT and Pcbp2 depletions are shown in the
overlap (white). (Bottom) A Venn diagram displays the numbers of exons whose inclusion is repressed subsequent to Pcbp1 (blue) and Pcbp2 (yellow)
depletion after 2 days of erythroid induction (day 2). Each binary comparison is noted below the corresponding circle. Exons whose splicing is impacted by
both Pcbp1 and Pcbp2 depletions are shown in the overlap (white). (C) Distribution of consensus binding sites for Pcbpl and Pcbp2 in proximity to
alternatively spliced exons impacted by Pcbp1 and Pcbp2 depletion. (Top) Frequency and positions of Pcbpl motifs (CISBP-RNA database [38]) around the
3" and 5’ splice sites of cassette exons whose inclusion is enhanced (red) and repressed (blue) by Pcbp1 depletion on days 0 and 2 of erythroid inductions.
Frequencies were smoothed using a running mean of 20 nucleotides (nt). The PcbpT motif is significantly enriched in the cassette exons with repressed
inclusion (blue) in the region of the splice acceptor site (nt —300 to +50; FDR corrected P = 3.23e—06) and the splice donor site (nt —50 to +300; FDR
corrected P = 0.01). P values were computed using one-sided Fisher’s exact test. (Bottom) Frequency and positions of Pcbp2 motifs (CISBP-RNA database
[38]) in proximity to cassette exons that are enhanced (red) and repressed (blue) upon Pcbp2 depletion at days 0 and 2 of induced erythroid
differentiation. Frequencies were smoothed using a running mean of 20 nt. The apparent enrichment of C-rich motifs near the splice acceptor site of
repressed exons could not be firmly established as statistically significant due to low number of events in the enhanced set. (D) RT-PCR validation of
alternative splicing events. RT-PCR was performed on day 2 RNAs for alternatively spliced exons in 4 genes that have clearly defined roles in hematopoietic
lineage commitment: Runx1, exon 6; EpoR, exon 5; Epb41, exon 16; Epb49, exon 3. RNAs were purified from the E14.5 mouse liver and treated with the
indicated shRNAs. Control shRNAs are shown as lucl, scri, and scr2, Pcbp1 shRNAs are shown as 1-1, 1-3, and 1-4, and Pcbp2 shRNAs are shown as 2-1, 2-3,
and 2-4. Alternatively spliced exons are indicated by green boxes. The percentage of exon inclusion is calculated and shown at the bottom of the gel
(average * standard deviation). P values were calculated by comparing the impact of Pcbp2 and Pcbp1 depletion with values from parallel controls. *, P <
0.05; **, P < 0.01, n.s,, not significant.
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Pcbp2 depletion could not be established as statistically significant due to low number
of events in the enhanced and repressed set.

Analysis of genes with Pcbp2-impacted cassette exon splicing revealed significant
enrichment for pathways relevant to hematopoietic development, mRNA processing,
cellular localization, eryhthrocyte homeostasis, and erythroid differentiation (see Table
S8 in the supplemental material).

Targeted validations of alternative exon splicing were carried out on transcripts
selectively sensitive to either Pcbp1 or Pcbp2. Runx1 is a critical transcription factor for
blood development (45-48). The data confirmed our previous finding that AS control
of exon 6 splicing is specific to Pcbp2 (26), and not responsive to depletion of PcbpT1
(Fig. 6D, RunxT). Erythropoietin receptor (EPOR) is critical for terminal erythropoiesis
(23). We confirmed that Pcbp1, but not Pcbp2, specifically impacts alternative splicing
of exon 5 of the EpoR gene. This event is of functional significance as loss of exon 5 is
predicted to trigger an NMD response, which would be consistent with the observed
downregulation of EpoR mRNA by Pcbp1 depletion (Fig. 5E). EPB41 and EPB49 are two
red blood cell membrane proteins that are important/essential for terminal erythroid
development (49-51). We found that Pcbp2 specifically represses inclusion of exon 16
(knockdown of Pcbp2 increases the inclusion of exon 16) of Epb41 (Fig. 6D, Epb41), an
exon shown by others to be important in late stage of erythropoiesis (49, 52-55). For
Epb49, the data revealed that PcbpT enhances splicing of exon 3, while Pcbp2 lacks an
effect (Fig. 6D, Epb49). These studies further substantiate the conclusion that the
PCBP1 and PCBP2 isoforms have specific impacts on gene expression that are of direct
relevance to erythroid development and function.

DISCUSSION

We have previously demonstrated that the paralogous RNA-binding proteins, PCBP1
and PCBP2, are independently essential for mouse embryonic viability (21). Here, we
explore their tissue-specific requirement in erythroid lineage. The EpoR-cre driver used in
these studies selectively inactivates floxed loci in the erythroid lineage beginning at E12.5
(22). Conditional knockouts revealed that individual loss of Pcbp1 or Pcbp2 failed to signifi-
cantly impact the developing erythroid lineage (Fig. 1 and 2), while their combined loss
resulted in a substantial loss of hematopoiesis: homozygous loss of Pcbp1 in conjunction
with haploidy for Pcbp2 inactivation repressed erythroid development and resulted in em-
bryonic lethality at E14.5, and compound homozygous inactivation of Pcbp1 and Pcbp2
loci resulted in an even more severe phenotype, with dramatic loss of fetal liver erythro-
poiesis and embryonic demise prior to E13.5 (Fig. 3). These findings led us to conclude
that formation of the erythroid lineage and embryonic development can be supported
individually by either Pcbp1 or Pcbp2, while the combined loss of these two paralogs is in-
compatible with these critical processes.

Assessing the impact of individual depletions of Pcbp and Pcbp2 on the transcrip-
tomes of primary hematopoietic progenitor cells induced toward erythroid differentia-
tion revealed that subsets of genes were uniquely impacted by one or the other of the
Pcbp isoforms, while others constitute an overlapping gene set (Fig. 5A and B). A simi-
lar combination of isoform-specific and shared (overlapping) impacts was observed in
the analysis of alternative exon splicing (Fig. 6A and B). Thus, the transcriptome analy-
ses of primary hematopoietic cells demonstrated a complex set of impacts of Pcbp1
and Pcbp2 on mRNA representation (DGE analysis) and structure (AS analysis), reflect-
ing both isoform-specific and redundant impacts.

The motif analyses of our RNA seq data sets in primary hematopoietic precursors
depleted of the individual Pcbp isoforms revealed significant enrichment of C-rich Pcbp
binding sites within 3’ UTR sequences of genes that were downregulated upon Pcbp1
or Pcbp2 depletion (Fig. 5C). These data point to a direct positive role in enhancing the
expression of a defined gene subset. The motif analysis of mRNAs whose exon splicing
reactions were impacted by Pcbp depletion also had significant enrichment for C-rich
motifs in proximity to the alternatively splice exons (Fig. 6C). This result is consistent
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with our prior transcriptome-wide analysis of Pcbp-controlled exon splicing in a human
hematopoietic cell line (K562 cells) which identified a significant enrichment of C-rich
motifs adjacent to splice sites controlled by PCBPs (11). In the current study, this
impact on exonic splicing is most prominently seen in the context of depletion of
Pcbp1 compared to Pcbp2 (Fig. 6C). Targeted analysis of exon splicing further linked
the roles of Pcbpi- and Pcbp2-mediated AS controls to erythroid development and
highlighted isoform-specific functions (Fig. 6D).

While the foregoing studies supported a role for direct Pcbp-mRNA interactions in
erythroid development, the fact that these linkages were only defined in a subset of
the impacted genes suggested that additional RNAs may be regulated by Pcbp-de-
pendent indirect pathways. Of particular interest was the observation that depletion of
Pcbp1 or Pcbp2 caused a significant decrease in the expression of RBM38. This RNA-
binding protein has been shown by others to be involved in posttranscriptional controls
linked to erythroid differentiation (39-41). The impact of Pcbp depletion on Rbm38 gene
expression suggested that one or more of the actions of Pcbp genes may be indirect and
mediated via RBM38 actions.

A final observation from the transcriptome analyses that merits mention is that the
number of genes impacted by Pcbp1 and Pcbp2 depletions increased markedly subse-
quent to the 2 days of EPO-induced erythroid differentiation (Fig. 5B). These results
suggest that some genes critical/important to erythroid differentiation may not be
affected by Pcbp1/2 prior to differentiation (day 0), but rather are affected during the
differentiation process. The impact on the alternative exon splicing of the Epb41 gene
transcript is a good example of such differentiation-linked posttranscriptional regula-
tion (Fig. 6D).

In summary, we demonstrate in the current report, using both in vivo and ex vivo
models, that PCBPs work cooperatively to support pathways of gene expression that
are essential to mouse erythroid development.

MATERIALS AND METHODS

Animals. All experiments were conducted in accordance with protocols approved by the Institutional
Animal Care and Use Committee at the Perelman School of Medicine (University of Pennsylvania).

The floxed Pcbp2 mouse line has been previously described (21), and the EpoR-cre line was a kind
gift from Ursula Klingmdiller (22).

Generation of mouse line carrying a floxed Pcbp1 allele. CRISPR-Cas9-mediated gene editing (56)
was utilized to flank the entire intronless Pcbp1 locus with LoxP sites. Single-guide RNAs (sgRNAs) target-
ing the 5" and 3’ flanking regions of Pcbp1 (sequences available on request) were selected based on
principles that minimize off-target effects (57). sgRNAs and tracrRNA (Alt-R CRISPR-Cas9 tracrRNA no.
1072532) were obtained from Integrated DNA Technologies (CA). The capped and polyadenylated Cas9
mRNA (L-7206; TriLink BioTechnologies) and the homology-directed repair (HDR) templates were micro-
injected into the cytoplasm of single-cell C57BL/6J embryos (Jackson Laboratory, no. 000664) at the
Transgenic Mouse Facility of the University of Pennsylvania. The resultant pups were screened for LoxP
sequence insertion by PCR (primer sequences available upon request) and confirmed by Sanger
sequencing.

Conditional inactivation of Pcbp1 and/or Pcbp2 in the erythroid lineage. Pcbp1 and Pcbp2 loci
were inactivated in the erythroid lineage by crossing the corresponding floxed Pcbp1 or Pcbp2 mouse
lines with the EpoR-cre line (22). Offspring carrying the floxed Pcbp and EpoR-cre alleles were identified
by PCR (21, 22).

In vitro expansion and differentiation of murine erythroblasts selectively depleted of Pcbp1
and Pcbp2. E14.5 fetal liver cell suspension was enriched for hematopoietic progenitors using the EasySep
Hematopoietic Progenitor Cell Enrichment kit (StemCell Technologies, no. 19756) supplemented with biotin-
conjugated CD71 antibody (BioLegend) (34, 36). The purified hematopoietic progenitor cells were cultured
in expansion medium consisting of StemPro34 medium (Invitrogen) supplemented with 2 mM t-glutamine,
1% penicillin-streptomycin, 10 uM 1-thioglycerol, 1 uM dexamethasone, 0.5 U/ml erythropoietin, and 1%
murine stem cell factor (SCF) (34) and infected immediately with MSCV-PIG (murine stem cell virus-puromy-
cin-internal ribosome entry site [IRES]-green fluorescent protein [GFP])-based retroviruses encoding shRNAs
that target PcbpT and Pcbp2, as well as two sets of control shRNAs: luciferase and scrambled sequence (Table
1). The transduced cells were grown in expansion medium for 48 h. These cells were collected (day 0 cells) or
washed and resuspended in differentiation medium (Iscove’s modified Dulbecco’s medium [IMDM] with
10% fetal calf serum [FCS], 10% potassium dodecyl sulfate [PDS], 2mM L-glutamine, 10 uM 1-thioglycerol,
1% penicillin-streptomycin, 5% PFHM-Il medium, and 5 U/ml erythropoietin [Amgen]) (34) and incubated for
an additional 2 days (day 2 cells).
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TABLE 1 Primer and shRNA sequences

Gene or shRNA Primer sequence or shRNA designation?
Genes
gRT-PCR
Tal1 F: TTAGCCAGCCGCTCGCCTCA
R: TGGTGAAGATGCGCCGCACT
Lmo2 F: GAAAGGAAGAGCCTGGACCC
R: CACCACATGTCAGCAGGGAT
Ldb1 F: TGCTGAAGTGCCACGTCTTT
R: CACGCTACTTCCGAAGCATTT
Gfilb F: CAGGGACAGTGTGGAGGTTC
R: CTAGAAAGGACCGTGGCATT
Pu.1 F: GCTTCCCTTATCAAACCTTGTCCC
R: CAGGCGAATCTTTTTCTTGCTGC
Alas2 F: ATTTGGGCATAAGCAGACAC
R: CAGCTCCATGATTCTTCAGG
Beta actin F: AAGGAGATTACTGCTCTGGCTCCTA
R: ACTCATCGTACTCCTGCTTGCTGAT
Runx1 F: TCAGAAGTGTAAGCCCAGCA
R: CTTTCGAAAACGCACCTCTC
Pcbp1 F: AATCAATGCCAGGCTTTCCTC
R: TTAAAACCTGGAATTACCGACCAG
Pcbp2 F: CATGGGGAGCAGCTAGAACAGA
R: TTAAAACCTGGAATCGCTGACTG
Gatal F: GCCCAAGAAGCGAATGATTG
R: GTGGTCGTTTGACAGTTAGTGCAT
Gata2 F: CACCCCTAAGCAGAGAAGCAA
R: TGGCACCACAGTTGACACACT
Gapdh F: TGTCAAGCTCATTTCCTGGTATGA
R: TCTTACTCCTTGGAGGCCATGT
Epor F: AGGTCCTGGAAGGCCGCACT

R: AGGGTCCAGGTCGCTAGCGG
Alternative splicing RT-PCR

mEpoR F: CCTATGACCACCCACATCCG
R: GCGTCAAGATGAGAGGGTCC
mDmtn F: GGATGAGGACACCACAGAGC
R: GATGGCAGCCAGATCCTTGT
mEpb41 F: AGCCATTGCTCAGAGTCAGGTCACAG
R: CAGTTCACTGATGCTGGCATGGTGC
mRunx1 F: AATCCGCCACAAGTTGCCA

R: ATGGATCCCAGGTACTGGTAGG

shRNAs

Pcbp1 and Pcbp2 shRNAs for fetal liver cells®
shPcbp1-1 CTCCGCTAAGAATTTAAAGAAA
shPcbp1-2 GCACCGAGTGTGTGAAGCAGAT
shPcbp1-3 TGCCTACCAATGCCATCTTTAA
shPcbp1-4 CATGTAAGAGTGGAATGTTAAT
shPcbp2-1 CAAGGAGAATCTGTTAAGAAGA
shPcbp2-2 AACCGGATTCAGTGGCATTGAA
shPcbp2-3 CCCGACTAATGCCATCTTCAAA
shPcbp2-4 TCTGCACCAGTTGGCAATGCAA
shLuciferase RHS1705
shScramble RHS4346

Pcbp1 and Pcbp2 shRNAs for MEL cells¢
shPcbp1 CGGCGTGCCGCAGTCCGTCACCGAGTGTG
shPcbp2 GGCCTATACCATTCAAGGACAGTATGCCA
shScramble TR30013

aF, forward; R, reverse.
bThe sequences shown are on the MSCV-PIG vector (Open Biosystems).
“The sequences shown are on the pGFP-V-RS or p-RFP-V-RS vector (Origene).
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Transcriptome analysis (RNA-seq). One microgram of total RNA isolated at day 0 and day 2 cells from
each Pcbp1- or Pcbp2-depleted sample (all RNA integrity number [RIN] values of >8.6) was used for library
construction after poly(A) selection (Next Generation Sequencing Core, University of Pennsylvania). A total of
9 samples were generated from each of the two time points: three controls, Pcbp1 knockdowns with three
distinctly targeting shRNAs (shPcbp1-1, -3, and -4), and Pcbp2 knockdowns with three distinctly targeting
shRNAs (shPcbp2-1, -3, and -4). Sequencing was carried out using a 150-nt paired-end sequencing protocol.
RNA-seq reads were aligned to GRCm38.p6 annotation using STAR after a quality check and trimming with
FastQC and Trim Galore, respectively. Aligned bam files were sorted and indexed with Samtools.

Gene expression analysis. Transcriptome indices were prepared for Salmon (https://salmon
.readthedocs.io/en/latest/salmon.html) with the GRCm38 mouse annotation. Transcripts per million RNA
molecules (TPMs), length-scaled TPMs, and effective length quantifications were generated using as
input trimmed RNA-seq reads and the Salmon transcriptome indices. Transcript-level TPMs were col-
lapsed into gene-level TPMs with the Bioconductor package tximport. Reads mapping to rRNA, tRNA,
and mitochondrial DNA were removed. EdgeR was used to compute log, fold change and statistical sig-
nificance of differential expression. Genes with a [fold change| of >1.5 and false-discovery rate of <0.1
were considered differentially expressed.

Alternative splicing analysis. Splicing events were quantified with MAJIQ and VOILA (58). Differential
splicing was computed with the DeltaPSI module of MAJIQ. DeltaPSI quantifies differential splicing (inclusion
or exclusion) of a junction between two conditions (e.g., control replicates versus PcbpT or Pcbp2 depletion
replicates). Cassette splicing events with a |DeltaPSI| value of >0.10 were considered differentially spliced.

Motif enrichment analysis. One thousand nucleotides in the 3’ UTR sequences were extracted
from differentially upregulated, downregulated, and background (nonregulated) genes and were
searched by MEME (59) for enriched motifs as defined in the CISBP-RNA database (38). Motif maps of
Pcbp1, Pcbp2, and Rbm38 were constructed from the calculated frequencies of occurrence of corre-
sponding motifs at each position in the three data sets. For plotting purposes, the frequencies were
smoothed using a running mean of 50 nt.

Sequences were extracted for intronic (300-nt) and exonic (50-nt) regions flanking the 5’ and 3’
splice sites of alternatively spliced cassette exons. In order to construct motif maps, the frequencies of the
CISBP-RNA motif (38) for the target RNA-binding protein (RBP) (e.g., PCBP1) in each set of cassette exons
were computed at each position (nt —300 to +50 bracketing the 3’ splice sites and nt —50 to 300 bracket-
ing 5’ splice sites). For plotting purposes, frequencies were smoothed over a running mean of 20 nt.

One-sided Fisher’s exact tests with FDR correction were performed, and motifs with an adjusted P
value of <0.05 were considered significantly enriched.

mRNA quantification and RT-PCR. Fetal liver RNA from E12.5 and E14.5 embryos was purified using
TRIzol (15596026; Invitrogen). Quantitative reverse transcription-PCR (qRT-PCR) and alternative splicing
RT-PCR were performed as described previously (43, 44). Alternative splicing RT-PCR primers and qRT-
PCR primers are listed in Table 1.

Western blot analysis. Total cellular extracts prepared from the TRIzol fraction of the tissue/cell
preparations were analyzed as described previously (44). The PCBP1 and PCBP2 antibodies were
described previously (13).

Purification of Ter119* red blood cells. Mature erythrocytes and erythroid precursor cells were
purified from fetal livers by using Anti-Ter-119 microbeads according to the manufacturer’s instructions
(catalog no. 130-049-901, magnetically activated cell sorting [MACS]; Miltenyi Biotec, Inc.).

Statistics. Statistical significance (P values) between paired data sets was determined using two-
tailed, unpaired Student's t test.

Software availability. Detailed information about the availability and versions of software used for
the bioinformatics analysis is provided in Table S1 in the supplemental material.

Accession number(s). All sequencing data generated in this study have been deposited in the Gene
Expression Omnibus (GEO) database under accession no. GSE178247 (available at http://www.ncbi.nIm
.nih.gov/geo/).
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