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We have previously demonstrated that the KH-domain protein �CP binds to a 3= untranslated region (3=UTR) C-rich motif of
the nascent human alpha-globin (h�-globin) transcript and enhances the efficiency of 3= processing. Here we assess the genome-
wide impact of �CP RNA-protein (RNP) complexes on 3= processing with a specific focus on its role in alternative polyadenyla-
tion (APA) site utilization. The major isoforms of �CP were acutely depleted from a human hematopoietic cell line, and the im-
pact on mRNA representation and poly(A) site utilization was determined by direct RNA sequencing (DRS). Bioinformatic
analysis revealed 357 significant alterations in poly(A) site utilization that could be specifically linked to the �CP depletion.
These APA events correlated strongly with the presence of C-rich sequences in close proximity to the impacted poly(A) addition
sites. The most significant linkage was the presence of a C-rich motif within a window 30 to 40 bases 5= to poly(A) signals (AAU
AAA) that were repressed upon �CP depletion. This linkage is consistent with a general role for �CPs as enhancers of 3= process-
ing. These findings predict a role for �CPs in posttranscriptional control pathways that can alter the coding potential and/or
levels of expression of subsets of mRNAs in the mammalian transcriptome.

Posttranscriptional controls play a major role in the regulation
of eukaryotic gene expression (1, 2). These controls reflect

interactions of RNA-binding proteins and/or noncoding RNAs
with sequences and structures on target RNAs (3). Significant ef-
forts have focused on the role(s) of 3= untranslated region
(3=UTR) determinants in these processes. Regulatory roles of
3=UTRs have been defined in nuclear RNA processing and mRNA
transport as well as in the localization, translation, and decay of
cytoplasmic mRNAs (4, 5).

Within the nucleus, the efficiency and specificity of 3= process-
ing of nascent polymerase II (Pol II) transcripts can have an im-
pact both on the level of mRNA synthesis and on the structure of
the final mature mRNA product (6–10). A widespread impact of
3= processing on gene expression was predicted by initial studies
of expressed sequence tags (11). These and subsequent studies
revealed that the majority of gene transcripts have multiple func-
tional polyadenylation sites. Alternative polyadenylation (APA)
can impact on a spectrum of regulatory functions (12). The cellu-
lar transcriptome can undergo alterations in 3= processing in re-
sponse to physiological and developmental cues. For example,
cells that are rapidly proliferating and/or have undergone malig-
nant transformation have been observed to generate mRNAs with
a shorter 3=UTR (13, 14). In a reciprocal manner, embryonic cells
that are committing to specific differentiation pathways undergo
3= processing that generates mRNAs with longer 3=UTRs (15).
While the impact of these global changes remains to be rigorously
determined, a model proposes that the global shortening of
3=UTRs releases mRNAs from the negative effects of endogenous
miRNAs whereas the reciprocal lengthening of 3=UTRs facilitates
cell differentiation and functional specification (13–15).

3= processing of Pol II transcripts is mediated by concerted
actions of multiple macromolecular complexes that have been
functionally defined using in vitro processing systems (16, 17).
These complexes include the cleavage and polyadenylation speci-
ficity factor (CPSF), cleavage stimulation factor (CstF), cleavage

factor I (CFIm), cleavage factor II (CFIIm), poly(A) polymerase
(PAP), and symplekin, the scaffold protein (18). Assembly of a
subset of these complexes on the nascent transcript may be di-
rected and facilitated by their interactions with the phosphory-
lated C-terminal domain of the elongating Pol II (8, 9, 19–21).

The accuracy and efficiency of 3= processing are determined by
two major cis elements: the polyadenylation “signal,” AAUAAA,
positioned 10 to 30 nucleotides (nt) upstream of the cleavage site,
and a GU/U-rich region, or “downstream sequence element”
(DSE), within a window located 30 nt 3= of the cleavage site. The
CPSF complex associates with the AAUAAA motif via its CPSF-
160 subunit and determines the positioning of the cleavage reac-
tion (18, 22). The CstF complex interacts with the GU/U DSE via
binding of its CstF-64 subunit and functions to regulate the effi-
ciency of 3= processing (18, 22, 23).

Additional cis elements, working together with their interact-
ing factors, can modulate, sometimes dramatically, the efficiency
of the 3=-end processing reaction at a particular site. Two such
determinants are “upstream sequence elements” (USEs) charac-
teristically located 5= of the AAUAAA signal and “auxiliary down-
stream sequence elements” (AuxDSEs) positioned 3= of the GU/
U-rich element (24). The USEs are generally U rich, but a
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consensus sequence has not been established (18, 25). The few
AuxDSEs that have been identified are G rich, but they appear to
lack a conserved sequence or distance from the cleavage site (18).
These and other less-well-defined auxiliary elements (24) can en-
hance, either directly or indirectly, the efficiency of 3= processing
by recruiting the basal 3= processing complexes to the RNA (18,
26). Thus, the net level and efficiency of 3= processing of a Pol II
transcript are determined by the recruitment of a complex set of
macromolecular complexes to an array of cis-acting regulatory
elements.

Prior studies in our laboratory have identified a novel RNA-
protein (RNP) complex that assembles on the 3=UTR of the hu-
man alpha-globin (h�-globin) mRNA. This complex, initially
identified based on its ability to enhance stability of h�-globin
mRNA in the cytoplasm of erythroid cells (27–32), is comprised of
the KH-domain RNA-binding protein, �CP [also known as
poly(C)-binding protein (PCBP) and heterogeneous nuclear ri-
bonucleoprotein (hnRNP) E (reviewed in reference 33)], bound
to a repeated C-rich motif within the 3=UTR (34, 35). This �CP/
poly(C) RNP complex plays a role in stability control of multiple
mRNAs, in both erythroid and nonerythroid cells, and is likely to
constitute a widely distributed cytoplasmic determinant of gene
regulation (36–39). The sequences and structures of these native
C-rich elements parallel the C-rich motifs in single-stranded con-
figurations that have been identified by in vitro systematic evolu-
tion of ligands by exponential enrichment (SELEX) as the optimal
binding site for �CP2 (35).

In addition to their mRNA-stabilizing role, �CP/poly(C) com-
plexes also function in the nucleus during transcript processing
(40). For example, �CP has been demonstrated to initially bind to
the nascent h�-globin transcript in the nucleus (40), where it acts
in vivo as a splicing regulator (40). Our recent study indicated that
�CP also enhances mRNA 3= processing (4). These studies dem-
onstrate that �CP bound to the C-rich USE enhances both steps in
3=-end processing, cleavage and polyadenylation (4). The idea of
the ability of the �CP complex to enhance 3=-end processing is
further supported by the in vivo interaction of �CP with core
components of the 3=-end processing complex (4). These obser-
vations support a model in which �CP assembles cotranscription-
ally on the 3=UTR, setting the stage for a coordinated set of nuclear
and cytoplasmic controls.

In the current study, we extended these observations by explor-
ing a wider role for the �CP/poly(C) complex in the control of the
mammalian transcriptome. The results demonstrate that �CPs, in
conjunction with their cognate C-rich binding sites, control the
utilization of poly(A) processing sites in a defined subset of the
mRNAs. Thus, the �CP RNP complex has the capacity to play a
pivotal and global role in determining the structure and expres-
sion of specific transcripts via its impact on the 3= processing path-
way.

MATERIALS AND METHODS
Cell culture and siRNA transfection. K562 cells were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum (HyClone) and
antibiotic/antimycotic at 37°C in a 5% CO2 incubator. Cells were trans-
fected with a total of 2.0 �g of small interfering RNA (siRNA) using
Nucleofector V (Amaxa) according to the manufacturer’s instructions.
All siRNAs were from Dharmacon. The siRNA sequences are as follows:
for �CP(1/2)-1, GUG AAA GGC UAU UGG GCA A; for �CP(1/2)-2,
UGU AAG AGU GGA AUG UUA A; for GLD2-1, GUG AUU AAG AAG
UGG GCA A; and for GLD2-2, CCA AAG AUA AGU UGA GUC A.

Standard control siRNA for cyclophilin was directly purchased from
Dharmacon. At 24 h after the initial siRNA transfection, these cells were
retransfected with same siRNA. Cells were harvested 72 h after the initial
transfection, and RNAs were purified using an Absolutely RNA Miniprep
kit (Stratagene) according to manufacturer’s instructions. Western blot
analysis was performed as described previously (27, 34).

Direct RNA sequencing (DRS). Massively parallel sequencing of the
RNA 3= termini was carried out by the Helicos Bioscience Corporation
(Cambridge, MA) according to established protocols (41, 42).

Mapping and APA analysis of DRS data. The DRS reads were aligned
to human genome assembly 19 (hg19) using the indexDP genomic tool
provided by Helicos Biosciences. The uniquely mapped reads with a min-
imal mapped length of 25 nt and an alignment score of 4.0 were retained
for further analysis. The replicate samples for control and �CP knock-
down experiments were pooled for differential expression analysis and
APA studies. All mapped reads were initially screened and filtered for
those arising from internal poly(A) priming using a previously described
approach (43). Individual poly(A) sites were identified by reversing 5=
ends of the non-internal-priming reads. Pooled data from both pooled
control and �CP experiments were used to construct a consensus poly(A)
annotation for downstream analysis and to iteratively cluster all individ-
ual poly(A) sites within 40 nt of its nearest poly(A) site on the same
chromosome strand. The weighted coordinate, which was calculated as
the sum of the product of the coordinate of an individual poly(A) and its
percentage of usage in the whole cluster, was taken as the representative
coordinate of the corresponding poly(A) cluster. The frequencies of
poly(A) clusters in the different samples were calculated according to the
consensus coordinates of poly(A) clusters in the pooled data as described
above. Next, the poly(A)s residing in the whole gene region, including
exons, introns, and the downstream 100-nt region of the terminal exon,
were collected as possible poly(A)s of a defined gene (UCSC genes [hg19]
and Ensembl genes [release 61]).

To test whether there was a change of usage for any single poly(A)
cluster of a particular gene, Fisher’s exact test was conducted to compare
the ratio of DRS counts of a single poly(A) cluster to the sum of those of all
the other poly(A) clusters between pooled control and �CP knockdown
samples. The P values were adjusted by Benjamini-Hochberg method for
calculating the false discovery rate (FDR). Finally, the poly(A)s with FDRs
of less than 0.05 and a percentage change of total poly(A) usage greater
than 10% (|��| � 10%) were defined as significantly changed poly(A)s.

Detection of differential gene expression. The expression level of a
gene is represented by the sum of DRS read counts of all the overlapping
poly(A) reads. DEGSeq (44) was run to detect differential gene expression
between the control and �CP knockdown samples. The genes with FDRs
of less than 0.05 and normalized fold change values greater than 1.5 (as
determined by number of mapped DRS reads) were defined as signifi-
cantly differentially expressed genes (DEG).

Motif enrichment analysis. Significantly changed poly(A)s in APA
analyses were divided into upregulated sets (FDR � 0.05 and �� � 0.1)
and downregulated sets (FDR � 0.05 and �� � �0.1). Motif enrichment
and occurrence analyses were conducted on these two subsets separately.
The upstream 200-bp sequences of poly(A)s were first scanned by MEME
(45). To control for the poly(A) abundance, significantly changed
poly(A)s and unchanged poly(A)s (FDR � 0.5) were grouped into bins
[the borders of the bins were defined by 20, 21, . . ., 2n, where n is deter-
mined by the most highly abundant poly(A) in the data set] according to
DRS read counts. The background poly(A)s were next randomly sampled
from unchanged poly(A)s (FDR � 0.5) with bin sizes 10 times bigger than
those in the significant poly(A) sets. To draw an RNA map, the motif score
of a sequence position [in the upstream 200-nt region of a poly(A) site] is
calculated as the average number of occurrences of overlapped nucleo-
tides in a 31-nt window (upstream and downstream 15 nt) for both sig-
nificant and background poly(A)s. A Wilcoxon rank sum test was per-
formed to measure the significance of differences in average motif scores
for a specific position. The P value of Wilcoxon rank sum test was adjusted
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using the Benjamin-Hochberg algorithm to calculate an FDR. The dom-
inant poly(A)s of the significantly upregulated and downregulated genes
were retrieved for motif analysis using a method similar to that used in the
APA study. The background data set was generated by controlling for the
gene expression level of significantly differentially expressed genes, which
used the same binning and random sampling method as that described for
the APA study (see above). All the subsequent analyses were also the same
as those described for the APA study.

GO analysis. DAVID software (using the PANTHER classification
system) was used to predict gene ontology (GO) groupings for mRNAs
impacted in their expression or in their patterns of poly(A) site selection
and utilization by �CP depletion (46). The background gene sets were
controlled for the distribution of gene expression level in the foreground
gene sets using a binning and random sampling method similar to that
described for the motif enrichment analysis.

RT-qPCR. RNAs were treated with DNase I (Invitrogen) and then
reverse transcribed (RT) using a first-strand cDNA synthesis kit (GE).
Quantitative (qPCR) procedures were performed using a Fast SYBR green
Master Mix kit (Applied Biosystems) and a 7900HT Fast qPCR thermo-
cycler (Applied Biosystems) according to the manufacturer’s instructions.
Primers used in the differential gene expression (DGE) and APA studies
are listed in Table S3 in the supplemental material.

3= RACE. 3= rapid amplification of cDNA ends (RACE) was performed
according to an established protocol (3= RACE system for rapid amplifi-
cation of cDNA ends; Invitrogen).

RNA UV-cross-linking and electrophoretic mobility shift assay
(EMSA). UV-cross-linking assays were performed as described previously
(4, 40).

In vitro polyadenylation. In vitro polyadenylation assays were per-
formed as described previously (4). Recombinant �CP2 protein was ex-
pressed and purified as described previously (34). 32P-labeled PRG2 and

AES were generated by in vitro transcription from PCR-generated DNA
templates with an sp6 sequence added to the 5= end. The probe sequences
are as follows: for PRG2-wt, GCTGGTCCCAGCCAGCAGTTCAGAGC
TGCCCTCTCCTGGGCAGCTGCCTCCCCTCCTCTGCTTGCCATCC
CTCCCTCCACCTCCCTGCAATAAAATGGGTTTTACTGAAATGGA;
for PRG2-mut, GCTGGTCCCAGCCAGCAGTTCAGAGCTGCCGTCT
CCTGGGCAGCTGCCTGCCGTCCTCTGCTTGCCATCGCTCGCTGC
ACCTCGCTGCAATAAAATGGGTTTTACTGAAATGGA; for AES-WT,
GCTGGGAGGAGCAGGGTGAGGGTGGGCGACCCAGGATTCCCCC
TCCCCTTCCCAAATAAAGATGAGGGTACTA; and for AES-Mut, GC
TGGGAGGAGCAGGGTGAGGGTGGGCGACCCAGGATTCCGCCTC
GCCTTGCCAAATAAAGATGAGGGTACTA.

RESULTS

Direct RNA 3= sequencing of the transcriptome in cells acutely
depleted of �CP. We have previously demonstrated that the
RNA-binding proteins (�CPs) markedly enhance 3= processing of
the h�-globin transcript via a sequence-specific association of the
�CP proteins with a C-rich motif within the 3=UTR (4). These
studies led us to ask whether �CPs play a global role in 3= process-
ing in erythroid cells. To address this question, we assessed the
impact of �CP depletion on the K562 transcriptome. K562 cells
are a human Tier I ENCODE cell line with hematopoietic proper-
ties. We separately transfected the K562 cells with two distinct
siRNAs, each of which cotargets the two major �CP transcripts,
�CP1 and �CP2 (33). Parallel control transfections were carried
out with siRNAs against an unrelated protein (GLD-2) (Fig. 1A).
Effective and specific codepletion of �CP1 and �CP2 from the

FIG 1 siRNA-mediated codepletion of �CP1 and �CP2 from K562 cells. (A) Experimental procedure. K562 cells were separately transfected with two distinct
siRNAs, each cotargeting �CP1 and �CP2 mRNAs [�CP(1/2)-1 and �CP(1/2)-2]. Parallel transfections were carried out with 2 distinct control siRNAs targeting
an unrelated protein (GLD-2 mRNA; CTRL-1 and CTRL-2). At 24 h posttransfection, cells were retransfected with same siRNAs, cultured an additional 2 days
(total, 3 days of culture), and assessed for effective siRNA-mediated depletion by protein and RNA analyses. RNA isolated from each culture was subjected to DRS
analysis for mapping and quantification of 3= processing sites. (B) Assessment of �CP depletion by real-time RT-PCR. Levels of mRNAs encoding the two �CP
isoforms, �CP1 and �CP2, are displayed. The values on the y axis represent the �CP mRNA levels normalized to levels of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA in the respective samples. The ratio of �CP to GAPDH for CTRL-1 is arbitrarily defined as 1.0. The standard deviation for each
sample is shown (n � 2). (C) Assessment of �CP depletion by Western blotting. Affinity-purified antibodies specific for either �CP1 or �CP2 (34) were used for
detection in the top and middle panels. Detection of the large ribosomal subunit, L7a (27), controlled for sample loading, is shown in the bottom panel.
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siRNA-treated cells was demonstrated by mRNA and protein
analyses at 3 days posttransfection (Fig. 1B and C).

Total RNA isolated from each set of siRNA-transfected cells was
subjected to direct RNA sequencing (DRS; Helicos BioSciences,
Cambridge, MA). DRS isolates individual tethered poly(A) RNAs for
massively parallel sequencing of 3= termini. This direct approach
eliminates the need for generating cDNA intermediates, amplifica-
tion steps, or ligation reactions, any of which has the capacity to in-
troduce bias in the final quantification of mRNA species (41, 42).

Total cellular RNAs from cells individually treated with each of
the two �CP siRNAs and with each of the two control siRNAs were
sequenced on four separate channels. The sequenced DRS reads
had a mean read length of 32 nt (24 nt to 70 nt; see Fig. S1A in the
supplemental material). Three of the channels generated 16 to 18
million reads, while the yield in the fourth was somewhat lower
(10 million) (see Table S1 in the supplemental material). The raw
reads were mapped back to the hg19 genome assembly and were
filtered for internal priming to generate a final data set of positions
and numbers of poly(A) termini (see Table S1). Approximately
one-third (28% to 35%) of the sequenced reads were retained for
poly(A) site quantification. A total of 55.7% to 61.4% of the re-
tained DRS reads are within 40 nt of the ends of UCSC and En-
sembl genes or poly(A) sites in polyA_DB2 (47). The DRS data
were highly reproducible, with Pearson correlation coefficients
higher than 0.92 and 0.94 for two siRNA control samples and two

�CP siRNA samples, respectively (see Fig. S1B in the supplemen-
tal material). Based on this level of reproducibility, we pooled
siRNA control data and �CP siRNA data, respectively, for the
subsequent computational analysis.

Identification of mRNAs impacted by �CP depletion. The
DRS data were evaluated for the impact of the �CP depletion on
overall gene expression levels and on the relative abundances of
alternative poly(A) (APA) sites. The steady-state expression from
each locus was determined by summing the total number of over-
lapping poly(A) site reads. This sum is referred to as the digital
gene expression (DGE) value. We applied DEGseq (44) to identify
differentially expressed genes. Using a false discovery rate (FDR)
of less than 0.05 and a minimal normalized fold change value of
1.5, the data revealed that acute depletion of �CPs altered the
expression of 586 genes; 231 were increased in expression and 355
were decreased in expression relative to cells transfected with ei-
ther of the two control siRNAs (Table 1). Increasing the cutoff to
a 2-fold change in transcript abundance revealed a significant im-
pact on the expression of 117 genes; 42 were increased in expres-
sion and 75 were decreased in expression relative to the two con-
trols (Table 1). Heat map profiling of the comparative DGE values
for the 117 most significantly impacted genes (�2-fold change)
revealed excellent concordance between the analyses of RNAs iso-
lated from cells treated with the two distinct �CP siRNAs and
those with the two distinct control siRNAs (Fig. 2A).

Gene ontology (GO) analysis revealed that the 586 genes with a
1.5-fold or greater change in expression subsequent to �CP deple-
tion were enriched in genes related to amino acid metabolism,
amino acid biosynthesis, oxidation-reduction reactions, choles-
terol metabolism, lyase reactions, and immunity and defense (Fig.
2B and Table 2). The impact of �CP depletion on these gene
categories is consistent with a role in the modulation of pathways
controlling basic metabolism and cell stress responses (48).

TABLE 1 Genes impacted by �CP depletion as detected by DGE
analysis from direct 3=-terminal RNA sequencing data

Change (FDR � 0.05)

No. of genes

Upregulated Downregulated Total

2-fold 42 75 117
1.5-fold 231 355 586

FIG 2 Impact of �CP depletion on the K562 transcriptome. (A) Heat map. Direct RNA sequencing (DRS) analyses were carried out on poly(A) RNAs isolated
from cell cultures treated with the �CP siRNAs or the control siRNAs (as described for Fig. 1). The heat map represents all 117 mRNA species that showed a
�2-fold change in expression (increased or decreased) subsequent to the �CP depletion. The color gradient (log scale) for the heat map represents the change
in the overall representation of each mRNA normalized to the corresponding level in the RNA isolated from the cells treated in parallel with the control siRNAs.
The positions of the direct siRNA targets, �CP1 and �CP2 mRNAs, are indicated by the arrows to the left of the heat map. (B) GO analysis of mRNAs altered in
overall expression (DGE levels) by �CP depletion. GO analyses (DAVID algorithm) of mRNAs that undergo an alteration in steady-state levels (1.5-fold or
greater change) subsequent to �CP depletion were included in the analysis. The data were assessed with Fisher’s exact test with the FDR adjustment. The asterisks
indicate the level of significance of the effect. *, 0.01 � FDR � 0.05; **, 0.001 � FDR � 0.01; ***, FDR � 0.001.
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A subset of these transcripts with changes in expression greater
than 1.5-fold as shown by the DGE analysis was subjected to ver-
ification by real-time RT-PCR. Each amplimer set corresponded
to an internal region of the target mRNA so as to detect all mRNA
isoforms, irrespective of their 3=-end processing patterns. These
analyses, carried out on the same RNA samples that were assessed
in the original DRS study, confirmed the DGE results (an increase
or decrease of more than 1.5-fold in steady-state mRNA represen-
tation) (Fig. 3; see also Table S2 in the supplemental material).

Motif analysis reveals C-rich determinants in the 3=UTRs of
mRNAs impacted by �CP depletion. We applied MEME (45)
software to infer motifs in the differentially expressed genes
(DEG) associated with �CP depletion (“�CP knockdown”). The
search was initiated on the full set of transcripts that underwent a
�1.5-fold change in expression subsequent to �CP depletion.
This MEME analysis was limited to the 200-nt segment immedi-
ately 5= to the functional poly(A) cleavage site. By setting a rigor-
ous P value cutoff of 1.0E–10, we found 3 motifs that were signif-
icantly enriched in the 200-nt segments upstream of the major
poly(A) sites of the significantly changed genes. As expected, the

most strongly conserved elements were the canonical poly(A) sig-
nal, AAUAAA, and its variants, peaking at 15 to 20 nt 5= to the
poly(A) site. These data corroborate the quality of DRS in recov-
ering functional poly(A) sites. As expected, this poly(A) signal was
observed in the mRNAs irrespective of whether or not they were
impacted by the �CP depletion. Both of the next two most prom-
inent motifs contained several prominent C’s (Fig. 4A). An RNA-
Map and Wilcoxon rank sum test were employed to identify the
positioning of motifs relative to the respectively utilized poly(A)
sites. The two C-rich motifs were significantly enriched in the
�CP-impacted transcripts at multiple positions relative to the
poly(A) site (nt �150, �100, and �50; FDR � 0.05).

MEME analysis was next separately applied to 355 and 231
transcripts that were downregulated and upregulated, respec-
tively, in response to the acute �CP depletion (Fig. 4B and C).
Analysis of the downregulated genes revealed one C-rich motif 5=
to sequences of poly(A) sites in approximately 30% of these tran-
scripts (105 of 355 genes). Another motif, containing several Cs,
occurred in 50% of these transcripts (185 of 355 genes) (Fig. 4B).
These C-rich motifs in the downregulated genes were enriched at
multiple locations relative to the poly(A) site (Fig. 4B). In con-
trast, only 38 of 231 (16%) of the upregulated genes harbored a
C-rich motif; this motif was centered at a mean distance of 125 nt
5= to the poly(A) sites (Fig. 4C).

In summary, the DGE analysis points to a significant impact of
�CP on the overall expression level of a defined subset of mRNAs.
The markedly greater number of mRNAs that were downregu-
lated following the �CP depletion was consistent with an overall
enhancing action of this �CP complex on steady-state mRNA lev-
els and with the enrichment for C-rich motifs in the mRNAs im-
pacted negatively by �CP depletion transcripts. These data thus

TABLE 2 GO analysis of genes with a �1.5-fold change in expression
subsequent to �CP depletion

GO term
No. of
genes

Fold
enrichment FDR

BP00013:amino acid metabolism 24 3.377374 1.19E-06
BP00148:immunity and defense 51 1.870906 8.57E-05
MF00157:lyase 14 2.864161 0.008
BP00026:cholesterol metabolism 10 3.732243 0.008
MF00123:oxidoreductase 33 1.668409 0.039

FIG 3 Confirmation of DRS results by targeted real-time RT-PCR analysis. Results of real-time analyses of three mRNAs that increased and three mRNAs that
decreased in overall abundance relative to controls subsequent to �CP depletion (see Table S2 in the supplemental material) are shown. These studies were
carried out on the same RNA preparations as were used in the original DRS analysis. To further validate these results, analyses of mRNA levels in K562 cells were
additionally carried out with cells treated with a third distinct control siRNA corresponding to an unrelated mRNA (CTRL-3; cyclophilin siRNA). All values
shown were normalized to the corresponding levels of GAPDH mRNA. The data are represented as ratios, with the ratio for the CTRL-3 siRNA sample defined
as 1.0. The standard deviation for each sample is shown (n � 3).
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support a direct role for the poly(C)-binding proteins in one or
more posttranscriptional control pathways that impact on steady-
state mRNA representation.

�CP impacts on patterns of alternative poly(A) selection.
The �CP/poly(C) complex within the h�-globin 3=UTR enhances
3= cleavage and polyadenylation (4). Based on these studies, we
proposed that C-rich motifs might act as upstream sequence ele-
ment (USE) enhancers of 3= processing in a subset of cellular tran-
scripts. This activity could alter overall production of mature
mRNAs by enhancing the use of a unique poly(A) site and/or have
its impact via modulation of alternative poly(A) (APA) utiliza-
tion. The preceding DGE analysis is consistent with a positive
impact of the 3=UTR �CP/poly(C) complex on steady-state levels
of a subset of mRNAs. To assess the impact of this complex on
APA, we screened the DRS data set for shifts in poly(A) site utili-
zation. For each poly(A) site, we applied Fisher’s exact test to
compare its DRS count to the sum of DRS counts of all the other
poly(A)s within the same gene between two cell conditions (cells
transfected with �CP siRNAs and with control siRNAs). This
comparison revealed a total of 357 significant changes in poly(A)

site utilization [198 downregulated poly(A) sites and 159 upregu-
lated poly(A) sites] subsequent to �CP depletion, corresponding
to a total 264 gene transcripts (FDR � 0.05). These data further
revealed multiple APA events occurring in a subset of these 264
genes (Table 3). Of these APA events, 102 poly(A) sites occurred
within the same terminal exon (“SE-APA”). This SE-APA subset
of APA events should be particularly informative regarding the
identification of 3=UTR motifs functional in APA, as they should
be independent of alterations in transcript splicing. Another 122

FIG 4 Motif analysis within the 3=UTRs of mRNAs impacted by �CP depletion. (A) MEME analyses of the sequences 5= to the dominant poly(A) sites of all
mRNAs that underwent a 1.5-fold or greater change (up or down) in their representation subsequent to �CP depletion (differentially expressed gene [DEG]
mRNAs). The RNA map encompassed the 200-nt segments immediately 5= to the sites of poly(A) addition. The top 3 motifs as detected by MEME are shown.
For each motif, the P value and number of mRNAs containing corresponding motifs among the total number of mRNAs being studied are shown. The distance
distributions [the poly(A) cleavage site is defined as base 0] are shown below each motif (x axis). The y axis indicates the percentage of nucleotides at each
indicated site. An asterisk symbolizes a significant peak detected by the Wilcoxon rank sum test (FDR � 0.05). The P value measures the significance of a motif,
and the ratio measures the fraction of mRNAs harboring corresponding motifs in the whole set of mRNAs. DEG mRNAs, 1.5-fold or greater change in expression
as determined in comparisons of the �CP-depleted cells with control siRNA-treated cells. Unchanged mRNAs represent mRNAs whose expression was not
changed subsequent to �CP depletion in comparison with mRNAs from control siRNA-treated samples. (B) Summary of MEME analyses of all mRNAs
downregulated by greater than 1.5-fold subsequent to �CP depletion. Data are displayed as described for panel A. (C) Summary of MEME analyses of all mRNAs
upregulated by greater than 1.5-fold subsequent to �CP depletion. Data are displayed as described for panel A.

TABLE 3 Number of alternative poly(A) events impacted by depletion
of �CPs

Regulation
change

No. of sites with indicated change

SE-APA DE-APA Complex-APA Total

Upregulation 44 58 57 159
Downregulation 58 64 76 198

Total 102 122 133 357
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genes with APA events linked to alterations in splicing patterns
and occurred in different terminal exons (“DE-APA”). The re-
maining 133 APA events could not be simply assigned to either
SE-APA or DE-APA categories and are termed “complex-APA”
events. Examples of several complex-APA events are shown in Fig.
S2 in the supplemental material. The pathways controlling these
last two sets of APA events are likely to be complex and difficult to
attribute to defined 3=UTR motifs.

Motif analysis of APA events. We searched for sequence mo-
tifs that could establish a direct mechanistic link(s) between �CP
depletion and APA events. As with the DGE gene analysis, we
examined the 200-nt regions upstream of poly(A) sites that
underwent significant alteration in utilization for the structure
and positioning of enriched motifs. A set of unchanged
poly(A)s (FDR � 0.8), with DRS count distributions that were
similar to those of the group with significantly changed
poly(A)s, was randomly selected to serve as a background set
for the analysis.

The initial analysis was carried out on the entire set of 198
poly(A) sites that were selectively downregulated upon �CP de-
pletion. As expected, the canonical poly(A) signals, AATAAA and
its variants, were consistently identified 15 to 20 bp 5= to each of

the utilized poly(A) sites (168/198 mRNAs) and their representa-
tion in �CP-impacted APA events was equal to that seen in the
control group. A motif strongly enriched for C’s was identified in
56 of these 198 APA sites (Fig. 5A). This motif was pyrimidine
pure, with C’s the predominant base at 9 of the 10 positions, and
was not observed in the control group. This C-rich motif was
highly represented 5= of the poly(A) sites that were downregulated
subsequent to �CP depletion and peaked at a position 35 to 45 bp
5= of the site of poly(A) addition.

The complementing analysis of the set of poly(A) sites that
were upregulated following �CP depletion revealed a complex
motif in 41 of 159 poly(A) sites. This motif contained central
purines, lacked a significant poly(C) tract, and lacked a specific
or predominant localization relative to the affected poly(A) site
(Fig. 5B).

To further refine the analysis of the APA events, we limited the
motif search to the 102 APA events at the same terminal exon
(SE-APA events). This eliminated complicating influences of co-
existing alterations in splicing events (Fig. 5C). To more directly
link the C-rich motifs with the proposed USE function, we estab-
lished a discriminative MEME motif approach that directly com-
pared the sequence environment of 58 downregulated SE-APA

FIG 5 Motif analysis of transcripts undergoing APA in response to �CP depletion. (A) Analyses of motifs 5= to poly(A) sites that are involved in APA [DE-APA
and SE-APA categories combined; 198 poly(A) sites] and are repressed in their representation subsequent to �CP depletion. The distance distribution plot is
shown below each corresponding motif. For each motif, the P value and number of mRNAs containing corresponding motifs among the total number of mRNAs
being studied are shown. The y axis indicates the percentage of each nucleotide at each indicated site at the indicated distance to the poly(A) cleavage site location
(defined as base 0). The analyses from the cells treated with the control or the �CP siRNAs are directly compared in each setting. Asterisks illustrate positions with
FDR (Benjamini-Hochberg algorithm) of less than 0.05 as determined by the Wilcoxon rank sum test. (B) Analyses of motifs 5= to poly(A) sites that are involved
in APA [DE-APA and SE-APA categories combined; 159 poly(A) sites] and are enhanced in their representation by �CP depletion (figure organized as described
for panel A). (C) Analysis of motifs 5= to poly(A) sites that are involved specifically in APA between sites in the same terminal exon (SE)-APA category. A
discriminative motif discovery analysis by MEME was executed to specifically identify motifs overrepresented in the downregulated SE-APA [58 poly(A)s] and
underrepresented in the upregulated SE-APA [44 poly(A)s]. The repressed SE-APA was defined in this comparison as the positive set, and the enhanced SE-APA
was defined as the negative/background set. The position-specific prior probabilities were first estimated for the background set. Next, a normal motif search was
done in downregulated SE-APA based on the position-specific prior probabilities. Note that the nucleotide at position 7 can be any of the four nucleotides. (D)
Motifs 5= to poly(A) sites that are involved specifically in APA between sites in different exons [DE-APA poly(A) sites] [122 poly(A)s]. The analysis was carried
out as described for panel A.
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(positive set) to that of 44 upregulated SE-APA (negative set). In
this manner, the analysis was specifically configured to identify
motifs associated with the downregulated poly(A) sites that were
underrepresented in the environment of the upregulated poly(A)
sites. The top-ranking motif in this discriminative analysis was a
pyrimidine-pure and C-rich motif (Fig. 5C). This motif was pres-
ent in 34 of the 58 downregulated poly(A) sites (Fig. 5C) and was
positioned approximately 50 bp 5= to the downregulated poly(A)
site. When this same motif search was extended to the DE-APA
events [122 poly(A) sites] (Fig. 5D), we again identified a C-rich
motif (41/122 sites; 21 enhanced APA and 20 repressed APA),
although in this case the positioning was somewhat less focused
and had a mean distance of 80 bp upstream from the poly(A) site.
These studies thus reveal a strong correlation between repression
of a poly(A) site utilization subsequent to �CP depletion and the
presence of a pyrimidine-pure and C-rich motif in close proximity
to the site of 3= processing.

�CP2 controls the 3= processing of its own transcript. An
unexpected observation from the APA analyses was that �CPs
autoregulate the poly(A) selection of the �CP2 transcript. The
codepletion of the two major �CP transcripts activated a set of two
adjacent cryptic poly(A) sites within the last intron (intron 13) of
the �CP2 RNA (Fig. 6A and B; dotted oval in the genome browser
diagram). Both of these poly(A) sites are located immediately 3= to
a cryptic poly(A) signal, AATAAA. The use of these two sites was
linked to the activation of a cryptic splice acceptor site upstream of
these poly(A) sites, thus generating an mRNA with a unique 3=-
terminal exon (exon 13a). Targeted RT-PCR analysis and 3=
RACE both confirmed the positioning of the novel 3= processing
sites within intron 13 and the generation of the new exon 13a (Fig.
6B). The generation of exon 13a subsequent to �CP depletion was
accompanied by a decrease in the use of the poly(A) site in exon
14. This reciprocal relationship was validated by targeted real-
time RT-PCR (Fig. 6C). The presence of a C-rich sequence ap-
proximately 40 nt upstream of the splicing acceptor site and over-
lapping the likely lariat branch site for this new intronic exon
(13a) (Fig. 6D) may play a role in this alternative processing event.
The absence of a C-rich motif near these new poly(A) sites and
exon 14 poly(A) site supports the idea of a possible direct effect on
alternative splicing rather than on poly(A) site utilization change
at these two polyadenylation sites (40). The idea of a primary
splicing mechanism is further supported by the interaction be-
tween this upstream C-rich element and �CP proteins, as evi-
denced by the RNA EMSA and UV-cross-linking assay (Fig. 6D).
Thus, under normal conditions, the usage of the branch site en-
compassed by the C-rich motif may be repressed by bound �CPs.
When �CP levels or activities are depleted from the cell, a new set
of �CP2 mRNA isoforms is generated.

PA pattern changes impacted by �CPs. The preceding DRS
analysis identified an enrichment for C-rich motifs 5= to poly(A)
sites that were downregulated subsequent to �CP depletion.
These data were next validated by targeted real-time RT-PCR
analyses. Six examples of mRNAs with an SE-APA pattern were
assessed (Fig. 7; see also Fig. S3A to D in the supplemental mate-
rial). In four of these transcripts, a C-rich motif preceded the more
proximal of the competing alternative poly(A) sites, and for the
remaining two transcripts, it preceded the more distal site of the
competing sites. In each case, the poly(A) site located directly 3= to
the C-rich motif was repressed subsequent to �CP depletion. RNA
EMSA and UV-cross-linking assays demonstrated that in each of

these cases the C-rich motif in question binds �CPs (Fig. 7; see
also Fig. S4 in the supplemental material). Direct confirmation of
APA was also carried out on two mRNAs that undergo DE-APA.
The real-time RT-PCR analysis confirmed the DE-APA events for
the Ssu72 gene and NPM1 gene following �CP depletion (see Fig.
S3E and F). Of note, both of these genes have been implicated in
mRNA 3=-end processing regulation (49–51) (see also Discus-
sion).

Our prior studies of h�-globin transcript processing demon-
strated a direct impact of the 3=UTR C-rich domain and its bound
�CP on the recruitment and activity of the 3= processing machin-
ery. In that setting, �CPs assemble on the nascent transcript at the
h�-globin locus and enhance transcript processing, and bound
�CP is then coexported to cytoplasm where it regulates cytoplas-
mic h�-globin mRNA stability. The current data support the idea
of an enhancement of mRNA expression by the 3=UTR C-rich
determinant of a broad array of transcripts and directly support
the idea of a role for this complex as a USE of 3= processing. To
further support these findings and conclusions, we assessed the
impact of the C-rich element on in vitro polyadenlyation. We
chose to test the function of C-rich determinants in this assay in
two representative transcripts: the PRG2 (3=UTR) as an example
of an mRNA whose steady-state levels are repressed in cells de-
pleted of �CP (Fig. 3) and the AES 3=UTR as an example of an
mRNA that undergoes SE APA impacted by �CP depletion (Fig.
7). In both cases, we observed that the C-rich determinant imme-
diately 5= to the �CP-impacted poly(A) site binds �CP (Fig. 8A;
EMSA) and supports polyadenylation [Fig. 8B; in vitro poly(A)
assay]. In both cases, the mutation of the C-rich determinants
ablates �CP binding and diminishes the conversion of corre-
sponding RNA template to a polyadenylated form (Fig. 8A and B).
Furthermore, the addition of recombinant �CP2 to the reaction
increases the level of polyadenylation of wild-type (WT) sub-
strates but not that of the mutants in which the C-rich motif was
disrupted (Fig. 8C). As an additional control, the addition of a
comparable amount of bovine serum albumin (BSA) to the in
vitro reaction had no effect on poly(A) addition. These two exam-
ples further support the idea of the activity of the C-rich determi-
nant as a USE of 3= processing and as a mediator of APA.

Taken together, these studies demonstrated that �CP proteins,
via interactions with C-rich RNA elements, impact on alternative
poly(A) site choices. These observations are summarized in a
model in Fig. 9.

DISCUSSION

We previously demonstrated that �CPs enhance 3= processing of
the h�-globin transcript via binding to a C-rich motif in the
3=UTR. These findings led us to conclude that the poly(C) motif in
the h�-globin 3=UTR acted as a USE that enhances 3= processing of
the h�-globin transcript (4). The current findings support and
extend the idea of a role of �CPs in the control of 3=-end process-
ing by documenting their broad impact on steady-state levels and
poly(A) site utilization of mRNAs within the human transcrip-
tome. These data specifically identify a subset of mRNA tran-
scripts in which the enhancement of 3= processing is tightly linked
to the presence of the cognate C-rich binding sites in close prox-
imity to a poly(A) signal.

A global relationship of 3= processing to gene regulation has
been highlighted by a number of recent studies (13, 52). Altera-
tions in levels of general factors and complexes involved in 3=
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processing, such as CPSF, CSTF, and the nuclear poly(A)-binding
protein PABPN1, can impact on poly(A) site selection and the
efficiency of poly(A) addition (53). In addition, particular RNA-
binding proteins have the capacity to impact on the 3= processing
of specific transcripts or groups of transcripts. For example, the
KH-domain-binding protein Nova2, a protein closely related to
�CP, exerts controls over poly(A) site choices in a position-de-
pendent manner (54). Polypyrimidine tract binding (PTB) has
been implicated in the enhancement of 3=-end processing of sev-
eral genes (55, 56) via stimulating hnRNP H binding to a G-rich
binding sites (24). This pathway appears to have a global role in
alternative poly(A) site selection (57). Likewise, recent genome-
wide surveys have revealed that alterations in the levels of the
epithelium-specific splicing regulatory proteins (ESRPs) can trig-
ger widespread shifts in polyadenylation patterns (58).

In the current study, we demonstrated that �CP proteins are
actively involved in the determination of mRNA expression levels
and alternative polyadenylation. We observed that �CP depletion
from the cell represses the steady-state levels of substantially more
mRNA than are increased. This result was consistent with the
known enhancing action of the �CP complex for a number of
regulatory steps that determine steady-state mRNA levels (27, 30,
38). The impact of �CPs on nuclear functions, and in particular
on splicing and poly(A) activity, is likely to also include roles in
influencing how much of the mRNA is generated and exported to
the cytoplasm. Importantly, these control pathways are likely to be
mechanistically interrelated. We have demonstrated in the case of
the h�-globin gene expression that the �CP complex assembles on
the nascent h�-globin transcript in the nucleus and appears to
travel on the mRNA to the cytoplasm, where it stabilizes the
mRNA (46). Thus, the nuclear and cytoplasmic pathways are
linked and may coordinate overall levels of gene expression and
protein production. Future studies will determine whether �CPs
regulate mRNA steady-state level through other defined mecha-
nisms as well. For example, APA may have an impact on mRNA
steady-state levels by inclusion or exclusion of miRNA target sites
and/or additional RNA-binding protein-binding sites in the
mRNA products.

The current data directly support a model in which alterations
in �CP protein availability can regulate alternative poly(A) site
utilization choices in a subset of PolII transcripts by interacting

with C-rich sequences. The idea of this involvement of �CP in the
global control of 3= processing is supported by the results of a
recent general screen for proteins involved in 3= processing (53).
We observed that the formation of an �CP RNP complex near the
poly(A) sites (either proximal or distal) enhances useage of the
corresponding poly(A) site (reference 4 and current data). Fol-
lowing �CP depletion, the AES, Get 4, CDK16, and SHMT2 tran-
scripts undergo a decrease in their usage of proximal poly(A) sites
and shift to the distal poly(A) sites (Fig. 7; see also Fig. S3 in the
supplemental material). These four genes all have C-rich motifs
closely located upstream of their proximal poly(A) site. In a recip-
rocal fashion, the depletion of �CP results in decreased usage of
the distal poly(A) sites and a shift to the proximal poly(A) site in
the CSTF1 and PPP2r2d transcripts. In agreement with the model
that the C-rich USE enhances poly(A) site activity (Fig. 9), we
identified C-rich motifs 5= to the distal poly(A) sites in both of
those transcripts. The identification of the C-rich motif 5= of the
repressed sites by MEME analysis is in accord with the definition
of what constitutes an �CP binding site as defined in prior analy-
ses of mRNAs targeted by �CP (4, 28, 37, 40, 59, 60) and with �CP
binding features as determined by in vitro SELEX (35). Consistent
with this role, we show that these C-rich motifs interact with �CP
proteins (Fig. 7; see also Fig. S4 in the supplemental material) and
that the addition of recombinant �CP to an in vitro polyadenyla-
tion reaction enhances poly(A) addition to substrates containing
the C-rich binding site motif (Fig. 8). From these complementing
lines of evidence, we conclude that the binding of �CP to a C-rich
motif acts as a potent USE enhancer of 3= processing.

It should be noted that a significant number of mRNAs have
altered poly(A) site utilization in the absence of the C-rich motif.
This may represent secondary effects of �CP depletion. As re-
vealed in the current study, �CP depletion can result in changes in
the expression levels and/or structures of mRNAs that encode
RNA-binding proteins and components of RNA processing ma-
chinery, such as NPM1, Ssu72, and CSTF1 (this study) and
CPSF1, SF3A2, CSTF3, hnRNPC, and hnRNP LL (our unpub-
lished data). One can imagine that these changes will indirectly
alter APA patterns of a subset of genes, although elucidation of the
exact mechanism must await future studies.

It is interesting that there was only a small overlap between the
mRNAs that changed significantly in their overall steady-state lev-

FIG 6 �CP depletion alters 3= processing of the �CP2 transcript. (A) Genome browser view of the DRS reads at the �CP2 locus. Comparison of 3= processing
site utilization in cells treated with �CP siRNAs (pooled, upper panels) and control siRNAs (pooled, lower panels). The y axis represents the number of read
counts corresponding to each of the poly(A) sites. The two novel poly(A) sites observed in the �CP-depleted cells are encompassed in the dotted oval. (B)
Activation of the two novel poly(A) sites in �CP mRNA subsequent to �CP depletion reflects linked alterations in splicing and 3= processing. Exons 13 and 14
(terminal exon) of the �CP gene are shown in the diagram. The splicing patterns and the positions of the corresponding 3= poly(A) termini detected in the control
cells are indicated by the solid lines and the solid vertical arrows, respectively. (Upper panel) The alternative splicing and 3= processing events that occur
subsequent to �CP depletion are indicated by the corresponding set of dotted lines and dotted vertical arrows, respectively. (Middle panel) The RT-PCR analysis,
shown in the gel image, represents amplification between primers 1 and 2. The amplified fragment (boxed) was excised and sequenced. The sequence confirmed
the use of the novel splice acceptor site in exon 13a, with the two poly(A) signals highlighted (lower panel: the partial exon 13 sequence is shown in italics; the
arrow indicates the starting point of new novel exon 13). (C) Real-time PCR analysis confirms the switch in terminal intron splicing and 3= poly(A) site selection
within the �CP2 transcript subsequent to �CP depletion. The amplimer generated between primers F and R assesses the canonical poly(A) usage, the amplimer
generated between primers c and d assesses use of the distal novel poly(A) site within exon 13a, and the amplimer generated by primers a and b assesses overall
levels of alternative splicing and 3= processing with exon 13a. The assays were carried out on RNAs isolated from cells treated with each of the 3 distinct control
siRNAs and with each of the two distinct �CP2-targeting siRNAs. Each real-time assay was normalized to the GAPDH amplicon. The ratio in the CTRL-3 sample
is defined as 1.0. The standard deviation for each sample is shown (n � 3). (D) In vitro RNA-protein interaction assay. A 24-nt RNA oligonucleotide (shown below
the diagram), encompassing the region immediately 5= to exon 13a (dashed rectangle), was synthesized and 32P labeled. The DNA sequence 5= to the splice site
is also shown. (Left panel) The labeled RNA oligonucleotide was incubated with HeLa cell nuclear extract, UV-cross-linked, subjected to immunoprecipitation
(IP) with anti-�CP2/KL, and resolved on an SDS-PAGE gel (4). The position of the �CP complex is defined by IP using anti-�CP2/KL antibody. (Right panel)
The same 32P-labeled probe was subjected to RNA EMSA with poly(C) competition and anti-�CP supershift analysis using K562 cell S100 extract as described
previously (40).
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els (DGE values) and those that were impacted by significant al-
terations in their poly(A) site utilization (APA patterns). When
the DEG mRNAs with greater than 2-fold changes and APA data
sets were compared, only 7 (the �CP2, ACOT2, ACSM3, SLC6A6,
PRG2, C3orf75, and C1orf86 genes) of 117 genes were present in
both categories. When the more inclusive 1.5-fold change in DGE
was used for the comparison, we observed only 29 of the 586 genes
in both categories. It is clear that a reciprocal switch between two
sets of alternative poly(A) sites need not result in a significant net
change in mRNA abundance. The main impact of such a switch
may instead reflect alterations in translational activity and/or
protein coding content. Thus, the data suggest that the impact
of �CP depletion on steady-state levels for many of the genes
studied is likely to reflect substantial changes in the efficiency
of 3= processing at a unique poly(A) site with consequent alter-

ations in mRNA production rather than triggering of an APA
event.

How might the role of an �CP/poly(C) complex as a USE en-
hancer of 3= processing relate to known physiological and patho-
physiological processes? The current study revealed that �CPs can
autoregulate poly(A) site selection on the �CP2 transcript. This
finding is in general agreement with multiple observations of au-
toregulatory control over expression of RNA-binding proteins
(61). These new �CP2 poly(A) sites were generated secondary to
an alternative splicing event mediated by the shift in �CP levels
(40). The newly generated �CP2 mRNA is predicted to encode a
protein that is structurally similar to the �CP4 protein, which has
been implicated in apoptosis regulation (62). Future work will
determine whether this novel �CP2 isoform plays a similar role
under some circumstances.

FIG 7 RT-qPCR validations of APA events. A subset of APA events identified in the DRS analysis was independently assessed by targeted RT-qPCR. Each set of
DRS data is shown in the context of the genome browser diagram of the respective locus. The positions of the proximal 3=UTR and the distal 3=UTR are marked
below the browser view. The arrow indicates the position of the site of reduced polyadenylation site usage triggered by �CP depletion. All the real-time RT-PCR
quantifications were normalized to GAPDH mRNA and are presented as ratios versus CTRL-3 (cyclophilin siRNA) defined as 1. The standard deviation for each
sample is shown (n � 3). (A and B) Examples of APA involving competing PA sites within the same terminal exon (SE-APA). KD, knockdown. (A) Amino-
terminal enhancer of split (AES) gene. (B) Protein phosphatase 2, subunit B, isoform delta (PPP2r2d) gene. The sequences encompassing and 5= to each APA sites
are shown, and the C-rich sequences (putative �CP binding sites) and the alternative poly(A) signals (AAUAAA) are highlighted in red. These two examples of
mRNAs with the SE-APA pattern were confirmed by real-time RT-PCR. Panel A shows the analysis of a transcript with a C-rich motif preceding the proximal
alternative poly(A) site; the decreased usage of the proximal poly(A) site subsequent to �CP depletion was confirmed and demonstrated in the individual
histogram and is presented as the elevated ratio of the distal 3=UTR isoform [i.e., use of the distal poly(A) site] relative to the total poly(A) site usage (as described
in reference 54). Panel B shows a transcript with a C-rich motif preceding the distal site of the alternative poly(A) sites; the decreased usage of the distal poly(A)
site was confirmed and is shown in the individual histogram, simply presented as the ratio of the distal 3=UTR isoform [i.e., use of the distal poly(A) site] to control
GAPDH mRNA. All the real-time RT-PCR quantifications were normalized to GAPDH mRNA and are presented as a ratio versus CTRL-3 (cyclophilin siRNA)
defined as 1.0. The standard deviation for each sample is shown (n � 3). RNA EMSAs were performed on 32P-labeled RNA probes corresponding to each C-rich
segment in the tested genes to confirm �CP complex assembly. RNA oligonucleotide sequences are shown above the EMSA data. Brackets indicate the �CP
complex, and the arrows indicate the supershift that occurred when anti-�CP antibody was included in the reaction.
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�CPs are considered to be ubiquitously expressed and are
linked to a variety of activities (33). �CP expression and function
(RNA-binding activity [52, 63, 64]) can be significantly impacted
by defined physiological and pathological events. These include
environmental stress (48), cell transformation (65), differentia-
tion (59), chronic myeloid leukemia (60), and epithelial-mesen-
chymal transdifferentiation (EMT) during the development and
metastatic progression of tumors (63). The changes can be in the
overall levels of �CPs or in their RNA-binding activities. It is well
established, for example, that phosphorylation of �CP can have a
dramatic impact on its RNA-binding activity and biological func-
tions (59, 63, 66). On the basis of our current study, it is likely that

these changes of levels and/or RNA-binding activity of �CP pro-
teins will have a broad effect on the 3= processing efficiency and
choice of poly(A) signals, with a consequent global impact on the
cellular transcriptome.

In summary, the present report reveals that the �CP RNA-
binding proteins play an important role in the 3=-end processing
of a subset of genes and that this effect is mediated by the USE
function of the �CP RNP complex. Combining our recent studies
on human �-globin mRNA (4) with the current work, we propose
that �CP complexes assemble on target RNAs cotranscriptionally
and that the nucleus-assembled �-complexes impact on nuclear
processing of the transcript and are subsequently retained on the

FIG 8 In vitro polyadenylation assay. 32P-labeled RNA substrates representing the poly(A) addition sites for the PRG2 and AES mRNAs were synthesized by in
vitro transcription. In each case, the wild-type (WT) sequence or a sequence of a corresponding substrate containing a mutation of the C-rich region (Mut) was
synthesized. (A) EMSA was performed to determine the efficiency of �CP assembly on the WT and Mut templates (as described for Fig. 7). (B) In vitro
polyadenylation assay. The 32P-labeled templates were added to an in vitro polyadenylation reaction mixture (HeLa nuclear extract), and the products were
resolved on a denaturing polyacrylamide gel. The poly(A) tails were added to the template (bracketed) in the presence (	) but not the absence (�) of the nuclear
extract. The polyadenylation efficiency was calculated as the ratio of labeled RNA in the poly(A) tail region divided by total RNA activity (polyadenylated plus
remaining substrate). These values (% PA) are shown at the bottom of the respective lanes. Standard deviations, P values, and numbers of repeats (n) are shown
below the respective gels. (C) �CP proteins increase the efficiency of polyadenylation in vitro. The WT (left) and mutant (right) PRG2 and AES RNA substrates
were incubated with HeLa cell nuclear extract (as described for panel B). Increasing equivalent amounts (0 �g, 0.3 �g, 0.6 �g, and 1.2 �g) of BSA or recombinant
�CP2 were added to the indicated reaction mixtures. The reactions were terminated after a 90-min incubation, and the RNAs were analyzed on 6% denaturing
PAGE for the addition of poly(A) tails. The PA efficiency, the ratio of labeled RNA in the poly(A) tail region divided by total RNA activity (polyadenylated plus
remaining substrate), was quantified as indicated below the respective lanes (the activity at the lowest level of BSA for each set of reactions was defined as 1.0).
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mature mRNAs. The assembled mRNP is then exported to the
cytoplasm, where �CP impacts on cytoplasmic events. In this way,
�CPs effectively link nuclear transcript processing and cytoplas-
mic mRNA metabolism and impact on gene expression in a global
and multifaceted manner. The current report defines 3= process-
ing as an integral step in this pathway of �CP-mediated gene reg-
ulation.
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