
Cytoplasmic Poly(A) Binding Protein C4 Serves a Critical Role in
Erythroid Differentiation

Hemant K. Kini,a Jian Kong,a Stephen A. Liebhabera,b

Departments of Geneticsa and Medicine,b Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, USA

The expression of an mRNA is strongly impacted by its 3= poly(A) tail and associated poly(A)-binding proteins (PABPs). Verte-
brates encode six PABP isoforms that vary in abundance, distribution, developmental control, and subcellular localization. Here
we demonstrate that the minor PABP isoform PABPC4 is expressed in erythroid cells and impacts the steady-state expression of
a subset of erythroid mRNAs. Motif analyses reveal a high-value AU-rich motif in the 3= untranslated regions (UTRs) of
PABPC4-impacted mRNAs. This motif enhances the association of PABPC4 with mRNAs containing critically shortened poly(A)
tails. This association may serve to protect a subset of mRNAs from accelerated decay. Finally, we demonstrate that selective de-
pletion of PABPC4 in an erythroblast cell line inhibits terminal erythroid maturation with corresponding alterations in the ery-
throid gene expression. These observations lead us to conclude that PABPC4 plays an essential role in posttranscriptional con-
trol of a major developmental pathway.

Poly(A) tails are added posttranscriptionally to the 3= termini of
all nonhistone PolII transcripts (1, 2). These poly(A) tails are

bound by a family of six distinct poly(A)-binding proteins
(PABPs). These PABP isoforms demonstrate diversity in their
abundance, cellular localization, developmental control, and tis-
sue specificity. All six isoforms share a high affinity and specificity
for poly(A) tracts. In vertebrate species, a single nuclear poly(A)-
binding protein (PABPN1) participates in 3= processing of PolII
transcripts (3). The remaining five PABP isoforms are cytoplas-
mic. The major cytoplasmic PABP isoform in adult somatic tis-
sues is PABPC1. Four minor cytoplasmic isoforms have also been
described. An embryonic poly(A)-binding protein (ePAB), ex-
pressed in oocytes and early embryos (4, 5), regulates the stability
and translational activity of maternal mRNAs (6) and retains se-
lective expression in adult ovaries and testes. The remaining three
minor PABP isoforms are a testis-specific PABP (tPABP, or
PABPC2 in the mouse), a PABP identified as an inducible protein
in stimulated T cells (iPABP or PABPC4), and X-linked PABP
(PABPC5) (7–9). With the possible exception of the ePAB, there
exists minimal information on specific roles and activities of any
of the minor PABP isoforms.

Current understanding of PABP functions is based primarily
on studies of PABPN1 (nuclear functions) and PABPC1 (cyto-
plasmic functions). Multiple studies support a critical role of
PABPC1 in the enhancement of mRNA expression via simultane-
ous binding to the 3= poly(A) tail and the 5= cap complex (10, 11).
The ensuing closed-loop structure is thought to facilitate mRNA
translation via ribosome recycling while also protecting the tran-
script from exonucleolytic decay (12–14). In contrast, tPABP
(PABPC2) appears to repress translation of mRNAs during sper-
matogenesis (15).

The least studied PABP isoform is PABPC4. Although this mi-
nor isoform was initially identified as a protein that is induced
following human T-cell activation, its role in this process has not
been further explored (8). A recent study demonstrated that se-
lective depletion of PABPC4 in Xenopus laevis embryos interferes
with tadpole development (16). Importantly, this developmental
defect could not be compensated for by either PABPC1 or ePAB.
Whether PABPC4 plays a nonredundant and critical role in mam-

malian somatic-cell development and function remains unex-
plored.

Posttranscriptional controls are most apparent in settings
where transcriptional controls are no longer paramount. Termi-
nal differentiation of specific somatic and germ cells is of particu-
lar importance in this regard. The terminal differentiation of red
cells is perhaps the most extreme example, as it involves a global
silencing of transcription midway through the differentiation pro-
cess (17). Thus, the final phases of red-cell formation are entirely
dependent on controls over mRNA stability and translational ac-
tivity (18, 19).

Mouse erythroleukemia (MEL) cells (20) are a commonly used
model of erythroid differentiation. These cells correspond to the
proerythroblast stage of red-cell differentiation and can be in-
duced to terminally differentiate by a variety of chemical agents,
most commonly dimethyl sulfoxide (DMSO). As MEL cells prog-
ress through the differentiation process, they undergo a decrease
in cell size and marked nuclear compaction (21, 22). The terminal
events in this differentiation process occur in a transcriptionally
silent setting, rendering them entirely dependent on posttran-
scriptional controls. Most prominent among these controls is the
high-level stabilization of mRNAs critical to the final phases of
red-cell formation and subsequent function. In prior studies, we
described the role of the poly(C)-binding protein, �CP, in stabi-
lization of h�-globin mRNA (23–26). The poly(A) tail of the
h�-globin mRNA undergoes progressive shortening during ery-
throid differentiation in vivo, and this shortening is dependent on
stability determinants within the 3= untranslated region (UTR)
(27). Here we focused on a second protein, PABPC4, which asso-
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ciates with the h�-globin mRNA 3= UTR, impacts poly(A) func-
tions, and controls mRNA expression. Our data lead us to con-
clude that PABPC4 plays a critical and nonredundant role in a
major developmental pathway.

MATERIALS AND METHODS
Cell culture and transfection. MEL and Plat-E cells (28) were grown
under standard conditions in minimal essential medium (MEM) and
Dulbecco’s modified Eagle medium (DMEM), respectively, supple-
mented with 10% (vol/vol) fetal bovine serum (FBS) and 1� antibiotic-
antimycotic (Invitrogen). MEL cells in suspension culture at the log phase
of growth at a density of 2 � 105/ml were supplemented with 2% DMSO
(Sigma) to induce differentiation, and cells were collected at various time
points for biochemical assays.

Affinity enrichment of RNA-protein complexes. The cDNAs encod-
ing the 3=UTR of the wild-type (WT) h�-globin mRNA with a poly(A) tail
(WT-pA-A33; W1), with a poly(A) tail but lacking a functional nuclear
poly(A) signal (WT-pA-A33; W2), lacking a poly(A) tail (WT-pA; W3),
and lacking both the poly(A) tail and functional poly(A) signal (WT-
pA�; W4) were each inserted into pSP64 vector with a 5=-terminal T7
promoter (Fig. 1A). A corresponding set of cDNAs, N1, N2, and N3 (Fig.
1A), with disabled �CP binding sequences were cloned in parallel. Each 3=
UTR RNA was transcribed in vitro from the T7 promoter (Megashort
Script T7 in vitro transcription kit; Life Technologies), oxidized, and co-
valently linked to adipic acid dihydrazide-agarose beads (29, 30). The
beads were incubated with S16 MEL cell cytoplasmic extract, and the
bound proteins were eluted and resolved on SDS-PAGE. For the IRF7 3=
UTR variants, cDNAs encoding the WT or mutant IRF7 3=UTR-contain-
ing 5= terminal T7 promoter sequences were chemically synthesized as
single-stranded oligonucleotides (Invitrogen). The strands were annealed
to generate double-stranded DNA (dsDNA) templates for in vitro tran-
scription, and the affinity pulldowns were performed as described above.

Generating stable cell lines. (i) Virus production. Plate-E cells were
plated at a density of 50,000/ml in 60-mm plates 1 day prior to transfec-
tion. Short hairpin RNAs (shRNAs) targeting PABPC4 mRNA and the
control scrambled shRNA were purchased from Origene (Rockville, MD).
A 6-�g portion of each shRNA in the p-GFP-V-RS vector was transfected
using Mirus TransIT-293 reagent per the manufacturer’s recommenda-
tion. At 24 h posttransfection, the cells were transferred to fresh medium,
and after an additional 24 h of incubation, the cell supernatant containing
shed virus was harvested.

(ii) Cell transfection. MEL cells were plated at 100,000/ml in 6-well
plates. One day after plating, these cells were infected with 500 �l of

shRNA encoding viral supernatants supplemented with 500 �l of medium
and 8 �g of Polybrene (Sigma). Following 24 h of incubation, the cells
were placed under selection for 6 days in medium containing 1.2 �g of
puromycin/ml and then maintained in medium with 0.2 �g of puromy-
cin/ml. PABPC4 depletion was assayed by Western blotting and quanti-
tative reverse transcription-PCR (qRT-PCR). For Western analysis, the
cells were lysed in radioimmunoprecipitation assay (RIPA) buffer, and the
following primary and secondary antibodies were used: rabbit anti-
PABPC4 (Bethyl), rabbit anti-PABPC1 (Bethyl), rabbit antiactin (Bethyl),
and anti-rabbit IgG– horseradish peroxidase (HRP) conjugate (Cell Sig-
naling Technology). For RNA analysis, total cellular RNA was harvested
(Qiagen miRNeasy kit) from each of three independent cell pools express-
ing either a scrambled shRNA (sh-Scr) or an shRNA targeting PABPC4
(sh-C4-58, sh-C4-60, or sh-C4-8). cDNA synthesis was primed with ran-
dom hexamers and oligo(dT). qPCR was performed on an ABI fast 7500
platform. Primer and shRNA sequences are provided in Table 1.

Microarray analysis. RNAs converted to biotinylated cRNAs were
hybridized to an Affymetrix mouse gene 1.0 ST oligonucleotide array
containing probes corresponding to approximately 28,000 genes. Each of
the array hybridizations was performed in triplicate. cRNA syntheses and
array hybridizations were performed by the University of Pennsylvania
microarray facility. CEL files containing the array hybridization intensity
data were imported and analyzed with the Partek genomics suite. Data
were normalized with the robust multichip average algorithm (31).

Cross-linking, immunoprecipitation, and microarray analyses.
MEL cells in a minimal volume of phosphate-buffered saline (PBS) were
UV cross-linked at 400 mJ/cm2 in a Stratalinker and lysed in detergent
buffer (50 mM HEPES, 150 mM NaCl, 10 mM MgCl2, 0.6% Empigen, 0.1
mM dithiothreitol [DTT]) prior to immunoprecipitation. Protein G
beads were washed four times with diethyl pyrocarbonate (DEPC) water,
twice with PBS, and finally once with buffer X (50 mM HEPES, 200 mM
NaCl, 10 mM MgCl2, 0.2% Empigen). Antibody or rabbit IgG (2 �g) was
preincubated with 250 �l of cell extracts and 150 �l of lysis buffer for 3 h
at 4°C. Protein G-Sepharose beads were added to these reactions and
incubated for 45 min. Beads then underwent four successive washes in
buffer W1 (50 mM HEPES, 200 mM NaCl, 10 mM MgCl2, 1.2% Empigen)
and two additional washes with buffer W2 (50 mM HEPES, 200 mM
NaCl, 10 mM MgCl2, 0.2% Empigen). Each wash was for 10 min at 4°C.
The washed IP material was then digested in 15 �l of proteinase K in a
200-�l reaction volume at 37°C for 1 h (50 mM Tris [pH 7.5], 150 mM
NaCl, 1% SDS, 0.5 mM EDTA). RNA was extracted from the digest with a
Qiagen miRNeasy kit.

FIG 1 The PABP isoform PABPC4 associates with the h�-globin mRNA 3=UTR and is highly expressed in mouse erythroleukemia cells. (A) h�-globin 3=UTRs
used in the affinity pulldowns. Three major determinants of h�-globin mRNA expression are shown in the diagram; the C-rich �CP binding site (protected region
[PR]), the AAUAAA signal (cleavage and polyadenylation signal), and a poly(A33) tail. These determinants were mutated or deleted in various combinations, and
the impact of each mutation on protein interactions was determined. (B) Display of proteins bound to the RNA affinity matrix. The silver-stained gel image
reveals proteins from MEL cell that were bound to each of the h�-globin mRNAs shown in panel A. The arrow indicates protein bands that were identified by mass
spectrometry as comigrating PABPC1 and PABPC4. (C) Western analysis of affinity pulldowns with h�-globin 3=UTR elements with antibodies against PABPC4
and �CP2. (D) Western analysis profiling of PABPC4 and PABPC1 proteins in cell culture lines. PABPC4 was exposed 15 times longer than PABPC1 to
compensate for its overall lower expression. The enrichment for PABPC4 relative to the predominant PABPC1 isoform in the MEL cells compared to each of the
other cell lines is evident.
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Flow cytometry. Cells were stained with c-Kit antibody (BD) and were
analyzed on a FACSCanto II flow cytometer (BD Bioscience) using FlowJo
software (Tree Star Inc.).

Extension poly(A) test (ePAT). The PAT and TVN poly(A) tail assays
were performed as described previously (32). One microgram of total
RNA and 1 �l (100 mM) of PAT anchor primer were used in the polym-
erization reaction (Klenow polymerase; New England BioLabs) and sub-
sequent cDNA synthesis with Superscript III reverse transcriptase (Life
Technologies). The cDNA reaction mixture was diluted (1:6 ratio), and 5
�l of this was used in a 20-�l PCR mixture with gene-specific primers.
PCR products were resolved on 2% high-resolution Tris-borate-EDTA—
agarose gel (Ultrapure 1000; Life Technologies). Gels were prestained
with SYBR Safe (Life Technologies), and a TrackIt 100-bp DNA ladder
(Life Technologies) was used as a size marker. Primer sequences are pro-
vided in Table 1.

RESULTS
PABPC4 binds to the h�-globin mRNA 3= UTR. We previously
identified an RNA surveillance pathway that targets the decay of
h�-globin mRNAs containing antitermination mutations (33).
This pathway, triggered by extension of an antiterminated ribo-
some into the 3= UTR, was termed ribosome extension-mediated
decay (REMD) (33). We observed that the antiterminated ribo-
some displaces the �CP stability complex from the 3= UTR (26,
33). While the impact of �CP displacement could be clearly de-
tected by a discrete drop in the h�-globin mRNA half-life, the

antiterminated ribosome triggered a second drop-off in stability
as it extended further toward the mRNA 3= terminus. To charac-
terize this second destabilization event and identify the corre-
sponding 3=-terminal stability determinant, we performed affinity
pulldowns with the h�-globin 3= UTR and a set of informative
derivatives (Fig. 1A). Proteins bound to each of the 3= UTR
fragments were separated by gel electrophoresis and identified
by mass spectrometry. Prominent among these proteins was
PABPC4 (Fig. 1B and C). PABPC4 was of particular interest due
to its relative enrichment in the erythroleukemia cell line MEL
(Fig. 1D) and due to the well-known impact of PABPs on poly(A)
tail metabolism and mRNA expression.

Selective depletion of PABPC4 in MEL cells. The contribution
of PABPC4 to the steady-state erythroid transcriptome was ex-
plored via shRNA-mediated depletion of PABPC4 in the mouse
erythroleukemia (MEL) cell line. MEL cells in maintenance phase
were infected with a set of shRNA-encoding retroviruses targeting
PABPC4 mRNA. Three distinct shRNAs were used in these studies
(sh-C4-60, sh-C4-58, and sh-C4-68). Each shRNA targeted a dif-
ferent site on the PABPC4 mRNA in order to control for off-target
effects. Two additional controls were established: virus containing
a scrambled sequence shRNA (sh-Scr) and a population of un-
transfected MEL cells. Each of the PABPC4-targeting shRNAs re-
sulted in a 70% or greater depletion of PABPC4 mRNA and pro-
tein (Fig. 2A and B). There was no apparent impact of these
PABPC4-targeting shRNAs on expression of the major PABP iso-
form, PABPC1. Thus, all three distinct shRNAs were highly effec-
tive and specific in establishing MEL cell pools depleted of
PABPC4.

PABPC4 depletion in MEL cells has a minimal impact on to-
tal PABP content. PABPC1 is the predominant PABP isoform in
the cytoplasm of most eukaryotic cells, existing in gross excess
over PABPC4 (34). Quantitative assessment of this relationship in
MEL cells (see Materials and Methods) revealed that PABPC1
mRNA is present at 11-fold-higher levels than PABPC4 mRNA
(Fig. 2C). These data, which are consistent with the Western anal-
ysis (Fig. 1D), lead us to conclude that the PABPC4 shRNAs, while
effective in clearing PABPC4 from the MEL cells (Fig. 2A and B),
have a minimal impact on the overall levels of PABP activity.
Thus, any general functions attributable to PABP activity in these
cells should be preserved in the PABPC4-depleted MEL cells, and
any impact of PABPC4 depletion on the cell should reflect one or
more functions that are specific to PABPC4 and not shared with
PABPC1.

PABPC4 depletion impacts steady-state levels of a subset of
mRNAs. Total RNA extracted from a PABPC4-depleted MEL cell
pool (sh-C4-60) and from a parallel control pool (sh-Scr) were
converted to cRNA and subjected to microarray analysis (Af-
fymetrix mouse gene 1.0 ST). Each analysis was performed in trip-
licate beginning with RNA from six separate pools expressing ei-
ther sh-C4-60 or sh-Scr. The fold change (FC) in expression
represents the average difference in expression between the sh-Scr
and sh-C4-60 samples. This FC value was computed for the each
gene on the array along with the corresponding significance Q
value (see Materials and Methods).

The microarray analyses revealed 58 mRNAs with a 2-fold or
greater change in expression in the PABPC4 depletion (Q values �
0.05) (data not shown). To validate the microarray results, we
determined the alteration in the expression of 23 impacted and 4
nonimpacted mRNAs by qRT-PCR (data not shown). Of these,

TABLE 1 Primer and shRNA sequences

Primer or shRNA Sequence(s)a

Primers
�-Actin GACAGGATGCAGAAGGAGATTACTG/CTCAGGAGGAGC

AATGATCTTGAT
Btg2 GAGCAGAGACTCAAGGTTTTCAGTAG/GCGATAGCCAG

AACCTTTGG
Cd44 GCCGTCTGCATCGCGGTCAATA/CCGTCCCATTGCCAC

CGTTGAT
c-Kit GCCACGTCTCAGCCATCTG/GTCGCCAGCTTCAACTAT

TAACT
c-Myb TGACTTTCGACACATGGCTCCTCA/AATGCACTTGGTG

CTGCTCTCAAC
c-Myc CACCACCAGCAGCGACTCTGAA/ATGAGCCCGACTCCG

ACCTCTT
GAPDH TGTCAAGCTCATTTCCTGGTATGA/TCTTACTCCTTGGA

GGCCATGT
GATA1 GCCCAAGAAGCGAATGATTG/GTGGTCGTTTGACAGTT

AGTGCAT
GATA2 CACCCCTAAGCAGAGAAGCAA/TGGCACCACAGTTGA

CACACT
Gypa CCATCATTGTCAGGATCAGATTCTC/CATTGTTGCTGA

ATGCTGATTTG
�-Globin CCTGGAAAGGATGTTTGCTAGCT/GCCGTGGCTTACAT

CAAAGTG
�-Globin GCACCTGACTGATGCTGAGAA/TTCATCGGCGTTCACC

TTTCC
PABPC1 GCGCAGAAAGCTGTGGATG/TTTGCGCTTAAGTTCCGTC
PABPC4 ATCTGGCTCCAACTGGTAATGC/GCTGTCAGTCAGCCC

TTGCT
Stat5a GTTTGAGTCTCAGTTCAGCGT/CATGGACGATAACGAC

CACAG

shRNAs
PAT GCGAGCTCCGCGGCCGCGTTTTTTTTTTTT
PAT-TVN GCGAGCTCCGCGGCCGCGTTTTTTTTTTTTVN
Hba-a1 PAT TGCTGACCTCCAAGTACCGT
Samd9l-PAT TCCATACCACAGAGCTTGGC
Hbb-b1-PAT GCCCCTTTTCTGCTATTGTCT
GAPDH-PAT ACTGAGCAAGAGAGGCCCTA
�-Actin-PAT TGAGGTGTTGAGGCAGCCAG
sh-Scr GCACTACCAGAGCTAACTCAGATAGTACT
sh-C4-60 CTGTCACCGAGATGAATGGACGCATTGTG
sh-C4-58 AACACGAGGATGCCAATAAGGCTGTGGAA
sh-C4-68 CTTCACCAATGTTTATATCA

a Primer sequences are given as forward/reverse.
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the altered expression could be validated in all but two mRNAs
(BMP6 and Abcb1a) in the sh-58 pool. These two mRNAs were
eliminated from subsequent analysis. Among the mRNAs demon-
strated to respond to the PABPC4 depletion were those involved
in pathways critical to cell growth (Acer2; cell proliferation and
survival [35]), metabolism (Acadl; type 1 diabetes [36]), transfor-
mation (Antxr1; tumorigenesis [37]), and erythroid differentia-
tion (�-globin; erythropoiesis [38]). These studies indicated that
PABPC4 exerts control over the steady-state expression of a subset
of mRNAs and that this control is nonredundant with the far more
abundant PABPC1.

Identification of mRNAs enriched in PABPC4 complexes.
The identified alterations in the MEL cell transcriptome in re-
sponse to PABPC4 depletion could reflect primary interactions of
PABPC4 with target mRNAs, or they could reflect secondary ef-
fects. To distinguish these two possibilities, we proceeded to iden-
tify mRNAs physically associated with PABPC4.

MEL cells in maintenance culture were exposed to UV light to
cross-link mRNP complexes. The PABPC4-associated complexes
were immunoprecipitated with either PABPC4 antisera or preim-
mune serum. The effectiveness of the PABPC4 IP was confirmed
by Western analysis (Fig. 3, inset), and mRNAs isolated from pro-
teinase-treated IP pellets were assessed for enrichment by mi-
croarray analysis (Affymetrix mouse gene 1.0 ST chip). Each study
was done in triplicate beginning with RNA extracted from six
separate PABPC4-IP and control IP reactions. The average differ-
ence in signal intensities in the anti-PABPC4 pellet versus the
preimmune IgG pellet was used to calculate a relative fold enrich-
ment (FE) value for each mRNA (see Materials and Methods). A
set of 140 mRNAs whose steady-state levels were unaffected by
PABPC4 depletion was used to calculate a background enrich-
ment value. The average FE value in this control group was 4.5. We
set the fold enrichment criterion for the direct binding targets as
4.95 (10% over the control group enrichment of 4.5). Notably, 31
of the 58 mRNAs (54.4%) with a �2-fold change in steady-state
expression subsequent to PABPC4 depletion were enriched above
the 4.95-fold enrichment cutoff in the PABPC4 IP. This compares
with a far lower frequency of enrichment in PABPC4 complexes
for mRNAs that were not altered in the steady state (29 out of 140;

20.7%), suggesting a strong correlation between association of
PABPC4 with a transcript and its level of expression. The set of 13
mRNAs whose steady-state levels were increased 2-fold or more in
the PABPC4-depleted cells had a mean FE value of 8.4, and the set
of 18 mRNAs that were decreased 2-fold or more had a mean FE
value of 6.4. In vivo association of two of these functional targets
with PABPC4, �-globin, and IRF7 mRNAs was confirmed by
RNA-IP followed by qRT-PCR analysis (data not shown). These
data lead us to conclude that a substantial number of mRNAs
impacted in steady-state expression by PABPC4 are associated
with PABPC4 in vivo (Fig. 3 and Table 2).

Depletion of PABPC4 in MEL cells results in a selective loss
of target mRNAs with short poly(A) tails. To address the mech-

FIG 2 Selective depletion of PABPC4 from MEL cells is isoform specific and has minimal impact on overall levels of PABP activity. (A) Assessment of PABPC4
mRNA depletion in cells transformed with shRNA-expressing retrovirus. mRNA levels were quantified by qRT-PCR. All experiments were done in biologic
triplicates. Error bars represent one standard deviation (n 	 3). Asterisks denote P values (one-tailed t test) of less than 0.05 for the PABPC4 knockdown pools
compared to the untransfected MEL cell pools (blank). (B) Targeted depletion of PABPC4 is isoform specific. The Western analysis monitors protein levels of
PABPC4, PABPC1, and a loading control (actin). sh-Scr contains a scrambled sequence, and sh-C4-60, sh-C4-58, and sh-C4-68 target different regions of
PABPC4 mRNA. (C) Expression of PABPC1 mRNA in MEL cells exceeds PABPC4 mRNA more than 11-fold. qRT-PCR studies were carried out with primer sets
of equivalent efficiencies. The asterisk denotes a P value (one-tailed t test) of less than 0.05 for PABPC1 expression compared to PABPC4. �-Actin and GAPDH
were both used as internal normalization controls for all qRT-PCRs.

FIG 3 The subsets of mRNAs impacted by PABPC4 depletion demonstrate
mean enrichment in immunoprecipitated PABPC4 mRNP complexes. The
fold change (positive or negative) in steady-state mRNA levels subsequent to
PABPC4 depletion in MEL cells (Affymetrix mouse gene 1.0 ST) is displayed
on the y axis. The x axis is the numerical representation of the genes on the
array. The ovals encompass sets of mRNAs that were enhanced more than
2-fold (solid oval, 13 mRNAs), unaffected (dashed oval, 140 genes), or down-
regulated more than 2-fold (broken oval, 18 genes). The mean fold enrich-
ments (FE) for each set of mRNAs in the immunoprecipitated PABPC4 com-
plexes are indicated. The fold enrichment calculation is described in Materials
and Methods. (Inset) Western blot analysis confirmed the enrichment of
PABPC4 protein in the PABPC4 IP relative to the IgG control.
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anism by which PABPC4 impacts selected mRNAs, we deter-
mined its impact on poly(A) tail size distributions (by ePAT) (32).
The poly(A) tail distributions of two housekeeping mRNAs whose
levels were unaffected by the PABPC4 depletion were unchanged
subsequent to PABPC4 depletion (glyceraldehyde-3-phosphate
dehydrogenase [GAPDH] and �-actin) (Fig. 4E to H). We next
tested two mRNAs, �-globin and Samd9l, whose steady-state levels
were both impacted by PABPC4 depletion and were enriched in
the PABPC4 complexes (Table 2). For both of these mRNAs, the
PABPC4 depletion resulted in a selective loss of mRNAs with short
poly(A) tails (�30 A’s), while the populations with longer poly(A)
tails were unaffected (Fig. 4A to D). To determine if this effect of
PABPC4 depletion on the short-poly(A)-tailed mRNAs relates to
alterations in mRNA steady-state levels, we performed ePAT anal-
ysis on �-globin mRNA. �-globin mRNA is enriched in PABPC4
mRNP complexes (Table 3), but its expression is not affected to
the same level as that of �-globin mRNA or the other direct func-
tional targets of PABPC4 (functional targets are listed in Table 2).
ePAT analysis of �-globin mRNA revealed that the ratio of long to
short poly(A) tails is unaffected by PABPC4 depletion (Fig. 4I and

J). These data are consistent with a model in which PABPC4 can
bind mRNAs with critically shortened poly(A) tails and protect
the corresponding mRNA molecule from accelerated decay.

PABPC4-targeted mRNAs are marked by a 3= UTR AU-rich
motif. The basis for the selective targeting of an mRNA subset by
PABPC4 was next addressed. A motif search (MEME) was carried
out on the 3= UTR sequences corresponding to the 31 mRNAs
identified as direct binding targets of PABPC4 (Table 2) (39). To
enhance the value of the study, we compared these mRNAs to a
negative pool of 31 mRNAs that were not impacted by PABPC4
depletion and not enriched in PABPC4 complexes (FE � 2.0). We
assumed in this analysis that these negative-control mRNAs did
not possess a putative PABPC4 binding motif. Using these nega-
tive mRNAs as the background control for the motif search, we
performed discriminative motif discovery in MEME. This analysis
yielded several motifs. The highest rank-valued motif (Fig. 5A)
was a 12-nucleotide (nt) AU-rich sequence. Remarkably, this mo-
tif was present in the 3= UTRs of all 31 of the PABPC4 functional
targets. The identification of this motif as underlying the specific-
ity of PABPC4 actions on mRNA expression is consistent with a
prior report that that PABPC4 binds to AU-rich sequences
through its RNA-binding domains 3 and 4 (40).

The influence of this AU-rich motif on PABPC4 binding to a
target mRNA was next explored. The 3= UTR of the IRF7 mRNA
was chosen for detailed analysis based on its short size (42 nt) and
its high level of enrichment in PABPC4 RNP complexes (FE 	
12.0) (Fig. 5B). An in vitro-transcribed IRF7 3= UTR was cross-
linked to beads, and this affinity matrix was used to identify inter-
acting proteins from MEL cell extracts. We first determined the
minimal length of the poly(A) tail on the IRF7 3=UTR that would
bind PABP under our affinity conditions (data not shown). This
A12 length agrees well with the minimum PABP binding site iden-
tified in budding yeast (41). The polyadenylation signal, AAUAAA,
constitutes a segment of the AU-rich motif in this mRNA. A mu-
tant IRF7 3=UTR RNA containing a minimal poly(A12) tail and a
poly(A) signal converted to a random sequence was generated
(Fig. 5B, sequence M1). This mutant sequence had a significantly
compromised PABPC4 binding activity, whereas the parallel as-
sessment of PABPC1 binding showed that it was unaffected (Fig.
5C). These data reveal that the AU-rich binding motif can enhance
the binding of PABPC4 to an mRNA with a critically shortened
poly(A) tail.

Annotation analysis of PABPC4 functional targets. To ex-
plore the role(s) of PABPC4 in cell function, we performed anno-
tation clustering. Each of the 31 mRNAs included in this analysis
had to satisfy two distinct criteria in order to be characterized as a
direct functional target: alteration in steady-state expression by
�2-fold (up or down) in cells depleted of PABPC4 and enrich-
ment above control levels in the immunoprecipitated PABPC4
RNP complexes (Table 2). A total of 4,850 curated gene sets were
mined utilizing gene set enrichment analysis (GSEA) (42, 43) with
a filter set for a false discovery rate (FDR) Q value of �0.25. The
gene sets identified in this analysis overlapped four pathways (in
rank order); hematopoietic stem cell differentiation (P 	 0.0005)
(44), oxidative phosphorylation (P 	 0.043) (42), nasopharyngeal
carcinoma (P 	 0.025), and Ewing sarcoma (P 	 0.016) (45, 46).
Importantly, this group of 31 RNAs contained two globin RNAs,
Hba-a1 and Hba-a2. An additional 11 mRNAs that satisfied one of
the two criteria used to identify the functional targets of PABPC4
were prominent in the erythropoiesis pathway (Table 3). These

TABLE 2 mRNAs that constitute direct and functional targets of
PABPC4

Gene class and mRNAa FC FE

Upregulated by PABPC4 depletion
Acadl 6.0 9.4
Acer2 21.5 10.4
Aim2 3.8 5.8
Bcs1l 2.0 11.7
Ccnyl1 2.2 13.0
Cd38 2.2 6.6
Cdc42ep2 2.3 6.8
Ceacam2 2.5 5.5
Cpa3 2.5 6.2
Cytip 2.1 5.6
Egln3 2.2 15.8
Slc18a2 2.4 5.3
Tmem40 3.6 6.7

Downregulated by PABPC4 depletion
Cmpk2 �2.0 5.5
Csprs �2.4 5.6
�-Globin �2.2 5.3
�-Globin 2 �2.2 5.8
H2-T24 �2.2 5.3
Ifih1 �2.0 5.1
Ifit1 �2.1 6.0
Il12rb2 �2.1 5.0
Irf7 �2.3 12.0
Irgm1 �3.0 6.5
Oas2 �2.4 5.3
Oasl2 �3.4 5.7
Rgs2 �2.0 7.0
Rtp4 �6.0 8.6
Samd9l �2.0 10.1
Sp100 �3.8 5.0
Tgtp1 �3.0 5.5
Tmem206 �7.0 5.0

a The mRNAs listed satisfy two criteria: fold change (FC) in expression (up or down) of
�2-fold in steady state by PABPC4 depletion and fold enrichment (FE) of more than
4.95 (10% over the 4.5 enrichment of the control group) in the immunoprecipitated
PABPC4 RNP complexes.
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data suggested that PABPC4 might play a role in erythropoiesis
and/or terminal erythroid differentiation.

Erythroid differentiation is blunted in PABPC4-depleted
MEL cells. To assess the importance of PABPC4 in erythroid dif-
ferentiation, we first confirmed the expression of this isoform in
MEL cells during the differentiation process (Fig. 6) and then
monitored the impact of PABPC4 depletion on this process. Vi-
sual comparison of the PABPC4-depleted MEL cell pool to a par-
allel MEL cell pool expressing the control sh-Scr revealed a delay

FIG 4 PABPC4 depletion alters the ratio of long to short poly(A) tails of targeted mRNAs. (A, C, E, G, and I) Poly(A) tail analyses (by ePAT; see Materials and
Methods) of �-globin, Samd9l, GAPDH, �-actin, and �-globin mRNAs. The arrows and brackets identify the positions of the short and long poly(A) tails,
respectively. (B, D, F, H, and J) Densitometric quantifications of the poly(A)-tail indexes (y axis). This index corresponds to a ratio of long to short poly(A) tails
for each indicated mRNA in either the control (sh-Scr) or the PABPC4-depleted (sh-C4-60) MEL cells. The data in each histogram are averages from multiple
studies (n � 3). Asterisks denote P values (one-tailed t test) of less than 0.05 for the PABPC4-depleted pool (sh-C4-60) compared to the control pool (sh-Scr).
PAT lanes show the poly(A) tail distribution of mRNAs, and the TVN lanes represent the amplicon with an invariant 12-nt poly(A) tail.

TABLE 3 mRNAs related to terminal erythroid differentiation

mRNAa FC FE Q value

�-Globin �2.2 5.3 0
�-Globin 2 �2.2 5.8 0
Alas2 �1.6 8.4 3.99
�-Globin �1.6 5.8 2.04
Bnip3 1.6 8.4 0
Casp7 1.2 5.2 2.04
Casp8 1.1 7.3 3.99
Gata2 1.1 5.6 3.99
Gypa �1.5 8.8 0
Hif1a 1.5 5.4 0
Il12rb2 �2.1 5.0 0
Spna1 �4.3 4.1 0
Tcfcp2 1.2 6.1 0.38
a mRNAs whose fold change (FC) in steady-state expression levels is �2 following
PABPC4 depletion and/or whose fold enrichment (FE) scores are more than 4.95 (10%
over the 4.5 enrichment of the control group) in the immunoprecipitated PABPC4
RNP complexes.

FIG 5 PABPC4 binding to an RNA with critically shortened poly(A) tail is
enhanced by an adjacent AU-rich determinant. (A) MEME analysis of 3=UTR
sequences of 31 direct functional targets of PABPC4 reveals a high-value AU-
rich motif (E-value, 2.3e�037). Other binding motifs were also predicted but
with significantly lower E values than the motif shown (data not shown). (B)
Impact of the AU-rich determinant on PABPC4 binding to a PABPC4-tar-
geted mRNA (IRF7). The AAUAAA signal in the WT was replaced with a set of
CG substitutions (M1). Both the WT and the M1 RNAs contain a minimal
(A12) tail. (C) Western blot analysis of MEL proteins enriched by affinity pull-
downs with the indicated 3= UTR elements (WT or M1). The data reveal that
PABPC4 binding to the RNA with a minimal poly(A) tail is enhanced by the
adjacent AU-rich motif, while binding by PABPC1 is unaffected by the pres-
ence of this determinant.
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in hemoglobin accumulation (Fig. 7A). This difference was con-
firmed with a quantitative assay of hemoglobin content (Drab-
kin’s assay) (Fig. 7B).

To further assess the impact of PABPC4 on MEL cell differen-
tiation at the level of gene expression, we assayed five genes that
are normally induced during terminal differentiation, encoding
the following proteins: �- and �-globin (Hba-a1 and Hbb-b1);
glycophorin A (Gypa); solute carrier family 4, anion exchanger,
member 1 (Slc4a1); and B-cell translocation gene 2 (Btg2) (Fig. 8A
to E). mRNA steady-state levels were calculated relative to the
uninduced sh-Scr pool (whose level was defined as 1.0). Remark-
ably, the expression of each of these genes, normally robustly in-
duced by DMSO during terminal differentiation, was significantly
repressed by PABPC4 depletion.

We next assessed the expression of a set of mRNAs encoding
regulatory proteins that are normally expressed at high levels in
the early erythroid stage and undergo repression during terminal
differentiation. These genes encode c-myc, c-myb, CD44, Stat5a,
and c-Kit (Fig. 8F to J). There was no noticeable impact of the
PABPC4 depletion on the mRNA expression of the first four of
these genes at 72 h of differentiation. In contrast, c-Kit mRNA was
abnormally elevated in the uninduced PABPC4-depleted cells and
remained abnormally elevated upon DMSO induction. Repres-
sion of c-Kit expression is considered to be a prerequisite for the
erythroblast to enter the terminal phases of erythroid differentia-
tion (47). The abnormally elevated levels of c-Kit expression in the
DMSO-induced PABPC4-depleted cells were confirmed by FACS
analyses (data not shown). Thus, the blunting of globin gene in-
duction and the blockade of red-cell differentiation are consistent
with the sustained expression of c-Kit in the PABPC4-depleted
MEL cells (Fig. 8J).

DISCUSSION

A fundamental question addressed in this report is whether the
functions of the minor PABP isoform PABPC4 are distinct from

those of the major isoform, PABPC1, when assessed in a mamma-
lian cellular context. While both PABP isoforms share a high af-
finity and specificity for binding to poly(A) homopolymer tracts,
evidence suggests that their binding specificities and biologic
functions may differ. This possibility is supported by the struc-
tural divergence in the RNA recognition motif (RRM) 3-4 do-
mains of these two isoforms (40) and by the demonstration of a
nonredundant role for PABPC4 in a Xenopus tadpole develop-
ment (16). To address this question in a mammalian developmen-
tal context, we selectively depleted PABPC4 from a well-defined
and intensively studied mouse erythroblast cell line. Even though
PABPC1 levels and total poly(A) binding protein activity in these
MEL cells were essentially unaffected by the PABPC4 depletion
(Fig. 2), we identified a significant impact on the steady-state ex-
pression of a subset of its mRNA transcriptome (Table 2). Fur-
thermore, analysis of mRNA content in immuno-enriched
PABPC4 complexes revealed that a subset of these PABPC4-im-
pacted mRNAs were associated with PABPC4 in vivo (Table 2).
These data demonstrate that PABPC4 has an essential and nonre-
dundant role in establishing the steady-state transcriptome in a
mammalian cell line.

MEL cells have been extensively used to study the process of
terminal erythroid maturation (20, 21). The addition of chemical
reagents such as DMSO promotes their terminal differentiation.
We found that PABPC4 depletion blunts terminal erythroid mat-
uration in MEL cells (Fig. 7A and B) and alters the cellular mRNA
transcriptome (Table 2). In particular, we demonstrated that five
erythropoiesis-specific genes that are dramatically induced during
normal erythroid maturation of MEL cells are each significantly
repressed in PABPC4 depleted pools (Fig. 8A to E). Induction of
terminal differentiation is dependent on the repression of a well-
defined set of genes that support erythroblast replication (48).
These genes encode c-Kit, c-Myb, c-Myc, CD44, and Stat5a. The
repression of the receptor tyrosine kinase c-Kit and its ligand stem
cell factor (SCF) are essential to the linked processes of mitotic
arrest and induction of terminal erythroid differentiation (49, 50).
c-Kit mRNA was remarkable in that it was abnormally elevated
following PABPC4 depletion and remained significantly higher
than in the control cell population after DMSO induction. Thus,
interference with normal c-Kit repression by PABPC4 depletion is
likely to contribute to repressed terminal erythroid maturation
and the associated inhibition of key erythroid gene activity.

We next explored the basis for the selective targeting of

FIG 6 Survey of PABPC1 and C4 expression in MEL cells during terminal
erythroid maturation. Western analysis of PABP expression was carried out at
days 0, 2, 3, and 4 following DMSO induction. Actin is included in the analysis
as a loading control.

FIG 7 PABPC4 depletion blunts MEL cell differentiation. (A) Visual comparison of cell pellets of PABPC4-depleted MEL cells (sh-C4-68) with cells infected in
parallel with virus containing the scrambled control (sh-Scr). (B) Diminished hemoglobin accumulation in PABPC4-depleted DMSO-induced MEL cells pools
expressing sh-C4-60 and sh-C4-58, quantified by Drabkin’s assay. The y axis represents hemoglobin expression relative to sh-Scr at time zero. Asterisks denote
P values (one tailed t test) less than 0.05 for the PABPC4 knockdown pools compared to the sh-Scr cell pools at the corresponding time points. The hemoglobin
quantification for the sh-C4-68 pool (data not shown) was consistent with those for the sh-C4-58 and sh-C4-60 pools.
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PABPC4 activities to a subset of mRNAs. Our MEME analysis
revealed an AU-rich motif within the 3=UTRs of the mRNAs that
associate with PABPC4 in vivo (Fig. 5A). Further analysis revealed
that this motif enhances PABPC4 binding to an mRNA with a
critically shortened poly(A) tail without a corresponding effect on
binding by PABPC1. PABPs interact with the RNAs through their
RRMs 1 to 4 (51, 52). RRMs 1 and 2 are highly conserved among
the PABP isoforms and confer binding to poly(A) tracts. In con-
trast, RRMs 3 and 4 are less strictly conserved in structure, and
their functions are less well defined. Remarkably, the RRM 3-4
segment of PABPC4 has a higher affinity for AU tracts than the
corresponding segment of PABPC1 (Kds of 2.4 nM versus 3.9 nM)
(40). This higher relative affinity of RRMs 3 and 4 of PABPC4 for
AU tracts is consistent with the ability of an AU-rich motif to
selectively enhance PABPC4 binding to a critically shortened
poly(A) tail (Fig. 5C) and to protect mRNAs with critically short-
ened poly(A) tails from accelerated decay (Fig. 4A to D). This
effect of PABPC4 binding on the mutated polyadenylation signal,
AAUAAA, while apparent for the IRF7 3= UTR with a critically
shortened A12 tail (which accentuates the effect of the mutation to
the polyadenylation signal [Fig. 5C]), was not detected in the anal-
ysis of binding to the h�-globin 3=UTR with a significantly longer
A33 tail (Fig. 1C). In sum, these observations support a model in
which sequences in cis to the poly(A) tracts confer specificity of
action for the different PABPs to their binding targets.

Our analysis of the poly(A) tail profiles of select PABPC4 target
mRNAs supports a model in which PABPC4 can impact an mRNA
species by stabilizing the subpopulation of mRNAs with critically
shortened poly(A) tails (Fig. 4A to D). This model is consistent
with the evidence that loss of the last remaining PABP from a
critically shortened poly(A) tail constitutes a rate-limiting event in
mRNA clearance from the cell (53). Interestingly, we found that
the poly(A) tail of the �-globin mRNA, which is not a direct func-
tional target of PABPC4, is not impacted by PABPC4 depletion
(Fig. 4I and J), even though its enrichment in PBPC4 complexes is
comparable to that of �-globin mRNA (Table 3). This difference
may reflect the difference in distribution of the long- and short-
poly(A)-tailed mRNA populations for the two mRNAs. Com-

pared to �-globin mRNA, �-globin mRNA has a higher represen-
tation of long A tails (Fig. 4A versus I, sh-Scr PAT lanes). This
difference would render �-globin mRNA less dependent on
PABPC4 than �-globin mRNA. These results demonstrate that
PABPC4 specifically stabilizes short poly(A) tails of its direct bind-
ing target mRNAs, while its impact on other mRNAs may be me-
diated by distinct and possibly less direct pathways. In the case of
�-globin mRNA, this indirect pathway may reflect a general inhi-
bition of erythroid gene expression by PABPC4 depletion.

The stabilization of short-poly(A)-tailed mRNAs is one possi-
ble mechanism through which PABPC4 regulates its mRNA tar-
gets. Our current data do not address the mechanisms for the
observed upregulation of a distinct subset of mRNAs in cells de-
pleted of PABPC4. We note, however, that in Drosophila, PABP
stimulates miRNA-mediated silencing of target mRNAs by facili-
tating miRISC binding (54). Thus, one of the functions of
PABPC4 in MEL cells may be mediated via a positive impact on
miRNA function; in this case, the depletion of PABPC4 could lead
to a decrease in miRNA-mediated mRNA destabilization in a sub-
set of mRNAs. Current explorations of miRNA content in the
erythroid lineage can now be utilized to explore this model (54). It
is worth noting that prior studies have identified sets of mRNAs
that remain stable and efficiently translated despite having short
(�20-nt) poly(A) tails under limiting PABP levels (55, 56). Of
note, these mRNAs contain AU-rich poly(A)-limiting elements
(PLE) within their 3=UTRs. Our data support a scenario wherein
PABPC4 may act as an enabling PLE-interacting protein, mediat-
ing the stability and translation of erythroid mRNAs with critically
shortened poly(A) tails.

PABPs have long been thought to mediate housekeeping func-
tions of mRNAs in much the same way as histones were once
considered to be limited to generic and static packing of DNA. The
present study directly challenges this assumption by presenting
evidence for specific and dynamic functions of a specific PABP
isoform in the process of erythroid differentiation. The identifica-
tion in this study of structures and mechanisms involved in the
specificity and control of PABPC4 actions on the mRNA tran-
scriptome establishes a platform for subsequent analysis of its

FIG 8 PABC4 depletion in MEL cells impacts the expression of a subset of mRNAs linked to erythroid differentiation. MEL pools expressing control shRNA
(sh-Scr) or each of two different PABPC4-targeting shRNAs (sh-C4-60 and sh-C4-58) were assayed after 3 days of DMSO treatment. qRT-PCR analyses were
carried out on a group of mRNAs encoding key erythropoiesis-specific proteins that are normally induced during terminal erythroid differentiation (A to E) and
a second group of mRNAs that are normally repressed during this developmental window (F to J). The relative quatification (RQ) value for each mRNA (y axis)
was normalized to its expression in uninduced sh-Scr pools (defined as 1.0). Asterisks denote P values (one-tailed t test) less than 0.05 for the PABPC4 knockdown
pools compared to the corresponding sh-Scr cell pool. Samples were from day 0 (uninduced) and day 3 (DMSO induced).
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functions in additional models of development and cellular differ-
entiation.
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