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RNA-binding proteins participate in a complex array of posttranscriptional controls essential to cell type specification and so-
matic development. Despite their detailed biochemical characterizations, the degree to which each RNA-binding protein impacts
mammalian embryonic development remains incompletely defined, and the level of functional redundancy among subsets of
these proteins remains open to question. The poly(C) binding proteins, PCBPs (�CPs and hnRNP E proteins), are encoded by a
highly conserved and broadly expressed gene family. The two major Pcbp isoforms, Pcbp2 and Pcbp1, are robustly expressed in a
wide range of tissues and exert both nuclear and cytoplasmic controls over gene expression. Here, we report that Pcbp1-null em-
bryos are rendered nonviable in the peri-implantation stage. In contrast, Pcbp2-null embryos undergo normal development un-
til midgestation (12.5 to 13.5 days postcoitum), at which time they undergo a dramatic loss in viability associated with combined
cardiovascular and hematopoietic abnormalities. Mice heterozygous for either Pcbp1 or Pcbp2 null alleles display a mild and
nondisruptive defect in initial postpartum weight gain. These data reveal that Pcbp1 and Pcbp2 are individually essential for
mouse embryonic development and have distinct impacts on embryonic viability and that Pcpb2 has a nonredundant in vivo
role in hematopoiesis. These data further provide direct evidence that Pcbp1, a retrotransposed derivative of Pcpb2, has evolved
an essential function(s) in the mammalian genome.

Posttranscriptional control of gene expression plays a major
role in eukaryotic cell type specification and organism devel-

opment. RNA processing and mRNA expression are regulated in
the nuclear and cytoplasmic compartments by a complex array of
interactions among RNA-binding proteins, noncoding RNAs,
and target transcripts (1, 2). Studies have documented the central
importance of posttranscriptional controls in the programming of
embryonic stem cell differentiation and somatic cell development
(3–11). The critical role of posttranscriptional control of gene
expression can be most clearly recognized in settings of transcrip-
tional inactivity. For example, transcription is globally silenced in
the differentiating erythroblast, and the terminal steps in erythro-
cyte formation are fully dependent on posttranscriptional con-
trols over mRNA stability and translation (12–14). Studies of
posttranscriptional controls in this and other models have relied
heavily upon a variety of in vitro experimental platforms to define
mechanisms and biochemical pathways. While highly informa-
tive, such studies do not address the in vivo relevance and nonre-
dundant functions of RNA-binding proteins in physiologically
intact environments.

The PCBPs (also known as �CPs and heterogeneous ribonu-
cleoprotein [hnRNP] E proteins) are a widely expressed and mul-
tifunctional family of RNA-binding proteins (15–19) that bind
numerous erythroid and nonerythroid mRNAs (20, 21). Studies
focused on globin gene expression have revealed that the PCBPs
can integrate nuclear controls over splicing and 3= processing with
cytoplasmic controls over mRNA stabilization via direct interac-
tions of the PCBPs with cytosine-rich motifs in target RNAs (22–
25). Transcriptome-wide analyses reveal that PCBPs have an im-
pact on the structure, abundance, and function of RNAs encoded

by multiple gene subsets throughout the mammalian transcrip-
tome (20, 26).

PCBPs are encoded by four dispersed loci, Pcbp1 to Pcbp4 (15,
16, 25). The ubiquitous expression profiles of the major isoforms
Pcbp1 and Pcbp2 contrast with lower and more restricted expres-
sion of Pcbp3 and Pcbp4 (27). Alternative splicing of Pcbp2 gen-
erates two abundant isoforms, Pcbp2 and Pcbp2-KL. In contrast,
Pcbp 1 is an intronless gene that evolved by retrotransposition of a
fully processed Pcbp2 transcript (16). The remarkably high level
of structural conservation between PCBP homologues across eu-
karyotic taxa (15) suggests corresponding constraints in their
functions. Perturbation of PCBP paralogs in the invertebrate
model organisms Drosophila melanogaster and Caenorhabditis el-
egans results in deranged axial patterning, meiotic defects, and
lethal phenotypes (28–30). These observations suggest that the
Pcbp1 and Pcbp2 genes each serve essential cellular functions.
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While several studies have defined critical functions for a number
of heterogeneous ribonucleoproteins (hnRNPs) during mamma-
lian embryogenesis, (31–34), the consequences of targeted dele-
tion of Pcbp isoforms upon mouse development and early eryth-
ropoiesis remain to be determined.

Pcbp1 and Pcbp2 share a remarkable evolutionary conserva-
tion in their structures and in their shared preference for binding
C-rich motifs (24). This conservation of structure and of binding
specificity is paralleled by sets of shared functions that include
control over globin gene expression, viral replication, and cell pro-
liferation (15, 35, 36). More recent work has documented a role
for both proteins in intracellular iron transport and as sensors of
folate deficiency (37, 38). Importantly, current evidence also sug-
gests that these proteins may have acquired a subset of nonredun-
dant functions. For example, unique functions of Pcbp2 have been
demonstrated in HIV gene expression, poliovirus translation, and
tumor suppressor gene expression in chronic myelogenous leuke-
mia (39–41). Mechanistic support for Pcbp1-specific functions in
development and in response to physiologic stimuli comes from
studies of epithelial-mesenchymal transitions (EMT) in secretory
epithelium where Pcbp1 has been demonstrated to regulate trans-
lational silencing of EMT genes in response to transforming
growth factor � (TGF-�) signaling (42, 43). To date, mapping of
these isoform-specific functions to discrete domains within either
protein has not been demonstrated.

The current study was initiated to determine the in vivo impact
of the major Pcbp isoforms upon mammalian development and to
specifically assess their effects on hematopoiesis in the intact or-
ganism. Here, we demonstrate that both Pcbp1 and Pcbp2 have
critical and nonredundant functions that are required for fetal
survival and normal murine embryogenesis. Importantly, these
studies further reveal an essential role for Pcbp2 in erythrocyte
and megakaryocyte gene expression and differentiation and in
cardiovascular development. These data support the hypothesis
that preservation of Pcbp1 over a substantial evolutionary period
reflects the evolution of an essential function(s) distinct from the
originating Pcbp2 gene.

MATERIALS AND METHODS
Antibodies. Rabbit polyclonal antibodies targeting human Pcbp2 (resi-
dues 237 to 251, AIPQPDLTKLHQLAM) (GenBank accession number
NP_005007; UniProt accession number Q15366) were generated as pre-
viously described (44). Primary antibodies and working dilutions utilized
in this study are listed in Table 1. Fluorophore-conjugated secondary
antibodies were used for quantitative Western blotting and flow cytom-
etry.

Animals. All experiments were conducted in accordance with proto-
cols approved by the Institutional Animal Care and Use Committee at the
Perelman School of Medicine at the University of Pennsylvania. All mice
were housed in standard cages within a barrier facility under 12-h 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.

Targeted gene deletion of mouse Pcbp1 using TALEN endonu-
cleases. For nuclease expression, transcription activator-like effector nu-
clease (TALEN) expression plasmids (TALEN Sure KO) targeting the
mouse Pcbp1 locus were obtained from Cellectis Bioresearch. The left
TALEN (pTAL.CMV.T7.014831) was designed to target chromosome
(Chr) 6 coordinates 86525904 to 86525920 (TCGCCATGGACGCCGGT;
Mus musculus genomic assembly mm10), which encompasses the start
codon (underlined). The right TALEN (pTAL.CMV-T7.014862) recogni-
tion site, Chr 6 coordinates 86525873 to 86525889 (ACTCAACGTGACT
CTCA), was situated 14 bp downstream of the left TALEN targeting se-
quence. The genomic target sequences and amino acid sequences of the
TALEN repeat-variable diresidue (RVD) domains are specified in Table 2.
Left and right TALEN mRNAs were each synthesized from 1 �g of plas-
mid DNA using a mMessage mMachine T7 Ultra kit (catalog number
AM1345; Ambion) according to the manufacturer’s instructions. Capped
and polyadenylated mRNAs were purified using a Qiagen RNeasy kit
(74104; Qiagen) and eluted with nuclease-free water. Each TALEN mRNA
was diluted to 25 ng/�l in microinjection buffer (10 mM Tris-HCl, pH
7.4, 0.1 mM EDTA). The mRNAs were mixed 1:1 to a final concentration
of 50 ng/�l and stored at �80°C until microinjection. Cytoplasmic mi-
croinjection was performed in single-cell embryos derived from mating
male and female C57BL/6 mice (stock number 000664; Jackson Labora-
tory, Bar Harbor, ME) at the Transgenic and Chimeric Mouse Facility of
the University of Pennsylvania. Embryos were transferred into pseudo-
pregnant CD-1 females (Charles River Production), and resultant pups

TABLE 1 Primary antibodies used in this study

Antibodya Source (catalog no.) Dilution (use)b Host (antibody type)c

Pcbp1 Abcam (AB168378) 1:250 (WB) Rabbit (M)
Pcbp2 Liebhaber laboratory, Philadelphia, PA 1:1,000 (WB) Rabbit (P)
Gapdh Pierce (MA5-15738) 1:5,000 (WB) Mouse (M)
PE-Ter119 BD Biosciences (553673) 1:100 (FACS) Mouse (M)
APC-CD71 Affymetrix eBioscience (17-0711-82) 1:100 (FACS) Rat (M)
APC-CD41 Affymetrix eBioscience (17-0411-80) 1:100 (FACS) Rat (M)
PE-Gr1 Affymetrix eBioscience (12-5931) 1:400 (FACS) Rat (M)
APC-Mac1 Affymetrix eBioscience (17-0112-83) 1:200 (FACS) Rat (M)
vWF Dako (A0082) 1:1,000 (IHC/DAB) Rabbit (P)
a PE, phycoerythrin; APC, allophycocyanin.
b WB, Western blotting; FACS, fluorescence-activated cell sorting; IHC, immunohistochemistry; DAB, 3,3=-diaminobenzidine.
c M, monoclonal; P, polyclonal.

TABLE 2 Plasmids used in this study

Plasmid Target sequence Repeat-variable diresidue amino acid sequence

pTAL.CMV.T7.014831 TCGCCATGGACGCCGGT HD-NN-HD-HD-NI-NG-NN-NN-NI-HD-NN-HD-HD-NN-NN-NG
pTAL.CMV.T7.014862 ACTCAACGTGACTCTCA NN-NI-NN-NI-NN-NG-HD-NI-HD-NN-NG-NG-NN-NI-NN-NG
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were screened for mutations by Sanger sequencing of PCR products (for-
ward primer, CGGGGTCAGAGGGTACGCGG; reverse primer, CAGCC
GAAGTGTGACCGGGG). PCR products were subcloned using a Zero
Blunt PCR TOPO kit (K2830-20; Invitrogen). A minimum of 12 clones
were sequenced for each pup. Mouse lines heterozygous for two indepen-
dent Pcbp1-null alleles were established and designated Pcbp1�/em2 and
Pcbp1�/em6 (see Fig. 2A). The mice in these lines were normal in gross
appearance and fertility.

The TALEN recognition elements were screened for potential off-tar-
get sites by in silico PCR using electronic PCR (e-PCR) and Primer-BLAST
tools on the Mus musculus genome reference assembly (45, 46). Because
TALEN endonuclease activity requires close proximity of the Fok1 nu-
clease domains to allow for dimerization and optimal cleavage (�30 bp
between TALEN recognition sites) (47), we defined conservative search
criteria in the e-PCR tool to allow for up to 1,000 bp between two putative
off-target sites and up to two mismatches and/or up to 2-bp gaps in each
TALEN recognition sequence. The Primer-BLAST algorithm (45) was
used to conduct an independent in silico off-targeting analysis and was set
to the default primer pair specificity checking parameters for the TALEN
binding sequences and the Mus musculus genome reference assembly.

Derivation of the murine Pcbp2-null allele by homologous recom-
bination in embryonic stem (ES) cells. Synthesis of the Pcbp2 targeting
vector was accomplished using previously described recombineering
methodology (48). The Pcbp2 genomic region containing the promoter
and exons 1 to 5 was retrieved by gap repair from bacterial artificial chro-
mosome RP23-301N23 (BACPAC Resource Center, Children’s Hospital
Oakland Research Institute [CHORI], Oakland, CA). The 5= and 3= ho-
mology arms used for retrieval corresponded to Chr 15 coordinates
102465508 to 102465902 and Chr 15 coordinates 102475270 to 102475653
(Mus musculus genomic assembly mm10), respectively. A simian virus 40
polyadenylation (SV40pA) transcriptional termination sequence and loxP
site were inserted upstream of the Pcbp2 promoter at Chr 15 coordinates
102469582 to 102469583. This 3= processing signal was included in the
targeted locus to block spurious transcriptional read-through from an
active upstream locus (Prr13 gene). A neomycin selection cassette and
loxP site were inserted into intron 2 (frt-neo-frt-loxP) by recombineering
at Chr 15 coordinates 102473851 to 102473853. The engineered mutant
allele resulted in the positioning of loxP sequences flanking the 5= end of
the gene and exon 2 (promoter and exons 1 and 2 [exon 2 contains the
start codon]). Sequence integrity of the gene-targeting vector was verified
by Sanger sequencing.

C57BL/6 � 129/Sv (V6.5) embryonic stem cells (49) (Open Biosys-
tems) were electroporated with the linearized targeting vector according
to standard procedures (50). Recombinant clones were selected with
G418 (200 �g/ml) and ganciclovir (2 nM). Correct targeting was con-
firmed by PCR using primers situated on genomic DNA outside the tar-
geting vector footprint paired with primers inside the SV40pA sequence
and inside the drug selection cassette. Sanger sequencing of PCR products
verified the SV40pA sequence and the junctions between the endogenous
locus and gene-targeting cassette. ES cell clones carrying the mutant locus
were karyotyped to confirm proper chromosome number. The injected
ES clone(s) contained 90.5% cells with normal karyotypes and was myco-
plasma negative. Chimeric mice were generated by microinjection of re-
combinant ES cells into BALB/c blastocysts at the Transgenic and
Chimeric Mouse Facility. Male germ line chimeras (Pcbp2�/flox) were
backcrossed once to female C57BL/6J mice (stock number 000664; Jack-
son Laboratory, Bar Harbor, ME). To selectively remove the neomycin
selection cassette, offspring were crossed to Flp mice [stock number
003946, strain 129S4/SvJaeSor-Gt(ROSA)26Sortm1(FLP1)Dym/J; Jack-
son Laboratory, Bar Harbor, ME]. To generate the null allele, F1 hybrids
were crossed to EIIa-Cre mice [stock number 003724, strain B6.FVB-
Tg(EIIa-cre)C5379Lmgd/J; Jackson Laboratory, Bar Harbor, ME]. Off-
spring carrying the null allele were identified by multiplex PCR (G1 for-
ward [For], ACCTGCATGTGCCTCGGACT; G1 reverse [Rev], GCATC
TTACCTCCTCGCGCAT; 5= Rev, GTACTCTGTGGCCAAGCACA).

Thermocycling was performed with a KAPA2G Robust Hot Start PCR kit
(KK5518; Kapa Biosystems, Wilmington, MA), as follows: 95°C for 3 min,
followed by 35 cycles of 95°C for 30 s, 62°C for 30 s, and 72°C for 80 s, with
a final step at 72°C for 3 min. The resultant amplicons defined the mutant
allele at 1,214 bp and the wild-type allele at 697 bp. Males carrying the null
allele were backcrossed to wild-type female C57BL/6J mice for at least
three generations prior to experimentation. Mice heterozygous for the
null allele were designated Pcbp2�/�.

Tissue fixation and histology. Gestational dating was verified by
crown-rump measurements done ex vivo at the time of embryo harvest.
Embryo macrophotography was done on embryos submerged in ice-cold
phosphate-buffered saline (PBS) using a Nikon SMZ-U dissecting micro-
scope and Nikon Coolpix 5000 camera. Dissected embryos were fixed in
4% paraformaldehyde solution (catalog number 19943; Affymetrix) for
24 to 36 h at room temperature, washed once in PBS, and dehydrated in
70% ethanol until paraffin embedding. Subsequent studies utilized 5- to
8-�m sections. For immunohistochemistry, deparaffinized samples were
washed in water and heated to 121°C in a pressure cooker for 20 min in 10
mM sodium citrate, pH 6.0, for antigen retrieval. Specimens were exten-
sively rinsed in water, equilibrated with PBS, washed with 3% hydrogen
peroxide, and blocked (avidin D and biotin blocking reagents at 2 mg/liter
and CAS-Block [00-8120; Invitrogen]). Specimens were incubated with
primary antibody (von Willebrand factor [vWF]) (Table 1) overnight at
4°C, washed, and then incubated with biotin-conjugated secondary anti-
bodies (dilution, 1:200). Signals were developed with a 3,3=-diaminoben-
zidine (DAB) substrate kit per the manufacturer’s protocol (Vectastain
Elite ABC kit, PK-6100; DAB peroxidase substrate kit, SK-4100; Vector
Laboratories).

Flow cytometry. Hematopoietic cells were isolated from 12.5-day
postcoitum (dpc) fetal mouse livers. All embryos utilized were visually
confirmed to have heartbeats and be morphologically intact at the time of
harvest. Livers were dissected and immediately placed into ice-cold PBS
supplemented with 2% fetal bovine serum, 2.5 mM EDTA, and 1% pen-
icillin-streptomycin. Single-cell suspensions were generated by gentle pi-
petting and passage through prechilled cell strainers (catalog number
352235; BD Falcon). After samples were washed with supplemented PBS,
cells were resuspended in PBS with antibody (Table 1). A minimum of
30,000 cells per sample were captured on an LSR Fortessa flow cytometer
(BD Biosciences), and data were analyzed using FlowJo software in the
Flow Cytometry Core Laboratory of The Children’s Hospital of Philadel-
phia Research Institute. The “S staging” system for erythroid differentia-
tion and maturation (stages S0 through S4/5) was used to define gates for
quantitation of erythroid progenitors as described previously (51, 52).

qPCR. Fetal tissues for at least three embryos per genotype were ob-
tained from CO2-euthanized dams. Embryos were kept in ice-cold 1�
PBS during dissection. Tissues were immediately excised and homoge-
nized by mortar and pestle in TRIzol reagent (catalog number 15596-018;
Invitrogen) at room temperature. All RNA extractions were completed
using TRIzol reagent according to the manufacturer’s instructions. RNA
was resuspended in nuclease-free diethyl pyrocarbonate (DEPC)-treated
water (BP5611; Fisher) and quantified by a NanoDrop instrument (model
2000; Thermo Scientific,). One microgram of total RNA was DNase I
treated (18068-015; Invitrogen) per the manufacturer’s instructions and
used for cDNA synthesis. DNase-treated RNA was primed with oli-
go(dT)12–18 (18418-012; Invitrogen) and random hexamers
(11034731001; Roche) in the presence of 40 units of RNasin (N2515;
Promega) and reverse transcribed for 45 min at 50°C per the vendor’s
protocol (Superscript III, 200 units/20 �l reaction mixture [18080-044;
Invitrogen]). cDNA was diluted 5-fold, and 2.5 �l of diluted cDNA was
used for each 20-�l quantitative PCR (qPCR) (Fast SYBR Green mix,
catalog number 4385612; Applied Biosystems). qPCR target genes and
primer sequences are detailed in Table 3. All primer and amplicon se-
quences were validated for specificity by a BLAST search against current
mouse genomic and RefSeq data sets (45, 53). Synthesized primers were
purified by standard desalting spin columns. Thermocycling was per-
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formed on an Applied Biosystems 7900HT Fast real-time PCR system for
each primer pair as follows: 95°C for 20 s and then 40 cycles of 95°C for 3
s and 60°C for 30 s. A melt curve analysis was performed at the end of each
qPCR run, and single dissociation peaks were verified for all primer pairs.
As additional verification, all primer pairs were noted to generate single
amplicons of the expected sizes by agarose gel electrophoresis (data not
shown). PCR efficiency for all primer pairs was determined by a calibra-
tion curve (quantification cycles [Cq] versus log fold dilution) using serial
10-fold dilutions of experimental samples. Primer efficiencies ranged be-
tween 95% and 105% and were defined as (10�1/slope � 1) � 100, using
the slope of the calibration curve. qPCR run-specific and primer-specific
amplification efficiencies were determined. Normalized relative quantifi-
cation was performed with Biogazelle qBASE software (version 2.4). Op-
timal reference genes were determined with the GeNORM algorithm.
Quantification was based upon qBASE default calculation parameters.

Western blotting. Protein extracts were prepared from at least three
adult Pcbp1 mutant mice or Pcbp2 12.5-dpc embryos for each genotype,
euthanized as described above. Tissues (colon, spleen, liver, small intes-
tine, or decapitated embryo) were immediately harvested into lysis buffer
(1� PBS, pH 7.2, 0.1% SDS, 0.5% Igepal CA-630, protease inhibitor cock-
tail [11836170001; Roche]) with prechilled instruments and tubes. Ho-
mogenized lysates were snap-frozen, thawed on ice, and cleared by cen-
trifugation at 13,000 rpm for 10 min at 4°C. Supernatants were quantified
by a Bio-Rad detergent-compatible (DC) protein assay (500-0111; Bio-
Rad). Extracts were separated using standard electrophoresis, and pro-

teins were transferred to nitrocellulose. Blocked membranes were probed
overnight with primary antibodies (Table 1) at 4°C, washed, and visual-
ized with fluorophore-conjugated secondary antibodies at 1:15,000 in
PBS– 0.1% Tween– 0.1% SDS (IRDye 800CW–anti-rabbit antibody [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 Pcbp1 and Pcbp2 signals was
determined by normalization to signal density of the housekeeping glyc-
eraldehyde-3-phosphate dehydrogenase (Gapdh) gene using Image Stu-
dio, version 3.1. Statistical analysis was performed using GraphPad Prism,
version 6.0.

Metabolic profiling. Serum acylcarnitine, amino acid composition,
and urine organic acid profiles were determined from five adult mice for
each genotype (Pcbp1�/�, Pcbp1�/em2, Pcbp2�/�, and Pcbp2�/�) by mass
spectrometry in the metabolism core facility at the Children’s Hospital of
Philadelphia. Measurements were compared to established reference val-
ues for adult mice as determined by the core facility. No values fell outside
the normal range for all genotypes tested.

Transcriptome sequencing (mRNA-Seq). Fetal liver was dissected
from Pcbp2 wild-type and homozygous null embryos at 12.5 dpc. Embryo
viability was verified by direct visualization of a heartbeat and blood cir-
culation. Tissue was placed into TRIzol reagent (catalog number 15596-
018; Life Technologies) and disrupted by pipetting, and total RNA was
purified according to the manufacturer’s protocol, with modifications.
Aqueous-phase separation was performed at 16,000 � g for 15 min at 4°C

TABLE 3 Target genes and primer sequences

Gene symbol GenBank accession no. Primer orientation Primer sequence Amplicon size (bp)

Alas2 NM_001102446.1 For TATGTGCAGGCCATCAACTACCCA 94
Rev TTTCCATCATCTGAGGGCTGTGGT

Cebpa NM_001287514.1 For CAGACCAGAAAGCTGAGTTGTGA 74
Rev ACCCCACAAAGCCCAGAAAC

Csf2ra NM_009970.2 For GTCATGAAGCGATGCTGATAGA 104
Rev ACGCCCACTTTGGTGATT

Gapdh NM_008084 For CCTCGTCCCGTAGACAAAATG 124
Rev TGAAGGGGTCGTTGATGGC

Gypa NM_010369.3 For TCACACGGCCCCTACTGAAGTGT 149
Rev TTCCGATAATCCCTGCCATCACG

Hba-a1 NM_008218.2 For CCTGGAAAGGATGTTTGCTAGCT 70
Rev GCCGTGGCTTACATCAAAGTG

Hbb-b1 NM_001278161.1 For AACGATGGCCTGAATCACTTG 101
Rev AGCCTGAAGTTCTCAGGATCC

Klf1 NM_010635.2 For CACGCACACGGGAGAGAAG 79
Rev CGTCAGTTCGTCTGAGCGAG

Mpo NM_010824.2 For GATCATCACATACCGGGACTAC 99
Rev GGGTCTACTGAGTCGTTGTAAG

Pcbp1 NM_011865.3 For AATCAATGCCAGGCTTTCCTC 132
Rev TTAAAACCTGGAATTACCGACCAG

Pcbp2 NM_001103165, NM_011042,
NM_001103166, NM_001174073

For AATCAATGCCAGGCTTTCCTC 137

Rev TTAAAACCTGGAATCGCTGACTG
Pf4 NM_019932.4 For TTCTGGGCCTGTTGTTTCTG 72

Rev GATCTCCATCGCTTTCTTCG
Ppbp NM_023785.2 For GCGCAGTTCGATATATGGGT 98

Rev ACCTCCAGATCTTGCTGCTG
Pp1a NM_008907 For GCGGCAGGTCCATCTACG 152

Rev GCCATCCAGCCATTCAGTC
Rps29 NM_009093.1 For TCTACTGGAGTCACCCACGGAA 114

Rev GGAAGCACTGGCGGCACA
Thbs1 NM_011580.4 For TAGCTGAGGCGGATCAGCAAATCT 112

Rev GGGAAGCCAAAGGAGTCCAAATCA
Vwf NM_011708.4 For TCATCGCTCCAGCCACATTCCATA 189

Rev AGCCACGCTCACAGTGGTTATACA
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using phase lock gels (2302830; 5 Prime) to minimize organic solvent
carryover.

mRNA sequencing libraries were then generated from 300 nanograms
of total RNA using a TruSeq stranded mRNA library prep kit (RS-122-
2101; Illumina). Reads were trimmed with Cutadapt and mapped with
TopHat2, and gene expression was quantified using HTSeq (54–56).
DESeq2 was used to perform differential expression analysis (57).

Nucleotide sequence accession number. All sequencing data gener-
ated in this study have been deposited in the Gene Expression Omnibus

(GEO) database under accession number GSE72491 (available at http:
//www.ncbi.nlm.nih.gov/geo/).

RESULTS
Generation of a Pcbp2-null allele. The Pcbp2 locus was modified
in V6.5 embryonic stem cells by flanking the Pcbp2 promoter and
first two exons with loxP recombination sequences using standard
recombineering and homologous recombination approaches
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(Fig. 1). An SV40pA transcriptional termination sequence was
simultaneously inserted upstream of the 5= loxP site to eliminate
potential transcriptional read-through from an adjacent, active
gene locus (Prr13). Prr13 mRNA expression was specifically as-
sayed and found to be unaltered in adult Pcbp2flox/flox and
Pcbp2�/� mice compared to that in wild-type littermates, arguing
against local off-target effects of the Pcbp2 mutant allele (data not
shown). Furthermore, mice carrying the Pcbp2 mutant allele
(both homo- and heterozygous floxed) were normal phenotypi-
cally and demonstrated normal reproduction (data not shown).
Mice carrying the Pcbp2 floxed locus (Pcbp2�/flox) were crossed
with C57BL/6 EIIa-Cre lines to generate a Pcbp2-null allele
(Pcbp2�/�) (Fig. 1A). Loss of expression from this null allele in
embryos was confirmed by Western blotting and quantitative
PCR (Fig. 1B to D). Of note, Pcbp2 mRNA expression in heterozy-
gotes was decreased �70% compared to that in wild-type mice,
which was below the 50% reduction expected for a single allele
mutation (Fig. 1B). In contrast, Pcbp2 protein levels were reduced
by 20% relative to the levels in wild-type animals, which was above
the 50% expected reduction (Fig. 1D). Importantly, the presence
of both mutant alleles results in complete loss of Pcbp2 mRNA
and protein expression in embryos. Differences in the relative
abundances of Pcbp2 mRNA and protein in heterozygotes relative
to the expected values was attributed to binding of Pcbp2 protein
to the Pcbp2 mRNA 5= untranslated region (UTR) (based on
Pcbp2 RNA cross-linking and immunoprecipitation followed by
high-throughput sequencing [CLIP-seq] studies to be reported
separately), as is observed for multiple mRNAs encoding RNA-
binding proteins (see also the Discussion) (58, 59).

Generation of a Pcbp1-null allele. One-cell C57BL/6 embryos
were microinjected with the set of TALEN mRNAs designed to
flank the start codon of the mouse Pcbp1 locus (Fig. 2A) (60, 61).
Both right and left TALEN recognition sequences contained at
least three mismatches with the corresponding region of the
mouse Pcbp2 locus. Injected embryos were reimplanted in pseu-
dopregnant females and brought to term. DNA of live-born prog-
eny was screened for targeted deletions by PCR amplification
across the targeted region, followed by Sanger sequencing of the
amplified product. Frameshift mutations that resulted in prema-
ture translational stop codons were identified in five founder mice
from a total of 42 progeny tested (Fig. 2A). Lines were established
from two of these founders (em2 and the em6). In silico screening
for potential off-target sites using a variety of algorithms and pa-
rameters (see Materials and Methods for details) (45, 46) failed to
reveal any high-likelihood targets. PCR amplification and Sanger
sequencing directly ruled out off-target cleavage of the Pcbp2 lo-
cus (Fig. 2B).

The loss of Pcbp1 expression from the two Pcbp1 frame-shifted
alleles was confirmed by demonstrating a 62 to 64% decrease
of Pcbp1 protein levels on Western blots in both Pcbp1�/em2 and
Pcbp1�/em6 mice (Fig. 2D). Of note, levels of the corresponding
Pcbp1 mRNAs were equivalent to those of the wild-type litter-
mates (Fig. 2C). The loss of protein expression due to the early
nonsense mutation in the Pcbp1�/em2 and Pcbp1�/em6 mice and
preservation of the encoding mRNA levels were fully consistent
with immunity of the intronless mRNAs from the nonsense-me-
diated decay (NMD) pathway (see also the Discussion). These
data confirmed that TALEN-mediated gene editing of the Pcbp1
locus resulted in the generation of two null alleles: Pcbp1em2 and

Pcbp1em6. Except where noted, all subsequent experiments were
conducted using the Pcbp1em2 line.

Haploinsufficiency for Pcbp1 and Pcbp2 results in mild
weight attenuation. The studies noted above demonstrate viabil-
ity of adult mice haploinsufficient for Pcbp1 and Pcbp2. The per-
centage of heterozygous pups at 1 week of life from either
Pcbp1�/em2 � Pcbp1�/em2 or Pcbp2�/� � Pcbp2�/� intercrosses
trended slightly below that expected, but this difference did not
reach significance (Pcbp1, P � 0.31; Pcbp2, P � 0.14; Fisher’s
exact test). These findings suggested that Pcbp1 or Pcbp2 haplo-
insufficiency is consistent with adult life but may result in a mar-
ginal survival disadvantage during the first week after birth.

The potential impact of haploinsufficiency on extrauterine
growth was assessed by serial weight measures over the first 20
weeks of life. These studies revealed significantly lower weights in
Pcbp2�/� mice than in their gender-matched wild-type litter-
mates (male, weeks 1, 2, and 4 to 20, P � 0.05; female, weeks 2
through 20, P � 0.05) (Fig. 3B). A similar negative impact on the
weight curve was observed in the analysis of the Pcbp1-haploin-
sufficient mice (male, weeks 2 to 20, P � 0.05; female, weeks 2 to
20, P � 0.05) (Fig. 3A). These lower weights were evident in the
Pcbp1- and Pcbp2-haploinsufficient mice prior to weaning and
persisted after mice were transitioned to standard mouse chow (21
days of life). Analysis of weights in litters generated from hetero-
zygote � heterozygote intercrosses, as well as wild-type � hetero-
zygote intercrosses, yielded the same mild weight differences (data
not shown). Mice heterozygous for the Pcbp1- and Pcbp2-null
alleles were otherwise grossly normal. Heterozygous intercrosses
(Pcbp1 � Pcbp1 and Pcbp2 � Pcbp2) were successful, and litter
sizes were commensurate with selective dropout of null embryos.
These observations suggest that fecundity in Pcbp1 and Pcbp2
heterozygotes was not impaired in the heterozygous state.

The cause for the lower weights was investigated by a screen for
defects of lipid, organic acid, and amino acid metabolism; the data
were equivalent in the comparison of the Pcbp1 or Pcbp2 wild-
type versus corresponding heterozygous adult mice (data not
shown). The possibility that the postnatal weight differences re-
flected intrauterine growth retardation was assessed in the Pcbp2-
haploinsufficient embryos by measurements of crown-rump
length and placental diameter, both of which were identical be-
tween Pcbp2�/� embryos and their wild-type littermates (Fig.
3C). (A parallel study of the Pcbp1 could not be done due to the
dropout of the embryos at the preimplantation stage [see below].)
We next tested whether Pcbp1 and Pcbp2 compound heterozy-
gous mice manifest a more severe weight attenuation phenotype
than the simple heterozygotes. From 12 litters (35 pups), the Men-
delian expectation was �9 Pcbp1�/em2 Pcbp2�/� animals (25%);
we observed four live births (11%) (Fig. 3D). Of these, only one
female survived beyond the first week of life and was severely
runted (Fig. 3E). While these data suggest a gene dose or dosage
imbalance effect in Pcbp compound heterozygous mice (62), the
etiology of the low weights in the Pcbp1�/em2, Pcbp2�/�, and
Pcbp1�/em2 Pcbp2�/� mice remained undefined.

The Pcbp2 and Pcbp1 loci are individually essential for em-
bryonic viability. Intercrosses of heterozygotes to generate mice
that are homozygous for the Pcbp1 or Pcbp2 null alleles failed to
generate homozygous null progeny at term (Fig. 1E and 2E).
Genotyping of 5- to 7-day-old pups from intercrosses of
Pcbp2�/� males and females revealed only wild-type and
heterozygous progeny (Fig. 1E, left panel). The absence of mice
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homozygous for the Pcbp2-null allele was highly significant (chi-
square, P � 0.04). These data demonstrated that haploinsuffi-
ciency for Pcbp2 is compatible with adult life and that embryos
entirely lacking Pcbp2 do not survive to term gestation (Fig. 1E,

right panel). Pcbp1em2/em2 blastocysts harvested at 3.5 days post-
coitus (dpc) had the expected Mendelian ratios (Fig. 2E, left
panel) but homozygous null embryos were not detectable at 8.5
dpc (Fig. 2E, middle panel) or in adults (Fig. 2E, right panel). In
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FIG 2 Ablation of protein expression from the Pcbp1 locus by TALEN-mediated deletion. (A) Introduction of deletions 3= to the translation initiation codon by
TALEN-targeted cleavage and nonhomologous end joining. Schematic of the mouse Pcbp1 locus with left (purple) and right (orange) TALEN target sequences
indicated. The translation initiation codon is underlined. TALEN-mediated cleavage and nonhomologous end joining generated five null (deletion/frameshift)
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was determined by a two-tailed t test. (E) Homozygosity for the em2 allele (Pcbp1em2/em2) is embryonic lethal. The percentages of observed genotypes in 3.5-dpc
blastocysts, 8.5-dpc embryos, and pups 1 week postpartum are shown. The expected percentage based upon standard Mendelian inheritance is noted (observed
and expected, as indicated). A significant difference between the expected versus observed Pcbp1em2/em2 genotypes in 8.5-dpc embryos and pups was demon-
strated by a chi-square statistical test [
2 (2, n � 38) � 11.55, P � 0.004, and 
2 (2, n � 32) � 10.67, P � 0.005, respectively]. There was no significant difference
between expected versus observed genotypes in blastocysts at 3.5 dpc [
2 (2, n � 17) � 0.47, P � 0.79]. DOL, day of life; dpc, days postcoitum; ns, not significant;
**, P � 0.01.
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contrast, Pcbp2�/� embryos were viable (positive heart beat and
normal body structure) at 12.5 days but did not survive beyond
14.5 to 15.5 dpc (data not shown). Gross evaluation of Pcbp2�/�

embryos was notable for large focal areas of hemorrhage and
subcutaneous edema in most specimens at 13.5 dpc and for
microhemorrhage in a minority at 12.5 dpc (Fig. 4 and data not
shown). The distinct timing and manifestations of embryonic
lethality for Pcbp1�/� and Pcbp2�/� embryos lead us to con-
clude that the two genes play distinct and essential roles in
embryonic development.

Hematopoietic defects in Pcbp2-null embryos. The hemor-
rhage and subcutaneous edema phenotypes in the Pcbp2�/� em-
bryos led us to consider underlying abnormalities in the hemato-
poietic, cardiac, and vascular systems. Global edema and pericardial
effusion in isolation can be direct manifestations of embryonic
heart failure, and when associated with widespread hemorrhage,
these findings may also reflect primary vascular abnormalities.
While light-microscopic analysis of the cardiac and vascular sys-
tems failed to reveal defects in the midgestational Pcbp2-null
mice, ongoing detailed studies (outside the scope of this report)
are in progress to further explore these issues.

We next explored potential hematopoietic defects in Pcbp2-
null embryos. Pcbp2 has been mechanistically linked to both nu-
clear and cytoplasmic posttranscriptional controls over globin
gene expression (20, 36, 63). The in vivo role of Pcbp2 in hemato-
poiesis was facilitated by the fact that Pcbp2-null embryos remain
uniformly viable at 12.5 dpc, a developmental time point where
hematopoiesis is well established in the fetal liver. Similar studies
were not possible in Pcbp1-null embryos due to preimplantation
lethality that occurs well in advance of hematopoietic differentia-
tion. Erythroid maturation profiles were established in Pcbp2
wild-type, heterozygote, and null erythroblasts in 12.5-dpc liver,
the site of robust expansion of the definitive erythroid lineage
(64). Cells were analyzed by fluorescence-activated cell sorting
(FACS) using a combination of two extensively validated markers
of erythroid development, CD71 and Ter119. The presence and
levels of these two cell surface proteins can be used to follow mat-
uration of the hematopoietic progenitor (stage S0) to mature
erythroblasts (stage S4/5) (51). This analysis revealed a significant
increase in the representation of immature (S1) cells and a recip-
rocal decrease in the populations of more mature (S3 and S4/5)
erythroblasts in Pcbp2�/� embryos compared to levels of hetero-
zygote and wild-type littermates (Fig. 5A and B). There were no
appreciable differences in the percentages of necrotic cells in mu-
tant and wild-type embryos at the time of analysis (data not
shown). Evaluation of complete blood counts in the adult Pcbp2
heterozygotes failed to reveal any abnormalities in red cell number
or cellular parameters (data not shown). These data define a sig-
nificant impairment in the pathway of erythroid maturation in
Pcbp2�/� embryos.

As megakaryocytes and erythroblasts are derived from a com-
mon megakaryocyte-erythroid progenitor (MEP), the combined
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FIG 3 Mice heterozygous for the Pcbp1 and Pcbp2 null mutations have re-
duced weight compared to weights of normal littermates. (A) Subnormal
weight gain in Pcbp1�/em2 mice. A time course (week 1 through week 20) of
weight measures comparing Pcbp1 wild-type to haploinsufficient mice for
both genders is shown. *, P � 0.02, by unpaired t test for each time point. Note
that there is no significant difference in the weights of the pups at 1 week. (B)
Subnormal weight gain in Pcbp2�/� mice. Mice were analyzed as described in
the legend of panel A. Note that there is no significant difference in the weights
of the pups at 1 week. (C) Mid-to-late gestation crown-rump measures and
placental diameters are normal for Pcbp2 (HET) and homozygous null (KO)
mice. *, P � 0.04, by unpaired t test; dpc, days postcoitum. (D) Pcbp1 and

Pcbp2 compound heterozygous mice are viable at birth. The observed percent-
ages of live pups 1 week postpartum are shown. There was no significant
difference between expected versus observed genotypes by a chi-square statis-
tical test [
2 (3, n � 35) � 2.60, P � 0.42]. (E) Severely runted phenotype in
Pcbp1�/em2 Pcbp2�/� compound heterozygous mouse. A time course of
weight measures for female mice of each genotype is shown. Average weights of
wild-type and Pcbp heterozygous mice are plotted for reference.
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defect in erythroid maturation and presence of subcutaneous
hemorrhages seen in Pcbp2�/� embryos led us to hypothesize a
defect in megakaryopoiesis in null embryos (65, 66). To evaluate
megakaryopoiesis, 12.5-dpc liver tissues from Pcbp2 wild-type
and mutant embryos were stained for a megakaryocyte marker
(von Willebrand factor [vWF]). Quantification of vWF-positive
cells morphologically verified as megakaryocytes revealed a step-
wise reduction in embryonic megakaryocytes quantified in Pcbp2
wild-type, heterozygous, and Pcbp2-null embryos (mean, 28.3,
22.2, and 7.0 vWF-positive cells per high-power field [40�], re-
spectively) with the decrease in the null embryos being highly
significant compared to that of the two other groups (Fig. 6A and
B). Similar findings were identified in cells analyzed by FACS us-
ing the megakaryocyte marker CD41 (Fig. 6C). Evaluation of
complete blood counts in the adult Pcbp2 heterozygotes revealed
a downward trend in mean platelet counts between Pcbp2�/� and
Pcbp2�/� mice (wild-type, 1,400 � 103/�l 	 83 � 103/�l, versus
heterozygous, 1,165 � 103/�l 	 99 � 103/�l; values are means 	
standard errors [SE]) (data not shown). No differences were iden-
tified in complete blood counts between Pcbp1�/� and Pcbp1�/�

mice (data not shown). We conclude from these data that embry-
onic megakaryopoiesis is defective in Pcbp2�/� embryos and
speculate that this phenotype may reflect impairment of the com-
mon megakaryocyte-erythroid progenitor or upstream progeni-
tors.

Transcriptome analysis of embryonic liver supports a signif-
icant impact of Pcbp2 ablation on the development of the hema-
topoietic and megakaryocyte lineages. To investigate changes in
hematopoietic gene expression impacted by the loss of Pcbp2, we
performed mRNA-seq on wild-type and Pcbp2�/� 12.5-dpc fetal
liver tissue. Definitive erythropoiesis first arises in the mouse fetal
liver at 9.5 dpc while multilineage (myeloid, lymphoid, erythroid,
and megakaryocytic) hematopoiesis is well established at this site
by 12.5 dpc (64). We identified a total of 515 genes that were
differentially expressed in Pcbp2�/� fetal liver compared to ex-
pression levels in the wild-type (Wald test, adjusted P value of
�0.001) (Fig. 7A). Of these, 172 genes displayed at least a 2-fold
decrease, and 41 genes had a 2-fold increase in Pcbp2�/� fetal liver
mRNA (log2 fold change �1) (see Table S1 in the supplemental
material). The transcriptome comparisons confirmed the ex-

FIG 4 Midgestational lethality of Pcbp2�/� embryos is associated with gross hemorrhage and edema. Littermate embryos from Pcbp2�/� � Pcbp2�/� crosses
were analyzed at three midgestational time points (11.5 dpc, 12.5 dpc, and 13.5 dpc). Genotypes are indicated to the left of the respective embryos. Images are
magnified for optimal viewing and are not to scale. Two views of the 13.5-dpc Pcbp2�/� embryo are depicted (dashed lines). Adjacent magnified views portray
pericardial effusion (white arrow), subcutaneous edema (white arrowheads), and macro- and microhemorrhages (black arrows and black arrowheads,
respectively).
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pected loss of Pcbp2 along with a dramatic repression in the levels
of two major erythroid mRNAs, encoding �- and �-globin (Fig.
7A). Pcbp1 mRNA expression was unchanged in Pcbp2�/� fetal
liver compared to the level in controls (Fig. 7A). The impact of
Pcbp2 ablation on a subset of transcripts critical to erythroid,
megakaryocyte, and myeloid differentiation and function was se-
lected for validation by qPCR (Fig. 7B and C). The strong corre-
lation between gene expression measures across techniques
(Spearman coefficient; R � 0.95) (Fig. 7B) confirmed the repres-
sion of mRNAs critical to hemoglobin biogenesis and erythroid
differentiation (Fig. 7C). This finding was reinforced by a gene
ontology (GO) analysis (DAVID) (Fig. 7D; see also Table S2 in the
supplemental material) (67). Furthermore, there was a significant
decrease in transcripts essential for megakaryocyte development

and function (Ppbp, Pf4, Gp1bb, and Vwf) in the Pcbp2�/� fetal
liver relative to that of wild-type embryos (Fig. 7C; see also Table
S1). These data reveal marked alterations in the 12.5-dpc
Pcbp2�/� fetal liver transcriptome, consistent with an impair-
ment in erythroid and megakaryocyte differentiation.

Gene transcriptional profiles that characterize specific hema-
topoietic lineages, including differentiated erythroid cells, have
been well characterized in both human and mouse hematopoiesis
(68, 69). To determine if the observed changes in the Pcbp2�/�

fetal liver transcriptome reflected a global impact on hematopoi-
esis or were limited to expression differences within a specific
hematopoietic lineage(s), we compared the expression of signa-
ture genes in five major lineages (hematopoietic stem cells, differ-
entiated erythroid cells, granulocyte/monocytes, T cells, and B

Erythroblast Differentiation Stage

%
 T

ot
al

 C
ou

nt
s

WT HET KO

Pcbp2+/- x Pcbp2+/-

Ter119

CD
71 S0

S1 S2 S3

S4-5

A

B

FIG 5 Erythroid differentiation is impaired in 12.5-dpc Pcbp2�/� embryos. (A) Flow cytometry assay of embryonic day 12.5 fetal liver cells from Pcbp2 wild-type
(WT), heterozygous (HET), and null (KO) embryos. FACS analyses of cells stained with CD71 and Ter119 are depicted. The images are representative of at least
three biological replicates. Profiles are divided into five subsets (S0 to S4/5) corresponding to stages of erythroblast differentiation (S0, early; S4/5, late) (51). (B)
Quantitative analysis of S0 to S4/5 subsets from the experiment shown in panel A. Data points represent the means and SE of total cell counts from each erythroid
subset stratified by genotype. Statistical significance was determined by two-way analysis of variance and a multiple-comparison test (*, P � 0.05; **, P � 0.01;
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cells) (68) in wild-type and knockout tissue. This analysis revealed
that genes characterizing differentiated erythroid cells and granu-
locytes/monocytes were significantly downregulated (Mann-
Whitney test, P � 2.2 � 10�16 and P � 2.5 � 10�16, respectively)
(Fig. 7E). In stark contrast, genes characterizing hematopoietic
stem cell, B cell, and T cell lineages were unaffected or upregulated
(Mann-Whitney test, P � 2.4 � 10�2, P � 0.02, and P �4.1 �
10�4, respectively) (Fig. 7E). Interestingly, when we assessed fetal
liver mature phagocyte cell numbers by FACS, we did not observe
an alteration in these cell types in Pcbp2-null tissue (data not
shown). When coupled to the transcriptional profiles, these data
point to an impact of Pcbp2 ablation on early myeloid progenitors
with recovery in neutrophil and monocyte terminal differentia-
tion.

We utilized previously defined gene signatures that distinguish
between erythroid and megakaryocyte lineages from murine fetal
liver primary cells (14.5 dpc) (69) to determine if Pcbp2 had a
specific impact upon erythroid versus megakaryocyte gene ex-
pression. We found that erythroid and megakaryocyte lineage
genes were both downregulated in Pcbp2�/� fetal livers (Mann-
Whitney test, P � 2.2 � 10�16 and P � 2.6 � 10�4, respectively)
(Fig. 7F). These observations are fully consistent with our direct
studies of erythroid and megakaryocyte lineages (Fig. 5 and 6) and
lead us to conclude that absence of Pcbp2 results in a marked
downregulation of gene expression programs important for the
megakaryocyte-erythrocyte progenitor (MEP) and descendant
lineages

DISCUSSION

Here, we present evidence that the Pcbp1 and Pcbp2 loci are indi-
vidually essential for mouse embryonic viability and impact dis-

tinct pathways critical to embryonic development. Embryos lack-
ing Pcbp1 lose viability at 4.5 to 8.5 dpc while the Pcbp2-null
embryos develop normally through 12.5 to 13.5 dpc. The nonre-
dundant contributions of the two paralogous proteins could re-
flect distinct biochemical properties, distinct tissue specificities,
and/or differences in developmentally timed expression patterns.
Pcbp1 and Pcbp2 have widespread and overlapping tissue distri-
bution and are expressed at robust levels in both embryonic and
adult mammalian tissues ((16, 27, 44). A number of ex vivo models
support distinct biochemical functions for Pcbp1 and Pcbp2. For
example, Pcbp1 is uniquely capable of regulating epithelial-mes-
enchymal transitions and stabilizing vascular nitric oxide synthase
transcripts (37, 42, 70), while Pcbp2 specifically controls tumor
suppressor genes in chronic myelogenous leukemia, poliovirus
translation, and HIV gene expression (39–41). Thus, our in vivo
analysis of embryogenesis is concordant with previous ex vivo
studies in demonstrating that Pcbp1 and Pcbp2 play distinct roles
in organism function.

The retrotransposition event that generated the Pcbp1 locus
from a processed Pcbp2 transcript (16) predates the mammalian
radiation (�80 million years ago) and is estimated to have oc-
curred �400 to 500 million years ago (15, 16). The template for
the Pcbp1 retrotransposed locus was a minor, alternatively spliced
Pcbp2 mRNA that retains an exon that is excluded in 
70% of
Pcbp2 mRNAs. This exon (exon 8; GenBank accession number
NM_005016) encodes a 29-amino-acid auxiliary domain located
between the RNA-binding KH domains II and III. Thus, the gen-
eration of the Pcbp1 gene captured a minor Pcbp2 isoform via
retrotransposition. This evolutionary event served to fix the high-
level expression of a Pcbp protein containing this auxiliary do-
main (16, 71). The stringent conservation of the Pcbp1 open read-
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ing frame subsequent to the retrotransposition event suggests that
this processed gene has taken on an essential role critical to the cell
that is distinct from that of its Pcbp2 progenitor. Our observation
that Pcbp1 is required earlier in development than its originating
gene supports this hypothesis.

Prior studies have revealed that KH domain mutations that
eliminate RNA-binding capacity result in complete loss of pro-
tein function (72, 73). Indeed, single point mutations in KH
domains that impact RNA binding have been linked to severe
human pathology (74). This no doubt contributes to the con-
straint on sequence divergence in the three KH domains in the
Pcbp isoforms. In contrast, selective drift in the auxiliary do-
main between KH domains II and III (Pcbp1 has 69% amino
acid identity to Pcbp2) could permit the evolution of protein
structures that can modify RNA-binding affinity and/or facili-
tate alternative recruitment of RNA processing factors/com-
plexes to target mRNAs. Thus, the capture of this auxiliary
region in the retrotransposed Pcbp1 gene would allow substan-
tial functional adaptation distinct from the originating Pcbp2
locus that could comprise a distinct set of posttranscriptional
controls essential for organism development.

The Pcbp1-null alleles were generated by TALEN-mediated
endonuclease cleavage and subsequent nonhomologous end join-
ing (Fig. 2) (60). Off-target analysis demonstrated that the Pcbp2
locus was intact in the derived Pcbp1 mutant mouse lines, the
Pcbp1�/em2 and Pcbp1�/em6 lines (Fig. 2B and data not shown),
and the concordance of embryonic lethality between these two
independent founder lines argues against off-target effects con-
tributing to the observed phenotypes. Pcbp1 proteins encoded by
the Pcbp1�/em2 allele (p.Glu7Alafs*5) or Pcbp1�/em6 allele
(p.Thr6*) would be severely truncated and most likely unstable,
resulting in the 60% decrease in Pcbp1 protein expression in the
mice heterozygous for these mutant alleles. The preservation of
the encoding Pcbp1�/em2 and Pcbp1�/em6 mRNAs at wild-type
levels is fully consistent with resistance of an intronless Pcbp1 gene
transcript to NMD (75, 76).

Pcbp2 protein expression data (Fig. 1C and D) demonstrated
that Pcbp2 protein and mRNA expression are reduced by 20% and
70%, respectively, in Pcbp2�/� mice. We postulate that the differ-
ences in protein (down 20%) versus mRNA (down 70%) abun-
dance in Pcbp2 heterozygous mice reflect a posttranscriptional
autoregulatory circuit. This model is supported by Pcbp2 cross-
linked immunoprecipitation and high-throughput sequencing
(CLIP-seq) experiments (to be reported elsewhere) that docu-
ment Pcbp2 binding to a pyrimidine-rich tract within the 5= un-
translated region of its own mRNA. This suggests a feedback in-
hibition of Pcbp2 on the translation of its mRNA. Importantly, we
demonstrate that embryos homozygous for the Pcbp2-deleted al-
lele have a complete loss of Pcbp2 protein (Fig. 1C).

Mice haploinsufficient for Pcbp1 or Pcbp2 protein expression
demonstrate a postnatal weight gain defect. Growth impairment
as determined by weight is a common finding in mouse gene
knockout models and can reflect complex perturbations that are
difficult to characterize mechanistically (77). Our studies of Pcbp-
haploinsufficient mice failed to reveal evidence for prenatal intra-
uterine growth retardation and placental insufficiency (Fig. 3C)
that might contribute to weight differences. The normal weights
of the Pcbp1 and Pcbp2 heterozygotes were equivalent to those of
wild-type littermates at weeks 1 and 2 for both genders, further
supporting an etiology that selectively affected the mice in the

early postnatal period. Importantly, the Pcbp1- and Pcbp2-hap-
loinsufficient mice were grossly normal, were competent for re-
production, showed no physical defects or behavioral abnormal-
ities, and were maintained for 16 months without evidence of
excess mortality or decreased longevity. In contrast, compound
haploinsufficiency in Pcbp1�/em2 Pcbp2�/� mice resulted in fewer
live-born pups than expected and a severely runted phenotype in
the lone surviving female mouse (Fig. 3D and E). This suggests
that haploinsufficiency for either Pcbp1 or Pcbp2 is partially com-
pensated for by wild-type levels of the sister isoform. As Pcbp1 and
Pcbp2 have similar ribonucleotide binding specificities and oper-
ate through direct interactions with target RNAs and RNA pro-
cessing machinery core components (22, 25), we speculate that
these findings are explained by a gene dose or dosage balance effect
in pathways where Pcbp1 and Pcbp2 have overlapping functions
(35, 62, 78). Thus, our data support a weight attenuation pheno-
type for Pcbp1- and Pcbp2-haploinsufficient and compound hap-
loinsufficient mice, but at present the underlying specificity for
this postnatal growth defect remains undetermined.

Absence of Pcbp2 results in midgestational demise character-
ized by abnormalities in the cardiovascular and hematopoietic
compartments. The earliest evidence of cardiovascular compro-
mise was observed at 12.5 dpc and consisted of variable degrees of
subcutaneous edema and microhemorrhage. By 13.5 to 14.5 dpc,
micro- and macrohemorrhage were evident throughout the em-
bryo corpus, most notably in the trunk and neck. Coinciding with
this observation, pericardial effusion and subcutaneous edema
became more prominent by 13.5 dpc. Hemorrhage phenotypes
associated with cardiovascular abnormalities at midgestation have
been reported in numerous mouse knockout studies (79–81).
While the etiology of this defect remains unclear in the present
case, the gene ontology analysis of the transcriptome data indicated
that upregulated transcripts in Pcbp2�/� fetal liver were enriched for
genes important to vascular development, including Wnt2, Emcn,
Ntrk2, Efnb2, Sox17, and Cyr61 (see Table S2 in the supplemental
material), and points to gene targets for further study.

Defects in the hematopoietic compartment were observed in
Pcbp2�/� embryos. Delayed erythroid maturation and decreased
mature erythroblast number in 12.5-dpc Pcbp2�/� fetal liver (Fig.
5A and B) indicate that normal fetal liver erythropoiesis depends
upon Pcbp2 function. Prior studies in our laboratory have docu-
mented that a Pcbp complex integrates cotranscriptional controls
over human �-globin transcript processing in the nucleus (splicing
and 3= cleavage/polyadenylation) with control over its stability in the
cytoplasm to maintain high-level expression of human �-globin
mRNA during erythroblast differentiation (20, 22, 26, 82–85). Tran-
scriptome profiling revealed both a marked downregulation of�-glo-
bin (Hba1) mRNA and decrease in global erythroid gene expression
in Pcbp2�/� fetal liver (Fig. 7C and E). Our previous and current data
suggest that Pcbp2 impacts erythroid development through posttran-
scriptional regulation of mRNA fate in this lineage. In ongoing stud-
ies we will utilize erythroid-specific inactivation of Pcpb2 expression
to further define these erythropoietic defects.

A second clear defect in the hematopoietic system was identi-
fied by the analysis of megakaryocytes in the Pcbp2-null embryos
(Fig. 6). The absence of apparent defects in granulocyte and
monocyte lineage cell number (data not shown) suggests that
Pcbp2 loss has a greater impact upon the megakaryocyte-erythro-
cyte progenitor (MEP) cell population. Several transcription fac-
tors regulate MEP lineage determination (KLF1 and FLI1) and
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maturation of erythrocytes and megakaryocytes (GATA1, TAL1,
FOG1, NF-E2, and GFIIB) (86). We observed downregulation of
Klf1, Tal1, and Nfe2 in Pcbp2�/� 12.5-dpc fetal liver, which de-
creased 42%, 46%, and 60%, respectively (Fig. 7C; see also Table
S1 in the supplemental material). The importance of posttran-
scriptional control of GATA1 mRNA has been demonstrated dur-
ing zebrafish erythropoiesis (87). Of note, GATA1 mRNA expres-
sion was downregulated 37% in our analysis, but expression
changes did not reach statistical significance at our conservative
threshold (adjusted P value of 0.009) (data not shown). Several
microRNAs also have emerged as important regulators of MEP
lineage commitment (88). These studies highlight the relevance of
protein-RNA interactions and posttranscriptional regulatory net-
works in erythrocyte and megakaryocyte hematopoiesis. It re-
mains unclear if the hemorrhage phenotype we observe in Pcbp2-
null embryos is linked to abnormal megakaryopoiesis since mice
with lineage-specific impairment of megakaryocyte differentia-
tion resulting in thrombocytopenia survive to term with evidence
of bleeding only occurring after birth (89). Therefore, the hemor-
rhage in Pcbp2-null embryos and the decrease in megakaryocyte
population, although both significant observations, may be func-
tionally unrelated.

Global transcriptome profiling in Pcbp2�/� fetal liver demon-
strated significant abnormalities in hematopoietic gene expres-
sion. Pcbp2 gene deletion repressed transcriptional programs es-
sential for erythroid, megakaryocyte, and myeloid differentiation,
while hematopoietic stem cell and lymphoid gene signatures were
spared (Fig. 7E and F). These data suggest that Pcbp2 function is
an important determinant of gene expression in the common my-
eloid progenitor and descendant lineages. This hypothesis is com-
patible with the diminished numbers of mature erythroid and
megakaryocytic cells we observed (Fig. 6 and 7). In contrast, ma-
ture neutrophil and monocyte cell numbers were not altered by
Pcbp2 deletion (data not shown), suggesting that terminal differ-
entiation in these lineages may recover from upstream gene ex-
pression changes attributable to Pcbp2 function. It remains un-
clear whether Pcbp2 alters the fetal liver transcriptome through
control of key regulators or an aggregate impact of direct effects on
a large subset of lineage-defining genes (an mRNP operon) (2). It
is well understood that transcription factors critical for multipo-
tent progenitor cell fate determination can also act as secondary
fate determinants for specific downstream lineages. For example,
C/EBP� is essential for both early hematopoietic progenitors and
specification of granulocytic lineages (90). Additional evidence
suggests that both the timing and dosage of myeloid transcription
factors are independent and critical parameters required for nor-
mal myelopoiesis (for a review, see reference 91). Further experi-
mentation with lineage-restricted Pcbp2 deletion will be needed
to determine if the observed gene expression changes are depen-
dent upon the timing of gene disruption or reflect critical steady-
state Pcbp2 functions.

In summary, the present report reveals that both Pcbp2 and its
retrotransposed paralog Pcbp1 are required for normal embryo-
genesis and mouse viability. The data further indicate that Pcbp1
and Pcbp2 play distinct and nonredundant roles in embryonic
development. While Pcbp1em2/em2 homozygosity results in an
early embryonic lethality, Pcbp2�/� embryos display impaired
erythrocyte and megakaryocyte hematopoiesis and midgesta-
tional demise characterized by severe hemorrhage and edema.
These findings highlight a clear example of a retrotransposition

event that resulted in the acquisition of a function(s) by the
daughter gene that is essential for mammalian survival.
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